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SUMMARY

Alaskan-type or zoned ultramafic-mafic complexes in
British Columbia occur wiathin accreted volcanic-arc terra-
nes of the Intermontane Belt of the Canadian Cordillera and
are broadly cocval and cospatial with early Mesozoic arc
voleanic rocks of Quesnellia and Stikinia. The data on Alas-
kan-type complexes presented in this report includes pre-
viously published work on the Tulameen, Polaris, Lunar
Creek, Wrede Creek, and Johanson Lake bodies in the Ques-
nel Terrane, and the Hickman, Gnat Lakes and Menard
Creek complexes in northern Stikinia.

Where their external geometry can be determined,
Alaskan-type complexes form transgressive sills (e.g.. Fo-
laris) or stock-like intrusions (e, g., Wrede ) with locally well-
developed thermal aureoles. Igneous texiures are well
preserved and cumulus minerals include olivine, chromite,
clinopyroxene, homblende and feldspar with minor phlo-
gopite/biotite, magnetite, apatite and sphene. The principal
ultramafic lithologies are dumite, wehrlite, olivine clinopy-
roxenite, clinopyroxenite, hormblende clinopyroxenite and
homblendite; and thin, discontinuous lavers of chromitite
are contained in dunite, Mafic to intermediate feldspathic
rocks (hornblende gabbro-diorite 10 syenite) cut by late-
stage homblende-feldspar-gquartz pegmatites are exposed in
most complexes. Internal zoning may be assymetrical (e.g.,
Polans) or crudely symmaetrical (e.g., Wrede, Tulameen)
and contacts between lithologies are sharp to gradational.
Cemimetre-scale modal layering is generally rare b lo-
cally conspicuous at Tulameen and Lunar Creek. The field-
work results indicate that previous concepts relating the
origin of Alaskan-type intrusions to diapiric re-emplace-
ment of ultramafic cumulates existing at depth are no longer
tenable. Rather, these Alaskan-type intrusions were em-
placed high in the crust (subvoleanic?) where cumulate se-
quences developed in sitw and recorded the progressive
differentiation of pramitve, and in some cases polassic,
mific magmas. Remobilization of early olivine-rich cumu-
lates and chromitite honzons in the magma chamber was
effected by slumping or reworking of poorly consolidated
cumulate horizons in response to convection currents, gravi-
tational instability or lectonic (carthguake) activily,

Mew U-Pb isotopic analyses on 2ircons separated from
late-stage feldspathic pegmatites in the Lunar Creck and Po-
lans complexes yield mid-Triassic (2374£2(20) Ma) and Inte
Early Jurassic {18622 Ma) dates, respectively. These data
attest to the longevity of plutonism and coeval volcanism in
the accreted arc terranes of Quesnellia and Stikima. Further-
mare, cormelation of regional structures with ductile fabrics
developed in the thermal aureole ot the base of the Polaris
complex indicates that early, eastwoard-verging contrac-
tonal deformation related 1o docking of accreted terranes
with ancestral North Amenca apparently began duning the
final stages of cooling of the Polans complex (Le., carliest
Toarcian).
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The economic potential of Alaskan-type complexes
has been evaluated with respect to platmum-group elements
(PGE). The highest abundances of PGE oceur in chromitites
in the Tulameen and Wrede Creek complexes, and reflect
the accumulation of discrete platinum-group minerals
(PGM), principally platinum-iron alloys, in magmatic cu-
mulates, The chromitites are characterized by very high
platinum:palladium and platinum:copper ratios. Normal-
ized PGE abundances of platiniferous chromitites have M-
shaped™ patterns with peaks at platinum and inidium
separated by an intervening trough at ruthenium. These un-
usual geochemical traits serve to distinguish Alaskan-type
complexes from other geclogical environments,

The textures and compositions of platinum-group min-
erals, amd coexisting silicate, oxide and base metal minerals
in PGE-enriched chromitites of the Tulaomeen Complex and
spatially associsted placers have been examined in detail.
The principal Pi-Fe-Cu-Ni alloys in chromitites are
“retraferroplatinam” [P Fe,Ni,Cu)] and “isoferroplatinum”
[Ptz s Fe,Ni,Cu}y s] whereas placers commonly contain
“isoferroplatinum [PtaFe to Ptz s (Fe,Cu, Nijgal, native and
ferroan platinum. Most alloys (except tulameenite,
PiaFeCu), and minor laurite (RuS2) and ehrlichmanite
(Ds82), are interpreted to represent a primary high-tempera-
ture paragenesis. Other PGM, notably platinum arsenides
and antimonides and thodiom-indium sulpharsenides, plat-
inian copper, and small quantities of base metal sulphides,
arsenides, antimonides, oxides and native metals, are sec-
ondary and formed by metasomatic replacement and local-
ized remobilization of PGE during serpentinization and
regional metamorphism. The compositions of chromite and
olivine in platinum nuggets are identical to grains in chromi-
tites and indicate quite conclusively that PGE in the placers
were denved from mineralized chromitites in the dunite core
of the Tulameen complex. The ongin of these PGE-enriched
chromitites in Alaskan-lype intrusions is related o segrega-
tion of predominantly Pt-Fe alloys from primitive magmas
durnng condibons that enhanced the precipitation of chro-
mite (e.g., increase in the fugacity of exygen). There is no
evidence for subsolidus concentration of PGE by either ex-
solution from chromite or desulphurization of primary mag-
matic sulphides.

The mineralogy and geochemistry of PGE in Alaskan-
type intrusions have important implications for exploration,
The provenance of PGM in placer deposits may be uniquely
characterized by the compositions of coexisting gangue
minerals such as chromite and olivine, In addition, the dis-
tinctive “M-shaped™ PGE abundance patterns of mineral-
ized chromitites provide a definitive signature of an
Alaskan-type source. Since the PGE are predominantly con-
centrated in relatively inert alloys, they are expected 1o be
fairly robust during weathering and transportation. There-
fore, these observations should encourage the careful analy-
sis of panned concentrates when prospecting for the source
of placer PGE.
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CHAPTER 1

INTRODUCTION

Alaskan-type ultramafic-mafic complexes in British
Columbia are potential hosts for commercially exploitable
deposits of platinum metals (Rublee, 1986; Evenchick eral.,
1986) as well as commaodities such as chrome, nickel, cobalr,
asbestos and jade. In 1987, the British Columbia Geological
Survey initiated a project designed to update the geological
database for Alaskan-type complexes in British Columbia
in order to more fully evaluate their economic potential, par-
ticularly with respect to platinum-group elements (PGE).
The project was made possible by funding provided by the
Mineral Development Agreement (1985-1990) between
Canada and the Province of British Columbia. This report
summarizes previously published and unpublished results
of geological fieldwork and geochronological, mineralogi-
cal and geochemical investigations of Alaskan-type com-
plexes conducted between 1987 and 1992 (¢f. Appendix A).
It includes practically all of the known major Alaskan-type
occurrences, including the Tulameen, Polaris, Wrede Creek
and Lunar Creek complexes, and many minor bodies such
as Johanson Lake, Menard Creek, Gnat Lakes and Hickman.
The Tulameen complex warranis special aitention because
it has served as a type example of the Alaskan-type associa-
tion in British Columbia (Findlay, 1963; 1969).

The Alaskan-type complexes and their associated plac-
ers are considered 1o be the most favourable environment
for PGE in the Cordillera (Evenchick e al., 1986; Hulbert
et al., 1988; Nixon and Hammack, 1991). To date, however,
only the platinum-rich placers derived from the Tulameen
complex in southern British Columbia have been exploited
economically, yielding some 680 000 grams of impure plati-
num nuggeis between 1885 and 1932 (O'Neil and Gunning,
1934). Evidence is presented in this study for a direct link
between PGE-enriched placers and chromitite-hosted PGE
mineralization in the bedrock. More importantly, this work
has led to the recognition of important new exploration lech-
nigques for determining the nature of the source of placer
PGE based on the geochemical signature of panned concen-
trates and mineralogy of platinum nuggets.

ALASKAN-TYPE COMPLEXES:
GENERAL NATURE AND TECTONIC
SETTING

The Alaskan-type complexes are named for a distine-
tive suite of ultramafic-mafic intrusions distributed along a
narrow, northerly trending belt, 600 kilometres lang, in
southeastern Alaska (Figure 1.1). They were previously de-
scribed from the Ural Mountains in the former Soviet Union
{e.g., Duparc and Tikonowitch, 1920) and are well known
in both orogenic settings and stable platforms (e.g., Aldan
Shield in the former Soviet Union; Choco District, Colom-
bia; Youbdo, Ethiopia; Goodnews Bay, Alaska; Fifield-
Owendale District, New South Wales, Australia; ¢f. Taylor,
1967; Cabri, 1981; Johan et al., 1989; Slansky er al., 1991).
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Figure 1.1. Distribution of major Alaskan-type ultramafic-mafic
complexes and coeval voleanic rocks in British Columbia and
southeastern Alaska in relation to lectonostraligraphic lemanes of
the Cordillera.

Commonly used synonyms include Alaskan-Ural, Uralian,
concentrically zoned or just zoned complexes. Their salient
geologic and petrographic features have been summarized
by Taylor (1967), and the Duke Island ultramafic intrusion
remains the best-documented example (Irvine, 1974a).
One of the key internal attributes of Alaskan-type com-
plexes is a zonal distribution of rock types such that olivine-
rich lithologies in the interior grade outward into pyroxenitic
and/or gabbroic to dioritic rocks at the margins, This pattern
may be crudely concentric but this is not a universal trait

(Taylor, 1967). Primary mesoscopic layering and sedimen-

tary structures such as those so spectacularly developed at
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Duke Island (Irvine, 1974a) are seldom observed and appear
atypical of Alaskan-type complexes in general. In pant, how-
ever, such features may have been obscured or modified by
post-cumulus recrystallization and remobilization.

Ultramafic lithologies characteristic of Alaskan-type
complexes lie along the olivine-clinopyroxene join shown
in Figure 1.2. The classification scheme is essentially that
recommended by the IUGS Subcommision on the Systemat-
ics of lgneous Rocks as summarized by Le Maitre (1989).
However, it was found beneficial in the field 1o arbitranily
subdivide extensive wehrlitic lithologies into olivine
wehrlite (65 to 90 % olivine; 10 to 35 % clinopyroxene) and
wehrlite (40 o0 65 % olivine; 35 to 60 % clinopyroxenc).
Early cumulate minerals in Alaskan-type complexes are
typically represented by forsteritic olivine, chromite, diop-
sidie clinopyroxene and rare phlogopitic mica, whereas
homblende, biotite, magnetite and plagioclase (together
with accessory apatite, sphene and ilmenite) commonly pre-
dominate in the more evolved rocks. Orthopyroxene is char-
acteristically absent which has been taken to indicate an
alkalic affinity for the parental magmas (Irvine, 1974a), The
gabbroic to diontic rocks may be mildly alkaline or calcal-
kaling, or tholeiitic, and not necessarily genetically linked
with ultramafic cumulates (Irvine, 1974a). Not all of the
characteristic rock types are represented in each intrusion
which can make their Alaskan-type affinity difficuli io es-
tablish, particularly if only homblende-rich and feldspathic
differentiates are exposed,

Occumences of the major Alaskan-type complexes in
British Columbia are shown in Figure 1.1. Other smaller
bodies are also known, particularly in the northern part of
the province in the Wrede-Polans region. In an attempt 1o
formally apply recommendations contained in the North
American Stratigraphic Code, Woodsworth er al. (1991)

CLASSIFICATION OF ULTRAMAFIC ROCKS

T — L CPX
wnlm

Figure 1.2, Classification of ultramafic rocks {(modified after Le
Maitre, 1989). Lithologies encountered in Alaskan-type com-
plexes in British Columbia lie along the olivine-clinopyroxene
join; other common rock ty pes include homblende clinopyroxenite
(10-50% hornblende, 10-50% clinopyroxene) clinopyroxene
homblendite (10-50% clinopyroxene, 10-50% homblende) and
hormblendite (<10% clinopyroxenc),

used the term “Polaris Ultramafic Suite™ to describe all
Alaskan-type complexes in British Columbia which were
considered 1o be Late Triassic in age. Recent isotopic dating,
however, has established intrusion ages ranging from mid-
Triassic for the Lunar Creek complex, for example, to late
Early Jurassic in the case of the Polaris complex. Also, there
are significant exposures of genetically-related mafic-inter-
mediate cumulate sequences exposed in the upper part of
the Polaris complex, for example, in addition to the more
voluminous ultramafic lithologies, and in some complexes
mafic lithologies predominate almost 1o the exclusion of ul-
tramafic counterparts. At this time, therefore, we have de-
cided to retain the informal term “Alaskan-type complex™
(Irvine, 1974a) o designate all such intrusive suites in Brit-
ish Columbia and have indicated the relative abundance of
ultramafic versus mafic lithologies in any single complex
by use of the adjectival qualifers ultramafic-mafic, where
ultramafic rocks predominate, and mafic-ultramafic where
the opposite is true.

Without exception, all of the Alaskan-iype complexes
in British Columbia lie within the allochthonous terranes of
the Intermontane Belt, specifically Quesnellia and Stikinia,
that were amalgamated and accreted to the cratonic margin
of ancestral North America in the Mesozoic (Gabrielse and
Yorath, 1991; Wheeler and McFeeley, 1991). Their distri-
bution is spatially associated with Late Triassic to Early Ju-
rassic volcanic-arc rocks of the Nicola, Takla and Stuhini
groups (Figure 1.1) with which they have been genetically
related (Irvine, 1974b, 1976; Mortimer, 1986). The size of
individual intrusive bodies mnges from less than one square
kilometre to sixty square kilometres, and outcrop patterns
vary from round orelliptical to markedly elongate. The latter
intrusions are generally elongated parallel to the predomi-
nant structural grain of the region. Some intrusions exhibit
well-developed contact metamorphic aureoles of amphibo-
lite grade; others appear to be completely fault-bounded.
The geology and noble metal geochemistry of specific com-
plexes is examined prior o an overall assessment of their
economic potential and tectonic significance.
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CHAPTER 2

__Ministry of Emplayment and Investiment

HICKMAN COMPLEX

The Hickman ultramafic-mafic complex (57°16°N,
131°05"W) 1s located approximately 150 kilometres south-
southwest of Dease Lake and 55 kilometres south of Tele-
graph Creek (Figure 2.1). The project area is covered by
1:50 000 topographic maps 1040G/6 and 104G/3. Access o
the region is by air from Dease Lake to an airstrip at the
confuence of the Scud and Stikine rivers, and from there by
helicopter. The region has excellent, though mugged, rock
exposures that skin receding mountain glaciers at altitudes
between 1200 and 2800 metres.

REGIONAL GEOLOGY AND
GEOCHRONOMETRY

The Hickman complex lies near the eastern edge of the
Coast Mountains in the Intermontane Belt, It is situated in
northern Stikinia, a tectonostratigraphic terrane comprising
middle Paleozoic to Mesozoic sedimentary, volcanic and
plutonic rocks (Figure 2.1). The complex is named for
Mount Hickman which lies at its western edge. The area is
underlain by Late Triassic to Middle Jurassic granitoid rocks
of the Hickman batholith and volcanic lithologies assigned
to the Upper Triassic Stuhini Group (Figure 2.2; Souther,
1972; Holbeck, 1988; Brown and Gunning, 1989).

The Hickman batholith { 1200 kmz} 15 a composite body
incorporating the Late Triassic (Camian-Norian) Nightout
and Hickman plutons (Stikine Suite granitoids of
Woodsworth er al., 1991) and Middle Jurassic (Bajocian-
Bathonian) Yehiniko pluton (Three Sisters Suite) which in-
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Figure 2.1, Location of the Hickman ultramafic-mafic complex in
relation 1o major tectonostratigraphic terranes in nonthern British
Columbia,
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trudes the other two. Potassium-argon and rubidium- stron-
tium geochronometry on mineral separates and whole rocks
yield dates of 22816 (20, K-Ar on hornblende), 221£16
(K-Ar on homblende), and 178x+22 Ma (Rb-Sr, whole
rock) for the Nightout, Hickman and Yehiniko plutons, re-
spectively (Holbeck, 1988). The Hickman pluton underlics
some 300 square kilometres at the southern limit of the Hick-
man batholith. Two phases of this pluton are recognized
within the map area; a main granodioniic to monzonitic
phase and a mafic, more gabbroic phase,

The ultramafic-mafic rocks were onginally considered
e form an integral part of the Hickman pluton (Souther,
1972). However, more recent mapping by Holbeck (1988)
and Brown and Gunning (1989), in addition to our work,
indicates that Mount Hickman itself is underlain by voleanic
and volcaniclastic rocks that extend northeastward along the
western margin of the ultramafic-mafic complex. We have
therefore decided to treat the Hickman complex as a separale
entity rather than assume genetic links with the Hickman
pluton for which there is currently no strong evidence.

The Stwhini Group east of Mount Hickman generally
forms elongate ouicrops that are bounded by north-trending
normal faults or intruded by batholithic rocks. Regionally,
the Stwhini Group is characierized by mafic to intermediale
avgite-phyric flows, sills and volcaniclastic rocks with sub-
greenschist metamorphic assemblages. The upper part of the
succession conlains homblende-plagioclase-phyric andesi-
tic Nows, heterolithic volcanic breccias and conglomerates,
and rare felsic wifs capped by fossiliferous limestones of
Morian to Carnian age. These rocks appear to be correlative
with similar lithologies that ocewr 100 kilometres to the
northeast around the margin of the Hotailuh batholith (An-
derson, 1983; 1988),

The structural and metamorphic history of the region is
complex (cf. Brown and Gunning, 1989). Al least two
phases of pre-Permian folding are recognized, and deforma-
tion also occurred in post-Early Jurassic time with south-
westerly direcied folding and thrusting. The latter phase of
compression involved the margins of the Hickman pluton
and the Stubini Group. Faulting in the region appears to have
continued into the Late Tertiary,

COUNTRY ROCKS

STUHINI GROUP

Volcanic assemblages of uncertain age (Holbeck,
1988) almost completely surround the ultramafic complex.
In the north, the contact with ultramafic rocks is faulted, but
to the east a shamp intrusive contact has been recognized
between weakly homfelsed voleanic rocks and marginal
gabbros of the Hickman complex (M.H. Gunning, personal
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communication, 1988). The exact position and nature of the
western contact just east of Mount Hickman is not known.

The volcanic stratigraphy comprises predominantly
mafic aphyric flows with subordinate porphyritic andesites
and minor intercalated volcaniclastic material. The rocks are
generally dark greenish to medium grey or maroon, and are
locally bleached pale green to buff. Andesitic flows contain
phenocrysts of plagioclase (20 vol%) up to 3 millimetres in
length, and pyroxene and/or amphibole (<5 vol%). These
lithologies are included within the Stuhini Group, although
doubt remains as to their exact stratigraphic position.

HICKMAN PLUTON

The main phase of the Hickman pluton delineates the
northeastern margin of the ultramafic complex. It comprises
a pale grey to pinkish grey weathering medium-grained
hoemblende biotite monzonite to granodiorite which grades
into a more melanocratic phase towards the core of the plu-
ten. The granitoid rocks become finer grained and enriched
in biotite towards their contacts and irregular apophyses of
fine-grained biotite monzonite locally cut the voleanic as-
semblages.

The mafic phase of the pluton is largely composed of
medium to coarse-grained black homblendite, plagioclase-
bearing homblendite, and dark to light grey hornblende gab-
bro to diorite with minor biotite. Prismatic hornblende
crystals (<1 cm in length) in the more melanocratic rocks
locally define an igneous lamination, probably a flow folia-
tion, that wraps around inclusions. The xenolith suite com-
prises angular to rounded blocks of hornblendite,
homblende gabbro and grey-green pyritic diorite and large
rafts of homfelsed sedimentary rocks.

HICKMAN COMPLEX:
ULTRAMAFIC-MAFIC ROCKS

The main outcrops of mafic and ultramafic rocks that
comprise the Hickman complex are found immediately east
of Mount Hickman, which itself is underlain by volcanic
rocks of uncertain age (Holbeck, 1988), possibly correlative
with the Stuhini Group. The complex covers 11 square kil-
ometres and forms an elongate bedy trending northeast with
maximum dimensions of about 6 by 3 kilometres (Figure
2.2). The ultramafic-mafic rocks are spatially associated
with the Hickman pluton.

DUNITE

A small wedge of altered dunite is exposed at the north-
ern end of the complex in fault contact with volcanic rocks
and intruded by the main phase of the Hickman pluton, The
rock is dark to pale grey weathering, moderately magnetic,
and cut by numercus white calcite veins (<6 cm in width)
especially near contacts, Two samples collected within 10
metres of the contact are thoroughly serpentinized. In thin
seclion, olivine is seen o be completely replaced by serpen-
tine and grain boundaries are coated with secondary mag-
netite dust, Tiny euhedral chromite crystals (1 vol%) are
dispersed throughout the rock.
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OLIVINE CLINOPYROXENITE AND
CLINOPYROXENITE

The central part of the Hickman complex is predomi-
nantly composed of dark grey-green 1o brownish weather-
ing, coarse to medium-grained clinopyroxenite containing
minor olivine (up to 20 vol%) and interstitial magnetite (3
to 10 vol%), accessory biotite (<] vol%) and rare hom-
blende. The rock is generally massive and uniform except
close to faults where anastomizing veins of carbonate, ser-
pentine, tale and clay minerals are found. Some fault zones
are silicified and contain disseminated sulphides. In north-
ern outerops, the modal proportion of olivine appears to de-
crease 1o the east, away from the donite. Locally, the
clinopyroxenite is enriched in biotite which forms crystals
up to | centimetre across, Clinopyroxenites gradually be-
come feldspathic towards the contact with marginal gab-
bros. Generally, olivine and clinopyroxene occur as
cumulus minerals that locally exhibit adcumulus growth.
[ron-titanium oxides and biotite, with or without horn-
blende, form an intercumulus framework,

GABBROIC ROCKS

Gabbroic rocks crop oul in a narrow belt 500 metres
wide along the eastern margin of the complex. These mar-
ginal gabbros are dark to medium grey, equigranular rocks
containing subequal proportions of plagioclase and clinopy-
roxene, and minor hornblende (5 vol%), biotite (usually <5
vol%) and magnetite. The gabbros are cut locally by leu-
cocratic plagioclase-rich dikes several centimetres in width,

CONTACT RELATIONSHIPS

The age of emplacement of the Hickman complex is
constrained by intrusive relationships, stratigraphic correla-
tions and isotopic dating. The complex is truncated on the
north by the main phase of the Hickman pluton (Stikine
Suite) dated at approximately 221£16 Ma or Late Triassic
(Holbeck, 1988), and intrudes volcanic rocks that are Upper
Triassic equivalents of the Stuhini Group or older. Thus, the
Hickman complex is considered to be Late Triassic in age.

Internally, the complex comprises several distinet li-
thologies that include dunite, olivine clinopyroxenite to cli-
nopyroxenite and gabbroic rocks. The contact between
dunite and olivine clinopyroxenite appears to be sharply
transitional, and that between clinopyroxenite and the gab-
broic rocks is sharp to gradational over several metres, The
latter transition is marked by a gradual increase in the modal
proportion of plagioclase (<15 vol%).

DIKES

Mafic to intermediate dikes of variable mineralogy and
texture intrude the uitramafic and granitoid rocks. They are
the youngest intrusions in the map area and are of Late Tri-
assic age or younger. The dominant orientation is east-west
with moderate dips to the north. Dark grey mafic dikes (<1
m in width) are weakly vesicular and either aphyric or con-
tain sparse plagioclase microphenocrysts (<1 mm). Medium
to pale grey porphyritic dikes (2 to 4 m in width) with large
(<3 cm) phenocrysts of homblende and augite (10 to 20%
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by volume) and sparse plagioclase commonly exhibit
chilled margins and multiple injection. These dikes miner-
alogically resemble typical Stwhini Group voleanic rocks
although they postdate emplacement of the Hickman pluton
and presumed Stuhini Group equivalents that host the ul-
tramafic complex.

STRUCTURE AND METAMORPHISM

Faults trending west-southwest and north to nerthwest
are the prominant structural features in the map area. A mod-
erately dipping (60°), west-southwest-trending fault sepa-
rates the northern margin of the Hickman complex from the
volcanic rocks. The fault zone is about 30 metres wide,
strongly foliated, and weakly mineralized. This fault may
belong to a regional set of west-striking normal faults with
north-side-down displacement (Brown and Gunning, 1989).
North-trending faults have much narrower tectonized zones
and may be related to east-west brittle extension in the Ter-
tiary. One such structure offsets the west-southwest-trend-
ing fault with an east-side-down sense of displacement.

MINERALIZATION

The Hickman complex lies within a metallogenic belt
that encompasses the eastern margin of the Coast Mountains
and hosts precious metal and base metal deposits, notably
prophyry copper-molybdenum and copper-gold deposits,
and structurally controlled epigenetic gold veins. The re-
gional metallogeny has been reviewed by Brown and Gun-
ning (1989).

Mineralization within the map area appears to be domi-
nantly controlled by faulting, The west-southwest-trending
fault zone is silicified and locally carbonatized, and weath-
ers a deep crange-brown at its western end due o the pres-
cnce of disseminated sulphides, mostly pyrte (<5 vol%).
Northerly trending faults appear to be unmineralized though
fault zones are locally silicified. The age of the mineraliza-
tion may be Early to Middle Jurassic (Brown and Gunning,
1989).

GEOCHEMISTRY

Analytical results for noble metals in the Hickman com-
plex, porphyritic dikes and the mafic phase of the Hickman
pluton are given in Table 2.1. The noble metals were pre-
concentrated by fire assay from 3-gram splits of 200 grams
of rock powder (-200 mesh) and analyzed by inductively
coupled plasma emission spectroscopyby Acme Analytical
Laboratories, Vancouver. Accuracy was checked by in-
house standard FA-5X (supplied by Acme) which contains
10400, 100, 20 and 100 ppb platinum, palladium, rhodium, and
gold respectively, and during analysis gave 98, 101, 20 and
100 ppb of each element respectively. Analytical precision
{and any nugget effect) was monitored by hidden duplicates
and internal standards.

The abundance of PGE in the mafic and ulramafic
rocks is relatively low. Platinum abundunces are highest in
olivine clinopyroxenite whereas gold has an affinity for sul-
phide-bearing and carbonatized rocks. Proximity to faulis

TABLE 2.1
NOBLE METAL ABUNDANCES IN THE HICKMAN
COMPLEX AND ASSOCIATED ROCKS

Sample No. Sulphides ppb’

(viorl. ) P Pd Au

Rock Type

HICKMAN ULTRAMAFIC-MAFIC COMPLEX

GN-BE-1008 Ol clinopyroxenite . I8 2 3
GN-BE-1000 Ol clinopyroxenile <5 9 2 87
GN-EE-1017 Ol clinopyroxenile 2 2 1
G -BE- 1 0 Clinopyroxenite 2 2 3
GM-BE-3039  Gabbwo-dioriie 5 . K]
{carbonatized)

HICKMAN PLUTON - Mafic Phase

GN-B8-2003 Hb gabbro-diorite - | 2 |
il 8- 1004 [Hiorile <5 I 17 H
DIKES

GM-88-1016  Cpa-Hb porphiyry . | 2 2
GN-88-2004  Cpx-Hb porphyry . 1 2 1

Prmr.l'mr limirs: Pt and Au, | pph; Pd 2 pph

Bh ix ar or below derection limil (2 ppb)in all samples
O, elivine; Cpx, elinopyroxens; b, hormblende;
= sulphides nof defecied

may account for the anomalously high gold content of sam-
ple GN-88- 1009,

SUMMARY

The Hickman ultramafic-mafic complex is situated in
the northern part of the Stikine Terrane and is spatially as-
sociated with Upper Triassic volcanic and epiclastic assem-
blages of the Stuhini Group. Isotopic dating and geological
relationships indicate that the complex is Late Triassic in
age, i.e., older than 221 10 228£16 Ma (20). This Alaskan-
type complex is spatially associated with a large granitoid
intrusion (Hickman batholith) but appears to be an entirely
separate entity with no direct genetic ties to the batholithic
rocks. Emplacement within the voleanic pile preceded gra-
nitic intrusion,

The complex exhibits an extensive suiie of Alaskan-
type lithologies, including dunite, olivine-bearing clinopy-
roxenites, and gabbros. Internal contacts between the
various lithologies are gradational; external contacts are
commonly affected by ductile and brittle faults, A distinc-
tive mineralogical feature is the ence of phlogopitic
mica in olivine clinopyroxenites. This mineral, for example,
also makes an early appearance in dunitic and pyroxenitic
cumulates of the Polans and Tulameen complexes (Chap-
ters 8 and 9).

Sulphide mineralization in the vicinity of the complex
is predominantly associated with fault zones, Assay resulls
for the precious metals suggest that these sulphides may
carry interesting gold values {(up to 0.087 gh). However,
there is no evidence within the mineralized zones for remo-
bilization of PGE which have concentrations in the mafic
and ultramafic rocks that to be low in comparison o
their abundances in other Alaskan-type complexes,
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CHAPTER 3

GNAT LAKES COMPLEX

The Gnat Lakes mafic-ultramafic complex (50711.5'N,
129°51 "W} is located some 30 kilometres south of Dease
Lake on Highway 37, the Stewan-Cassiar Highway (Figure
A1) [is situated at the southwesiern margin of the Cry Lake
map sheet (1041). The complex is named for Lower and Up-
per Gnat Lakes, and lies approximately 3 kilometres south
of Upper Gnat Lake. A four-wheel-drive access road climbs
west from the highway to treeline near the western margin
of the complex. On the whole, the complex is poorly ex-
posed and has & maximum oulcrop area of about 2 square
kilomelres,

REGIONAL GEOLOGY AND
GEOCHRONOMETRY

The Gnat Lakes complex lies in northern Stikinia (Fig-
ure 3.1). It has traditicnally been included as part of the
composite Hotailuh batholith (Hanson and McNaughton,
1936) which has been studied in detail by Anderson (1983).
The batholith is composed of at least four distinet granitoid
plutons, two of which, the Three Sisters and Cake Hill plu-
tons, oceur within the study area (Figure 3.2). These plutons
belong to the Middle Jurassic Three Sisters and Late Triassic
Stikine granitoid suites respectively (Woodsworth ef al.,
1991). The main outcrops of mafic-ultramafic rocks are
completely enclosed by metavolcanic and metasedimentary
rocks of the Stuhini Group which lie within an embayment
at the northwestern margin of the batholith. 1n addition,
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Figure 3.1. Location of the Gnal Lakes mafic-ultramalfic complex
inrelation to major lectonestratigraphic lermanes in northern British
Columbia.

small isolated exposures of uliramafic rocks form pendants
within the Three Sisters pluton about 2.5 kilometres to the
south, and occur in the Cake Hill pluton 14 kilometres south-
southeast and 18 kilometres east-northeast of the Gnat Lakes
ultramafite (Anderson, 1983). The complex has no unique
signature on the regional acromagnetic map due to the over-
whelming acromagnetic response associated with a north-
wesi-trending apophysis of the Three Sisters pluton
{(Anderson, 1983),

Potassium-argon dating of homblende in homblendite
and homblende clinopyroxenile of the Gnat Lakes complex
has yiclded isotopic ages of 230210 (20) and 227£14 Ma
respectively, or earliest Upper Triassic (Carnian) {Ander-
son, 1983; Stevens el al,, 1982). These dales are identical
(within error) 1o K-Ar isotopic ages obtained on homblende
in the Cake Hill pluton (220£11, 218211 and 227214 Ma;
Stevens ef al., 1982) which, according to Anderson (1983),
is intruded by the Gnat Lakes body. However, the latter re-
lationship could not be confirmed. A guartz monzonite of
the potassic marginal phase of the Three Sisters pluton has
been dated by K-Ar and U-Pb geochronomelry at a locality
approximately 3 kilometres west of the Gnat Lakes com-
plex. Zircon fractions lying essentially on concordia yield a
preferred U-Pb isotopic age of 170=1 Ma (Anderson et al.,
1982} which is concordant with a K-Ar date of 169<11 Ma
for hornblende in the same sample (Stevens er al, 1982).
The age of the Stuhini Group is established as Late Triassic
on the basis of ammonite faunas recovered from epiclastic
sequences al the northern margin of the Hotailuh batholith
{Anderson, 1980).

COUNTRY ROCKS

STUHINI GROUP

The Stuhini Group is composed of voleanic flows and
breccias, subvolcanic intrusive rocks, and tuffaceous sand-
stones, siltstones and shales that appear variably metamor-
phosed 1o upper greenschist-grade mineral assemblages.
The voleanic rocks are relatively well exposed above
treeline immediately west of the mafic-ultramafic body. The
predominant rock type is a dark greenish grey porphyry
characterized by euhedral phenocrysts (<1 cm) of
augitesplagioclasesamphibole set in a finer grained matrix.
These augite porphyries form flows and massive shallow
intrusions and are incorporated as angular fragments in vol-
canic breceias and thinly bedded tuffs and epiclastic rocks.
Similar lithologies appear in stratigraphic sections meas-
ured by Anderson (1980) about 3 kilometres farther west
and along the northern margin of the Hotailuh batholith. In
thin section, clinopyroxene and homblende phenocrysts are
commaonly rimmed and replaced along fractures by actino-
litic amphibole, and plagioclase is extensively saussuritized,
Locally, secondary amphibole and biotite form rounded ra-
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diating crystal aggregates. Rare glomeroporphyntic clots
contain intergrowths of augite, hornblende, plagioclase,
iron-titanium oxides and apatite, with or without sphene.

In road and railway cuts norh of the mafic-ultramafic
complex, augite porphyries are strongly schistose and my-
lonitic. Under the microscope, relict augite phenocrysts ex-
hibit Maser texiures with pressure shadows and are altered
extensively to tremolite-actinolite. The fine-grained matrix
is recrystallized to actinolite, biotite, chlorite and sericite,
which define the foliation, and carbonate, iron-titanium ox-
ides and minor sulphides.

Metasedimentary rocks within the Stuhini Group in-
clude grey-green to rusty brown or buff-weathering tuf-
faceous sandstones, siltstones and black argillites, variably
silicified and locally epidotized and pyritic. Near the south-
western margin of the Gnat Lakes complex these rocks have
been recrystallized to fine-grained chlorite-biotite-actino-
lite-feldspar schists.

CAKE HILL PLUTON (STIKINE PLUTONIC
SUITE)

Outcrops of the Late Triassic Cake Hill pluton were
examined south of Upper Gnat Lake in the eastern part of
the map area. The rock is a pink to buff-weathering medium-
grained equigranular hommblende syenite to monzonite and
monzodionite with accessory magnetite and sphene. The
predominant lithology in the central part of the pluton is
hypidiomorphic granodiorite (Anderson, 1983). A penetra-
tive foliation is defined locally by alignment of partially
chloritized mafic minerals.

THREE SISTERS PLUTON (THREE SISTERS
PLUTONIC SUITE)

The potassic marginal phase of the Middle Jurassic
Three Sisters pluton crops out along the highway and in
railway cuts to the south of the Gnat Lakes complex. It is
composed of pale pink to white-weathering medivm-
grained homblende monzonite 1o homblende biolite syenite
or quartz syenite cut by aplite and diabase dikes. The rocks
are penerally massive and well jointed. In thin section, pla-
ginclase is seen Lo be partially altered to sericite and epidote,
and homblende (25 vol%) is chlontized. Accessory phases
include biotite (<1%), iron-titanium oxides (<3%) and
sphene.

GNAT LAKES COMPLEX:
MAFIC-ULTRAMAFIC ROCKS

The Gnat Lakes complex comprises medium-grained
grey-green hormnblende clinopyroxenite, black hornblendite,
dark to medium grey feldspathic homblendite, homblende
gabbro and rare pyroxene gabbro. The predominant litholo-
gies appear (o be feldspathic homblendite and homblende
gabbro or diorite. These rocks are locally pegmatitic with
prismatic amphibole crystals reaching 3 centimetres in
length.

Ultramafic rocks are well exposed in a railway cut at
the eastern edge of the complex (Figure 3.2). Here, a con-
tinvous gradation is observed from variably carbonatized
hornblende clinopyroxenite in the north 1o saussuritized

homblende gabbro in the south. However, the crude zona-
tion from pyroxenitic core to hornblendite-hornblende gab-
bro margin, as inferred by Anderson (1983), could not be
confirmed. Rudimentary igneous layering involving hom-
blende clinopyroxenite and feldspathic homblendite grad-
ing into hornblende gabbro was observed in glacially
polished outcrops along the access road. The rocks exhibil
no lectonic foliation, yet in places the layering is contorted
and appears to have been remobilized prior to complete so-
lidification. Layered horizons are commonly intersected by
irregular, locally derived leococratic veins that appear to
have been penerated by coalescence of residual gabbroic
liquids. Veins of similar style and origin are also observed
in the Tulameen complex (Chapter 9).

PETROGRAPHY AND MINERAL CHEMISTRY

As seen in thin section, homblende clinopyroxenite
contains cumulus clinopyroxene with intercumulus hom-
blende (20 vol%), iron-titanium oxides (5 to 10%) and minor
sphene (19%). Cumulus clinopyroxene is also present in py-
roxene gabbro but is replaced by eumulus amphibole in
homblendite, feldspathic homblendite and homblende gab-
bro. Plagioclase is a cumulus and intercumulus phase in the
gabbroic rocks which also contain interstitial iron-titanium
oxides (2 - 5 vol%), apatite (<1%) and sphene (<1%). Sec-
ondary minerals include epidote, carbonate. chlorite,
sericite and sulphides, largely pynite.

Anderson (1983) provided electron microprobe data for
clinopyroxene and amphibole phenocrysts in Gnat Lakes
ultramafic rocks, augite-plagioclase porphyry dikes, and
augitethornblendesplagioclase porphyries of the Stuhini
Group. Overall, phenocryst compositions are similar, Cli-
nopyroxenes (diopsidic augite to magnesium-rich salile) ex-
hibit little zoning and have low TiD? (<] wi%) and moderate
Al204 (generally 2.5 1o 5 wi%) and consequently relatively
low octahedral alumina, indicative of crystallization within
the crust. However, clinopyroxene compositions alone pro-
vide tentative evidence for their magmatic affinity (subal-
kaline versus alkaline) and tectonic environment (see
Anderson, 1983).

Primary amphibole compositions are predominantly
ferroan pargasite (Leake, 1978) with low TiO2 and uni-
formly high K20 (1 to 1.6 wt9%). Amphiboles in Gnat Lakes
homblendite are zoned outwards towards actinolitic hom-
blende. Their levels of potash enrfichment and potassium:so-
dium ratios are similar to those detecied in amphiboles from
hornblende clinopyroxenites and gabbroic rocks of the
Tulameen complex (G T, Nixon, unpublished data). Evi-
dently, the liquids with which these crystals last equilibrated
were relatively potassic. In general, these data support An-
derson’s contention that Gnat Lakes mafic and ultramafic
rocks are likely comagmatic with Stuhini Group volcanism.

CONTACT RELATIONSHIPS

Despite poor cutcrop, intrusive relationships in the map
area are well known. A sharp intrusive contact between me-
tasedimentary schists of the Stuhini Group and Gnat Lakes
bady is exposed at the southwestern margin of the complex.
Homblende gabbro and homblendite decrease in grain size
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as the contact is approached, indicating the presence of a
marginal chill zone. These observations, together with the
Camian isotopic age (227+14 Ma), suggest that the Gnat
Lakes complex is a high-level intrusion coeval with Stuhini
Group volcanism. The augite plagioclase porphyry dikes,
presumably the hypabyssal equivalents of Stuhini lavas,
must be of various ages as they cut all of the Late Triassic
lithologies including the Gnat Lakes complex.,

Relationships between mafic-ultramafic and granitic
rocks are well exposed in railway cuts at the eastern
extremity of the complex. Irregular dikes of pink aplite and
fine to medium-grained syenite have invaded homblende
clinopyroxenile and hormnblende gabbro 1o produce localized
agmatites. Irregular bodies of medium-grained
hornblende-biotite syenite to monzonite also intrude the
western part of the Gnat Lakes complex. Anderson (1983)
considered these intrusions to be apophyses of the potassic
marginal phase of the Three Sisters pluton, and therefore
Middle Jurassic in age. Other minor intrusions into the Gnat
Lakes body include dikes of pale buff dacite containing
phenocrysts of hernblende, plagioclase and quartz, and
diabase dikes with abundant plagioclase microphenocrysts
and iron-titanium oxides (4 vol5).

STRUCTURE AND METAMORPHISM

The structure of the map area is poorly understood due
io the lack of marker horizons, Major northerly 1o north-
easterly trending lineaments observed on aerial photographs
are interpreted as faults. Outerops located near such line-
aments may display a subparallel foliation or localized my-
lonitic fabric. The western margin of the Cake Hill pluton
appears to be fault bounded.

A steeply dipping regional foliation, defined by amphi-
boles and micas, has been detected in all lithologies but is
poorly developed or absent in the more massive augite por-
phyries and intrusive rocks. In the northeastern part of the
map area, this foliation trends northwesterly, consistent with
fabrics farther cast that characterize the northwestern part
of the Hotailuh batholith (Anderson, 1979). Farther west,
foliations swing north to northeasterly, possibly influenced
by faulting. In general, the mineral foliation reflects regional
inhomogeneous deformation accompanied by variably de-
veloped metamorphic assemblages attaining upper green-
schist grade. The timing of this deformation is uncertain; it
may be synchronous with Late Triassic plulonism or asso-
ciated with southwesterly verging folds and associated
thrust faults of Middle Jurassic (post-Toarcian) to Creta-
ceous age (Monger ef al., 1978; R.G. Anderson, personal
communication, 1988),

MINERALIZATION

Minor amounts of disseminated sulphides are distrib-
uted throughout the map area but mineralization is prefer-
entially developed near faults.

Sulphides in the mafic and ultramafic rocks generally

form no more than 5 vol% of the rock and comprise finely
disseminated pyrite and rare chalcopyrite. Most of the min-

cralized outcrops occur near the western margin of the com-
plex. Mo net-textured sulphides were observed.

Granitoid rocks commonly contain disseminated sul-
phides (<3 vol%) and thin (0.5 mm} discontinuous stringers
of sulphide and chlorite along joint planes, Disseminated
pyrite is also found in diabase dikes cutting the granitic
rocks.

Control of mineralization by faults is seen at several
localities. A fault contact between black argillite and schis-
tose augite porphyry is well exposed in a milway cut in the
northern part of the map area. Here, the abundance of dis-
seminated sulphide in the argillite, intensity of carbonate
veining and degree of silicification increase towards the
fault.

The most important mineralization occurs along a ma-
jor north-northeasterly trending fault in the Stohini Group
near the western limit of the mafic-ultramafic complex (Fig-
ure 3.2). In the mid- 1960s, a program of geologic mapping,
prospecting and trenching, and an induced polarization sur-
vey, were carried out on a number of mineral showings dis-
tributed along the fault (Roed, 1966a, b: Malinsky, 1966;
Reynolds, 1967). Mineralized zones comprise massive py-
rite, chalcopyrile, and minor pyrrhotite and arsenopyrite in
a gangue of siderite, limonite, hematile and smoky quartz.

The age of the mineralization is not well constrained.
On the whole, the association of mineralization with brittle
phenomena such as faults and joints suggests that the min-
eralizing event(s) occurred late in the history of regional
deformation (presumably post-Toarcian),

GEOCHEMISTRY

Whole-rock analyses of Gnat Lakes mafic-ultramafic
rocks taken from Anderson (1983), and assay results for
platinum, palladium, rhodium, and gold, are given in Tables
3.1 and 3.2 respectively. The occurrence of cumulate tex-
tures in the ultramafic rocks, and thus accumulative origin,
precludes the use of whole-rock compositions as a means of
classification (e.g., Irvine and Baragar, 1971). The hom-
blende clinopyroxenites and homblendites have high total
iron and titania, reflecting in part the abundance of intercu-
mulus iron-titanium oxides, and high alkalies and iron:mag-
nesium ratios. These compositions compare rather closely
with those of similar rocks in the Tulameen complex (Table
A1) Their relatively high K/Ma ratio is a trait shared by the
majority of Stuhini Group volcanic rocks and porphyry
dikes (Anderson, 1983). However, the latier rocks are al-
tered (2 to 4 wi% H20 and up to 5 wi%® COz2) and have
clearly suffered some degree of alkali mobility (Na2O/K 20
=12 in extreme cases), which renders rigorous geochemical
comparisons uncertain,

The tenor of noble metals in mafic-ultramafic litholo-
gies of the Gnat Lakes complex, Stuhini Group volcanic and
metasedimentary rocks, and sulphide-bearing quartz veins
is given in Table 3.2. Analytical methods and accuracy are
described in Chaper 2. Abundances overall are relatively
low. Typical economic PGE deposits have an average plati-
num grade of 5 to 10 grams per tonne (Macdonald, 1986).
An anomalously high gold value occurs in a sulphide sample
collected from a showing located on the fault near the west-

12
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TABLE 3.1
MAJOR AND TRACE ELEMENT COMPOSITION OF
GNAT LAKES ULTRAMAFIC ROCKS

TABLE 3.2
MOBLE METAL ABUNDANCES IN THE GNAT LAKES
COMPLEX AND ASSOCIATED ROCKS

Cimat Lakes Tulpmeen
Rock | 2 3 4 [
Type Hb Hb HhCpx M Cpx  Hb Cpa (Kange)
Weight %
Si0s 4500  41.60 I9.E0 39,60 40,74 [{3.E4)
Tils 124 1.58 1.97 206 148 ([1.2%)
AlOy 5.80 6.70 1.0 650 506 (329
Fez 6.40 9,60 6.00 13.30 11.59  (6.92)
Fed B.60 9,50 10,00 0.9 E&d (26T
MnD 0.26 0.20 0.23 0.20 022 {04}
MgO 11,70 1107 870 1034 1258 {2.13})
Cald 17.80 1548 1357 15.74 [ (1.92)
MNax( 0.68 081 1.6 074 (i1 {1L84)
KD 048 0.5% 072 042 05y (1.3
PsO 033 035 1.53 [l 15 (e 10)
HaOr 1.80 1.3 230 070 Ly (048
COy bd 0.70 0.50 .10 006 (038
5 bhd 021 0.En il o (100
Ci 0.05 (IR [N [1] 0.4 i
F S 14 S 1 T N N | I - W_—
Tolal 100,18 10016 QET6 10000 .77
“'H'I'I-
Rb 0 T0 100 in
Sr 270 240 A0 140
Ba 200 G50 200 150
u 0.4 na mwa L=
& 21 1.3 53 an
Y Tl 44 41 &)
Cr 110 120 7 sl
Co (21 57 53 T
Mi 63 91 13 150
v 4530 560 530 750
Cu 13 210 250 17
Zn L1 Rid 130 140

Samyple Sulphide ppb’
Location®  Sample No. Rock Type vol %) P P Au
GNAT LAKES COMPLEX

] CGN-BE-000S Hb climopryrozenite 1 a1
1 OM-B-0006  Hb climopyroneniie - 1 17 &
1 GH-88-0001 Horsbleadine - 1 ¥ )
3 CA-BEO006  Homblendiee = 4 1 1
4 GN-E8-1029 Homblendite Tr 1 ] |
5 ON-BH-0009 Feldspathac howmblendsie Tr ] m &
[ CA-BE-0005 Feldspathic hormblendite Tr & 1 1
7 OMN-EB401BC  Feldspachic homblendite <34 11 72
1 OMN-E8-0007 Hb gabbro-dioviie E= I 2 2
] GMN-88- 1022 Hb gabbro-diomnie b r W &
9 GN-85- 1000 Hb gabdeo-dioriic 50 1 r | ]
1] GM-EE-4006  Hb gabbro-tiorie = 1 1 1
STUHINI GROUP - Metavolcanss Rocks

1n M -EE-0000 Cpn. porphiyy schist 2 F-]

i2 GM-BH-D008 Cpr-Plag porphyry schist 3 zZ 1
13 GM-88-1023A  Cpx porphiyry (silicified) Tr X 260 235
14 OMN-E8-20238  Cpu porphyry schist < 3 1 1
15 GM-E8-4004  Cpa porphyry schist " 3 ¥ 1
16 GM-EEA007  Cpu-Plag porphyry = 1 1B o4
STUHIMNI GROUP - Meotascdimentary Rocks and Yeins

17 OM-BE0004  Argilliee 5 i - S
] ] CA-E8-0003 Matasediment {vibicified) <5 M o |
14 GN-H8-2023A  Quans vein in argilliie 1520 7 1B 1
14 GN-RB-20254° 7 15 1
1% ON-ER-1026  Pyrite-chaloopyrite ore | 4 B
Deiecrion limits: Prand Au, [ ppb; Pd I ppb
*Sev Figwre 1.2
:nuuwm&mﬁ-uu,ﬁ;--ﬂ_ﬁ,

Duplicate :
,h".l.‘ ] m‘-t— Al 4. m- .tl ’: |"| <
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ern edge of the complex. However, there is no evidence to
suggest remobilization of PGE within the fault zone, Tt is
interesting to note that Stuhini Group augite porphyries are
as enriched in palladium as rocks of the Gnat Lakes com-
plex. In general, there is no correlation between the amount
of pyritic sulphides in a rock and the abundance of noble
metals.

In the Gnat Lakes intrusive suite, the abundance of PGE
is slightly lower, on average, in gabbros than in ultramafic
rocks, which in turn are distinctly impoverished in PGE rela-
tive to their counterparts in the Tulameen complex (Chapter
9). From an economic potential viewpoint, the best pros-
pects in the vicinity of the Gnat Lakes complex would ap-
pear 1o be structurally controlled gold-bearing sulphide
depaosits.

SUMMARY

The Gnat Lakes mafic-ultramafic complex is situated
within northern Stikinia and is spatially associated with Up-
per Triassic volcanic and epiclastic assemblages of the
Stuhini Group. Isotopic dating and geological relationships
indicate that the complex is Late Triassic in age. Like the
Hickman complex, the Gnat Lakes complex is exposed
within an enclave of country rocks surrounded by a large
granitoid pluton, the Hotailuh batholith, Only the more dif-
ferentiated phases of the Alaskan-type association are pre-
sent: homblende clinopyroxenite, homblendite and gabbro.
Fortunately, this body has been well studied, and whole-

rock and mineral chemistry support an Alaskan-type affin-
ity Internal contacts among the various lithologies are
gradational; intrusive contacts with hostrocks have been ob-
served.

Weakly developed sulphide mineralization in the vicin-
ity of the complex is predominantly associated with fault
zones. Assay resulis for the PGE are not encouraging, al-
though gold abundances in grab samples attain 0.8 gram per
tonne, The age of the mineralization is Early Jurassic (Toar-

cian) or younger.
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CHAPTER 4

LUNAR CREEK COMPLEX

The Lunar Creek mafic-ultramafic complex (57°55°N,
127°28°W) lies within the Stikine Ranges of the Omineca
Mountains, approximately | kilometre northwest of the
headwaters of Lunar Creek (Figure 4.1). The area is covened
at a scale of 1:250 000 by the Finlay River map sheet (94E)
and 1:50 000 topographic maps (94E/13 and 14). Acromag-
netic maps are not currently available. Lunar Creek drains
southward into the Chuckachida River, a tributary of the

Stikine River. Access to the complex was gained by heli-
copter from Sturdee airstrip in the Toodoggone River area,
which is serviced by scheduled flights from Smithers, or by
vehicle along a well-maintained dirt road linking Fort St.
James 1o the Cheni mine. The complex lies entirely above
treeline and is best exposed along ridge erests and high on
valley walls. Glacial till and talus aprons cover lower valley
walls and floors.
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Figure 4.1. Location of the Lunar Creek mafic-ultramalfic complex.
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REGIONAL GEOLOGY AND
K-Ar GEOCHRONOMETRY

The Lunar Creek complex is one of the largest of a se-
ries of Alaskan-type intrusions in northern British Columbia
that form an arcuate trend around the northern and eastern
margin of the Bowser Basin (Figure 1.1). The complex lies
within Quesnellia at the boundary with the Stikine Terrane.
This boundary is defined in the map area by the Kutcho fault
which limits the western margin of the intrusion (Figure
4.2).
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Figure 4.2. Regional geological setting of the Lunar Creck
mafic-ultramafic complex.

The Lunar Creek complex was first recognized in 1973
during regional mapping by the Geological Survey of Can-
ada (Gabrielse and Dodds, 1974), Later, more detailed map-
ping was completed by Irvine as part of a study of
Alaskan-type complexes in the Finlay River area (Irvine,
1974b, 1976). Along its eastern margin, the complex lies in
sheared contact with foliated augite-phyric volcanic rocks
which, based on lithological similarities, are assigned to the
Middle Triassic to Lower Jurassic Takla Group. Granitoids
of the Early Jurassic Pitman batholith, part of the Guichon
Suite of intrusions (Woodsworth er al., 1991), intrude these
voleanie rocks as well as ultramafic rocks of the complex.
K-Ar determinations on hornblende from this batholith
yield isotopic ages of 182+13 (20) Ma (Gabrielse ef al.,
1980) and 190£8 Ma (Wanless ef al., 1979; Gabrielse et al.,
1980).

The Kutcho fault separates dioritic to gabbroic rocks of
the Lunar Creek complex from Paleozoic and younger rocks
within Stikinia. These Paleozoic rocks are believed to range
in age from Devonian to Permian and are probably correla-
tive with the Asitka Group (Thorstad, 1980, H. Gabrielse,
personal communication, 1990). Arc-derived volcanic and
clastic rocks of the Upper Triassic Stwhini Group are also
represented west and south of the faull. The latter rocks have
been intruded by granitoids of the Late Triassic Stikine
batholith (Stikine Suite) as well as granitoids of the Early
Jurassic Guichon and Black Lake suites. The Stikine batho-
lith has yielded a K-Ar date on homblende of 222+10 (20)
Ma (Dodds in Wanless eral., 1979; Anderson, 1984), Biotite
obtained from the Mount Albert Dease pluton, part of the
Three Sisters suite of intrusions found south of the mafic-
ultramafic complex, has provided a K-Ar age of 16726 (2)
Ma (Dodds in Wanless e al., 1979; Woodsworth er al.,
1991). The Three Sisters Plutonic Suite is spatially and tem-
porally associated with voleanic and sedimentary rocks of
the Lower to Middle Jurassic Hazelton Group,

COUNTRY ROCKS

Stratified rocks within the study area include both meta-
volcanic and metasedimentary rocks of the Takla Group,
which crop out north and east of the complex, and a package
of Paleozoic metavolcanic and metasedimentary rocks west
of the Kutcho fault that appear to belong to the Asitka

Group.

TAKLA GROUP

Rocks tentatively assigned to the Middle Triassic to
Lower Jurassic Takla Group crop out north and east of the
complex (Map 1 and Figure 4.3). To the north, augite pla-
gioclase porphyry and volcanic wackes and silistones have
been metamorphosed to greenschist or lowermost amphibo-
lite grade. To the east, the country rock is strongly sheared
and metamorphosed, and varies from a medivm-grained bi-
otite schist to well-foliated amphibolite,

The contact between rocks of the Takla Group and the
Lunar Creek complex is a ductile fault zone with mylonitic
fabrics. Mylonitized metavoleanic rocks of the Takla Group
are medium-dark grey io green-grey augite, augite-plagio-
clase and plagioclase-porphyritic actinolite schists. In thin

]
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Figure 4.4, Location of lithogeechemical sample sites, numbered sequentially from north to south (e f. Table 4.1). Symbols as in
Figure 4.3.
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section, sugite augen, up to 0.7 centimetre in diameter, have
been partially o completely altered 1o pale green actinolite.
Actinolite is the most common constituent of the matrix,
forming acicelar laths paralle] to the foliation. The remain-
der of the matrix consists of albite, epidote and clay miner-
als. Away from the mylomitc zone, the most common Takla
sroup lithology is dark grey augite porphyry that is meta-
morphosed o lower most amphibolite grade. In the north-
ernmaost part of the map area, medium to dark grey siltstones
and fine-grained volcanic wackes at have also been meta-
maorphosed 1o lower amphibolite grade. These rocks are well
bedded, dip moderately toward the northeast and have a
weak bedding-paralle] foliation, Commaon constituen! min-
erals are plagioclase, potassium feldspar, green pleochroic
homblende and abundant idioblastic biotite that is oriented
within the foliation.

ASITKA GROUF

Palcozoic rocks west of the Kutcho fault have been ten-
tatively assigned to the Asitka Group. Conodont analysis
has shown that some of them are Mississippian in age (Thor-
stad, 1980), and may range from Devonian through to Per-
mian (H. Gabrielse, personal communication, 1990},
Regionally, lithologies include chlorite schist, sericite
schist, phyllite, rhyolite flows and wifs, chert, sandstone and
carbonate (Thorstad, 1980), In the study area, these Paleo-
zeie rocks crop out adjacent to the Kutcho fault. The litholo-
gics include medium grey-green to dark grey quartz -
potassium feldspar - actinolite schist, medium green-grey
siliceous siltstone and medium grey, gnity micritic lime-
stong with thin interbedded chens. The rocks have been
metamorphosed 1o upper greenschist facies assemblages.

LUNAR CREEK COMPLEX:
MAFIC-ULTRAMAFIC ROCKS

The Lunar Creck complex is an elongate body which
measures more than 11 kilometres in length and up to 4
kilometres in width, The northwesterly trending, major axis
of the intrusion parallels the structural grain of the region.

Several attributes distinguish Lunar Creek from other
Alaskan-1ype complexes in British Columbia:

+ Two gabbroic-diontic phases are present; the older one 15
ductily deformed and cut by a younger, undeformed phase
that constitutes most of the complex.

« Cumulate layenng in the ultramafic rocks is locally well
developed, a rare feature in the Alaskan-type intrusions
of British Columbia.

» Quartz-rich pegmatitic segregations are commaon in the
gabbroic to dioritic rocks. This is also uncommon in Alas-
kan-type intrusions.

All the ultramafic lithologies which characterize Alas-
kan-type intrusions are represented @t Lunar Creck. These
include dunite, chromitiferous dunite, wehrlite, olivine
wehrlite, olivine clinopyroxenite, clinopyroxenite and gab-
broic-diontic rocks. OF interest is the relatively low abun-
dance of massive wehrlitic lithelogies which are so
abundant, for example, at the Polans complex (Chapter 8},
However, chaotically mixed wehrlite and clinopyroxenite

Bulletin 93

Ministry of Emploveent and Tnvestaient

domains are quite common, These chaotic domains gener-
ally oecur in gradational contact with adjocent ultramafic
lithologies and are most common at the transition between
massive dunite and olivine clinopyroxenite. A petrologic
study of the Lunar Creek complex has been completed by
Nuttall (1991).

DUNITE

Massive dunite is exposed at three separate outerops
that have a combined total area of approximately 1.5 square
kilometres (Map | and Figure 4.3). Dunite also occurs as
irregular inclusions within chaotic mixed zones, inlerlay-
ered with wehrlite, and as dikes within massive dunite,
wehrlite and olivine clinopyroxenite (e.g., Localities 5
and 14, Figure 4.4).

Dunite commonly weathers pale orange-brown and is
medium grained. Outcrops are characteristically smooth
and rounded. Contacts with clinopyroxene-rich lithologies
{wehrlite and elinopyroxenite) are gradational and marked
by a gradual increase in the abundance of clinopyroxene,
Serpentinization is pervasive near faults and near contacts
with gabbroic units and country rock. Away from these areas
the rock is comparatively fresh and composed of vinually
fresh, dark green olivine.

Although the contact between dunite and country rock
was not seen, relationships at one locality suggest that it is
intrusive (Locality 60, Figure 4.4). Here, dunite adjacent 1o
the contact is weakly serpentinized but shows little evidence
of shearing, implying that the contact is not ductily faulied.
Furthermore, amphibolite-grade metamorphism of adjacent
country rock may possibly represent pant of a contact aure-
ole.

The dunite bodies are commonly cut by swarms of anas-
omosing wehrlite, olivine clinopyroxenile, clinopyroxenite
and rare dunite dikes (Photo 4.1, The dikes range in width
from | to 20 centimetres and are most common near grada-
tional contacts with clinopyroxene-rich lithologies.

Photo 4.1, Olivine clinopyroxenite to clinopyroxenite dikes in
dumite.
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CHROMITITE

Disseminated chromite is ubiquitous in dunite, typi-
cally forming 1 to 2% of the rock. Chromitite schlieren occur
locally, generally in clusters of two or more (Photo 4.2).
Individual schlieren range in thickness from | 1o 4 centime-
tres and in Jength from 20 1o 30 centimetres. Locally, the

44, Figure 4.4,

L i ‘ ':
e 0
Phodo 4.3, Layering of coarse-grained clinopyroxenile - olivine

wehrlite offset by small syndepositional fault, mixed layered unit,
south of Locality 5, Figure 4.4,

schlieren are strongly magnetic, suggesting that some of the
chromite has been altered to magnetite.

Chromitite schlieren are known to host PGE minerali-
zation in the Tulameen (Chapter 10) and Wrede Creck com-
plexes (Chapter 6). However, the relatively sparse amount
of chromitite in the Lunar Creek complex does not bode well
for the economic potential of PGE, at least with respect o
the PGE-chromitite style of mineralization (Nixon and
Hammack, 1991},

OLIVINE CLINOPYROXENITE AND
CLINOPYROXENITE

Olivine clinopyroxenite is the most extensive nt'zlhe ul-
tramafic lithologies exposed at Lunar Creek (5 km™). It is
characterized by dark green 1o rusty brown, knobby-weath-
ering outcrops. Fresh surfaces are dark green-grey and the
rock is weakly magnetic. Clinopyroxene crystals vary from
2 millimetres (o 3 centimetres in diameter, with an average
grain size of approximately 0.5 centimetre. Olivine grain
size is fairly constant at 1 to 2 millimetres. Locally, both
minerals show cumulate textures. In some cases, clinopy-
roxene is intercumulus and poikilitically encloses olivine,
Phlogopite exists locally as an accessory phase.

Contacts between olivine clinopyroxenite and other ul-
tramafic lithologies are gradational, marked by variations in
olivine content. A gradational relationship is also apparent
between clinopyroxenite and feldspathic clinopyroxenite
and is marked by the appearance of plagioclase as an inter-
cumulus phase. Rare modal layering showing mineralogical
and/or size grading of crystals has been observed locally in
all of these lithologies (Photo 4.3).

Pods of dunite and wehrlite, up to 8 metres in diameter,
are fairly common within the olivine clinopyroxenite unit,
and are most common near gradational contacts with the
chaotic mixed units described below, These pods may rep-
resent fragments of crystalline material that broke away
from the walls or roof of the magma chamber, or they might
be disrupted ultramafic dikes. Locally, pods have been flat-
tened and stretched into schlieren which reach 1 metre in
width and several metres in length. Locally these schlieren
have a well-developed foliation parallel to their margins,

Homblende clinopyroxenite is a comparatively rare
rock type within this complex. Microscopic examination has
shown that much of the homblende observed in hand sam-
ples of clinopyroxenite is secondary, after clinopyroxene.
Primary homblende in clinopyroxenite was seen only at the
narrow, gradational contacts between clinopyroxenite and
homblende clinopyroxene gabbro,

MIXED ULTRAMAFIC LITHOLOGIES

Mixed units comprise a variety of distinct ultramafic
lithologies. Three varieties of mixed rocks are observed:
layered units which are sequences of interlayered clinopy-
roxenite, olivine clinopyroxenite, wehrlite and dunite; cha-
otic units which consist of blocks of one ultramafic lithology
mixed into another; and replacement zones which are sites
where dunite has partially replaced clinopyroxenite.

Geological Survey Branch



LAYERED MIXED UNITS

Layering is locally well developed in peridotites of the
Lunar Creek complex. Mear Locality 5 (Figure 4.4), dunite,
wehrlite, olivine clinopyroxenite and clinopyroxenite ex-
hibit layering produced by modal andfor grain size vari-
ations, Most layering in this area is discontinuous and layers
vary from less than | metre to several metres in thickness,
Centimetre-scale layering and rhythmic layering are seen
locally (Photo 4.4), Interlayered wehrlite, clinopyroxenite
and rare dunite are seen farther south at Locality 14 (Figure
4.4). Here, dunite layers up to 2 metres thick, with rare chro-
mite accumulations, grade into wehrlite. The dunite layers
have sharp, nongradational contacis with adjacent olivine
clinopyroxenite.

Features resembling soft-sediment deformation are
well exposed at Locality 5 (Figure 4.4). Locally, large
blacks, presumably derived from the walls and roof of the
magma chamber, fell onto layered material resulting in com-
pressed and distorted layering. Further crystallization within
the chamber led to deposition of more layers, which drape
over both the block and the distorted material. Angular un-
conformities caused by the truncation of layers were ob-
served in several outcrops, These features bear many
similarities to sedimentary structures described at Duke Is-
land (Irvine, 1974a) and undoubtedly reflect similar proc-
esses, namely the deposition of cumulate crystals by
convection currents.

Owverall, there is no consistency in layer orientation be-
tween oulcrops. Facing direction, determined by the trunca-
tion of layering and deformed layering below slumped
blocks, is also variable. This suggests that significant rota-
tion has occurmed since deposition, presumably as a result
of slumping within the magma chamber prior to complete
solidification.

CHAOTIC MIXED ZONES

Chaotic mixed zones are more widespread than layered
zones, They consist of blocks of massive olivine clinopy-

Photo 4.4. Fine modal layering of olivine and elinop: ro.ene in
mined layered unit near Locality 5, Figure 4.4,
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roxeniie 1o clinopyroxenite, up (0 5 meires in diameter, set
in a matrix of wehrlite to dunite, or blocks of olivine
wehrlite, dunite or wehrlite enclosed in clinopyroxenite.
Blocks are typically angular to subrounded (rarely rounded)
and commaonly exhibit sharp contacts with their hosts. Con-
tacts between mixed zones and massive peridotite are gra-
dational and expressed by the appearance of scattered,
irregular blocks in the massive hostrock. The mixed zones
have been subdivided into wehrlite-dominated and clinopy-
roxenite-dominated domains (Figure 4.3).

The chaotic mixed zones may represent density Mows
resulting from the spalling of cumulates from the walls and
roof of the magma chamber. In some cases, these zones ap-
pear to have formed by dike intrusion into semiconsolidated
cumulate sequences that were subsequently deformed plas-
tically. Dikes of clinopyroxenite to wehrlite are very com-
mon in chaotic zones and add to the chaotic appearance of
the outcrop by further subdividing large blocks. It is likely
that some diking resulted from overpressuring of the under-
lying crystal mush, causing expulsion and upward migration
of residual pore Nuid through the cumulate pile. In fact, dik-
ing may have been promoted in chaotic zones, where slump-
ing of large blocks from the chamber walls and roof resulied
in rapid loading.

REPLACEMENT DUNITE

Locally, in clinopyroxene-rich lithologies, clinopy-
roxene crystals have been partially to completely replaced
by olivine. This process resulted in the development of ir-
regular bodies of dunite and wehrlite within clinopy-
roxenites and olivine clinopyroxenites, A similar
replacement phenomenon has been documented at Duke Is-
land in southeastern Alaska (Irvine, 1974a, 1986). Replace-
ment dunite appears to have resulted from the migration of
an olivine-rich magma through a porous, clinopyroxende-
rich crystal mush. Disequilibrium between olivine-rich
magma within the pore spaces and the adjacent clinopy-
roxene crystals led to wholesale replacement of clinopy-
roxene by olivine.

At Lunar Creek, replacement dunite is most common
in olivine clinopyroxenite, particularly in the layered and
chaotic mixed units. The effect is most speciacular in lay-
ered olivine elinopyroxenite that exhibits internal grading
(Locality 5, Figure 4.4), Here, irmegular bodies of replace-
ment dunite are up to a metre wide and cut layering at a high
angle. Coarse-grained layers show pervasive replacement
along the layering, whereas finer grained layers are virtually
unaffected, This strongly suppons the hypothesis that po-
rosity played an important role in the development of re-
placement dunite. The lower porosity of fine-grained layers
restricted the amount of olivine-rich fluid in the pore spaces
and thus limited the degree of replacement in these layers.

Passive infiltration through pore spaces is one mecha-
nism for magma migration through the cumulate pile.
Where cumulates were densely consolidated, and pore
spaces were closed, magma movement was accomplished
by diking. Ulramafic dikes are fairly common in all of the
ultramafic lithologies observed at Lunar Creek, as well as
in most other Alaskan-type intrusions. Dynamic processes
within the magma chamber (slumping, infiltration, diking,
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convection efc.) may explain the notable lack of mesoscopic
layering in most of the ultramafic rocks of the complex, and
the scarcity of such layering in general.

GABBROIC-DIORITIC ROCKS

Twao suites of gabbroic to dioritic rocks are found at the
Lunar Creek complex. The oldest is a strongly foliated hom-
blende clinopyroxene gabbro. Deformation of this unit pre-
dates intrusion of the main body of ultramafic cumulates and
the emplacement of the younger suite of gabbroic rocks. The
latter suite comprises massive equigranular gabbro and dio-
rite which are virtually undeformed and appear to be the
youngest rocks associated with the complex.

FOLIATED GABBRO-DIORITE

Weakly to strongly foliated hormblende clinopyroxene
gabbro is similar in mineralogy to the younger unfoliated
gabbros and diorites at Lunar Creek, However, crossculting
relationships demonstrate that this foliation predates crys-
tallization of the massive gabbro. The age of deformation of
the foliated gabbro is unknown, but it does appear to be an
early phase of the ultramafic-mafic intrusion that was duc-
tily deformed prior to emplacement of the remainder of the
complex.

Foliated rock consists of alternating mafic and feldspa-
thic folise, typically less than | centimetre in width (Photo
4.5). Mafic layers are composed of black hornblende or dark
green clinopyroxene or both. Feldspathic layers are com-
posed of white plagioclase with rare quantz, Clinopyroxenes
are subhedral to euhedral and commonly rimmed by hom-
blende.

Where original igneous layering is preserved it is par-
allel o foliation and is commonly boudinaged. Fabric or-
entation is variable throughout the complex. However,
layering and foliation are crudely paralle] to contacts with
ultramafic components. This relationship is well exposed
southeast of Locality 58 (Figure 4.4) where the fabric ap-
pears to arch over a large body of undeformed dunite,

Photo 4.5. Mylonitic fabrics in older, foliaied gabbro-dionite,
Unit Se.
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MASSIVE GABBRO-DIORITE

Gabbro, dicrite and quartz diorite underlie a total area
of approximately 16 square Kilometres (Figure 4.3). Dionte
to quartz diorite is well exposed along the western margin
of the complex; gabbro-diorite forms a large body at the
southeastern end of the complex and a narrow zone along
its eastern margin. It is also found as thick units within in-
terlayered clinopyroxenite-gabbro sequences (e.g.. 500 m
north of Locality 12, Figure 4.4).

Gabbro-diorite occurs as massive, resistant, medium
grey outcrops. Fresh rock varies in colour from medium grey
to black; mafic minerals vary from 50w 90 %. Itis typically
equigranular and medium to coarse grained, but fine-
grained and pegmatitic varieties are also found, Subhedral
to euhedral, cumulate homblende and clinopyroxene are the
common mafic components, and anhedral plagioclase oc-
curs as an intercumulus phase. Minor net-texiured sulphides
were observed locally. Homblende is typically more abun-
dant than clinopyroxene, except near gradational contacts
with ultramafic rocks. lgneous layering, in the form of al-
ternating mafic and feldspathic layers, is fairly common
(Photo 4,6). Locally, layvers are leucocratic, with as little as
20% mafie minerals. Lescogabbro-leucodiorite also ocours
as thick dikes which crosscut both gabbroic and ultramafic
rocks,

Gabbro-dicrite has a narrow gradational contact with
ultramafic hthologies along the northeastern edge of the
complex. In this area, gabbroic rocks form a thin wedge
along the margin and lic in fault contact with Takla Group
rocks 1o the northeast. Massive gabbro is also found in gra-
dational contact with zones of interlayered olivine clinopy-
roxenite, clinopyroxenite, feldspathic elinopyroxenite,
homblende clinopyroxenite and gabbro. In addition, gab-
bro-diorite occurs as dikes which crosscut the foliated gab-
bro unit described above (Locality 22, Figure 4.4),

Diorite-quartz diorite intrudes ultramafic rocks as well
as the foliated gabbro unit. Contacts with massive gabbro-
diorite appear to be gradational, It is therefore believed to

Phow 4.6. Fine modal layering of poikilitic homblende and
plagioclase in lencocratic layer within the gabbmo-diorite of Unit
Sa
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be the youngest and most differentiated member of the Lu-
nar Creek complex,

Rocks of diorite to quartz diorite composition form me-
dium to light grey weathering, blocky outcrops, Fresh sur-
faces are medium grey in colour. Grain size varics from
medium to coarse: the rock is locally pegmatitic. Hom-
blende, with or without biotite, comprises 30 to 50% of the
rock. Variably altered plagioclase and quartz constitute the
felsic component. Quartz varies in abundance from | to 23
vol® and is interstitial,

QUARTZ-FELDSPAR VEINS

Quarntz-feldspar veins occur exclusively in ultramafic
and mafic rocks of the complex. Al one locality they pinch
out inte, and become continuous with, pegmatitic hom-
blende-bearing quanz dionte (Photo 4.7). They are there-
fore believed to represent late stage, silica-rich
differentiates.

The veins range from 2 to 20 centimetres in width and
most are approximately 4 centimetres wide, Typically, vein
margins are lined with white plagioclase crystals up o 2
centimetres in diameter. Light grey gquartz typically forms
vein cores. Graphic feldspar-quanz intergrowths are com-
monly observed in the marginal zones,

GRANITOID ROCKS OF THE PITMAN
BATHOLITH

Gramitoid rocks north and east of the complex are asso-
ciated with the Early Jurassic Pitman batholith, part of the
Guichon Suite of intrusions (Gabrielse er al., 1980). Grano-
diorite dikes emanating from the batholith intrude ul-
tramafic and mafic rocks of the complex as well as Takla
Group rocks to the north, Outcrops are commonly lichen
covered and form resistant dark grey cliffs; where not cov-

LN

Photo 4.7. Zoned quarnz-feldspar pegmalite vein culting coarse-
grained homblende gabbro/diorite (upper left) and tapering into
feldspathic groundmass (lower right) where it is continuous with
its host { Unit 5h) . Note concentration of quartz (pale grey ) in centre

of vein.
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ered by lichen, they are light grey, Fresh surfaces are light
to medium grey and the rock is medium grained and equi-
granular. Composition varies from quartz monzonile o gra-
nodiorite. Mafic minerals, chloritized biotite and
homblende, comprise approximately 20 vol% of the rock
and quartz varies from 10 o 25 vol%.

PLAGIOCLASE PORPHYRY DIKES

Plagioclase porphyry dikes intrude ultramafic and
mafic rocks in the study area, and are intruded by homblende
microdiorite dikes described below. Euhedral to subhedral
plagioclase phenocrysts up o 2 centimetres in diameter lie
in a dark grey, fine-grained to aphanitic groundmass, which
also contains homblende microphenocrysts. In some dikes,
plagioclase crystals are aligned and fattened parallel to the
dike walls. These plagioclase porphyry dikes are believed
to be derived from granitoids of the Early Jurassic Pitman
bathoalith (Guichan Suite),

HORNBLENDE MICRODIORITE DIKES

Medium to dark grey homblende microdiorite dikes of
dubious affinity intrude granitic rocks of the Pitman batho-
lith, plagioclase porphyry dikes, voleanie rocks of the Takla
Group, and ultramafic-mafie rocks of the Lunar Creek com-
plex (Photo 4.8). These dikes were not seen southwest of the
Kutcho fault, but this area was not mapped in detail,

The dikes weather dark grey to pale brown and have an
average width of approximately 50 centimetres. They are
fine grained to aphanitic with microphenocrysts of euhedral
hornblende and rare euhedral o subhedral white plagio-
clase. Dike margins are commonly foliated, implying at
least some post-emplacement deformation.

U-Pb GEOCHRONOMETRY

Uranium-lead analyses of zircons separated from a po-
tassium feldspar rich pegmatitic segregation in young, un-
deformed hornbhlende diorite were performed by L.M.
Heaman in the Geochronology Laboratory, Royal Ontario
Museum. Results are presented in Table 4.1 and Figure 4.5,
and analytical techniques are summarized in Appendix B,

LUMAR CREEK COMPLEX |
U=Pb Zircon
0.0380 e -
= # 5
m 2350
ey
L
o 0.0355
o 220
I7+IMa (2a)
0.027 .
6,230 0.245 0.260 0.275
207py, £ 235

Figure 4.5, Uranium-lead concordia diagram for zircon from
pegmatite of the Lunar Creek mafic-ultramafic complex..
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The zircon grains recovered from this sample vary con-
siderably in size, morphology and colour. Three different
zircon fractions were analyzed (#1-3 in Table 4.1 and Figure
4.5): large colourless prisms (#1); a fraction of tiny yellow
prisms (#2); and a single large, colourless, euhedral pris-
matic grain (#3). The slightly yellow grains have a signifi-
cantly higher uranium content (475 ppm) compared to the
other two colourless fractions (300-350 ppm). The three zir-
con analyses are colinear with Fraction | showing a small
inherited lead component. It is improbable that all the zircon
analyses reflect inheritance as two quite different zircon

ul ﬂuns (#2 and #3 in Table 4.1) yield identical
W' U ages. The single large graun is virtually concor-
dant at 237 Ma, and taken together, the data indicate that the
best estimate for the age of emplacement of the younger
gabbro-diorite unit is 23742 (2a) Ma (Middle Triassic or
Ladinian on the time scale of Harland e1 al., 1990). Because
this unit represents the youngest phase of the Lunar Creek
intrusive suite, this date places a minimum age on the Alas-
kan-type ultramafic portion of the complex. The signifi-
cance of the U-Pb geochronometry is discussed further in
Chapier 11.

STRUCTURE

The Kutcho fault, which defines the boundary between
the Quesnel and Stikine terranes, is one of many major
transcurrent faults in the Cordillera. These faulis were active
possibly as early as Middle Jurassic and movements may
have continued through to Eocene time (Gabrielse, 1985).
The nature and magnitude of fault displacements are exam-
ined in more detail in Chapter 11.

Northwest-trending, steeply dipping faults, subparallel
to the Kutcho fault, are the dominant structures in the study
area. Steeply dipping northeast and east-trending faulls are
less abundant, Intense faulting has resulted in an cutcrop
pattern which is a mosaic of disrupted, disconnecied blocks,
This, together with the lack of distinctive marker horizons

ithin the lex. h ade details of the structure irre-
Photo 4.8, Homblende microdionte dike cutting leucocratic ::H;E": at ﬂn]ﬁ':;ma:"i gt ek

gabbro-dionite Unit 5a and enclosing xenoliths of its hosi,
At the north and east margin of the complex, Takla

Group voleanic rocks and Pitman batholith (Guichon Suite)

TABLE .|
U-Pb ZIRCON RESULTS FOR THE LUNAR CREEK COMPLEX

Descriplion Weight l.[_'gllqggﬂpaliuﬂ W eighi Adomic Bation®® o Apparent Age (Ma)
Sumple Sample LE] i Commaon| 206Fh 208Fb  206Ph  20TIh 0T | 0GP 207Ph 207PD
Number *Fraction {pgl {ppm)  {ppm) Pbipg) | 2P 206 238U 2350 06Ph | 138U 2350 :Iﬂ‘h
GNED-H122F

| MM, &, cl, ab, (32} 282 2 I 1l 23047 (IR O OARL 00 26 Dusisd 240 241 265

1 MM, e, v, ab, { 1D6) 0] 478 (1 174 i nl] 00974 00374 62614 Dose7l 237 236 228

i MM, o, 2], ab, (1) 13 142 13 14 1164 01055 00375 02627 005082 237 7 23X}

*Magnetic susceptibility: N, Manon-mogretic and magaetic af zero angle of side Hilt on o Fronz iodywinmic segraralinr af o cureent of 1O i JOE
forward Hilr. Grain size {meih ) a=+ 100; c=- 2004+ 325; Colowr; clscolourless, v=yeliow,; ab=alvasion freatmen

The numbers in parentheses correspond o the total number of grains wnalveed

**Armmic rafios corrected for blank (FheSpp; Uslpgl and initial common P
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granitoids, lie in fault contact with gabbroic rocks. All three
lithologies are mylonitized along this fault. North of this
contact, both the granitic and volcanic rocks have a steeply
dipping. nonthwest-trending penetrative foliation. Bedding
in Takla Group rocks dips moderately 1o the northeast,

Rocks adjacent to the Kutcho fault are not exposed. Ap-
proximately 250 metres southwest of the faull near Locality
47 (Figure 4.4), stratified rocks have a steeply dipping,
northwest-trending, penetrative foliation that is subparalle]
1o the trace of the fault. Bedding in these rocks dips moder-
ately to the northeast. Diorite and quartz diorite, approxi-
maltely 100 metres north of the fault, are extensively altered
but not foliated.

An older episode of deformation is preserved in the fio-
liated gabbro umit (Unit Sc, Figure 4.3), Crosscutting rela-
tionships show that ductile deformation in this unit predates
intrusion of the main part of the complex. The outcrop dis-
tribution of the foliated gabbro unit is commonly controlled
by faults. The onentation of the foliation appears to be fairly
consistent within individual fault blocks, but varies between
blocks. Outcrops near the north and south margins of the
complex tend to have a steeply dipping, east-trending folia-
tion, whereas most other outcrops have a steeply dipping,
northwest-trending orientation. This fabric clearly predates
regional contractional deformation in the Jurassic that al-
fected this area, but its significance is not presently under-
stood.

MINERALIZATION

Mineralization has been described near the eastern mar-
gin of the complex. A copper showing, hosted in skam, and
a porphyry-style alleration zone at the West property, were
explored in the early 1970s and have been described in as-
sessment reports. These claims covered minor garmnet-¢pi-
dote skam that is locally enriched in copper {chalcopyrite,
malachite and covellite; Jones, 1970). Malachite staining
was also observed along fractures and foliation planes in
biotite schists (Ryback-Hardy, 1972). Silt, soil and lithogeo-
chemistry outlined several zones with modestly anomalous
copper values. Skam samples were also analysed for gold
but were found to be barren (Jones, 1970). These showings
are probably unrelated to the ultramafic complex and more
likely associated with granitoids of the Pitman batholith to
the cast,

GEOCHEMISTRY

Analytical results for platinum, palladium, thodium and
gold in 84 representative rock samples from the Lunar Creek
complex, its hostrocks, and various dikes and quariz veins
in the map area are presented in Table 4.2. Sample localities
are shown on Figure 4.4. The noble metals were preconcen-
trated by fire assay using 30-gram splits of approximately
200 grams of rock powder (-200 mesh) and analyzed by
inductively coupled plasma emission spectroscopy by
Acme Analytical Laboratories, Vancouver. Accuracy was
checked by international and in-house standards, and ana-
lytical precision (and any nugget effect) monitored by hid-
den duplicates.
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Platinum abundances are generally low except in
dunites (up to 343 ppb) and a chromite-rich dunite {1017
ppb). Palladium abundances are low overall, and reach their
highest values in gabbroic rocks (<90 ppb). With the excep-
tion of one weakly anomalous dunite (12 ppb). rhodium is
at or near the limit of detection. Gold abundances attain their
highest levels in gabbroic rocks (216 to 442 ppb) and show
no correlation with PGE. Quartz veins close to the Lunar
Creck complex are uniformly low in gold.

Anomalous abundances of platinum in chromitite and
chromitiferous dunite are known in many other Alaskan-
type intrusions (Chapter 10; Nixon and Hammack, 1991).
The high platinum:palladium ratio (39) in chromite-rich
dunite (Sample 71168, Table 4.2) suggests a similar min-
eralogical association. Unfortunately, chromite is scarce
and dunite is not abundant, which suggests that the Lunar
Creek complex is not a prime target for further prospecting
for PGE,

SUMMARY

The Lunar Creek complex is set in a unique structural
environment, al the boundary between the accreted lerranes
of Quesnellia and Stikinia. Due 1o its close proximity to this
major boundary, defined by the Kutcho fault, the complex
is imtensely faulted. Details of its internal structure are inde-
terminate at this time.

A wide range of Alaskan-type ultramafic and mafic li-
thologies are represented in the complex. Dunite forms only
a minor proportion of the intrusion and concentrations of
chromite are relatively sparse. Massive olivine clinopy-
roxenile is the most extensive rock type encountered. Hom-
blende clinopyroxenite is apparently confined to narrow
gradational contacts between clinopyroxenite and gabbro.
Irregular zones in which blocks of ultramafic cumulates
have been chaotically mixed together are widespread. These
features largely derive from the remobilization of panly
consolidated crystal cumulates due to the action of density
fows periodically recurring within the magma chamber.
Some mixed zones, however, may have originated by the
intrusion and subsequent remobilization of ultramafic dikes
as their wallrocks deformed plastically. Magmatic layering
comparable to that described at Duke Island (Irvine, 1974a)
is locally well preserved in the ultramafic rocks. Layering
such as this has not been seen in any other Alaskan-type
intrusion in British Columbia.

The gabbroic to dioritic rocks in the Lunar Creek com-
plex have been subdivided into two units, The oldest unit
has a well-developed foliation which predates intrusion of
the ultramafic rocks and the younger gabbro-diorite unit.
The later phase is massive and includes rocks which range
in lithology from gabbro to quanz diorite. This unit com-
prises the youngest rocks of the complex. A mineralogically
prominent characteristic of the complex is the presence of
quartz-rich pegmatitic segregations and veins, and the oc-
currence of interstitial quanz in the dioritic phases. Silica
oversaturation in the felsic differentiates of Alaskan-lype
complexes appears to be comparatively rare.

The economic potential for PGE in the Lunar Creck
complex appears to be low, Lithogeochemical analyses
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TABLE 4.2
NOBLE METAL ABUNDANCES IN THE LUNAR CREEK COMPLEX
AND ASSOCIATED ROCKS
Sample UT™ GRID ZONE 9V ippb)
Localiiy Number Northing Easting M Pd Rh Au
LUNAR CREEK COMPLEX
Dumnite
4 GN-29-00TTA G2 1RTON SE9260E 41 & <2 (1]
14 GN-R9-9077B BE21BTON SE9260E 62 7 <2 11
14 GN-R9.9077F BA218T0M SRO2G0E 343 10 <2 <l
is GN-89-809% 8 1 PRG0N S91800E 173 i 12 3
kL) GN-89-0060 E420010MN S450E 41 4 <2 4
42 GMN-B2-T116H* 6419520N SHMA0E 1017 26 <2 <l
43 GM-E9-0]DOB Gl 2O4RIN S90850E 14 4 <2 <]
44 GMN-E9101 64 1 9280M S06G0E 18 3 =2 <l
(Hivine Wehrlite and Wehrlite
5 GN-E9-0075B B422693N SR4275E 9 3 <2 9
14 GN-ES-90TTE 642 1870N SE9260E 15 2 <2 4
14 GN-E9-9077D BA218T0M SE9260E &0 12 <2 1
15 GN-£9-90708 B2 1620M SROM0E 135 4 4 2
k)| GN-R9-0065 G2 1330M 501 860E iS 3 <2 <]
36 GN-B9- 00304 B0 340MN 591090 s 3 <2 4
4% GMN-#9-T0T7T3A G 19250 So0a0E 9 24 =2 a7
Diivine Clinopyronenite and Clinopyroxenite
10 GN-89-6077 B422 240N SROSO0E 13 <2 <2 5
11 GM-89-9076 6422060M SOR225E 136 5 4 <l
15 GN-89-B070B G2 1620M SROANOE 57 9 <2 12
15 GN-BU-9TOA B2 1620N SRUI00E 2] <2 <2 m
5 GM-80-9087 642 100N 5921 70E 4] 4 <2 3
i GMN-B9.908S G4216TON S92040E 40 ] <2 3
29 GN-B9-9084 642 1620N E02000E 3 5 =2 |
30 G -89-S0 42 15T0N 591950E 26 4 <2 <l
n GN-E9-BOR2 64 20760N S91890E k1] 11 <2 3
¥ G -E9- 064 6 J03BEN S90590E m 12 7 -]
46 OMN-R9.T07T6A 64 1908SN 590150E i <} <2 4
55 GMN-E9-B117B B21310M S02200E 12 B <l 3
50 GMN-E9-9113A 64 | B9O0N SU3600E 35 3 =2 175
Hormblende Clinopyroxenite and Feldspathic Homblende Clinopyroxenite
13 CIN-89-7092 G421 ROOM 5901R0E 27 ] <2 U
ry) GN-R9-9068 B21TION 5921 00E 10 ] <2 12
52 GiN-R9-TE9R 64 1 BG00MN 5908 10E 7 12 <2 123
55 GN-B9.81 18 64 19240M S92400E 15 16 <2 5
62 GMN-B9-7111 GAIBII0N 521270E 34 61 <2 g
Clinopyroxene Homblendite and Homblendiic
40 GN-B9.9056 G0N S20010E i3 18 Fr] 4
41 GN-B9-9058 G420) 50N S0010E 11 13 <2 3
Gabbro-Dioriie
24 CilN-B9- 9050 G421850N 592300 17 a9 <2 g
49 (M-89-7097 B4 19070M SO0880E 3 <7 <2 216
54 GN-BO-R103 64 | RYBON S91990E B 16 <2 9
57 GiN-89-9107 64191308 S93020E <] 2 2 B
58 GMN-89-9119 4 192508 S93020E 15 B <2 2
1] GN-89-9119 61 19250N S93020E i} B <2 81
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Diorite-G Dicrite
8 GN-B9-6110 B4 220N SER240E ] 7 <2 Bl
9 GMN-EQ-ROED G225 10M SATI00E B 9 <2 4
17 GiM-RO-A04 2 6421 340N SEO3M0OE 3 <} =2 2
19 GN-89-307 3 G421180N SER2IDE i <2 <2 18
]| GN-89-7107 64 | BSS0N SOFHIE 3 <2 <2 12
52 GN-89- 70994 G4 | B600N 5008 10E =l =2 =] 2
(2] GMN-89-T120 4 1 TAZ0M SGT400E 5 =2 <2 4
Leucogabbro-Leucodiorite

7 GN-89-6107 B4 226008 SHR6TOE i3 5 m
£ (iN-E9-E084 HA2TH00MN 5919408 13 53 <2 i
51 GN-RO-9106 B4 I RS00N SOHRAOOE 2 <2 <l
Fuoiliated Chabbro-Dhorite

4 GN-F9-5073C A ITRIN SEAZ40E 12 1 <2 n
| OM-E0-00T4E G2 2060M AFNGS0E ] 3 =2 |
21 G- 500 A, G 2030 ARIGROE ] 7 <2 rl
LA GN-B9-614% = [6TRON S9MTOE 9 9 <2 9
GUICTHON SUTTE GRANTTOIDS AND MINOR INTRUSIONS

Oniares Monronite 1o Granosdonie

2z Lol R BH212E0N SN290E =1 <2 <2 L]
6 G- 0060 A2 17RO 5921608 3 <2 < 1
Censndsorale Dhkes

26 CiM-E- 000 H G471 TROM 5S91160E =1 3 =2 14
a0 R - R S G2 1570 591950 <l <31 <2 (]
Lewcogabbeo- Lescodinrie Dikes

& CiMN-F9-80TR AEI1500N SRETISE 1 < <2 L]
rd | il -E9- S il R 0N ARSGROE <l 2 <2 42
byl N -B9- Bty el J0EH0ON ARTHAOE il 4 <1 17
1] CIM B9 50664 BA21570N 5919508 <1 =2 <1 1
25 CiM-BQ-SOROE el 203400 9000 =1 <2 <2 <l
53 GM-E9-61128 el |ETDNN 91T 4 17 <2 F i
55 GN-ERRI1ITA GA21300N S92I00E 4 3 <2 4
(} ] GMN-FLB0TT B2 140N SERTSOE <l L] =2 kL)
% (M- P63 e 0N S0 S0E & <] <2 142
0 GN-§0-9105 G4 ET20M SHI010E <l <2 L 43
53 OM-F-S112A G | ETOON SR1TME =<l <2 =2 3
COUNTRY ROCKS

Agitka Group Meavolcanic and Metasedimentary Bocks

. 1] GN-E9-B07TY el 200NN SEE|D0E <1 1 1 0
47 GN-B9-T08S ] R SER1I3E <l 2 =2 133
a8 GM-B9-5124 64| RT00N SEROROE =1 =2 =1 15
Takla Growp Metsvolcasic snd Metssedimeniary Rocks

I i -F-A00 EA2S050M S04 S0E =1 <2 1 4
b M- B R G2 20RO SIS S0E =1 4 <2 5
s} il -E9- 054 B ol I2CRRIN 3923508 9 L} <2 B9
0 GiM-E9-9121 I RAAOMN SONM00E 1o 3 <2 15
L] CiM-89-9] )5 S IRA 10N A00590H 4 <} =3 LF)
stz Veins

i N - B -l =l 22000 AE00TIE 2 <2 <2 17
16 M - E - A, 421 550N AR2onE 1 L= =2 1
16 G -HS- RGO R el 15508 ANYIH0E 2 <1 2 <]
b | GN-A9-E5R ol 209 20N SEBARINE 3 7 <2 5
n GiN-H9-B035A 21 250N 01 Ra0E 2 <2 =2 1
51 Gl-R- 9 = ESR0N SR00GNE 2 <3 <2 1
a3 GN-E9-T112 61 TE0N 5913108 2 1 <2 ]
.q:lumll-rwh alamty

Deteciton limits: Pt and Aw, | ppb; Pd and Rh, 2 pph
Sampile localities s thown on Figuer 4.4,
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were completed on 84 samples of assorted rock types from
the map area. Anomalous abundances of platinum were de-
tected in most ultramafic lithologies and dunite was particu-
larly enriched. One sample of chromitiferous dunite
contained 1017 ppb platinum, suggesting that platinum,

probably in the form of platinum-iron alloys (Chapter 10),
is intimately associated with chromitite. Unfortunately,
chromitite horizons are rare and 50 economic concentrations
of platinum, specifically the PGE-chromitite type of miner-
alization, appear unlikely.
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CHAPTER S

MENARD CREEK COMPLEX

The Menard Creek mafic-uliramafic complex
(56°45.5°N, 126°29°W) is located in the Intermontane Belt
of north-central British Columbia. It underlies part of the
MecConnell Range of the Omineca Mountains (940016}, just
north of Menard Creek for which it is named (Figure 5.1).
Access to the area is by four-wheel-drive vehicle along a
seemingly endless gravel road that leads north from Fort St
James to the Toodoggone River. A narrow spur road
branches north toward the Menard complex just before Kil-
ometre 423 on the main Cheni mine road. Alternatively, the
area may be reached by helicopter from the Swrdee airstrip
in the Toodoggone River area. The best exposures of the
complex occur along serrated, locally precipitous ridges at
elevations between 1900 and 2200 metres. Lichen cover on
ihe crest of these ridges is fairly extensive.

REGIONAL GEOLOGY

Mafic-ultramafic rocks of the Menard Creck complex
were initially included by Lord (1948) with the Early Cre-
taceous Omineca intrusions, a granitoid mass of batholithic
proportions mainly composed of granodiorite 1o quariz dio-
rite. Meyer and Overstall (1973) first identified the mafic-
ultramafic nature of the complex during an exploration
program o investigate an intense magnetic high over the
body. Later, Irvine (1974b, 1976) identified the clinopy-
roxenites of the complex as an Alaskan-type association,
produced the first detailed geological map and informally
named the body the Menard Creek complex.
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Figure 5.1. Location of the Menard Creek mafic-ultramafic com-
plex in relation 1o major tectonostratigraphic termancs in northern
British Columbia,

The complex (Figure 5.2) is a gabbro-clinopyroxenite
body of probable Late Triassic age. It is surrounded by Mid-
dle Triassic to Lower Jurassic mafic volcanic rocks of the
Takla Group. A possibly coeval high-level intrusive phase
is represented by an augite and plagioclase-phync dike
swarm which intrudes the northern margin of the complex.
Similar rock types have been described within the Savage
Mountain Formation which is part of the “western assem-
blage” of Takla Group rocks that crop out to the west of the
complex (Richards, 1976a).

The structure of the Takla Group is dominaied by north-
erly to northwesterly trending faults and folds and at least
two phases of deformation have been recognized (Bellefon-
taine and Minehan, 1988). The metamorphic grade of the
Takla Group is greenschist to subgreenschist (Monger,
1977,

COUNTRY ROCKS: TAKLA GROUP

The Takla Group was initially described by Lord {1948)
as an essentially Upper Triassic to Jurassic conformable as-
semblage of more than 10 000 metres of mafic volcanic and
sedimentary rocks. Subsequent work by Richards (1976b),
Monger, (1976, 1977), and Monger and Church (1977} re-
fined this definition to include only rocks of Late Triassic
age (upper Carnian to middle Morian). The Group was sub-
divided into two distinct facies, representing eastern and
western assemblages, separated by a north-trending line-
ament, the Ingenika fault, which runs along the Ingenika
River (Figure 5.2). The eastern belt of Takla Group rocks in
central and northern Quesnellia are now known to range in
age from Late Triassic to Early Jurassic (Souther, 1991).
Near the Menard Creek complex, Takla Group rocks have
been assigned to the eastern assemblage (Richards, 1976a)
which includes mafic o intermediate lava flows, volcanic
and epiclastic breccias, wiffaceous rocks and green phyllite,
phyllitic schists and minor metasedimentary rocks.

MENARD CREEK COMFPLEX:
MAFIC-ULTRAMAFIC ROCKS

The Menard Creek complex is a roughly eircular body
covering almost 4 square kilometres, Its oulcrop pattermn is
strongly controlled by faulting. The complex contains a
mass of clinopyroxenite in its southwestern comer and a
high proportion of gabbro. Igneous layering appears 1o be
absent.

CLINOPYROXENITE

Al the present level of exposure, clinopyroxenites, oli-
vine-bearing clinopyroxenites, and olivine clinopyroxenites
form 25 1o 30% of the complex. They are grey to green-
weathering, medium to coarse-grained (5 to 10 mm) or lo-
cally pegmatitic (<2 cm) rocks that are generally massive
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Figure 5.2. Geologic map of the Menard Creek mafic-ultramafic complex (in part afier Irvine, 1976b) showing geochemical sample
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and isotropic. Varieties thal contain olivine carry about 5 1o
15 vol% and contacts between olivine-bearing and olivine-
free clinopyroxenites appear gradational. Olivine grains are
usually strongly altered and weather rusty brown.

In thin section, olivine and clinopyroxene exhibit cu-
mulate textures and clinopyroxene locally displays adcumu-
late growth. Olivine is completely aliered to a fine-grained
assemblage of magnetite, serpentine and carbonate. Thin
(0.5 to 1 mm) carbonate veinlets (2 to 3 vol% of the rock)
are also common,

GABBROIC ROCKS

Pyroxene gabbro, variably enriched in magnetite, is the
dominant lithology in the Menard complex. The principal
outcrops occur along east-trending ridges in the eastern pan
of the body, The gabbro is a dark to pale grey, massive,
medium-grained rock that is texturally rather uniform and
strongly magnetic, It contains subequal proportions of cli-
nopyroxene and plagioclase, and locally grades into more
leucocratic or melanocratic vaniants,

A fault-bounded sliver of extensively epidotized and
sericitized gabbro is exposed on the western margin of the
elinopyroxenite unit. Melanocratic xenoliths of fine-grained
mafic rocks are found within sheared and saussuntized gab-
bro, and may represent stoped blocks of Takla Group wall-
rocks. Locally these xenoliths are very abundant.

In thin section, clinopyroxenes are fresh whereas cu-
mulus plagioclase is weakly to strongly altered 1o sericite
(10 to 90 vol%). Magnetite (5 to 15 vol%) forms anhedral
intercumulate grains, and subhedral crystals of serpenti-
nized olivine (1 1o 2 mm) occurs in trace amounts together
with intercumulus biotite (<1 vol%).

MAFIC DIKES

Al the northern margin of the complex, medium-
grained equigranular gabbros, and a variety of gabbro with
augite phenocrysts set in a fine-grained feldspathic matrix,
are intruded by augite-phyric dikes that comprise up to 50%
of the outcrop. Farther north, gabbro screens disappear and
the dikes are sheeted.

Two texturally distinct varieties of dike rock can be
identified. One contains conspicuously bladed subhedral
crystals of plagioclase with subtrachytic texture that reach
over a centimetre in length; the other carries subhedral to
cubedral, roughly equidimensional phenocrysts of augite.
However, both types of dike contain phenocrysts of plagio-
clase (<30 vol%), clinopyroxene (3 to 10%) and olivine
(1%). In thin section, oscillatory zoned plagioclase phe-
nocrysts are partially resorbed, augite is partly altered 1o
chlorite and olivine is replaced by serpentine and chlorite.
The groundmass is composed of finely erystalline clinopy-
roxene, feldspar and iron-titanium oxides (<20%).

CONTACT RELATIONSHIPS

Intrusive contacts between the Menard Creek complex
and the Takla Group have not been identified, although it is
likely that such relationships originally existed. Most con-
tacts are represented by faults. However, the contact be-
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tween clinopyroxenite and gabbro is well exposed and iden-
tified as transitional.

The mafic dikes clearly intrude the gabbros. The con-
tact between the units is represented by an intrusive zone
with up to 50% gabbro screens. Chilled margins provide
good evidence for the chronology of dike intrusion. In all
cases, augite porphyry dikes are chilled against dikes with
bladed plagioclase textures, indicating that the latter are ear-
lier. The timing of dike intrusion is uncertain, but they may
represent feeders for Takla Group voleanism.

STRUCTURE AND METAMORPHISM

A system of northeasterly trending faults appears as
well-defined lineaments on acrial photographs. The faulis
are recognized in the field by localized zones of strongly
fractured rock and clay gouge. Near faults, alteration of the
surrounding rock is locally severe, but no mineralization has
been identified. Epidote and carbonale veining also be-
comes more intense within these fault zones.

MINERALIZATION AND
GEOCHEMISTRY

Mohble metal abundances for mafic and ultramafic rocks
of the Menard Creek complex and mafic dikes are presented
in Table 5.1. Platinum-group clement abundances are gen-
erally low with weak enrichment of platinum in clinopy-
roxenites relative to gabbros. Anomalously high palladium
in gabbro sample GN-88-4029 does not appear to coincide
with the presence of sulphides and may be related 1o mag-
netite enrichment.

SUMMARY

The Menard Creek complex is close to the Ingenika
fault at the eastern edge of Stikinia. In this respect, ils tec-

TABLE 5.1
NOBLE METAL ABUNDANCES IN THE MENARD
CREEK COMPLEX AND ASSOCIATED ROCKS

Sulphides ppb’
Sample Mo Rock Type {vol. &) 5 Pl A
MENARD CREEK COMPLEX
OM-B8-4025 N clinopyronenile - 7 2 1
GM-HE- 2020 Clinopyrouenite - ] 4 1
GN-88-2033  Gabbro-diorite Tr 1 L I
GN-88-2013"  Gabbro-diosile<M>  Tr 1 L i
GN-RR-4079 Gabbro-diete 1 41 r 4
MAFIC DIKES
GHN-ER-4027TA  Cpx porphyry - 1 2 1
GHN-ER-8027TB  Cpx porphyry . 1 2 2
(iM-88-2032 Cpx porphiyry - 1 i 1

Detection limis: Proand Au, § ppb; Pd (2 ppbj

! Rh iz ar or below detection Kmdi (2 ppb) in all samples

! Duplicase analysis

1, plivine: Cpx. clinopyrazeae; Tr troee nelphides; - mulphider not
derecred

Bulletin 93

1



British Columbia

tonic setting is very similar to the Lunar Creek complex
(Chapter 4}, The Menard Creek complex has been presumed
1o be Late Triassic in age and coeval with voleanic rocks of
the Takla Group (equivalent in part to the Stuhini Group).
Although gabbroic rocks are the volumetrically domi-
nant phase of the complex, olivine clinopyroxenite and cli-
nopyroxenite are also present. In the absence of detailed
study, perhaps its most distinctive Alaskan-type trait is the
absence of cumulus orthopyroxene, abundance of magnetite
clinopyroxenite and occurrence of biotite in the gabbroic

12

rocks. Internal contacts between gabbro and clinopy-
roxenite are gradational. Intrusive contacts have not been
positively identified. The complex was certainly emplaced
high in the crust as it has been intruded by mafic dikes with
chilled margins that likely fed Takla Group volcanism.

Abundances of PGE in the Menard Creek complex are
uniformly low with the exception of palladium in a single
sample. The prospects for PGE mineralization are not en-
couraging.
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CHAPTER 6

WREDE CREEK COMPLEX

The Wrede Creek ultramafic-mafic complex (56407 N,
126°08 W) is located in the Ingenika Range of the Omineca
Mountains, approximately 400 kilometres north-northwest
of Fort 5t. James (Figure 6.1). The area may be reached by
well-travelled dirt road via Manson Creek and Germansen
Landing. The complex is 8 kilometres north-northeast of
Johanson Lake, and is named for Wrede Creek which lies
about 4 kilometres beyond its northern margin (Figure 6.2).
The region is serviced by chartered aireraft from Prince
George or Smithers, via an airstrip at the northern end of the
lake or from the Sturdee airstrip some 100 kilometres to the
northwest in the Toodogonne River area. Access from
Johanson Lake is by helicopler, or a poorly maintained,
four-wheel-drive road leading to the southernmaost expo-
sures of ultramafic rocks. The map area is covered al a scale
of 1:50 000 by NTS sheet 94D/9. Acromagnetic survey

maps are available at scales of 1:250 000 (Map T778G-
McConnell Creek) and 1:63 360 (Map 5272G-sheet 941/9).

In the past, the Wrede Creek region has attracted con-
siderable attention on account of its precious and base metal
potential. The area experienced its first gold rush in 1899
with the discovery and subsequent exploitation of the
McConnell Creek gold placers. Tiny platinum nuggets were
reporedly found with the gold, but the placers never became
as prominant a source of platinum as the rivers and creeks
draining the Tulameen complex (O'Neill and Gunning,
1934; Rublee, 1986).

REGIONAL GEOLOGY AND
GEOCHRONOMETRY

Reconnaissance mapping (1:250 000) and geological
descriptions of the area were first completed by

Lake

e )

a 200

L i

kilgmealres | gy

Figure 6.1, Location of the Wrede Creck complex.
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Figure 6.2. Regional geologic setting of the Wrede Creek ultramalfic-mafic complex (modified alier Irvine, 1974b; Richards, 1976b,
and Monger, 1977)

Lord (1948). Subsequently, remapping of various parts of
the McConnell Creck map sheet was undertaken by
Richards (1976a, b), Monger (1977) and Church (1974,
1975). These authors also described the structure and stra-
tigraphy of volcaniclastic and epiclastic rocks of the Middle
Triassic to Lower Jurassic Takla Group, which hosts many
of the Alaskan-type ultramafic complexes in the area (see
also Bellefontaine and Minchan, 1988). Jurassic granitoid
plutonism in the region has been described by
Woodsworth (1976) and Woodsworth eral. (1991). Modern
studies of the Alaskan-type complexes that occur within
both the McConnell Creek and Aiken Lake map arcas to the
cast, including the Wrede Creek ultramafic complex, were
made by Irvine (1974a; 1976). Wong et al. (1985) and Irvine
{1976) have presented the most detailed descriptions of the
complex.

The Wrede Creek ultramafic-mafic complex intrudes
volcanic and volcaniclastic rocks of the Middle Triassic to
Lower Jurassic Takla Group of Quesnellia (Figure 6.2). To
the west, the boundary between the Quesnel and Stikine ter-
ranes of the Intermontane Belt is delineated by the Pinchi-
Ingenika fault system (Wheeler et al., 1991). Type sections
fior the Takla Group, as presented by Monger (1977) and
Monger and Church (1977), are exposed west of the In-
genika fault in Stikinia. East of the Wrede Creek complex,
a high-angle fault scparates these supracrustal volcano-sedi-
mentary sequences from a tectonic sliver of rocks assigned
to the upper Paleozoic Lay Range assemblage (Richards,

1976a, b; Monger, 1977). These rocks have recently been
correlated with the Harper Ranch Subterrane which forms
the basement of Quesnellia (Wheeler and McFeely, 1991;
Monger ef al., 1991). Quesnellia is separaied from pericra-
tonic rocks of the Ingenika Group by the Swannell fault
which, in part at least, is an imbricated thrust zone with evi-
dence of southwesterly tectonic transport (Bellefontaine,
1989).

The Takla Group west of the Ingenika-Pinchi fault
comelative rocks 1o the east are characterized by green-
schist-grade assemblages (Richards, 1976a, b; Monger,
1977). The predominant structural grain in the region is

. The main lithologies in the Ingenika Range
west of the Wrede Creek complex include mafic to interme-
diate, plagioclase and augite-phyric, volcaniclastic and epi-
clastic rocks, su and minor subaerial lava flows,
and interbedded black argillites, siltstones, sandstones and
minor limestones (Bellefontaine and Minchan, 1988),

Irvine (1974a, 1976) considered that Alaskan-type
complexes in north-central British Columbia were comag-
mutic with Late Triassic volcanic rocks of the Takla Group.
Potassium-argon dating of two homblende mineral sepa-
rates from feldspathic pegmatites in the Wrede Creek com-
plex appears to support this contention, yielding Late
Triassic isotopic ages of 219+10 (10) and 22548 Ma (Wong
el al., 1985).

Geological Survey Branch



Granitic rocks intrude both the Takla Group and Wrede
Creck complex. K-Ar dating of homblende has established
a Middle Jurassic age of 17246 (1o) Ma for such intrusions
in the Wrede Creek complex (Wong er al,, 1985). This is
compatible with K-Ar dates on homblende from plutons
comprising part of the Hogem batholith to the south (e. 2. the
Duckling Creek syenite dated at 17126 (1o) Ma: Eadie,
1976}, The Fleet Peak pluton, a diorite to monzodiorite body
northwest of the Wrede Creek complex (Woodsworth,
1976), has yielded K-Ar dates on homblende and biotite of
14448 (20) Ma and 15645 Ma, respectively (Wanless er al.,
1979). These plutons apparently belong to the Early to Mid-
dle Jurassic phases of the Guichon and C r Mountain
suites in Quesnellia (Woodsworth ef al., 1991).

COUNTRY ROCKS: TAKLA GROUP

The Wrede Creek complex lies within the predomi-
nantly subaqueous eastern facies of the Takla Group
{Richards, 1976a, b). Adjacent to the complex, rocks of the
Takla Group are predominantly brown to grey weathering,

medium grey-green and dark grey augite and augite-plagio-
clase crystal ffs, flows and volcanic breccias. These rocks
are characterized by euhedral to subhedral black augite crys-
tals up to | centimetre in diameter, and white to pale green,
varably saussuritized plagioclase laths up to 5 millimetres
in length. In thin section, clinopyroxene is seen 1o be par-
tially or completely pseudomorphed by actinolite. Plagio-
clase is variably altered to sericite, epidote and carbonate.
Actinolite is also abundant in the groundmass and locally
assumes a weak preferred orientation. These mineral assem-
blages indicate regional metamorphism in the upper part of
the greenschist facies,

WREDE CREEK COMPLEX:
ULTRAMAFIC-MAFIC ROCKS

The Wrede Creek ultramafic-mafic complex occupies
an area of approximately 10 square kilometres. 1t exhibits a
credely concentric zonation of rock types that constitute a
complete gradation of lithologies from dunite in the core 1o
gabbro al the margins (Map 2 in pocket; Figure 6.3). The
dunite grades outwards through a narrow wehrlitic transi-
tion zone into olivine clumpymxcmtc and clinopyroxenite.
These units in wrn pass into hornblende-rich gabbroic or
dioritic rocks at the ry of the complex. Minor oli-
vine-hormblende nndﬁ:nhlcnde clinopyroxenite and homn-
blendite are present locally.

Dunite is well exposed along the crest of a northwest-
erly rending ridge, whereas oulcrops of other map units at
lower elevations are much more limited and exposure in
valleys is poor. In a region of little outerop at the eastemn
margin of the body, the position of the contact between the
complex and its wallrocks has been estimated from aero-
magnetic data. The geometry of the intrusion is poorly con-
strained, but based on a limited number of short
diamond-drill holes at the southern margin of the complex.
the body appears to represent a high-level intrusive stock
(Wong et al., 1985).

DUNITE
Dunite is the dominant lithol
complex and is well exposed (5 km

of the Wrede Creek
along a major north-
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westerly trending ridge ot the centre of the map area. On
weathered surfaces, dunite is characteristically orange-
brown, yellow-orange or buff, and contains disseminated,
variably magnetic, euhedral to subhedral chromite crystals
{up to | mm in diameter) that weather with positive relief.
The rock is generally medium grained and consists of black,
glassy olivine crystals with minor chromite (1 to 5 vol%);
fine-grained varieties are dark-grey.

Thin section analysis of dunite reveals an equigranular
texture, or rare inequigranular fabric in which small olivine
crystals (0.5 to | mm) comprising up to 80% of the rock are
interstitial to, and poikilitically enclosed within, coarse oli-
vine erystals (up 1o 5 mm across). Clinopyroxene was nol
observed within the dunite except at the gradational contact
between dunite and clinopyroxenite (well exposed at Local-
ity 5, Figure 6.3). The black colour of the olivine crystals is
attributed to an abundance of tiny, opague, rod-like inclu-
sions which range from 2 to 5 microns in length, which are

evenly distributed throughout the tal and have a pre-
fl:l‘l‘ﬂ:rmlltlﬂﬂ that is crystallogra ly controlled. At-
tempts to establish the composition of these inclusions by
microprobe analysis have been unsuccessful but we believe
that they are an exsolution phenomenon (magnetite?) re-
lated to oxidation during slow cooling of the dunite. The
lack of these inclusions within dunite dikes which cut the
dunite body suggests that dike intrusion postdates oxidation.

Microfractures are prominent along crystal boundaries
and within crystals, and have acted as loci for serpentiniza-
tion. On average, olivine is approximately 5% serpenti-
nized, but the degree of alleration varies widely, ranging
from thin envelopes surrounding microfractures, to com-
plete serpentinization, particularly in samples collected near
brittle shear zones. Altered areas are composed of antigorite,
secondary magnetite and minor brucite, tale and carbonate.

Tabular zones of bright orange weathering, medium
green-grey, carbonate-quartz alteration are common
throughout the dunite. Such zones are composed mainly of
ankerie and minor magnesite, and have abundant, closely
spaced, white chalcedony veins which are locally folded
(Photo 6.1). Minor disseminated bornite and pyrite were ob-
served in one of these zones at the southwestern end of the
dunite outerop (Locality 19, Figure 6.3). The alteration most
likely occurs along faults, which possibly serve as channel-

Photo 6.1, Quanz-carbonate alteration in dunite showing folded
chalcedony veing in outcrops approximately 300 metres south of
Locality 5 in Figuns 6.3,
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ways for the same Muids which introduced the sulphides so
prevalent at the southern end of the complex (discussed be-
low].

Microprobe analysis of olivines in the dunite indicates
forsteritic compositions in the range of Fogs.92 (R.H. Wong,
unpublished data). These analyses represent samples col-
lected along an east-west traverse across the dunite core and
provide no evidence for outward cryptic zonation,

CHROMITITE

Although chromite is ubiquitous as tiny euhedral crys-
tals in dunite, it is concentrated locally into irregular pods
and schlieren. Chromitite schlieren range from 0.1 to 5 cen-
timetres in width and between 5 and 40 centimetres in
length: most are less than | centimetre wide and 15 centi-
metres long. They are found as isolated bodies within the
dunite, or more commonly in clusters forming chromitite-
rich zones several metres in width (Photo 6.2; Locality 2 in
Figure 6.3). It is common to find schlieren in various orien-
tations within a single outcrop, indicating some degree of
remobilization of previously consolidated chromite cumu-
lates. However, in rocks with a locally penetrative foliation
{e.g. Localities 16 and 18) schlieren are usually oriented in
the plane of the fabric.

There appears to be no structural control reflected in
the spatial distribution of chromitite-rich zones, most of
which are separated by broad expanses of chromitite-free
dunite. Chromitite schlicren appear to be absent within 200
metres of the dunite-clinopyroxenite contact, but this may
be due to more limited outcrop in this part of the complex.

CLINOPYROXENITES

The clinopyroxenite unit includes olivine clinopy-
roxenile, clinopyroxenite, olivine-homnblende clinopy-
roxenite and homblende clinopyroxenite. These lithologies
typically form a complete gradation from olivine-rich
phases adjacent to the dunile contact to homblende-nch
phases adjscent 1o the gabbro-homblendite contact.

Clinopyroxenites form a semicontinuous rim around
the dunite core of the complex (Figure 6.3). The apparent

i - E ..'-'. — = 1 g
Photo 6.2. Zone of chromitite pods and schlieren st Locality 2 in
Figure 6.3,

thickness of the clinopyroxenite unit varies from 50 metres
at the southwestern end to 900 metres at the northern end of
the complex. Along the eastern margin, clinopyroxenites are
in gradational contact with clinopyroxene homblendite and
homblende-clinopyroxene gabbro. To the south, clinopy-
roxenites intrude homfelsed volcanic rocks of the Takla
Group.

OLIVINE CLINOPYROXENITE AND
CLINOPYROXENITE

Olivine clinopyroxenite and clinopyroxenite are usu-
ally coarse grained and composed of medium brown-green
weathering, pale green, cumulus clinopyroxene and brown-
weathering, black cumulus to intercumulus olivine. Olivine
clinopyroxenile contains an average of approximately 30
vol®% olivine, but modal variations range from 10 1o 40
vol%. The modal abundance of olivine in elinopyroxenite
averages about 5 vol%, but may vary between 0 and 10
vol%.

Olivine clinopyroxenite is most common near the
dunite contact where it forms part of the gradation from
dunite to clinopyroxenite. Locally, olivine forms up to 50%
of the rock, which is more appropriately termed wehrlite.
The olivine clinopyroxenite unit varies in width from ap-
proximately 2 metres at the eastern margin of the dunite
body (approximately 200 m south of Locality 8 in Figure
6.3), to 250 metres at the southwestern edge of the dunite
{100 m south of Locality 20) where it is in intrusive contact
with homfelsed country rock.

Clinopyroxenite is well exposed in the eastern pant of
the complex, where it is sandwiched between olivine cli-
nopyroxenite to the west and homblende-bearing clinopy-
roxenite to the east. The clinopyroxenite zone varies in
thickness from approximately 100 o 200 metres.

In thin section, equigranular clinopyroxene (0.5 o 6
mm in diameter) exhibits cumulus textures, and olivine oc-
curs as cumulus and intercumulus crysials and equigranular
erystal clots which range from 0.5 o | millimetre across,
Olivine is partially to completely serpentinized. Euhedral 1o
subhedral chromite (0.5 to | mm) makes up less than | vol%
of the rock.

Microprobe analyses of clinopyroxene from olivine cli-
nopyroxenite yield diopsidic compositions with relatively
low alumina (1.5 to 2.6 wi% Al203); olivine compositions
range from Fogigs (R.H. Wong, unpublished data). Cli-
nopyroxenes in clinopyroxenite are also diopsidic with | 10
3 wi% alumina (R.H. Wong, unpublished data). These min-
eral compositions fall within the general range of silicate
compositions in equivalent rock types of the Tulameen com-
plex (Findlay, 1969; Nixon er al., 1990a).

HORNBLENDE CLINOPYROXENITE AND
OLIVINE-HORNBLENDE CLINOPYROXENITE
Homblende clinopyroxenite is most extensive at the
northern end of the complex where it reaches an apparent
thickness of approximately 500 metres. In some exposures
in the eastern part of the complex (100 m west of Locality
6, Figure 6.3), a complete gradation between clinopy-
roxenite and hornblende-bearing clinopyroxenite is ob-
served. In this area hornblande-bearing clinopyroxenite
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averages between 50 and 150 metres in width and grades
into gabbro and hormblendite to the east,

Homblende clinopyroxenite is medium brown weath-
ering, and comprises about 20 to 50 vol% black homblende
and 50 to B0 vol% dark green clinopyroxene. Three main
types are observed: a variety containing euhedral, cumulate
homblende crystals (up to 2 em in length) surrounded by
smaller grains (2 mm) of cumulus to intercumulus clinopy-
roxene; a coarse-grained variety comprising large crystals
(1.5 cm) of cumulus clinopyroxene partially enclosed by
intercumulus hormblende (1.5 cm); an equigranular coarse-
grained variant of the second type with large (2 cm) inter-
locking crystals of subhedral cumulus hornblende and
clinopyroxene. Locally, plagioclase appears as an intercu-
mujus phase forming up 1o 5 vol% of the rock. A significant
amount of both primary and secondary magnetite has made
these hornblende-bearing lithologies strongly magnetic,

Thin section analysis of hornblende clinopyroxenite re-
veals fresh, pale brown pleochroic homblende and unaltered
clinopyroxene. Magnetite forms up to 2 vol% of the mode
and occurs as small euhedra (0.1 to 1| mm) disseminated
throughout the rock. Apatite (<] vol%) occurs as an acces-
sory phase.

Olivine within olivine-bearing hornblende clinopy-
roxenite was recognized only in thin section. Where present
{e.g., near Locality 13, Figure 6.3; and in a drillhole at the
southern end of the complex; Wong eral., 1985) it may form
up to 10 or 15 vol® of the rock. Typically it occurs as small
(0.5 to 1 mm), subhedral crystals completely pseudomor-
phed by secondary amphibole and magnetite, and poikoliti-
cally enclosed by clinopyrosene and homblende.

HORNBLENDITE AND HORNBLENDE
GABBRO-DIORITE

The homblende gabbro-diorite to homblendite unit in-
cludes rocks that contain variable proportions of horn-
blende, plagioclase and clinopyroxene, and that locally
weather white to black depending on the modal abundance
of feldspar. This unit occupies some 3.5 square kilometres
al the eastern and southeastern periphery of the complex.
Outcrop is sparse, particularly along the eastern margin of
the body, and thus contact relationships are rarely seen. It
appears, however, that gabbroic rocks are invariably in con-
tact with pyroxenitic rocks toward the core of the complex,
and in contact with couniry rocks externally. Where the con-
tact between gabbro-diorite and pyroxenite rocks is ob-
served (near Localities 6 and 7), it is gradational over a few
metres, This contact is typified by a decrease in clinopy-
roxene and an increase in plagioclase as the gabbroic unit is
approached. An intrusive contact between gabbroic rocks
and country rocks is observed in a stream-cut approximately
500 metres east of Locality 1. Here, both the main gabbro-
diorite body and numerous gabbroic dikes intrude country
rocks that have been metamorphosed to lower amphibolite
grade in the contact aureole (discussed below). Also at this
locality, excellent examples of primary. centimetre-scale,
rythmic layering are found within the homblende gabbro.
This texture is formed by modal variations in plagioclase

I8

and homblende which form practically monomineralic lay-
ers from 2 millimetres to 2 centimetres thick (Photo 6.3).

Gabbroic rocks generally contain 10 1o 40 vol% white
to pale green, variably saussuritized plagioclase and cuhe-
dral to subhedral homblende with cumulus to intercumulus
textures. Locally, dark green cumulate clinopyroxene forms
up to 30 vol% of the rock. Homblendites typically have less
than 5 vol% white to pale green feldspar interstitial to large
{up to 2 ecm) cumulus homblende. In places, these rocks
enclose pods of feldspathic clinopyroxene homblendite
with up to 50 vol% dark green clinopyroxene.

In thin section, the gabbroic to dioritic rocks are seen
to be intensely altered. Pale green, pleochroic homblende is
locally altered to chlorite, clinopyroxenes are partially to
completely transformed to uralite, and plagioclase is almost
completely saussuritized, Plagioclase relicts with albite
twinning are observed rarely. Minor phases include euhe-
dral magnetite (up to 3 vol%) and apatite (1 vol%) with
cumulate textures. Epidote 15 found as euhedral crvstals in
open-space fillings as well as in granular aggregates forming
part of the plagioclase alteration.

MINOR INTRUSIONS

Minor intrusions within the complex include dikes of
dunite, wehrlite, olivine clinopyroxenite and homblende
plagioclase pegmatite. With the exception of the latter, these
dikes are mineralogically identical 1o the main lithologic
units of the Wrede Creek complex, which they intrude, and
appear to be rooted entirely within the intrusion.

ULTRAMAFIC DIKES

Ultramafie dikes composed of dunite, wehrlite and oli-
vine clinopyroxenile, averaging approximately 10 centime-
tres in width, are found throughout the dunite body, but
appear 1o be most common near the dunite-clinopyroxenite
contact. Dunite and olivine wehrlite dikes that intrude oli-
vine clinopyroxenite near the dunite-clinopyroxenite con-
tact are particularly well exposed at Locality 5, and locally

i o | B i i

Fhoto 6.3. Magmalic, centimeire-scale layering in homblende
gabbro in a stream-cut approximalely 500 metres easi of Locality
1 in Figure 6.3,
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incorporate xenoliths of clinopyroxenite wallrocks. Also at
this locality, olivine clinopyroxenite dikes cut earlier dikes
of olivine wehrlite, altesting 1o a rather complex crystal-
lization history. In areas where these dikes occur in high
concentration (e.g. Locality 5), there is a resemblance to the
wehrlitic/elinopyroxenitic mixed units described from the
Polaris complex (Chapter 8).

In thin section, dunite dikes are s¢en to be composed of
equigranular olivine erystals (0.5 mm) which poikilitically
enclose smaller grains (<0, ] mm) of subhedral chromite that
locally form up to 5 vol% of the rock. Olivine is variably
serpentinized along closely spaced microfractures.

In olivine clinopyroxenite dikes, olivine occurs as
glomerocrystic aggregates (0.5 mm) and as single crystals
poikolitically enclosed by large clinopyroxenes (up to 2 em
in diameter), Olivine is typically completely serpentinized.
In olivine clinopyroxenite dikes near the dunite-clinopy-
roxenite coniact at Locality 5, olivine crysials appear io be
entirely cumulate in origin, whereas olivine crystals in the
host clinopyroxenite have both cumulus and intercumulus
textures.

PEGMATITE DIKES

Buff-white weathering, homblende plagioclase dikes
with pegmatitic textures range from 1 to 5 metres wide and
appear restricted to the dunite. They are characterized by
fresh, euhedral, black homblende crystals that measure up
to 20 centimetres long and form 5 to B0 vol% of the rock.
Pale greenish white, variably saussuritized plagioclase
forms the remainder of the rock, together with accessory
opaque oxides, apatite and sphene. Contacts between the
pegmatite dikes and the dunite are everywhere sharp.

CONTACT AUREOLE

Metamorphism associated with intrusion of the Wrede
Creek complex is reflected in an amphibolitic contact aure-
ole developed in volcanic rocks of the Takla Group. The
aureole is variable in width but is most extensive at the
southern end of the complex where it is up to 400 metres
wide. Sparse outcrop along the eastern margin of the com-
plex shows some evidence of contact metamorphism, al-
though the aureole does not appear to be as extensive as that
to the south. Drillhole data from the southern end of the
complex suggest that the intrusive contact dips gently to the
sputh (Wong e/ al., 1985). The relatively wide metamorphic
aureole in this area may therefore be the surface expression
of a contact at shallow depth.

In hand sample, homblende homfels is dark grey to
black and fine grained. White-weathering subhedral feld-
spar and rare euhedral augite pseudomorphs help to distin-
guish this rock as a part of the wallrocks. In thin section,
pleochroic green to blue-green homblende or actinolitic
homblende crystals reach 1 millimetre in length and com-
prises 50 to 75 vol% of the rock. The matrix comprises fine-
grained granoblastic feldspar, acicular actinolite and opague
oxides. Actinolitic amphibole probably formed in part at the
expense of homblende as a retrograde assemblage during
regional greenschist facies metamorphism,

GRANITOID INTRUSIONS

Quartz monzonite, monzonite, quartz diorite and dio-
rite dikes of Early or Middle to possibly Late Jurassic age
intrude both the Wrede Creek complex and its hostrocks.
These dikes vary from 2 to 250 meires wide and do not ap-
pear to have a preferred orientation.

Granitoid rocks in the area weather a distinctive buff-
white and are white on fresh surfaces. Typically they are
medium grained and equigranular, however, a porphyritic
texture is developed locally, In hand sample, black homn-
blende (0 to 35 vol%) occurs as enhedral to subhedral laths
up to 5 millimetres long. Plagioclase forms euhedral to sub-
hedral white to pale green crystals. Potassium feldspar and
quartz form very fine grained (<1 mm), white anhedral crys-
tals which are easily overlooked in hand sample.

Thin sections of the granitoid rocks reveal zoning of
plagioclase in some samples, particularly in plagioclase-
porphyritic varieties. Plagioclase is moderately to strongly
saussuritized and hornblende is commonly completely
pseudomorphed by chlorite, epidote and calcite, although
some relatively fresh varieties were found which have a pale
green plecchroism. Where quartz and potassium feldspar
are observed, they are unaltered and are interstinal to hom-
blende and plagioclase. All minerals are overprinted with
very fine acicular actinolite which probably formed during
upper greenshist grade regional metamorphism.

The southern end of the Middle(?) Jurassic Fleet Peak
pluton lies approximately 3 kilometres to the north of the
Wrede Creck complex. Accordingly, the granitoid intru-
sions in the vicinity of the complex probably belong to the
younger phase of the Copper Mountain Plutonic Suite,

STRUCTURE AND METAMORPHISM

Regionally, faulting is the dominant deformation
mechanism within rocks of the Takla Group (Richards,
1976b; Monger, 1977). Folds have been observed only in
the less competent lithologies. Our limited structural obser-
valions in the vicinity of the Wrede Creck complex shed no
light on the regional structure,

Faults manifest themselves as zones of foliated rock
from 1 to 20 metres wide. A well-developed shear foliation
parallels the northern margin of the complex and appears to
be offset by brittle crossfaults in the south. The linear eastern
boundary of the complex, inferred from acromagnetic data,
may represent a fault contact. Morthwesterly trending faults
occur just beyond the western and eastern margins of the
complex (Wong ef al., 1985). As discussed above, a well-
developed contact aureole in hostrocks at the southern pe-
rimeter of the complex provides strong evidence for an
intrusive contact. The grade of regional metamorphism out-
side this aureole has attained upper greenschist facies, and
has resulted in the formation of a relatively inconspicuocus
retrograde assemblage within the contact aureole,

MINERALIZATION

The Wrede Creek complex is associated with two un-
related types of mineralization. Most extensively explored
is a porphyry copper-molybdenum prospect at the southern
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TABLE 6.1
NOBLE METAL ABUNDANCES IN THE WREDE CREEK COMPLEX
ppb
Locality Sample Description i Pd Rh Au
Chromitite

2 GN-EQ-6006- | Chromitite pod 48 <2 e 3

17 GN-E9-6026 Chromitite pod 125 <2 ] 2

16 GMN-E0-TO2TA Chromitite pod 2002 3 17 4

(1] GMN-E9-80004 Chromitite pod 2388 iz 72 »

1 CiM-A9-H0020 Chromitite pod 123 =2 5 =1

Dumnite

2 GN-89-6006-2 [Dminite within chromile-rich zone <l <2 2 <l

4 GN-89-601TA Duinkte within chiomite-rich gone =] =2 =2 k)

16 OMN-89-TOZ7TH Dramibte within chromile-rich toms L =2 6 <1

1] GM-89-E000E Dramite within chromite-rich zone 11 <2 2 £

3 GMN-ER-BOO2A Drunite within chromite-rich zone 14 <7 <2 &3

i2 GN-E9-T00S Dhanite 2 2 <2 BD

-] G- B0-600E-1 Drandse Dilke & <2 <2 4

19 3M-ED-H004 Carbonatized Danite 5 <2 <2 ]

Wehrlite and Clinopyroxenite

21 GMN-E9-B020 ‘Wehrlite k]| <2 <z =1
GMN-B9-6008-2 0l Clinopyroxenits 3 <l <2 1

] GN-§9-8011 O Clinopyroxenite . < <2 2

15 ON-85-003) O Clinopyroxenile W < <2 L]

L] GN-B9-6008-3 Ol Clinopyroxeniie Dike 9 <2 <2 <1

b4 (iN-89-B018B Clinopyroxenie 15 & <2 2

14 GN-B9-9026 Hb Chinopyroxenie 9 =2 =2 3

Gabbro-Diorite

& GMN-E2-TO0T A Hb-Cpx Gabbro-duorite 4 i <2 9
CN-E2-TOOTH Hb-Cpx Gabbro-dionite 1% 12 < 195

13 GMN-B9-7032 Hb-Cpx Gabbro-tiorite B 10 =2 5

7 GM-R2-T011 Hb Gabbro-diorie 5 <2 o

1 GN-89-6023 Homblendine B 11 <2 T

Pegmatite

9 M- H9-6004 Hb Pegmatite Dike <1 ] <2 7

1l GM-89-T001 Hb Pegmatite Dike <] <2 =2 F. ]

I8 OMN-89-T0412 Hib Pegmatite Dike <l < <2 n

. 1} GM-89-T0432 Hhb Pegmatite Dike =l < <2 4

Detection liemits are | ppb for Prand Aw; 2 ppl for Pd and Rh. Sample localities are shown on Figure 6.3,

Abbreviattons: O, olivine; Wb, homblende: Cpr. clinopyrozene.

end of the complex. The second, discovered in this study, is
represented by platinum enrichment within chromitite lay-
ers in the ultramafic rocks.

CHROMITE AND PLATINUM

Chromite is restricted to, and locally abundant in, the
dunite core of the intrusion where it forms disseminations,
pods and schlieren. The main chromitite outcrops, however,
lack surface continuily but have not been tested at depth.
Geochemical analyses (discussed below) indicate that these
chromitites are significantly enriched in platinum. Platinif-
erous chromitites are now well known in other Alaskan-iype

bodies in British Columbia, notably the Tulameen complex
(Chapters 9 and 10).

SULPHIDES

Wong et al. (1985) have described sulphide minerali-
zation at the southern end of the complex. The sulphides are
hosted by dioritic to granitic dikes which cut the complex,
and also occur in the Takla Group and some pyroxenitic
rocks adjacent to the contact. Mineralization is expressed as
disseminations and fracture fillings of pyrite, chalcopyrite,
molybdenite and bornite. The mineralized arcas are covered
by the NIK 1 to 9 claims which were staked in 1976 and
explored by BP Minerals Limiled. Exploration of the arca
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included 1:5000-scale geologic mapping, geochemical sam-
pling of soils, stream sediments and rock chips,
magnetometer and induced polarization surveys, 2550 me-
tres of trenching, 3050 metres of percussion drilling, and
3100 metres of diamond drilling, Multi-element analysis of
soils (Hoffman and Wong, 1986) delincated zones with
anomalous copper and molybdenum. The most extensive
sulphide mineralization was found within clinopyroxenite
and homfelsed country rocks at the southern contact of the
intrusion., The sulphide mineralization appears to be struc-
turally controlled and is most likely related to Jurassic gra-
nitoid plutonism.,

Locally, disseminated bomite and pyrite are found in
quartz-carbonate alteration zones within the dunite, The pla-
nar nature of these zones sugpest that they are alteration
envelopes surrounding faults, These zones may have been
formed by hydrothermal fluids with metal concentrations
bearing the signature of nearby granitoid plutons.

NOBLE METAL GEOCHEMISTRY

Analytical resulis for gold, platinum, palladium and
rhodium in 29 lithogeochemical samples of the Wrede
Creek ultramafic-mafic complex are presented in Table 6.1,
Sample localities are shown in Figure 6.3, All analyses were
done by inductively coupled plasma emission spectrometry
at Acme Analytical Laboratories, Vancouver. Accuracy was
checked by in-house standards, and analytical precision
(and any nugget effect) monitored by hidden duplicates and
internal standards. The noble metals were preconcentrated
by fire assay from 30-gram aliquots of 200 grams of rock
powder (-200 mesh),

Chromitite horizons in the core of the Wrede Creek
complex are markedly enriched in platinum. Five samples
of relatively high-grade chromitite ran between 120 and
2400 ppb platinum. Some of these samples also have sig-
nificant abundances of rhodium; all are characterized by
high platinum:palladium ratios, and one (Locality 10, Fig-

ure 6.3) contains some gold. Interestingly, the dunite sam-
ples, even where collected adjacent to chromitite layers, are
low in PGE, although two specimens of dunite (Localities
3 and 12) have anomalous gold (60 o 80 ppb). In general,
pyroxenitic rocks contain low abundances of PGE, hom-
blende-bearing varictics exhibit the lowest platinum:palla-
dium ratios, and homblende plagioclase pegmatites are low
in the noble metals, The highest gold abundance occurs in
a gabbro near the northeastern margin of the complex (Lo-
cality 6) but another sample from the same locality is mark-
edly less enriched (Table 6.1).

Apart from the fact that the platiniferous chromitites are
confined to the dunite core of the intrusion, they appear to
have no systematic spatial distribution within the complex.
Their economic significance is obviously strongly depend-
ent upon the concentration of chromitite schlieren which, to
date, remains to be more thoroughly tested.

SUMMARY

The Wrede Creek ultramafic-mafic complex fits well
into the Alaskan-type classification. Cumulate textures, ig-
necus layering, a crude concentric zonation and gradational
contacts between ultramafic and mafic lithologies are con-
sistent Alaskan-type features. The external geometry of the
body is poorly constrained, but it may represent a stock-like
intrusion. Al the contact, Takla Group volcanic and volcani-
clastic rocks have been homfelsed to lower amphibolite
grade. However, the contact effects have been largely over-
printed by upper greenschist facies regional metamorphism.

Enrichment of PGE in chromitite pods and schlieren is
encouraging and should warrant further exploration in order
to determing the extent of these platiniferous chromitites.
Of potentially added interest is the porphyry-style copper-
molybdenum mineralization in the southern part of the com-
plex. Renewed interest in base metal exploration may spur
future investigation.
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CHAPTER7 JOHANSON LAKE COMPLEX

The Johanson Lake mafic-ultramafic complex
(56°34.5°'N, 126°13"W) is situated in the Omineca Moun-
tains approximately 2 kilometres southwest of Johanson
Lake, for which the complex is named (Figures 7.1 and 7.2}
Access to the area is by a well-travelled dirt road stretching
some 400 kilometres north from Fort St. James via Manson
Creek and Germansen Landing. An airstrip at the northern
end of Johanson Lake is in good repair and suitable for light
aircraft. The complex is situated entirely above treeline and
excellent exposures are to be found in cirque headwalls and
at the crests of ridges between elevations of 1900 and 2300
metres. Talus aprons and glacial till blanket the lower slopes
and valley floors.

The project area is covered at a scale of 1:250 000 by
the McConnell Creek map sheet (NTS 94D) and 1:50 000
map sheet 94D/9. Aeromagnetic survey maps are available

in the smaller scale (Map 7778G - McConnell Creek) and
at a scale of 1:63 360 (Map 5272G - 94D/09).

The Johanson Lake complex is distinguished from
other Alaskan-type complexes in the area by a lack of oli-
vine-rich ultramafic lithologies (dunite, wehrlite and olivine
clinopyroxenite), Instead, it is characterized by predomi-
nantly amphibole-bearing clinopyroxenites and gabbro-dio-
rite. The gabbroic rocks appear to be volumetrically
dominant and contain speciacular examples of comb layer-
ing as well as the more common centimetre-scale layering
observed in the feldspathic phases of other complexes.

REGIONAL GEOLOGY AND
GEOCHRONOMETRY

Geologic reconnaissance of the McConnell Creek map
area was first completed by Lord (1948) who also described

|' Kamano

i

Chatwynd

kilomalres

Figure 7.1, Location of the Johanson Lake mafic-ultramafic complex.
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Figure 7.2. Geologic setting of the Johanson Lake mafic-ultramafic complex (modified after Irvine, 1974b; Monger, 1977; and
Richards, 1976b},

many of the mineral in the region. Much of the
map sheet was later revised by Richards (1976a, b), Monger
(1977) and Church (1974, 1975). The latter authors focused
on the stratigraphy and structure of the Middle Triassic 1o
Early Jurassic Takla Group which hosts the majority of the
Alaskan-type complexes in the region. More recently,
Bellefontaine and Minehan (1988) and Minchan (1989)
published the results of geologic studies of the Takla Group
in the southwestern part of the Ingenika Range approxi-
mately 8 kilometres north of Johanson Lake.,

The most detailed investigations of Alaskan-type com-
plexes in the region, including Johanson Lake, have been
made by Irvine (1974b, 1976). Granitoid intrusions of pre-

i Jurassic age in the area have been described by
Woodsworth (1976) and Woodsworth e al. (1991).

The Johanson Lake complex lies within Quesnellia
(Figure 7.2). The Quesnel terrane is bounded on the west by
Stikinia along the line of the Pinchi-Ingenika fault system
(Gabrielse, 1985; Wheeler et al., 1991). Its eastern boundary
is marked by the Swannell fault, in part a southwesterly di-
rected thrust zone which places Upper Prolerozoic miogeo-
clinal rocks (Ingenika Group) of ancestral North America
on Quesnellia (Bellefontaine, 1989). West of the Ingenika-
Pinchi fault system, Takla Group lithologies reach prehnite-
pumpellyite grade assemblages whereas to the east these
rocks have been metamorphosed to the greenschist facies
(Richards, 1976b; Monger, 1977). The prevalent regional

structures are represented by northwesterly trending, high-
angle brittle faults and shear zones.

The Johanson Lake complex is hosted by the eastern
facies of the Takla Group, an undifferentiated package of
predominantly greenschisi-grade, subaqueous mafic io in-
termediate volcaniclastic rocks interbedded with minor
sedimentary material (Richards, 1976b; Monger, 1977;
Bellefontaine and Minehan, 1988). These rocks are introded
by granitoid plutons of predominantly Jurassic age, the larg-
est and possibly longest-lived of which is the composite Ho-
gem batholith which is largely formed by Early to Middle
Jurassic phases of the Guichon and Copper Mountain suites
{(Figure 7.2; Woodsworth ef al,, 1991). A coarsely crystal-
line homblendite from the Johanson Lake complex has
yielded an carly Late Triassic (early Carmian) K-Ar isotopic
age on homblende of 232413 (20) Ma (Stevens ef al., 1982),

COUNTRY ROCKS: TAKLA GROUP

Middle Triassic to Early Jurassic country rocks of the
Takla Group are well exposed in northeasterly trending
ridges at the northern and southeastern margins of the com-
plex, and farther south where they form a northwesterly
trending ridge (Figure 7.3). At the faulied northern margin
of the complex, the Takla Group is composed of metavol-
canic and minor metasedimentary (epiclastic?) strata that
dip to the north. The predominant lithologies are grey-green,
well-cleaved, plagioclase-actinolite schists and massive,
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Figure 7.3. Generalized geology of the Johanson Lake mafic-ultramafic complex showing geochemical sample sites listed

in Table 7.1.

and Investment

Bullerin 93

45



mafic to intermediate flows that vary from aphanitic to pla-
gioclase augite porphyries. In thin section, the latter rocks
are seen (o contain euhedral to subhedral phenocrysis or
glomerocrysts (<4 mm across) of lamellar-twinned plagio-
clase and actinolite pseudomorphs after augite, set in a gra-
noblastic matrix of plagioclase and actinolite (up to 50% of
the matrix). Textures in aphanitic flows are also granoblastic
and, locally, actinolite is pseudomorphous afier rare mafic
phenocrysts (up to 2 mm in length). Relict igneous plagio-
clase in these rocks commonly exhibits subgrain boundaries
and shows only incipient alteration to clay minerals.

In the southern part of the map area, the Takla Group
contains dark grey to rusty weathering, hornblende-augite-
plagicclase-phyric lavas, massive crystal and crystal-lithic
tuffs, volcanic breccias, altered amygdaloidal mafic flows,
and thickly bedded, greenish grey, silicified silistones and
mudstones. These rocks have similar extures and metamor-
phic mineral assemblages to lithologies to the north. Graded
bedding has been observed locally and suggests that the
rocks are the right way up. The proportion of rusty weath-
ering outcrop varies according to the abundance of pyrite,
which locally reaches 10% of the rock, and occurs as dis-
seminations and in quartz veins. On the whole, the country
rocks of the Johanson Lake complex resemble Takla Group
voleanic and volcaniclastic sequences north of Johanson
Lake described by Bellefontaine and Minchan (1988) and
Minehan (1989).

JOHANSON LAKE COMPLEX:
MAFIC-ULTRAMAFIC ROCKS

The Johanson Lake mafic-ultramafic complex under-
lies an area of approximately 4 square kilometres (Figure
7.3). The major areas of oulcrop are a prominent unnamed
peak (2327 metres) in the southern part of the complex and
several northeasterly to northerly trending ridges of rugged
to gentle relief.

Previous work by Irvine established the predominantly
gabbroic nature of the complex but showed a large unit of
alivine clinopyroxenite occupying the southeastern part of
the body (Irvine, 1976, Figure 15.3J). However, the area in
question is underlain mostly by homblende clinopyroxenite
and clinopyroxene homblendite with minor clinopyroxenite
and melanocratic gabbro.

We have subdivided the complex into two main
lithologic units: clinopyroxene and hornblende-rich
ultramafic rocks with minor melanocratic gabbros; and
homblendeclinopyroxene gabbroic rocks with minor inter-
layered ultramafic lithologies. The latter map unit appears
to be the most voluminous.

Intrusive contacts with the Takla Group are exposed at
the southeastern margin of the complex. Internally, contacts
between the major map units are usually sharply grada-
tional, as are the contacts of interlayered minor rock types
within each of the major units.

CLINOPYROXENITE

Small outerops of medium grey-green, medium to
coarse-grained clinopyroxenite occur at the northwestern
extremity of the region underlain by mainly ultramafic li-

thologies, and in gabbroic rocks at Locality 3 in Figure 7.3.
The clinopyroxenites contain pale brown-weathering, ser-
pentinized olivine grains (2 - 5 vol%) distributed evenly
throughout the rock and rare pods of olivine wehrlite to
dunite up to | metre in length. These olivine-rich pods are
elongate and irregular, and commeonly exhibit a pronounced
internal foliation in contrast to their massive pyroxenitic
hostrocks. In thin section, subhedral to anhedral clinopy-
roxenes (up to 1 cm across) form an interlocking mosaic
containing subhedral cumulus olivine crystals (5 - 10 vol%)
up to B millimetres in diameter, and pale green, pleochroic,
intercumulus homblende (5 - 10 vol%). Olivines have been
almost completely replaced by serpentine, magnetite and
secondary amphibole (tremolite-actinolite). These olivine
and hommblende-bearing clinopyroxenites represent the most
primitive lithologies in the complex.

HORNBLENDE CLINOPYROXENITE AND
CLINOPYROXENE HORNBLENDITE

A complete gradation exists between clinopyroxenite,
homblende clinopyroxenite (<50 vol% homblende) and chi-
nopyroxene homblendite (<50 vol% clinopyroxenc) in the
ultramafic lithologies in the southeastern part of the com-
plex. These rocks are medium to coarse grained and weather
medium grey-green to dark greenish grey, depending on the
clinopyroxene:amphibole ratio. In thin section, homblende
crystals (up to 3.5 cm) poikilitically enclose clinopyroxene
and appear to be replacing corroded pyroxene relicts. Iron-
titanium oxides, largely magnetite, occur in small amounts
(=5 vol%®). Clinopyroxenes have been partly replaced by
actinolite-tremolite, and other minerals include
minor calcite and epidote. These ultramafic lithologies
grade through melanocratic gabbros into surrounding gab-
broic rocks.

GABBROIC TO DIORITIC ROCKS

The gabbroic to dieritic map unit in Figure 7.3 coniains
significant proportions of interlayered homblende clinopy-
roxeniles, clinopyroxene homblendites, hormblendites and
their feldspathic equivalents. Gabbroic pods are quile com-
maon within these ultramafic lithologies. The dominant rock
type is medium-grained to pegmatitic hornblende gabbro or
diorite that weathers pale to dark grey or grey-green, and
locally contains rusty zones rich in pyrite (2 - 3 vol%). Horn-
blende clinopyroxene gabbros occur locally and contain as
little as 20% amphibole and up to 40% clinopyroxene. A
complete gradation exists between these rock types.

The gabbroic unit is characterized by two types of lay-
ering. Medium-grained equigranular gabbroic recks may
exhibit centimetre-scale modal layering comprising alter-
nating homblendetclinopyroxene and plagioclase-rich ho-
rizons (Photo 7.1). In many places, pegmatitic zones have
developed spectacular comb layering defined by acicular
homblende crystals up to 20 centimetres in length (Photos
7.2 and 7.3). Almost invariably, amphibole crysials are pref-
erentially oriented at high angles (70-80°) 1o the trend of the
layering. These comb-textured layers generally alternate
with more equigranular, feldspathic layers (Photo 7.2). The
boundaries between layers are curvilinear and sharply tran-
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Photo 7.1. Centimetre-scale layering formed ‘ny mnd-] variations
in plagioclase and amphibole in homblende ga
net is 11 centimetres long.

Photo 7.2, Comb layering in hcrmblcndcpbhm—dhtil: formed by
acicular amphibole crystals oriented nearly perpendicular o more
equigranular, centimetre-scale layers.

sitional, and the terminations of large prismatic hornblendes
locally penetrate the adjacent layer (Photo 7.3). These fea-
tures suggest that comb layering developed by in sifu crystal
growth under conditions where silicate melts became pen-
odically supersaturated in amphibole.

In thin section, the gabbroic to dioritic rocks contain
subhedral, brown to deep green pleochroic homblende (20
- 50 vol%), subhedral to anhedral plagioclase (30 - 60%}),
euhedral to subhedral clinopyroxene (0 - 40%), and acces-
sory iron-lilanium oxides (<5%), apatite and minor sphene.
Plagioclase is extensively saussuritized and generally oc-
curs as intercumulus and cumulus material, Clinopyroxene
invariably forms cumulus grains which are commonly par-
tially altered to actinolite. Hornblende is generally a cumu-
lus mineral but forms large (up to 2 ¢m) poikilitic
intercumulus crystals in a rare variety of hornblende-
megacrystic gabbro. Magnetite, apatite and sphene form

Photo 7.3, Well-developed comb layering in coarse-grained to
pegmatitic hornblende gabbro-diorite. Mote penetration of adja-
cent feldspathic layer by large amphibole crystal to right of magnet,

euhedral cumulus crystals up to | millimetre in length.
Quartz may occur in minor amounts (<5%) in the ground-
mass of homblende gabbros and appears o be largely pri-
mary.

HORNBLENDE-PLAGIOCLASE
PORPHYRY

A medium grey, fine 1o medium-grained, porphyritic
dicritic rock is exposed at the southern margin of the com-
plex (Figure 7.3). It contains subequant saussuritized pla-
gioclase (40 vol%), acicular hornblende crystals partly
altered to biotite and actinolite, and minor quartz (5%). Lo-
cally the rock is sheared and enriched in chlorite and epidote,
and cut by quartz veins. Intrusive contacts with coarse-
grained gabbroic rocks are sharp and the porphyry contains
irmegular gabbro xenoliths (cognate?), Thin (1 to 2 cm) feld-
spathic veinlets cut the porphyry and adjacent gabbroic
rocks and may represent more differentiated residual liquids
derived from within the complex. The porphyry is distin-
guished from the adjacent quartz diorite/tonalite pluton by
its more melanocratic character, and appears (o represent a
late marginal phase of the Johanson Lake complex.

MINOR INTRUSIVE ROCKS

Narmrow dikes of homblende-rich gabbro or diorite,
hornblende pegmatite and fine-grained felsite cut mafic and
ultramafic lithologies of the Johanson Lake complex. Hom-
blende plagioclase pegmatite dikes up to 3 metres wide cut
clinopyroxene hormblendites interlayered with gabbroic
rocks. Prismatic homnblende crystals (up to 15 cm long) are
commonly arranged haphazardly in the cenire of the intru-
sion but may lie paralle]l o wallrock conlacts near the mar-
gins of the dike. These rocks are compositionally identical
to the comb-layered pegmatite zones of the gabbroic unit.

Dark grey-green melanocratic microgabbro or mi-
crodiorite dikes less than a metre wide are observed locally.
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They consist almost entirely of saussuritized plagioclase and
homblende variably altered to actinolite, Most lextures are
equigranular although a few dikes contain larger crystals of
hornblende (up to 2 mm), These dikes are characterized by
a conspicuous alignment of homblende prisms parallel 1o
their margins,

White to pink-weathering, aphanitic felsite dikes up to
0.5 metre wide cut gabbroic and ultramafic rocks alike.
Mafic minerals form less than 5% of the rock and have been
replaced by epidote, chlorite and carbonate. The origin of
these rocks is uncertain but they bear a strong resemblance

to rather widespread feldspathic veinlets that represent leu-
cocratic differentiates of the gabbroic rocks.

A dike-like body of grey-green, medium-grained hom-
blende gabbro or diorite intrudes volcanic rocks of the Takla
Group south of the Johanson Lake complex (Figure 7.3).
The rock contains euhedral prismatic homblende (50 vol%)
and subequant plagioclase laths up to 2 millimetres long set
in a fine-grained recrystallized feldspathic groundmass,
Amphibole crystals define a pronounced flow fabric subpar-
allel to the contacts of the intrusion, Plagioclase is saussuri-
tized and homblende partly replaced by actinclite. Euhedral
to subhedral magnetite and apatite occur as accessory min-
erals, and secondary pyrite (1 - 2 vol%) is disseminated
throughout the rock. This intrusion is probably coeval, and
may be cogenetic, with hornblende-rich gabbroic rocks of
the Johanson Lake Complex.

GRANITOID ROCKS

A large body of quartz diorite to tonalite delineates
much of the western and southern margins of the Johanson
Lake complex. Intrusive contacts with the Takla Group are
well exposed in the northern and southern parts of the map
area, but contact relationships with gabbroic rocks are not
clear. We suspect that the Johanson Lake complex is older
and tentatively consider the quartz diorite-tonalite to be
post-Late Triassie and pre-Late Jurassic in age.

The quariz diorite-tonalite unit is a pale grey weather-
ing, massive, medium-grained subequigranular rock con-
taining variable proportions of anhedral quartz (10 - 30
vol%) with subgrain mosaics, euhedral to subhedral plagio-
clase (45 - 55 vol%), dark green pleochroic homblende (10
- 20 vol%), minor biotite and iron-titanium oxides (<5%).
Homblende crystals are largely replaced by actinolite at
their rims and some biotite appears to be secondary. Plagio-
clase is partly saussuritized and disseminated pyrite is com-
mon near fault zones.

A small body of pale pinkish grey weathering, medium-
grained granodiorite intrudes the western part of the com-
plex. It contains euhedral to subhedral, partly saussuritized
plagioclase (50 vol%) up to 5 millimetres in length; anhedral
quartz crystals (30 val%) up to 2 millimetres across; subhe-
dral to anhedral potassium feldspar (20%) up o 2 millime-
tres in length: and minor biotile and trace amounis of
homblende. The age of the granodiorite is uncertain but it
has been tentatively assigned to the Jurassic,

48

STRUCTURE AND METAMORPHISM

The lack of distinctive marker horizons in the castern
facies of the Takla Group hampers interpretations concern-
ing regional deformation. The attitude of bedding could
have resulted from folding or rotation by faulting. North-
westerly trending, high-angle fault zones bounding the
northern margin of the complex have incorporated metavol-
canic country rocks as a thin fault-bounded slice within it.

The grade of metamorphism throughout the map area
appears to have reached middle to upper greenschist facies.
A sample of crystal wif in the Takla Group near the fault
contact with clinopyroxene homblendite at the northeastern
margin of the complex has granoblastic texture and a low-
ermost amphibolite (homblende-plagioclase-quartz) grade
mineral assemblage. Other volcanic rocks farther northwest
along the same contact have uppermost greenschist grade
assemblages. Faulting and retrograde regional metamor-
phism may, therefore, have obscured a weak, and as yet
poorly defined, metamorphic aureole of lowermost amphi-
bolite grade al the margins of the complex.

NOBLE METAL GEOCHEMISTRY AND

MINERAL POTENTIAL

Analytical results for platinum, palladium, rhodium and
gold in 15 lithogeochemical samples of the Johanson Lake
mafic-ultramafic complex are presented in Table 7.1, Sam-
ple localities are shown in Figure 7.3. All analyses were
conducted by inductively-coupled plasma emission spec-
troscopy at Acme Analytical Laboratories, YVancouver.
Analytical methods and accuracy are described in Chapter
2

The highest abundances of platinum and palladium, 41
and BB ppb respectively, are found in homblende plagio-
clase pegmatites within the gabbroic sequence. The tenor of
gold peaks at 41 ppb in the gabbros and rhodium is below
the detection limit in all samples. In general, palladium
abundances are higher in gabbroic than pyroxenitic litholo-
gies and the noble metals are uniformly low in quartz dio-
rites. Unlike other Alaskan-type complexes in British
Columbia, platinum shows no systematic decrease from ul-
tramafic to gabbroic rocks. This may be due to the relatively
small number of samples analyzed or the limited range of
ultramafic lithologies represenied. Another notable feature
is the relatively high average abundance of gold in the Jo-
hanson Lake complex as a whole.

The distribution of noble metals bears no apparent re-
lationship to the presence of sulphides (disseminated pyrite)
or proximity to fault zones, The potential for economic con-
centrations of precious metals appears to be low.

SUMMARY

The Johanson mafic-ultramafic complex is a rela-
tively small (4 km™) Alaskan-type intrusion hosted by
augite-plagioclase-phyric mafic to intermediate valcanic
and volcaniclastic rocks of the Middle Triassic to Early Ju-
rassic Takla Group that forms part of Quesnellia. The com-
plex is dominated by homblende-bearing gabbroic rocks
with lesser propertions of clinopyroxene hornblendite,
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TABLET7.1
NOBLE METAL ABUNDANCES IN THE JOHANSON LAKE COMPLEX
ppb
Locality Sample Rock Type P Pd Rh Au
Clinopyroxenite and Homblendite
3 GN-ES5031 Df-Hb-bearing clinopyroneniie 5 5 < 4
9 GM-E0-5004 Hhb climopyroxenbic & 3 <2 4
11 GM-E5-501 1 Hb clinopyroxenite 17 15 15
4 GN-89-8072 Feldspathic Hb clinopyroxenite 5 4 =2 7
12 GN-£9-9009 Feldspathic Hb clinopyrozenite <l <2 < 26
1 GN-89-9048 Fekdspathic Cpx homblendite 5 5 < 0
Gabbro-Diorite
5 GN-89-8027A Hb-Cpx gabbro-diorite 19 n <2 41
] GMN-ES-601] Hb-Cps; gabbro-diorite 5 13 <2 14
7 GN-E9-8023 Cpx-Hb gabbeo-dioriie 0 7 <2 41
1o GM-E0-B007 Cpx-Hb gabbro-deorite 15 33 <2 -]
& GM-B9- B2 Hb gabbro-diorite T 11 < 13
Pegmatite
2 GN-89-00034 Hb-Plag pegmatite 8 42 <2 21
13 GN-89-9001C Hb-Plag pegmatite 41 88 <2 28
Qz Diorite
14 GM-B9-9004 Melanocratic Oz diorie 5 ] =} =]
14 GiM-B9-20067F O diorite-tonalie =1 =2 =2 =1

Abbreviations: O, olivine; Cpx, clinopyroxens; Hb, hormblende; Plag, plagiociaze; O, quarrz
Diedecrion lmits: | ppb for Ptand Aw; 2 ppb jor Pd and Bh. Sample localifies are shown on Figure 7.3,

hormnblende clinopyroxenite, hornblendite and clinopy-
roxenite. The pegmatitic gabbros exhibit spectacular comb
layering that records in sitw crystal growth from supersatu-
rated liquids that crystallized within the ceniral part of the
intrusion,

The northeastern margin of the complex is fauli-
bounded and the western and southern margins are bordered
by a quartz diorite to tonalite pluton of probable Jurassic
age. A small body of grancdiorite intrudes the western pan
of the complex, and other minor intrusive rocks include
dikes of microdiorite to microgabbro, felsite, and hom-
blende plagioclase pegmatite.

The regional metamorphic mineral assemblages within
the project area, which is within the eastern facies of the

Takla Group west of the Pinchi-Ingenika fault system, indi-
cate middle to upper greenschist facies conditions. How-
ever, vestiges of a metamorphic aureole of lower
amphibolite grade at the nonheastern margin of the complex
may have been largely obscured by faulting and retrograde
metamorphism.

The abundance of noble metals in representative sam-
ples of the mafic and ultramafic lithologies is relatively low
and there is no evidence of economic mineralization.
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CHAPTER 8

POLARIS COMPLEX

The Polaris ultramafic-mafic complex (56°30°N, 125"
40°W) is situated 10 kilometres norheast of Alken Lake in
the Omineca Mountains (Figure 8.1). It is one of the largest
Alaskan-type intrusions in British Columbia, second only
to the Tulameen complex (Chapter 9). Access is by dirt road
extending some 335 kilometres north from Fort St. James
via Manson Creek and Germansen Landing, reaching Aiken
Lake via a well-maintained gravel road that leads to the
Cheni mine in the Toodogonne River area. Altematively,
the area may be reached by flights from Smithers to the
Sturdee airstrip situated approximately 130 kilometres
northwest of Aiken Lake, and from there by helicopier. The
complex underlies an area of approximately 45 square kil-
ometres at the southern end of the Lay Range and is well
exposad above treeline at elevations between 1600 and 2200
metres. [t takes its name from Polaris Creek, a tributary of

Lay Creek, both of which drain the western margin of the
body and flow southwards into the Mesilinka River,

The project area is covered at a scale of 1:250 000 by
the Mesilinka map sheet (NTS 94C) and 1:50 000 base maps
(94C/5 and 12). Aeromagnetic survey maps are also avail-
able in the smaller (Map 7777G-Fort Grahame) and larger
{Maps 9074G and 9075G) scales respectively.

REGIONAL GEOLOGY AND
GEOCHRONOMETRY

The first systematic geological mapping of the Aiken
Lake area was completed by Armstrong (1946), Armstrong
and Roots (1948), and Roots (1954). Earlier, Lay (1932) had
examined many of the mineral prospects in the region. More
recent mapping in the Aiken Lake area and further south has
been reported by Ferri er al. (1992a, b; 1993a, b). The first

Complex

Omineca
Resaures

Read

Germongan®
Lending

Wilfisfon
Lake

v Dowson
'Hicrlih

e

o Chatwynd

kilamelrea |

Figure 8.1. Location of the Polaris uliramafic-mafic complex.
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detailed observations of the mafic and ultramafic rocks of
the Polaris complex were made by Roots (1954). Modern
petrologic studies and more detailed mapping of the com-
plex were completed later by Irvine (1974a; 1976) and Fos-
ter (1974).

The Polaris complex is the largest of a number of Alas-
kan-type bodies in the region that intrude Quesnellia (Figure
8.2). It lies at the eastern margin of the Harper Ranch Sub-
terrane of Quesnellia which is separated from Stikinia and
Cache Creek Terrane to the west by the Pinchi-Ingenika
fault system and bounded to the east by the Swannell Fault
{Gabrielse, 1985; Wheeler er al., 1991), The latter fault
places variably metamorphosed, Paleozoic to Upper Pro-
terozoic pericratonic rocks of the miogeocline (Cassiar Ter-
rane) in thrust contact with Quesnellia (Mansy and
Gabrielse, 1978; Bellefontaine, 1989; Ferrl ef al. 1993a, b)

Mafic and ultramafic rocks of the Polaris complex and
smaller satellitic bodies intrude the Lay Range assemblage,
a structurally complex sequence of arc-derived, predomi-
nantly clastic and volcaniclastic rocks of greenschist or
ower grade assemblages (Monger, 1973, 1977; Richards,
1976a, b; Irvine, 1974a) that have been lentatively corre-
luted with the Upper Devonian to Upper Permian Harper
Ranch Subierrane considered as basement to Quesnellia
(Monger et al., 1991; Wheeler and McFeely, 1991). ). Ferri
et al. (1993a) informally subdivided the stratigraphy of the
Lay Range assemblage into a Mississippian(?) to middle
Pennsylvanian lower sedimentary division and a Middle

Pennsylvanian to Permian upper mafic wif division. Newly
recognized Upper Devonian to Lower Mississippian sedi-
mentary and pyroclastic strata exposed along the eastern
margin of the Lay Range form the upper part of a westward-
dipping homoclinal succession of Paleozoic strata that have
been traced southwards into the informally named Big
Creek group (Figure 8.3; Ferri er al., 1992a). The Big Creek
group is underlain by a succession of Middle Devonian and
older, variably dolomitized carbonates that pass downwards
into Lower Cambrian fine-grained siliciclastics, including
orthoquartzite, described in detail by Ferri and Melville
(1994), The contact between the Big Creek and older Paleo-
zoic and Upper Proterozoic succession appears to be faulted
throughout most of the Swannell River area (Figure 8.3).

The age of the Polaris complex is not well established
by previous K-Ar determinations. Potassium-argon dates on
biotite and homblende in a “peridotite” yielded Jurassic iso-
topic ages of 16740 (20) and 156£15 Ma (Wanless et al.,
1968). These dates have been considered too young by most
workers who have stressed the spatial and petrological as-
sociations of Alaskan-type complexes in British Columbia
with Upper Triassic to Lower Jurassic Takla-Nicola-Stuhini
volcanic rocks of Quesnellia and Stikinia (e.g., Monger,
1973; Irvine, 1974b, 1976; Woodsworth er al., 1991). New
U-Pb dates reported below confirm these inferences.
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Figure 8.3. Generalized geology of the Polaris ultramafic-mafic complex. A-B and C-C'-D'-D indicate location of cross-sections in
Figure 8.4. Inset shows location of Figure 8.5,
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COUNTRY ROCKS: LAY RANGE
ASSEMBLAGE

Roots (1954) noted that rocks which host the Polaris
complex form a westward-dipping (40-50%), westward-fac-
ing homoclinal sequence {(Maps 3 and 4 in pocket and Fig-
ures 8.3 to 8.6). The Lay Range assemblage is entirely
fault-bounded and imernally composed of a series of north-
west-trending faull slices (Monger, 1973) and recumbent,
northeasterly verging folds (Ferri e al., 1993a). Northwest
of the Polaris complex at the margin of the Lay Range, ex-
posures of the lower sedimentary division comprise fine-
grained clastics, chent, heterolithic conglomerate, limestone
and lesser rhyolitic tuff and quartzite of probable continental
derivation. Carbonates in this package have yielded mid-
Pennsylvanian fossils, although younger Paleozoic or low-
ermost Mesozoic rocks may also be present (Monger, 1973;
Monger and Paterson, 1974; Ferri er al., 1993a). The mafic-
ultramafic rocks are hosted entirely by the mafic wif divi-
sion which comprises mainly mafic to intermediate volcanic
breccia and flows, well-bedded crystal and lithic tuff and
volcanic wacke, lesser clastic rocks and carbonate, and rare
rhyolitic ash-flow wif. The pyroclastic rocks and wiffaceous
sediments are generally feldspathic and locally contain cli-
nopyroxene, homblende and rare volcanic quartz. The flows
are locally pillowed and amygdaloidal, and commonly carry
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plagioclase and clinopyroxene phenocrysts, not unlike their
counterparts in the younger Takla Group.

Lithologies along the western margin of the complex
are thickly to thinly bedded argillites, siltstones, sandstones
and minor carbonates, lithic-crystal wffs and massive lava
flows, Grey-green thinly bedded or laminated volcanogenic
siltstones and fine-grained wackes are well exposed along
the western margin of the complex where they form some
of the highest peaks. Sedimentary features such as graded
bedding, channel scours, load and flame structures, and
cross-laminations indicate tops to the west. Locally, the suc-
cession contains chocolate-brown mudstones and thin (<0.3
metre thick), lenticular, impure carbonates characterized by
brown-weathering rinds. At one locality (77, Figure B.5), a
thin (0 - 4 m), medium grey layer of erystal-rich, nonwelded
ash-flow tff contains rip-up clasts (up to 12 cm in length)
of grey-green silistone that are weakly imbricated and pref-
erentially oriented in the direction of flow, The top of the
deposit is reworked and the basal part exhibits normal grad-
ing and has scoured underlying silisiones. Thus, it appears
to have been emplaced in a subagueous near-shore environ-
ment.

Country rocks exposed at the northeastern margin of

the complex include black, fissile argillite and phyllite with
interbedded, fine-grained lithic tuff and pale grey carbonate.
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Figure 8.4. Schematic geologic cross-sections of the Polaris complex. See Figure B.3 for locations.
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Figure 8.5 Generalized geology of the northwestern terminus of the Polaris complex (inset, Figure 8.3) showing intrusive relationships

and geochemical sample sites. E-F is location of cross-section in Figure 8.6 Other symbols as in Figure 8.3,
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Figure 8.6, Schemalic geologic cross-section of intrusive relationships al the northwesiemn end of the Polaris complex. Ser Figure 8.3
for locaton.

At the southeastern margin, black phyllite and massive,
aphanitic to porphyritic lavas of mafic to intermediate com-
position lie in sheared contact with serpentinized dunite.
The lavas locally enclose concentrations of cognate xeno-
liths {up 0 8 cm across) of homblende gabbro, homblendite
and feldspathic homnblendite in a homblende-phyric host.
These rocks appear to have homblende-phyric andesitic
counterparts occurring as dikes in Lay Range assemblage
strata overlying the intrusion.

POLARIS COMPLEX:
ULTRAMAFIC-MAFIC ROCKS

The Polaris ultramafic-mafic complex is an elongate
sill-like body 14 kilometres long by 4 kilometres across at
its broadest point, and exhibits a well-developed contact
metamorphic aureole. Its northwesterly trending elongation
is conformable with the regional structural grain. The north-
ern and southern terminations of the body are largely ob-
scured by glacial drift. Farther north in the Lay Range, thin
sill-like ultramafic intrusions, presumably coeval with the
Polaris complex, were mapped by Roots (1954). However,
the complex does not appear to have a large subsurface ex-
tension judging from its distinctive acromagnetic anomaly.

All of the lithologies that characterize Alaskan-type
complexes are well represented in the Polaris complex (Fig-
ures 8.3 to 8.6). These include dunite, olivine wehrlite and
wehrlite, olivine clinopyroxenite and clinopyroxenite, hom-
blende clinopyroxenite, homblendite, gabbroic to diontic
rocks, late-stage pegmatites and fine (o coarse-grained feld-
spathic phases. As in many other Alaskan-1ype complexes
in British Columbia, phlogopitic mica appears in early cu-
mulates, including dunite, Ultramafic lithologies are well
exposed in the eastern and southern parts of the complex;
gabbroic to dioritic hornblende-bearing rocks in the westL

DUNITE

The main mass of dunite forms northwest-trending
ridges in the eastern half of the complex, and the floor and
walls of a large glacially scoured depression in the south.
Dunite weathers tan 1o pale yellowish brown and forms
smooth, blocky outcrops that typically lack a penetrative
fabric. Joint planes are commonly coated with pale green to
black serpentine that locally appears asbestiform. Fresh sur-

faces vary from dark greenish grey to black as the degree of
serpentinization increases. Complete serpentinization, how-
ever, only occurs close to fault Zones and, on the whole,
olivines are well preserved. In thin section, the dunile is
gencrally medium grained and composed of weakly ser-
pentinized olivines (<3 mm) and minor chromite (1 vol%)
that exhibit cumulate textures, accompanied by minor rare
cumulus and more common intercumulus phlogopite.

CHROMITITE

Concentrations of chromite are confined to the dunite
except for minor occurrences in olivine wehrlite adjacent to
dunite (Figure 8.3). Chromitites occur as irregular pods, cen-
timetre-scale schlieren, and millimetre-thick, planar to
curved laminae. Schlieren commonly range from 6 to 15
centimetres in length and 0.5 104 centimetres in width; lami-
nae can rarely be traced for more than 0.5 metre. Roots
(1954} found more extensive chromitite horizons measuring
almost 4 metres long by 12 centimetres wide. Locally, co-
herent angular blocks of laminated chromitite up to 30 cen-
timetres across are found juxtaposed in random orientation
{Photo B.1). In thin section, aggregaies of chromite crysials
commonly form networks or ring-like structures that par-
tially 1o completely enclose cumulus olivines. Similar tex-
tures were documented by Clark (1978) from another
Alaskan-type intrusion, the Tumagain River complex in

Photo 8. 1. Disrupted block of layered chromitite in dunite coi by
thin dunite dikes.
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northem British Columbia. The irregular geometry of podi-
form chromitites, pinch-and-swell nature of schlieren, and
random orientation of layered chromitites are due to remo-
bilization of previously deposited chromite-rich cumulates
early in the erystallization history of the intrusion.

OLIVINE WEHRLITE AND WEHRLITE

Extensive outcrops of wehrlitic rocks are found in the
northern and central parts of the complex and prompted sub-
division into mappable units of olivine wehrlite (90 - 65
vol% olivine, 10 - 35 vol% clinopyroxene) and wehrlite (65
- 40 vol% olivine, 35 - 60 vol% clinopyroxene; Figure 1.2).
Wehrlitic lithologies weather pale brown to medium reddish
brown and are massive to well jointed and weakly serpenti-
nized; fresh surfaces are grey-green. These rocks commaonly
have a knobby texture due 1o recessive weathering of olivine
relative to clinopyroxene. In places, anhedral to subhedral
megacrystic clinopyroxenes (up to 8 em across) with well-
developed poikilitic textures impart a distinctive lustre mol-
tling to the outcrop (Photo B.2). Olivines typically occur as
cumulus crystals whereas clinopyroxenes exhibit intercu-
mulus and cumulus textures. These primary silicates are ac-
companied by accessory chrome spinel and trace amounts
of phlogopite, Rarely, wehrlitic mineralogy appears to have
formed by infiliration of clinopyroxene-rich magmas into
an olivine-rich host, resulting in the formation of anastomos-
ing three-dimensional networks of coarse-grained
clinopyroxenite in the hostrock (Photo 8.3).

OLIVINE CLINOPYROXENITE AND
CLINOPYROXENITE

Outerops of olivine clinopyroxenite and clinopy-
roxenite are widely distributed throughout the ultramafic
portion of the intrusion. Weathered surfaces are pale green
1o pale greyish green where enriched in clinopyroxene; oli-
vine-rich areas appear rusty brown. The rocks are usually
medium o coarse grained (3 to 10 mm) and grey-green on
fresh surfaces. In pegmatitic zones, clinopyroxenes reach B
centimetres in length and are rarely poikilitic. Locally, these
zones contain olivine-rich areas or inclusions of wehrlite
(<20 cm across) that are eratically distributed and mottle the
outcrop with rusty brown patches. In thin section, euhedral

; R :
Photo 8.2, Megacrystic wehrlite exhibiting lustre mottling caused
by subhedral poikilitic clinopyroxene, Magnet is 11 centimetres
long. Photo by C. Muttall.
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to subhedral clinopyroxenes are commonly schillered and
have inequigranular textures; most olivines appear subhe-
dral and have cumulus or intercumulus textures. Phlogopite
usually occurs as an accessory phase. Opagque oxides are
notably reduced in abundance in olivine climopyroxenites,
and appear to be absent altogether in clinopyroxenites.

MIXED WEHRLITIC-PYROXENITIC UNITS

Mappable zones of intermixed olivine clinopyroxenile
to clinopyroxenite and wehrlite to olivine wehrlite (and
rarcly dunite) are found locally near the margins of clinopy-
roxenite or wehrlitic bodies. They are particularly well de-
veloped in the central and northem parts of the intrusion
(Figures 8.3 and 8.5). Contacts between the rock types are
generally sharp. The most common type of mixed unit com-
prises a chaotic assemblage of angular to subangular blocks
of clinopyroxenite, ranging from less than a metre to tens of
metres in size, enclosed in an olivine-rich host. This texture
appears 1o have originated either by intrusion of clinopy-
roxenite magma into a semiconsolidated host, or by remo-
hilization of zones of clinopyroxenite dike injection.
Another type of mixed zone is formed by concentrations of
randomly oriented wehrlitic dikes cutting clinopyroxenite.
The occurrence of mixed olivinge-rich and pyroxenitic -
thologies is also seen in the Lunar Creek and Tulameen com-
plexes (Chapters 4 and 9) where they appear to have formed,
in part at least, by slumping of coherent masses of dunite or
clinopyroxenite cumulates that were plastically deformed
duning redeposition at lower levels in the magma chamber,

HORNBLENDE CLINOPYROXENITE AND
HORNBLENDITE

This map unit comprises a gradation of rock types from
homblende clinopyroxenite through chinopyroxene hom-
blendite to homblendite and feldspathic hornblendite. These
homblende-bearing ultramafic rocks are almost entirely re-
stricted 1o the upper pant of the complex where they are
closely associated with gabbroic to diortic rocks. Hom-
blende clinopyroxenite occurs as a pale green to brownish
green weathering, medium to coarse-grained rock studded
with black hormnblende crystals. It contains cumulus clinopy-
roxene, cumulus or intercumulus homblende, locally abun-

Photo 8.3, Wehrlite formed by net veining of dunite near conlact
of clinopyroxenite and dunite bodies.
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dant cumulus magnetite, accessory bictite and apatite, and
intercumulus plagioclase appears in feldspathic variants,
Homblendite exhibits a black, coarse-grained 10 pegmatitic
texture with crystals reaching 8 centimetres in length. Lo-
cally. the rock has a rudimentary lineation, or a marked lami-
nation of prismatic homblende crystals with no directional
fabric. A thin sill of megacrystic hornblende clinopy-
roxenite that intrudes roof rocks at the northwestern margin
of the complex (Figure 8.5) locally displays well-developed
centlimetre-scale layening of comulus subequant homblende
and clinopyroxene. Olivine-bearing homblende clinopy-
roxenites are comparatively rare. One such unit occupies a
narrow transition zone between dunite-wehrlite and hom-
hlende clinopyroxenite at the zoned eastern margin of the
complex (Figure 8.4, cross-section A-B) and is distin-
guished by relatively abundant phlogopitic mica (5 vol%),

GABBROIC TO DIORITIC ROCKS

The feldspathic rocks comprise homblendesclinopy-
roxene gabbros andfor diorites. They are restricted to the
margins of the complex and are most voluminous near the
roof, They also form thin sills penetrating metasedimentary
rocks of the Lay Range assemblage. Outcrops are typically
lichen covered and dark grey weathering; fresh surfaces are
medium grey to greenish grey depending on the degree of
saussuritization of the feldspars. The rocks are usually mas-
sive, medium grained and equigranular. Centimetre-scale
modal layering formed by alternating amphibole and pla-
gioclase-rich horizons is observed locally and, near the con-
tacts at least, is wsually concordant with the attitude of
bedding in the hostrocks. In thin section, the gabbroic to
dioritic rocks are composed of cumulus homblende and rare
clinopyroxene, cumulus to intercumulus plagioclase, acces-
sory iron-titanium oxides, apatite and biotite, and sporadic
secondary pyrile (<2 vol%).

Sills intruding the Lay Range assemblage have fine-
grained chilled margins with crude columnar jointing, and
may grade from medium-grained hornblende gabbro-diorite
in the interior to homblende porphyry at the contact,

DIKES AND VEINS

Dikes and veins of various ultramafic lithologies and
syenite 1o lescomonzonite composition are widespread in
the Polaris complex. There appears to be no systematic ori-
entation to the pattern of dike intrusion. In large part, these
dikes reflect the nature of, and temporal relationships be-
iween, major lithologic units,

Among the ultramafic rock types, centimetre to metre-
wide dikes of olivine clinopyroxenite and clinopyroxenite
are most common, and are found cutting dunite, olivine
wehrlite and wehrlite (Photo 8.4}, Dunite dikes, typically
several cenlimetres in width, are only conspicuous where
they penetrate chromitites (Photo 8.1); thin olivine wehrlite
to wehrlite dikes less than 0.5 metre wide transeet dunite,
wehrlitic and pyroxenitic units. The latter dikes have local
concentrations of clinopyroxene crystals at their margins, a
feature also documented at the Turnagain complex (Clark,
1975). Thin (1 - 20 cm in width), medium to coarse-grained
homblendite to feldspathic homblendite dikes have been
observed cutting dunite, olivine clinopyroxenite, gabbro-
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diorite and metasedimentary strata of the Lay Range assem-
blage.

Leucocratic phases ranging from fine-grained, millime-
tre-wide feldspathic veinlets 1o pegmatitic hornblende-bi-
olite-feldsparsgquartz veins and segregation pods several
centimetres across are commaon within the gabbroic rocks
and adjacent ultramafic units. In a ridge traverse along sec-
tion D'-C" (Figures 8.3 and 8.4), leucocratic dikes make
their first appearance in dunite and wehrlitic lithologies and
increase in abundance southward woward the gabbro-diorite
units. Composite dikes in the ultramafic rocks locally ex-
hibit homblendite margins and quanzofeldspathic cores.
Pegmatitic hornblende-feldspar-quartz segregation pods
that formed by ponding of residual liquids are also common
in hornblende clinopyroxenites near the roof of the intrusion
(Photo 8.5). The occurrence of silica-oversaturated differ-
entiates in the Polaris complex, particularly near the roof of
the intrusion, may indicate late-siage contamination by sili-
ceous wallrocks,

The overall sequence of dike intrusion, namely dunite,
wehrlite, clinopyroxenite, hommblendite, gabbro-diorite and
leucocratic residua, reflects the gross inlernal stratigraphy
and general order of erystallization of major lithologic units

Photo B.4. Bilurcating wehrlite and clinopyroxenite dikes in
dunite. Note thin offshoot of clinopyroxenite dike cutting wehrlite
at left of hammer handle.

homblende clinopyroxenite,
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in the complex. Locally ambivalent crosscutting relation-
ships, such as those observed between olivine clinopy-
roxenite-clinopyroxenite and wehrlitic dikes, and
homblendite and gabbro-diorite, point to multiple intrusive
events when magmas of a limited range of composition co-
existed,

CONTACT RELATIONS AND INTRUSION
GEOMETRY

Steep contacts, rudimentary internal zoning and the
preservation of apparently up-domed “roof” rocks at the
northwestern end of the complex have previously been used
o support a stock-like geometry for the intrusion (Roots,
1954; Irvine, 1974b; Foster, 1974). Detailed examination of
contact relationships in the north confirms these crosscut-
ting relationships (Figures 8.5 and 8.6). However, the elon-
gate shape of the complex, the nature of the western margin
of the body where intrusive contacts are conformable with
the strike and dip of metasedimentary hostrocks, the steep
westward dip of zoned units at the castern margin of the
intrusion (Figure 8.4) and the asymetrical nature of the zon-
ing, all indicate that the Polaris complex is a high-level sill-
like intrusion. Postemplacement deformation has tilted the
sill on end such that rocks forming the “roof™ zone of earlier
workers in fact are wallrocks at the transgressive northem
contact of the sill. Swarms of small gabbroic to pyroxenitic
sills that intrude the roof zone to the west mimic the geome-
try of the larger intrusion.

INTERNAL STRATIGRAPHY

In general, the gross intermal distribution of rock types
is systematically disposed about the margins of the intru-
sion. Dunite and olivine-bearing pyroxenitic rocks are con-
centrated near the base of the intrusion whereas
horblende-bearing pyroxenites and gabbro-diorite are well
developed near the roof. In the east-central part of the intru-
sion, the base of the complex is progressively zoned down-
wards from dunite through wehrlitic and olivine
clinopyroxenite to phlogopite-bearing olivine-hornblende
clinopyroxenite (Figure 8.4). Contact relationships between
the major lithologic units are sharp to gradational.

MECHANISM OF EMPLACEMENT

Irvine (1974a; 1976) was struck by the intemal zoning
{albeit complex) and evidence for disruption of layered
chromitites and clinopyroxenites by olivine-rich lithologies.
He suggesied that these features could be most satisfactorily
explained by diapiric re-emplacement of hot, thickly strati-
fied, olivine-rich cumulates in a semi-solid state during re-
gional tectonism. We have difficulty with this hypothesis
for a number of reasons. In the first place, sharp undeformed
intrusive contacts have been identified at the base and roof
of the sill. Also, relationships among the wehrlitic and py-
roxenitic lithologies (i.e., mixed units) are locally quite
complex and record a history of multiple intrusive events,
As indicated earlier, the chaotic nature of mixed ultramafic
lithologies and remobilized chromitite honzons can be ex-
plained adequately by periodic, syndepositional mass wast-
ing of cumulates to lower levels in the magma chamber,
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events perhaps triggered by earthquakes and episodic
magma recharge. Furthermore, we have found no evidence
for injection of dunite and wehrlitic lithologies into gabbroic
and homblende-rich rocks which might be expected in Irv-
ine's model. Rather, intrusive relationships dictate the re-
verse. Also we note the general asymmetry in the
development of internal zoning: the widespread preserva-
tion of cumulate textures as opposed to tectonite fabrics; and
the general lack of penctrative fabrics both within and near
the margins of the body, except where faulted. Moreover,
why a high-density mass of olivine-pyroxene cumulates
would migrate “diapirically” to significantly higher levels
in the crust rather than sink to the crusi-mantle boundary in
order to achieve isostatic compensation is not adequately
explained. It is apparent from the mapping that the internal
stratigraphy of cumulates developed in situ (ie., with re-
spect to adjacent hostrocks) and represent the erystallization
products of a magma chamber in the upper crust,

CONTACT AUREOLE

A contact aureole of amphibolite grade is well devel-
oped in voleanic and sedimentary rocks at the margin of the
intrusion. The maximum width of the metamorphic aurcole
is not accurately known, but has been estimated to extend
50to 150 metres away from the contact (Trvine, 1974b). The
extent of homfelsed rocks may be much greater than this,
especially in the south (Roots. 1954).

In the north, metasedimeniary rocks adjacent to the roof
and margins of the complex have been recrystallized to an
assemblage of hornblende, plagioclase and quartz£hi-
olitetpotassium feldspar. Large rafts and pendants of homn-
felsed metasediments with well preserved bedding are
locally conspicuous (e.g., Figure 8.6). These amphibolitic
rocks exhibit no penetrative schistosity except adjacent to
faults. Their finer grain size and preservation of relict strati-
fication generally serves to distinguish these amphibolites
from coarser grained gabbro-diorite and homblende-rich ul-
tramafic rocks of the intrusion.

A narrow contact aureole developed in metavolcanic
and metadsedimentary rocks has been mapped at the base
of the intrusion (Figures 8.3 and 8.4). A pronounced mineral
foliation is defined by amphibole and plagioclasebi-
otitetquartz that crystallized under amphibolite-grade con-
ditions. Metasedimentary rocks underlying the amphibolitic
contact aureole at the northeastern margin of the complex
(Section D"-D, Figure B.4), exhibil a single, well-developed
schistosity that is conformable with fabrics in the aureole.
This foliation is defined in thin section by biotite, muscovite,
chlorite, quartz, plagioclase and minor carbonate, This min-
eral assemblage formed during mid-greenschist facies meta-
morphism. Thus, the grade of metamorphism appears to
increase systematically towards the sheared ultramafic con-
tact.

Ductile fault zones with mylonitic textures locally
crosscul the footwall rocks and may exhibit pronounced
mineral lincations plunging steeply (60 to 70°) downdip to
the northwest. In thin section, the mylonitic fabric is defined
by amphibole, plagioclase, quartz, epidote, carbonate and
chlorite (retrograde?). Movement appears to have taken
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place under upper greenschist to lowermost amphibolite-
grade conditions.

Oriented specimens were collected from metavolcanic
and metasedimentary rocks structurally below the basal
fault in the central part of the complex (1 to 2 km north of
Section A-B, Figure 8.4). The C/S fabrics and shear bands
observed in outcrop are defined in thin section by chlorite
and biotite, and quanz and plagioclase have been dynami-
cally recrystallized into subgrains. These textures indicate
that mylonitization was taking place during middle green-
schist facies metamorphism. Kinematic indicators reveal
that the hangingwall moved upward along southwest-dip-
ping thrust planes. Mineral lineations plunging 65° to the
northwest at the site of the C/S fabrics suggest thal thrust
maovement, if parallel to the stretching lineation, was towand
the southeast.

At the southeastern extremity of the complex, the basal
fault zone places serpentinized dunite in fault contact with
black carbonaceous schists containing porphyroblasts of an-
dalusite (chiastolite) up to 3 millimetres across (Figure 8.3).
Growth of andalusite formed in response 1o conlact meta-
morphism. However, andalusite porphyroblasts have been
ductily deformed, indicating that motion in the shear zone
occurred during or after their growth. A second andalusite
locality exhibiting similar textures occurs just beyond the
southern tip of the intrusion (Figure 8.3). Andesitic lavas
structurally underlying these carbonaceous phyllites lack a
penetrative fabric but have undergone recrystallization of
hornblende phenocrysts and groundmass consistent with
lowermost amphibolite-grade metamorphism,

MINOR INTRUSIONS

Intrusions that have uncertain relationships with the Po-
laris complex include a sill-like homblende diorite body at
the northwestern edge of the map area (Figure 8.5), a syeni-
tic intrusion in the central part of the complex (Figure 8.3),
and mafic dikes cutting metasedimentary rocks of the Lay
Range assemblage. The dioritic body is a grey-brown
weathering, fine to medium-grained rock, locally epi-
dotized, with crystals of hormblende, plagioclase and minor
potassium feldspar. The syenitic intrusion is a cream-weath-
ering. greyish white coarse-grained rock comprising alkali
feldspar (perthitic), minor homblende, clinopyroxene and

able that the syenitic intrusions are felsic differentiates of
the Polaris complex derived from ligquids that did not expe-
rience wallrock contamination. The dikes are dark greenish
grey on weathered and fresh surfaces, and generally less
than 2 metres wide, although they locally swell to over 14
metres across, The thicker dikes have aphanitic chilled mar-
gins and homblende-phyric interiors with up 10 15 vol%
phenocrysts. They are partly controlled by easterly oriented
fault zones and are largely undeformed, appearing to post-
date fault movement,

U-Pb GEOCHRONOMETRY

Uranium-lead analyses of zircons from the Polaris com-
plex were done by Heaman in the Geochronology Labora-
tory at the Royal Ontario Museum. The zircons were
separated from a quariz-homblende-plagioclase pegmatite
pod within homblendite at the northwestern margin of the
complex. Resulis are presented in Table 8.1 and Figure 8.7,
and analytical techniques are summarized in Appendix B.

Zircons from the pegmatite are quite uniform in appear-
ance, comprising colourless fragments and prisms that tend
to be quite large (100 pm). The zircon grains analyzed have
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Figure 8.7, U-Pb concordia diagram for zircon in pegmatite

sphene, and trace amounts of biotite. It is considered prob- from the Polaris complex.
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The nwmisers in panratheies corregpond io the iviol number of groins analyzed.
A imic rotios correcied for bank (PbeSpy: U's2pg) ond intial common Ph.
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relatively high uranium contents (750 ppm). The results for
three fractions (#1-3 in Table 8.1 and Figure 8.7) indicate a
tight clustering of the data at 186+2 (20) Ma (late Early
Jurassic or early Toarcian on the time scale of Harland er
al., 1990). This date is considered the best estimate for the
i stallization age since for samples this young, the
U ages are generally more precise and accurate,

The U-Ph isotopic age of this pegmatite represents the final
stages of solidification of the Polaris complex. The tectonic
significance of the zircon dating is discussed in Chapter 11.

STRUCTURE AND METAMORPHISM

The Polaris complex is contained within a northwest-
trending, southwest-facing and southwest-dipping homo-
cline that represents a fault-bounded slice of Lay Range
assemblage rocks (Harper Ranch Subterrane). High-angle,
northwest-trending faults are well exposed in the northern
and eastern parts of the map arca. They are commonly
marked by schistose zones, crush breccias and quartz-car-
bonate alteration, and cut both the Polaris complex and its
hostrocks. Most of these faults have displacements of un-
known sense and magnitude,

Roofrocks and wallrocks al the ends of the sill, lack a
penetrative foliation. However, country rocks structurally
beneath the complex, especially those adjacent 1o the basal
ductile fault zone, are generally highly schistose or myloni-
tic. The increase in metamorphic grade towards the ul-
tramafic contact, the presence of the regional foliation
within the aureole, and the textural evidence for the local-
ized development of mylonitic fabrics under amphibolite-
grade conditions indicate that deformation occurred while
the intrusion was still hot. Kinematic fabrics indicate that
the Polaris complex has been transported tectonically, to-
gether with its adjacent wallrocks, as an allochthonous
thrust slice emplaced eastwards onto the miogeoclinal mar-
gin of ancestral North America.

The eastward-verging structures in the Lay Range
documented above and previously by Monger (1973) have
counterparts in the Ingenika Group west of the Swannell
fault, where they are represented by an early set of north-
west-plunging, northeast-verging, tight to isoclinal folds
(Bellefontaine, 1989). The Swannell fault is a later, north-
east-dipping, southwest-verging, imbricate thrust zone with
associated drag folds that emplaced variably metamor-
phosed miogeoclinal rocks on Quesnellia (Bellefontaine,
1989). The timing and significance of regional deformation
and metamorphism are examined in Chapeer 11,

ALTERATION AND MINERALIZATION

Fault zones in the Polars complex and Lay Range as-
semblage are commonly affected by quartz-carbonate al-
teration and weather to a bright orange-brown rock locally
enriched in limonite, hematite, goethite and sulphides
(largely pyrite). Alteration of this type develops in faults of
every orientation in every lithology, but appears best devel-
oped in northwesterly and easterly trending fault zones. In
addition to quartz and ferrodolomite, Irvine (1974a) notes
the presence of vesuvianite, and Roots (1954) records ank-

erite and mariposite. Sparse quantities of asbestiform ser-
pentine are restricted to joint surfaces and faults,

The Polaris complex is notably devoid of sulphide min-
eralization. The only sulphides of note are exposed in sev-
eral small reddish brown weathering outcrops of pyroxenitic
rocks in the central part of the complex (Locality 43 in Fig-
ure B.8). Here, net-texiured primary sulphides, largely pyr-
rhotite, form immiscible blebs (up to 25 vol%) in a
medium-grained clinopyroxenite. Disseminated
pyrite occurs locally in homblende-rich ultramafic rocks
and gabbro-dierite in amounts up 1o 2 vol%,

Chromitite is surprisingly sparse for the apparent size
of the dunite mass. For example, in the Tulameen complex,
which is a larger body but has a lower proportion of exposed
dunite, chromitite is much more abundant. Likewise, the
Wrede Creek complex appears to have more chromitite per
square kilometre of exposed dunite than the Polaris intru-
sion. In both of the latter Alaskan-type bodies, PGE are as-
sociated with chromitite. Evidently, the apparent size of the
dunite body is no guide to its chromite or PGE potential
(Chapter 10). Magnetite is confined to the hornblende-bear-
ing ultramafic and gabbroic to dioritic lithologies, but rarely
exceeds 5 to 10 vol% of the rock and is of no economic
significance,

GEOCHEMISTRY

Analytical results for gold, PGE and other elements in
over 130 representative samples of the Polaris complex and
its hostrocks are presented in Table 8.2. Sample localities
are shown in Figures 8.5 and 8.8. Three different analytical
methods were used in two independent laboratories: induc-
tively coupled plasma (ICP) mass spectrometry, Acme Ana-
Iytical Laboratories, Vancouver; instrumental neutron
activation analysis (INAA), Institut National de la Récher-
che Scientifique, Université du Québec; and inductively
coupled plasma emission spectrometry, also Acme Analyti-
cal Laboratories. Accuracy was checked by international
and in-house standards, and analytical precision (and any
nugget effect) monitored by hidden duplicates and internal
standards. All samples were preconcentrated by fire assay
from 30-gram (ICP) or 50-gram (INAA) splits of 200 grams
of rock powder (-200 mesh).

Additional elements analyzed include sulphur, nickel,
chromium, arsenic and antimony. Sulphur is generally low
in abundance, and reaches a maximum value of 4.2 wi% in
a clinopyroxenite (Locality 43, Table 8.2 and Figure 8.8)
that contains net-textured sulphides and has weakly anoma-
lous abundances of platinum and palladium. The only other
sulphur-rich samples of note (=1 wi% sulphur) are gabbro-
diorite and metasedimentary rocks which contain secondary
pyrite and exhibit no ennichment in the noble metals. Nickel
and chromium have relatively high abundances in
ultramafic rocks, but the latter element is particularly sensi-
tive to the abundance of chromite in olivine-rich rocks. The
highest chromium abundances are in chip samples of high-
grade chromitite; the chromitiferous dunites are represented
by composite samples of small chromitite schlieren and host
dunite. Thus, if the PGE are preferentially concentrated in
chromitite, as in the case of the Tulameen complex (St
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TABLE 8.2

ABUNDANCES OF NOBLE METALS AND OTHER ELEMENTS

IN THE POLARIS COMPLEX AND ASSOCIATED ROCKS

Locality Sample Anal, 5§ Ni Cr As Sh Pi Pd BEh Ru He Ir s Au
wi % ppm b
POLARIS COMPLEX
Chromitite and Chremitiferoos Dunite
62  GN-88-1032 1 . . . . ; <l < <1 . - y v <10
62 GMN-H8-1032 r (.02 1500 257955 <10 i), 20 <5 <5 T =0 <5 B.TD 4B <10
66  GMN-88-1039 I - - = x B 49 5 <2 . 5 L . <l
66  GN-88-1039 2 <i{,02 036 102308 <l 0 =020 121 <5 6 X <5 3100 B0 <10
68 GN-88-1053 i - - - - - <l <2 <2 : F . . <l
68  GN-88-1053 i - - . . - <l <2 3 . . . . <l
6H  GN-EE-1053 2 <02 1929 T5107 =1.0 =1, 20 <5 =5 fy I <5 4.50 <3 <00
T1 GMN-BE- 10550 1 - - - = 28 <2 <2 - . - <hi
71 GM-88- 10558 1= - - T2 5 P 4 ) 1 <0
71 GN-EB-1035B 2 =0.02 1870 6470 <10 <0 75 <5 1" 45 <5 BEOD 510 <D
76  GN-BB-1058A ) - - - <l <2 <2 . i}
76 GN-BB-1058A  1® . - . : - 2 <2 =} . |0
76 GMN-ER- 10588 2 <02 2036 49612 <]l <020 <5 =5 3 L1 <5 T <l < | IF
76 GM-BE-1058B 1 - - . . - 1 <2 <2 . . <)l
76 GN-ER- 10588 2 <02 Py s <|.0 <20 =5 =5 4 =l <5 2 <l < |.Lb
25 GM-EE-1074 1 - - - . - 72 <2 =2 . . < |0
25 GN-BB-1074 2 <(1.02 133 SE402 <1.0 037 . - . ‘ <.
22 GN-EB-1089 1 = - - - - 50 =2 <2 - - - - <0
22 GMN-EE- 1049 4 <0.02 1641 T5803 =1.0 =20 T35 <5 2.l » <5 4300 190 <l b
63  GN-BE-1031 1 : 2 : . : <l <3 <3 7 : | i el 0
63  GN-EB-1031 2 =002 1660 135744 =1.0 <20 <10 <5 T M fi 540 <10 <] .0
69  GMN-BE-1052 1 : 2 . = . <l <2 <} : - - 7 e
69  GN-EB-1052 2 <0.02 2080  135BEOD <O <02 <10 <5 5 =5 <3 93 &0 <1D
36 GN-EE-1069B - - - . - 5 5 <2 . . . . <l
36 GM-BB.1069B  1® . - - . - 3 [ <2 : . . . 0
36 GN-BE-1069B 2 <0102 2178 27235 <. =020 <5 <% ozl <8 i <30 <ld
24 GN-ER-1092 | - - = ¥ . 4 <2 <2 ] : <l
24 GMN-E8-1092 2 <0.02 1896 9311 <1.0 <020 <5 <5 5 <I§ <5 450 <30 <.
61 GN-EB-2050 1 - - - . . <l 4 <2 . - - - 20
1] GiM-EE- 2050 ¥ 4 <0.02 2024 XM45TI 5.0 =03 <10 <5 G [14] <5 (LIR LI 50 <l
37 GMN-EB-2072 1 - - M - = <l 3 <2 A ¥ X - 20
37  GN-BB-2072 2 =002 2467 BOsTI <50 <030 <5 <5 14 12 <5 890 &% <10
46  GMN-BE-2073 1 - - - . - <l <2 <2 : ; i . <|.0
46  GN-BB-2073 2 <002 2652 28022 <50 =030 L] <% 5 =8 <25 450 <30 <I0
44 GMN-BB-2077 1 - - - . . <] Ll <2 . . . . <.
44 ON-88-2077 2 <002 1803 211248 <50 036 <5 <5 120 3 <5 1000 <30 <lo
17 GN-88-2107A | = - - - - 5 =3 <2 - - - . <1.0
17 GMN-88-2107A 2 <0.02 2182 65558 =50 <1 30 <10 =5 3 <15 <5 EN V] 34 <.
21 GN-B8-2113 | - x ; : 2 i «? <l . = : 2 <10
21 GMN-B8-2113 2 .02 2003 41038 <510 <03 <5 <5 [ ] <5 270 1540 <10
10 GN-BB-1145 1 . - - . - <l 2 <2 . . . <1
10 GN-B8-3145 2 <0,02 1929 143079 <50 <03 <D <5 ¥ =15 =% j1l i =l
75 GM-BH-1068 1 - - . - - [ =2 <2 20
75 GN-88-4068 2 <), (2 1821 2618%6 <50 <030 15 <l 5 <If <% 2200 150 <10
5 GN-BE-4098 | - - - . . 2 <32 <l <
5 GMN-BH 4008 2 <02 2181 107468 =510 il 3 <l <5 1 =X <5 200 120 <.
9 GMN-88-4102 1 - . : i . i <l <] < 1.0
9 GN-88-4102 2 <{),03 1974 45594 65 <030 L] <5 4 =M <5 570 44 <l
&  GN-BR-4103 | - - - . - 2 <2 <2 . . <l i
b GM-BH-4103 ¥ | <002 2004 113463 =510 ), 3 18 =4 4 < =5 LELY W4 < |0
Dunite
T2 GN-B8-1084B 1 - 7 ” . = <l <2 <2 : 5 ’ : 20
72 GN-BR-1054B 2 <02 1650 1213 LI 0.25 =5 <5 1 =5 <5 T <30 =<0
Tl GM-BE-1D55A 1 - = = - - <] =2 <2 - - - . <0
T GM-88- 10554 2 <02 pris | 2407 <10 <), 20 rd | <5 <l 26 <h 31X <3 1.1
73 GMN-B8- 10564 | - - - - - [ <2 =2 . - 20
13 GM-B8-1056A 2 <0.02 1986 233% <1.0 <l 2 <10 <5 2 L <5 5,50 15 <]
T4 GM-B8-1057A 1 - - - - - 4 <2 <2 - . . : <] .0
T4 GN-B8-105TA 2 0.02 293 el ) |0 <2 <id <l <l e B 1 igh <30 <10
95 GM-§8-2044 1 3 L i - . <l 3 <3 : <i'D
96 GN-B8-2048A ) - - - . = <| <2 <2 - . . . <10
96 CGMN-BB-2MEA 2 <002 iT23 3635 <50 <030 <5 <15 <l 17T =5 092 <0 <10
19 GM-88-2106 1 - - - - - 5 <2 <} - - = <|.0
19 GM-BR-2 106 2 0.03 2167 9 54 i), 3 <% =5 <] <%« LM <3 <10
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Table 8.2 continded
Locality Sample Anal. 5§ MNi Cr As 5h 5] P Kb Ku  Ke Ir s A
Method w1 % pm b
3 GN-ER-4002a | . - - . - 2 <2 <2 - - - - <l
2 GN-85-40924 2 T 1928 2952 <50 0.3 <5 <5 <l <5 <5 0% <30 <i0
6 GN-BE-GT 1 . - . . E 2 <2 <2 - 20
6 GN-ES-4097 2 <002 2448 28449 <50 <, 30 <5 <5 i =I5 <5 R 1 7 <]l
100 GN-89-6220 3 . - . - - <] <1 [+ . - - . 1220
Oivine Wehrlite and Wehrlile
T3 GMN-E8-1034A | - . - - . =1 <l =1 . - : . <]
T2 GMN-BE-1054A 2 <(L02 2178 3661 <l <020 17 <% . o v R . 0 <30 <D
36 GN-BB-1089A ) . . . . - <] 3 <} - . - - <],
36 GN-EE-1069A 2 <002 2026 3281 <10 <0 <10 <10 <l M <5 e <30 <0
26 GN-B8-1075 1 . . - - - <| <2 <2 - - - - <10
23 OGN-BE-1083A | B = 7 <2 <l 2.0
23 GN-BR-1093A 1% - - - . - 3 <2 <! * * * . o
23 GN-EB-1093a 2 <002 1744 10596 23 il 200 13 <§ 2 <5 <5 RN iz <10
45 GN-BE-2076 1 - - - - - =] <2 3 - - - . <1.0
45 GMN-BE-2076 F 3 =002 2521 ooR6 <50 =130 <1 <5 11 2] =5 6.0 4.8 <1.0
60 GN-B8-4000 1 - - - - - <l <2 <2 . a . . <1.0
60 GMN-EE-4060 2 <02 2025 Q4TED 69 <030 =I5 =5 6 =4d =3 50 0 <10
32 GN-BE-40T0A | - . - E 7 <2 o . . <10
87  GN-89-8143 i 2 <2 <2 30
T3 GN-BB-1DS6B | - - - - - 3 4 «2 . : - <l.0
73 GMN-BR-10568 2 <002 1159 5254 <l <2 <20 <l < 1M <5 16l <3 1.2
30 GN-BER-4080A | B - : - - 2 12 <l - . - - <0
30 GMN-BE-40E0A 2 <00z 1148 2I9E <50 <M 9 12 <l <5 <% % <in <l
7 GM-BE-4107 1 . ; ; . ! <l <2 < ; : ; <1l
7 GMN-ER-10] 2 <002 (I 1764 <50 <0.M <5 <5 <l <ih =5 s <A <lu
1M GN-E9-620] 3 - - - - - 2 <3 [ - E . KRN
90 GMN-89-8134 3 k] <2 <2 <]
Mivine Clinopyroxeniie and Clinopyroxenite
T4 GMN-BR-1DS7B ) . . - - . <] 2 <2 - . . - <l
T4 GN-BE-1057H 2 <002 442 4157 <10 <0} <0 <l <l 3T =5 095 <30  <l0
LS| GN-EE- 1063 | - - - - . <l <2 <2 - - - - <]0
96 GM-BB-2(MBH | - - B - . <1 <l o) . . <10
96  GN-BE-20d8B 2 <002 ERL IE49 <50 <03 <iD <3% I =15 <5 <00 <30 =l0
43 GM-BE- 2009 | - - » - . 45 22 <2 . ! . ] Ad
43 GN-ER-2079 2 424 556 T26 <50 <030 53 25 | 2y [ 327 <30 A2
B8 GN-BE-ala2 1 - - - - - =] <1 <2 <110
64 GN-BE-4052 1 5 £2 <2 <10
67 GN-EE-4063A | . - : - B <| <} <2 - - - <] 0
67 GN-BE-4063A 2 <z 249 1798 <5 43 <5 L] <] <5 <5 <Ll <3 <10
13 GN-BE-40694 1 - - - - . 139 JES <2 ] . Tl
32 GM-EE-40T0B 1 5 ] <2 =10
3 GN-BE-40m3 1 . . . . . 2 T < <]
3 GN-BE-40m3 2 <002 329 2556 <50 <0} <5 <$ <] <I§% <3 0 <u <l
98  GN-ED-TI30 k) . - - . . i <2 <3 . - . . 14.0
98  GN-B9-T131A 3 . . . 4 <2 <2 <10
9 GN-ES-B1T3 3 B - = 50 70 T 13.0
55 GM-E9-9141 3 - - - - <l <3 w2 5.0
52 GN-B9-9146B 3 . . 13 7 <2 B0
D4 GMN-ED-9169B 3 - <] <2 <] <1.0
35 GN-BE-1064 1 . L 1} <2 240
BS  GN-B9-8139 3 = B 9 <l 50
Homnblende Clinopyroxeniie, Clinopyroxene Homblendite and Hornblendiie
48  GMN-BB-1077 1 - : : - : 5 <3 4 20
48 GMN-BE-10T7 2 <002 < 1 50 <150 59 1.5 q L] <l 7 <5 i <3 <0
79 GN-BEE-4031A 1 . . . 1l is =3 =l
79 GMN-BE-4031A 2 =002 25 T2 <50 <10 12 24 1 =% <5 1y <30 <lo
79 GM-ER-4031C 1 . = . . ; <l 5 [ LET]
92 GMN-BE-4(45 I 14 4 =2 <i.0
30 GMN-BR-S0805 1 - - E - . 1 Ity <2 - . 20
A GN-BE-4080H 2 <02 254 6ls =50 =0 ] 4 <l =<l <=5 15 <3 11
111 GN-B9-7143B 3 - - - - - 13 12 wl - . LX)
79 GN-E9-9132B 3 . - - 16 20 =<2 - . 240
79 GN-E9-9132C 3 & B <3 20
82 GN-B9-9167TH 3 48 14 T 1740
57 GOGN-E5-9119A 1 - 5 5 <2 .0
56 GN-B9-92140A 3 - - 11 <2 =2 - 20
i6 GN-89-R133A 3 T ] <2 <}0
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Table 8.2 continued
Locality Sample Anal. 5 Mi Cr As Sb Pi Pd Kh  Hu He Ir LV Au
Method w1 % Ppm P
50 GMN-RR-10808 I - = - 4 <=2 <2 - - 20
83 GN-BE-2040H | - ] 18 <2 . <[.0
Bl GM-B8-2040B 1* . E - . q 5 < - - . . <.
83 OGMN-38-20408B 2 0,44 < |50 <] 50 =40 <13, 30 14 16 <1 17 <5 N - <.l
97 GMN-BR-2045 i - - - - - 3 11 <2 : . . 2 =1.0
97 GN-88-204% 2 <002 <150 S <50 il 30 7 <0 <] 13 <=5 Lid <30 <l.0
3 GN-28-40838 ) . - - : . <1 14 <2 - - e <|.b
38 GM-BE-40B2B 2 <102 167 228 <30 <030 7 13 <l < <8 <O <30 =)h
40 GMN-BE-40RG i - - . . . <| I8 =2 . - . - <.
40 GN-BE-4086 i* - 5 . - . <] 15 <2 <l 0
40  GM-EE-4085 2 02 <50 m? <50 <030 fi 1o <] <5 <5 <0ID <30 =)0
93 GN-E9-8147 3 - - . - . =] =} <2 . - - 20
Gabbroic Rocks
T GM-BB-1050A 1 - - - . - i <3 <2 20
30 GN-88-1080C | - - . * <l <2 <3 H A0
50 ON-88-2004 1 - - - . - 3 8 <F - = - - 10
58 GMN-BE-2094 2 001 <150 154 <50 <1340 7 ] =] 1.1 <5 <10 <30 1.4
SE  ON-88-2105 | - - - . - 3 <2 <2 . - : ; <|.0
58 GN-88-2003 2 <002 <540 255 <50 <030 <5 <5 <] 2 <5 <010 <30 <I0
I8 GN-88-21008B | - - . . 3 r 3 =3 <3 - . . . 1.0
18 GMN-BE-2100EB 2 12 <150 <150 <50 1.20 <5 <5 <| L <5 <0 I <3 iR
I8 GN-88-2100C | - - - - ~ <] <3 <2 ‘ 1.0
I8 GMN-B8-2100C 2 <02 <] 50 LHE] 5.0 .68 <% <5 <l M <% <0 <30 <l
0 GMN-EE-2115 ] - = - . - 4 <2 wl : <|.0
T GN-EE-4030H 1 . 2 20 =2 20
Bl GM-BE-40346 1 - . - . . 2 I <2 4.0
Bl GN-BE-400% 2 <002 <l 50 184 T8 =030 7 11 <l <% <% S0 <30 <O
25  GN-BE-A0T3A | - . : . . <l <2 <} . 4.0
102 GMN-E9-6165 3 - T 7 2 aT0
107 GMN-B9-6195 3 - . B L <2 5500
109 GMN-B9-T164 3 - : + ] L] s 420
108 GN-89-6193B 3 - - + <2 <2 A
112 GMN-E9-9154 3 - . - E L <] 50
B3 GM-BR-20d404 | - . - - 5 I <2 . - . . <] 0
B3 GN-ER-2040A 2 239 <l50 T46 <50 <030 1 14 <l I8 g 014 <0 <l
91 GMN-S8-4034 | - - - . a 5 bl <2 . . - - Q.0
31 GN-88-4072A | = - - - . 5 16 <2 . . = <l
31 GN-BE-2072A 030 <150 216 <50 <030 B 10 <] <% <% <00 <30 <L
2B GN-88-3074 I - - . : s <| 14 =} . . = <lg
30 GN-S8-4089 I - <] [1] <} <l i
T8 OGN-89-9128C 3 - 11 E] <2 o
51 GN-89.9147 i - 2 4 <2 40
B0 GN-B9-914ER 1 - 1 9 <l LR
B GN-29-9148B 1* E 11 9 <2 {1
T8 GM-29-9)2BA 1 o 2 3 <2 BH.0
Homblende-Feldspar Pegmatites and Felsic Dikes
47 GMN-BE-207E 1 - - - . . <l <2 <2 - . . - <l
42 GN-8B-207E 2 (.02 i <150 =50 <030 <5 =4 =l 13 <% <0I0 <30 <10
65 GMN-ER-443D 1 - - - . - 7 <2 <2 . . - - <].0
29 GMN-BE-4073R | - . = = - 2 <2 <2 A - - - <10
19 GN-BE-4073B 2 .05 <150 <150 100 =030 <5 <5 <l <5 <% <l <0 <D
27 GMN-BE-4076 1 - . - . . 2 <z =} . . - <10
41  GN-BB-J85 1 - - . . - <l <2 <3 . . <0
41  GN-BE-4085 3 <0.02 <150 <150 <50 <030 <5 <5 <l B <5 <O <30 =10
108 GMN-B9-6188 3 - . - <l <2 =3 fl1 A1
82 OGN-B9-B123B-2 3 - 2 <2 <2 <10
Bl ON-E9-BI23B-] 3 - 10 4 <3 |0
53 ON-89.91452 3 - 2 <} <2 - <l
54 GN-ARG143 £ <l <} <1 <l
LAY RANGE ASSEMBLAGE
Metnsedimentary and Metavolcaniciastic Rocks
47 GN-88-2083 I - - - - <l fr <2 - <0
49 GN-BE-2088 1 b 3 <2 . . 20
13 GN-BB-2109 | - - . . . <] <2 <2 . . X ] A0k
13 GN-88-2109 2 13z <150 <150 55 <030 <5 <5 ]l <5 <& I <30 .t
11 GN-88-2110 1 - - . - . 3 <2 <2 . . < |0
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Table 8.2 continued
Localty Sample Anal, § M Cr As k1 ] Pd Kh Ru Ke Ir ik Au
Method Wi & b ppb
101 GH-B9-6162A 3 - <l <2 <l LANT]
101 GN-B2-6162B 3 - 2 <2 <2 i
106 GMN-B9-6199 3 9 5 <2 < |1
1 GN-89-6225 3 . 1 5 <l LET!
10 GN-B2-T147A 3 - 9 20 <2 Ty
4 GN-B9-B]55 3 ! 2 <2 =2 12,0
103 GN-BE9-6202 3 = <l 4 «<2 4110
10 GM-E9-T147H 3 - 3 4 =2 50
B9 GMN-E9-B136 k| - =1 4 =2 4.0
79 GN-E9-9132A 13 - <l <3 <2 19.0
B GN-E9-9148A 3 - 2 [ =2 1o
B2 GMN-E9-9167A 13 - - . 4 5 <2 10
Metavolcanic Rocks and Dikes
14 GN-E9-9175A 3 - =1 =2 =2 a0
12 GN-E9-9176 3 - <1 =2 <2 - - . 11.0
77 GH-ES-9126C 3 3 <2 <2 - . 214.0
113 GN-EG-9153A 3 7 [ =2 - - - 0.0
QUARTZ VEINS AND QUARTZ-CARBONATE ALTERATION
16 GN-E8-2101 1 - = a = - <] 3 <2 = . <l
15 GN-B8-2108 1 - - - - - <l <2 <2 - - 10
84 GN-E9-R126 i - - - - 1 <2 <2 - - . . 7.0

Amalytical methods: V=inducrively coupled plaxma mass spectromerry, Acme Laboratories Vancouver; 2= Ingiruotental neatron aolivation, Inabiut

National de la Recherche Scientifi
lirmifs: | ppb for P and Au; 2 pphb
localities are shown on Figures 8.5 and 8.7

Louis ef al., 1986; Chapter 9), and PGE-rich and PGE-de-
pleted chromitites exist, there will be no simple correlation
between the abundance of chromium and PGE in the sample
pﬂpl.‘llﬂliﬂl‘l. The abundances of arsenic and anlimony are
generally low and show no correlation with PGE or gold.

The highest concentration of platinum (735 ppb) is
found in chromitiferous dunite (Locality 22, Figure 8.8) and
is accompanied by small but significant quantities of rho-
dium, ruthenium, ifdium and osmium. Low abundances of
sulphur, arsenic and antimony suggest that the PGE may be
contained as discrete platinum-iron alloys as typifies the
chromitite-PGE association in the Tulameen complex (St
Lowis e al,, 1986; Nixon and Hammack, 1991). The tenor
of platinum in a duplicate analysis is over fourteen times
lower, and is attributed to a nugget effect, which appears to
influence other samples (e.g. GN-88-1039, Locality 66),
Rarely, abundances of iridium and osmium seem anomal-
ously high (e.g. GN-8B-1055B, Locality 71) and may indi-
cate the presence of indium-osmium(-ruthenium?) alloys
which have been documented in other Alaskan-type asso-
ciations (Harris and Cabri, 1973; Cabri and Harris, 1975).
Anomalously high platinum and palladium (200 ppb) occur
in a clinopyroxenite dike in the central part of the complex
(GN-BB-4069A,, Locality 33). In general, palladium remains
near of below detection limits in chromitites and olivine-rich
ultramafic rocks, and increases in abundance in homblende-
bearing gabbroic to dioritic rocks. This behaviour is accom-
panied by a concomitant decrease in the platinum:palladiom
ratio, similar to trends in other Alaskan-type complexes
(Nixon and Hammack, 1991).

, Queber; I=inductively coupled plazma emission specirametry, Acne Laberatores, Vancouver. Delection
Pd and Bh; neutron activalion detection hmits vary with saimple cosmpoartion. *=Duplicate aialving. Sample

Strongly anomalous abundances of gold (100 ppb) oc-
cur in an andesitic dike intruding metasedimentary se-
quences adjacent to a fault zone (Locality 77, Figure 8.5);
in hornblendile at the roof of the complex (Locality 82); and
in dunite near the margin of the intrusion (Locality 100). In
fact, all of the gold anomalies (=20 ppb} are confined to the
extreme northwestern end of the complex. Almost without
exception, they exhibit a strong spatial relationship with in-
trusive contacts, although some are close to faults, and ap-
pear 1o favour mafic lithologies. No correlation is evident
between the abundances of PGE and gold, which is gener-
ally low within the complex, and the few quartz veins and
quartz-carbonate altcration zones sampled are barren. These
data suggest that circulating fluids, possibly driven by con-
vective cooling at the margins of the intrusion, scavenged
gold from Lay Range assemblage rocks and deposited il near
the contacts of the intrusion where mafic rocks may have
acted as a chemical sink. The apparent spatial concentration
of gold anomalies at the northwestern contacts is probably
a reflection of sampling bias.

SUMMARY

The Polaris ultramafic-mafic complex is an instructive
example of an Alaskan-type intrusion. It is one of the largest
(45 km™) of such bodies in British Columbia. Although spec-
tacular mesoscopic layering, such as that found at Duke 1s-
land (Irvine, 1974a), is nowhere developed, relationships
with the country rocks, and between ultramafic and more
differentiated gabbroic to diorite rocks, are well exposed. In
addition, all typical Alaskan-type lithologies are repre-
sented, including dunite, chromitite, wehrlite, olivine cli-
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Figure &.8. Location of geochemical sample sites listed in Table 8.2 (also see Figure B.3), Symbols as in Figure 8.3,

nopyroxenite, clinopyroxenite, hornblende clinopy-
roxenite, homblendite, gabbro-diorite and more leucocratic
pegmatitic phases. Cumulate textures are widespread and
well preserved, and an interesting petrologic feature is the
oecurrence of cumulus and intercumulus phlogopite in early
cumulates (dunite), indicative of relatively potassium-rich
parental magmas. A potentially important economic consid-
eration is the chromitite-PGE association documented from
other Alaskan-type intrusions,

Detailed mapping of the Polaris complex and its envi-
rons has established that the body is a westward-dipping,
westward-facing transgressive sill that intrudes metasedi-
mentary and metavoleanic rocks of the Upper Paleozoic Lay
Range assemblage (Harper Ranch Subterrane) which forms
the basement of Quesnellia. Intrusive contacts at the roof

and marging of the sill are well exposed al the northwestern
end of the complex. Here, minor coeval intrusions of gab-
bro-diorite and homblende clinopyroxenite in the country
rocks mimic the geometry of their larger counterpart. New
U-Pb dates on zircon separates are concordant at 18642 Ma
and establish o late Early Jurassic (early Toarcian) age for
the complex.

The internal stratigraphy of the Polaris complex is well
exposed in cross-section. The lower margin of the sill is
zoned outward over a narrow interval from dunite through
wehrlite and olivine clinopyroxenite to phlogopite-bearing
olivine-homblende clinopyroxenite. Dunite occupies much
of the lower part of the intrusion, and, in a gross sense, is
succeeded upward by thickly stratified wehrlitic cumulates
and clinopyroxenites, homblende-bearing clinopyroxeniles
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and homblendites, and homblende-rich gabbroic 1o dioritic
rocks which are well developed near the roof of the intru-
sion. Contacts between the main lithologic units are sharp
to gradational. On a more local scale, there is evidence for
complex multiple intrusive events between wehrlitic and
pyrexenitic lithologies on the one hand, and between feld-
spathic differentiates and hornblende-rich ultramafic units
on the other, Previously consolidated chromitite layers, and
complex zones of intermixing of wehrlitic and clinopy-
roxenitic rocks, point to syndepositional remobilization of
early cumulates by mass-wasting processes (e.g., slumping
and density flows) which deposited them lower down in the
magma chamber. The widespread remobilization of chromi-
tite concentrations, combined with their scanty occurrence,
do not bode well for commercial exploitation of chromite in
these rocks.

The Polaris complex is contained within a northwest-
trending, westward-dipping homoclinal sequence of well-
bedded country rocks with unambiguous sedimentary
structures that face west. High-angle faults with predomi-
nantly northwesterly and westerly trends transect ultramafic
and country rocks alike. A basal ductile thrust zone exposed
at the eastern margin of the complex exhibits S/C fabrics
which indicate tectonic transport to the east. The complex
has therefore been tectonically uprooted and transported,

together with its hostrocks, as an allochthonous slice, similar
to the structure of rock packages documented in other parts
of the Lay Range. Textural evidence indicates that eastward
transport took place while the aureole was still hot. This
deformation and metamorphism are apparently synchro-
nous with the collision of accreted terranes of the Intermon-
tane Belt, specifically Quesnellia, against the miogeocline
of ancestral North America (Chapter 11).

Lithogeochemical assays for PGE, gold and associated
elements yield some interesting but rather lecalized anoma-
lies. Platinum attains a maximum abundance of 735 ppb in
chromitite-bearing dunite, and is accompanied by minor
irdium and osmium which reach maximum abundances of
88 and 51 ppb, respectively. A sample of clinopyroxenite
yields anomalously high platinum and palladium of 239 and
285 ppb, respectively. The PGE have no apparent cormela-
tion with the abundances of other elements suggesting that
they may be contained as discrete platinum-iron or indiom-
osmium-ruthenium allovs, Gold anomalies (20 w 214 ppb)
show a preference for mafnc lithologies at the margins of the
complex. This suggests that the mafic-ultramafic rocks may
have acted as a chemical trap for mineralizing fluids eircu-
lating adjacent to the intrusion, and that the gold was derived
from the country rocks,
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CHAPTER 9

TULAMEEN COMPLEX

The Tulameen mafic-ultramafic complex (48720°N,
120°50°W) underlies 60 square kilometres of forested ter-
rain centred 23 kilometres due west of Princeton (Figure
9.1). It is the largest and most easily accessible Alaskan-type
intrusion in British Columbia. Historically, the Tulameen
has been the largest producer of platinum in the province,
in the form of impure platinum nuggets (Chapter 10),

Physiographically, the region lies in a transition zone
between the Cascade Mountains to the west and the Interior
Plateau to the east. A paved highway connects Princeton
with the communities of Coalmont and Tulameen where a
network of well-maintained logging roads leads westwarnd
into the intrusion. The Tulameen River road provides access
lo a complete cross-section through the body, intersecting
the central dunite approximately 10 kilometres west of the
village of Tulameen. The area is covered by NTS map sheets
Q2H/7 and 92H/10 at a scale of 1:50 000.

REGIONAL GEOLOGY AND
GEOCHRONOMETRY

The Tulameen complex is situated within the south-
western Intermontane Belt just east of the boundary between
the Quesnel Terrane and Mount Lytton - Eagle Plutonic
Complex, The area lies within a zone of Early Tertiary “tran-
stensional” block faulting related to regional right-lateral
transform motions along the Fraser River - Straight Creck
fault system (Ewing, 1980; Monger, 1985, 1989). The com-
plex has been the subject of detailed geological and
petrological studies by Findlay (1963, 1969) and, more re-
cently, Rublee {1994).

The geologic setting of the Tulameen complex is shown
in Figures 9.1 and 9.2. The mafic-ultramafic rocks are
hosted by metasedimentary and mafic to felsic metavoleanic
lithologies that belong mainly to the western facies of the
Upper Triassic (Camian to lower Noran) Nicola Group
{Preto, 1975, 1979; Price ef al., 1987). Volcanic assem-
blages in the Nicola Group contain calcalkaline and clinopy-
roxene-phyric shoshonitic lavas that evolved during Late
Triassic arc magmatism (Mortimer, 1986). These rocks have
been considered 1o be comagmatic with mafic-ultramafic
rocks of the Tulameen suite (Findlay, 1969). The Tulameen
complex and its hostrocks are unconformably overlain by
termigenous sedimentary and volcanic assemblages of the
Early Tertiary (Eocene) Princeton Group and Miocene pla-
teau basalts.,

Regional structures trend approximately north-north-
west and are characterized by a southwest-dipping foliation
that parallels the eastern margin of, and extends into, the
southern exiension of the Mount Lytion batholith, or Eagle
Plutonic Complex. This zone of deformation has been re-
ferred to as the “Eagle Shear Zone™ by Greig (1992) and is
related to a syn-intrusive Middle to Late Jurassic contrac-
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Figure 9.1. Location and generalized geologic setting of the Tu-
lameen mafic-uliramafic complex in relation io iectonosirati-
graphic terranes (modified afier Kleinspehn, 1985; Wheeler eral..
1991 ).

tional deformation. The Tulameen complex forms an elon-
gate body at the eastern margin of this shear zone concordant
with the regional structural grain.

Previcusly published K-Ar and arMAr dates for
homblendes from the Tulameen complex yield ages of 208
to 196 Ma (Roddick and Farrar, 1971, 1972; McDougall,
1974; dates recaleulated according to the decay constants
recommended by Steiger and Jiger, 1977) or latest Triassic
to Early Jurassic according to the time scale of Harland er
al. (1990). The younger dates have been considered too
young due to loss of radiogenic argon during post-emplace-
ment regional metamorphism, and the older dates a close
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Figure 9.2. Generalized geology of the Tulameen complex (modified afier Findlay, 1963 and Nixon, 1988),

approximation to the age of crystallization of the feldspathic
part of the intrusion. A complex thermal history for the arca
has been confirmed by new K-Ar determinations on the
Mount Lytton - Eagle Plutonic Complex where homblende
and biotite in samples collected near Murphy Lakes at the
eastern margin of the complex (Figure 9.2) yielded highly
discordant dates ranging from 57 to 130 Ma interpreted as
a result of mid-Cretaceous and Early Tertiary thermal events
(Greig, 1989; Greig er al., 1992). A zircon separate from the
same locality gave a U-Pb isotopic age of 15724 Ma (Mid-
dle-Late Jurassic boundary) which was regarded as a mini-

mum age of emplacement for the plutonic complex (Greig,
1989; Greig er al.. 1992). Two further U-Ph zircon determi-
nations for the Mount Lytion Complex have given isolopic
ages of 25045 and 21241 Ma (Friedman and van der Hey-
den, 1992; Parrish and Monger, 1992). A U-Pb zircon date
in the range 204 to 212 Ma (latest Triassic—earliest Jurassic)
for syenodiorite associated with the Tulameen complex was
reported by Rublee and Parrish (1990) and Rublee (1994)
and, taken together with the argon data, provides a good
estimate for the crystallization age of the feldspathic part of
the complex.
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COUNTRY ROCKS

NICOLA GROUP

Rocks of the Nicola Group in the Tulameen region
compnse black, thinly laminated argillites, green and brown
tuffaceous siltstones and lapilli wifs, dark grey-green
aphyric 1o plagioclase-phyric pyroxene andesite and hom-
blende dacite flows, rare aphanitic rhyolites, cherts, chert
breccias and dark grey limestones. All lithologies are re-
gionally metamorphosed to greenschist grade. Chlorite-
muscovite schists with minor biotite are common to the west
of the vltramafic complex and marbles with weakly devel-
oped skamns commonly occur adjacent to the contact with
the Eagle Plutonic Complex. Skam mineralization includes
traces of molybdenite, chalcopyrite, pyrite, covellite,
bornite and chalcoeite(?).

Beyond the norheastern margin of the intrusion, an-
desitic lavas preserve primary flowage features such as ves-
icle trains aligned within the flow foliation, chilled basal
zones overlying baked sedimentary horizons, and basal flow
breceias caught in “squeeze-ups™. The latter two criteria in-
dicate that these lavas are the right way up (Figore 9.2). A
distinctive variety of porphyritic flow contains large (=1 em)
feldspar laths with subtrachytic texture previously referred
1o as “bladed feldspar porphyries™ (Preto, 1975, 1979).

PRINCETON GROUP

The Princeton Group contains sub-greenschist grade li-
thelogies of Eocene age that have been deformed and rotated
by block faulting (Ewing, 1980; Monger, 1985). Rock types
include thinly bedded coal seams and seat earths, hssile
shales yielding plant remains, arkosic sandstones and con-
glomerates, polymictic laharic breccias, biotite rhyolite,
homblende-phyric dacite and locally pillowed olivine basalt
flows and hyaloclastites. The Princeton Group is locally
capped by subhorizontal amygdaloidal basalis of Miocene
age that are unfaulied (Monger, 1985),

MOUNT LYTTON - EAGLE PLUTONIC
COMPLEX

The Mount Lytton-Eagle Plutonic Complex comprnses
foliated to gneissic (syntectonic) tonalite-granodiorite and
vanably deformed (syntectonic to post-tectonic) muscovite
granite. Granodiorite at the eastern margin of the complex
is a medium to coarse-grained rock containing quartz, pla-
gioclase, potassium feldspar and biotite. The granodiorite is
weakly to intensely foliated, cut by quartz veins and locally
encloses amphibolitic schlieren. Mear the contact with Ni-
caola rocks on the Tulameen River road, numerous aplite sills
{=1 m) that are generally concordant with wesiward-dipping
argillites and metasiltstones are probably rooted in the Eagle
pluton. On Britton Creek, unfoliated biotite homblende gra-
nodionte contains randomly oriented xenoliths of amphi-
hole-biotite-chlorite schist derived from adjacent mylonitic
rocks. Recent mapping and K-Ar geochronometry in the re-
gion has identified this granitoid stock as a post-tectonic
intrusion of Early Tertiary (Eocene) age (Greig, 198%). The
age of the Eagle Plutonic Complex is regarded as Middle to
Late Jurassic (Greig, 1989; Greig et al., 1992).

TULAMEEN COMPLEX:

MAFIC-ULTRAMAFIC ROCKS

Comprehensive reports of the geology and economic
mineral occurrences in the Tulameen district are provided
by Camsell (1913} and Rice (1947}, The most complete ac-
counts of the geology and petrology of the ultramafic com-
plex are provided by Findlay (1963, 1969) and Rublee
(1994). The geology of the Tulameen complex is shown on
Map 5 (in pocket) and Figures 9.2 and 9.3. The distribution
of mappable units observed in the field is as determined by
Findlay (1963). However, we have a different view of re-
lationships among some of the principal lithologic units and
regarding the structural evelution of the complex. The prin-
cipal ultramafic and mafic units comprise dunite, olivine
clinopyronenite, hormblende clinopyroxenite, and gabbroic
to dioritie rocks.

DUNITE

Outerops of dunite are restricted to the northern part of
the complex at Grasshopper and Olivine mountains (Figure
9.3). The dunite is medium o dark grey where fresh, buff-
weathering and well jointed. The primary mineralogy con-
sists of forsteritic olivine, accessory chromite and rare
diopsidic augite. Alteration products include serpentine,
carbonate, magnetite and talc. In general, the degree of ser-
pentinization decreases from east (B0 vol% serpentine) to
west [ 209) where the lowest loss on ignition values (<2 wi%
volatiles) are recorded (Findlay, 1963; White, 1987),

CHROMITITE

Concentrations of chrome spinel and massive chromi-
tite appear to be distributed randomily throughout the dunite
as discrete layers, nodular masses, and schlieren up 1o 1 me-
tre long and 6 centimetres wide (Figure 9.3). Chromitite
schlieren are commonly distinguished in outcrop by a pale
alteration halo (0.1 to | cm wide). Associated with the chro-
mite are microscopic grains of platinum minerals (e.g., tu-
lameenite, sperrylite), nickel-iron sulphides {(e.g.,
pentlandite, violarite, bravoite), chalcopyrite and pyrite as
described in detail later (51. Louis er al., 1986; cf. Chapter
10).

OLIVINE CLINOPYROXENITE

The principal outcrops of olivine clinopyroxenite en-
velop the dunite “core™ and extend southwards along the
central part of the complex. In addition, three discrete bodies
of olivine clinopyroxenite that are distinctly elongate along
the regional structural trend are exposed in the northeastern
part of the intrusion. The fresh rock is medium o coarse
grained and has a blotchy green and black appearance due
to partially serpentinized olivine (<20 vol% serpentine) and
deep green clinopyroxene. Sporadic pegmalilic masses con-
tain erystals up to 8 centimetres across and olivine segrega-
tions locally form schlieren,

Breccias within the olivine clinopyroxenile unit are
well exposed in the banks of the Tulameen River near the
western margin of the dunite (Figure 9.3). Angular to
rounded blocks {<0.5 m) of dunite, pyroxenite and interlay-
ered dunite-pyroxenite (Photo 9.1) are enclosed in a ser-
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Photo 9.1. Angular block of layered dunite (Du) - clinopyroxenite
{(Px} in sulphide-rich serpentinized breccia within the westemmost
olivine clinopyroxenite unil exposed in the Tulameen River bed.

pentinized, formerly pyroxene-rich matrix carrying caleite
and disseminated sulphides (largely pyrite). On the eastern
bank, the southern margin of a similar breccia is in contact
with a body of dunite B metres thick which is succeeded
southward by another breccia with clasts that are predomi-
nantly foliated {mylonitized?) gabbro in random onenta-
tion. All observed contacts between breccias and host
pyroxenite dip moderately to steeply (30 to 707) south. The
cause of brecciation is not clear and may involve either tec-
tonic or localized explosive activity.

HORNBLENDE CLINOPYROXENITE

Homblende clinopyroxenite generally occurs at the pe-
riphery of the complex. This unit is continuous along the
western margin of the intrusion but is more irregularly dis-
tributed in the east. The fresh rock is medium o coarse
grained and contains diopsidic augite, hornblende, rela-
tively abundant magnetite and minor biotite, apatite and dis-
seminated sulphides; feldspathic variants are extremely
rare. Medium-grained varieties commonly exhibil mineral
foliations andfor hornblende lineations. Biotite locally
forms coarse books (1 cm) and amphiboles commeonly reach
| to 3 centimelres in size. Accessory biotite and apatite occur
in magnetite-rich layers 6 metres thick, that are poorly ex-
posed in old workings on the southem slopes of Tanglewood
Hill (Eastwood, 1959). Massive magnetite is also found as
schlieren and podiform masses on Lodestone Mountain
{Figure 9.2) and is commonly associated with coarse-
grained homblende and clinopyroxene segregations. This
rudimentary igneous layering generally parallels mineral fo-
liations developed in the region.

MINOR ULTRAMAFIC LITHOLOGIES

Rock types that do not generally form mappable units
include peridotite, clinopyroxenite, homblende olivine ch-
nopyroxenite, hornblendite, “hybrid” rocks and mafic peg-
matile. The latter rock contains large {6 cm) homblende
crystals with interstitial feldspar and usually passes grada-
tionally into finer grained homblendite. Mafic pegmatites
are preferentially distributed near the margins of homblende
clinopyroxenite bodies (Findlay, 1963). Hybrid rocks are
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characterized by gabbroic xenoliths in various stages of as-
similation and generally occur at gabbro-diorite contacts
(Findlay, 1963). However, gabbroic xenoliths are also found
al the summit of Lodestone Mountain,

GABBROIC TO DIORITIC ROCKS

The gabbroic to dioritic rocks were subdivided by Find-
lay (1963) into syenogabbro and syenodiorite. In the ab-
sence of more detailed study, Findlay's nomenclature is
retained here but these rocks might equally well have been
named diorite, monzonile, monzosyenile or variants thereof,
due to the general absence of plagioclase compositions
greater than AnS0 where recognizable (Findlay 1963},

The main mass of syenogabbro is distributed eccentri-
cally on the eastern side of the complex. In the north, gab-
broic rocks are commonly in direct contact with olivine
clinopyroxenite but only rarely lie against dunite. In the
south, well-foliated and/or strongly lineated fine to medium-
grained gabbroic rocks extend southwards across Armastra
Creek but their southern limit is poorly defined, These rocks
were formerly mapped as “Badger gneiss” by Findlay
{1963} who considered them to be contact-metamorphosed
equivalents of the Nicola Group, The syenodiorite is con-
fined to the southeastern margin of the intrusion where it is
unconformably overlain by the Princeton Group.

Essential minerals are plagioclase (andesine), clinopy-
roxene, homblende and potassium feldspar with minor bi-
otite and opaques and accessory apatite and sphene.
Syenodionte s more leucocratic than syenogabbro and con-
tains slightly less caleic plagioclase (Findlay, 1963, 1969).
Textures range from equigranular to foliated and some rocks
exhibit strong mineral elongation. Most gabbroic rocks are
extensively saussuritized and appear various shades of
green; fresh rocks are pale to medium grey or pinkish grey,
depending on the nature and proportion of the feldspar. Sul-
phide-rich homblende-bearing gabbro-diorite {described
below) oceurs as thin units within olivine clinopyroxenite
in the bed of the Tulameen River,

MAGMATIC STRATIGRAPHY:
TULAMEEN RIVER SECTION

An almost continuous stratigraphic section (530 m)
along the Tulameen River, beginning at the eastern margin
of the dunite and passing through olivine clinopyroxenite
into syenogabbro is presented in Figure 9.4, The section is
cut by unfoliated homblende-bearing dacitic and basaltic
dikes, probable feeders for Tertiary lavas in the Princeton
Group and Miocene basalts, and contains faults at the
dunite-pyroxenite and pyroxenite - gabbro-diorite contacts.
Twao thin gabbro-diorite units are also well exposed within
the pyroxenite,

OLIVINE CLINOPYROXENITE

The olivine clinopyroxenite unit is rather massive and
characterized by abundant xenoliths of dunite ranging in
size from a few centimetres o 10 metres or more. Xenoliths
locally contain clinopyroxene megacrysts or crystal clots,
and some of the larger bodies of dunite enclose pyroxenile
xenoliths that appear to have been derived from their host.
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Figure 9.4, Stratigraphic section along the Tulameen River bed at the eastern margin of the dunite (see Figure 9.3 for location).

Phow 9.2, Intricately contorted ribbon-shaped xenolith of dunite
{Du) in olivine clinopyroxenite (Px), Tulameen River section,
Veins of carbonate and serpentine eut both xenolith and host,

Xenolith shapes are diverse: round, wispy, tabular, or dis-
tinctly elongate and contorted; contacts with their py-
roxenite host are planar to irmegular or erenulate (Photo 9.2).
Rarely, dunite and pyroxenite are interlayered and appear o
have behaved as cohesive blocks within the unit. However,
the majority of xenoliths preserve features that suggest that
they were deformed while hot and still eapable of plastic
deformation. The origin of these textures is probably related
0 episodic slumping of dunite-pyroxenite layered cumu-
lates deposited elsewhere in the intrusion and emplaced at
their present location by mass flowage down the cumulate

slope.

GABBRO-DIORITE

Homblende-bearing gabbro-diorite units within the oli-
vine clinopyroxenite each contain three medium-grained
subunits comprising a lower and upper layered sequence
separated by gabbro-diorite breccia. Contacts with the oli-
vine clinopyroxenite are sharp and depositional. The layered

Photo 9.3, Reverse modal grading (R) of plagioclase and amphi-
bole crystals in layered gabbro-diorite within olivine clinopy-
roxenite, Tulameen River section. Levcogabbro-leucodiorite
segregation velnlets (V) are injected parallel to, and across, the
layering.

gabbro-diorite units preserve a wealth of sedimentary fea-
tures including modal grading of plagioclase and ferromag-
nesian phenocrysts (largely amphibole) in which the density
grading may be normal or reverse in different layers (Photo
9.3); and erosional unconformities which transect earlier
layers (Photo 9.4). The latter features consistently indicate
that stratigraphic tops face west lowards the dunite “core”,
The brececiated layers contain rounded to angular gabbro-
diorite blocks enclosed in a uniform gabbro-diorite meso-
stasis that may be slightly more leucocratic or melanocratic
than the majority of the blocks. Most of the above features
may be related to the action of magmatic convection cur-
rents or mass wasting of previously erystallized comulates.
Both gabbro-diorite units are enriched in sulphides which
appear to be concentrated in the upper layered gabbro-dio-
rite subunit.

)
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Photo 9.4, Layered homblende-bearing gabbro-diorite, Tulameen
River section. Note erosional truncation of layering (E) indicating
stratigraphic tops face right (upstream) or west.

Photo 9.5, Segregation vein (V) of leucogabbro-levcodiorite cut-
ting base of layered gabbro-dioriie (G), underlying olivine clinopy-
roxcnite unit (Px) and an intermediate uralitized zone (1). Note
diffuse margins of vein in gabbro-diorite and shamp contacts in
pyroxenile.

A prominent feature of the gabbro subunits is the pres-
ence of levcogabbro-levcodionite veins and stringers con-
taining acicular “quench™ amphiboles, These veins crosscut
and parallel the layering for short distances, and locally tran-
sect both the upper and lower contacts with the pyroxenite.
Where this occurs, many veins that have diffuse marging in
the gabbro-diorite form sharp contacts with the pyroxenite
{Photo 9.5). These textural and mineralogical features indi-
cate that lewcocratic vein material formed when trapped in-
tercumulus liquids migrated out of gabbro cumulates.
Migration of intercumulus liquids in this case may well have
been promoted by rapid loading of the cumulate pile caused
by sudden deposition of cumulates from dunite-pyroxenite
density fMlows.

CONTACT RELATIONSHIPS

NICOLA - ULTRAMAFIC ROCKS

Evidence of intrusion into the Nicola Group is rare.
However, such relationships have been observed 0.5 kilo-
metre south of Blakebumn Creek. near the gabbro-ultramafic
contact, where rafts of Nicola metasedimentary rocks are
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intruded by gabbro and homblendite, and in mafic pegma-
tite, exposed in logging cuts on the westem slopes of Grass-
hopper Mountain, which contains angular xenoliths (<40 cm
across) of homblende dacite derived from Nicola wallrocks.

GABBROIC - ULTRAMAFIC ROCKS

Relationships between gabbroic and ultramafic rocks
are complex. Intrusive breccias with a net-veined texture
comprising gabbroie blocks set in a homblende clinopy-
roxenite - homblendite mesostasis were observed al several
Iocalities. In Newton Creek, thin (<15 ¢m) homblende cli-
nopyroxenite dikes intrude gabbro and both are crosscut by
lencocratic gabbroic stringers (1 em). In the Tulameen
River, gabbro-diorite is interlayered with olivine clinopy-
roxenite and Findlay (1963) noted gabbroic dikes cutting
homblende clinopyroxenite, These relationships point to
more than one episode of gabbro-diorite crystallization as
opposed to remobilization of previously solidified gabhros
(Findlay, 1969).

DUNITE - OLIVINE CLINOPYROXENITE

Thin (<20 cm) olivine clinopyroxenite dikes cul dunite
on the southern flank of Olivine Mountain and north of the
summit of Grasshopper Mountain near the dunite-py-
roxenite contact. In addition, pyroxenite veins a few centi-
metres in width eccur in clinopyroxene-bearing duniie
exposed in the Tulameen River below the confluence with
Britton Creek. These veins exhibit postemplacement
boudinage and may represent clinopyroxene-rich intercu-
mulus liguids that segregated and migrated through hot
dunite at the brittle-ductile transition,

OLIVINE CLINOPYROXENITE -
HORNBLENDE CLINOPYROXENITE

The only contact between homblende clinopyroxenile
and olivine clinopyroxenite examined in detail was tha
which crosses the Tulameen River near the western margin
of the complex. Here, homblende clinopyroxenite with peg-
maltitic masses of homblende, clinopyroxene, biotite and
magnelite grades into a medium to coarse-grained olivine
clinopyroxenite cut locally by thin (<8 e¢m) dikes of finer
grained pyroxenite.

SUMMARY OF CONTACT REIATIONSHIPS

Findlay (1963, 1969) concluded from his observations
of contact relationships that the gabbroic and ultramafic
parts of the complex represented two separate intrusions, an
early gabbroic-dioritic mass invaded by an ultramafic body
in which dunite was the last unit emplaced. One oulerap in
the Tulameen River section that was used to support intru-
sion of dunite into olivine clinopyroxenite has been re-in-
terpreted in this study as representing the products of
magmatic debris Mows that incorporated partly consolidated
dunite-pyroxenite layered cumulate sequences. These rela-
tionships, and the oceurrence of pyroxenite dikes cutting
dunite, suggest that the dunite crystallized prior 1o the py-
roxenites. The main body of gabbroic rocks to the east may
largely predate emplacement of the ultramafic rocks, al-
though localized gradational contacts are observed. Thin se-
gquences of gabbro-diorite cumulates interlayered with

75



British Columbia

&)
Murphy L i?'"r
| W= 2o e
J‘:-':.un BE e,
R =g
.'f-."-
/

Ta

Fatiolion Inelinsd. verBieahs o

Minar fold owxis, plunge, 20, , 7“."':._.[
dip of axial plane......ccrersrnioneis . _f'.::.'#
Bedding (laps known, 80,70 4;1.
inglinad; lops unknown)....... -

3™

Mineral lineotion, plunge.. i

] +

Kilpmulias

Figure 9.5, Representative measurements of structural fabrics in the Nicola Group and Tulameen uliramafic complex.

76 Geological Survey Branch



olivine clinopyroxenite, and gabbroic dikes cutting hom-
blende clinopyroxenite point 1o a protracted history of gab-
bro-diorite crystallization involving more than one influx of
parental magma.

STRUCTURE

Structural data for the Tulameen complex and its hos-
trocks are given in Figure 9.5,

REGIONAL FOLIATION

A penctrative foliation, generally striking north-north-
west and dipping steeply to the west, is especially pro-
nounced in Micola metasedimentary rocks and is also
evident in the Mount Lytton-Eagle Plutonic Complex and
mafic-ultramafic units of the Tulameen complex (Figure
9.5). Within the Nicola Growp, the foliation is parallel to
bedding and axial planar to eastward-verging minor isocli-
nal folds in thinly laminated argillites, uffaceous siltstones
and crosscutting quartz veins, The axes of these folds plunge
gently (5 1o 207) to the north. Structures related to this phase
of deformation are exposed on the Tulameen River road at
the contact of the Eagle granodiorite and Nicola Group,
Apophyses of granodionte that intrude Nicola marbles are
boudinaged and folded about axes lying within the plane of
the regional foliation (Photo 9.6). These structures lie at the
eastern margin of the Eagle Shear Zone, a ductile zone of
Middle to Late Jurassic contractional deformation with east-
ward-verging regional kinematie indicators (Greig, 1992).

CHROMITITE SCHLIEREN

The distribution and structural controls of chromitite in
the Tulameen complex have important economic implica-
tions. Extensive areas of dunite exhibit a weak 1o strong
foliation that is variable in attitude but gencrally steeply in-
clined (Figure 9.4). Chromitite schlieren are locally oriented
within the foliation and serve as structural indicators for
strain within the dunite. The schlieren are generally 0.5 1o 2
centimetres in width and 5 to 25 centimetres long. The most
notable concentrations of chromitite were seen on the south-
ern flanks of Grasshopper Mountain. Boudinaged chromi-

Photo 9.6. Boudinaged and tightly folded dikes of Mount Lytton-
Esgle granodiorite (G) penetrating thinly bedded, skarmed marbles
(M} and mica schists of the Micola Group. Nicola schistosity is
axial planar to folded dikes.
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tite layers and tight to isoclinal minor folds have been ob-
served, as well as peculiar “ring structures™ that may repre-
sent cross-sections through domical folds (Photo 9.7). Some
of these structures are associated with the development of
the foliation; other folds clearly postdate this fabric (Photo
9.8). In the latier case, the foliation is emphasized by mi-
caceous alteration products (serpentine and talc) and serpen-
tine veinlets have been folded. Evidently, the latter phases
of ductile deformation took place at temperatures below the
upper thermal stability limit of serpentine (<500°C).
Although data are sparse, there appears to be no con-
centric arrangement of either the foliation or chromitite
schlieren within the dunite that might be expected during
emplacement of a erystal mush (Findlay, 1963, 1969). How-
ever, there is some indication that radical changes in the
attitude of the fabric are related to faulting, such as the
change from northerly to predominantly easterly dipping
structures across a north-trending fault bisecting Grasshop-
per Mountain (Figure 9.3). Despite these complexities, iso-
clinal folds in chromitite schlieren and the layer-parallel
foliation within the dunite mimic structural elements in the
country rocks. It seems reasonable to equate the locally
penetrative fabric of the dunite with the regional foliation,
Chromitite schlieren within the dunite presumably represent
vestiges of formerly much more extensive cumulate layers,

-

. Y
. 5
S -'.‘
Photo 9.7, Chromitite layers {Cr) exhibiting ring structure (R}
or “condom™ fold in dunite, Grasshopper Mouniain
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Photo 9.8, Hinge zone of rare minor fold in strongly folisted
serpentinized dunite, Tulameen River road. Serpentine veinlets
{5p) lying within the foliation predate this folding event.

Photo 9.9. Tightly folded mylonitized gabbro-diorite at the north-
wesiern extremity of the complex, west of Grasshopper Mountain.

BRITTLE AND DUCTILE FAULTS

High-angle faulis are well exposed in the Tulameen
River section (Figure 9.3). The eastern margin of the dunite
is sheared and locally contains a cataclastic breccia com-
prising rounded dunite fragments set in a serpentinized ma-
trix. A major high-angle fault at the contact between the
major units of olivine clinopyroxenite and gabbroic rocks
in the bed of the Tulameen River is marked by a mylonite
zone 3.5 metres wide containing sheared quartz veins and
disseminated pyrite. The gabbroic rocks near the fault zone
are heavily saussuntized, locally pyritic, cut by veins of po-
tassium feldspar, and rarely preserve primary cumulate lay-
ering. An unfoliated mafie dike intruding the mylonite zone
confirms that ductile faulting was pre-Eocene.

All of the contacts between the Tulameen complex and
Micola Group observed in the field, with the few exceptions
noted earlier, are ductily sheared or faulted. A package of
strongly schistose 1o mylonitic rocks is distinguished at the
northwestern margin of the complex (Figures 9.2 and 9.3),
Phyllites, chlorite-muscovite-biotitezamphibole schists and
mylonites characterized by well-developed flaser texiures
and amphibole augen are all represented. Contacts between
the mylonitic rocks and Micola Group are gradational and
marked by increasing degrees of ductile strain whereas the
uliramafic contact appears more sharply defined by faults.
In a logging cut on the western side of Grasshopper Moun-
tain, foliated gabbros with intense mineral elongation, schis-
tose layers and quariz rodding have been tightly folded
about minor fold axes plunging up to 45 west-northwest
{Photo 9.9). These rocks were onginally mapped by Find-
lay (1963) as part of the Micola, but they clearly include
retrograde bodies of homblende clinopyroxenite and gab-
bro. The margin of the intrusion in this area is interpreted 1o
represent a ductile shear zone that has subsequently under-
gone folding and faulting. A thin (2 m wide) shear zone with
a similarly complex history occurs in homblende clinopy-
roxenite about 100 metres south of the summit of Lodestone
Mountain.

Al the eastern margin of the complex, northeast of
Grasshopper Mountain, metre-wide pods of homblendite
are imbricated with Nicola volcanic breccias along heavily
chloritized high-angle shear zones. The attitude of the con-
tact and the planar fabric in rocks sl this boundary com-
monly appears concordant with the regional foliation,
Farther south along the same shear zone, at Olivine Creek,
the intensity of mineral elongation lineations in Nicola tuffs
and minor gabbroie intrusions increases dramatically to-
wards the contact, In general, lineations due to rodding and
mineral streaking developed at the margins and locally
within the intrusion are gently 1o moderately plunging (10
tor 35%) to the northwest (Figure 9.5). Examination of kine-
matic indicators in the field suggests that major north-north-
west-trending high-angle faults bounding the complex. and
some fault zones within the complex, have a dextral com-
ponent of motion (Rublee, 1994,

Brittle deformation of the Tulameen complex is com-
monly related to northeasterly to casterly trending high-an-
gle faults manifested by zones of intense brecciation, clay
fault gouge, quartz and carbonate veining, and manganese-
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stained slickensided fault surfaces. Brecciated dunite 1s well
exposed near the mouth of Britton Creek. Fragments are
subangular to well rounded and cemented by coarsely crys-
talline serpentine {amtigorite?) and finely comminuted
dunite. The hreccia is tectonic in origin and localized by a
northeast-trending fault along the Tulameen River (Figure
9.3). A high-angle fault at the northem termination of the
complex has caused extensive brecciation of all exposed li-
thologies including Tertiary dikes. Slickensides along the
fault plane indicate a vertical component of motion.

MINERALIZATION AND
GEOCHEMISTRY

The distribution and mineralogy of the PGE in bedrock
and placer occurrences in the Tulameen district are treated
in detail in Chapter 10, Newly discovered and previously
recognized sulphide localities are shown in Figure 9.3. The
miost notable new showings occur in thin gabbro-diorite
units within olivine clinopyroxenite in the Tulameen River
section (Figure 9.4). Here, sulphides, predominantly pyrite,
are disseminated throughout the rock and locally line frac-
tures. All of these sulphides are confined to the heavily saus-
suritized gabbroic rocks and appear to be secondary in
origin.

Analyses of PGE and other metals in 100 lithogeo-
chemical samples from the Tulameen complex and Nicola
Group are presented in Table 2.1. Sample locations are
given in Appendix C and shown in Figure 9.6, Four geo-
chemical laboratories were used and three different analyti-
cal methods, including instrumental neutron activation,
inductively coupled plasma mass spectrometry and atomic
absorption with a graphite furnace finish (see footnotes in
Table 9.1}, The highest abundances of PGE are found in
chromitites and reach a maximum of 17.5 ppm platinum,
430 ppb iridium and 140 ppb rhodium in sample GN-87-40,
Chromitites enriched in PGE contain low palladium (82 ppb
or less) and are characterized by very high PUPd ratios. Gold
abundances are uniformly low apart from a single anoma-
lous homblende clinopyroxenite (102 ppb, Table 9.1). A
distinct feature of the data is the large vanation in the abun-
dances of P1, Pd and Au in different splits of the same sam-
ple, These variations appear much too large to be attributed
to differences in analytical technigues or errors alone, and
point to sample inhomogeneily caused by the presence of
discrete platinum-group minerals (PGM). These minerals
and the geochemical signatures they create are treated more
fully in Chapter 10.

SUMMARY: STRUCTURAL AND
EMPLACEMENT HISTORY

The Tulameen mafic-ultramafic complex records a pro-
longed and complex history of locally penetrative ductile
and brittle deformation. Greenschist-grade assemblages
prevalent in the Nicola Group east of the complex increase
1o amphibolite grade in the wesl as the contact with the
Mount Lytion - Eagle Plutonic Complex is approached, The
oldest structures recognized in both the Tulameen complex
and host-rocks of the Nicola Group are a westward-dipping

layer-paralle] foliation and associated northwest-plunging
minor isoclinal folds. These data are consistent with a Mid-
dle 1o Late Jurassic phase of eastward-verging contractional
deformation{Greig, 1992; Greig er al., 1992). Adjacent to
the Tulameen complex, however, we have been unable to
demonstrate any large-scale recumbent stratigraphy. Major
ductile shear zones or faults oriented along the strike of the
complex were indeed active prior to Early Tertiary intrusion
of granitic stocks and dikes. Faulting in the Tulameen River
section involving imbrication by thrusting or folding may
partly explain the intricate repetition of clinopyroxenite and
gabbro units in the northeastern and southern parts of the
complex. Kinematic indicators within mylonitic fabrics in
ductile faults at the margins of the complex provide evi-
dence for a dextral sense of shear (Rublee, 1994). These fault
movements may be related w early motion along the Fraser
- Straight Creek fault system (Monger, 1985) but, unfortu-
nately, the magnitude of displacement is unknown, North-
casterly and easterly trending cross faults are related to a
Tertiary “transtensional” structural regime prevalent at this
time in the southwestern Intermontane Belt (Monger, 1985).

Evidence for folding and thrusting of the Nicola Group
by mid-Cretacenus time i found in the Cache Creek - Ash-
croft area. Here, Travers (1978, 1982) documented stroc-
tural elements in Nicola and Ashcroft strata that are
remarkably similar to those described above in the Tu-
lameen region. Furthermore, he demonstrated the presence
of large-scale recumbent folding and easterly directed
thrusting in response to eastward overthrusting of the Cache
Creek Terrane on Quesnellia. Using these data, Monger
(1985) speculatively linked the eastern boundary of the
southern Mount Lytton - Eagle Plutonie Complex with its
southwest-dipping gneissosity and adjacent concordant
schist belt (Micola Group) with the castward-verging struc-
tures near Asherofi. Our interpretation of the structure of the
Tulameen complex and Nicola host-rocks is consistent with
Monger's speculation that the two regions represent differ-
ent structural levels of the same fold and thrust package.

Findlay (1963, 1969) interpreted ultramafic rocks of the
Tulameen complex as reflecting an original igneous zona-
tion formed in a “proto-stratiform™ laccolith-like body in the
order dunite, olivine clinopyroxenite, homblende clinopy-
roxenite, The zonal configuration of units expressed in out-
crop was formed subsequently during forceful emplacement
of the dunite layer (or “core™), intruded as a partly consoli-
dated crystal mush into the overlying pyroxenites {or
“shell”). The dunite provided a “piston-like” locus of stress
for deformation and tilting of overlying gabbroic and sur-
rounding country rocks. Crystallization and emplacement
were regarded as partly synchronous with regional deforma-
tion of Upper Triassic Nicola rocks in order to explain the
lack of well-developed cumulate layering within the com-
plex.

Uncertainties regarding the structural evolution of the
Tulameen complex and the paucity of intrusive contacts pre-
cludes any firm assessment of original intrusion geometry,
although a sill-like body modified by faulting appears rea-
sonable. Gradational contacts among pyroxenile units (es-
pecially in the western half of the complex), interlayered
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TABLE 9.1
ABUNDANCES OF NOBLE METALS AND OTHER ELEMENTS IN THE
TULAMEEN COMPLEX AND ASSOCIATED ROCKS

Locality  Sample Anal, e Cu Zn Mi Cr As Sh Pt Pd Eh Ko Ir Os Au
Method — wi% ——— mm ppb
Chromitite and Chromitiferous Dunile
26 GM-B7-28 1 - - - - - - . 2600 100 130 ] 4.1 in 110
6 GM-87-28 4 2100 - <500 BE4 4367 15 04 3070 <IS (0O 430 130 <3 33
4 G -#7-29A 1 . - - - - 29.0 =5 20 <5 1.7 =2 =05
M GN-87-29A 4 g5 - <500 1231 TS =1 <02 600 550 20 <5 45 <3 <]
bt GN-BT-29B 1 - . - - - - 200 50 EO <5 10 <2 1.9
4 GMN-87-20H 4 I - <500 1235 25378 <1 07 M0 1130 50 <5 230 <3 22
22 GMN-ET-30 3 - 4 40 1300 - 0 10 1.1 <0s - . - g 24
n CGiN-87-30 i . - - - " . “ 76 =01 - - - - o7
n Cib-B7-30 4 oo - <5 1418 5752 =1 =02 160 720 <] == 21 < 21
3 GM-E7-32 2 - 18 B3 387 . 40 <05 1350 <05 - - - - ie
i GN-87-32 3 - - - - . < B4 <01 . . - - 1.3
23 GN-K7-32 4 B - 1695 1253 261110 4.1 0% <30 <30 1.0 37D 760 6.0 e
2 GN-E7-32* 3 - - " - = - - 116 <l - - - - 2.1
12 GN-87-33 2 - % &7 396 - 20 <05 20600 56 - . . - 124
32 GN-§7-13 3 - - . - - - - 5020 26 - - - - 03
32 GMN-87-33 4 2300 - 1126 by 233322 3] 04 13160 <3 140 <% 210 14.0 13
3 ON-87-34 2 - ¥ % 882 - 18 70 NS0 &2 - - & 4 29
13 GH-ET-M 3 - - - - - - - BOED 64 - - - . 1.1
EE GN-E7-34 4 100 - =500 926 20039 <1 05 7490 E2D 3D <5 17 <3 e
r GM-£7-35 2 - 8 125 Bl6 - 0 10 20 21 - - - . 94
2 GM-87-35 3 - - - . - - . M20 16 . . " . 1.2
n CGiM-87-35 4 1700 - =500 1053 48334 <) 03 MBEO < 80 170 150 =1 25
15 GMN-87-36 1 . - . - - - - 60 160 <l <5 03 =2 0.5
15 GMN-BT-36 2 3 41 1600 40 L0 <] <05 = . - - 22
15 GN-B7-36 3 - - - - - - LB bl - - - . 0.4
14 GN-B7-37 1 - - - . E - 1300.0 70 160 100 17.0 70 9.5
14 GM-R7-37 2 - 5 13 11043 20 20 24450 AR - - - - 1.9
14 GM-87-37 3 - - . . . - N0 R . . . - 19
I GN-8T7-34 | - . . - - - <79 < 20 <5 &2 <2 <05
18 GN-B7-38 2 5 27 1500 - 20 05 68 <05 - - - . 4.5
18 GN-ET-38 3 “ - + - - . - 28 <01 - . . . 0.1
20 GMN-E7-40 | . . - s = - 130000 4000 1400 <20 4300 2370 170
20 GM-E7-40 2 1] &0 150 - 10 30175410 712 - - - - 552
20 GN-857-40 k| - - - - . - G860 649 - - - - o |
20 GMN-87-4) | - - - - - - 41.0 =5 <] <5 05 <2 1.5
0 GMN-§7-41 2 2 2 100 s <l 06 666 22 - i : A 0.7
m GMN-87-4) 3 . . - - - - 160 <] - - - - <1
44 GN-ET-H0 1 - . . . - s 57.0 <5 <1 <5 03 <2 1.5
44 GM-ET-H0 4 13.00 Eati i} Lol 2292 A5 09 B8O 18D 20 <5 o7 <3 1.7
1] GM-E7-146 1 - - - - + - - 2500.0 S0 M0 <10 170 B0 25
10 CGN-ET-146 2 - ] 46 878 10 A0 ¥9740 T3 - - - 23
1] GM-H7- 146 k) - - - . - - - J1890 234 - . - - R
(L] GM-87-147 1 - - - . - - 56000 TS50 560 <5 140.0 20.0 210
L] GMN-87-147 2 i ) 105 20 30 19530 SER - - - - 26.8
1% GN-87-147 i - - - . - - - 55110 467 - - - - e
1% (IN-BT-147 4 220 - 681 T 135605 260 1.0 EMED <3 TOD <15 230 500 400
19 GMN-BET-147% 3 - - - . - - 53300 395 - - - - 153
20 GM-87-148 1 - . - - 53000 120 870 500 X200 250 150
20 GN-HT. 148 3 s s s 3 = 2 - 4720 193 - - . - 189
0 CiN-HT7-148 4 1700 - <500 1062 108330 <1 5B TI9B0 <15 680 <20 MTO 480D 230
M GN-87-150 | . 2 5 : F . - B0 BO 110 390 65 an 1.7
14 GMN-87-159 2 7 T8 110 - 20 <05 10730 250 " o - - 58
M GN-B7-159 i - - - - . E3TD 64 - <]
£ GMN-ET-159* 3 - - - - - 1067.0 T.6 - - .1
T2 GN-ET- 166+ 2 9 ] 129 10 30 4500 21 - 43
&1
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Tabde 9.1 conitreed
Locality  Sample Anal Fe Cu &n M Cr As Sh M Pd Rh Ru Ir O A
B Method w1 ppm_—— ppb
Drunite
1 GMN-87-10 2 4 s 2 - 160 05 47 <05 - - . . 29
e} GN-87-10 i . . i - . . . 50 <] - - - - <0, ]
Ff GN-BT-10 4 A0 - <500 136 497 <1 <02 170 130 20 < <l <3 16
9 GN-ET-11A iz - i 520 1200 - 30 20 71 <S = - - - 6
29 GN-E7-11A 3 - - . . - - - T8 <l - - - . 03
9 GN-87-11A 4 £ - <500 1134 1971 =1 iy <5 430 <] G600 1.3 <3 1.8
') GM-87-118 | - . - - - - - < 140 <] <5 [ <2 42
Ey') GMN-87-11B 4 1.0 <5 1 1K6 1382 219 0.2 <2} - 1o 560 07 =3 <]
30 GM-87-12 1 - = - . . . - 180 170 <1 <5 04 <3 1.1
30 GN-BT-12 4 1200 - i) L 1825 1.7 0.3 GO0 460 <1 120 6 <] 22
15 GMN-ET-24 2 11 4 045 - 9.0 1.0 4200 33 - - - - A7
15 GM-87-24 3 . - - - - - . 1060 <. - - - - <01
as GN-27-24 4 880 - <500 1036 136 350 04 1000 570 <l 420 09 <3 33
41 GN-87-48 | - - - - - - - 530 160 <1 <5 02 <2 0.7
41 GMN-8T7-48 4 T.ED . Sy 0 e 27 1.3 a7.0 =5 =] = 04 <3 =]
n GN-E7-51 2 ] 91 10 - e Lo 614 215 - - - - .
37 GN-87-51 3 - - - - - . - 1.8 <0l - - - - .1
w GN-87-51 4 080 <500 1798 2873 <1 =02 180 B0 20 <5 1.2 <3 <]
43 GN-37-79 | . - - - - . . <5 <5 =] < 05 <2 0.6
43 CiMN-ET-T0 2 i 16 LR - L0 06 2130 [LE:] - . . - 5.1
43 GN-8T7-79 3 - . . - - - 1750 <] = - o - =11
ab GMN-B7.86 1 ® - - 40,00 <5 <] iy n2 <2 19
46 GN-E7-Bh 2 - 5 42 BAT - 40 20 90E 0y - - - . 30
46 GM-87-B6 3 - - - . . . . 1160 09 - - - - <iL]
B2 GN-B7-1T7 | - - . - 40.0 <5 =1 <5 02 <2 1.5
"2 COMN-ET-177 2 s 73 R3S . 250 20 83 <05 - - - 37
82 GN-87-177 3 . . : = . - - S - i - - . - 02
52 GN-87-1T7 4 L <500 1036 <100 Mo 13 270 90 <] < 0 <3 1.2
Serpentinite
18 GM-§7-39 1 F; s a . - g . <& <5 10 < 02 <2 1.1
I8 GN-87-19 4 530 - <500 L3RG o 12 14 <5 410 =] =20 <0l <3 <]
Dlivine Clinopyroxenile
48 GN-87-77 1 " . - - - - - 1200 <5 <] < [l 120 1LE
a8 GN-ET-T7 4 12000 B L=l 1] 591 L2 L 1 13 1170 190 1.0 <5 0.2 14.0 =]
47 GMN-B7-84 1 - . . - . . - 150.0 <5 <l <5« <2 4
47 GN-87-84 2 & 21 201 - 10 =05 1900 232 - - - - 13
47 GMN-87-84 3 " - - - - 66,0 04 - - - . 05
47 GMN-87.84* k| - - - - - . 632 09 - . - - 0.4
7 CN-ET-143 2 4 3] ki) - 50 07 69 05 - - - - 458
7 GM-E7-143 3 - . - - - . 0.7 0z - - . - <Ll
T GN-E7-143 4 7.10 <500 2 Tis 44 04 70 340 <l =5 il <3 <]
] GM-BT7-144 2 - 2 46 B - 10 <0§ 567 o7 = . - - 92
B GMN-87- 144 3 - - - . . 450 04 - - - - 1.2
B GM-87-144 4 .30 <% Lt 200 <) 03 enn 520 20 <5 0.5 <3 1.3
L) GN-B7-145 4 - 3 75 i ] LD s 32 4.7 - - . - a6
9 GM-87-145 3 . . - - . - a7 25 - " . . 1.2
9 ON-BT-145 4 1900 - <S50 <] <00 <] 03 <5 20 <] <5 <] <3 =]
3 GM-ET-160 1 - - - - - - 210 <5 <] =5 <] <2 L7
11 GN-BT-160 L 3,600 - 580 218 20T <l 03 < <5 <l <3 <.l <3 =]
25 GiM-HT7-163 1 - - - - - - - iz 50 <] <5 18] <2 0y
25 GM-87-161 4 9,90 - <500 DRE 2% 11 =02 ELY) =5 <] 240 0.2 <} <l
T3 GN-87-167 2 - 3 i ] 210 - 20 <05 Bl <% - = - - i6
3 GM-B7-167 3 . - - - - - 15 <l " . . E <fl.1
FE] GN-87-167 4 400 Ealil 30 1432 <1 <02 190 <15 <] =5 02 <3 1.6
74 GN-ET7-168 1 - - - - - - - <5 <5 <l <5 o] =2 34
T4 GN-BT-168 4 650 - <50 189 1580 14 02 100 <10 <l <5 <Dl =3 21
Gieological Survey Branch
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Table @1 continued
Locality - Sample Anal Fe Cu I N Cr As  5h 5! Pd Rh  Ru Ir O Au
Method w1 & ppm : ppb

75 GMN-ET-1TD 4 63 - <500 20 1592 36 02 80 450 <1 no o2 =3 4.1
75 GM-87-1T0* k] - - . - - - - T3 <0l - - - - L5
% GMN-B71-1T4 | - . . - - - - 7.0 <5 <] <5 =l =2 19
i GN-87-174 2 15 24 g2 - 1o 09 134 1.5 - - - E3
T GMN-87-174 i - . - - - - - 91 =01 - - - - 06
L GMN-87-174 4 00 - <300 EX 1214 <1 D4 <) =30 <] <) <] =3 24
80 GM-B7-175 i - . - . . - - T.0 =5 <] <5 02 <2 26
EO GN-BT-175 2 - 11 127 145 - 1.0 <05 1.0 24 - - . = i3
20 GN-87-175 3 - - - - - - - 9 1.8 - . . - 3.6
B0 GM-87-178 4 .20 - <500 <100 1182 <1 <02 =5 430 <| <5 0.z =3 5
g3 GMN-87-179 i o E : = - z - RO <5 <] 5 0l <2 14
13 GN-87-17% 2 E] 19 187 - L0 <05 78 <05 - - 29
33 OMN-ET-179 3 - - - - - - - 56 <] o - - - 0.3
2 GN-ET-179 4 280 <50} s 1208 =<1 <02 <20 <5 <] <M =] <3 26
45 GMN-87-81 1 . - - - - - 530 <5 < <5 03 <2 1.1
43 GMN-87-51 4 430 - <500 <100 425 =1 02 2000 <5 <l < 02 <3 2.2
Homblende Clinopyroxeniie

12 ON-87-7 1 - - - - - - . B0 230 <] <5 D3 <2 0ns
iz ON-E7-7 ) 15m - L1 196 264 <1 D4 600 TED <l 71O 04 =3 1.5
6 GN-E7-22 1 - - - - - . <5 120 =] =5 <l =2 14
36 OM-£7-22 o 560 <500 106 1L | L] <5 190 a0 <5 <.l <1 19
16 GN-87-45 | B . - - - - - 3o 670 =l <5 i <2 1B
[ GMN-§7-45 2 - 269 92 b1 1) <l OR 64 995 - - - - 4.6
I GM-87-45 3 . . - 153 W6 - - - 48
0 GN-§7-73 i y . - - - 4 <5 <5 <1 <5 0l <2 24
0 GN-ET-73 2 7 BS 275 - L LD 1m0 06 - F . =1
S0 GiM-BT7-73 El - - - - - - - 1.B 1.8 - - - - 03
53 GMN-ET-B8 1 - - - - - " - 450 130 <l <5 032 <2 1.3
53 GMN-ET-88 2 - 15 6 30 - 20 <05 1280 80 - - - 100
53 GM-87-B8 3 - - - - - - 67.0 4.3 - - iR
57 GMN-R7-93A 2 - 9 55 0 =05 4.7 0.5 - = 1.2
57 GN-R7-93A 3 - - - - - . - 57 0.4 - - - 13
5 GM-87-93A 4 X200 . B56 <[00 113 < 0.2 120 <15 =l 70 Ol <3 20
il GM-87-97 2 . L B2 6 - Lo <05 =] L& - E 73
(1] GM-B7-97 3 - - - - - - - 15 0.5 - . . - <1
56 GM-ET-101 1 - - - - - . - 160 120 <1 < 01 <2 06
56 GMN-ET-101 4 20 - <500 <100 <100 <1 03 = T T | <5 <0l <3 <1
h2 GN-E7-102A 3 - 7 T2 1o . 20 1190 M3 170 - - - 2
6 GN-B7-102A i - - - - - - - T4 147 - A = ik
62 GMN-87-102A 4 17.00 - <500 13 193 <l 04 5TD 620 <] <5 <] <3 =l
62 CiM-H7-102H 2 - 5 T 120 - 1o 05 179 19 “ - - 135
62 GiM-87-1028 3 . . . . - - - M6 A0 - - - <]
62 GN-B7-102B 4 12.00 <5 ey 438 <1 04 180 BO =] =5 =l <3 =1
55 GM-ET7-114 1 - - - - . - 17.00 50 <] <5 <] 2 0.y
54 GN-ET-117 ! . = = = = - 2.0 <5 =] =5 =0] =2 73
54 ON-ET-117 4 11,0 <500 < <D0 <1 (LR ] 100 0 <] =5 =l =3 13
63 GM-E7-127 | . - - - - - - <9 <5 <] <5 <l <2 o9
63 GM-E7-127 4 1500 - <500 103 166 =l 3 a0 110 =1 il <3 <]
68 GM-87-129 1 - - - - . - . 10 220 <] <5 <l <2 16
68 GN-87-129 z 199 68 102 10 <05 126 160 = - - 9.7
GH GMN-8T-129 | - - - - - - .o 107 - . . 6l
4 GN-87-150 1 . . - . . - <11 <5 <] <5 <0l <2 <5
4 GN-ET-150 4 o.M <50 198 1335 18 <02 20 &0 <i <20 02 <3 21
£ GN-8T-151 1 - - - - - L 180 <k <] <5 02 <2 <fh5
33 GiM-ET-151 i .50 19T 103 el | 0l 180 140 <] <20 03 =3 1.3

&3
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Table 9.1 comtinned
Locality  Sample Anal. ke Cu Zn M Cr As 5h (4 M Eh Ru It s An
= Method w1 % B | — oy ———
Hornblende Clinopyroxenile - Mylonitic
42 GN-87-149 1 L . " - - a 17.0 <5 <l < 03 <l 4.4
42 GN-B7-149 2 - 5 B B3 - 60 10 176 114 - kS |
42 GM-87-149 3 - - - - - B - 1% 9.2 - - - - <kl
Hormblende Clinopyroxendte - Pegmatitic
i GN-87-152 2 5 L1 112 - <l <05 L6 18 - - - - 29
39 GN-87-152 i . 2 - - : ; : .1 o8 . : ¥ 0.7
3% GN-B7-152 4 200 - <500 285 194 1.2 04 40 60 <l < 01 <3 22
Homblendie
5 GN-ET-50 1 - - - - - - - <5 140 <] <5 «l] <2 9
32 GN-HT-00 4 800 - <500 <100 a1 ] . R 0.5 820 310 Ed | =5 ] =3 6.0
63 GMN-B7-126 1 - - - - - - - <5 400 <] <5 02 2 A7
63 GN-87-126 4 19.00 - <50 13 4% 20 03 70 170 <l <5 0. <3 <l
67 GMN-B7-128A 1 - - - - - - - .0 120 <] <5 <.l <2 13
67 GN-B7-138A 4 1400 - 657 48 =i00 45 1D =5 400 <] =5 <.l <3 <]
[ GMN-B7-131 1 - - - - - - - 1.0 140 <] <5 02 <2 0.6
635 GN-ET7-13] 4 2300 <500 <100 =l =1 02 240 =5 =l == 02 <3 <]
Homblendite with Sulphbdes
11 GN-E7-55 1 - - - - - - - =4 50 =1 =5 «ll <2 34
11 GM-87-53 4 900 - 1655 <100 <D0 Bl 05 80 330 <] <5 <l <3 44
Giabbao-Dhomte
Ti GM-§7-3 I - - - - . - <5 <5 < =5 .l <2 1.1
T GN-87-3 Z n ™ 6 20 O3 45 42 . - 4.3
T GMN-87-3 3 - - - - - 43 i4 - - - - =l 1
13 GM-87.9 1 - - - - - - 160 580 | <5 05 <2 [1F]
13 GM-BT-9 2 105 B3 13 - i 10 E3 187 - - - 48
13 GN-ET-9 3 - - - - - - T6 152 - - - - 1.8
5 GiN-BT7-92 1 . - - - - - =3 <5 <1 <5 <01 <2 3.0
3 GN-ET-92 4 150 - <500 <{Dd) <D &0 07 <5 <3 40 <20 <0 =3 28
&1 GN-ET-124 z - 47 89 & - 30 10 41 141 - . o= - &3
il GMN-ET-124 3 - - - - - - - 8 | 9.3 - . - - 0.5
fil GMN-ET-124 -+ 13 - <500 <100 <D0 26 0T =5 9.0 <1 120 <0l =1 i3
il GN-#7-125 1 . . - . - . - g0 190 <1 <5 <0 <2 06
B GN-87-125 4 1500 - 11 =0 <jp 1.9 LD 100 180 =l =5 =] =3 =]
60 GMN-87-130 1 . - - - - - 60 100 =l =5 «fl =2 1.8
] GMN-87-130 4 1000 - <5001 131 <lpp 1.1 05 B0 210 <] <5 <l <3 48
] GN-87-132 1 - . - - - - - <5 <5 =l <5 <l <2 35
L] GN-87-132 2 138 T8 iz - 1.0 =05 =] g - - - 0.8
i GMN-87-132 3 - - - - - - 1.4 4.8 . . " 22
T GM-ET-133 1 - - - - - - <5 30 <1 <5 <l <2 1.6
T GN-BT-133 2 - o] T 16 - 20 0.5 <l 8.9 . - - 4.4
Ty GN-BT-133 3 - - - - - - 1.5 6.5 - - - “ 1.6
T GN-87-172 1 - E E - - - <% <45 =1 <5 «l] =2 7
7 GN-ET-172 i L 106 26 - <l <05 <l <03 e - - - B4
77 GMN-KT-172 3 . - - - - - - 0.2 02 - - - 1.6
Fi GN-KT-172 4 13,00 <500 <100 176 =1 <02 50 220 <] <5 <l 4.0 2.1
TE GN-B7-173 1 E - - . . . - 9.0 <5 =l <5 03 <2 6.1
T8 GN-87-173 2 1o ES 11 1.0 <05 1z 1.9 - - - 54
T GN-R7-173 3 . - = . . . - 16 04 . . 2 il
T8 GMN-87-173 4 760 - <500 L&t 32 14 04 <% M0 <l <M <l <3 5
E6 GN-RT7-182 | . . . - - - <5 <5 <l <5 <l <2 4.1
86 CGiMN-BT7-182 4 920 o11 <[ <l 64 03 < 2o <] <5 =Ll <3 1.4
Geological Survey Branch
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Table .1 continmed
Logality  Sample Amal. Fe Cu In N Cr As 5b Pt Pd Rh Ru Ir O Au
Method  wt % — . . ppb ——
% GN-BT-183 1 - - . - - - < =% =i = 0l ] 52
2% GM-ET-1853 2 H i 283 - 10 <05 <l 24 - . - - 16
28 GM-BT-183 3 . . - - - - - 1.1 =0l - - - - 03
b3 GM-ET-183 4 B < S by 579 <1 €2 < 110 =l < 02 <3 1.7
Homblende Gabbro-Diorite with Sulphides
6 GN-ET-171 1 5 . . ; E " - =5 =5 =] <5 <.l <2 1.7
T6 GN-E7-1T1 4 BaD - <500 1508 B0 18 <2 <5 180 =] =5 =01 <3 i3
g1 ON-87-176 1 ] L - - - - - <5 110 =1 <5 0.2 <2 1.5
8l GN-ET7-176 4 T40 - <S00 263 348 32 <02 <5 590 =} =15 0l <3 1.9
2] GN-ET-180 1 ] E - - - - - <20 =5 =1 <5 ol <2 20
5 ON-E7-180 2 - TR Th 115 - 40 <05 5 0ne . - - - s
T GMN-ET-180 4 B9 - <500 254 407 48 <2 <5 210 <] <35 (0l =3 11
B GN-BT-181 1 - - - - - = . 5 <5 <] =5 ol <2 19
A CiM-E7-181 2 - 20 a5 151 - 1.0 <05 =] =05 - - . - 14
85 GN-E7-181 3 - - - - - - - 27 <01 - - - - 14
&5 GMN-§7-181 4 120 - <500 04 423 12 03 <5 180 <1 190 02 <3 24
Homblende Gabboo - Dhonte (Mylonitic)
67 GMN-27-126C 2 - 145 180 1000 - #0 10 50 107 - - - - 4.2
67 GN-87-128C 3 - = - - - - - 1.6 1.3 - - - - 1.2
67 GMN-R7- 1250 &4 I - <500 240 o <l (U] <5 120 <] <5 ] <3 20
21 GMN-B7-185A 1 - - - B - . <% <5 «<| <5 02 <2 1.2
21 GM-87-1854A 4 760 - <500 ELE ] 3 50 03 <5 140 =1 <5 03 <l io
17 GMN-#7-187 i = = . - - . 110 <5 <l <5 0l <2 2%
17 GMN-87-187 2 - ] 1] .k - 1.0 <05 <] e . - - - 34
17 GM-87-187 3 - - - - - - 32 1.1 - - = - 1.6
" GN-87-187 4 120 - <30 228 166 <l 03 <SS <5 8D <0 02 4 zl
Magnctite
53 GN-87-R7 2 - 4 M0 183 = 10RO 20 4440 183 . - - - 68.1
53 GM-87-87 3 - - - - " . - Mi0 174 . - - - 0y
53 GM-87-87 4 B7.00 684 <100 537 14 <02 IO M40 20 <5 06 30 L5
%8 GMN-87-91H 1 & - B - - - - =5 =5 =1 <=5 il =2 1.9
58 GMN-37-918 2 - 4 g T4 - 250 1.0 2.0 09 - - - - 9.9
58 GMN-87-91H k| - . - - . - - A7 1.1 - - - - 1.7
58 GMN-R7-910 4 ool - <500 1540 e 190 07 <5 350 <l 150 <01 =3 1.9
59 GN-87-103 1 - - . . - - . M40 1o =l <5 <] <2 <0.5
0 GN-E7-103 2 - 15 o2 TED - 1.0 1.0 179 21 - - - - &3
59 GN-87-103 3 - - - - - - - 18,2 1.8 - - - - 0.6
50 GMN-27-102 &4 T - <500 14 439 <] <02 g0 100 =1 =5 <] <31 <]
MNicoda Group Volcanic Rocks
449 GN-87-19 2 fi 34 4 i} 3 05 - - - -
49 GN-87-20 2 k]| 95 3 11 2 05 - - - = -
21 GMN-87-56 2 11 LY {1} 19 i1 05 - - - - -
5 Gil-R7-50 1 87 6E 41 57 1 07 - - - - =
k] GN-87-60 2 1EE 93 52 62 I 03 - - - = - - -
I GMN-87-68 2 298 & E 1) I &1 - * s - . . -
2 GN-87-69 3 aE L.T) i 251 1 0.7 - - - - . - -
4 GMN-87-70 2 151 L] 1] 42 5 L8] - = - - -
6 GN-§7-71 2 0 B 64 161 1 DS . - - .
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Talde 9.1 continued

Analyses of noble metals made on 30y splits of rock powder using fire-assay preconcentration followed by:
1 = Instrumental neutron sctivation (Activation Laborstories Lid., Ancaster, Ontario): E. Holfman, snalyst
2= Alomic absorplion spectrometry - graphite furnace finish {Analytical Laboratories, B.C, Ministry of
Energy. Mincs and Petroleum Resources, Victoria, British Columbin); W, Johnson, snalyst.
3 - Inductively coupbed plasma mass spectrometry (Geochemical Laboratories, Geological Survey of Canada, Ottawa); G.EM. Hall, analyst.
4 - Insrumental neutron activation (Institug Mational de la Recherche Scientifique, Georessounces, Sainte-Foy, Quebeck, M. Bergeron. analyst,

* Duplicate Subsample + Extenavely serpentinized

Samples with As <80 ppm analysed by method 2 were frerun using 0.5 g of rock powder and a hydride extraciion technique; Sh analyses

were done on the same hydride solution.

Detection limits: | ppb for Prand Au: 2 pph for Pd and Rth: newutron activation detection limits vary with sample composition
mhﬂﬁmum:limnhhppﬂﬂufnddnwnmmwsmwij.ﬁ.

dunite-pyroxenite cumulates, and evidence for a common
petrogenetic affiliation (Findlay, 1969), support Findlay's
concept of a single differentiated intrusive body. However,
emplacement of ultramafic units as a high-temperature crys-
tal mush is unlikely to preserve the delicate modal layering
observed in thin gabbroic units within olivine clinopy-
roxenite. In addition, igneous cumulate textures are widely
preserved and tectonite fabrics localized in ductile shear
zones, The general lack of magmatic layering is at least
partly antributable to periodic remobilization and slumping
of cumulate sequences penecontemporaneous with deposi-

tion. Some chromitite schlieren, however, have undergone
tectonic reworking by flowage during serpentinization of
host dunite and regional metamorphism. Moreover, it seems
unlikely that the rise of dense cumulales was triggered by
regional contractional deformation in the Jurassic to Creta-
ceous since crystallization of the feldspathic phases of the
Tulameen complex has been dated as latest Triassic to ear-
liest Jurassic (Rublee, 1994), It is more likely that the
diapiric re-emplacement mechanism for Alaskan-type com-
plexes is invalid, as shown earlier for the Polaris complex

(Chapter B).

Geological Survey Branch
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CHAPTER 10

PLATINUM-GROUP-

ELEMENT MINERALIZATION

Alaskan-type ultramafic-mafic complexes and spa-
tially associated placers are well-known hosts for platinum-
group element (PGE) deposits (e.g., Aldan Shield and Ural
Mountains, USSR Youbdo, Ethiopia; Choco District, Co-
lumbia; and Goodnews Bay, Alaska; ¢f. Cabri, 1981) and
represent one of the most favourable environments for PGE
in the Cordillera (Evenchick er al., 1986; Rublee, 1986). The
PGE typically oceur as a dominant commodity (Cabri,
1981).

Based on mineralogical associations in lode occur-
rences, three subtypes of PGE deposits are recognized
worldwide, all of which contain discrete platinum-group
minerals (PGM) (cf Nixon and Hammack, 1991). The
chromitite-PGE association appears to be the most impor-
tant and widespread; a magnetite-PGE subtype is known
from at least two complexes, Tulameen in British Columbia
and Lower Coon Mountain in northern Califormia (Gray et
al., 1986); and in a newly recognized subtype from Fifield,
Australia, the PGE are associated with clinopyroxenites (Jo-
han et al., 1989). In all three associations, base metal sul-
phides are of little importance.

NOBLE METAL GEOCHEMISTRY OF
ALASKAN-TYPE COMPLEXES

Strongly anomalous abundances of PGE in Alaskan-
type intrusions in British Columbia have been reported pre-
viously from the Tulameen (Findlay, 1963; St Louis ef al.,
1986) and Wrede Creek (Chapter 6) complexes, and less
pronounced anomalies have been detected in the Polaris
complex (Chapter B). Normalized noble metal abundance
patterns for rocks from Alaskan-type complexes in British
Columbia and other magmatic environments are plotted in
Figures 10.1 1o 10.5. In general, Alaskan-type complexes
exhibit a distinctive M-shaped PGE-abundance pattern in
which a number of specific features are evident:

= Chromitites contain the highest absolute abundances of
platinum (and iridium) and have high PUPd ratios. This is
a typical Alaskan-type feature (Cabri, 1981) and reflects
the accumulation of discrete PGM, predominant]y plati-
num-iron alloys, rather than solid solution of PGE in sili-
cates and oxides (St. Lows eral., 1986 ; discussed below]).

# The abundances of PGE are much lower in other rock
?rm. and the abundance of palladium increases with dif-
erentiation, reaching a maximum in pyroxenites. This is
accompanied by a concomitant decrease of the Pu/Pd ratio.

» Gold is penerally uniformly low, although gabbroic to
dioritic rocks at the Johanson Lake and Wrede Creek com-
plexes appear anomalously enriched (Figure 10.3); how-
ever, absolute abundances of gold remain low.

Bullerin 93

. Th;gatlems for magmatic sulphides in the Turnagain
coY Yplex exhibit a fairly smooth enrichment in PGE with
a positive slope (one pattern is notably erratic) culminat-
ing at palladium (Figure 10.4; Nixon er al., 1989). The
relatively low overall abundances of PGE are somewhat
surprising in view of the known affinity of PGE for sul-
phides. As sulphide immiscibility was reached relatively
early in the erystallization history of this intrusion (Clark,
1980, it is probable that the mantle source region was
depleted in PGE.

= Magnetite horizons in hormblende clinopyroxenites of the
Tulameen complex are locally enriched in platinum rela-
tive to the other PGE (Figure 10.1). Although it is possible
that platinum is contained in magnetite solid solutions, the
presence of dispersed PGM cannot be ruled out. This un-
usual feature is a good example of the comparatively rare
magnetite-PGE association (Subtype 2 of Nixon and
Hammack, 1991) and accounts for localized platinum soil
anomalies detected by prospectors over homblende clino-
pyroxenites in some parts of the Tulameen complex.

¢ The M-shaped patterns for Alaskan-type complexes are
guite unigue in comparison to rocks from other geologic
environments. Note that ophiolitic assemblages typically
have Eatltms of opposite slope, and this is also true for
British Columbia ophiolites (Talkington and Watkinson,
1986). The distinctive character of PGE abundances in
Alaskan-type intrusions has imporiant ramifications for
exploration for PGE sits in Cordilleran settings. The
geochemistry of the PGE is reflected in the presence of
discrete PGM as described below,

PLATINUM-GROUP MINERALS IN THE
TULAMEEN COMPLEX AND
ASSOCIATED PLACERS - A CASE STUDY

In southern British Columbia, platinum and gold-bear-
ing placers in the Tulameen-Similkameen river svstems his-
torically have been significant producers of PGE, yielding
an estimated 620 kilograms of impure platinum between
1889 and 1936 (O'Neill and Gunning, 1934; Rice, 1947).
The source of the platinum has been traced to ultramafic
rocks of the Tulameen Alaskan-type complex whereas the
origin of the gold has traditionally been related to a younger
episode of regional vein-type mineralization. According 1o
Rice (1947}, the ratio of alluvial platinum to gold increases
from about 1:4 in the lower reaches of the Tulameen and
Similkameen rivers to about 1:1 in the vicinity of the mafic-
ultramafic complex.

Maodern studies of the Tulameen district have docu-
mented a number of discrete PGM in both placer and lode
oceurrences (e.g., Cabri er al., 1973; Raicevic and Cabri,

1976; St. Louis ef al., 1986). In particular, 51. Louis f al.
identified several species of PGM, including platinum-iron

&7
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Figure 10.1. Range of mantle-normalized noble metal patterns in major rock types ol the Tulameen complex. Normalizing values are
mantle abundances (C1 chondrite x 0.00815) from Bames ¢f al. (1988) given in ppb unless otherwise indicated: Ni, 2000 ppm: Os, 4.2;
Ir, 4.4; Ru, 5.6: Rh, 1.6; P1, 8.3; Pd, 4.4; and Au, 1.2, Inveried iriangles are values below detection limits.
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Figure 10.2. Renge of mantle-normalized noble metal patterns in major rock types of the Polaris complex. Normalizing values and
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Figure 10,4, Range of mantle-normalized metal patlerns in chromitiles and magmatic sulphides of Alaskan-type complexes, Normaliz-
ing values and symbols as in Figure 10,1 except sulphide symbols which distinguish individual samples.
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alloys and platinum antimonides and arsenides. We have
further characterized the speciation and composition of the
PGM and coexisting spinels, silicates and various base met-
al minerals in Tulameen chromitites and associated placer
material using scanning electron microscopy and quantita-
tive electron-microprobe methods. Analytical details are
given in Appendix D. The resulis are described below and
discussed relative to the origin of PGE mineralization in
both lode and placer deposits. These data demonstrate quite
convincingly that in situ PGE mineralization and alluvial
platinum share a common heritage.

CHROMITITE SPECIMENS

Chromitite samples were collected from three different
sites on Grasshopper Mountain in the northern part of the
dunite body (Figures 9.2, 9.3 and 10.6). Previous work by
Mr. D. Bohme, formerly of Newmont Exploration Limited,
had outlined areas of platiniferous chromitite on the south-
em slopes of Grasshopper Mountain, and earlier 5t. Louis
et al. (1986) had documented PGE-rich chromitites in a
northeast-southwest traverse across the summit of the
mountain. In this study, chromitites from Grasshopper
Mountain were resampled as pant of an effort to more thor-
oughly evaluate the PGE potential of Alaskan-type com-
plexes in British Columbia (Nixon, 1990). The abundances
of PGE in well-analyzed platiniferous chromitites are given
in Table 10.1.

The chromitites typically form bulbous or irregular
masses less than 10 centimetres across, or occur as thin, dis-
continvous schlieren 1 1o 4 centimetres wide by up 1o 4 me-
tres in length. The core of these bodies consists of massive
chromite that has indistinct crystal outlines and is locally
crosscut by irregular fractures. The margins of chromitites
contain large (1-2 mm) subhedral to euhedral chromite crys-
tals interspersed with olivine, and exhibit a sharp gradation
into tiny (<20 pm) grains of euhedral spinel (1 vol%) in
enveloping dunite. The margins of some schlieren exhibit
rings of euhedral chromite granules that surround larger
erystals of comulate olivine, similar to tex tures documented
elsewhere (e.g., the Tumagain Alaskan-type complex in
north-central British Columbia; Clark 1975, 1980). The for-
mation of massive chromitite appears to have proceeded by
coalescence of chromite grains of variable size during re-
erystallization and annealing at elevated temperatures in the
manner described by Eales (1987). Disruption and redistri-
bution of chromitite horizons within the dunite appears to
have been accomplished by intermittent slumping and rede-
position of formerly stratified cumulaies at a relatively early
stage of solidification of the magma chamber (Chapter 9).

PLACER NUGGETS

The nuggets were obtained from a variety of sources;
some have been studied previously by Cabri and co-workers
(Cabri er al., 1973; Harris and Cabri, 1973; Cabri and Hey,
1974; Cabri and Feather, 1975; Raicevic and Cabri, 1976).
The samples comprise rounded to subrounded monominer-
alic grains or polymineralic aggregates that reach 7 milli-
metres in diameter and have a metallic luster. The Lincoln
nugget was purchased from a local collector and is named
for the “Lincoln mine”, a former placer operation on the

Tulameen River situated about 0.8 kilometre below the
mouth of Britton Creek (formerly Eagle Creek). The “Hol-
land” nugget was oblained from the Tulameen River by the
late Dr. S. 5. Holland, formerly of the British Columbia De-
partment of Mines (Ministry of Energy, Mines and Petro-
leum Resources). Sample M12410 is a vial of numerous
placer grains obtained from the Royal Ontaro Museum,
Toronto. This material was collected from a site on the Tu-
lameen River believed io be just upstream from the conflu-
ence with Lawless (Bear) Creek (Figure 9.1). Three
relatively large nuggets (M 12410-1, 2, and 3) were selected

for study.

PETROGRAPHY AND MINERALOGY OF
CHROMITITES

Chromitites within the dunite core of the Tulameen
complex contain essential chromiferous spinel and minor,
variably serpentinized olivine. PGE-rich chromitites exhibit
a variety of discrete PGM, the proportion of which, in rep-
licate polished sections, is highly variable and no doubt

TABLE 10.1
ABUNDANCES®* OF PLATINUM-GROUP ELEMENTS
IN CHROMITITES OF THE TULAMEEN COMPLEX

Sumple M Pd Rh KEu Ir O

GNET-146' 2500 5 20 <10 17 ]
GMET-146° 9297 i : . 2 L
GME7-146" 3189 b " . ; :
GMRT-147' 5600 75 56 <5 40 20
GNET-147° 7953 59 : : e
GMET-147 5327 47

GNET-147" 5380 9 {duphﬂ:c lubmnph:]-

GMET-147' B34 <30 70 <18 M3 80

GMET-148' 5300 12 &7 50 20 2%

GMNET-148" 4762 19 . . - -

GNET-148" 7398 <15 68 <20 247 48

Average

chromitile®® 3410 <83 40 e 10 40
(22209 (20 (40) (20}

*Concentrations in ppb - not determined.
Amilyzes made on S0-g splits af rock pevider wring fire-aeeay
pummrmm of noble metaly followed by:

inatrumenial newfron activation (Achivation Laboratories Lul.,
Ancaster, Onrario)
? atomic abrorpiion spectromeiry-graphite furnoce finish {Analyiical
Laboratories, B.C. Minintry of Energy, Mines and Petrolein
Resvurces, Victoria, Britich Columbia)
L inductively coupled plasmg mass speciromeiry (Geochemical
Laboratories, Geological Survey of Conada, Ontawa)
* instrumental newtron aciivation {Institier National de lo Récherche
Sclentifique, Georesrources, Safnte-Foy, Quebec)
== Mean valuwe (standard error of the mean) from 51 Lowis et al, T98G,
Table 4,
Sample locations: GNET-146; 230m NW of Grasshopper Mowniain
susmumit ai 1420 m [Lar, 49°32. 7N, Long, 12P53.9 W) GNET-J47:
seuthern slope of Grazshopper Mowntain af J370m (Lar 4982 TN,
Laong. 120P 34 W) GNET-145: .'-"Wm S3W of Grasshopper Mountain
susrmit i J240m (Lar. 49°32 2N, Long. 120°54° W),
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causes the significant range of PGE abundances noted
above, Both PGE-rich and PGE-poor chromitites contain
minor quantities of base metal sulphides and arsenides, and
trace amounts of native metals and metal oxides. Serpenti-
nization is generally moderately in the dunite
within a few millimetres of the chromitite contact. Chromi-
tite pods are also commonly traversed by hairline fractures
filled with serpentine, chlorite, magnetite, carbonate and mi-
nor base metals and base metal sulphides.

PLATINUM-GROUP MINERALS

The PGE in chromitites are distributed primarily among
Pi-Fe-Ni-Cu alloys, the most common PGM, and geversite,
rhodium-iridium sulpharsenides, sperrylite, plalinian cop-
per, platinum oxide, erlichmanite and laurite, listed in order
of decreasing abundance. The PGM are found as discrete
grains or complex polymineralic intergrowths.

The nomenclature of the Pt-Fe-Ni-Cu alloys is prob-
lematical as there is a lack of data for phase relations in this
system, and even relationships along the Pt-Fe binary join
are imprecisely known (Cabri and Feather, 1975). Identifi-
cation of platinum alloy species requires characierization of
crystal structure as well as phase composition (Cabri and
Feather, 1975} but no x-ray-diffraction data have been ob-
tained due to the small grain size of the PGM. However,
based on stoichiometric considerations and previous work,

we tentatively recognize three species of alloys (Tables
10.2A and B.).

Platinum-iron-nickel-copper alloys, or simply plati-
num alloys, have been positively identified in more than 30
euhedral to subhedral grains (<35 pum), and most are encap-
sulated by chromite (Photos 10.1-10.3). Their compositions
are plotted in Figure 10.7. Most grains plot near the centre
of a triangle bounded by PiFe (letraferroplatinum), Pt2FeCu
(tulameenite) and PizNiFe (ferronickelplatinum) (Figure
10.7D) and are not unlike alloy compositions from other
occurrences worldwide such as Noril'sk, in the former 5o-
viel Union (Genkin and Evstigneeva, 1986) and the former
Onverwacht mine, Transvaal (Cabri er al., 1977). The latter
authors reported on the composition of a tetragonal alloy
approximately midway along the join PtzFeCu-PizNiFe
{PtzFeNigsCuq s; Figure 10.7D) and suggested that it might
represent a nickel and copper-rich variety of tetraferroplat-
inum.

The majority of the grains of Pt-Fe-Ni-Cu alloys ana-
lyzed in chromitites are stoichiometrically close o PuFe,
Ni, Cu), with minor irdium (0.17 - 4.8 wi%), palladium
(<0.53 wt%) and rhodium (<0.57 wi%) substituting for
platinum (Table 10.2A). We tentatively regard this compo-
sition as representative of tetraferroplatinum, even though
significant quantities of nickel (3.4 - 5.9 wt%) and copper
(2.3 - 4.7 wi%) distinguish it from the ideal PtFe

TABLE 10.2A
ELECTRON-MICROPROBE DATA ON PLATINUM ALLOY INCLUSIONS
IN CHROMITITES. TULAMEEN COMPLEX

Weight ped cemt Adsanic Proportions
Amal Tirsen Sire
Mo (pe) L] .} Pd Ir s Fe Cu M %5 Toul Lal L1 Fd Ir__Oh Sum Fe Ca i b Som
1P (Pe, M, O} - ieirafermoplatinem?
| 1ZaX2 R ad nd 046 md J34 47 4] 0¥y b 1007 Ll 1013 Ousld DRSO 0008 O9ET
o 4z e 0N 03N 03 ad 137 32 45 ad W9 Lok 00s 0007 Q03 1031 0.E3 ol o D967
i &xk T2 0 0 03 ad 139 29 43 sd WD L0286 009 007 o LedT DS BIIE one 0953
s éxf T 0 02 017 =d 13 032 47 md TR LOokd 0007 G007 02 100 G608 0932 vl | nesl
3 B3ad T 04 DS 350 md ME A3 AR ad M 0951 00 002 Q048 120 Q677 011 oy 0580
& lGxid 7Y 0% 0% 0 150 md 42 I8 A9 sd A OS4E 0.0 Y oo 0904 OSsd] 001 B2se 1.0
7T Xzl 7 04 0 80 md 133 31 Bd md @7 0¥ 000t ol aoaT 1O 06 01T Do [alp ]
B Exid3 TS 087 O 480 md 47 18 3 nd 90ES 0¥ 004 M2 oDed 1012 083 onn odid 0.5
L] Jxéd TS 03 QI5 0N msd IXT A2 3D 008 B D56s OO0 Q- 0003 003 oedd 013 023y Qoo o9
[i] LE R TdE O4&6 0% O ad 139 I8 5] md WRD 0%s 0003 Q008 0008 1Lo07? ol 0004 0228 [+L 4]
1] Su6 TP 0M 03 140 mnd 139 13 44 ad 760 1Lold ooe 000F OD)w 1Os0  O&% 0093 0bE 5
L Py (Fe, Ni, Cu), , - isnlerraplstinum?
12 Wale EL¥ 06 04 Q&0 02 0% LI L6 md 9937 1440 QO3% QO OO0LE OODDE 2522 130 009 Q2SS 1473
1= 4zl B12 OT5 05 0% ad 015 1 12 ad WM 23530 oo 0 oy 415 L6 ey 0M 1562
Tl Ba® K4 067 Q4% 051 md 1 12 if md #H9 TdMy 00T Odd  OuDES 1306 1020 Q07 opal ]
I35 Wzl §18 08 D48 030 md 112 20 19 mnd 938 1S QO3 QDIs QS AR )21 Qe oiTe 1583
Tt Gul B0 036 050 0 OM md 23 LI 26 md PR 23 GRS QU007 L4 125 Do 02w 1605
i Sal 1] 032 020 ish md N4 0F 12 md SR¥W 147 D30 Duodl Qe LAY 1204 D4 D12 1B
X Py (Fr, Cu, M, 5b), - ulemocaiee?
I Xais 704 md 088 mid mad L L i LY W3S 1915 [LTiLk 1L54T 0315 1062 QUM 0T OS2
9 _10x10 TAR 04 03 029 DI W97 19 md 9ESS  1915 0003 OMN9 0008 0009 1§73 1006 0773 050 zom

ot deienead. R s el deierivl, mivsiesm detrction limite in ot B are: B P Ru 008, O 010 and S 0007, ® and + sooesining adloy
1 Wiah minar hodliawershine i rlicaiy in comsiact with chromite, 2 - Wil ioferroplaninus asd erllchemanile; 4 - Witk isofermplatines, Co-Ni-Fe sulphide and

lLawrire; 3 - With plasinion cogper: 1 -cf 2 14 - With some baurite; 15 - Wk nolaseeadie s plaiinias

copper: 18 - e 4 1B - Winh josss plitindes coppers [0-f

15, Sampie by Ansdvuey |4, [2-16, 1K, 1§ GNET - [468; Analyses 3-8 GNET-1478; Analyses 9-11; GNET- HEA; Analysis | 7: GNET- 1484
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TABLE 10.28
ELECTRON-MICROPROBE DATA ON PLATINUM ALLOYS IN PLACER NUGGETS
Welght per cent Aupinly piugestions
Apul
Ma, 4] Rk P Ir Fe Cu 11 L Testal 1 R Pd Ir Sum Fe Cu MNi  S5b Sam
1. Pr{Fe, Cu, i) - totradferroplatinum?
1 7 063 nd. %] I6.4 46 022 nal 59.34% 08 0ol [l 104 076 o M L1
2, PyFe and Pr2.6(Fe, Cu, Ni) ,; - o irsurs T
2 .0 0a2 oy T 123 085 020 fudl 10024 236 003 00) 21 281 128 o009 002 139
™2 066 018 70 12E 092 021  ad 09T 233 o 00 il 1% 131 a0z Qa2 141
q 0.2 . - mil 21 007 022 o4 T 29 Lk 103 000 Q0 o001 LO7
i B0 . . 23 80 011l 0l mi 9650 287 .08 285 102 000 0Dl U L0
a6 S 3 2 ET 015 009 024 2980 23 007 258 09 001 ool o0 102
3. PgFeCa - hulameenite?
7 699 [T n._d,. [ %] 1.7 I O30 nid G0 Gl 1.8 00 017 203 .07 .58 L0z 1.97

Analyses 1, 2, 3, 7 from MIZ410 mugpet 83; analyses 4, 3, 6 from Hollond mugges. n.d = mor detectod - = not determined; * = Oy mor detected
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Figure 10.7. Plots of compositions of platinum alloys (stom %) that occur in Tulameen chromitites and placer nuggets. A. Alloys plotied
in the Pi-Fe-Cu-Ni tetrahedron, showing ideal compositions of isoferroplatinom (Prafe) and tetraferroplatinum (PiFe). B. Co-Pri-Fe
projection of alloy compositions onto the face of the tetrahedron, C. Ni-Pt-Fe projlection onto base of tetrahedron. D. PrFez-PraCus-PiaNi
equivalent plot of alloy compesitons projected onto the PiFe-PrCu-PiNi plane in the tetrahedron (shown in A ). Note that isoferroplatinum
and tetraferroplatinum occupy the same point in this projection. Tie lines connect coexisting alloys (Analyses 2-13 and 4-16, Table 10.2A).
Compositional data for Tulameen-Similkameenn placer grains taken from Cabri er al. (1973), Table 1), Cabs and Hey (1974, Table 1),
and Cabri and Feather (1975, Table 2). For purposes of these plois, all platinam-group elements are included with PL
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Photo 10.1. Scanning electron microscope {SEM) photomicrographs of PGM in chromitites; A. Subhedral inclosion of tetraferroplat-
inum 73 (et} in chromite (cmi) with a thin, marginal zone of platinian copper (Cu-Pt) next to fracture (GN-1478); B. Euhedral inclusion
of tetraferroplatinum (7) with marginal alieration 1o hollingworthite (hol), Nearby sperrylite (spy) occupies a fracture in host chromite
(GNET-146); C, Anhedral tetraferroplatinam( ) with hollingworthite surrounded by chromite and serpentine (sil). Lighter grey zone &
margin of chromile is area of “fermitchromite”-magnetite (mag) alteration (GNBT-146B); D. Subhedral inclusion ol sperrylite, probably
a psendormorph after platinum alloy, straddling a fracture in chromite lined with “ferritchromite”-magnetite (GNET-146B). Bar scale =

10 pmexcept in B (1 pm)
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Photn 1002, SEM photomicrographs of Pi-Fe alloys in chromitites: A, Euhedral isofermoplaiinumd(?) inclusion in chromite (cmi)
(GMNET-148A ) B, Euhedral isaferroplatinum(?) inchusion (GNET-1468); C. Euhedral composite Pi-Fe alloy with peripheral replacement
by platinisn copper (Cu-Pr) and stiached eubedral Mg-rich chlonte (sil) (GNET-146B); D.Magnification of C showing irregular
intergrowth of mlameenited T) (tul), soferroplatinamd ?) (pt) and platinian copper (Cu-P1). Bar scale = 10 pmexcept in D (1 pm)
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Photo 10.3. SEM image of two aitached cubedml crystals of
platinum alloy hosted by chromite (black) in Tulameen chromitite,
Larger crystal has a core of “tetraferroplatinum™ (dark grey) and
rim of “isoferroplatimum™ (white) in iregular contact with the core.
The smaller crystal seems 1o consist entirely of isoferroplatinum,
probably because the plane of the section traverses the nim of this
crystal (cf. Analyses 2 and 13, Table 10.2A)

stoichiometry. Abundances of osmium and ruthenium are
systematically below detection limits, The atomic propor-
tions of EPGE (49.7-52.5 atom® ) extend to the composition
of a grain of ferroan platinum (ZPGE=52.5%) in Simil-
kimeen placers (grain No. 9, Table 2, Cabri and Feather,
1975). However, platinum alloys in the chromitiles contain
twice as much copper and an order of magnitude more nickel
than ferroan platinum in the placers.

Slight differences are observed among tetraferroplat-
inum compositions from different chromatites, Forexample,
alloy grains in GNE7-147 form a tight grouping in most plots
(Figure 10.7) and are distinguished by a greater abundance
of irdium and marginally higher iron than stoichiometri-
cally similar grains of alloy in chromitite GNET- 146 (Table
10.2A).

Grains of platinum alloy with compositions nearer
Prz2 s(Fe, Ni, Cu)) 5 (60.5-65.6 atom™ PGE) are tentatively
assigned to isoferroplatinum, ideally PtaFe. They contain
smiall amounts of palladium, rhodium and iridium (up o 3.6
wi% ), and one gruin cammies osmium, whereas ruthenium and
antimony are routinely below detection limits (Table
10.2A). Absolute abundances of nicke! and copper are con-
sistently lower in isoferroplatinam than in tetraferroplat-
inum {Table 10.2A, Figures 10.7B and C), and Ny/Cu ratios

Ministry af Employment and fnveatment

are slightly higher in the former species (2.6 versus 1.7 atom
%, respectively),

The majority of the grains of alloy seem to be homoge-
neous in composition. Rarely, coexisting alloys of PtFe, Ni,
Cu) and P12 s{Fe, Ni, Culy s are found within a single grain
(Table 10.2A, Analyses 2-13 and 4- 16 Figare 10.7). In one
case, a cubedral crystal locked in chromite has a core of
tetraferroplatinum surrounded by an irregular im of isofer-
roplatinum (Photo 10.3). As discussed later, this rim may
result from a high-temperature subsolidus reaction rather
than a magmatic overgrowth formed prior to incorporation
within chromite. Grains of relatively nickel and copper-free
alloy of "PiaFe” bulk composition were reported by Johan
ef al., (1989} from primary mineralization in Alaskan-type
intrusions near Fifield, Australia. The latter grains, however,
comprise fine heterogeneous intergrowths of PtaFe and PifFe
that were accounted for by coaling within the miscibility
gap in this part of the Pt-Fe system (¢f. Cabn and Feather,
19735).

Grains of platinum alloy with appreciable iron and cop-
per (and Sb in Analysis 18, Table 10.2A), and formulae that
may be expressed as Pra{Fe, Cu, Ni, Shjz, are tentatively
assigned to tulameenite (PizFeCu). The antimony-rich grain
contains 6.9 wi% antimony versus a maximum of 5.0 wi%
in previously published analyses of ulameenite (Cabri et
al., 1973; Cabri and Hey, 1974). Minor substitution of rho-
dium, palladium, iridium and esmium occurs for platinum.
One composition falls on the PaFeCu-PrzNiFe tie line; the
ather plots within the PrzFeCu-PrzCuNi-Pt2Cuz triangle
(Figure 10.7D). Locally. wlameeniie(?), sccompanied by
platinian copper, forms complex intergrowths with isofer-
roplatinum and has partly replaced the primary euhedral
grainof Pt-Fe-Ni-Cu alloy { Analysis 15, Table 10.2A; Photo
10.2C and D),

Gieversite (PtSh2) is hosted by either chromite or ser-
pentine, and locally occurs at chromite-serpenting conlacts,
where it forms anhedral intergrowths with other PGM (ex-
cluding Pt-Fe-Ni-Cu alloys) and base metal sulphides,
arsenides and antimonides. Geversite has been identified in
fractures, accompanied by serpentine and carbonate (Photo
10.4A and B}, and may form relict cores of compound grains
surrounded by breithaupiite (Phota 10.4C), platinum oxide
(Photo 10.4D) or platinian copper and hollingworthile
(Photo 10.5A). Rarely, geversite occurs as subhedral inclu-
sions in chromite that may represent a pseudomorph after a
P1-Fe-Ni-Cu alloy (Photo 10.4B). One large (30 pm) grain
of geversite contains inclusions of irarsite. Microprobe
analyses (Table 10,.3) confirm rhodium, indium, iron, cop-

TABLE 10.3
ELECTRON-MICROPROBE DATA ON GEVERSITE IN CHROMITITE

Wieight per cenl
Cirain
Anal. Size
Mo, fum} P Rh Ir Fe Cu MNi
10525 429 nd nd 080 025 DIXX H9
Balld 414 024 004 092 ad nd
Exls 429 DB 042 md nsd D53

Lad ol

3.7 nd

oy, o]

1.2 10027 093
554 024 9548 D02

Adomie proporthons
[} Rh Ir Fe Cu N Sum 5
006 002 ol 1.02 1.9
(L) <00 00T 1.00 1.9
W o095 001 ool oung 1.0 1.9

n_;j -.n.n; qi:'mr;.l'mmr.—mu;_dﬂr:'rm IIJ:J:I'I.I'TI in Wt B are: Fe, O J'-'i.'l:kll'_l; RE 00 5 Ax, fr QN2
1. GNET 464 complex polyvmineralic grain with platinkan copper, Ni antimonide and hollingworthite enclosed in magnetire-chromife.

2 GNET- A tn contact with calcite-dolomiie.

1, GNET-14E8A: in breithaugpeite with Proxvide enclosed in serpenfing
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Photo 10.4. SEM photomicrographs of PGM in fraciures and complex multimineralic inlergrowihs in chromitite: A. Fractures in chromite
{emit) filled by serpentine (black) and a platinum antimonide, probably geversite (gv). Note alieration of chromite 1o femmitchromite-mag-
netite (medium grey) along wide fractures at beft (GNB7-148); B. Fissure in chromite filled by geversile (gv) and caleite (ca) adjacent 1o
subhedral geversite grain, probably a pseadomorph after primary platinum alloy in chromite (GNE7-148A); C. Compound zoned grain
of geversite and breithauptite (bip) with a platinum oxide nm enclosed in serpentine (GNAT7-148A); D, Composite grain of predominantly
platinum oxide with relict geversite enclosed in o vein of serpentine in chromite, Thin discontinuous rims of platinian copper {Cu-Pi) and
a nickel amimenide (Mi-5b), probably breithauptite, also are present (GNE7-1488). Bar scale = 10 um
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Photo 10.5. SEM photomicrographs of complex mineral intergrowths; A. Large aliered grain with a core of geversite (gv) summounded by
irregular intergrowths of breithauptite (btp), platinian copper (Cu-Pt) and hollingworthite (hol) filling an imegular fissure in chromite
(emit ) that is marginally altered to <169=ferritchromite< 1 T0=-magnetite (mag) (GNET-146A); B. Complex intergrowth of platinian copper,
nickel antimonide (NI3Sb), nickel arsenide (Ni-As) and nickel sulphide (Ni-5) enclosed by serpentine and magnetite (GNS7-148A); L
Intergrowth of magnetite and platinian copper in serpentine (GNET-148A) D. Two anhedral grams of nabive copper (Cu) in a
carbonate-filled (ca-dol) fracture in chromite (GNET7-14TB). Bar scale = 10 pm except in D (100 pm)
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TABLE 1.4
ELECTRON-MICROPROBE DATA ON PLATINIAN COPPER
IN CHROMITITE AND PLACER NUGGETS

Weighi pereen Al s
Anal. Grun Size
o fam) . . Rh I It Ca F N 5k Tl M Rh d I Cu Fe Mi 5k
i (RS ] e o o - 656 0T b nis A 4 el o« &% enn) [T TTIE i 11
2 Exdd M3 o0 00 - fi% 0% 1w 130 "3 01F <N =00l A1 Dol <00l LT
L] Jal My 0N e o kY 120 DTN 1L.TO R ] 01 kil <0 (1] o 0 LA
4 15 x40 M5 Qo o0 . M AT Ol ik 2% 004 <0l <0 a2 nol [
3 10x 18 M4 DR oom - 2 2 A 1 W a1y =il <hin [i ) nol 0 L1112
& 10423 ol 0% OIK in 480 250 0on ml P0G (e ] a4l <ol ad D7 hod <]
T (1§ B0} 419 03 o4 3n 442 I iR md R 02 okl <O ogy  nnl agd 0ol
¥ ] el 418 nil 0N =d 571 05 owal il A ALY £ 1] A aol
W L3 Y 1] &7 maldl il md 337 O6s  wd il Al a2 i 1] ikl § noy
_!ﬂ S0 HMAE 00 0 04 AR Bsd  md, al W.J_U R _I?:I_! -l'lJ-.l.I'l Ll T’.“.'.“_ lln.ll_ _I:.'_.ﬂ_l_
1. GINET-I48A: in serpentine; 2, GNE7- 1480 with I'r gxide, geversite, serpenting and chromite; 3, GNET-T458; with
Ni-antimonide and irarrite in chromite; 4, GNST- L4584 [ with magsetite in serpeatine; 5, GNET: 146, with Ni-arieaide
i serpenting] 1| berween cheomite pradns; & - 8 MI23N0 megper 830 10 micrometre-wide ring-shaped inclugion
i fudieenife: B amed [0 MI2410, noagger 83 o0 vedalerr bn fulamenile. nal = mod deteciad - = mod detrrmimed
TABLE 10.5
ELECTRON-MICROPROBE DATA ON PLATINUM
OXIDE(T IN CHROMITITE
Wik i ool
P Rl Ir Fe Ca Hi S8 O Toual
kL% 04 092 033 4. 44 26  B6T 10000
76.2-80. 3% 0.59-1.3 3847 3058 110
ﬁ'ﬁ'y H-ll m-ﬁﬂ-ﬂe with plutinian copprr, mickel
ﬂmﬂ-f'j-d.ﬁdﬂmﬁ -i'.-nnnﬁibjnm
magnrie, and rhromite.
TABLE 10.6
ELECTRON-MICROPROBE DATA ON THREE
Ni=-Sh MINERALS IN CHROMITITE
Weight per cent Aloamic proporions
Anal. Grain Size
No,  {gm) Mi Cu Fe Ir Pt Kh  5b Total Ni  Cu e Ir M Kh Sum  Sb
1 $x20 3L 118 0% YO 024 079 478 G063 1.36 (.48 (Lt 0.0 <00 (o2 |99 14
2 Mxeh 310 032 pd md LT 014 659 G 16 0,97 (R 002 <l (KLY 1.1l
3 Tx12 576 02 0686 nd nd nd A0S 90.02 2.9% R (L2 ERL U] 1.
. = mot detecied; minimum detection Hmity in wi. 5 aee: Fe 003 Rb 005 Tr, Pr, Ax 010 Ax war nie detected,
I GNET-J48H: imdetermined (NI Cia)z5h srineral cmpi'uh e rgrown with platimion copper and irarsine enclosed in chromite.
2. GNET-I48A: breithauprite in complex grain with peversite and Pt oxide enclosed in serpentine,
I GNE7-I48A: undetermined NisSk mineral in complex polymineralic grain with platinian copper, andetermined Niarsenide and
wuiphide, surrownded by magnerite which i enclased in serpentine.
TABLE 10.7
ELECTRON-MICROPROBE DATA ON AN
UNUSUAL Ni ARSENIDE IN CHROMITITE
Weight per cent Alomac o
Anal, Grain Size g o
Mo, {jim) Ni Cu Fe AL Sh Total Mi Cu Fe Sum Ax Sh Sam
| 5x& 588 022 4.1 333 32 59.62 647 o2 AT [ 2.87 017 RN
2 10x23 608 037 1.3 M3 1.9 S5ET 6.72 004 o7 6,93 297 10 107

I GNEZ-146A: complexs polymineralic grain with platinian copper, N¥sulphide and siall Pt-Fe atloy gradn in sagnetite. 2, GNET- 1468
complex polvmineralic prain with widetermined NI arrimonide, platinian copper and geversite encloged in magaetite-chromile
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per, nickel and arsenic as minor constituents; in addition,
palladium and ruthenium were reported by St Louis er al.
{1986).

Minerals of the hollingworthite-irarsite (RhAsS-IrAsS)
solid-solution series are also fairly common. Hollingwor-
thite, associated with sperrylite, replaces the rim of platinum
alloy grains in fractured chromite (Photos 10.1B and C).
Hollingworthite and irarsite are also minor constituenis of
composite intergrowths of geversite, breithauptite, platinian
copper, platinum oxide, and nickel arsenides and sulphides
(Photoe 10.5A). Small quantities of platinum, antimony, cop-
per and nickel were detected by qualitative energy-disper-
sion analysis, but owing to small grain size, we cannot rule
out contributions arising from secondary fluorescence of
surmounding minerals,

Sperrvlite (PtAsz) is also found as a fracture filling, to-
gether with serpentine, carbonate and rare hollingworthite
(Photo 10.1B). A subhedral crystal of sperrylite lying on a
fracture in chromile appears to be completely enveloped by
a “ferritchromite™-magnetite alieration zone (Photo 10.1D).
This situation is analogous 1o the one involving geversile
(Photo 10.48) and may also represent replacement of a grain
of primary Pt-Fe-Ni-Cu alloy. Minor amounts of ruthenium,
iron, antimony and sulphur identified by qualitative energy-
dispersion analysis may also be due to secondary Muores-
cence of neighboring minerals. Similar compositions were
obtained by St. Louis et al. (1986), who found sperrylite to
be one of the most abundant PGM in the Grasshopper Moun-
tain chromitites.

Platinian copper forms a minor phase that occurs late
in the paragenctic sequence. It contains up to 36,5 wit% plati-
num and small gquantities of iron (2.1 wi%), nickel (3.7
wiTe ), antimony (23,2 wt%), rthodium and palladium (<0.15
wi% each; Table 10.4). This Cu-Pt alloy replaces pans of
the rim of euhedral platinum alloys in fractured chromite
crystals (Photos 1001A, 10.2C and D), occurs as a thin dis-
continuous overgrowth on composite platinum oxide -
geversite grains (Photos 10,40 and 10.5A), and forms inter-
growths with magnetite and nickel sulphides, arsenides and
antimonides (Photos 10.5B and C). A Cu-P1 alloy with up
to 33 wi% platinum has been reported previously from Thet-
ford Mines (Comrivaux and Laflamme, [990) and Shetland
ophiolites (Prichand et al., 1986), where it also is associated
with PGM-bearing chromitites.

Among the less abundant PGM are single grains of er-
lichmanite (OsS2) and laurite (RuS2), and an undefined
platinum oxide, which forms the largest PGM grain ob-
served to date (150 pwm). The latter phase occurs within a
serpentine-filled fissure in chromite and is associated with
antimonides, nickel oxide(?) and platinian copper, and Jo-
cally ims breithauptite (Photos 10.4C and D). Its composi-
tion is somewhat heterogeneous, with minor variations in
rhodium, irdium, iron (<1.5 wi% each) and copper, nickel
and antimony (2 - 5.5 wi%; Table 10.5). In addition to the
PGM listed above, St Louis er al. (1986) reported native
platinum (Pr-Fe alloy, <20 atom% Fe), stumpflite (PtSb),
and the very rare mineral genkinite [(P1, Pd)aSba), as deter-
mined by qualitative energy-dispersion analyses,

BASE METAL MINERALS

Base metal sulphides, arsenides and antimonides, and
native metals and metal oxides form a minor yet persistent
mineral assemblage in parily serpentinized dunites and
chromitites. These minerals typically occupy veinlets or in-
terstices between chromite grains, textures similar to those
described by St. Louis et al, (1986; Photos 10.4C and D,
10.5A and B). The most widespread sulphide mineral is dis-
seminated pyrite. Nickel sulphides include mallerite or
heazlewoodite and an undetermined Ni-Co-Fe sulphide in-
tergrown with “fermitchromite”-magnetite and serpentine.
Onher nickel-bearing sulphides identified by St. Louis e al.
{1986) are pentlandite, violarite and bravoite. Analyses of
three nickel-antimony minerals, inclueding breithawptite, are
given in Table 10.6. They contain small quantities of plati-
num (<1.7 wi %), thodium (<0.79 wi%) and iridium (up to
7.0 wt'®) in addition to copper (<1 1.8 wi %) and iron (<0.9
wi%). Nickel arsenides include maucherite]{?) and NizAsa
that contains minor copper, iron and antimony (Table 10.7).
Native metal and oxide phases include native copper, iden-
tified in calcivm-magnesium carbonate veinlets (Photo
10.5D), native silver, and copper and nickel oxides.

PETROGRAPHY AND MINERALOGY OF
PLACER NUGGETS

Aspects of the mineralogy of placer nuggets in the Tu-
lameen and Similkameen rivers and their tributaries, and the
PGM in particular, have been documented previously (Cabri
et al., 1973; Harris and Cabri, 1973; Cabri and Hey, 1974,
Cabri and Feather, 1975; Raicevic and Cabri, 1976). De-
scriptions of specific nuggets given below augment these
earlier observations. Results of electron-microprobe analy-
sis of platinum alloys are given in Table 10.2B and plotted
in Figure 10.7.

HOLLAND NUGGET

The Holland nugget is a rounded specimen, 4.5 milli-
meetres in diameter, comprising cumulus chromite and minor
aliving (<] mm) set in a matnx of Pi-Fe alloy, probably
isoferroplatinum, which contains up 1o 2.3 wi% palladiom
(Table 10.2B; Figure 10.7 and Photo 10.6A; see also
Raicevic and Cabri, 1976; Figure 3). A single grain of Laurite
(0.5 mm) is included within the alloy. Osmium, platinum
oxide and very fine intergrowths of tolovkite (IrShS), gever-
site, sperrylite, pentlandite(?) and an undetermined palla-
dium-antimony mineral were also observed. The few
erystals of olivine that are present occur at the rim of the
nugget. Chromite forms euhedral to subhedral grains with
internal fractures and nims altered to magnetite. Magnetite
also forms very fine grined intergrowths in Pi-Fe alloy. The
ratio of chromite+olivine to PGM is approximately 1:1. Ser-
pentine and magnesium-rich chlorite are trace constituents.

LINCOLN NUGGET

The Lincoln nugget (3 x 5§ mm) also conlains euhedral
to subhedral cumulate chromite and olivine, and intercumii-
late Pr-Fe alloy, probably isoferroplatinum. Thin zones of
magnetite separate the chromite crystals from the platinum
alloy which contains relatively coarse intergrowths of mag-
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Photo 10,6, SEM photomicrographs of Holland and Lincoln nuggets. All of the chromite, in both nuggets. has a thin magnetite fim of
variable thickness (10-25 pm) that cannol readily be seen on these photomicrographs. A. Subhedral chromite (cmt) and minor olivine
(oli} included in platinum-iron alloy (white) containing fine intergrowths of magnetite (Holland nugget), B. platinum-iron alloy (white)
with irmegular inlergrowihs of magnetite bordered by chromite and olivine (Lincoln nugget); C. Enlargement of B showing olivine inclusion
(o}, eubedral grain of chlorite (ch) and magnetite inlergrowths in platinum-iron alloy; D. Enlargement of B showing an inclusion of
fwwrite (L) in platinum-iron alloy near the contact with chromite-olivine. Bar scale = | mm in A-B, 100 pm in C-I3,

Geological Survey Branch



netite that are particularly well developed adjacent to chro-
mile (Photo 10.6B; see also Raicevic and Cabn, 1976, Fig-
ure 4). Inclusions of laurite and euhedral chlorite, possibly
pseudomorphous after phlogopite, are also observed (Pho-
tos 10L.6B-D). A single lath of osmium (25 x 100 pym} in
Pt-Fe alloy was reporied by Harms and Cabri (1973), and a
few small inclusions of genkinite were also observed (not
reported previously). Oxide alieration producis of chromite
are identical in composition to the magnetite intergrowths
in P1-Fe alloy (Table 10.8),

MI2Z410 NUGGETS

Mugget | is a medivm-size (3 x 4 mm) specimen com-
prising mainly Pt-Fe alloy (isoferroplatinum?) carrying gen-
erally line-grained intergrowths of iridivm (<5 to 20 x 20
pm}, very thin laths of osminm, and minor laurite (Photo
10.7). Chromite is a subordinate constituent, forming sub-
hedral to cuhedral crystals and grain aggregates (<1 mm},
Magnetite forms an intergrowth with Pi-Fe alloy and is a
persistent alteration product of chromite, This nugget is par-
ticularly well endowed with a diverse assemblage of pn-
mary and secondary silicate inclusions (Photo 10.7D and
desenbed below),

Nugget 2 is the smallest (2 x 4 mm) of the three nuggets.
It consists of Pt-Fe alloy (probably isoferroplatinum) with
numerous fine-grained intergrowths of indium, generally
less than 5 pm in size, but reaching 20 x 100 pm, Chromite
(=1 mm} is a minor constituent and locally exhibits enhedral

TABLE 100.8
ELECTRON-MICROPROBE DATA ON MAGNETITE
IN PLATINUM NUGGETS

Anal, Mo 1 P 1 4 5
il = .26 027

T} . !

Al - .
Craihy E. | (Lel== - 2=
Fes0i U 682 Lo BH. 6 .
el 285 283 8.7 8.2 28.E
Ml 018 (IR 1] 25 ]
MgD 15 1.4 1.4 1.7 1.1
Fotl 04 i g% Uy G 4502 R

Canons per 32 Oxygen Alomis

S LLR L0 [LRCR

5]

Al

Cr b2 154 292
e 15.791 15.846 15, %40 15834 15.70%
™ 7313 7,304 7.390 7240 7417
bn (07 (047 {065 0O7TE
Mg IeRT 644 (643 DTTE 0505
" Culewkared assuming ideal storchiometr

Ll Part af the Crz0 reported coudd be due io [Tuorescence from the
shirreiinding ohroim e
aarl ilelerminied

1-2:  Lincelr nugeer, magneliie rim on chronnite;

14 Lincole nugger, magnesite infergrowth o Pi-Fe allory

5 Holland augpet. mageetile Fu on chiosmile
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margins immed by magnetite. No silicate minerals were
ohserved.

Mugget 3 is the largest specimen (4 x 7 mm) and com-
prises approximately 50 vol% subhedral chromite embed-
ded in 2 matrix of platinum alloy comprising principally
tulameenite with minor isoferroplatinum(?)
P2 o(Fe,Cu,Ni)1 4] and rare tetraferroplatinum(?)
[Pr{Fe.Cu,Ni), Photo 10.8]. The latter two alloys contain ap-
proximately 0.9 and 4.6 wi% copper, respectively, and simi-
lar amounts of iridium (6.5 - 7.0 wit%; Table 10.2B; Figure
10.7). Other PGM include fine-grained iridium (generally
<5 pum in size, but reaching 30 x 40 pm) and thin laths of
osmium set in platinum alloy, [n addition, platinian copper
with up 1o 44.7 wi% platinum and 8.6 wi% iridivm is inter-
grown with magnetite and forms veinlets within, and rims
around, wlameenite (Table 10.4; Photo 10.8D). Subhedral
cumulate olivine and a variety of other silicate minerals en-
closed in chromite and platinum alloy have also been iden-
tified (deseribed below),

PIATINUM-GROUP MINERALS IN
BEDROCK VERSUS PLACERS

The species of PGM in chromitites and placer deposits
of the Tulameen region and their relative frequency are
listed in Table 10,9, These data represent an important first
step in an evaluation of the potential source(s) of PGE min-
eralization in the placers.

The principal PGM in both chromitites and placer nug-
gets are Pt-Fe-Cu-Ni alloys. However, the most abundant
alloy species in chromitites is tetraferroplatinum
| Pt Fe,Ni,Cu)}], closely followed by “isoferroplatinum™
[Ptz s(Fe Ni,Cu)1.5], whereas “isoferroplatinum™
[Pr2.s(FeCuNits 1o PraFe], native and ferrcan platinum
predominate in the placers (Raicevic and Cabn, 1976). In
addition, geversite, sperrylite and rhodivm-iridium sul-
pharsenides appear in greater abundance in the chromitites.
Phases present in the placers yel apparently lacking in the
chromitites include Ru-Ir-Os and Pi-Ir alloys, coopente,
tslovkite and an unnamed rhodivm-antimony-sulphur min-
eral.

When all of the analytical data for Pt-Fe-Cu-Ni alloys
are considered, it is clear that there is a considerable range
of solid solutions {Figure 10.7), Except for a nickeloan va-
riety of tulameenite(?), placer alloys are depleted in nickel
relative to those in chromitites (Figures, 10.7C and [3), but
have a similar range of copper abundances (Figure 10.7B).
Isoferroplatinum compositions in chromitiles occupy the
platinum-poor end of a continuous range of essentially Pt-Fe
alloys thm extend to native platinum, and a small composi-
tional gap separates isoferroplatinum from tetraferroplat-
inum.

The mineralogical and compositional discrepancies be-
tween the PGM in chromitites and placers are perhaps not
as striking as certain differences in grain size and texiure.
Platinum alloys in nuggets attain millimetre-scale dimen-
sions and poikilitically enclose large primocrysts of chro-
mite and olivine. In contrast, grains in the chromitites rarely
exceed 30 pm across and are almost invariably enclosed in
chromite, We note that the larger nuggets were obtained

103



British Columbia

Photo 10.7. SEM photomicrographs of M 12410 nugget 1: A. Low-magnification image of variably pitted surface of <16%=knobby=<170>
nugget: B. High-magnification image of area outlined in A, showing irregular surface detail of platinum-iron alloy; C. Back-scatiered
electron image of A, clearly showlng the chromite (dark grey) in the platinum-iron alloy matrix (white); D. Cross-section of nugge!
showing platinum-iron alloy with inclusions of laurite {lau), chromite (cmt) and very fine grained magnetite concentrated around chromite
grains; arrows show the location of silicate inclusions that were analyzed {(of. Inclusion No., Table 10,12, except Inclusion 6 which is an
intergrowth of magnetite, chlorite anid clinopyroxene). Bar scale = | mm except B (10 pm),
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Photo 10.8. SEM photomicrographs of M12410 nugget 3: A. Low-magnification image of irmegular surface features of nuggel; B.
Back-scatiered electron image, clearly distinguishing chromite (dark grey) from platinum alloy {(while) comprised mainly of mlameenite,
minor isoferroplatinum{?) and rare tetrafermoplatinum(?); C. Cross section of nugget showing subhedral chromite (cmi) set in matrix of
platinum alloy: D. Enlargement of area outlined in C showing chromite snd olivine (oli) in contact with tolameenite (twl), which is veined
and rimmed by platinian copper (light grey). Bar scale = | mm except in D (100 pm).

Bullerin 93 105



British Columbia

TABLE 10.9

PLATINUM-GROUP MINERALS IN TULAMEEN CHROMITITES VERSUS PLACERS
Minesal Ieal Formula Minor Constiluents Cheomtites' Placers’ Ref
COperiie Pis Pd., Ni - K f
Cu-P1 alioy (Cu, P1) Pd, Rh, Fe, Ni, Sb xx x 1
erlichmanite 2 P, Pd, Bh, br X % I.6
genkimite (1, PduShy Rh, 5 x Y I.4
gevensite PiSby Rh, Ir, Fe, Cu, Ni, As 131 X 1.6
hallingwornhite Rl AaS) P1. P, Rh, O, Ru, Sb, Cu, Ni. Co an L 1.4, 8
IFHrSilE Series
iridium Ir Pd, Rh, Os, Ru, Fe, Cu, Ni - ] 5
iridoxmine” i, Irj M, Pd, Rh, Ru, Fe, Cu, Ni - 113 .8
isoferroplatinem Pule P, Rh, Ir, Os, Cuo, Ni, Sh (XXX} PER S 1.2.6
kotulskile® PdTe I, 5b, Ba - (] fn
Laurine Rus: Rh. Ir, Os i i I.b
ocamiridinm”" {lr. D) P, Bh, Ru, Fe, Cu, Ni - i 1.5
aEmium O P Pl Rh. Ir, Ru, Fe, Cu, Ni - A 5
platinindiom ™" ilr, P} 04, R, Fe, Cu, MNi . 5 7
platimem, ferroan P, Fel=20al % Fe I, Cux, N - KRR 2.6
platinuem, native (P, Fers80 m. % P Pd, I, Fe, Cu, Ni i uLn 2.6
platinum oxide P, 07 Rh, Ir, Fe, Cu, Ni, 5h % i
F1-Fe-Cu-Ni alloys®* 1. Fe, Cu, Ni) Pd, Bk, Ir, Sh AL L i
ruthenindosmine B, O, Ir) P, P, Rh, Fe, Ca, Mi - 5
sperrylite PlAs: Pal, Mi, Ris, Fe, 5h, 5 L 1.4, 6
stumpilite PiShb Pd. Ru ] - 4
letraferroplatinum Pl Pl Rh I, Cus, M, 5 {axx) A |
todovkie*=* 1r5hS Rh, As N 36
nilamecnite PizFeCu Pl Rh, Ir, O, Ni, 5h s A% 1,3
unnamed Rh3b5 RhSbS Po Ir, As . K 36

* found ar incluxions in one grain of gold; not derived from the Tulameen wltramafic comples.

*® gee dext for nomencliure, ** *Originally reporied ar wenamed eSS (6L Uiing the aowenclonire
af Harris and Cabed (1991 ); + = osmbiun, ++ = ifdium; #++ = pq'.::mumn iricfinama
Frequency: xox = mog conpnan; ©8 = comumon, ¥ = infregquent jo rare; (tix) = probably présent in

P Fe-Ca-Wi alloys bt not confirmed by XED,

x References: |, This study; 2. Cabri & Feather (1975); 3. Cabiri et al, (1973); 4, 5. Lowts e al, | 1986);
5. Harrly & Cabri (1973); 6. Ratvevic & Cabel (197685 7. Cabed & Hey | 1974),

from placers near the eastern margin of the ultramafic com-
plex, whereas material collected farther downstream typi-
cally occurs as fine Makes (-150 mesh; Raicevic and Cabri,
1976). We believe that these differences are best explained
by inadequate sampling or complete erosion of high-grade
lode occurmences. For example, the ncher and more exten-
sively exploited platinum deposits of the Urals contain size-
able concentrations of Pt-Fe alloys in bedrock, with textures
maiching the coarse infergrowths involving chromite and
olivine in placer nuggets (¢f Dupare and Tikonowitch,
1920; Cabri and Genkin, 1991).

CHEMISTRY OF CHROMITE AND
SILICATE MINERALS

Analyses were done on selected grains of chromite, oli-
vine and other minor silicate inclusions in platinum nuggeis
in order to compare their compositions with cumulate min-
erals in the Tulameen complex and to determine more pre-
cisely the source of the PGE mineralization. The analytical
results are presented in Tables 10,10 to 10,12,

CHROMITE

The compositions of chromiferous spinels in placer
nuggets and Tulameen chromitites are given in Table 10.10
and plotted in Figures 10.8 and 10.9. Nugge! spinels have
high chromium (35.1 - 50.6 wt% Cr203), highly variable

106

iron (11.9 - 28.2 wi% Fe204) and rather low aluminum (6.0
- 8.7 wi% AL203). The relatively high Fe™* content of the
spinel appears to be a general characteristic of Alaskan-type
intrusions (Irvine, 1967). The Holland nugget contains the
most chromium-rich spinel; the Lincoln nugget exhibits ap-
preciable intergrain zoning (35.1 - 39.2 wi% Cr203). Spinel
compositions within each M12410 nugget are fairly uni-
form. Vanations in Ce{Cr+Al) on the whole are limited
{0.79 - 0.83) and even more uniform within individual nug-
gets. No systematic differences in composition have been
detected between spinel grains that seem 1o be completely
encapsulated by Pi-Fe alloys and grains in areas of more
massive chromite,

Most spinel grains in the nuggets fall within the com-
positional field of Tulameen chromitites, although the Lin-
coln nugget exhibits some overlap with spinel compositions
found in dunite, and the Holland nuggl:t contains the most
m:gncnumnch.md!i&-mdﬁ -poor spinel (Figures,
10.8 and 9). In general, chromite in the nuggels is quite dis-
tinct from the cumulus spinel in olivine and homblende-rich
clinopyroxenites, which approaches the pure magnetite end-
member in the latter rock type (most clearly distinguished
in Figure 10.8). Cumulus spinel is comparatively rare in the
more clinopyroxene-rich olivine clinopyroxenites, and typi-
cally absent in olivine-free clinopyroxenites. The absence
of a spinel phase may be related to a reaction relationship
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TABLE 10.10
ELECTRON-MICROPROBE DATA ON CHROMITE IN CHROMITITES AND PLACER NUGGETS

— O AN M0 : T —

1 1 1 1 3
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TABLE 10.12
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between spinel and coexisting silicate melt at a point where
chromium-bearing clinopyroxene becomes a dominant
phase on the liquidus (Irvine, 1967; Hill and Roeder, 1974).
The trend of spin¢] compositions in olivine clinopyroxeniles
away from the Cr-Al join in the cation plot (Figure 10.9),
and toward “ferritchromite™ or chrome-bearing o chrome-
free m:gncmqf rr.ﬂacu]!:ns of aluminum {and magnesium)
and gain of Fe™" and Fe™" during low-temperature alteration
{e.g.. Bliss and MacLean, 1975; Evans and Frost, 1975). As
documented above, similar alteration is present at the mar-
gins of chromite grains in platinum nuggets. The composi-
tional gap in the field for olivine clinopyroxenites (Figures
10.8 and 10.9) coincides with a sharp decrease in the modal
abundance of spinel in clinopyroxenites (ef. Hill and
Roeder, 1974).

From the preceding data, it is clear that the abundance
and composition of chromite in the nuggets point 1o a source
of PGE-enriched placer material located within the dunite
core of the Tulameen complex.

OLIVINE

Compositions of olivine grains in nuggets and ul-
tramafic rocks of the Tulameen complex (Table 10.11) are
plotted in Figure 10.10. The olivine in the nuggets has a
composition extending from Foga 2 to Fogs 2, with little vari-
alion among, or within, the individual nuggets. These com-
positions are distinct from those in olivine clinopyroxenite
(Fogs.sy ) or dunite (Fogg.g)), and closely match olivine com-
positions in the Tulameen chromitites (Foga.es; Figure
10.10). The limited number of dunite samples analyzed in
this study is supplemented by data from Findlay (1963), who
conducted more extensive sampling of the dunite core (Fig-
ure 10.6). Although Findlay's data were obtained on mineral
scparates by an x-ray-diffraction technigue, his determina-
tions are in good agreement with our microprobe analyses.
The results clearly indicate that the dunite core as a whole
is characterized by limited variation of clivine composi-
tions.

The olivine compositions in these chromitites, how-
ever, arc nol primary. Numerous studies have pointed out
the tendency for spinel and olivine to re-equilibrate under
high-1e mp&ralur:_ subsolidus conditions such that
Mg/(Mg+Fe“" ] decreases in spinel and increases in olivine
{e.g., Irvine, 1965; Clark, 1978). All other factors being
equal, the degree of subsolidus exchange during slow cool-
ing is dictated by mass-balance considerations, namely the
relative modal abundance of chromite and olivine within the
effective equilibration volume. These effects can be quite
pronounced on the scale of a single thin section. For exam-
ple. Analyses 7 and 8 in Table 10,11 represent averages of
olivine compositions in dunile and chromitile at opposile
ends of the same thin section. Significant differences exist
between cumulate olivine (Fogo) in dunite that contains ap-
proximately 1 vol% spinel, and that trapped within part of
a thin {3 cm) layer of chromitite containing approximaiely
5 vol% olivine primocrysts (Fogd), From these data, it is
evident that the highly magnesian compositions charac-
teristic of olivine in the platinum nuggets are an unmistak-
able and predictable signature of their chromitite heritage.

SILICATE INCLUSIONS IN NUGGETS

In addition to olivine, M12410 Nuggets | and 3, and
particularly Nugget |, contain a number of inclusions of pri-
mary and secondary silicates (Photo 10.9). Representative
compositions of the various minerals are given in Table
10.12 {e.f. Photo 10.7D) where the inclusion number iden-
tifies coexisting phases in specific inclusions. Silicates con-
sidered 1o be primary comprise clinopyroxene, homblende,
iron-magnesium mica (biotite-phlogopite) and plagioclase.
Minerals indicative of secondary alteration principally in-
clude serpentine (compositions not given), chlorite and epi-
dote, and trace amounts of quartz and sericite, and
presumably represent the effects of subsequent regional
metamorphism. Most inclusions are small (<200 pm
scross), incorporate more than a single mineral phase, and
are hosted predominantly by platinum alloy (rarely chro-
mite). They contain euhedral to anhedral erystals that rarely
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Figure 10.10. Histogram showing the distribution of olivine com-
positions (% forsterite) in placer nuggets (8 spot analyses) and
ultramafic mcks (80 analyses) of the Tulameen complex.
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Photo 10.9, SEM photomicrographs of silicate inclusions hosted by platinum alloy (Pt-Fe) and chromite (cmt) in nugget M12410-1 (cf.
Table 10012 and Photo 10.7D). A. Coexisting iron-nch biotite (Bio) and ferroan homblende (Hb). B. Coexisting cohedral erystals of
iron-rich clinopyroxene (Cpx) and plagioclase (Plag). C, Subhedral clinopyroxene (Cpx ) intergrown with epidote (Ep) and sericite (3-3)
possibly pseudomorphous after plagioclase. D, Coexisting faceted crystals of iron-rich clinopyroxene (Cpx) and plagioclase (Plag). E.
Anhedral chlorite (Chi), possably pseudomorphous after phlogopite, and minor serpentine (lower right, not readily visible). F. Partly

faceted diopside (Cpx) and magnesium-rich phlogopite (Phlog). Bar scale in pm.

exceed 100 pum in length and average about 20-50 um (Photo
10.9).

Euhedral to subhedral clinopyroxene is a common in-
clusion mineral that occurs alone or is accompanied by pla-
gioclase or phlogopite. Locally, itis intergrown with epidote
and chlorite. In terms of the pyroxene quadrilateral (Mori-
maoto, 1989), clinopyroxene compositions extend along the
diupsidmhcd-:nhczr‘g,iu: join from magnesium-rich diopside
[100Mg/(Mg+Fe™") or Mg# = 96.0, Inclusion 7] to iron-rich
diopside (Mg# =58.6, Inclusion 2b), and are coincident with
the trend for clinopyroxenes in ultramafic rocks of the Tuo-
lameen complex (Figure 10.11), The most iron-rich clinopy-
roxenes coexist with plagioclase (Inclusions 2a-b).
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The plagioclase (inclusions 2a-b, Table 10.12) is almost
pure albite {Abss-98) and most probably reflects subsolidus
re-equilibration of an originally more caleic plagioclase un-
der condilions of greenschist-facies metamorphism; cal-
cium may have been incorporated locally in epidote which
also is found within Pr-Fe alloy in the same nugget (Inclu-
sion 5, Table 10.12, Photo 10.9C, Figure 10.11). A mag-
matic origin for these plagioclase compositions is difficult
to reconcile with the extensive range of coexisting clinopy-
roxene compositions,

Single erystals of euhedral to subhedral phlogopite in
chromite are more magnesian (Mg# 96.3 - 94.9) than cumu-
late phlogopite in olivine clinopyroxenite (Mg# 91.7; Table
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Figure 10.11. Ca-Mg-Fe plot of clinopyroxenes in platinum mug-
gets and ultramafic rocks of the Tulameen complex (0. T. Nixon,
unpublished data). Mumbers refer to Inclusion No, (Table 10.12).
Representative compositions of pyroxenes in olivine and hom-
blende clinopyroxenites are given in Table 10.12.A.

10.12}. This is alse true for phlogopite coexisting with diop-
side (Inclusion 7), which falls at the most “primitive” end
of the clinopyroxene trend (Figure 10.11).

Two 20-um crystals of amphibole and biotite in Inclu-
sion | are the most iron-rich silicates encountered. The bi-
olite has relatively low titanium and Mg# = 47. Coexisting
calcic amphibole [(Na+Ca)p = 1.91, Nap = 0.09] is ferroan
pargasitic hornblende (Leake, 1978}, with (Na+K)a = 0.92,
Si=6.55 and Mg# = 38, In comparison, cumulate amphibole
and biotite primocrysts in homblende clinopyroxenites of
the Tulameen complex are significantly more magnesian
{Table 10.12). According to Leake’s classification, the
homblende in the clinopyroxenites is a relatively magne-
sium-rich ferroan pargasite with reduced silica (6.18) and
Mg# = 65.

Chlorite and epidote locally replace phlogopite and pla-
gioclase, respectively, However, some chlorite may have
been formed by reaction of serpentine and chromite to pro-
duce chlorite and “ferritchromite™ (P.L. Roeder, personal
communication, 1990). The chlorite is magnesium-rich cli-
nochlore with little variation in Mg#. Both phases contain
significant guantities of chrome, reaching 3.5 wi% Cr203in
chlorite and 4.1 wi% in epidote. Pan and Fleet (1989) re-
ported up 1o 3.5 and 1 1.8 wi% Cr203 in chlorite and epidote,
respectively, from melasomatically altered komatiites and
komatiitic basalts in Ontario; Stockman and Hlava (1984)
identified chromian chlorite (4.2 wt9% Crz03) in PGE-bear-

ing Alpine-type chromitites from southwestern Oregon.
Thus, it appears that in the absence of primary silicates,
chromium-bearing secondary minerals in placer nuggets
may provide important clues as to the ultramafic provenance
of the PGM.

ORIGIN OF PLATINUM NUGGETS:
THE CHROMITITE CONNECTION

If the PGE-rich placer nuggeis were derived from ihe
chromitite horizons that were sampled in the core of the
Tulameen complex, we would expect to see similar distri-
butions of PGM in nuggets and chromatites. As pointed oul
above, and summarized in Table 10.9 and Figure 10.7, there
are certain differences in the size, composition and relative
abundance of PGM in placer and bedrock material. Discrep-
ancies in the grain size of platinum alloys between nuggets
and chromitites {mm-scale versus pum-scale, respectively)
can be rationalized as an artifact of sampling bias. That the
nuggets did in fact come from an igneous source is implied
by the common incorporation of enhedral to subhedral crys-
tals of cumulus chromite and minor olivine that are partly
to completely enclosed by Pi-Fe alloy,

The compositions of chromite and olivine provide a
more definitive argument for the origin of the PGM in the
placers. The chromite found in nuggets exhibits significant
variation in Mg# from nugget to nugget, but little difference
in Cri{Cr+Al). Within individual nuggets, however, compo-
sitions are more uniform. The majority of the grains ana-
Iyzed plot in the field of Tulameen chromitites, although
some overlap exists with spinel compositions in dunite.
From chromite chemistry alone, it might be inferred that
there is probahly more than one hostrock (dunite and
chromitite) with anomalous PGE abundances.

In this respect, olivine compositions are particularly in-
formative, The alivine in nugpgets is much more magnesian
{(Foga.95) than its counterpant in Tulameen dunite (Fogs-91),
but identical in composition to minor amounts of olivine
trapped in cumulus chromitites. Thanks largely to earlier
work by Findlay (1963), the distribution of olivines ana-
lyzed throughout the dunite core of the complex is unusually
dense, which allows the construction of olivine isopleths
(Figure 10.6). These data show that the anomalously mag-
nesian olivine compositions are clearly unigue to the
chromitite environment. Furthermore, it has been shown in
numerous studies that if chromite and olivine are allowed to
re-equilibrate on cooling, the Mg# of olivine will increase
in proportion 1o the modal abundance of chromiie in the
host, and an opposite and comesponding change occurs in
coexisting chromite. Thus, the extremely magnesian com-
positions encouniered in nugget olivine are a predictable
consequence of cooling within a chromitite layer. Since il
is not possible to rationalize the differences in PGM, placer
nuggets must have been derived from chromitites that have
not been sampled. The chromitite source of the PGM is no

longer in question.
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SIGNIFICANCE OF PRIMARY SILICATE
INCLUSIONS

Besides chromite and olivine, primary inclusions in
platinum alloys are represented by magnesium-iron mica
(phlogopite-biotite), homblende, clinopyroxene and plagic-
clase. Regional metamorphism was not sufficiently intense
to obliterate the primary compositions of ferromagnesian
silicates in the Tulameen complex, although plagioclase in
the gabbroic rocks and in homblende-rich pegmatites is
commonly saussuritized (Findlay, 1963; Chapter 9). It
seems likely, therefore, that the ferromagnesian silicates re-
veal certain peculiarities in the crystallization history of
PGE-bearing chromitites, particularly nugget M12410-1
which contains the most extensive inclusion suite,

Whereas chromile and olivine are cumulus grains that
have compasitions compatible with early erystallization and
re-gquilibration within the chromitite environment, the in-
clusion minerals are more than an order of magnitude
smaller (<100 pm) and compositionally diverse. Magne-
sium-rich, chromium-bearing phlogopite (Table 10.12) pos-
sibly has re-equilibrated with chromite during subsolidus
cooling in exactly the same manner as olivine (P. L. Roeder,
personal communication, 1990), or may have crystallized
from the final few percent of trapped intercumulus melt
(Roeder and Campbell, 1985). Considering the presence of
iron-rich biotite in the same nu and coexisting ferroan
pargasitic homblende (Inclusion 1, Table 10.12), the former
explanation seems unlikely. The exiensive range of clinopy-
roxene compositions is also noteworthy (Figure 10.10). The
iron-rich clinopyroxenes coexist with plagioclase (aliered)
and extend beyond the range of clinopyroxene compositions
found in ultramafic rocks of the Tulameen complex. These
clinopyroxenes, and probably the hydrous iron-rich sili-
cates, evidently crystallized from melts of gabbroic or
dionhic composition.

These observations may be rationalized with the tex-
tures and compositions of chromite and olivine if the silicate
inclusions represent the fractionation products of primitive
melt trapped in Pi-Fe alloy at the time of chromitite forma-
tion. From the olivine-chromite re-equilibration, we know
that cooling was slow enough o permit high-temperature
salid-state diffusion, and these conditions would cenainly
favour continued crystallization of any pockets of melt. The
trapped liquid can be perceived as a microcosm of large-
scale crystal-melt fractionation processes operating in
Tulameen magma chambers, According to this hypothesis,
the most iron-rich clinopyroxene compositions in the inclu-
sions would represent the products of presumably closed-
system evolution of felsic residual liquids, and may predict
pyroxene trends in the syenogabbros and syenodiorites of
the Tulameen complex should such a model apply. Compo-
sitional data for pyroxenes in the latter rocks are currently
lacking.

Perhaps the most surprising aspect of the inclusion data
is that cooling was sufficiently rapid to promote fractional
crystallization of the trapped melt, although the implied
thermal regime applies only to a single platinum nugget
(M12410-1). Intriguingly, the platinum alloys serve as an
almost ideal inert container for nature’s crystallization ex-

periments, analogous to those regularly conducted in mod-
e petrological laboratories, except that we are lefi to derive
the experimental conditions of the charge! However, the
problems are compounded, because there has been more
than one experiment: the products of metamorphism (and
any deuteric changes that may have taken place) have
formed subsequently both in the alloy (e.g.. magnetite) and
from primary silicates (e.g., chlorite and epidote).

PARAGENESIS OF THE PLATINUM-GROUP
MINERALS

The mode of occurrence and textural relationships of
the PGM and associated base metal minerals described ear-
lier have been used 1o establish a tentative division of min-
eral parageneses (Table 10.13). The PGM are subdivided
into two groups: predominantly platinum alloys that are con-
sidered 1o have segregated from high-lemperature silicate
melis, and other PGM and base-metal minerals that are con-
sidered to have formed during later metamorphism and ser-
pentinization,

The euhedral nature of platinum alloys locked in chro-
mite (e.g.. Photos 10.2A, B, 10.3), the large grains of inter-
cumulate alloys in nuggets that enclose cumulate olivine and
chromite (e.g., Photos 10.6A, 10.7), and their demonstrated
association with concentrations of chromite in the dunite
core of the Tulameen complex, leave little doubt that these
early PGM represent the products of high-temperature crys-
tallization of primitive mantle-derived magmas.

The coprecipitation of Pt-Fe alloys and chromite in
Alaskan-type intrusions has recently been addressed by
Amossé ef al, (1990), who investigated the solubility of
platinum and iridium in a basaltic melt. Based on thermo-
dynamic considerations and experimental data, they showed
that an increase in oxygen fugacity decreases the solubility
of platinum and iridium in the melt, and argued that Pt-Fe
alloys with 10% iron may precipitate in platinum-saturated
melts at typical basaltic quuid_g: temperatures and oxygen
fugacities of approximately 107 kilopascals, conditions that

TABLE 10.13
PARAGENESIS OF PGM AND ASSOCIATED MINERALS
IN THE TULAMEEN COMPLEX

Late PGM, Base and Precious Metals
{Low-T, hydrothermal

Early PGM
{High-T, magmaic)

Cu oxile
Ceemkinite
Geversite

Mi sulphides
Mi antimonides
M arsenides
Mative copper
Mative silver
N1 e
Platinian copper
1 oxide

Rh-Ir{ A5}
RhShS
Sperrylile
Tedovkate
Tulameenile

Cooperite
Erlichmanite

Ir-F1 alloys

Lawinie
Pr-Fe-Cu-MNi alloys
Ru-Or-Ir alloys
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enhance the precipitation of chromite (Hill and Roeder,
1974). As platinum is more soluble than iridium under a
wide range of oxygen and sulphur fugacities, the precipita-
tion of Pi-Fe alloys in nature ought 1o be accompanied by
iridium-rich phases. The predicted consequences of mag-
matic crystallization are observed in the Tulameen complex,
in which the precipitation of chromite and Pi-Fe-Cu-Ni al-
loys {containing significant amounts of iridium in solid so-
lution; Tables 10.2A and B) is accompanied by rare iridium
and platinian iridium (formerly platiniridium; ¢f. Table
10.9). The preponderance of platinum-rich as opposed 1o
indium-rich phases in the chromitites of the Tulameen com-
plex presumably reflects the high overall PVIr ratio of pa-
rental magmas,

By analogy with the synthetic Pr-Fe system (Heald,
1967), the considerable range of platinum alloy composi-
tions along the Pi-Fe join in Figure 10.7 is as expected if
complete solid-solution exists at typical liquidus tempera-
tures of basaltic systems (1300-1200°C). However, there is
evidence that some of the early Pt-Fe-Cu-Ni alloy compo-
sitions may have undergone high-temperature subsolidus
madification dunng cooling. The tie lines for two cocxisting
pairs of alloys from the same chromitite layer (Table 10.24),
including at least one zoned, euhedral erystal (Photo 10.3),
straddle a compositional gap separating tetraferroplatinum
[Pt{Fe,Ni,Cu)] and isoferroplatinum [Ptz s(Fe,Ni,Cu}; 5]
{(Figure 10.7}. These relationships sugpgest the presence of a
miscibility gap in the system Pt-Fe-Ni-Cu, analogous to that
implied to exist at low lemperatures between pure PraFe and
PtFe (Cabri and Feather, 1975), However, intimate, eutec-
tic-like intergrowths of these alloys, such as those described
by Johan et al, (1989) for nearly pure Pt-Fe phases, have not
been observed,

Even though the faceted crystals that are contained in
chromite, shown in Photo 10.3, appear to have grown from
a melt, several internal features seem somewhat unusual for
a growth phenomenon: the extremely variable thickness of
the isoferroplatinum rim, its sharp contact with tetraferro-
platinum in the core, and the highly irregular contact be-
tween these phases. We speculate that the zomng in this
erystal may represent a reaction texture with its origin inti-
mately linked o its chromite host. For example, Naldrent
and Lehmann (1987) pointed out that where sulphide and
chromite coexist, vacancies in the chromite lattice sites can
be expected to take up iron on cooling and thus promote
desulphurization reactions whereby the proportion of base
metal sulphides decreases, and elements like copper, nickel
and the platinum group are concentrated in the remaining
sulphides. A similar mechanism may also explain the zoned
inclusions of platinum alloys in chromite. Loss of iron from
Pi-Fe alloy to fill vacancies in chromite could produce
isoferroplatinum on cooling within a miscibility gap in the
platinum alloy system. If this suggestion is viable, nickel
and copper must be removed together with iron (gf. Figure
10.7B and C} and tetraferroplatinum may represent a relict,
high-temperature composition. This explanation is only ap-
plied to the formation of isoferroplatinum in this particular
chromitite,

Textural evidence suggests that the late PGM (Table
10.13) resulted from in site melasomatic replacement of
platinum alloy primocrysts (e.g., Photos 10,1, 10.2C and D,
10.4B, 10.8D) and limited localized fracture-filling within
the chromitite host (e.g., Photos 10,18, 10.4A and B). Thus,
the mobility of PGE during hydrothermal alteration appears
to be limited,

The only Pt-Fe-Cu-Ni alloy that is clearly secondary is
ulameenite, which is intimately associated with platinian
copper in both nugget and lode occurrences, Platinian cop-
per is intergrown with a variety of products of late-stage
crystallization that are enclosed in serpentine, including sec-
ondary magnetite that is presumably derived from the break-
down of olivine (Photo 10.5C). In one chromitite,
tulameenite forms an intimate intergrowth with isoferroplat-
inumi{?) and appears to partly replace the euhedral Pt-Fe-Ni-
Cu alloy grain (Photos 10.2C and D). An equation can be
written that describes this reaction in the presence of an

aqueous fluid:
PuFe + 2Cu = PpCuFe + (Cu P
isoferro-  fTuid mlameenite  platinian
platinum copper

The presence of native copper in carbonate-serpentine
veinlets that cut chromitites (Photo 10.5D) indicates a rela-
tively high activity of copper and low sulphur fugacity in
the fluid phase, and suggests that reactions of this type are
indeed pertinent 1o the genesis of certain of the copper-rich
PGM. The secondary nature of wlameenite in lode and
placer deposits of the Urals was previously noted by Betek-
hitin (1961} who attributed its formation to the serpentiniza-
tion of ultramafic massifs (cf Cabri and Genkin, 1991},

Textural relationships among platinum alloys, sper-
rylile and geversite seem somewhal ambiguous. The latter
two minerals are found as fracture fillings in chromite (Pho-
tos 10,18, 10.4A and B) and as subhedral grains located on
fractures (Photos 10.1D and 10.4B). In addition, geversite
forms complex intergrowths with nickel antimomides and
platinian r (Photos 10.4C and 10.5A). The common
association of geversile with base metal antimonides in ser-
pentine suggests a low-temperature hydrothermal origin
and is also co ible with the nce of geversite along
fractures in chromite (Photo 10.4A). Where certain fractures
exposed primary platinum alloys to the action of hydrother-
mal fluids, some grains were completely transformed 1o
platinum antimonides and arsenides (Photos 10.1D and
10.4B). Breithauptite and platinian ¢ r have locally
formed later than geversite (Photos 10.4C and D, 10.5A),
and these minerals are commonly intergrown with nickel
arsenides and antimonides (Photo 10.5B). Equations of the

type:

PuFe + 10As + B85b + 20: = 5PtAsz + 4PSb: + FeaOu

izoferro-  fluid  Tuid sperrviite geversile magnetite
platinum

PiSby + 4Ni = (Ni, FiiSb + HNiash
weversite  fluid breithauptite NI antimonide

114

Prass + INi ¢ Cu = 2NiAs <+ (Cu, P1)
sperrylire  fluid fMuid  Niarsenide  platinian
copper
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can potentially explain these observations. Textural evidence for
equilibrium between geversite and sperrylite is lacking.

Small guantities of platinum detected in nickel anti-
monides appear to decrease in proportion to increasing
MifSh ratios in the antimonides (Table 10.6). The nickel in
antimonides and arsenides is readily available via serpenti-
nization of olivine in host dunite. The copper and antimony
may well have been derived from outside the Tulameen
complex by leaching of Nicola Group hostrocks.

Rhodium sulpharsenides partly replace primary plati-
num alloys (Photo 10.1B and C) and probably formed more
or less contemporanecusly with platinum arsenides and an-
timonides. The formation of rare platinum oxide (e.g.. Photo
10.4C and DY) provides clear evidence of alteration under
conditions of locally high oxygen fugacity.

Intergrowths of magnetite in platinum alloy also appear
to have formed in response to conditions of elevated oxygen
fugacity, and are linked with serpentinization and hy-
drothermal alteration of chromite. The abundance of fine
magnetile intergrowths in platinum alloy adjacent to chro-
mite (Photos 10.6B and 10.7D) strongly suggests a low-tem-
perature reaction relationship. Relevant equations may be
represented by:

FeCrz0y o+ 18PFe & 100p = 6Pufe + 2FexCrOu o 3Fesly

chromite  Ietraferro- Lraferro- Jerrit-  magnetie
pladirm plarimun chromite
FeCr:0s + oOPuFe+dOr = 2FeaCrlu + FeaOe + 1BPY
chmmile ingferro- Jerriss muggnetite fluid
platinim chromire

Platinum may be immobile, and loss of iron from
tetraferroplatinum may form magnetite and ferritchromite
in an isoferroplatinum reaction product. Alternatively, plati-
num may enter the fluid phase and take part in localized
reactions involving antimonides and arsenides as described
earlier. Another possibility is that part of the platinum enlers
the magnetite structure, as postulated by Cabri ef al. (1981).
The fine-grained nature of secondary magnetite in the Tu-
lameen nuggets precluded confirmation of the latter hy-
pothesis,

SULPHIDES

Sulphide minerals identified in lode and placer occur-
rences include extremely rare PGM (erlichmanite and
laurite) and base metal sulphides (pyrite, millerile or heazle-
woodite, pentlandite, violarite, bravoite, rare chalcopyrite
and an undetermined Ni-Co-Fe sulphide). The presence of
pyrrhotite has not been confirmed. Erlichmanite and laurite
are associated with platinum alloys and are considered o
have a high-temperature origin. Laurite, in particular, has
been observed with a faceted morphology. In chromitites,
the sulphides are invariably found in the interstices among
chromite grains associated with serpenting, magnetite and
secondary PGM; no sulphides have been observed 1o coexist
with primary Pt-Fe-Cu-Ni alloys enclosed in chromite. In
one nuggel, however, pentlandite and chalcopyrite have

been identified in P1-Fe alloy, but not without other secon-
dary oxides (magnetite) and PGM (e.g., irarsite; of Raicevic
and Cabri 1976).

5t Louis ef al. (1986) made similar observations but
proposed that some sulphides, in particular pentlandite, had
a relatively high-temperature, magmatic origin. However,
their illustration of this type of paragenesis (St Louis ef al,
1986, Figure 2B} involves an intergrowth of serpentine,
magnetite, pentlandite, spemrylite and irarsite within a frac-
tured area in chromite. Although the possibility of trace
amounts of magmatic base metal sulphides, albeil remo-
bilized, cannot be categorically ruled out, this mineral as-
semblage is quite consistent with a low-lemperature,
hydrothermal paragenesis, as implied earlier.

SUMMARY OF PGE MINERALIZATION IN
THE TULAMEEN COMPLEX

Detailed study of the Tulameen complex has been di-
rected toward a better understanding of the nature and origin
of disseminated PGM in mafic-ultramafic intrusions of the
Alaskan type, and their spatially associated placers. The
anomalously high concentrations of PGE in Tulameen
chromitites and placers is explained by the presence of dis-
crete primary and secondary PGM. Key features of the pri-
mary PGM, predominantly represented by Pt-Fe alloys with
minor but significant abundances of copper and nickel, are
their idiomorphic habit in chromitites and coarsely crystal-
line texture in nuggets where platinum alloys enclose cumu-
lus chromite and olivine. Secondary PGM, chiefly platinum
arsenides and antimonides, rhodium-iridium sulfarsenides,
tulameenite and platinian copper developed locally in PGE-
enriched hostrocks by metasomatic replacement and limited
remobilization of primary platinum alloys. The latter PGM
were produced during subsequent serpentinization and re-
gional metamorphism, and are associated with secondary
low-temperature base metal sulphides, arsenides and ox-
ides.

Although there are differences in the nature and fre-
quency of the PGM between bedrock and placer oceur-
rences, coexisting gangue minerals confirm their denvation
from a common source. In particular, the compositions of
chromite and olivine in placer nuggels match those observed
in chromitites in the dunite core of the Tulameen complex.
MNivine 15 especially diagnostic because of its well-known
tendency to re-equilibrate with chromite on cooling, to pro-
duce anomalously magnesian compositions. Intriguingly,
one nuggel contains inclusions of other primary silicates
with a wide range of compositions that crystallized from
silicate melts trapped in platinum alloys at the time of
chromitite formation. These crystallization products appear
to mimic the liguid line of descent recorded by cumulate
minerals in the ultramafic rocks of the Tulameen complex,
and may predict the compositions of iron-rich clinopy-
roxenes in gabbroic to dioritic magmas that would evolve
during comagmatic, closed-system fractional crystal-
lization,

Finally, we stress that the high-temperature PGM seg-
regated directly from a silicate melt and were not generated
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by exsolution from chromite or magmatic sulphides. The
common association of Pt-Fe alloys and chromitites in Alas-
kan-type intrusions suggests that whatever mechanismis)
triggers chromite precipitation in excess of normal cotectic
proportions [e.g., increase in f{02)] also enhances or inili-
ates the precipilation of Pi-Fe alloys from primitive parental
magmas of the Alaskan-type association.

ECONOMIC POTENTIAL OF
ALASKAN-TYPE COMPLEXES - PGE AS
AN EXPLORATION TOOL

Recently, Bamnes (1990) has shown how the ratios of
nickel and copper to PGE may be used to evaluate the po-
tential of mafic and ultramafic rocks for a PGE deposit. Her
diagrams are reproduced in Figures 10,12 to 14 which show
fields for extrusive rocks (komatiites, high-MpgO basalts and
flood basalts) commonly considered to have formed by par-
tial melting of mantle peridotite, and cumulate rocks from
different geological environments. Also plotted are chromi-
tites from an Alaskan-type complex (Tulameen) which may
be compared 1o those from layered intrusions (LI) and

A

Hi/Cu

B T T

Figure 10.12. A. Pd/Ir versus N Cu and B. NYPd versus Cu/lr plots
for chromitiles from Alaskan-type complexes (as represented by
the Tulameen complex) and varfous mafic and ultramafic rock
types, copper-rich sulphide veins and PGE reefs (after Bamnes,
1990). Vectors indicate addition of olivine (O), chromite (Chr),
sulphides (Sul) and platinum-group minerals (PGM).

ophiolites (OPH). Figure 10.12 appears to be the most ef-
fective discriminant for the various rock types with the no-
table exception of Alaskan-type chromitites which are best
distinguished in Figure 10.14. However, the former diagram
is probably less useful for exploration purposes as analysis
for iridium is expensive and commercial laboratories rou-
tinely offer cheap analytical packages for platinum, palla-
dium and rhodium. The most important ramification for
exploration is that rocks which have Ni/Pd and Cw/lr (or
CuwRh or Cw/Pt) ratios lower than the trend for the extrusive
rocks (Figures 10.12B, 10.13B and 10.14B) have experi-
enced some PGE-enrichment process and could represent
prime exploration targets. Conversely, rocks in which these
same ratios are greater than those for the extrusive rocks are
depleted in PGE and are expected to make poor prospecting
targets. These conclusions pertain to magmatic ores and the
diagrams are not intended for use with remobilized or hy-
drothermal deposits.

Factors affecting the distribution of nickel, copper and
PGE in ultramafic and mafic rocks include partial melting
and the segregation of olivine, chromite, sulphides and PGM

A 10

F o
10 Chr
oo | MANTLE  HDMATITES M

Figure 10.13. A. PARh versus NifCo and B. Ni/Pd versus Cw/Rh
plots for chromitites from Alaskan-type complexes (as represented
by the Tulameen complex) and various mafic and ultramafic rock
types, copper-rich sulphide veins and PGE reefs (after Bames,
1990}, Vectors as in Figure 10.12.

e
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Figure 10,14, A, PdT versus NilCu and B. NiPd versus Cu/Pr
plots for chromitites from Alaskan-type complexes (as represented
by the Tulameen complex) and various mafic and ultramafic rock
types, copper-rich sulphide veins and PGE reefs (afler Barnes,
1994). Vectors as in Figure 10.11.

in early erystal comulates. Progressive partial melting of
mantle peridotite yields the trend for mafic extrusive rocks
where komatiites represent the highest, and flood basalts the
lowest degree of partial melting. The distinction of various
magma types in these plots can be extremely useful (Bames,
1990). For example, an intrusion might be considered a good
target for a PGE deposit if samples from its chilled margin
fall within the field of high-MgO basalt, as almost all of the
world's most significant PGE deposits (ie., those hosted by
large stratiform complexes such as the Bushveld and Still-
water complexes) are associated with this parental magma
type. However, not all PGE-enriched sulphides are associ-
ated with the high-Mg0) magma type; exceptions include
the Noril'sk-Talnakh intrusions (Naldrett, 1989) and the
precious metal-enriched (gold-palladium) zones in the
Skaergaard intrusion (Bird er al.. 1991), alihough the laiter
may be subeconomic.

In rocks formed by crystal accumulation, olivine and
chromite are the main sources of variation in Figures
10.12A, 10.13A and 10.14A. Plagioclase and pyroxene frac-
tionation are not thought to appreciably effect the Ni/Cu and
inter-PGE ratios (Barnes, 1990). Accumulation of olivine
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or chromite drives resulting cumulates parallel or subparal-
lel 10 the trend of extrusive rocks in the general direction of
the field for mantle peridotite. Thus, if cumulate rocks are
the only samples available, the trend for layered intrusions
with PGE potential, for example, should project through the
high-MgO basalt field.

Once the importance of olivine and chromite crystal-
lization has been established, Figures 10.12B, 10.13B and
10.14B may be used to assess the role of sulphides. Because
sulphides scavenge the PGE much more efficiently than
they concentraie nickel and copper, the segregation of sul-
phides from a magma causes the Ni/Pd and Cw/Tr (or Cw/Eh
or Cuw/Pt) ratios to decrease in the sulphide-bearing cumulate
(Barnes, 1990). Thus, a cumulate conlaining the first-
formed sulphides should plot below the trend of extrusive
rocks in these figures, and consequently point to processes
favourable to the formation of a PGE deposit. Note that a
second-stage sulphide-forming event in a system closed 1o
renewed magma supply would be expected to yield PGE-
poor cumulaies.

The precipitation of PGM directly from a silicate melt
was nol specifically addressed by Bames (1990), but has
recently been advanced 1o account for certain PGE deposits
in island arc (Peck and Keays, 1990) and ophiolitic (Corri-
vaux and Laflamme, |99(0) settings, The distinctive field for
chromitites of the Tulameen complex in Figure 10.14 re-
flects the accomulation of primary Pt-Fe-Cu-Ni alloys with
very low Pd/Pt and Cuw/Pt ratios that crystallized from sul-
phur-undersaturated liquids (discussed above). This dia-
gram therefore appears to be most effective for evaluating
the PGE poiential of Alaskan-1ype complexes.

PGE MINERALIZATION IN
ALASKAN-TYPE VERSUS STRATIFORM
AND OPHIOLITIC COMPLEXES

In Alaskan-type complexes in general, the chromitite-
PGE association appears to be the most widespread type of
lode mineralization, though not the sole economic target (of,
Cox and Singer, 1986; Nixon and Hammack, 1921}, In fact,
PGE-ennched chromilites are even more important in other
geological environments, such as stratiform mafic intru-
sions {e.g.. Bushveld complex, South Africa; Stillwater
complex, Montana; and Bird River sill, Manitoba), and also
have potential in the Alpine-type or ophiolitic (podiform)
settings (e.g., Shetland ophiolite, Prichard er al., 1986). The
podiform chromitites are usually impoverished in platinum
and palladium relative to rutheniom, osmium, iridium {e.g..
Legendre and Augé, 1986), as are some stratiform chromi-
tites (e.g.. Bird River and most Stillwater chromitites; Cabri
and Laflamme, 1988; Talkington and Watkinson, 1986).
However, certain stratiform chromitites (e.g.. those in the
Middle and Upper Groups of the Bushveld complex and the
A chromitite of the Stillwater complex) exhibit anomalous
enrichment of platinum and palladium, although not as ex-
treme as that encountered in the PGE-rich, sulphide-bearing
reefs such as the Merensky (Bushveld) and J-M (Stillwater),
which are characterized by extremely high
Pr+Pd/(Ru+Os+1r) ratios (Naldrent e al., 1987; Lee and

Parry, 1988).
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In order to explain differences between the distribution
and abundances of PGE in chromitites from layered intru-
sive and ophiolitic complexes, Maldrett and von Gruene-
wildt (1989) proposed that the concentration of platinum
and palladium in stratiform chromitites, and high
Pr+Pd/(Ru+Os+Ir) ratios, reflect the former presence of
base metal sulphides in the chromitites, The original proc-
ess of concentration of the PGE is perceived to be that of
collection by an iron-copper-nickel-rich sulphide liquid.
Subsequent crystallization of non-sulphide PGM oceurs
during cooling at high temperatures, and the desulphuriza-
tion reactions are driven by subsolidus uptake of sulphide-
hosted iron by chromite (Naldrett and Lehmann 1987). They
further concluded that such a process could sccount for high
concentrations of PGE in chromitites with little or no visible
sulphide, and that high Pr+Pd/{Ru+0s+Ir) ratios indicatle
appreciable original sulphide content.

18

The textural and mineralogical data presented here for
the Tulameen complex do not support such a mechanism for
chromitite-associated PGE mineralization in Alaskan-lype
intrusions. The PGE are primarily contained in Pr-Fe and
Pi-Iralloys, and, just as in the majority of Alaskan-type com-
plexes, are not associated with primary magmatic base metal
sulphides (Cabri 1981). We note that the high
Pr+Pd/{Ru+Os+Ir) ratios of PGE-enniched chromitites in
the Tulameen and other Alaskan-type complexes are typi-
cally accompanied by high PUPd ratios (e.g., Nixon and
Hammack, 1991). The latter feature appears inconsistent
with collection by base-metal sulphides, which are known
to concentrate both platinum and palladium (e.g., Mak-
ovicky ef al., 1986; Talkington and Watkinson, 1986;
Naldrett, 1989). In the case of the Tulameen and many other
Alaskan-type intrusions, the concentration of PGE in
chromitites is best explained by the accumulation of plati-
num-rich alloys that segregated directly from the melt at an
early stage in the evolution of the complex.
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CHAPTER 11

MAGMATIC AND

TECTONIC SETTING OF
ALASKAN-TYPE COMPLEXES

THE LONGEVITY OF MESOZOIC ARC
MAGMATISM IN QUESNELLIA AND

STIKINIA

Alaskan-type complexes in British Columbia have
been considered to be Late Triassic in age and generally
coeval with widespread Upper Triassic to arc volcanic
rocks of the Middle Triassic to Early Jurassic Rossland-Ni-
cola-Takla-Stohini groups in Quesnellia and Stikinia
(Evenchick ef al., 1986; Irvine, 1976; Wheeler and
MecFeely, 1991; Woodsworth er al., 1991). However, prac-
tically all of the geochronometric data used to support this
contention are based on conventional K-Ar dating tech-
niques that are prone to post-emplacement thermal resetting.
The earliest attempt to date Alaskan-type complexes by U-
Ph zircen techniques appears to have been made by Rublee
and Parrish (1990) at the Tulameen complex. Preliminary
results for slightly discordant zircon fractions in mono-
syeniles associated with this complex yield dates that strad-
dle the Triassic-Jurassic boundary (204-212 Ma; Rublee and
Parrish, 1990} However, the new U-Pb isotopic dates re-
ported above for zircons extracted from late-stage quartz-
feldspar-bearing pegmatites of Alaskan-type complexes in
north-central British Columbia (Chapters 4 and B} provide
direct evidence for the longevity of arc magmatism in Ques-
nellia in early Mesozoic time.

The Lunar Creek Complex, located on the weslemn mar-
gin of Quesnellia near the southern termination of the
Kutcho fault (Figure 11.1), has yielded a U-Pb zircon age
of 23742 (20) Ma (Mid-Triassic - Ladinian - using the time
scale of Harland ef al., 1990), which makes it the oldest
known, directly dated Alaskan-type intrusion in British Co-
lumbia, Alaskan-type complexes of possibly similar age oc-
eur to the west in northern Stikinia (Figure 1.1},
Potassium-argon dating of homblende in hormblendite and
hornblende clinopyroxenite of the Gnat Lakes complex, for
cxample, has yielded isotopic ages of 230£10 (20) and
227+14 Ma, that is, early Late Triassic (Anderson, 1983).
About 150 kilometres to the southwest at Mount Hickman,
an Alaskan-type complex has been intruded by the Hickman
batholith, the main phase of which has been dated by K-Ar
on hornblende at 221+16 (20) Ma or mid-Late Triassic
(Hickman pluton, Holbeck, 1988). A recently acquired, con-
cordant U-Pb zircon date of 371£3 (20) Ma (J.M. Logan,
personal communication, 1992) from the Forest Kerr - More
Creek granitoid pluion, which incorporates a raft of ul-
tramafic rock (phlogopite-olivine-hornblende clinopy-
roxenite} that is mineralogically consistent with an
Alaskan-type affinity (Logan and Koyanagi, 1989), may in-

dicate that an even older suite of Late Devonian Alaskan-
type complexes is present in northern Stikinia. A parallel
situation is now known to exist in southeastern Alaska
where, although the majority of Alaskan-type intrusions are
belicved 1o be mid-Cretaceous, K-Ar dating has revealed a
distinetly older group of early Paleozoic complexes (Loney
etal,, 1987).

The youngest Alaskan-type intrusion thus far dated in
British Columbia is the Polaris complex, situated at the east-
emn edge of Quesnellia (Figure 11.1), with a concordant U-
Pb age of 186+2 (20) Ma (late Early Jurassic - earliest
Toarcian). Recent work in the Nation Lakes area some 150
kilometres to the south, has recoverced early and late Ple-
insbachian ammaonite faunas from intervolcanic shales pre-
sumed to lie near the top of the Takla Group in Quesnellia
(Bellefontaine and Nelson, 1992}, These fossils mark a Cor-
dilleran-wide marine transgression in Pliensbachian time
that occurred after the main phase of arc construction. Un-
derlying voleanic lithologies are comrelated with Lower Ju-
rassic (Sinemurian) calcalkaline voleanic rocks in Stikinia
{i.e., Telkwa Formation of the Hazelton Group; Bellefon-
taine and Nelson, 1992). The latter lithologies were depos-
ited contemporaneously with Lower Jurassic
{Sinemurian-Pliensbachian) mafic-intermediate volcanic
are sequences in the Quesnel Terrane of southern British
Columbia (i.e., Elise Formation of the Rossland Group; Tip-
per, 1984; Héy and Andrew, 1989, 1991). Emplacement of
the high-level Polaris complex at the beginning of the Toar-
cian therefore occurred during the waning stages of arc mag-
matism. Interestingly, in Quesnellia at least, mineralogical
evidence suggests that parental magmas of the Polaris com-
plex were of high-potassium affinity, as were some of the
latest products of arc volcanism which have a decidedly
shoshonitic character (Beddoe-Stephens and Lambert,
1981; Bellefontaine and Nelson, 1992).

In summary, available geologic and geochronometric
data indicate that Alaskan-type complexes were emplaced
throughout the entire span of early Mesozoic are magmatism
in Quesnellia at least, and possibly also in Stikinia. This
magmatism began in the mid-Triassic and continued
through to the sccretion of island arc terranes at the end of
the Early Jurassic (discussed below). Recently, Nelson and
Mihalynuk ( 1992) have argued that faunal, geologic and iso-
lopic linkages between Quesnellia and Stikinia are so strong
as to imply that they constituted part of a festoon of volcanic
arcs draped along the Cordilleran margin in Late Triassic o
Early Jurassic time. The presence of Alaskan-type ul-
tramafic complexes of similar age and tectonic setting is yet
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Figure 11,1 Partial restoration of Alaskan-type complexes in north-central British Columbia. A. Generalized terrane elements and major
foults. B. Restoration of 60 kilometres of movement on the Thudaka fault and 50 kilometres on the Finlay and Ingenika foults {afier

Gabrielse, 1985), Patterns as in Figure 11.2

another common thread shared by these accreted arc terma-
nes.

TIMING OF EARLY MESOZOIC
DEFORMATION AND TERRANE
ACCRETION

The U-Pb age of the Polaris complex places important
constraints on the timing of contractional deformation asso-
ciated with docking of accreted terranes, specifically Ques-
nellia, against the miogeoclinal margin of ancestral North
America.

As described earlier (Chapter 8), the Polaris complex
is a sill-like intrusion with a kinematically deformed thermal
aureole exposed at its base. Here, mafic volcanic or volcani-
clastic protoliths have been recrystallized to amphibolite,
and carbonaceous shales to andalusite (chiastolite) schists.

The amphibolites invariably exhibit a penetrative foliation
and chiastolite porphyroblasts in the pelites have been flat-
tened within the plane of the schistosity. Farther from the
contact, these rocks pass downward into massive volcanics,
foliated carbonates and fine-grained clastics with green-
schist-grade metamorphic assemblages. The regional folia-
tion imprinted in the hostrocks is concordant with fabrics in
ithe aureole. The kinematics (C/S fabrics) of ductile shear
zones within the aureole indicate eastward transport of the
Polaris complex together with its wallrocks. These lextural
features indicate that eastwand-verging deformation oc-
curred while the thermal aureole was hot. However, pene-
trative fabrics have not been observed within the complex,
suggesting that solidification was essentially complete prior
to deformation. As the zircons that yield the U-Pb age of
18622 Ma are concordant and come from a late feldspathic
pegmatite near the roof of the intrusion, this date represents
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the final stages of crysiallization of the complex. Further-
more, the intrusion was emplaced at a relatively high-level
(subvolcanic”) within the crust and so is unlikely to have
experienced protracted cooling. Therefore, the early Toar-
cian date is considered 1o be a good approximation of the
timing of the deformation event,

The regional schistosity and eastward-verging defor-
mation in this parl of the Lay Range is comelated with the
earliest phase of deformation recognized in the Ingenika
Group east of the Swannell fault. Here, Bellefontaine (1989,
1991) has documented an early, approximately synmeta-
morphic folistion associated with northeast-vergent, tight 1o
isoclinal folds overprinted by second-phase, post-metamor-
phic open folds and minor structures associated with the
Swannell thrust. At this latitude, the Swannell fault appears
o be a southwesterly vergent suture that places Upper Pro-
terozoic miogeoclinal rocks of the Cassiar Terrane upon the
Harper Ranch Subterrane (Lay Range assemblage) of Ques-
nellia (Figure 11.1). This sequence of norheastward over-
thrusting of allochthonous terranes followed by
southwestward back-thrusting and back-folding of al-
lochthonous and autochthonous miogeoclinal sequences is
well known in the Omineca crystalline belt and has been
linked to the accretion of Quesnellia, or the Intermontans
Superterrane, to the pericratonic margin (Monger ef al.,
1982; Brown ef al., 1986; Price, 1986; Murphy, 1989),

From the correlations detailed above, the earliest phase
of deformation associated with this accretionary event is
precisely dated at 18642 Ma or earliest Toarcian, This tim-
ing is supported by the recent resulis of U-Phdating by Mur-
phy et al. (1995) on syntectonic to post-lectonic granitoid
plutens in the southern part of the Omineca Belt (Kootenay
Arc and Cariboo Mountains), Based on less precise zircon
dates and existing biochronological data, they propose that
northeastward overthrusting of Quesnellia onto the North
American continental margin took place in mid-Toarcian
time (ea. 183 Ma) and that subsequent backthrusting of al-
lochthonous and autochthonous rocks ceased by the end of
the Aalenian (ca. 174 Ma). Deformation of similar age is
widespread in the Intermontane Bell. In northern Stikinia,
for example, a regional angular unconformity occurs al the
base of strata of uppermost Pliensbachian or Toarcian age
{Henderson and Perry, 1981: Gabriglse, 1991). Volcaniclas-
tic rocks and lavas directly overlying this unconformity have
yielded a concordant zircon date of 18522 Ma (D.A. Brown,
unpublished data). Folding, thrusting and synkinematic
metamorphism at the northern edge of Stikinia, associated
with southward-directed overthrusting of Cache Creek Ter-
rane along the King Salmon fault, occurred between carly
Toarcian and middle Bajocian (Thorstad and Gabrielse,
1986; Gabrielse, 1991), The synchronicity of these events
in terranes of the Intermontane Belt and the miogeocline
suggests that either contraction affected a broad “soft” zone
of accreted terranes that had amalgamated by late Early Ju-
rassic lime; or accretion to the North American continental
miargin was contemporaneous with the final phases of amal-
gamation of the Intermontane Supenterrane (Cordey ef al.,
1987, 1991}, The presence of deformation of similar age in
the Insular Belt may imply that Stikinia was already amal-
gamated 1o the outboard terranes of Wrangellia and Alex-
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ander (Insular Superterrane) prior to final closure of the
Cache Creek occan basin in the late-Early to early-Middle
Jurassic (Murphy ef al., 1995; Van der Heyden, 1992),

TECTONIC SETTING OF THE
TURNAGAIN COMFPLEX AND
STRIKE-SLIP DISPLACEMENTS IN

CENTRAL BRITISH COLUMBIA

The Turnagain Alaskan-type complex has been studied
in detail by Clark (1975, 1978, 1980) and a geologic map
based partly on Clark"s work has been published by Nixon
et al, (1989). The tectonic setting of this ultramafic complex
imposes some important constraints on Mesoczoic lo
(T Early Tertiary strike-slip motions along major transcur-
rent faults in north-central British Columbia,

The regional setting of the Tumagain complex is shown
in Figures 11.2 and 11,3. The northern and eastern margins
of the complex are bounded by a high-angle reverse(?) fault
which places locally serpentinized and talc-carbonate-al-
tered dunite against black carbonaceous phyllite. Al the
northwestern contact of the intrusion, lowermost amphibo-
lite-grade metavolcanic and metasedimentary rocks in the
hangingwall of the fault are juxtaposed against lower to mid-
dle greenschist-grade assemblages in the footwall. These
amphibolite-grade rocks may represent vestiges of a kine-
matically deformed thermal aurcole similar to that devel-
oped beneath the Polaris complex (Chapter 8). Southeast of
the Turnagain complex, Clark (1975) documented another
small Alaskan-type “ring complex™ intruding graphitic slate
and exhibiting a narrow but pronounced thermal aurecle in-
volving cordierite-anthophyllite assemblages. Gabrielse
(1991) concluded that Mississippian to Upper Triassic rocks
forming the allochthonous sliver northeast of the Kuicho
fault and west of the Rainbow fault were of oceanic affinity.
However, in view of the presence of Alaskan-type intrusions
and arc-related silicic volcanics (originally comrelated with
the Kutcho Formation by Gabrielse er al., 1979}, it seems
probable that this allochthon represents part of Quesnellia,
probably the Harper Ranch Subterrane, as also inferred by
Wheeler and McFeely (1991). In this case, the high-angle
reverse fault delineating the eastern margin of the Tumagain
complex must extend to the southeast. This fault is laken 1o
mark the eastern extremity of Quesnellia and its southern
extension has been placed arbitrarily at the base of the vol-
canic package in the south (H. Gabrielse, 1992, personal
communication; Figure 11.3). The Turnagain allochthon is
considered o represent an extension of the eastward-verg-
ing Hottah-Klinkit system which implies right-lateral offset
of approximately 65 kilometres along this part of the Kutcho
fault rather than 100 kilometres as cstimated by Gabrielse
(1985). The tectonic setting of the Turnagain complex is
directly analogous to that of the Polaris complex farther
south. In fact, the lithologies which host these intrusions are
so strikingly similar as to suggest a direct correlation with
the Lay Bange assemblage (Harper Ranch Subterrane) de-
scribed by Monger (1973). The black phyllite unit in fault
contact with the Turnagain complex forms part of a well-fo-
liated sequence of Lower Paleozoic fine-grained clastics
that passes eastwards into interbedded silisiones, carbonates
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Figure 11 4. Schematic terrane motions and development of strike-slip faulting in north-central British Columbin, See text for explanation.

and micaceous quartzites assigned o the Lower Cambrian
Aran Formation (Gabrielse er al., 1979). The exact position
of the fault boundary between lithologies representing the
Cassiar Terrane (Atan Formation) and Quesnellia is not well
known. The sedimentary rocks east of Quesnellia are con-
sidered 1o represent the offshelf equivalents of displaced
miogeoclinal sequences of ancestral North America
(Gabriclse, 1991; Wheeler and McFeely, 1991).

Almaost all of the major stike-slip faults in the Canadian
Cordillera, including the Kutcho-Thibert fault system, have
been demonstrated to have right-lateral displacements since
at least the mid-Crelaceous (Gabrielse, 1985). However,
permissive evidence for left-lateral strike-slip is found along
the Thibert fault west of the Turnagain complex.

In the Cry Lake map area on the western side of the
Cache Creek Terrane, Monger and Thorstad (1978) coined

the name King Salmon assemblage for an apparently con-
tinuous succession of Upper Triassic to Lower Jurassic
rocks bounded by the Nahlin and King Salmon southward-
verging thrust faults. Three lithological divisions were rec-
ognized: dominantly mafic to silicic arc-related volcanic
and volcaniclastic rocks of the Kutcho Formation; sparsely
fossiliferous carbonate of the Sinwa Formation; and grey-
wacke, siltstone, shale and local conglomerate of the Inklin
Formation (Figure 11.3). A northwest-trending sliver of
these three lithologically distinetive subdivisions was also
identified at the castern margin of the Cache Creek accre-
tionary complex (Gabrielse, 1962; Gabrielse ef al,, 1979;
Figure 11.3). The latter authors noted that the eastern margin
of this sliver is intruded by Early Jurassic granodiorite
whereas the western margin is in fault contact with the
Cache Creek complex (Thibert fault). Later, Thorstad and
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Gabriclse (1986) and Gabriclse (1991) placed the trace of
the Thibert fault along the eastern margin of this rock pack-
age and re-interpreted the western contact to be in strati-
graphic continuity with the Cache Creek, thereby placing
King Salmon lithologies within the Cache Creek Terrane
(Wheeler ef al., 1991), In contrast, Wheeler and McFeeley
(1991) consider that the Thibert fault defines the western
limit of this sliver, which they place within Quesnellia and
comrelate with Lower Jurassic clastic rocks of the Hall For-
mation. These discrepancies are probably best reconciled by
accepting the original lithological cormelations made by
Gabrielse et al. (1979), and regarding the sliver of King
Salmon assemblage rocks at the eastern margin of the Cache
Creek Group to be completely bounded by steeply dipping
strike-slip faults (H. Gabrielse, personal communication,
1992; Figure 11.3). As the major outerops of King Salmon
lithologies lie along the western margin of the Cache Creek
Terrane and end abruptly at the Kutcho fault, similar assem-
blages along the Thibert fault may represent a tectonic sliver
that has been displaced northward by left-lateral translation.

One scenario for sinistral displacement along the
Kutcho-Thibert fault system is depicted in Figure 11.4 and
involves differences in the rate of northward motion of fault-
bounded blocks in the accreted and displaced pericratonic
terranes relative o the craton. Block A (Cache Creek and
Stikine terranes) west of the Thibert fault, and Block B
(Quesne] and Cassiar terranes) 1o the east, moved northward
at different mies (Vectors A and B, Figure 11.4) relative to
ancestral North America (fixed, not shown). This results in
left-lateral offset of approximately 100 kilometres along the
Thibert-Kutcho fault system. Al some later ime, Block B
decelerated relative to A and the Thibert fault jumped east-
ward thereby effecting the transfer of a sliver of King
Salmon rocks to Block A (Cache Creek Terrane) and result-
ing in dextral offsets along the Thibert and Kutcho faulls
(Figure 1 1.4). Cumulative displacement relative to ancestral
North America can be accommodated by more inboard
faults (e.g., Tintina - Northern Rocky Mountain Trench sys-
tem - not shown). Provided that late dexiral motion was en-
tirely confined to the Thibert East splay, sinistral kinematic
fabrics might be preserved adjacent to the Thibert West

branch (Figore 11.3). A similar tectonic history has been
interpreted in southern British Columbia where late Meso-
zoic (post-Albian) sinistral motion along a strand of the
Yalakom fault is sueceeded by dextral displacement (Eo-
cene?) along the main fault trace (Miller, 1988; P.
Schiarizza, personal communication, 1992},

Based on constraints provided by stratigraphic and
structural correlations and isotopic dating of plutons,
Gabrielse (1985) determined that pre-Late Cretsceous and
younger(?) dextral displacements along the Thiben and
Kutcho faults were linked to movements along the Thudaka-
Finlay-Ingenika fault system. Accommodating about 125
kilometres of dextral offset on the latter system restores the
trace of the Hottah-Swannell thrust faults and the Kutcho-
Pinchi fault trace (Gabrielse, 1985; Figure 11.1B). As noted
earlier, the Hottah-Elinkit fault trace can be restored by 65
kilometres of motion along the Kutcho fault; further dis-
placement of approximately 110 kilometres along the Thi-
bert-Kutcho-Takla system is required in order to restore the
trace of the Nahlin-Vital fault (Gabrielse, 1985).

Ave-Lallemant and Oldow (1988) have related strike-
slip displacements along the Cordilleran margin to tran-
spressional tectonics and shown that this hypothesis is
consistent with both absolute and relative motions of Pacific
ocean basin plates (Engebretson ef al., 1985). During the
Triassic to mid-Cretaceous, Cordilleran suspect termanes
were moving southward with respect to North America due
to Jeft-oblique convergence, and thereafter northward as
convergence became right-oblique. Since Gabrielse (1985)
has inferred that moticns on most of the major faults shown
in Figure 11.1 probably terminated by Late Cretaceous, sin-
istral displacement along the Thibert-Kutcho fault system
would presumably correspond o relative differences in the
rates of southward migration of fauli-bounded blocks (ie.,
this requires southward-directed and reverse vectors for
Blocks A and B in Figure 1 1.4), Strike-slip motion on many
of these faults may have been initisted as early as the late-
Early Jurassic contractional deformation accompanying ter-
rane accretion (Ave-Lallemant and Oldow, 1988; Gabrielse,
1991).
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APPENDIX B

U-Pb ANALYTICAL TECHNIQUES

All U-Pb zircon analyses were performed in the Geo-
chronology Laboratory of the Royal Ontario Muscum by
Heaman. Rock samples were pulverized in a jaw crusher
and Bico disk mill using stringent cleaning procedures for
all equipment. Zircon concentraies were obtained by a com-
bination of density and magnetic mineral separation proce-
dures. The rock powder was initially passed over a Wililey
table to obtuin a heavy mineral concentrate, This concen-
trate was further processed using standard mineral separa-
tion technigues including a Franz isodynamic separator and
heavy liquids (bromoform, methylene jodide). The zircon
grains selected for analysis were hand-picked using a bin-
ocular microscope, and generally only transparent grains de-
void of eracks, alteration, inclusions and other imperfections
were chosen, All zircon fractions were given an air abrasion
treatment following the procedure outlined by Krogh
(1982).

The zircon fractions were washed in nitric acid,
weighed on disposable aluminum weighing boats, and dis-
solved in Parr-type teflon bombs at 220°C using a mixture
of HF and EW[S:!}.MmﬁMuﬁm.acﬂimm
amount of U tracer solution (Krogh and Davis,
1975) was added 1o each sample in order to determine con-
centrations by isotope dilution. The unceriainty in the con-
centrations listed in Tables 4.1 and 8.1 are approximately

1% (2a) for most fractions and 10% for fractions weighing
less than 10 micrograms. Uranium and lead were isolated
from the dissolved sample solutions by anion exchange
chromatography penerally following the procedures of
Krogh (1973) except that columns approximately 1/10th of
the size of those reported were used. The total procedural
blanks for Pb and U are typically in the range 2-10 and 1-5
picograms, respectively.

Both uranium and lead were loaded together onto oui-
gassed Re filaments in a mixture of silica gel and phosphoric
acid (silica gel technique of Cameron er al,, 1969). The iso-
topic ratios were measuned with a VG354 mass spectrometer
in a single collector mode using Faraday or Daly photomul-
tiplier detector systems. All U and Pb isotopic data were
corrected for mass discrimination by a factor of
+0.13%/amu based on replicate measurements of NBS
standards. Isotopic data determined using the Daly detector
were also further cormected by a factor of +0.3%/amu. U-Pb
age calculations and error estimation follow the procedure
of Davis (1982). All errors are mpn%dat 95% confi-
dence level. The uncertainty in the and U/Pb
ratios are generally less than 0.1% and 0.5% respectively.
The uranium decay constants and isotopic composition of

urani are those reco y Steiger and J
(977): !’EE Tﬁfs 125 x mﬂﬂ’;rﬁﬁu =9,8485 x |I1:¥lfs
; urPu

yr; and = |37.88.
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APPENDIX C

LOCATION OF GEOCHEMICAL SAMPLE SITES, TULAMEEN COMPLEX

Locality'  Sample’ Easting’ Northing Lat.* Long *

7 3 660687 $475484 49-24-46 120-57-05
- 7 634042 5459416 49-32-23 120-52-15
13 9 653121 5489297 49-32-20 120-53-01
7 10 652642 5488449 49.31-53 120-53-26
29 1A 652323 5488317 49-31-49 120-53-42
29 18 652323 5488317 49.31.49 120-53-42
30 12 651964 5488214 49-31-46 120-54-00
49 19 645994 5485996 49.30-36 120-55-41
49 20 649994 5485996 49-30-36 120-55-41
36 n 651180 5487482 4931-3 120-54-40
35 24 651434 5487767 49-31-32 120-54-27
26 28 652178 5488467 49-31-54 120-53-49
24 294 652072 5488681 49-32-01 120-53-54
24 298 652072 5488681 49-32-01 120-53-54
n 30 652032 5488680 49-32.01 120-53-56
2 3 651730 5488671 49-32-01 120-54-11
2 n 651747 5488085 49.31-42 120-54-11
Ex) E2 651929 5488028 49-31-40 120-54-02
32 35 651747 5488085 49-31-42 120-54-11
15 36 651713 5489289 49-32-21 120-54-11
14 £l 651932 5459357 493223 120-54-00
I8 38 651897 5489170 49-32-17 120-54-02
18 39 651897 5489170 49-32-17 120-54-02
20 40 651941 SAKD048 49-32-13 120-54-00
20 41 G194 SAHGME 49-32-13 120-54-060
16 45 650731 5489169 49-32-18 120-55-00
41 48 653768 5487029 49-31.06 120-52-32
37 51 653174 5487383 49-31-18 120-53-01
1 55 650742 5489478 49-32-28 120-54-59
21 56 650715 S4RB014 49.32-13 120-55-01
5 59 654079 5490962 49-33-13 120-52-11
3 60 653276 5491650 49-33-36 120-52-50
1 68 653411 5491840 49-33-42 120-52-43
2 69 653792 5491881 49-33-43 120-52-24
4 70 655503 5491095 49-33-16 120-51-00
6 7 656017 5490708 49-33.03 120-50-35
50 73 653364 S485658 49-30-22 120-52-54
48 7 653594 S486066 49-30-35 120-52-42
43 ™ 654068 5486388 49-30-45 120-52-18
4 80 654108 5486389 49-30-45 120-52-16
a5 81 653929 5486322 493043 120-52-25
47 84 653612 5486128 49-30-37 120-52-41
2% 86 653630 548622 49-30-40 120-52-40
53 87 657999 5484059 19-29-26 120-49-06
53 88 657999 5484059 49-29-26 120-49-06
s2 9% 638016 5484152 49-29-29 120-49-05
51 92 657175 5484715 49-29-48 120-49-46
57 93A 656839 5480997 492748 120-50-08
S8 938 656802 5480873 49-27-44 120-50-10
60 97 636002 5480906 49-2745 120-50-05
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56 101 655750 S481028 49-27-30 120-51-02
62 1024 657533 54T0966 49-27-14 120-49-35
62 1028 657533 S4T9966 49.27-14 120-49.35
59 103 6566TE SAR0OG2 40.27-47 120-50-16
55 114 656157 54836097 49-29-16 120-50-38
54 17 658630 5483799 49.29-17 120-48-35
6l 124 659132 5480415 49-27-27 120-48-15
(i 125 659495 5479004 49-26-41 120-47-59
i3 126 650455 5479002 49-26-41 120-48-01
63 127 659455 5479002 49.26-41 120-48-D1
&7 128A 659246 5478564 49-26-27 1200-48-12
67 128C (59246 5478564 49.26-27 120-48-12
68 129 HI006E 5478466 49-26-24 120-48-21
69 130 H5BEGE 5478398 49-26-22 120-48-31
65 131 657642 S4TROR1 46-26-42 120-48-31
] 132 658117 5478593 49.26-29 120-49-08
i) 133 659192 5478346 49.26-20 120-48-15
T 143 652373 5490142 49.32-48 120-53-37
8 144 652354 5400110 49-32-47 120-53-38
] 145 652302 5490173 49.32-49 120-53-36
1D 146 652058 54B0886 49-32-40 120-53-53
19 147 652056 5489237 49-32-19 120-53-54
20 14K 651941 S4R0(4E 49-32-13 120 54-00
42 149 650741 S4RR798 49-32-06 120-55-00
40 150 651111 S487078 49.31-10 120-54-44
38 151 651206 5487266 49.31-16 120-54-39
o 152 651228 5487205 49-31-14 120-54-38
34 159 651755 S4877TG 49.31-32 120-54-11
31 160 652328 S48E163 49-3]-44 120-53-42
23 163 651234 5488441 49.11-54 120-54-36
n 166 652425 S48R28G 49.3]-48 120-53-37
73 167 652584 S48E355 49-31-50 120-53-29
T4 168 652623 S48R3R87T 49.31-51 120-53-27
75 170 HS52643 S48X3EE 49.11-51 120-53-26
76 17 652663 5488419 49-31-52 120-53-25
T ir2 652683 S4ER420 49-31-52 120-53-24
78 173 652681 S4ER420 49.311-52 120-53-24
70 174 652683 S4RR420 49.1]1-52 120-53-24
EO 175 632663 5488419 49-31-52 120-53-25
&1 176 652683 5488420 49-31-52 120-53-24
82 177 652683 5488420 49.31-52 120-53-24
83 179 652702 5488451 49-31-53 120-53-23
N4 180 652702 5488451 49-31-33 120-53-23
&S 181 652702 5488451 49-31-53 120-53-23
6 182 652702 5488451 49-11-53 120-53-23
28 183 (52644 S4BR357 49-31-50 120-53-26
21 185A 650654 5489043 49-32-14 120-55-04
17 187 H50470 5489162 49-32-18 120-55-13
; Sample sites shown on Map 5 and Figure 2.6

* Prefix GNET-

'NTS 92H/10 and 92H/7, UTM Zone 10

‘Degrees-minutes-seconds
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APPENDIX D

SAMPLE PREPARATION AND
MICROBEAM TECHNIQUES

Chromitite specimens were initially examined in pol-
ished thin section with a Nanolab 7 scanning electron mi-
croscope at the University of British Columbia,
Subsequently, the nuggets and six chromitite chips from
three samples (GNB7-146, -147, and - 148) were selected for
guantitative analysis, and sliced and mounted in cold-setting
araldite. The samples were polished on a temperature-con-
trolled Diirener polisher using lead laps, with final buffing
using 0.05 m gamma alumina (Laflamme, 1990).

Electron microprobe analyses were done at CANMET
on a JEOLT33 microanalyzer system. The silicate and spine]
analyses were carried out by energy-dispersion spectrome-
try at 15 kV, with a beam (Faraday cup) current of 12 nA,
and using the following x-ray lines (and standards): FeXa
{metal or amphibole #1), CrKoe , NiKio and ZnKct (metals),
AlKw (Al203), SiKa (5i02), MnKo (rhodochrosite), TiKa
(TiD2), Mgk (MgO), KXo (orthoclase), Caka (wollas-
tonite) and NaKo (NaNb( ), Ni and Zn were done by wave-
length dispersion spectrometry. Counting times were of the
order of 100 5. Analyses of all the PGM and PGE-bearing
minerals were carried out by wavelength dispersion spec-
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trometry at 20 kV, with a beam current of 20 nA, using the
following x-ray lines (and standands): Ptlao and FeKo (PtFe
or PtaFe), PdLa , Rhio, Rule, IrLat, OsMa , CuKa, NiKa
and Sblo (metals), Asla (InAs), and SKa (pyrite). Raw
data were corrected using the ZAF program supplied by Tra-
cor Morthern and additional corrections were performed for
enhancement of the following primary x-ray lines by secon-
dary lines: RulBy and PuAz Ny on Rhicey; Irl] on Cuke;
RulBz and RhiB) on Pdla); and Ruloy and Shill) on
Aslo Additional electron-microprobe analyses were per-
formed ot Queen's University on spinel and olivine in
chromitites, dunites and clinopyroxenites using an ARL-
SEMOQ microanalyzer fitted with an energy-dispersion spec-
trometer and a Tracor Northern x-ray analysis system.
Ten-element analyses were performed simuliancously using
an accelerating potential of 15 kV, a beam current of about
20 nA, and counting times of 200 5. Materals used as stand-
ards include synthetic glass (Queen’s University reference
number 5-204), chromite (S-164) and olivine (5-68). X-ray
intensities were cormected for matrix effects using the pro-
cedures of Bence and Albee (1968) and alpha correction
factors of Albee and Ray (1970).
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INTRUSIVE ROCKS

LATE TRIASSIC TO EARLY JURASSIC
GUICHON SUITE GRANITOIDS

HBM Hornblende-biotite quartz monzonite, monzonite and monzodiorite
Fp Feldspar porphyry 5
STIKINE SUITE(?) GRANITOID
Hornblende monzodiorite-foilated
LUNAR CREEK COMPLEX /\

MID-TRIASSIC 22 N\
G Dark to pale grey, medium to coarse grained, predominantly hornblende
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diorite or gabbro with subordinate clinopyroxene-hornblende gabbro or diorite,
minor clinopyroxene leucogabbro and hornblende-feldspar-quartz pegmatite;
HGDa pale grey, medium grained biotite-hornblende quartz diorite/monzonite; \

HGDb well-foliated diorite or gabbro similar to unit HGD but older than units
HGD and HGDa

Undifferentiated medium to coarse grained, thickly layered hornblende
diorite or gabbro, hornblende clinopyroxenite, clinopyroxenite, hornblende-
olivine clinopyroxenite and olivine clinopyroxenite

P Dark greenish grey, medium to coarse grained hornblende clinopyroxenite,
locally feldspathic

e

Dark to medium greenish grey, medium to coarse grained clinopyroxenite, 21
locally feldspathic

¥4

Dark to medium greenish grey, medium to coarse grained, olivine
clinopyroxenite with subordinate clinopyroxenite

Layered mixed units: thinly to thickly stratified, medium to coarse grained
dunite/olivine wehrlite and olivine clinopyroxenite/clinopyroxenite;
ImUa: replacement dunite/wehrlite locally crosscutting the layering

(¢}

)

Chaotic mixed units: dark to medium greenish grey and buff weathering 89
mottled outcrops comprising irregular blocks and schlieren of medium

grained dunite/olivine wehrlite and olivine clinopyroxenite/clinopyroxenite;

cmUa: dunite to wehrlite-rich domains; cmUb: clinopyroxenite-rich domains

57°55
Pale buff weathering, medium grained, weakly serpentinized dunite cut by 20§ ? é
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5
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abundant olivine clinopyroxenite and clinopyroxenite dikes; L §
Dua: contains minor chromitite schlieren; Dub: contains minor olivine wehrlite -
STRATIFIED ROCKS A |
MIDDLE TRIASSIC TO LOWER JURASSIC —
TAKLA GROUP
Middle greenischist to lowermost amphibolite grade volcanic, volcaniclastic, |
and sedimentary rocks: —
TJta dark grey to greenish grey augite and plagioclase-phyric actinolitic -
schists, and amphibole-biotite wacke or tuff;
TJT1b dark grey to black well-foliated amphibolite \
DEVONIAN TO LOWER PERMIAN %
ASITKA GROUP (Basement of Stikine Terrane) 19 =i E ©
Greenschist grade volcanic, volcaniclastic, and sedimentary rocks; brownish .
grey weathering, thinly bedded sandy limestone, medium grey chert, dark 88 13" P
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and saussuritized lithic wacke and/or feldspathic tuff . é nE N
= .
‘ L N\ S <
. ~_| | : )\\,_\ &
SYMBOLS — A1) VA W :
5 . N /
Geological boundary (defined or approximate, inferred or assumed)..........ccccccveviveeennns _——— = \% \ 100% 4
High-angle fault or shear zone (defined or approximate, inferred or assumed)............. —————— -
70 .
Bedding attitude (tops unknown, INCINEd, VEItICAL).............coveevereeeeeeeeeeeeeeeeeeeeeeeeeeeeseeseeseens e =\ c \
18
MAGMALIC TAYEIING. ... ettt ettt e sttt et ee ettt et e s s se e s s es s esenensnens 48 L \J 7 M
Limit of @XteNSIVE OULCTOP........ooiiiiiiiiiii i eeee® ® & & & 8w . -
Schistosity or foliation attitude (iNCliNed, VEIICAI). .............cceeueeeeeieeeeeeee e 80— N !
MINEEAL INEALON. ... e eeeseenennnnnnnnnnnnnnnnnnnnnnd o T A
Lg Fp
Dike AtHUAE (NCHNET, VEIHCAI....oor oo oo s 28 K{
Dike: We-wehrlite; Cp-clinopyroxenite; Mz-hornblende-biotite monzonite/monzodiorite: 127°30°
Fp-feldspar porphyry; Md-hornblende microdiorite; Qf-quartz-feldspar leucogranite; 8 y
Lm-leuco-monzodiorite; Lg-leucodiorite/leucogabbro p
(Qf, Lm and Lg may be differentiates of the gabbroic rocks; Mz is
probably related to HBM; and Fp and Md are of dubious affinity) Qv 7
. . . 77
Strike and dip Of QUANMZ VEIN........oii i e e e s e e e e e e e s sre e e e snae e e e snbeeeennaees Lo
CRIOMILIE IOCAIHES. ... ..oveveeeeeeeeeeeee et ettt ettt ee e e et ee e s eeen e en st en s eeneseen e, g
Geochemical assay site (See report for detailS)..........iiuuiiiiiii e 604
FIEIA STALION. ..ot s s eee e ee s et e e es e e ese e ene e DD
U-Pb iSOtOPIC date (ZIFCON) £ 2 GEITON.........ouiveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee s en s @ 2372Ma
(70 a1 (o 1 £ (V=T VA2 0 1 1) PO SROTRIN __——1800—_—~
16
128"
OL
* Lunar Complex Dunit
unite
LOCATION MAP
Cheni Mine
!la\:b\surdn Alratrip Harzburgite Olivine Wehrlite
\l
“JThutade
W ~1 Lake
3 =
2 "% \\\gmigecu
3 ~. Resource H
i ‘<_ Road Lherzolite Wehrlite
l\ [§]
) ~N
) 40 40 g
‘ h Olivine - o o P
= Germansen™_ Orthopyroxenite Olivine vine . UTM GRID ZONE 9
Landing Clinopyroxenite NAD 27
‘\. ;cze”on \ ;q\ Websterite {(
T )\ S ~ "(\/ 10 10 92
\
Smit‘h\ers ’/,/ N\ § OPX /L \ Websterite /\\ CPX
WTelwa /[ \Gabine 3%; 10 10\ N
e . . .
‘\\_\ m Orthopyroxenite Clinopyroxenite A 14 .
\\ Lake 4
/ s 5 CLASSIFICATION OF ULTRAMAFIC ROCKS T
AT Y &
Ootsa T 2
7 Lake , S /R
B Kemano 1" 29— & gé—"io
[ 26" 31— To
KILOMETRES \105
flometres LX .
kil t g :
1986 (\/
Note: The geology was mapped and fitted to a 1:50 000 NTS (NAD 27) digitized topographic base. 93 §94000m. E




126° 10’

¥ Ol RNl AN I~ “/REIFENNON

Geological Survey Branch

BULLETIN 93

Map 2

/
GEOLOGY OF THE WREDE CREEK NS

ALASKAN-TYPE COMPLEX /

NTS 94D/9
Geology by J.L. Hammack, G.T. Nixon
R.H. Wong, W.P.E. Paterson, and C. Nuttall
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LEGEND
INTRUSIVE ROCKS

MIDDLE JURASSIC

Hornblende-bearing quartz monzonite/monzonite/quartz diorite/diorite:
buff-white weathering, white to pale grey, medium grained, equigranular;
includes rare plagioclase porphyry

WREDE CREEK COMPLEX

LATE TRIASSIC (?)

Hornblende diorite or gabbro/clinopyroxene-hornblende diorite or gabbro (10-40%
plagioclase; 50-90% hornblende; 0-30% clinopyroxene) and hornblendite/
clinopyroxene hornblendite (0-10% plagioclase; 50-100% hornblende; 0-50%
clinopyroxene); pale grey to black weathering, fine to coarse grained

o

Hornblende clinopyroxenite (50-90% clinopyroxene; 10-50% hornblende):
medium brown weathering, coarse grained

2

\\

Undifferentiated clinopyroxenite includes hornblende clinopyroxenite (50-90%
clinopyroxene; 10-50% hornblendejclinopyroxenite (90-100% clinopyroxene)/
olivine clinopyroxenite (60-90% clinopyroxene; 10-40% olivine)/olivine-hornblende
clinopyroxenite (50-90% clinopyroxene; 10-50% hornblende; 5-15% olivine):

dark to medium grey-green weathering, medium to coarse grained

s
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Olivine clinopyroxenite (10-40% olivine; 60-90% clinopyroxene): medium to pale
grey-green weathering, medium to coarse grained

o
5

LT N (-

Wehrlite (40-65% olivine; 35-60% clinopyroxene): dark to medium brown
weathering, predominantly medium grained or medium to coarse grained

56° 40’

Dunite (90-100% olivine; 0-10% clinopyroxene): pale buff-orange weathering,
dark grey to black, fine to medium grained

STRATIFIED ROCKS
MIDDLE TRIASSIC TO LOWER JURASSIC
TAKLA GROUP
TJ Brown to dark grey weathering, medium grey-green and dark grey augite
and augite-plagioclase crystal tuffs, flows and volcanic breccia

I

UPPER PALEOZOIC (Mississippian-Permian)
LAY RANGE ASSEMBLAGE (HARPER RANCH SUBTERRANE)
MP Phyllite, phyllitic quartzite, chlorite schist, chert, lithic tuff, volcanic breccia
and minor pillow basalt

=
!

UPPER PROTEROZOIC TO PALEOZOIC
EAGLE BAY ASSEMBLAGE (KOOTENAY TERRANE)
BPEA Metamorphosed mafic to intermediate volcanic rocks, chlorite schist and
limestone

N ‘W000Zg29
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Chromitite schlieren (iINClINEd, VEITICAI)........coiuiiiiiie et e st e e snee e 80— &~
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Geochemical sample site (See report for AELalS)..........ei ettt e e et e et e et e neeesneeas A
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Note: The geology was mapped and fitted to a 1:50 000 NTS (NAD 27) digitized topographic base. CLASSIFICATION OF ULTRAMAFIC ROCKS
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EARLY JURASSIC

Felsic intrusions: syenite/leucomonzonite, pale grey to cream weathering; many
thin, medium grained to locally pegmatitic dikes (not shown) in western part of
complex

T

L\

Hornblende-bearing diorite or gabbro, equigranular to locally mylonitic, dark to
medium grey weathering, fine to medium grained, rare local layering, includes
minor clinopyroxene-hornblende diorite or gabbro and feldspathic hornblendite

I

Hornblende clinopyroxenite (90-50% clinopyroxene; 50-10% hornblende)
clinopyroxene hornblendite (90-50% hornblende; 50-10% clinopyroxene) and

minor hornblende-olivine clinopyroxenite, hornblendite and feldspathic hornblendite:
dark to medium grey-green or black weathering, medium to coarse grained

Chaotic mixed olivine wehrlite-wehrlite-minor dunite and olivine clinopyroxenite-
clinopyroxenite: mottled brown and pale grey-green weathering, medium to
coarse grained
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Olivine clinopyroxenite (40-10% olivine; 90-60% clinopyroxene) to clinopyroxenite
(10-0% olivine; 100-90% clinopyroxene): medium to pale grey-green weathering,
medium to coarse grained, locally pegmatitic
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Undifferentiated olivine wehrlite to wehrlite: dark to medium brown weathering,
medium to coarse grained, rare clinopyroxene megacrysts
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Webhrlite (65-40% olivine; 60-35% clinopyroxene) with minor olivine clinopyroxenite:
dark to medium brown weathering, medium to coarse grained, rare pegmatitic
clinopyroxene

Olivine wehrlite (90-65% olivine; 35-10% clinopyroxene): dark to medium brown
weathering, generally medium grained

©)
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Dunite (100-90% olivine; 10-0% clinopyroxene): pale buff weathering, generally
medium grained

Contact Metamorphic Aureole: Hf, Hornfelsed volcanic and sedimentary rocks of the
Lay Range Assemblage; Hfs, strongly foliated rocks in the basal metamorphic
aureole, locally includes amphibolite and mica and andalusite schist; protolith in
part includes minor sills of gabbro/diorite and clinopyroxenite

Hf |H
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STRATIFIED ROCKS

UPPER PALEOZOIC
| Lay Range Assemblage (Mississippian to Permian)
Metasedimentary and metavolanic rocks including flows, tuffs and subvolcanic

MPLa | . ; . ! . . )

intrusions (augite and/or plagioclase-phyric and hornblende-phyric),laminated
to thickly bedded, tuffaceous siltstone and sandstone, phyllite, shale and
, mudstone, minor impure limestone, chert and conglomerate; predominantly dark
600 grey to green weathering, generally fine grained, locally graded and cross bedded

~—

Big Creek Group (Upper Devonian to Lower Mississippian)
N\ DM Shale, mudstone, siltstone, sandstone, wacke, chert, conglomerate and minor
63 BC | limestone and felsic tuff; predominantly black to dark grey; thinly bedded and

\
' wavy bedded
CDu Undifferentiated Cambrian to Devonian rocks of the Atan, Razor Back,

Echo Lake and Otter Lakes Groups, includes limestone and dolostone, shale,
siltstone, sandstone, impure quartzite, phyllite and minor schist

UPPER PROTEROZOIC

Ingenika Group
Limestone, sandstone, quartzite, siltdstone, slate, phyllite and schist
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JURASSIC (?)
Hornblende diorite: grey-brown weathering, medium grained, locally epidotized

POLARIS COMPLEX

EARLY JURASSIC

Hornblende-bearing diorite or gabbro, equigranular to locally mylonitic, dark to
medium grey weathering, fine to medium grained, rare local layering, includes
minor clinopyroxene-hornblende diorite or gabbro and feldspathic hornblendite

I
O

Hornblende clinopyroxenite (90-50% clinopyroxene; 50-10% hornblende)

P clinopyroxene hornblendite (90-50% hornblende; 50-10% clinopyroxene) and

minor hornblende-olivine clinopyroxenite, hornblendite and feldspathic hornblendite:
dark to medium grey-green or black weathering, medium to coarse grained

I
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Chaotic mixed olivine wehrlite-wehrlite-minor dunite and olivine clinopyroxenite-
clinopyroxenite: mottled brown and pale grey-green weathering, medium to
coarse grained

C

m

o Olivine clinopyroxenite (40-10% olivine; 90-60% clinopyroxene) to clinopyroxenite
X (10-0% olivine; 100-90% clinopyroxene): medium to pale grey-green weathering,
medium to coarse grained, locally pegmatitic

Undifferentiated olivine wehrlite to wehrlite: dark to medium brown weathering,
medium to coarse grained, rare clinopyroxene megacrysts

Wehrlite (65-40% olivine; 60-35% clinopyroxene) with minor olivine clinopyroxenite:
dark to medium brown weathering, medium to coarse grained, rare pegmatitic
clinopyroxene

Olivine wehrlite (90-65% olivine; 35-10% clinopyroxene): dark to medium brown
weathering, generally medium grained

Dunite (100-90% olivine; 10-0% clinopyroxene): pale buff weathering, generally
medium grained
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Contact Metamorphic Aureole
Hornfelsed volcanic and sedimentary rocks of the Lay Range Assemblage

STRATIFIED ROCKS

UPPER PALEOZOIC
Lay Range Assemblage (Mississippian to Permian)
MP Metasedimentary and metavolanic rocks including flows, tuffs and subvolcanic
intrusions (augite and/or plagioclase-phyric and hornblende-phyric),laminated
to thickly bedded, tuffaceous siltstone and sandstone, phyllite, shale and
mudstone, minor impure limestone, chert and conglomerate; predominantly dark
grey to green weathering, generally fine grained, locally graded and cross bedded
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Note: The geology was mapped and fitted to a 1:50 000 NTS (NAD 27) digitized topographic base. 1984
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GEOLOGY OF THE TULAMEEN
ALASKAN-TYPE COMPLEX

NTS 92H/7, 10

Geology by D.C. Findlay (1963)* as modified by G.T. Nixon
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INTRUSIVE ROCKS

TERTIARY (Eocene)
Granodiorite (unfoliated)

LATE JURASSIC TO MID-CRETACEOUS
TKegd Eagle Plutonic Complex: granodiorite (foliated)

TULAMEEN COMPLEX

LATE TRIASSIC
Mafic pegmatite (locally feldspathic)

sd 'Syenodiorite’ (monzonite-monzodiorite), variably saussuritized

Gabbro-'syenograbbo’(monzogabbro-monzodiorite), variably
saussuritized

Undifferentiated mafic-ultramafic rocks (gabbro or diorite/
hornblende clinopyroxenite/hornblendite)

H Hornblende clinopyroxenite (includes minor hornblendite,
clinopyroxenite, mafic pegmatite and magnetite schlieren)

c

HOPXx Hornblende-olivine clinopyroxenite

OPx Olivine clinopyroxenite (includes minor olivine wehrlite/wehrlite

Dunite (variably serpentinized; includes minor olivine wehrlite/
wehrlite)

H
c

STRATIFIED ROCKS
TERTIARY (Eocene)
PRINCETON GROUP
Shales,arkosic sandstones and conglomerates, coal seams and
seat earths, laharic breccias, rhyolitic to basaltic lava flows
UPPER TRIASSIC
NICOLA GROUP
ut N Metasedimentary and metavolcanic rocks
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ut N Metavolcanic units

€L

ut Nm Marble A
MYLONITIC ROCKS L
Undifferentiated ductily deformed Nicola and ultramafic-mafic rocks T /\ .
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SYMBOLS
Geological boundary 1977
(defined or approximate, inferred or assumed)...........cccceevieiiienneenn - T T T T ==
Unconformity (inferred)...........cvvooiiiiii e —00—00—00—00—
High-angle fault (defined or approximate, inferred)..........cccccccvviiiirnn.. o o —— - - = -—-
Foliation strike and dip (inclined, VertiCal).............ooeiiiiiiii i 00—
Bedding strike and dip (inclined: tops unknown, tops KNOWN).............ccccenerenereniennnne. 70— 80/‘/ oL
Chromite schlieren strike and dip (inclined, vertical)..............cccceoeiiiiicieccccee e 50— 4 Dunite * )] s 8
Minor fold attitude (plunge of axis, dip of axial plane, vertical 20 40 15
axial plane, folded chromitite schllerenzo/ 407 7 60,7 Harzburgite Olivine Wehrlite 7
Mineral lamination strike and dip (inclined, vertical)...........ccccceeeeviiiiiiiee e, 0~ o
Mineral lineation (plunge iNICAtEA).........coiuriiiiie e —» 10
Dike strike and dip (<2M Width, >2mM WIdth)..........c.oveveeeeeeeeeeeeeeeeeeeeseessesseeeeees Mo T 7/T/] Lherzolite Webhrlite /
Dikes and minor intrusions: M=mafic; F=felsic; H=intermediate, o 40 /
hornblende-phyric; Cp=clinopyroxenite Orthog:\c/);?:nite Olvine Olivine ' 7
MAGNELE PrOSPECL......cv.vveveeeeeeeeeeeeeeeeeseeeeeeeseeeseesee s es e e st ee s s s eneene s eeneees e eneereeeeeseenasneees R Websterite Clinopyroxenite /
SUIPNIE OCCUITENCE. ...ttt sae e eans *
Geochemical assay site (see report for detalls)51A y \ /
Chromitite/chromitiferous dunite assay site (see report for details)............coooeeiiiiiiiiniiieiieens %.8. OPX 4 }0 Websterite 10/ P CPX
CONOUTS (EVEFY 100 FEEL) ... eevreeeeeeeeeeeeeeeeeeeeeeeeeeeteeeseeeeeeseeese e et seeseeseseseeessseeseens —1800— Orthopyroxenite Clinopyroxenite
CLASSIFICATION OF ULTRAMAFIC ROCKS ) 63

660 000m. E

*Findlay, D.C. (1963): Petrology of the Tulameen Ultramafic Complex, Yale District, , UTM GRID ZONE 10
British Columbia, Unpublished Ph. D. Thesis, Queen's University, Kingston, Ontario. 120750 NAD 27
Note: The geology was mapped and fitted to a 1:50 000 NTS (NAD 27) digitized topographic base.
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