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ABSTRACT

The alkalic Early Jurassic Iron Mask batholith (204 ± 5 Ma) intrudes Late Triassic Nicola Group

volcanic rocks of the Quesnellia terrane in south-central British Columbia. The batholith consists of three

intrusive rock units which are, from oldest to youngest, Pothook diorite, Cherty Creek monzodiorite to

monzonite and Sugarloafdiorite and one ‘hybrid’ unit (Iron Mask hybrid). Pothook and Cherty Creek

rocks are locally gradational, contain clinopyroxene or biotite as the major mafic phase and define a

chemical trend in major element space. Sugarloaf rocks intrude all other Iron Mask units, contain

abundant hornblende and sparse clinopyroxene and do not follow the linear major-element trends defined

by the other units. Primary quartz is rarely found in a few samples from the Cheny Creek and Sugarloaf

units. REE profiles from the intrusive units are veiy similar, showing slight enrichment ofLREE’s and no

evidence of plagioclase fractionation. These intrusive units are part of a complex magmatic system and

appear not to be related through simple fractionation processes.

The Iron Mask hybrid unit is highly variable in texture and composition; it is divided into three

types. Type I and II are characterized by abundant (partially digested) xenoliths, many of which are

derived from Nicola Group rocks. Type ifi is xenolith-poor and exhibits extreme textual variation on an

outcrop scale. The Iron Mask hybrid is postulated to represent the effects of progressive assimilation of

Nicola Group rocks by Pothook magma. This postulate is supported by REE data. One consequence of

selective assimilation processes is the potential for increasing the volatile content of the melt. It is shown

that thermal dehydration and partial assimilation of Nicola Group rocks by Pothook magma is a valid

method for promoting early volatile saturation in the melt.

Xenoliths and blocks of serpentinized picritic basalt are found within the Iron Mask batholith.

These exposures are correlated with relatively well-preserved picritic basalt from three localities outside of

the Iron Mask batholith on the basis of texture, mineralogy and chemistry. The Kainloops Lake picritic

basalts represent an episode of ultramafic volcanism during the latter stages of Nicola volcanism. The

rocks are olivine ± clinopyroxene porphyntic. Olivine compositions range from Fo895 to Fo929.

Clinopyroxene MG#’s [100.Mg/(Mg + Fe 2+] range from 87.1 to 99.7 with calculated Fe203contents of

1.44 to 6.66 wt% and Cr-spinel is also highly oxidized (l00•Fe3/(F3+ Al + Cr) from 13.7 to 82.9).

Mineral compositions, as well as incompatible element patterns for bulk rocks indicate ciystallization

from an island-arc primaxy magma under oxidizing conditions. PEE profiles indicated olivine control on

the pattern and abundances.

Calculation of T-1n302paths, primary melt compositions and olivine crystallization suggest that

the Kamloops Lake rocks contain a significant cumulate component. The results support crystallization

under high oxygen fugacity from a magma with 14.9 to 20.5 wt% MgO.
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1.0 INTRODUCTION

1.1 STUDY AREA AND REGIONAL SE1TING

The Iron Mask batholith is located in the Quesnellia terrane of the Intermontane Belt in south-

central British Columbia (Figure 1.1). It is composed of two separate bodies, the Cheriy Creek pluton in

the north and the Iron Mask batholith in the south. The batholith is a composite alkaline intrusive of Early

Jurassic age (205 ± 4 Ma; Mortensen and Ghosh, in review) which hosts numerous porphyiy style copper-

gold deposits, some of which have produced significant quantities of these metals (Kwong, 1987). The

batholith also hosts magnetite-apatite lodes in vein structures (Cairn, 1979). The batholith consists of

three intrusive rock units (Pothook, Cheriy Creek and Sugarloaf) and one hybridized unit (Iron Mask

hybrid).

The Iron Mask batholith intrudes the Late Triassic Nicola Group which comprises an extensive

sequence of volcanic, volcaniclastic and subordinate sedimentaiy rocks in the Quesnellia terrane. Nicola

Group rocks are interpreted as a volcanic arc which was accreted onto the western margin of North

America in the Late Triassic (Monger, et al. 1982, Monger 1989a). Eocene Kamloops Group volcanic

rocks are also exposed in the area of the Iron Mask batholith (Ewing, 1981a, 1981b, 1982). Alkali basalt

flows and minor sediments are exposed in a graben structure separating the two Iron Mask masses and as

small, flat-lying erosional remnants in the Iron Mask batholith.

The Iron Mask batholith is geographically located in southwestern British Columbia

approximately 10km southwest of the city of Kamloops. The area is characterized by an arid climate with

annual rainfall averaging about 26cm. Broad, rolling hills with elevations between 610 and 1 lOOm are

dominated by sagebrush and sparse Ponderosa pine and Douglas fir. Glacial overburden reaches lOOm in

thickness in some locations. Access to the Iron Mask batholith is excellent with major thoroughfares and

1
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abundant secondary ranching and mining roads. Outcrop is poor, especially in the southern portion of the

batholith.

Within the Iron Mask batholith, lenticular bodies of serpentinite are found. These rocks have

been interpreted as intrusive into the batholith during the middle stages of formation (see Figure 2.3)

(Northcote, 1977, Kwong, 1987). Bodies of picritic basalt found outside of the batholith have been

previously identified (Mathews, 1941; Cockfield, 1948; Monger, 1989b) and investigation of these

localities suggested that they may be equivalent to the serpentimte in the Iron Mask batholith. Thus,

documentation and characterization of these ultramafic rocks is important in interpreting the magmatic

history of the study area.

The Kamloops Lake picntic basalts outcrop within an area of approximately 35km2with the Iron

Mask batholith at the southeastern corner (Figure 1.1). Relatively fresh rocks are found in three localities

while the fourth locality is serpentimte blocks within the Iron Mask batholith. The exact stratigraphic

position and age of the Kamloops Lake picrites is unclear. The exposures lie stratigraphically on top of

Nicola Group rocks and are found within the Iron Mask batholith. These relationships constrain the age of

the ultraniafic volcanic event to be Latest Triassic or Earliest Jurassic.

1.2 SCOPE OF RESEARCH

This thesis is presented in two parts. The first section addresses the petrology, geochemistry and

magmatic history of the Iron Mask batholith and the second addresses the geochemistry, magmatic

conditions and tectonic affinity of the Kamloops Lake picritic basalts.

The Iron Mask batholith is composed of three distinct intrusive rock units and one hybrid rock

unit; the first section of this document describes field relationships, texture, mineralogy, mineral

chemistry and major, trace and BEE chemistry of these rock units. These data test whether the intrusive

3



units are cogenetic. In addition, these data elucidate processes involved in formation of the Iron Mask

hybrid unit. Specifically, this process involves the selective dehydration and assimilation of material

derived from the surrounding Nicola Group volcanic rocks into the Iron Mask magma. Effects of these

processes in terms of volatile budget in the system are addressed.

The second part of this thesis describes and classifies the Kamloops Lake picritic basalts. These

ultramafic rocks are investigated in light of new information on their origin, occurrence and significance.

The Kainloops Lake picritic basalts consist of small, disconnected exposures which have been correlated

on the basis of stratigraphic position, mineralogy, mineral chemistry and major, minor and REE

chemistry. Mineralogical and chemical data obtained from the Kamloops Lake picritic basalts are

compared to data from other ultramafic rock suites to infer origin, magmatic processes and tectonic

affinity. Pearce element ratio plots test cogenetic relationships and constrain fractionation processes.

Oxygen fugacity during crystallization is modeled through equilibrium calculation of bulk-rock chemistry

and observed olivine composition.

Together, these two lines of research elucidate the magmatic history of part of the southern

Quesnellia terrane in the Late Triassic and Early Jurassic. The petrochemical data obtained from the Iron

Mask batholith and the magmatic processes they document may be used in evaluating the relative timing

and style of mineralization at the different deposits within the batholith. The identification and

characterization of a previously unrecognized ultramafic volcanic event may aid in interpretation of the

tectonic history of this part of the Canadian Cordillera.

4



2.0 IRON MASK BATHOLITH

2.1 INTRODUCrION

Figure 2.1. Location of the Iron Mask batholith in south-central British Columbia.

The Iron Mask batholith, located in the Quesnellia Terrane of the southern Intermontane Belt

(Figure 2.1), is one of several Early Jurassic (205 ± 4 Ma; Mortensen and Ghosh, in review) aikalic

intrusions in British Columbia. Porphyiy-style copper-gold mineralization is found throughout the

120
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batholith (Can and Reed, 1976; Ross, et al., in review; Lang and Stanley, in review) and the Afton, Ajax,

Crescent and Pothook deposits have produced significant quantities of these metals (Kwong, 1987; Ross et

al., in review). The Iron Mask batholith also hosts vein-style magnetite/apatite lode deposits (Cann, 1979).

This paper describes the texture, mineralogy, chemistry and origins of the intrusive rock types

comprising the Iron Mask batholith. We summarize the geochemical evolution and intrusive styles of the

Iron Mask batholith and investigate magmatic relationships, magmatic differentiation and temporal

evolution. Processes and consequences of selective magmatic assimilation and melt contamination are also

addressed. These igneous processes are particularly important in resolving the genesis of the enigmatic

Iron Mask hybrid unit which comprises a significant portion of the exposures within the batholith. Our

analysis provides a template upon which to investigate and classi1’ the individual porphyry copper-gold

deposits within the batholith (Ajax, Pothook, Crescent).

2.2 REGIONAL GEOLOGY

The Iron Mask batholith is located approximately 10km southwest of the city of Kamloops. This

area is characterized by an arid climate and consists mainly of broad, rolling hills which are dominated by

sagebrush and sparse pine forest vegetation. Access is excellent with major thoroughfares and abundant

secondaiy ranching and mining roads. Outcrop exposure is poor, especially in the southern portion of the

Iron Mask pluton.

Mathews (1941) and Cockfield (1948) were the first to describe the geology of the Iron Mask

batholith. More detailed petrologic descriptions are provided by Can (1956) and Preto (1967) with

emphasis on exploration activities within the batholith. Northcote (1974, 1976, 1977) remapped the

batholith and documented the major textural and mineralogical characteristics of the intrusive units.

Kwong (1987) produced a geological map of the Iron Mask batholith compiled from previous workers.

6



This paper and previous work of Snyder and Russell (1993) revises the age relationships between the

intrusive rock units and the origins of several map units.

The Iron Mask batholith intrudes rocks of the Upper Triassic Nicola Group which comprise an

areally extensive (70km x 190km) and thick (7000m) sequence of volcanic, volcaniclastic and related

sedimentary rocks distributed across the Quesnellia terrane (Schau, 1970; Preto, 1977, 1979; Mortimer,

1987). Nicola Group rocks have been interpreted to represent a volcanic arc which was accreted onto the

western margin of North America in the Middle Jurassic (Monger et aL, 1982; Monger, 1 989a). They

have been subdivided by Preto (1977) into three distinct, sub-parallel, north-trending belts. The Iron Mask

batholith intrudes the eastern-most Nicola volcanic belt which comprises a sequence of alkalic flows, flow

breccias and related sediments. The Nicola rocks are broadly folded and regionally metamorphosed to

zeolite, prehnite-pumpellyite, and greenschist facies (Mortimer, 1987).

Adjacent to the Iron Mask batholith, Nicola Group rocks consist of green to purple coloured

basaltic and andesitic clinopyroxene-phyric flows and flow breccias, light green massive tuffs, and green

andesite to dacite bedded ash to lapilli tuffs. Minor amounts of hematitic, poorly bedded chert and dark

grey plagioclase-phyric flows and dykes are also present. Nicola Group rocks are commonly foliated near

the margin of the batholith and copper mineralization is observed in many outcrops (Cockfield, 1948;

Carr, 1956). Olivine porphyritic picritic basalt is found outside the western margin of the batholith near

Jacko Lake (Mathews, 1941).

The Iron Mask batholith intruded Nicola Group rocks along deep-seated structures (Preto, 1967;

Northcote, 1974, 1976, 1977). It consists of two separate masses; 1) the northwest trending 5 x 20km Iron

Mask batholith in the south, and 2) the smaller (5 x 5km) Cherry Creek pluton to the north (Figure 2.2;

Plate 2.1). Contacts between the Iron Mask batholith and Nicola Group are either faulted (on the eastern

margin), intrusive (observed along the western contact) or not exposed. Locally, Nicola Group rocks are

hornfelsed up to 50m from intrusive contacts and recrystallized clasts of Nicola origin are found within

7



Iron Mask rock units, being particularly abundant along the western margin. Larger screens and pods of

sheared, altered and metamorphosed Nicola Group rocks are also present, especially in mineralized areas

(Ross, et al., 1993; Stanley, 1994). The association between mineralization and screens of country rock

may reflect either conunon control along permeable shear zones or bias imposed by extensive mapping

GEOLOGIC MAP OF THE IRON MASK BATHOLZTH
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Eocene Kamloops Group volcanic rocks are exposed as small, flat-lying erosional remnants atop

the Iron Mask batholith and within an east-west trending graben which separates the batholith from the

Cherry Creek pluton (Figure 2.2; Northcote, 1977; Ewing, 1982; Kwong, 1987). The Kamloops Group

consists dominantly of alkali olivine basalt flows with minor intercalated sediments (Ewing, 198 la,

1981b). Kwong (1987) reports small exposures of other Tertiary volcanic rocks within the Iron Mask

pluton.

2.3 ROCK TYPES IN THE IRON MASK BATHOLITH

Five areas within the Iron Mask batholith were chosen for detailed study to investigate the

relationships among the units. These maps and their location within the batholith are shown in Appendix

A. The Iron Mask batholith comprises three distinct intrusive rock types (Figure 2.2, Plate 2.1). Based on

the revised stratigraphy (Figure 2.3), the intrusive units are, from oldest to youngest: gabbro and diorite of

the Pothook phase, Cherry Creek monzodiorite to monzonite and Sugarloaf diorite. The Iron Mask

batholith also contains an enigmatic rock unit characterized by abundant partially digested xenoliths and

extreme compositional and textural variability. Previous workers have called this rock type the Iron Mask

hybrid unit and identified it as an agmatite (Northcote, 1977). Defined by Mehnert (1971), agmatite is a

migmatite structure derived solely from the brecciation of pre-existing metamorphic rocks by magma,

wherein breccia fragments experience minimal transport and can be rejoined without gaps. In this paper,

the name ‘Iron Mask hybrid’ is retained but an ‘agmatite’ origin will be shown as invalid for the majority

of the unit. Hybrid rocks are interpreted to be coeval with intrusion of the Pothook diorite.

Pods and screens of serpentinized picritic basalt up to 250m in exposed length are scattered

throughout the Iron Mask batholith. Previously, these ultramafic rocks were interpreted to have been

intruded into the batholith (Figure 2.3) although not genetically related (Preto, 1967, Kwong, 1987).

Relatively unaltered picritic basalt occurs outside the batholith margin near Jacko Lake and on the north

side of Kamloops Lake near Watching Creek and Carabine Creek (Cockfield, 1948). These rocks were

9



grouped by Monger (1989b) with the Iron Mask intrusive suite. These exposures, however, are shown to

represent arc-derived ultramafic volcanic rocks stratigraphically at the top of the Nicola Group and they

are unrelated to the Iron Mask batholith rocks.

Previous Relationships Revised Relationships
(e.g. Preto, 1967; Kwong, 1987)

Cheny Creek Sugarloaf diorite
diorite to syem_ Cheriy Creek

Sugarloaf diorite monzodiorite to monzomte
Picrite basalt 2 Pothook diorite/
Pothook diorite Iron Mask hybrid
Iron Mask hybrid Picrite basalt
Nicola Group Nicola Group

Figure 2.3. Age relationships of the igneous units of the Iron Mask batholith. The major revisions are:
Sugarloaf intrusive rocks are the youngest magmatic event, serpentinized picritic basalt is pre-Iron
Mask, and the Iron Mask hybrid is contemporaneous and genetically associated with the Pothook
diorite.

2.3.1 Pothook Diorite

Pothook diorite comprises a large portion of the northern part of the Iron Mask batholith. It is a

greenish coloured, equigranular, slightly to moderately foliated, medium to coarse-grained biotite

pyroxene diorite. Subhedral, 0.5 to 2mm plagioclase feldspar comprises 40 to 65% of Pothook rocks. It is

commonly sericitized but, where preserved, exhibits compositions ranging from An43 to An52; zoning is

rarely observed. Euhedral to subhedral clinopyroxene accounts for 15 to 25% of the rock and ranges in

size from 0.2 to 3mm. It is colourless or light green; grains are weakly pleochroic from pale yellow to pale

green. Clinopyroxene commonly contains opaque inclusions and in some samples, exsolution ‘crosses’ of

spinel are observed. Pothook diorite was originally defined by the presence of poikilitic biotite (Northcote,

1974), which occurs from 5 to 15% as subhedral to anhedral grains enclosing plagioclase and

clinopyroxene. Commonly, the biotite is corroded and intergrown with epidote ± clinopyroxene along

cleavage planes (Plate 2.2). Magnetite, which comprises 5 to 15% of the rock, is subhedral to anhedral

and ranges from 0.2 to 0.4mm. It is both disseminated and concentrated in centimetre-sized veinlets.

Locally, metre-sized veins of magnetite ± apatite occur creating lode deposits such as the Magnet showing
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(ann, 1979). Primary K-feldspar is a minor constituent in some samples; it may range up to a few

percent as subhedral to anhedral, interstitial crystals and large poikilitic grains enclosing plagioclase and

clinopyroxene.

Apatite is an abundant accessory mineral; euhedral grains which are closely associated with

clinopyroxene may comprise up to 3% of Pothook rocks. Titanite and rare zircon are present in trace

amounts. Alteration minerals found in Pothook rocks include K-feldspar, sericite, epidote and chlorite.

Near contacts with the Cherry Creek unit, the Pothook diorite has commonly been affected by

potassic alteration. This metasomatism is manifested by potassium feldspar veinlets with coalescing

alteration envelopes and, less commonly, as truly pervasive alteration (Stanley, 1994; Lang, 1994; Lang

and Stanley, in review). Locally, the K-feldspar metasomatism is intense, obliterating primary minerals

and textures (Stanley, 1994; Lang, 1994).

:

Plate 2.2. Photomicrograph of typical poikilitic biotite characteristic of the Pothook diorite unit. The grain
is intergrown with secondary epidote. FOV=5mm.
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2.3.2 Cheny Creek Monzodiorite to Monzonite

The Cherry Creek unit was defined by early workers to span the compositional range from diorite

to syenite (Kwong, 1987), however, the ‘Cherry Creek syenite’ appears to be a manifestation of extreme

potassium metasomatism of Pothook and Cherry Creek phases along their contacts. Because of this

phenomenon, previous maps of the batholith have tended to over-represent Cherry Creek rocks and under

estimate exposed Pothook rocks.

Cherry Creek rocks range from monzodiorite to monzomte. They are fine to medium grained and

characterized by subhedral, interlocking plagioclase feldspar. Plagioclase makes up 45 to 65% of the rock,

is commonly sub-trachytic to trachytic and, where preserved, has compositions ranging from An35 to

An45. Both unzoned and strongly normal-zoned plagioclase are observed and a few samples contain

unzoned, well-twinned crystals with thin, discontinuous, untwinned, zoned plagioclase overgrowths.

Clinopyroxene is the major ferromagnesian mineral (5 to 25%) in most Cherry Creek rocks. It ranges

from 0.2 to 0.5mm and forms euhedral to subhedral, colourless to very light green, slightly aligned

crystals containing sparse inclusions of opaque minerals. Cherry Creek rocks contain up to 20% biotite as

well-preserved, light brown, weakly aligned crystals locally enclosing plagioclase and pyroxene. A few

samples contain minor amounts of a second population similar to ‘Pothook’ biotite (corroded, strongly

poikilitic, and intergrown with epidote ± clinopyroxene). Modal K-feldspar content of Cherry Creek is

highly variable, ranging from 3 to 15%, and occurring as anhedral interstitial crystals commonly altered

to clay minerals. Subhedral to anhedral magnetite disseminated throughout the groundmass comprises 5

to 10% of Cherry Creek rocks. Locally, minor chloritized primary hornblende is observed. It is a medium

green with a pleochroic scheme of green-light brown-light yellow. Rare primary quartz is present up to

5% as interstitial grains.
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Accessoiy minerals in the Cheriy Creek include apatite, zircon and titanite. Abundant anhedral,

ragged titanite is found in a few samples and is interpreted to be secondaiy in origin. Epidote, sericite and

K-feldspar are other common alteration minerals. Stanley (1994) reported secondary quartz in miarolitic

cavities at the Pothook Pit in the northwestern part of the Iron Mask batholith.

Excellent exposures of a monzonite intrusion breccia occur in the north-central portion of the

batholith (Figure 2.2; Figure A.4; Plate 2.1; Plate 2.3). Originally identified as Iron Mask hybrid unit

(Northcote, 1977; Kwong, 1987), these rocks are interpreted as an intrusion breccia associated with

emplacement of the Cherry Creek phase. Clasts ranging in size from 0.03 to 1 metre are set in a matrix of

fine to medium grained biotite monzonite. The clasts consist of rocks derived from the Iron Mask hybrid

unit as well as recrystallized rock fragments interpreted as Nicola Group. The boundaries between the

clasts and matrix are diffuse or sharp with the sharpest contacts found at the higher elevations. The

breccia zone is intruded by abundant northwest and northeast oriented, 0.5 to 15m, fine-grained, light

grey biotite monzonite dykes interpreted as part of the Cherry Creek phase. Several similar localities of

intrusion breccia are located to the west of the large breccia zone, but are not at mappable scale.

2.3.3 Sugarloaf diorite

The Sugarloaf unit comprises a suite of hornblende-phyric dioritic rocks exposed as lenticular

bodies and dykes in the western part of the batholith and in adjacent Nicola Group. Rocks of the Sugarloaf

phase are distinctive for their porphyntic nature, manifested by abundant, locally trachytic phenociysts of

amphibole in a flne-grained groundmass. Locally, lesser subhedral to anhedral phenocrystic plagioclase is

present.

Sugarloaf diorite contains 25 to 55%, 0.5 to hum, euhedral to subhedral plagioclase grains

which are locally trachytic and commonly altered to sericite or saussurite. Where preserved, plagioclase

has compositions ranging from An32 to An38. Amphibole, commonly altered to chlorite, makes up 15 to
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55% of the rock as euhedral to subhedral, locally aligned ciystals up to 3mm in length. Minor

clinopyroxene occurs as 0.5mm rounded, corroded grains. Magnetite is present in minor amounts as

euhedral to subhedral grains up to 0.5mm. Rarely, primary K-feldspar comprises up to 10% of Sugarloaf

rocks.

Accessory minerals in Sugarloaf rocks include apatite, titanite and rare quartz. Secondary

minerals include epidote, chlorite and minor calcite. The secondary K-feldspar occurs rarely as small

veinlets, large poikilitic grains, and interstitial grains. Albitization is the most prominent style of

alteration in Sugarloaf rocks and is especially intense near mineralized zones (Lang and Stanley, in

review). At the Ajax East pit, secondary albite has destroyed much of the original texture (Ross et al.,

1993; Ross et al., in review).

Plate 2.3. Field photograph of monzonite intrusion breccia with clasts of Iron Mask hybrid and
recrystallized Nicola Group rocks. Intrusion is assumed to have a Cherry Creek affinity.
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Rocks assigned to the Sugarloaf unit span a variety of hornblende-phyric rocks. At Sugarloaf

Hill, the outcrops are light grey and are characterized by stubby, aligned hornblende phenociysts, trachytic

tabular plagioclase and lesser rounded pyroxene in an aphanitic groundmass. Near Jacko Lake at the

southwest margin of the batholith, the rocks are light tan and contain abundant bladed hornblende

phenocrysts, commonly in radial aggregates, and sparse anhedral plagioclase phenoctysts. These

exposures are intruded by abundant northwest-trending dark grey, fine-grained dykes containing abundant

disseminated magnetite and chalcopyrite interpreted to belong to the Sugarloaf phase.

2.3.4 Iron Mask Hybrid

The Iron Mask hybrid unit accounts for approximately 45% of the mappable exposure of the Iron

Mask batholith. It is mineralogically and texturally diverse and is subdivided on the basis of texture and

clast abundance into three main types. Type I Iron Mask hybrid is confined to thin (50 to 75m)

discontinuous zones along contacts between the Iron Mask batholith and the Nicola Group. It is an

intrusive breccia characterized by abundant (60 to 80%) angular fragments which are themselves derived

from immediately adjacent Nicola Group. Matrix in Type I hybrid is fine to medium grained pyroxene ±

hornblende diorite. Type II Iron Mask hybrid is characterized by abundant xenoliths (10 to 80%) of

volcanic, plutonic and recrystallized sedimentary rocks (Plate 2.4). This heterolithic variety is exposed

near the margins of Pothook dioritic stocks in the western and central portions of the batholith. Within

Type II hybrid, the clasts have reacted to varying degrees with the enclosing magma. Some clasts are

angular with sharp boundaries where as others are rounded with diffuse boundaries and plagioclase

crystals spanning the xenolith-matrix interface. The igneous matrix of Type II is texturally variable on an

outcrop scale. In many areas the matrix consists predominantly of fine to coarse grained interlocking,

randomly oriented grains of pyroxene, biotite, plagioclase, euhedral magnetite and rare hornblende. In

other locations, it consists of fine to medium grained, trachytic hornblende and plagioclase with euhedral

magnetite and lesser amounts of subhedral pyroxene and subhedral to anhedral biotite. Mineral

abundances are characteristically non-uniform and locally the matrix is anorthositic.
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Type III Iron Mask hybrid dominates the northeastern portion of the batholith. These rocks have

fewer (<10%) xenoliths which are generally highly recrystallized and digested. Type III hybrid varies

from fine-grained to almost pegmatitic on an outcrop scale with and pods and dykelets of different

compositional and textural characteristics randomly distributed. Modal mineral proportions vary greatly

between outcrops, however, there is some relationship between grain size and mineralogy. Coarser

grained patches in Type III are characterized by subhedral, equant grains of clinopyroxene and plagioclase

with disseminated coarse magnetite. The clinopyroxene is commonly chioritized and rimmed by dark

brown amphibole. Locally, some coarser grained rocks contain trachytic, acicular megaciysts (up to 15 cm

in length) of amphibole which encloses clinopyroxene and plagioclase. Finer grained material in Type III

is dominantly trachytic horublende and normally zoned plagioclase with lesser amounts of pyroxene and

disseminated magnetite.

Plate 2.4. Typical Type II Iron Mask hybrid showing recrystallized and partially digested clasts.
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Type Ill Iron Mask hybrid can be texturally and compositionally homogeneous over areas of

approximately 250m. These zones are either coarse or fine grained and each contains distinctive,

internally consistent mineral assemblages. At their margins, these homogenous patches grade into more

typical Type ifi rocks where outcrop-scale textural and compositional heterogeneity dominates. For

example, at the top of Coal Hill, a 200m zone of fine-grained amphibole diorite is found. This zone grades

laterally into a texturally diverse pyroxene diorite.

Accessory minerals are apatite and rare titanite and zircon. Primary K-feldspar is absent,

although areas of faint K-feldspar overprinting near contacts with the Cherry Creek suite have been

observed. Secondary minerals in the Iron Mask hybrid rocks include chlorite and epidote in addition to

hornblende overgrowths on clinopyroxene.

2.3.5 Contact Relationships

Locally, a 50 to 250m wide transitional zone is exposed between Pothook diorite and Type II Iron

Mask hybrid. The inset map in Figure 2.2 illustrates the geometry of this gradational contact. A transect

across the transitional unit from Pothook into Iron Mask hybrid on the north slope of Sugarloaf Hill

reveals the following changes. Pothook diorite incorporates clasts of plutonic, volcanic and recrystallized

sedimentary rocks while characteristic magnetite veining and weak foliation of this rock unit becomes less

prominent. Rounded and partially digested and disaggregated xenoliths increase in abundance and

magnetite occurs as discrete euhedral to subhedral grains in the matrix. The Pothook matrix varies from

fine to medium grained on a scale of several centimetres and mineralogical heterogeneity is manifested by

zones of dominantly felsic or mafic minerals. Finally, poikilitic biotite, characteristic of Pothook intrusive

rocks, disappears, hornblende occurs locally in the matrix and grain-size and mineralogical heterogeneity

of the matrix increases.
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Contacts between the Pothook and Cheriy Creek rocks are locally ambiguous. In many areas,

especially in the northern part of the batholith, extreme K-feldspar metasomatism has rendered

identification uncertain. Further ambiguity arises through apparently contrasting intrusive relationships

between Cherry Creek rocks and the coeval Pothook and hybrid rock units. For example, near Makaoo

Lake in the central part of the batholith coarse-grained, foliated Pothook diorite has a gradational contact

with medium to fine-grained, non-foliated pyroxene-monzodiorite of the Cherry Creek unit over a

distance of approximately lOOm. Conversely, clasts of Iron Mask hybrid are found within an intrusion

breccia with a biotite monzonite matrix (described previously) interpreted to belong to the Cherry Creek

phase. There is no evidence to suggest that the Pothook rocks themselves are younger than the Cherry

Creek phases and Lang (1994) has described the presence of Cherry Creek-like dykes brecciating the

Pothook phase in the Crescent pit.

This apparent temporal overlap between the Cherry Creek and Pothook/hybrid rocks is

permissible. The Iron Mask hybrid unit, formed from the interaction of Pothook magma and Nicola Group

country rocks, is concentrated at the top and sides of the magma chamber, and thus formed a brittle shell

around hotter, deeper uncontaminated Pothook magma. A phase of the Cherry Creek unit may have

intruded and brecciated the hybridized carapace and outer margins of the Pothook magma chamber and

contemporaneously interacted with unsolidified Pothook magma at depth. Additionally, the compositional

range of the Cherry Creek unit (monzodiorite to monzonite) and random variability in the dominant

ferromagnesian mineral between localities suggests that the Cherry Creek unit may be comprised of more

than one intrusive phase (Hoiles, 1978) and Stanley (1994) identified two phases of Pothook diorite

intrusion at the Pothook pit. The multi-phase nature of the magmatic rocks and the geometry of the Iron

Mask system allows for various styles of interaction between the Pothook and Cherry Creek units.

Sugarloaf rocks consistently crosscut the other rock units in the Iron Mask batholith indicating

that they are the youngest intrusive phase. They are commonly found near exposures of serpentimzed
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picntic basalt both inside the batholith (near the Iron Mask mine and in the Ajax East pit) and outside of

the batholith near Jacko Lake.

2.4 CLINOPYROXENE CHEMISTRY

Clinopyroxene is the most common ferromagnesian mineral in most rocks of the Iron Mask

batholith. In Pothook and Cheny Creek rocks, pyroxene occurs as subhedral ciystals which are either

colourless or very light green. The Iron Mask hybrid unit contains dominantly greenish coloured

clinopyroxene in both the matrix as well as the recrystallized xenoliths whereas Sugarloaf rocks locally

contain rounder, colourless clinopyroxene.

The occurrence of green-coloured clinopyroxene in mafic alkaline rocks is well documented

(Scott, 1976; Brooks and Printzlau, 1978; Barton and van Bergen, 1981) and a variety of processes have

been proposed for their origin including xenocrystic material, magma mixing and melt contamination by

crustal rocks. Clinopyroxene is a useful petrogenetic indicator (Bedard, 1988). For example, tholeiitic,

calc-alkaline and alkaline suites can be distinguished on the basis of AP” contents in clinopyroxene

(LeBas, 1962). Clinopyroxene compositions are useful in tracking the extent of fractionation (Scott,

1976). Zoning patterns in clinopyroxene have been used to recognize magmatic contamination or infer

changes in pressure and temperature (Bedard, 1988). Clinopyroxene from rocks of the Iron Mask

batholith was analyzed by electron microprobe for major and minor elements and used for investigations

of differentiation trends.

2.4.1 Analytical Methods

Clinopyroxene compositions were measured using the Cameca SX-50 electron microprobe at The

University of British Columbia. Grains were analyzed with a focused, spot-fixed beam at operating

conditions of 15 kV and 20 nA and peak counting times of 30 seconds. Background concentrations were
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counted for 10 seconds. Calibration standards included: diopside (Si, Mg, Ca), aegirine (Fe, Na),

grossularite (Al), pyromangite (Mn), rutile (Ti), chromite (Cr) and nickel-olivine (Ni).

2.4.2 Results

Representative clinopyroxene analyses from rocks in the Iron Mask batholith are shown in Table

2.1. Complete analyses are given in appendix C. Chromium was analyzed but is below detection in most

samples. Clinopyroxene from the Iron Mask batholith spans a narrow compositional range. Grains from

Cherry Creek rocks plot as diopside and augite in the pyroxene quadrilateral (Figure 2.4), while

cinopyroxene from all of the other units are primarily restricted to the diopside field (Morimoto, 1988).

MG#’s range from 72.8 to 96.03, with a significant amount of overlap between all of the rock units.

Clinopyroxene from the Iron Mask batholith contain a significant amount of calculated Fe203 (0.69-5.21

wt%) based on charge balance considerations (e.g., 4 cations and 6 oxygens).

Clinopyroxene in the Pothook diorite has MG#’s ranging from 82.5 to 98.1; zoning averages 3

MG units from core to rim (n=30). In 55 out of 111 analyses of Pothook unit clinopyroxene the Al

content, which ranges from 0.25 to 3.88 wt% A1203,is not sufficient to fill the tetrahedral site vacancy

when added to Si. Pothook rocks are shown to be relatively depleted in Al1” (Al in the tetrahedral site)

compared to clinopyroxene from Sugarloaf rocks and the Iron Mask dykes (Figure 2.5a). However, the

majority of clinopyroxene from Cherry Creek rocks, although showing lower MG#’s (72.8 to 92.9) and

less zoning (2.1 MG units from core to rim; n=54) are similar in Al” content to clinopyroxene from the

Pothook diorite. Many of the Cherry Creek grains (74 out of 160) also exhibited tetrahedral site vacancy.

Where there is insufficient Al to fill the tetrahedral site, Ti4 or Fe3 may also occupy this location

(Bedard, 1988; Cundari and Salviulo, 1989). Ti02 concentrations in Pothook clinopyroxene ranges from

below detection to 0.64 wt% and in Cherry Creek grains from 0.02 to 0.47 wt%.
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Figure 2.4. Pyroxene quadrilateral showing clinopyroxene compositions for intrusive rocks from the Iron
Mask batholith.

Clinopyroxene compositions were obtained for two Sugarloaf rocks. MG#’s range from 80.2 to

96.0 and zoning in the grains averages 6.2 MG units (n=6). The stronger zoning in the clinopyroxene

may be due to the hypabyssal nature of these rocks. Ally contents of the clinopyroxene from Sugarloaf

rocks are slightly greater than the majority of those from the other two intrusive phases (Figure 2.5a)

although 11 out of 33 grains exhibited tetrahedral site vacancy. Sugarloaf clinopyroxene contains less Fe.r

and greater Cr203(0.56 wt%) than does clinopyroxene from Pothook or Cherry Creek rocks.

Clinopyroxene from the Iron Mask hybrid unit have MG#’s which range from 85.8 to 94.2 and

zoning averages 2.7 MG units (n=23). Iron Mask hybrid clinopyroxene (both matrix and xenoliths)

contains significantly greater PJ’ than clinopyroxene from uncontaminated Pothook rocks and the

transitional zone (Figure 2.5b). Average A1203 content of hybrid clinopyroxene is 3.1 wt% and only 4 out

of 82 samples have tetrahedral site vacancy. Ti02 concentrations averaging 0.54 wt% are also

0 25 50 75

Mg2Si206(En)
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significantly greater than values of 0.24 wt% for Pothook diorite, 0.19 wt% for Cherry Creek rocks and

0.20 wt% for Sugarloaf diorite. Compositions of clinopyroxene from xenoliths in the Iron Mask hybrid

contain significant Al” and all were found to contain sufficient Al to complete site occupancy in the

tetrahedral site. Grains from the transitional zone are similar in Ally content to uncontaminated Pothook.

Clinopyroxene from the Iron Mask batholith contain significant calculated Fe3 (Figure 2.5c),

which ranges from 0.026 to 0.187 cation units in the Pothook and Iron Mask hybrid phases and 0.019 to

0.154 cation units in the Cheriy Creek and Sugarloaf units (not shown). These high Fe3 contents of

clinopyroxene from the Iron Mask batholith supports LeBas (1962) who argued that alkaline magmas tend

to crystallize at higher oxygen fugacities than calc-alkaline magmas. Additionally, island arc suites are

characterized by high Fe3 contents in clinopyroxenes implying systematically higher oxygen fugacities

than other tectonic environments (Barsdell, 1988). Analyses of clinopyroxene collected from the

transitional zone between the Pothook and Iron Mask hybrid unit contain consistently greater Fe3 than

clinopyroxene from uncontaminated Pothook rocks (Figure 2.5c).

Green-coloured clinopyroxene in the Iron Mask batholith contain systematically greater amounts

of Al than colourless grains. Light-green clinopyroxene from the Pothook and Cherry Creek rocks, in

general, contain sufficient aluminum to fill the vacancies in the tetrahedral site. The possibility of

clinopyroxene derived from disaggregated xenoliths of Nicola Group rocks occurring in Iron Mask rocks

appears to be quite high. However, the absence of strongly reacted rims or resorption features in the

clinopyroxene from the Iron Mask units precludes significant xenociystic contribution.

Some of the variation in clinopyroxene chemistry is inferred to be a consequence of assimilation

processes. Iron Mask hybrid clinopyroxenes contain more Al than the intrusive rocks in the Iron Mask

batholith suggesting that selective incorporation of felsic material from the xenoliths of Nicola Group

rocks may increase the Al available for clinopyroxene crystallization. Also, the enrichment in Fe3 in the

Iron Mask hybrid unit and, more significantly, rocks from the transitional zone compared to most of the

25



other rock types rocks may record more highly oxidizing conditions during this assimilation/hybridization

process.

2.5 GEOCHEMISTRY

2.5.1 Major and Trace Elements

Whole rock major and trace element composition of intrusive units and the Iron Mask hybrid unit

are given in Table 2.2. For more detailed analyses and analytical methods, see appendix E, F and G.

Chemically, the Iron Mask batholith is alkaline to mildly subalkaline (Figure 2.6a). Trace element

compositions place the rocks of the Iron Mask batholith within the volcanic arc granitoid field on tectonic

discrimination diagrams (Figure 2.6b).

Compositions of Pothook and Cheriy Creek rocks show strong negative correlations between

Si02 and CaO, MgO and FeO(T). Sugarloaf rocks have intermediate Si02 and do not follow this trend;

they are relatively enriched in MgO and depleted in CaO for a given Si02. Iron Mask intrusive rocks have

consistent A1203 (14.9 to 19.4 wt%) over the entire range of Si02. Widespread K-feldspar metasomatism

ofPothook and Cherzy Creek rocks and abundant titanite in some samples from the Cherry Creek make it

difficult to evaluate inter-suite variation in Ti02 and K20. However, Sugarloaf rocks are highly enriched

in 1(20 and marginally depleted in Ti02 (and Na20) compared other Iron Mask intrusive rock

compositions.

Chemical analyses of rocks from the Iron Mask hybrid unit show significant variation in only a

few of the major elements. Samples IM-173 and IM-306 represent the matrix of Type I and Type II

hybrid. Two analyses are Type III matrix (IM-120; IM-256) and two analyses are recrystallized

(pyroxenite) xenoliths. One xenolithic sample (IM-12 1) is part of a O.2m diameter fragment found just

inside the margin of the batholith whereas the other (IM-268) is from a 250m clast near the Ajax pits.
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Figure 2.6. Iron Mask hybrid and Nicola Group rocks plotted as a) Si02 vs Na20+ K20 (Irvine and
Barager, 1971) b) Rb vs Y+Nb (Pearce et al., 1984).
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Rocks from the Iron Mask hybrid unit are more basic (40.5 to 43.7 wt% Si02), depleted in alkalis and

enriched in Ti02 and CaO compared to the intrusive rocks in the batholith. They are highly variable in

A1203,MnO andP205.The two xenolith analyses are similar in major element concentrations to a

sample from a pyroxene-phyric andesitic flow of the Nicola Group near the western margin of the

batholith (IM-185).

Based on measured FeO and Fe203,the dominant normative mineralogy of Pothook rocks and

the Iron Mask dykes include olivine ± nepheline. One Pothook sample (1M-1 19) is hypersthene normative

and one dyke (IM-254) contains quartz in the norm. Cherry Creek rocks are mainly quartz normative with

only one sample (IM-237) containing calculated olivine and nepheline. Most rocks from the Sugarloaf

unit are olivine + hypersthene normative, however, one sample (IM-266) is quartz and corundum

normative and IM-27 1 contains nepheline in the norm. Iron Mask hybrid unit are either hypersthene or

nepheline normative. Because samples collected from the Iron Mask batholith are generally weathered,

the measured Fe203 may not reflect magmatic conditions. Therefore, normative calculations were also

performed with Fe203= 0.15 Fe.1- for comparison. Under these conditions quartz normative rocks are

limited to three samples and nepheline dominates. Leucite appears in some samples of the Iron Mask

hybrid unit.

Trace element abundances for rocks in the Iron Mask batholith (Table 2.2) show significant

overlap in all units; only a few differences are observed. Sugarloaf rocks are slightly enriched in Cr and Ni

and depleted in Sr with respect to Pothook and Cherry Creek samples. The compositions of Type II and

Type III Iron Mask hybrid are relatively depleted in Ba and Rb compared to the intrusive phases.

2.5.2 Zircon Saturation Index

Rocks from the Iron Mask batholith contain very little Zr (14 to 86 ppm) and almost no modal

zircon (Mortensen and Ghosh, in review), suggesting that zircon crystallization is relatively late or absent.
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The saturation potential of zircon can be modeled as a function of bulk rock chemistzy using the empirical

model of Watson and Harrison (1983, 1984) which predicts the hypothetical zircon saturation temperature

for a specific zircon concentration and rock composition. The equation is:

zir / liq
D ={—3.8 —[O.85(M—1)]} +12900/T

Zr

where M is the cation ratio (Na + K + 2Ca)/(Si • Al) and T the absolute temperature. High Tr implies

that the rock may crystallize zircon as an early igneous phase while low Tzr suggests that the rock will

probably not saturate with respect to zircon before reaching the magmatic solidus. The calculated zircon

saturation temperatures (Tsr) for rocks of the Iron Mask batholith range from 464°C to 670°C (Table 2.2).

Figure 10 plots calculated zircon saturation temperatures against the Differentiation Index (D.I.)

for rocks in the Iron Mask batholith (xenoliths in the Iron Mask hybrid are excluded). D.I. is the sum of

normative quartz, albite, orthoclase, nepheline, leucite and kalsitite (Thornton and Tuttle, 1960). It is an

estimate of the relative differentiation of the rocks; more highly evolved rocks will have a higher D.I.

Differentiation Index for the rocks from the Iron Mask batholith ranges from 9.50 to 73.65, with the Iron

Mask hybrid showing the least evolved signatures and Cherry Creek the most evolved.

Rocks of the Iron Mask batholith show a regular trend of increasing D.1. with increasing T,

consistent with the rocks representing an alkaline series of magmas which did not saturate with respect

zircon (Figure 2.7). If zircon were to saturate, the calculated Tr would remain constant or decrease due to

loss ofZr from the melt. Also shown on Figure 2.7 are surfaces representing the experimental magmatic

solidus for water-saturated melts at 1 and 3Kb (Russell, et al., in preparation). Rock compositions and Zr

concentrations of Iron Mask hybrid rocks suggest that zircon is well below saturation throughout

crystallization. Pothook rocks exhibit the most variation in D.1. and a range Of Tr from 519°C to 628°C.

These data suggest that zircon would not saturate in Pothook magma (c[ curve for shallow-level solidus).
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Figure 2.7. Calculated zircon saturation temperatures for all Iron Mask rocks are plotted against D.I. (Z
normative qz+ab+or+ne+lc). Most evolved rocks have the highest D.I. and the highest Tr
indicating the greatest potential for zircon saturation (see text).

Sugarloaf rocks are slightly more differentiated than the Pothook but Tr (582°C to 642°C) is still

sufficiently low to inhibit ciystallization of zircon in the early stages. Rocks of the Cheriy Creek have the

highest D.I. and the highest T (585°C to 67 1°C). These rocks represent the best candidates in the Iron

Mask batholith for containing early magmatic zircon. The trend of the Cheny Creek rock compositions

flattens at the most evolved sample, suggesting that zircon may have saturated.

Results of this modeling imply that for malic alkaline magmas which contain low Zr, such as the

Iron Mask rocks, zircon crystallization is restricted to the last stages. To date, the only successful U-Pb

dates from Iron Mask rocks are from the Cherry Creek (205 ± 4 Ma) and from a coarse grained Type Ill

Iron Mask hybrid sample (204.6 ± 2.6 Ma). The Iron Mask hybrid zircons show strong inheritance

(Mortensen and Ghosh, in review), indicating that their presence was not fully due to magmatic

crystallization. A reliable date has not been obtained for the Pothook phase and zircon has not been

recovered from any rocks belonging to the Sugarloaf (J. Mortensen, personal communication).
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2.5.3 Rare Earth Elements

The REE profiles for all three intrusive rock units are similar in relative element abundance and

shape (Figure 2.8a). The patterns are slightly LREE enriched and flatten considerably toward the IIREE’s.

(LaILU)CN ratios are 3.42, 3.54 and 3.29 for the Pothook, Cheriy Creek and Sugarloaf phases respectively;

no Eu anomaly is apparent. The overlaps in enrichment and pattern suggest that these rocks are not

related through simple crystal fractionation. A single dyke shows a small negative europium anomaly

consistent with minor plagioclase fractionation. One sample of Sugarloaf shows slightly lower REE

abundances.

Profiles of the Iron Mask hybrid unit are decidedly different (Figure 2.8b). Patterns for Type III

Iron Mask hybrid and the xenolith are similarly depleted in both the LREE’s and the HREE’s and

relatively enriched in the MREE’s. The profile of the xenolith has lower total REE abundances than the

hybrid rock. The similarity of the REE profile for a clinopyroxene-phyric andesitic flow (IM-185) from

the Nicola Group near the batholith contact is consistent with this unit being the source of xenoliths in the

hybrid unit. The Nicola Group rock falls between the xenolith and the Type III Iron Mask hybrid sample

which, under an assimilation-driven scenario, would represent a mixture of assimilated xenolithic

material and original magma. These relationships suggest that the hybridization process involved melting

and assimilation of REE bearing phases in Nicola Group rocks. These three rock compositions may

represent a ‘mixing line’ between the Nicola Group and the Pothook diorite and record the hybridization

process which formed the Iron Mask hybrid unit.
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Figure 2.8. Normalized rare earth element plots of a) magmatic rocks of the Iron Mask batholith and b)
Iron Mask hybrid and Nicola Group rocks. Normalizing data of Boynton (1984).
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2.6 DISCUSSION

2.6.1 Magmatic Lineage’s

Table 2.3 presents a synopsis of characteristics for the rock units in the Iron Mask batholith. The

textural and mineralogical similarities and local gradational nature of the Pothook and Cheriy Creek units

suggest that these rocks may be derived from the same parental magma. This is supported by the

continuous linear trends observed in most of the major elements when plotted against Si02. The Cherry

Creek and Pothook suites differ, however, in: 1) plagioclase composition, 2) morphology and abundance

of magnetite, 3) abundance of apatite, 4) morphology of biotite, 5) abundance of opaque inclusions in

cinopyroxene and, 5) presence of primary quartz, amphibole and K-feldspar. Many of these differences

could result from magmatic differentiation under changing physical conditions.

Sugarloaf rocks differ from the Pothook and Cherry Creek in occurrence, mineralogy, texture and

chemistry. The Sugarloaf diorite is intrusive into other Iron Mask rock units and exhibits localized,

structurally controlled emplacement along the western margin of the batholith and in surrounding Nicola

Group rocks. Amphibole is abundant and, in company with plagioclase, is commonly found as aligned

phenociysts in a very fine-grained groundmass suggesting a hypabyssal environment of emplacement. The

clinopyroxene in Sugarloaf rocks is less abundant and chemically and optically distinct from

clinopyroxene in the Pothook and Cherry Creek units. Sugarloaf rocks do not fall on the linear chemical

trend seen for most of the major elements defined by samples from the Cherry Creek and Pothook units.

Finally, the alteration style of Sugarloaf diorite is dominated by albitic alteration as opposed to the K-

feldspar and epidote assemblage of the other intrusive phases. Consequently, these rocks are considered to

be a separate and younger magmatic event than the other intrusive rocks of Iron Mask batholith.

The process of testing genetic linkages concerning the intrusive phases of the Iron Mask

batholith was undertaken using Pearce Element Ratio diagrams (Pearce, 1968; Russell and Nicholls,
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1988; Nicholls and Russell, 1991). Diagrams (cf Figure 12) are designed by: i) choosing an appropriate

conserved element for the denominator and ii) choosing a set of numerator elements for the x and y-axes

that will model the effects of the target mineral assemblage (Stanley and Russell, 1989; Nicholls and

Gordon, 1994). The low calculated zircon saturation temperature (Tb) of rocks from the Iron Mask

batholith suggests that Zr was retained in the melt phase throughout much of the ciystallization history.

Therefore, Zr is a conserved element in these rocks and was chosen as the denominator element.

On Figure 2.9, the chosen axes model the fractionation of feldspar, clinopyroxene, biotite,

apatite, titanite and the edenite component of amphibole as a slope of 1. Magnetite and quartz

fractionation have no effect on the diagram and common hornblende causes displacements less than one

(0.79). Error ellipses on each data point are shown for is analytical error as determined through duplicate

analyses on sample IM-295.

Compositional variations within the Pothook unit are shown in Figure 2. 9a. The model line was

constructed through averaging lines representing a slope of one through each data point and is shown with

is confidence limits. Fractionation of the observed mineral assemblage in the Pothook rocks (plagioclase,

clinopyroxene, biotite, K-feldspar, apatite and titanite) accounts for the variation among three of the

samples. Three compositions do not fall on the line and are inconsistent with the model. Two of the

samples (IM-242 and IM-124) are from or near the transitional zone with the Iron Mask hybrid and the

other, sample IM-25 1, was collected very close to the contact with Cherry Creek. The inconsistency of

these samples may reflect magmas which are not related to the other Pothook samples through

fractionation of the observed mineral assemblage or hybridization, contamination or alteration of Pothook

magma.

Cherry Creek compositions are shown on the same diagram in Figure 2.9b. The dashed line is

the model fractionation trend fitted to the Pothook rocks (Figure 2.9a) and the heavy solid line represents

a Cherry Creek model line drawn through IM-303, a sample from the central part of the batholith. Cherry
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Figure 2.9. Pearce Element Ratio diagram of Si+2Ti+3.33P/Zr vs 2Ca+3K+3NaIZr used to test for
fractionation of the observed mineral assemblage in Iron Mask rocks for a) Pothook diorite and b)
Cherry Creek monzodiorite to monzonite.
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test for fractionation of the observed mineral assemblage in Iron Mask rocks for C) Iron Mask dykes

and d) Sugarloaf diorite.
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Creek rocks, as a group, neither fit the Pothook fractionation trend nor fall on a single trend of their own.

Samples IM-237 and IM-253 lie vezy close to the Pothook model line, suggesting that they may be

genetically related to the Pothook through fractionation. Samples TM-303 and IM-171 define their own

model line, suggesting that these two samples may be derived from a single magma. Other samples,

however, appear to be inconsistent with fractionation of the modal mineral assemblage. These results

imply that the Cherry Creek samples are not all cogenetic or that they are not related through

fractionation of the observed mineral assemblage. In addition, not all of the Cherry Creek rocks may be

derived from fractionation of Pothook magma. Alternatively, the rocks may be related through alteration

processes or, more likely, they represent a series of separate magmas.

Compositions of dykes in the Iron Mask batholith are shown in comparison to the Pothook and

Cherry Creek trends in Figure 2.9c. The dykes are both mineralogically and chemically diverse and the

data is insufficient to apply genetic interpretations. However, all of the dykes fall within a ‘compositional

envelope’ defined by ranges in rock compositions of the Pothook and Cherry Creek units (similar element

ratios). It is therefore probable that the dykes are a part of the Iron Mask magmatic system, although

genetic affinity to either Pothook or Cherry Creek remains to be demonstrated.

For Sugarloaf rocks, the model line is drawn through a sample from the type locality of this unit

on Sugarloaf Hill (Figure 2.9d). These rocks span a narrower range of element ratio values than the other

intrusive units and the dykes, although the model intercept is similar. Some of these amphibole-phyric

rocks may be related through fractionation of the model mineral assemblage. Other samples are clearly

non-cogenetic, and may represent a different magma series.

Modeling the intrusive rocks in the Iron Mask batholith suggests that these alkaline rocks are not

related through simple magmatic fractionation. It is possible that variable amounts of magmatic

contamination through interaction with crustal rocks accounts for some of the chemical diversity observed
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in these rocks. The overlap in composition of the intrusive phases and the diverse dykes in the Iron Mask

batholith suggests that the intrusive histoiy is quite complex.

2.6.2 Petrogenesis and Volatile Budget of the Iron Mask hybrid

The Iron Mask hybrid unit has been previously interpreted as a separate magmatic unit, distinct

from the Pothook, Cherry Creek and Sugarloaf phases (Preto, 1967; Northcote, 1977). However, we

document a transitional zone between the Pothook diorite and Type II Iron Mask hybrid unit. Recognition

of the transitional zone was instrumental in new interpretations of the ‘hybridization’ process and the

timing and nature of the relationship between the Pothook suite and the Iron Mask hybrid unit.

Uncontaminated Pothook diorite can be traced through a gradational interface with hybridized

rocks and is clear evidence of interaction between Pothook magma and Nicola Group country rocks. Clasts

derived from the Nicola Group are rounded, recrystallized and partially digested suggesting that chemical

and mass transfer must have occurred between these two end-members. Indeed, some exposures freeze

this process in place, with pieces of recrystallized xenoliths being physically disaggregated and the

crystals being incorporated into the magmatic phase (Plate 2.4). Partial incorporation of xenolithic

material is defined as selective assimilation as opposed to total fusion and bulk assimilation. One

implication of the process of selective assimilation is that the two end-members (Pothook magma and

Nicola Group xenoliths) both contribute to the chemical composition of the hybridized rocks.

The ‘mixing line’ between the two endmembers would not be linear. First, the xenolith variety

and abundance is not uniform between outcrops. Second, it is evident that not all of the xenolithic

material is incorporated into the Pothook diorite, but that the process is selective and incorporates mainly

constituents which are the most mobile under magmatic conditions. Third it is likely that different parts of

the ‘hybridization system’ were operating under different physical and chemical conditions. For example,
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variation in depth, temperature and magma accessibility and the type and amount of xenolithic material

available. These different conditions are manifested by the occurrence of both xenolithic (Types I and II)

and non-xenolithic (Type III) varieties of Iron Mask hybrid and by the compositional heterogeneity of the

recognized types. Type III Iron Mask hybrid probably represents the effects of more complete fusion and

assimilation of Nicola Group rocks. Therefore, these rocks provide the most likely candidates for

evaluating relative chemical contributions of the two endmembers. Major and trace element chemistry do

not appear to define a linear mixing line, although data from the different units in the Nicola Group are

sparse. Rare earth element patterns of Nicola Group and Iron Mask hybrid rocks, however, may elucidate

one component of the assimilation and hybridization process. The very similar, but more enriched pattern

of a Type III Iron Mask hybrid rock compared to lava from the Nicola Group suggest that chemical and

physical mixing of Pothook magma and Nicola Group rocks which produce a “hybrid” rock unit is a valid

hypothesis.

Plate 2.5. The incomplete nature of the assimilation of Nicola group rocks by the Pothook magma. The
magma is actively disaggregating the clast at the contact and incorporating the pieces.

42



One possible consequence of recrystallization and partial assimilation of Nicola Group rocks in a

Pothook magma is a change in the volatile budget of the system. A number of variables may influence the

volatile content of a system being affected by magmatic assimilation. These are: 1) the original water

content of the magma (X°), 2) the water incorporated into the crystallizing assemblage (Xx), 3) the

original water content of the assimilated material (Xa,o), 4) the final water content of the residual

xenoliths (Xap, 5) the ratio of crystallization to assimilation (a), and 6) the amount of material that is

added to the system through partial fusion of the assimilant (r). These parameters may be used in the

equation:

Xr

=[x° —xF +(Xa,o a,f) a F

[1—F +ra F]

to model the volatile production induced by selective assimilation. The variable F is the fraction of

original magma crystallized and ranges from 0 to 1 where 1 represents complete crystallization. A

schematic representation of the selective assimilation process and the components described above is

shown in Figure 2.10.

Table 2.4 shows the values of the variables used in modeling the volatile budget in the Iron Mask

batholith. These parameters, which affect the amount of material and volatile change in the system, are

estimated from field and petrographic observations and chemical analyses. Textural relationships in the

Pothook diorite between plagioclase and clinopyroxene in addition to the absence of primary amphibole

suggests a water-undersaturated initial melt composition (X°) (Eggler, 1972; Naney, 1983). The amount

of water in the Nicola group volcanic rocks before and after recrystallization (Xa and Xfrespectively) are

derived from chemical analyses of these rock types. The water in the crystallizing assemblage (X5) is

estimated from the modal mineralogy of Pothook and Cherry Creek rocks and the amount of material

incorporated into the Pothook magma (r) is estimated from field observation.
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Figure 2.10. Schematic representation of the components involved in modeling volatile changes during
assimilation processes.

Table 2.4. Variables used in Modeling Volatile Production.

Model X” Xa Xj a r

Czystallization 0.085 0 - 0.08 - - - -

Bulk Assimilation and 0.085 0.02 0.075 - 0.2-5 -

Crystallization
Selective Assimilation 0.085 0.02 0.075 0.02 0.15

and Crystallization
Selective Assimilation 0.085 0.02 0.075 0.02 0.075

(Dehydration)

Figure 2.11 shows the results of selective assimilation, as F (fraction of magma crystallized) vs

the water content (mole%) of the system, of Nicola Group rocks into the Pothook d.iorite constructed from

values in Table 2.4. Model lines are shown for a several assimilation to crystallization ratios (a). Also

shown is the model line for crystallization of Pothook diorite with no assimilation and a crystallizing

assemblage with 0.2 mole% average water content (X5) as well as a model line calculated with r = 0.5,

which represents more complete assimilation. In addition, the 2Kb and 4Kb saturation surfaces are

represented. When a model line crosses a saturation surface at a given confining pressure, a volatile phase

may separate from the magma.
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Figure 2.11. Model for Pothook diorite selectively assimilating rocks from the Nicola Group. Model lines
derived from the values in Table 2.4 shown with 2 and 4Kb saturation surfaces. a values are 0.25,
0.5, 1,2and4.

Figure 2.11 suggests that, for all values of a, selective assimilation of Nicola Group rocks by

Pothook magma may potentially raise the volatile content of the magma, thus promoting exsolution of a

volatile phase earlier in the crystallization history. For example, with no assimilation at a confining

pressure of 2Kb, the Pothook system may saturate with water at 58% crystallization while during selective

assimilation with r = 0.15 and a = 1 it may saturate at only 44% crystallization. The greater the ratio of

crystallization to assimilation, the greater the volatile enrichment. Most significantly, it is shown that the

value of r (material added to the system) has a very large effect on the volatile budget. When a large

amount of material is added to the magmatic system (r = 0.5), the process serves to inhibit volatile

production.
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Figure 2.12. Dehydration of Nicola Group rocks and the effect on the volatile budget of the Pothook
diorite. Reference curves from Figure 2.11.

potential to an even greater degree (reference curve for cx = 1 from Figure 15). With a = 1, volatile

exsolution may occur at 42% ciystallization at 2 Kb confining pressure. The dehydration assimilation

model may be especially applicable to the margins of the magmatic system.

Results of modeling selective assimilation in the Iron Mask batholith indicate that the

recrystallization of hydrous material (Greenschist Nicola Volcanic rocks) to a more anhydrous assemblage

(the ‘pyroxenite’ xenoliths of the iron Mask hybrid unit) has the potential for raising the volatile content of

a magma (Pothook). The most influential parameter in this process is the amount of material incorporated

into the melt phase. If a large amount of material is added (e.g., bulk assimilation), the dilution effects of

the additional material offset the total volatiles in the system. If, instead, selective dehydration reactions

Figure 2.12 illustrates the extreme end of selective assimilation-the initial thermal dehydration of

the country rocks during magmatism. This model assumes that no material is added to the magmatic

system except for the volatiles in the assimilant. As expected, this process serves to enhance the volatile
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are considered, it is seen that the volatile content of the magmatic phase is increased dramatically. The

water content of a magma is of interest because it effects the density and viscosity of the magma,

convection in the magma chamber and the possibility of exsolving a volatile phase. Higher volatile

contents promote earlier volatile exsolution and thus can enhance the opportunities for establishing a

magmatic-hydrothermal system. This has implications on the ability of the system to produce an ore

deposit through the transport of metals in an aqueous phase.
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3.0 KAMLOOPS LAKE PICRITIC BASALTS

3.1 INTRODUCTION

Picritic basalt is exposed in the Intermontane Belt of south-central British Columbia near

Kamloops Lake (Figure 3.1). These volcanic rocks are divine ± clinopyroxene porphyritic volcanic

breccias, flows and sills. The Kamloops Lake picrites contain extremely high MgO, anomalously low

A1203and low Ti02. They have low abundances of all rare earth elements and are enriched in chromium

and nickel. Incompatible element abundances and mineral compositions suggest that the Kamloops Lake

rocks represent ultramafic magmatism in an island arc setting. Origin and tectonic affinity of the

Kamloops Lake picritic basalts is investigated through comparisons to other suites of mafic and ultramafic

rocks (i.e., komatiite suites, oceanic suites, island arc suites).

This paper presents petrographic and chemical data on the Kamloops Lake picrites and discusses

evidence for these ultramafic rocks representing high-MgO primary liquids. Differentiation of these

ultramafic lavas is shown to be satisfactorily modeled by olivine fractionation or accumulation. Primary

melt compositions for the Kamloops Lake suite and selected ultramafic suites are estimated from

thermodynamic calculations which model equilibrium between the observed olivine composition and a

residual melt. The calculations also elucidate the oxidation state of the ultramafic melts as a function of

Fe3/Fe2.

3.2 REGIONAL GEOLOGY

The exact stratigraphic position of the Kamloops Lake ultramafic volcanic rocks is not certain.

The picritic basalts occur as small, poorly exposed, disconnected bodies in the area of Kamloops Lake in

the Intennontane Belt of the Canadian Cordillera (Figure 3.1). They are found in the Quesnellia terrane

which is interpreted to be part of a late Triassic volcanic arc which was accreted onto the western margin
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Figure 3.1. Simplified geology of the Kamloops Lake area. Nicola Group volcanic and sedimentary rocks
underlie most of the region. Picrite occurrences are shown in the stippled pattern.
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of North America in the Late Triassic (Monger et al., 1982; Monger, 1989a). Nicola Group is the most

voluminous rock unit in the study area comprising a sequence of alkalic volcanic, volcaniclastic and

minor sedimentaty rocks (Schau, 1970; Preto, 1979; Mortimer, 1987). In the vicinity of Kamloops Lake,

the Nicola Group consists of abundant green and red augite porphyiy flows and related breccias, bedded

and massive tuffaceous siltstones, and miner cherty sediments. The rocks are regionally metamorphosed to

greenschist facies and are, in general, broadly folded, weakly foliated and cut by prominent northwest

trending structures.

Intruding and overlying the Nicola Group are a variety of younger intrusive and volcanic rocks.

The Iron Mask batholith, a northwesterly trending Early Jurassic composite alkaline intrusive complex, is

exposed in the southeast part of the study area (Preto, 1967; Northcote, 1977; Kwong, 1987). Intrusion of

the Iron Mask batholith is concentrated along deep-seated northwest-trending structures and the batholith

contains numerous xenoliths of serpentinized picritic basalt. Eocene Kamloops Group volcanic rocks

consist of abundant alkali basalt flows and miner intercalated sediments. They overlie much of the study

area as small erosional remnants and more extensive downdropped blocks (Ewing, 1981a, 1981b, 1982).

Kamloops Lake ultramafic volcanic rocks crop out at four known localities (Figure 3.1): near

Carabine Creek on the north side of Kamloops Lake (Cockfield, 1948), north of Pass Lake near Watching

Creek (Cockfield, 1948), on an isolated knoll near Jacko Lake one kilometer from the southwest margin of

the Iron Mask batholith (Mathews 1941) and as screens, rafts and xenoliths within the Iron Mask

batholith (Kwong, 1987).

Picrite outcrops near Carabine Creek are distinctly olivine porphyritic and have sparse vesicles

up to 0.2cm in size. The basalt contains sparse rounded knots of olivine and clinopyroxene which range in

size from ito 10cm. These knots are recognized on weathered surfaces but are indistinguishable on fresh

surfaces as they are identical in mineralogy and texture to the surrounding material. The picrite at

Carabine Creek is intruded by small granitic stocks belonging to the Copper Creek plutonic suite which is
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thought to be post-Early Cretaceous (Cockfield, 1948). Picritic basalt at Watching Creek is massive; the

outcrops are typically dense, black and structureless. The rocks contain volumetrically more olivine (up to

50%) than observed at the other localities and are weakly porphyritic. The exposures of picritic basalt near

Jacko Lake have a subtle layering defined by the relative abundance of olivine and clinopyroxene knots

which range up to 20cm across. These rounded knots comprise up to 50 volume% of the outcrops near

Jacko Lake and impart a unique pockmarked weathering texture. In contrast to these three locations of

remarkably well preserved picritic basalt, exposures in the Iron Mask batholith comprise serpentimzed

rafts and septa. Olivine is conunonly the only primaiy mineral preserved, although relict clinopyroxene is

found. Serpentine replaces original minerals, commonly preserving original volcanic textures.

3.3 PETROGRAPHY

Picritic basalts in the Kamloops Lake area are olivine and clinopyroxene porphyritic. The

groundmass comprises 20 to 50% of the rock and most of it is altered to serpentine and/or talc. The picrite

basalts may be subdivided texturally into cumulate and volcanic rocks. The Watching Creek locality

typifies the cumulate phase; subhedral partially serpentinized olivine phenocrysts with abundant

intercumulus clinopyroxene phenocrysts occur in a fine-grained groundmass (Plate 3.1). Fresh rocks from

the other localities have distinctive volcanic textures; subhedral olivine phenocrysts up to 3mm in size are

set in a matrix of euhedral clinopyroxene microphenociysts (Plate 3.2). Picritic basalt at Carabine Creek is

amydaloidal, vesicles (0.2cm) are filled with secondary fibrous thomsonite, a calcium-rich variety of

zeolite.

3.3.1 Olivine

Subhedral to euhedral olivine phenociysts range in size from 0.5 to 3.5mm. The grains show no

resorption features and secondary alteration is confined to rims and along fractures. Olivine phenociysts
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Plate 3.1. Photomicrograph of a) picnte from Carabine Creek showing olivine phenocrysts in a matrix of
euhedral clinopyroxene, and b) cumulate rock from Watching Creek with intercumulus pyroxene.
FOV=5mm.

t-.

kf
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abundances in the Kamloops Lake picntes range from 20 to 30% at Carabine Creek, Jacko Lake and Iron

Mask and 35 to 50% at Watching Creek. Anhedral inclusions of Cr-spinel within olivine grains are

common in most samples. In highly serpentinized samples, phenocrysts are rimmed by anhedral, fine

grained opaque material representing secondaiy spinel produced through the breakdown of olivine.

3.3.2 Clinopyroxene

Clinopyroxene in the Kamloops Lake suite occurs as subhedral to euhedral phenocrysts

(Watching Creek) and microphenocrysts (Carabine Creek, Jacko Lake, Iron Mask). Pyroxene shows weak

yellow pleochroism and microphenocrysts in the non-cumulate rocks are compositionally zoned.

Clinopyroxene varies in size and abundance from 0.5 to 2.5mm and 20 to 25% at Watching Creek to 0.05

to 0.25mm and 30 to 45% at Carabine Creek and Jacko Lake. Inclusions of subhedral to anhedral Cr

spmel in clinopyroxene from all three unserpentinized localities are abundant. Pigeonite has been reported

at the Jacko Lake locality by Mathews (1941), but none was found during this study.

3.3.3 Cr-spinel

Cr-spinel in the Kamloops Lake picrites is found in various sizes and morphologies throughout

the ciystallization sequence. It occurs as inclusions in olivine and clinopyroxene, as subhedral to anhedral

nucrophenocrysts up to 0.3mm and is scattered throughout the groundmass in subhedral to anhedral

crystals ranging from 0.005 to 0.15mm. A large proportion of spinel in the Iron Mask batholith are

thought to represent an alteration product through the breakdown of olivine and clinopyroxene to

serpentine, talc and tremolite during hydrothermal alteration induced by the Iron Mask intrusive suite.

The majority of spinels from these samples are not primary and are not included in following discussions

of mineral compositions.
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3.4 MINERAL CHEMISTRY

3.4.1 Analytical Methods

Chemical compositions of olivine, clinopyroxene and spinel were determined using a Cameca

SX-50 electron microprobe at The University of British Columbia. Olivine and clinopyroxene

compositions were measured using a focused beam at operating conditions of 15 kV and 20 nA for 30

seconds. Background counts were collected for 10 seconds. Standards for olivine include forsterite (Si,

Mg), diopside (Ca), grossular (Al), fayalite (Fe), spessartine (Mn), nickel-olivine (Ni), chromite (Cr) and

rutile (Ti). Pyroxene standards are: diopside (Si, Mg, Ca), aegerine (Fe, Na), grossular (Al), pyromangite

(Mn), rutile (Ti), chromite (Cr) and nickel-olivine (Ni). Spinel analyses were obtained with operating

conditions of 20 kV and 30 nA. Standards for spinel analyses include: fayalite (Fe), forsterite (Mg),

chromite (Cr), pyromangite (Mn), grossular (Al), rutile (Ti), nickel-olivine (Ni), diopside (Si, Ca) and

sphalerite (Zn).

3.4.2 Olivine

Representative olivine compositions from each of the Kamloops Lake picrite localities are given

in Table 3.1. Structural formulae were calculated on the basis of 4 oxygen atoms per unit cell. Olivine

phenociyst compositions range from Fo929 to Fo895, reflecting the highly magnesian character of the

magma. Olivine is unzoned in the Watching Creek locality and slightly zoned (up to 1 mole% Fo from

core to rim) at the Carabine Creek, Jacko Lake, and Iron Mask localities. Lack of distinct zoning patterns

in olivine phenocrysts, especially from the cumulate locality, may indicate chemical equilibration of the

mineral at high temperature (Van Kooten and Buseck, 1978).

Forsterite component in olivine is not correlated with rock texture; cumulate rocks and non-

cumulate rocks show considerable overlap. Simkin and Smith (1970) suggest that Mn concentration in
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olivine is inversely correlated with forsterite content. This feature is not observed in olivine from the

Kamloops Lake picritic basalts. MnO contents in olivme from the cumulate rocks of Watching Creek

range from 0.18 to 0.27 wt%, slightly greater that the 0.08 to 0.21 wt% in grains from non-cumulate

localities whereas forsterite content is indistinguishable. CaO concentration in olivine phenocrysts

averages 0.25 wt% which for basaltic rocks would suggest an extrusive or hypabyssal ciystallization

environment (Simkin and Smith, 1970).
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Figure 3.2. Plot of forstente contents vs nickel concentrations in the Kamloops Lake picritic basalts and
other ultramafic suites. Sources of data: New Georgia (Ramsay et al., 1984), Baffin Bay (Francis,
1985), Kilauea (Nicholls and Stout, 1988), Ambae (Eggins, 1993). Gorgona (Echeverria. 1980) and
Abitibi (Barnes et al., 1980).

The NiO concentrations in the olivine phenociysts from the Kamloops Lake suite ranges from

0.22 to 0.43 wt% (Figure 3.2) and shows no correlation with forsterite content. These nickel

concentrations, as well as the forsterite component, are consistent with mantle-derived olivine (Sato,

1977). Comparison of forsterite content versus NiO concentrations in other ultramafic rocks shown in Fig.
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exhibit a well defined trend of increasing NiO with increasing forsterite content. The NiO content of the

olivines from Gorgona and Kilauea are slightly greater for a similar forsterite composition, while olivines

from New Georgia and Ambae are, in general, marginally depleted with respect to NiO in comparison to

the Kainloops Lake suite.

3.4.3 Clinopyroxene

Analyses of representative clinopyroxene phenocaysts and microphenocrysts from the Kamloops

Lake picritic basalts are given in Table 3.2. Structural formulae was calculated on the basis of 6 oxygens

per unit cell. Clinopyroxenes are diopsidic with a slightly sub-calcic signature (Figure 3.3). There is no

significant differences in clinopyroxene composition between or within the four localities. Clinopyroxene

grains from Watching Creek exhibit normal zoning of core to rim 5 mole% Mg, while the non-cumulate

rocks are more strongly zoned with core to rim normal zoning up to 16 mole%. MG# [l00.MgI(Mg +

Fe2)] for clinopyroxene ranges from 87.1 to 99.7 and calculated Fe203 contents range from 1.44 to 6.66

Cr203content in clinopyroxene ranges from below detection to 1.32 wt% with an average of 0.66

wt%. No systematic differences in Cr contents of clinopyroxene are observed between the cumulate and

non-cumulate rocks. The moderate A1203 content of clinopyroxene grains (1.63 to 4.70 wt%) is

anomalous compared to the very low whole-rock A1203 contents, but A1203,Ti02 (0.12 to 0.43 wt%) and

Na20(0.17 to 0.33 wt%) contents of the Kamloops Lake picritic basalts are comparable to island arc

picritic suites such as Grenada (Arculus, 1978), New Georgia (Ramsay et al., 1984) and Ambae (Eggins,

1990). Clinopyroxene in komatiites from Gorgona Island (Echeverria 1980) and the Abitibi Greenstone

Belt (Barnes et al., 1983) contain more Al203.
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Figure 3.3. Plot of clinopyroxene compositions from a) the Kamloops Lake picritic basalts, and b) selected
ultramafic suites. Sources of data: New Georgia (Ramsay et al., 1984), Kilauea (Nicholls and Stout,
1988), Deccan (Krishnamurthy and Cox, 1977), Ambae (Eggins, 1993), Gorgona (Echeverria,
1980), Abitibi (Barnes et al., 1980) and Heathcote (Crawford and Cameron, 1985).

3.4.4 Cr-spinel

Cr-spinel from the Kamloops Lake picritic basalts exhibit a range of compositions; representative

analyses are given in Table 3.3. Structural formulae was calculated on the basis of 32 oxygens. Systematic

zoning in Cr-spinel grains is not observed. Spinels have consistently low A1203 content (average 8.39

wt%) and variable Cr and Fe3 (Figure 3.4). The continuous spectrum of spinel compositions fall in two

groups representing cumulate rocks from Watching Creek which are enriched in Fe and non-cumulate

rocks from the Carabine Creek and Jacko Lake which lie on the Cr-rich side of the spectrum. Ti02

concentration of Cr-spinel from cumulate samples (0.70 to 3.87 wt%) is greater than that from non-

cumulate samples (0.14 5 to 0.76 wt%). Spinel from cumulate rocks contain 0.35 to 0.46 wt% NiO

compared to 0.11 to 0.39 wt% in non-cumulate rocks.

Kamloops Lake picnte
o New Georgia picrite
• Amhae picrite
e Kiiauea picrite

Deccan picrite
Gorgona komatiite

v Abitibi komatiite
o Heathcote honinite
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Figure 3.4. Ternary plot of the proportions of the cations Cr3,Al3, and Fe3 in the spinels of the
Kainloops Lake picrites. Fields are indicated for localities with volcanic textures (solid circles) and
cumulate rocks (solid triangles). Other data from: New Georgia (Ramsay et a!., 1984), Kilauea
(Nicholls and Stout, 1988), Ambae (Eggins, 1993), Gorgona (Echeverria, 1980) and Heathcote
(Crawford and Cameron, 1985).

Compositions of spinel from other ultramafic suites (Figure 3.4) are similar to the Kamloops

Lake rocks but most suites show slightly higher Al contents. Spinels from komatiites on Gorgona Island

(Echeverria, 1980) show the greatest Al concentrations (21.6 to 25.7 wt% A12O3). Spinel from the

Kamloops Lake Suite are further distinguished from those found in komatiites by their relative depletion

in ZnO and MnO (Plaksenko and Smol’kin, 1990).

Cr-spinel compositions from Kamloops Lake picritic rocks and other selected suites are plotted

on diagrams of 100.Mg/(Mg + Fe2)vs 100.Cr/(Cr + Al) and 100.MgI(Mg + Fe3t) vs 100.Fe3/(Cr + A!

+ Fe) (Figure 3.5). A weak positive correlation exists between Cr/(Cr + Al) and Mg/(Mg + Fe) in

spinels from the Kamloops Lake suite; a similar trend is seen in spinels from picritic lavas associated with

A Kamloops Lake pcnte (WC)

•
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island arc magmatism (Ramsay et al., 1984; Eggins, 1993). Spinels from the Kamloops Lake picritic

basalts are highly oxidized (Figure 3.5b); 100.Fe3/(F& + Cr + Al) ratios range from 13.7 to 82.9.

Picritic rocks from New Georgia (Ramsay et al., 1984) and Ambae (Eggins, 1990) have similar ratios and

Ramsay et al. (1984) and Utter (1978) report that highly oxidized spinels are restricted to island arc lavas.

Figure 3.5. Spinel compositions for the Kamloops Lake picritic basalts shown as a) 100.Mg/Mg + Fe2 vs
100.Cr/(Cr + Al), and b) 100.Mg/(Mg + Fe2jvs 100.Fe3/(Fe + Cr + Al). Other data from:
New Georgia (Ramsay et al., 1984), Kilauea (Nicholls and Stout, 1988), Ambae (Eggins, 1993),
Gorgona (Echeverria, 1980) and Heathcote (Crawford and Cameron, 1985). Symbols as in Figure
3.4.

Cr/(Cr + Al) ratios in spinels from the Kamloops Lake picritic basalts also suggest an island arc

tectonic affinity (Dick and Bullen, 1984). Cr/(Cr + Al) ratio in Cr-spinel has been used as an indication of

the volume of mantle melt needed to produce lavas of picritic composition, and this ratio, which averages

49 for cumulate rocks and 71 for non cumulate rocks, indicates significant melting of the mantle source

(Dick and BuIlen, 1984).
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3.5 WHOLE-ROCK GEOCHEMISTRY

3.5.1 Major Element Variation

Whole rock chemical compositions for the Kamloops Lake ultramafic rocks are given in Table

3.4; two from Carabine Creek, one from Watching Creek, and one from Jacko Lake. See Appendix E and

G for analytical techniques. Two serpentinites from the Iron Mask batholith, one of which was analyzed 6

times, are also given. These ultramafic rocks have exceptionally low A1203 contents (2.17 to 6.84 wt%),

low Si02 (38.4 to 43.2 wt%), and very high MgO (24.3 to 33.65 wt%). Ti02 and CaO contents in the

Kamloops Lake picrites, which range from 0.166 to 0.386 wt% and 3.20 to 6.03 wt% respectively, are

very low, possibly reflecting the very high MgO. Kamloops Lake rocks are highly enriched with respect to

Ni (920 to 1420 ppm) and Cr (1670 to 3040 ppm).

MgO vs Si02 concentration of the Kamloops Lake picritic basalts and selected mafic and

ultramafic suites are given in Figure 3.6a. Kamloops Lake picritic basalt contains the lowest SiO2 and,

with the exception of komatiites from the Abitibi Greenstone Belt, the highest MgO. The suites presented,

except for Abitibi komatiites, boninitic suites and Vanuatu island arc basalts, exhibit a linear trend of

increasing MgO with decreasing Si02. The Kamloops Lake picrites are at the MgO-rich end of this trend.

Abitibi komatiites show a consistent Si02 concentration over a range of MgO as do boninitic rocks, which

also contain greater Si02. Vanuatu arc basalts, while having similar Si02 contents for a given MgO

content as most of the other suites, are more restricted in MgO concentration and therefore exhibit a

cluster of points with consistent Si02 concentrations.

The K.amloops Lake picritic rocks show extreme depletion with respect to A1203compared to all

other suites of rocks except the Abitibi komatiltes (Figure 3 .6b). Well-defined trends of decreasing A1203

with increasing MgO are seen in most of the suites investigated, however, the position of the trend in

chemical space is variable. Island arc picrites (New Georgia, Ambae) as well as a hot-spot picritic suite
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Table 3.4. Whole rock analyses ofKamloops Lake picritic basalts.
IM-225 IM-222 IM-241 IM-230 IM108* TM-309

CC WC JLCC la
Si02 40.40 38.70 38.40 41.30 39.33 43.20 0.197
Ti02 0.230 0.193 0.166 0.240 0.21 0.386 0.005
A1203 3.80 3.08 2.17 3.94 2.74 6.84 0.056
Fe203 5.32 6.42 10.30 4.48 11.00 5.01 0.063
FeO 3.97 2.64 — 4.72 — 4.40
MnO 0.17 0.17 0.18 0.17 0.20 0.14 0.004
MgO 31.40 32.80 32.60 32.30 33.65 24.30 0.217
CaO 4.72 3.20 5.32 4.91 3.53 6.03 0.109
Na20 0.09 0.02 0.08 0.18 0.15 0.30 0.012
K20 0.95 0.22 0.15 1.50 0.57 2.21 0.012
1’205 0.11 0.10 0.05 0.10 0.06 0.13 0.005
I{2O 7.80 11.10 9.20 4.70 7.38 4.80
CO, 0.08 0.08 0.36 0.04 0.08 0.03
SUM 99.04 98.72 98.97 98.58 98.90 97.78
LOl 8.45 11.80 9.75 4.80 7.10 5.00

Trace Elements
Ba1 213 147 226 521 129 354
Rb2 31.11 16’ 3.83 26.03 16.30 541

Sr2 216.44 122’ 41.00 112.92 14.00 201’
NI? 0.59 6’ 0.13 0.37 0.31 3’
Zr2 11.80 21’ 4.35 10.85 10.55 331

Y2 4.34 b.d.’ 2.57 4.03 3.90 b.d.’
Ni1 1350 1380 1420 1410 1254 920
Cr4 2580 3040 2790 2990 2902 1670
V2 110.91 -- 61.90 103.12 74.95 --

Sc2 18.27 14.9 21.41 17.41 20.73 23.6
m2 0.23 b.d.’ 0.10 0.27 0.28 b.d.’
i)2 0.30 b.d.’ 0.06 0.09 0.20 b.d.’
Pb2 1.50 b.d.’ 0.99 1.65 0.31 b.d.’
Hf2 0.51 b.d.3 0.16 0.44 0.39 0.6
Cl’ 128 109 293 125 396 125
Co’ 80 85 87 85 92 66
Cu1 25 15 20 30 25 17
F’ 75 110 20 90 45 192
Ga1 16 16 16 16 17 19
5’ b.d. b.d. 1120 b.d. 1662 b.d.
Sn1 10 10 7 12 4 10
Ti1 1210 981 746 1160 1210 1780
Zn1 58 60 61 60 50 58
Li2 6.57 -- 7.70 6.62 4.69 --

Be2 0.65 -- 0.01 0.82 0.81 --

Mo2 0.11 b.d.’ 0.47 0.25 3.40 b.d.’
Cs2 0.63 i 0.24 1.43 0.80 2
Ta2 0.37 -- 0.08 0.17 0.15 --

Ti2 0.23 — -0.08 0.09 0.09 —

Bi2 0.07 -- -0.06 0,17 0.10 --

* Average of six analyses
1 XRF Pressed Pellet 2 Inductively Coupled Plasma Mass Spectrometry

Neutron Activation 4XRF Fused Pellet
CC=Carabine Creek, WCWatching Creek,
)L=Jacko Lake, lMIron Mask
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Figure 3.6. Chemical compositions of Kamloops Lake picritic basalts (shaded) and other suites of mafic
rocks: a) MgO vs Si02, b) MgO vs A1203 and c) MgO vs Ti02. Sources of data: New Georgia
(Ramsay et al., 1984), Baffin Bay (Francis, 1985), Kilauea picrite (Nicholls and Stout, 1988),
Anibae (Eggrns, 1993), Deccan (Krishnamurthy and Cox. 1977), Gorgona (Echeverria, 1980),
Abitibi (Barnes et a!., 1983), Heathcote (Crawford and Cameron, 1985), Bonin Island (Hickey and
Frey, 1982), Vanuatu (Dupuy et a!.. 1982) and MORB (Sun et a!.. 1979).
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(Kilauea) define a trend with Kamloops Lake compositions at the extreme. The other picritic suites

(Deccan, Baffin Bay) and the komatiitic suites (Gorgona, Abitibi) have trends of similar slopes but in a

different chemical space. Bonmitic suites and Vanuatu arc basalts show a large variation in Al203over a

small range of MgO concentrations.

Depletion of A1203 in the Kamloops Lake rocks may reflect initial low aluminum in the source

region, the presence of a residual aluminous phase (such as garnet or spinel) after partial melting (Bence

et al., 1980), or plagioclase fractionation. However, the trend seen in Figure 3.6b of increasing A1203 with

decreasing MgO suggests that evolution of the Kamloops Lake suite did not involve plagioclase

fractionation (Perfit, 1980).

MgO vs Ti02 concentrations is given in Figure 3.6c. Ti has been used as a discriminator element

in the study of komatiites and boninites (Sun and Nesbitt ,1978; Crawford and Cameron, 1985). The

Kamloops Lake picritic basalts are depleted in Ti02 in comparison to the other malic and ultramafic

suites with the exception of the Abitibi komatiites and the boninitic suites. On this diagram, it appears

that each suite defines a trend of different slope. Picritic rocks from Deccan and Kilauea are enriched in

Ti02 which falls off sharply with increasing MgO. Baffin Bay picrites have a slightly shallower slope, yet

still a significant amount of Ti02. Arc picrites from New Georgia and Ambae define a slope which

includes the Kamloops Lake suite.

3.5.2 Rare Earth Elements

Rare earth element patterns for the Kamloops Lake picrite suite are shown in Figure 3.7 and

element concentrations in Table 3.5. See Appendix 0 for details of rock preparation. REE abundances in

the Kamloops Lake suite are very low; all normalized (Boynton, 1984) values are less than 4 and the

patterns are quite flat. The Jacko Lake, Carabine Creek and Iron Mask occurrences have similar profiles
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which show slight enrichment of the LREE’s (La/Sm averaging 1.1) relative to HREE (Nd/Lu averaging

1.4). The serpentin.ite from the Iron
Table 3.5. REE concentrations the Kamloops Lake picntic basalts.

IM-225 IM-225 IM-2254 IM-222 IM-241 IM-230 TM-lOS IM-309
CC CC CC CC WC JL TM TM

La 0.99 0.99 0.99 0.9k 0.44 1.15 0.77 2.71
Ce 2.39 2.32 2.36 b.d.1 1.06 2.62 1.94 71

Pr 0.34 0.35 0.34 -- 0.20 0.41 0.31 --

Nd 1.78 1.87 1.82 b.d.1 1.02 2.18 1.69 b.d.’
Sm 0.53 0.60 0.56 0.4’ 0.37 0.56 0.48 0.9k
Eu 0.17 0.21 0.19 0.2k 0.13 0.20 0.15 0.21
Gd 0.72 0.75 0.74 -- 0.42 0.75 0.64 --

Th 0.11 0.11 0.11 b.d.1 0.07 0.10 0.11 b.d.’
Dy 0.82 0.78 0.80 -- 0.49 0.78 0.78 --

Ho 0.15 0.17 0.16 -- 0.11 0.16 0.15 --

Er 0.51 0.46 0.48 -- 0.29 0.49 0.39 --

Tm 0.07 0.07 0.07 -- 0.04 0.07 0.06 --

Yb 0.54 0.42 0.48 0.3 0.30 0.49 0.40 0.7’
Lu 0.08 0.07 0.08 b.d.1 0.04 0.07 0.07 0.11’

* Average of two analyses
Analyses by Inductively Coupled Plasma Mass Spectrometry

except where noted
Neutron Activation
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Figure 3.7. Chondrite normalized REE Patterns of the Kamloops Lake picritic basalts. Duplicate analyses
of sample IM-225 is shown in the shaded region. Chondrite data of Boynton (1984).
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Mask diverges slightly; it has a slight depletion in the HREE Er. This divergence may be an expression of

REE mobility during serpentinization processes. The cumulate sample from Watching Creek contains

significantly lower abundances of the PEE’s than the volcanic samples and exhibits a slightly different

pattern. The (LaIYb)CH of the Watching Creek sample is 0.97 compared to l.27(IM), 1.36(CC) and

1.53(L). A consistent feature of REE patterns from the Kamloops Lake picritic basalts is a slight

depletion in Ce with respect to La; a feature typical of island arc suites (Dupuy et at., 1982). The samples

do not show a significant depletion or enrichment in Eu with respect to Sm and Gd outside of analytical

error (see shaded area in Figure 3.7), indicating that plagioclase fractionation was not involved in the

evolution of these ultramafic lavas.

Also shown in Figure 3.7 are crystal/liquid REE partition coefficients for olivine and

clinopyroxene (Hanson, 1980). The depleted, flat REE profiles of the Kamloops Lake lavas are consistent

with olivine control. In addition, the Watching Creek cumulate locality has significantly lower normalized

values for all elements, consistent with the greater modal olivine observed in the rock.

Figure 3.8 shows REE profiles from other mafic-ultramafic suites. Patterns from island arc suites

(Figure, 3.8a) are enriched in LREE’s, with the Ambae picritic suite (Eggins, 1993) showing the greatest

enrichment. All of the chosen island suites show depletion in Ce with respect to La. although this feature

is not as pronounced as in the Kamloops Lake suite. Absolute PEE abundances for New Georgia (Ramsay

Ct aL, 1984), Ambae (Eggins, 1993) and Vanuatu basalts (Dupuy et al., 1982) are significantly greater

than in Kamloops Lake rocks. Both the greater PEE concentrations and the LREE enriched patterns of

these suites may be manifestations of the relative role of the minerals in the magmatic system. Olivine and

cinopyroxene partition coefficients (Figure 3.7) indicate that olivine coupled with clinopyroxene could

produce a slightly LREE enriched pattern, as is seen in these systems.

Data from komatiitic rocks of Gorgona Island (Echeverria, 1980) and the Abitibi Greenstone Belt

(Barnes et al., 1983) along with normal MORB (Sun et al., 1979) are shown in Figure 3.8b. The patterns
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Figure 3.8. Chondrite normalized REE patterns for selected ultramafic suites; a) island arc suites, and b)
komatiite suites and MORB. Data from: New Georgia (Ramsay et a!., 1984), Ambae (Eggins,
1993), Gorgona (Echeverria, 1980), Abitibi (Barnes et al., 1983), Vanuatu (Dupuy et al., 1982) and
MORB (Sun et a!., 1979). Symbols as in Figure 3.6.

for these rocks are distinctly different than both the Kamloops Lake suite and the island arc suites. These

suites show LREE depleted patterns and are relatively lower in absolute abundances than the island arc
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rocks. These patterns reflect the different origin and evolution of these suites compared to island arc

suites.

The overall flat REE pattern of the Kamloops Picrites indicates substantial melting in the source

region (Dick and Bullen, 1984; Hanson, 1980). Experiments have shown that magmas produced from

small amounts of mantle melting exhibit LREE enriched patterns, whereas larger amounts of melt (20 %

or greater) produce magmas with flat REE patterns (Hanson, 1989). In addition, because garnet

concentrates the HREE’s, the lack of HREE enrichment may indicates a mantle source region that is

garnet-poor or had a garnet-enriched residuum.

3.5.3 Incompatible Elements

A spidergram for incompatible elements in the Kamloops Lake picritic basalts normalized to

primitive mantle (Taylor and McLennan, 1985) is shown in Figure 3.9 along with MORB compositions

(Sun et al., 1979; Taylor, 1980) for comparison. Incompatible element abundances are a function of both

the source components and fractionation processes. The patterns, therefore, indicate tectonic affinity for

the suite.

The Kamloops Lake picritic basalts are depleted, with respect to MORB compositions, in REE’s,

Ti, Zr, Y and Hf. Intra-suite variation in Ti, Zr, Y and Nb has been shown to correspond to fractional

crystallization of olivine and clinopyroxene ± magnetite (Perfit et al., 1980). Kamloops Lake ultramafic

rocks are highly enriched in Rb Ba, K and to a lesser degree in Sr with respect to MORB. One serpentinite

from the Iron Mask batholith is aberantly low in Sr, a feature which is considered to represent the

alteration process and not the original magmatic Sr content. The depletions and enrichments of the

specified elements are indicative of an island-arc affinity (Perfit et al., 1980).

70



1000

I
Ba Th K Nb La Ce Sr Nd Sm Hf Zr Ti Tb Dy Y

Figure 3.9. A spidergram of incompatible element concentrations in the Kamloops Lake picritic basalt
with Normal MORB (Sun et al., 1979) shown for comparison. Normalization data from Taylor and
McLennan (1985) and Boynton (1984).

Figure 3.10 presents incompatible element diagrams constructed from available data for selected

suites of mafic-ultramafic rocks from a variety of tectonic environments overlain on the pattern produced

by the Kamloops Lake suite. Incompatible element data from modern island arc settings exhibit similar

patterns to the Kamloops Lake suite, with enrichment in K and Sr and depletion of Nb compared to

normal MORB (Figure 3. lOa). Absolute abundances for most of the incompatible elements in these suites

are, in general, slightly greater than the Kamloops Lake picrites and the intra-suite variation is less

pronounced. Ainbae picritic rocks are similar to the Kamloops lake suite in the relative enrichment in Ba

compared to Rb, while New Georgia picrites exhibit the opposite correlation. Both suites of picritic rocks

are more depleted in Nb and enriched in Ti than the Kamloops Lake suite. However, the overall patterns

of these modern arc systems correspond very well with the observed ratios in the Kamloops Lake suite,

confirming an island arc tectonic affinity.

Komatiites from the Abitibi greenstone belt show extreme depletion with respect to K and Sr, but

otherwise produce a relatively flat signature (Figure 3. lOb). Plaksenko and Smol’kin (1990) distinguish

100

71



1000 I I I I I I I I I I * I I

a)

>

I

b Abitibi komatiite (shaded) and Deccan picrite

>mlpsLepictea)

:1
100

10

I.

Rb BaTh

1000

K Nb La

a

Ce Sr Nd Sm Hf Zr Ti Tb Dy Y Yb

I I I I

Vanuatu Arc basalt (shaded), New Georgia picrite
and Ambae picrite

1001

-I

1

Kamloops Lake Picrite

‘Yb
0 i I I I I I I I I

Rb Ba Th K Nb La Ce Sr Nd Sm Hf Zr Ti Tb Dy

Figure 3.10. Spidergrams of incompatible element concentrations for a) island arc rock suites, and b)
suites with other tectonic affinities. Data from: New Georgia (R.amsay et al., 1984), Ambae
(Eggins, 1993), Deccan (Krishnamurthy and Cox, 1977), Abitibi (Barnes et al., 1983) and Vanuatu
(Dupuyetal., 1982).

komatiites by depletion of Sr, Ba, Ni and Cr relative to picritic rocks. Data from picritic basalts from the

Deccan flood basalt province (Krishnamurthy and Cox, 1977) exhibit a relatively flat, uniform pattern,

with only slight relative enrichment in Nb and REE’s.
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3.6 MAGMATIC DIFFERENTIATION

The process of simultaneously evaluating magmatic relationships and the nature of the magmatic

differentiation controlling the composition of the picritic basalts was undertaken using Pearce Element

Ratio diagrams (Pearce, 1968; Russell and Nicholls, 1988; Nicholls and Russell, 1991). Diagrams (cf

Figure 3.11) were designed by: i) choosing an appropriate conserved element for the denominator and ii)

choosing a set of numerator elements for the x and y-axes that will model the effects of the target mineral

assemblage (Stanley and Russell, 1989; Nicholls and Gordon,. 1994). The target mineral assemblage for

the Kamloops Lake picritic basalts are the phenocryst and microphenocryst phases- olivine and

clinopyroxene. Ti was chosen as the denominator element for diagrams concerning the Kamloops Lake

suite because of low analytical error and the absence of a major Ti-bearing phase in the phenocryst

assemblage of the picritic basalts.

The main concept behind this method is that rocks that are related to each other through

fractionation or accumulation of a given mineral or mineral assemblage will define a line with predictable

slope. For example, Figure 3.11 shows the diagram designed to test whether olivine sorting can explain

the compositional variation in the Kamloops Lake picrites. The axes are chosen so that the accumulation

or loss of olivine would cause cogenetic rock compositions to lie along a line with unit slope. If the picrite

occurrences can be related through the fractionation of olivine, then each point should plot along this

reference line.

One sample from Carabine Creek (IM-225) was chosen as the reference composition and the

model line is forced through this data point. It is one of the least altered picrite samples and has a well-

preserved, pronounced volcanic character. If the rock compositions fall the model line, then the hypothesis

of a cogenetic suite can not be rejected. If the compositions do not fall on the model line defined by the

axes, then the rocks may either be non-cogenetic or may be related through fractionation or accumulation
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of minerals not accounted for on the diagram. Error ellipses are obtained from 6 duplicate analyses and

represent is error.
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Figure 3.11. Diagram designed to test the hypothesis that olivine ciystallization or accumulation may
account for the chemical variation in the Kamloops Lake picritic suite. See text for discussion.

Figure 3.11 shows that the three relatively unserpentinized picrite localities can be related

through fractionation or accumulation of olivine. The model line drawn through IM-225 intersects the

other Carabine Creek sample as well as samples from Watching Creek and Jacko Lake within analytical

error. Two serpentinite samples from the Iron Mask batholith do not fall on the model line and fail the test

for comagmatism with the other localities. Furthermore, the serpentinites do not define a simple trend

with unit slope indicating that they are not related to each other through fractionation or accumulation of

olivine. It is likely that the process of serpentinization has caused addition or removal of one of the

elements used in the diagram (Si, Ti, Mg or Fe) (Viljoen and Viljoen, 1969; Blais and Auvray, 1990). If

this is the case, comagmatism cannot be discounted.
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Figure 3.12. Selected suites of ultramafic rocks plotted on an element ratio diagram designed to test
whether fractionation of olivine can explain chemical variation observed within the suite. Data
from: New Georgia (Ramsay et aL, 1984), Baffm Bay (Francis, 1985), Kilauea picnte (Nicholls and
Stout, 1988), Ambae (Eggins, 1993), Deccan (Krishnamurthy and Cox, 1977), Gorgona
(Echeverria, 1980) and Abitibi (Barnes et al., 1983).

Selected mafic-ultraniafic rock suites have been plotted on the same olivine “sorting” diagram

(Figure 3.12). Boninitic rocks are not shown because orthopyroxene is the dominant fractionating phase

(Jenner, 1981). Model fractionation trends (e.g., slope = 1.0) were projected from the most magnesian

sample in each suite. The trend of Kamloops Lake picritic rocks, shown as a heavy line, lies at greater

element ratio values than most of the other suites in this chemical space due to the low concentration of

the denominator element (Ti) in the Kaniloops Lake suite. Only two suites exhibit overlap with the

Kamloops Lake picrites-Abitibi komatiites and New Georgia picrites.
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Data from all of the selected suites show scatter around their model trend (Figure 3.12); some

suites (Baffin Bay and New Georgia) show excellent fit of the data points. The total intra-suite chemical

variation seen in several groups of ultramauic rocks is much less than seen in the Kamloops Lake suite

(e.g. SijTi = 145-300). Abitibi komatiites are the only suite showing a similar scale of variation. Olivine

fractionation consistently explains at least some of the ciystallization-fractionation processes functioning

in these suites of ultramafic volcanic rocks. There are at least two explanations for large amounts of

scatter seen in the Gorgona komatiites and Abitibi komatiites. Another phase, possible pyroxene or

plagioclase, may have been involved in fractionation processes or the individual suites may comprise more

than one magma batch.

The intercept of the model lines on element ratio diagrams are a measure of processes in the

source region. Thus the intercepts on Figure 3.12 for those systems where fractionation processes are

controlled by olivine, are a function of the source region for the suites (Cui and Russell, in review).

Picntic suites from Kilauea and Deccan have vely almost identical intercepts (-20.7 and -21.4

respectively), whereas picrites from Baffin Bay intercept slightly more negatively (-41.9). Model lines for

the picritic island arc suites of New Georgia and Ambae intercept at -86.8 and -72.1 respectively and the

Kamloops Lake picritic suite intercepts at a similar value (-76.7). The similarity in the intercepts for the

olivine controlled fractionation of island arc suites suggests that the processes operating at the source

region are similar to each other yet can be shown to be distinguishable from other tectonic settings. This is

logical, since it is believed that source regions for arc systems involve a unique blend of material and

processes (Perfit et al., 1980; Dupuy et al., 1982; Eggins, 1990).

3.7 SATURATION TEMPERATURE, OLIVINE COMPOSITION AND F02

Picritic magmas have been interpreted to represent either primary mantle-derived liquids

(O’Hara, 1982) or to be strictly products of olivine accumulation (Hart and Davis, 1979). Thus, it is

relevant to document the existence of primary liquids and to investigate their differentiation and
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evolution. Differentiates of the Kamloops Lake picritic basalts are not exposed, and testing the

accumulation-differentiation theory was undertaken by calculating olivine saturation temperatures, the

coexisting oxygen fkigacity and the amount of olivine crystallization for the suites examined in this study.

The investigation of the physical and chemical state of primary liquids will provide clues to the

environment of formation and differentiation processes of mantle-derived arc liquids.

3.7.1 Method

Bulk rock compositions were forced to equilibrate with the most forsteritic coexisting olivine

composition at a variety ofFe3/Fe2ratios. This process produced values for temperature and oxygen

fugacity of the melt, the amount (moles per 100 moles) of olivine which would have been crystallized out

of the melt to that point and the composition of the residual liquid. The calculated values define a path in

T-1nJ02 space which is unique for each rock. By superimposing buffering curves onto the rock paths,

reasonable limits may be set on the actual value of these variables.

Considerations which are unable to be accounted for include: the range of olivine compositions

found in each rock (an average value was used) andlor compositional modification in a cumulate pile

(Van Kooten and Buseck, 1978). In addition, the serpentinites from the Iron Mask batholith have been

excluded from model calculations because of the likelihood of major element addition or loss during

serpentinization (Viljoen and Viljoen, 1969; Blais and Auvray, 1990). The method is proposed to give

reasonable limits on the conditions of oxygen fugacity, temperature and primary melt composition for

unaltered rock compositions.

3.7.2 Results

Figure 3.13 presents calculated results for T-1n302 paths for a variety of rock suites. Common

buffer curves are shown for reference. Each path represents one bulk rock composition with its coexisting
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Figure 3.13. Temperature vs infO2 diagram of the Kamloops Lake picrites and other selected mafic
ultrainafic suites. Bold crosses represent measured FeO contents of picrites from Kilauea. Data
from: New Georgia (Ramsay et al., 1984), Baflin Bay (Francis, 1985), Kilauea picrite (Nicholls and
Stout, 1988), Ambae (Eggins, 1993), Gorgona (Echeverria, 1980) and Abitibi (Barnes et al., 1983).

olivine composition and over a range ofFe3fFe2.For picritic rocks from Kilauea (Nicholls and Stout,

1988), the measuredFe3/Fe2ratio is shown for the samples as a bold cross. The rock compositions with

the longest paths represent calculations with mole% Fe3 from approximately 0.01 to 1.4 (Fe3/Fe2

0.004 to 0.5). A lack of data from the Ambae suite prevented this one to one correlation between rock

composition and olivine composition. The two shaded areas represent two rock compositions from the

Anibae suite calculated with two end-member olivine compositions each (the actual olivine composition in

each of the rocks is assumed to lie between the two forsterite values chosen).
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Picritic lavas from Kamloops Lake and modem island arcs as well as komatiites from Gorgona

Island produce T-1nJ02paths showing consistently greater oxygen fugacity for a given temperature than

the selected ultramafic suites from many other tectonic environments (Figure 3.13). Compositions from

picritic rocks from Baflin Bay and Kilauea and komatiitic lavas of the Abitibi Belt indicate relatively more

reduced environments of ciystallization. In particular, the Kilauea picritic rocks give significantly lower

oxygen fugacities.

Figure 3.14 presents observed olivine compositions plotted against the calculated amount of

olivine crystallization (moles per 100 moles) for a single rock composition over a range ofFe3/Fe2.

Points shown on the diagram are the values from Figure 3.13 which span from near the 1W buffer curve to

slightly greater than the FMQ buffer curve. This range of oxygen fugacity is assumed to include a

reasonable estimate of mantle conditions (Ballhaus et al., 1990) and therefore the true oxidation

conditions for each suite should be represented on the diagram. The Kamloops Lake suite are, with the

exception of the Abitibi komatiite suite, the most cumulate compositions represented. In order to crate a

liquid that could equilibrate with the observed olivine compositions, 65 to 80% of olivine must be

removed. Most of the other ultramafic suites require significantly less olivine accumulation and Gorgona

Island komatiites show the least cumulate component. These results suggest that the Kamloops Lake rocks

represent cumulate portions of a magma chamber although the phase chemistry reflects original magmatic

(crystallization) conditions.

Calculated primary melt compositions and the attendant magmatic conditions for the Kamloops

Lake picntic basalts are given in Table 3.6. Calculated compositions are shown for Fe3/Fe-r values of 0.1

and 0.15 showing that asFe3fFe2increases, the oxygen fugacity rises, the temperature lowers and the

required parental melt composition becomes less magnesian.
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Table 3.6. Calculated residual liquid compositions for the Kamloops Lake picrites.

Carabine Creek Watching Creek Jacko Lake
IM-225 IM-222 IM-241 IM-230

Fe3fFe.r 0.1 0.15 0.1 0.15 0.1 0.15 0.1 0.15
FO 90.2 90.2 90.6 90.6 89.1 89.1 90.2 90.2
hfO2 -14.47 -12.91 -13.19 -11.57 -15.03 -13.50 -15.20 -13.58
T(°C) 1293 1264 1325 1295 1271 1241 1275 1243
mole% ol 66 68 72 73 75 76 67 69

Si02 50.81 51.78 51.76 52.91 49.12 49.96 50.48 51.43
Ti02 0.49 0.51 0.50 0.53 0.45 0.47 0.51 0.53
Al203 6.30 6.61 6.27 6.62 4.57 4.78 6.52 6.83
Fe203 0.85 1.25 0.91 1.36 0.88 1.29 0.79 1.18
FeO 6.58 5.89 7.08 6.36 6.73 6.00 6.15 5.45
MnO 0.41 0.43 0.50 0.52 0.54 0.57 0.40 0.42
MgO 18.25 16.42 20.45 18.47 16.65 14.92 17.10 15.23
CaO 14.23 14.93 11.84 12.50 20.36 21.30 14.76 15.48
Na20 0.25 0.26 0.07 0.07 0.28 0.29 0.49 0.51
K20 1.71 1.79 0.48 0.51 0.34 0.36 2.68 2.81
P205 0.13 0.14 0.15 0.15 0.08 0.08 0.12 0.12

MG# 0.83 0.83 0.84 0.84 0.82 0.82 0.83 0.83
MG# = Mg/(Mg + Fe2j

0.92

a a a a

0.88 a

____

Itifli,

0.84

0.80 I • I

0 20 40 60 80
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Figure 3.14. Forsterite content vs calculated olivine accumulation in the Kamloops Lake picritic basalts
and selected uhramafic suites.

The calculated values of olivine ‘accumulation are plotted against the MgO content of the

calculated residual liquid (Figure 3.15). The points represent model solutions which span the 1W and

FMQ oxygen buffers. Although the Kamloops Lake suite represents more olivine crystallization, the

residual liquids are well within reasonable limits. MgO contents in residual liquids range from 16.65 to

20.45 wt% at anFe3/FeT ratio of 0.1 and 14.92 to 18.47 wt% at a ratio of 0.15. These values correspond

to values obtained for most of the other suites. The Ambae picrites and the Gorgona komatiites may

represent liquids with slightly greater MgO contents; up to 23 wt% for Ambae and 25 wt% for Gorgona.

80



28

24

z

—

a)

• —

C

12

8

0 20 40 60 80
moles olivine/lOO moles

Figure 3.15. MgO contents of calculated residual liquids vs olivine accumulation in the Kamloops Lake
picritic basalts and selected ultramafic suites.

3.8 DISCUSSION

The Kamloops Lake picritic basalts represent an episode of ultramafic volcanism attending the

latter stages of Late Triassic Nicola volcanism. They lie stratigraphically above Nicola Group volcanic

rocks and beneath Eocene Kamloops Group volcanic rocks. Based on relict mineralogy, textures and

chemistry, the serpentimte bodies within the Iron Mask batholith are stratigraphically equivalent to the

picrite occurrences found at Jacko Lake on the southern margin of the batholith, near Carabine Creek and

Watching Creek. These relationships constrain the age of the ultramafic volcanic rocks to be Latest

Triassic or Earliest Jurassic.
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The Kamloops Lake picritic basalts are highly enriched in MgO (24 to 34 wt%), and depleted in

Si02 (38 to 43 wt%) and A1203 (2.5 to 6.3 wt%) compared to other malic and ultramafic suites. Cr and Ni

concentrations are 1670 to 3040 and 920 to 1420 ppm respectively. Kamloops Lake rocks are olivine ±

clinopyroxene porphyritic. Olivine composition range from Fo895 to Fo929. Clinopyroxene has MG#’s

ranging from 87.1 to 99.7 and calculated Fe3 (cation units) from 0.025 to 0.186, indicative of

ciystallization under highjO2 (Barsdell, 1988). Cr-spinel compositions in the Kamloops Lake lavas are

also highly oxidized and Cr/(Cr + Al) and Mg/(Mg + Fe2jare positively correlated. These mineral

compositions suggest ciystallization from an island arc-derived primary magma under oxidizing

conditions.

PEE signatures for the Kamloops Lake picritic basalts reflect an island arc tectonic affinity.

Profiles for the Kamloops Lake picritic basalts are flat and abundances are very low, features which

indicate olivine control on the REE concentrations. Estimates of volume of mantle melt needed to produce

magmas with PEE characteristics similar to the Kamloops Lake suite are 20% or greater (Hanson.

1980). The depletion in Ti02 seen in the Kamloops Lake picritic basalts also supports these values of

mantle melt (Sun et al., 1979).

The Kamloops Lake picntic basalts represent material derived from the upper mantle in an island

arc tectonic environment. The magma shows no appreciable contamination. The extreme depletion in

Al203of the Kamloops Lake rocks appears to be a manifestation of an Al-poor source. Pearce Element

ratio modeling indicates that the unaltered occurrences of the Kamloops Lake picritic basalt suite are

related through fractionation or accumulation of olivine.

Calculation of T-1nj02paths, primary melt compositions and olivine crystallization indicate that

the Kamloops Lake uhramafic suite contains a significant cumulate component. Estimates of the amount

of olivine crystallized from the magma range from 65 to 79 moles per 100 moles. The calculated rock
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paths indicate that, along with modern island arc ultramafic suites, the Kamloops Lake basalts are

characterized by crystallization in a highly oxidized environment. This conclusion is supported by

Balihaus et al. (1990) who argues that island arcs are characterized by higher oxygen fugacities that other

tectonic environments. Calculated residual liquids range from 16.6 to 20.5 wt% MgO at Fe3fFe.1.= 0.1

and 14.9 to 18.5 wt% MgO at FefFeT = 0.15, consistent with primary liquids from other localities and

tectonic environments.
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4.0 SUMMARY

4.1 IRON MASK BATHOLITH

Table 2.3 presents a summary of characteristics for the rock units of the Iron Mask batholith. The

textural, mineralogical, and chemical similarities and local gradational contacts of the Pothook and

Cherry Creek units suggest that these intrusive events are closely related. Many of the differences

observed (see Table 2.3) could result from magmatic differentiation under changing physical conditions.

Modeling fractionation of the observed mineral assemblage with Pearce Element Ratios, however, fails to

relate these two units. Indeed, compositions assigned to the same unit, in general, fail to be related to

other samples assigned to the same phase.

Rocks of the Sugarloaf unit are distinctive from the other intrusive units in occurrence,

mineralogy, texture and chemistry. Compositions from this unit are not related to each other or the

Pothook or Cherry Creek units through fractionation of the observed mineral assemblage. The distinct

mineralogy, hypabyssal texture and structurally controlled mode of emplacement suggest that these rocks

are a separate shallower-level and younger intrusive event.

Hybridization of Pothook magma is documented in a narrow (50 to 250m wide) zone which

shows the gradual transition from typical Pothook rocks into an intrusion breccia and finally into Type II

Iron Mask hybrid unit. Recognition of this zone was instrumental in evaluating the processes and

consequences which formed the hybrid unit. The physical interaction with and selective assimilation of

Nicola Group rocks by a Pothook magma formed the Iron Mask hybrid unit as a brittle carapace around

the Iron Mask batholith. The present day map patterns, which show area] dominance of the Iron Mask

hybrid unit, suggests that the current erosional level is near the top of the Iron Mask system.
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The chemical mixing of Pothook magma and Nicola Group rocks is demonstrated by BEE

patterns. Profiles from a pyroxene-phyric Nicola lava flow, a xenolith within the Iron Mask hybrid and a

Type ifi hybrid rock all are very similar. Relative REE abundances are depleted in the xenolith and

enriched in the Type III compared to the Nicola lava. This implies that BEE-bearing phases in the Nicola

Group are melted and assimilated into Pothook magma.

One consequence of assimilation of water-rich greenschist facies Nicola Group rocks is the

potential for volatile change in the Iron Mask system. The amount of assimilant incorporated into the

magma is the most crucial factor determining whether assimilation will tend to increase or decrease

volatile concentration in the melt. The more complete the assimilation process, the greater potential for

dilution effects and lowering the total volatile content of the melt. Modeling dehydration and assimilation

processes in the Iron Mask batholith using values for the required variables estimated from field and

petrographic observations and chemical analyses indicate that selective assimilation of Nicola Group rocks

will tend to raise the volatile content in Pothook magma. This, in turn, increases the possibility of

exsolving a volatile phase which may be important in forming ore deposits.

Both the existence of the Iron Mask hybrid unit and the difficulty in satisfactorily modeling

fractionation processes in the intrusive units suggest that magmatic contamination with crustal rocks is

important in the Iron Mask batholith. The overlap in composition of the intrusive phases and the diverse

dykes found in the Iron Mask batholith suggests that the magmatic history of the Iron Mask batholith is

very complex. Magmatic history of the Iron Mask batholith is initiated by intrusion of Pothook diorite

magma and interaction of Pothook magma with the surrounding Nicola Group rocks. The result of this

assimilation and contamination process is the formation of the Iron Mask hybrid unit. Closely following,

and perhaps partially coeval with hybridization, the Cherry Creek phases are intruded. Finally, Sugarloaf

diorite is intruded along pre-existing structures in the Iron Mask batholith and surrounding Nicola Group

rocks.
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4.2 KAMLOOPS LAKE PICRITIC BASALTS

The Kamloops Lake picntic basalts represent ultramafic volcanism at the latter stages of the

Nicola Arc. The serpentinite of the Iron Mask batholith is correlated through texture, mineralogy and

chemistry with localities of relatively unaltered picritic rocks in the Kamloops Lake area. Olivine (Fo895

to Fo929)and rock compositions indicate that these are mantle-derived magmas which show no

appreciable contamination.

Whole rock and mineral chemistry of the Kamloops Lake ultramafic rocks indicate an island arc

tectonic affinity. These compositions are depleted, with respect to MORB compositions, in REE’s, Ti, Zr,

Y and Hf and enriched in Rb, Ba, K and Sr. The oxidized nature of clinopyroxene and Cr-spinel are

unique to island arc environments. REE profiles of the Kamloops Lake picritic basalts are flat and

abundances are very low indicating olivine control on the pattern. Fresh picrite localities are shown to be

related through fractionation or accumulation of olivine. Serpentinites from he Iron Mask batholith are

not conclusively cogenetic with these localities, however, the alteration process may have changed the

major element chemistry.

Calculation of T-lnjO2paths, primary melt compositions and olivine crystallization indicate that

the Kamloops Lake picritic basalts are largely cumulate. Estimates of the amount of olivine crystallized

range from 65 to 79 mole%. The crystallization paths indicate that the Kamloops Lake rocks formed in an

oxidized environment. Calculated residual liquids rang from 16.6 to 20.5 wt% MgO atFe3/Fe.r 0.1 and

14.9 to 18.5 wt% MgO at FefFeT = 0.15. These values are consistent with primary liquids and other

tectonic environments.
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Legend for Appendix A. Figures A.2-A.6.
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APPENDIX B. Petrographic description of geochemical samples from the Iron Mask batholith.

Sample: IM-119
Unit: Pothook Location: Sugarloaf Hill
Mineral Volume% Description

plagioclase 50 up to 2mm subhedral; sericitized, An
k-feldspar trace interstitial
pyroxene 25 0.5 to 1.5mm subhedral; slight green pleochroism; opaque inclusions;

associated with magnetite
biotite 12 0.5 to inun subhedral to anhedral; poikilitic with plagioclase and

clinopyroxene; intergrown with clinopyroxene and epidote
rnagnetite 12 0.2 to 0.5mm euhedral to subhedral; inclusions in and associated with

clinopyroxene
acc and alt titanite, apatite

Rock Name: coarse-grained biotite-pyroxene diorite

Sample: IM-124
Unit: Pothook Location: SugarloafHill
Mineral Volume% Description

plagioclase 55 0.5mm subhedral; equant; sericitized
k-feldspar 3 anhedral interstitial
pyroxene 30 0.3 to 0.7mm euhedral to subhedral; colourless, non-pleochroic
biotite 5 corroded; poikilitic
niagnetite 7 0.4mm euhedral to subhedral, associated with pyroxene
chlorite 5 alteration of biotite, clinopyroxene
acc and alt apatite, titanite, epidote

Rock Name: medium-grained pyroxene diorite

Sample: IM-242
Unit: Pothookfhybrid Location: Sugarloaf Hill

transitional zone

MATRIX:
Mineral Volume% Description

plagioclase 65 0.5 to 0.2mm subhedral to anhedral; sericitized
pyroxene 25 0.5 to 3mm subhedral crystals
biotite trace small, some intergrown with clinopyroxene
magnetite 7 0.5mm euhedral to subhedral; associated with ferromagnesians
acc and alt epidote, titanite

Rock Name: medium grained pyroxene diorite
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CLAST:
Mineral Volume% Description

plagioclase 40 0.5 to inun sericitized; An38
pyroxene 30 0.5mm subhedral poikilitic with plagioclase
amphibole 8 replacing clinopyroxene
biotite 5 up to inun; corroded
magnetite 15 0.05 to 0.3 subhedral to anhedral
acc and alt apatite

Sample: IM-25 1
Unit: Pothook Location: Sugarloaf Hill
Mineral Volume% Description

plagioclase 45 0.5 to 1mm subhedral, slight normal zoning, very sericitized
k-feldspar trace interstitial
pyroxene 25 0.5 to 1mm subhedral, weakly chioritized, ass. with magnetite
biotite 8 0.5 to 1mm subhedral to anhedral, intergrown with epidote and pyroxene;

poikilitic
magnetite 8 0.5mm subhedral to anhedral
acc and alt apatite, chlorite

Rock Name: medium grained biotite-pyroxene diorite

Sample: IM-257
Unit: Pothook Location: Lockie Lake
Mineral Volume% Description

plagioclase 55 0.5mm euhedral to subhedral laths; weak normal zoning, slightly
sericitized, An43

k-feldspar 3 0.2nun subhedral
pyroxene 17 0.2 to 0.5mm euhedral to subhedral; colourless; non-pleochroic; few

opaque inclusions
biotite 15 0.3 to 1mm subhedral to anhedral; poikilitic with plagioclase and

pyroxene; brown-yellow pleochroism; no intergrowths
magnetite 7 0.1 to 0.4mm subhedral to anhedral; closely associated with and rimming

clinopyroxene
acc and alt apatite, zircon, chlorite

Rock Name: medium-grained biotite-pyroxene diorite
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Sample: IM-265
Unit: Pothook Location: Golf Course
Mineral Volume% Description

plagioclase 50 0 .5mm subhedral laths; sericitized
k-spar 10 0.5mm subhedral
pyroxene 20 0.3 to 0.7mm subhedral
biotite 5 0.5mm anhedral; poikilitic; very corroded; intergrown with epidote
magnetite 10 0.2 to 0.3mm euhedral-subhedral; disseminated; few inclusions in

pyroxene
acc and alt epidote, apatite, chlorite (5%), hematite, titanite

Comment: Epidote veining with chlorite envelope

Rock Name: medium-grained pyroxene monzodiorite

Sample: IM-1 1
Unit: Cherry Creek Location: Nelson Lake
Mineral Volume% Description

plagioclase 65 0.5-1mm euhedral to subhedral; moderately trachytic; zoned; An37 to
An42

k-feldspar 10 up to 0.5mm anhedral; interstitial
pyroxene 5 two populations: a) 2% 1mm subhedral; corroded; abundant opaque

inclusions and; b) 3% 0.2mm euhedral to subhedral; light green to
brown pleochroism; not corroded

amphibole 12 0.1 to 0.5mm euhedral anhedral; not altered
quartz 3
magnetite 5 0.2mm subhedral; disseminated; minor inclusions in clinopyroxene
acc and alt titanite (2%), apatite and epidote

Rock Name: medium-grained monzodiorite

Sample: IM-27G
Unit: Cherry Creek Location: Breccia zone
Mineral Volume% Description

plagioclase 55 up to 1mm subhedral; slightly trachytic; sericitized, An35
k-feldspar 10 two populations: a) 3% large anhedral poikilitic grains and; b) 7% 0.1mm

anhedral; interstitial
pyroxene 10 0.5mm subhedral; non-pleochroic
amphibole trace
biotite 8 0.4mm subhedral; some intergrown with clinopyroxene
magnetite 10
acc and alt epidote (3%), titanite, zircon

Rock Name: fine-grained biotite monzodiorite
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Sample: IM-171
Unit: Cherry Creek Location: Lac Le Jeune Road
Mineral Volume% Description

plagioclase 50 0.5mm subheclral; slightly zoned; up to 80% sericitized; An42
k-feldspar 10 0.1 to 0.2mm anhedral interstitial; and up to 1.5mm anhedral, poikilitic

grains
pyroxene 20 0.4 to 0.5mm euhedral to subhedral; light green pleochroism; small

euhedral opaque inclusions; exsolution
biotite 5 0.3mm anhedral; poikilitic; corroded
magnetite 10 0.2mm subhedral to anhedral, associated with clinopyroxene
acc and alt apatite (ass. with pyroxene) , zircon, epidote, chlorite

Rock Name: medium grained monzonite

Sample: IM-237
Unit: Cherry Creek Location: Breccia zone
Mineral Volume% Description

plagioclase 45 0.1 to 0.5mm subhedral; trachytic; locally sericitized; normally zoned;
An40

k-spar 5 0.1mm anhedral
pyroxene 25 0.3mm subhedral grains; aligned; colourless; opaque inclusions
biotite 20 0.3mm anliedral; aligned; slightly poikilitic; minor chloritic alteration
magnetite 5 0.1mm subhedral to anhedral; disseminated; associated with

ferromagnesians
acc and alt epidote, titanite

Comments: linear zones of alteration

Rock Name: fin-grained biotite monzodiorite

Sample: [M-253
Unit: Cherry Creek Location: Makaoo Lake
Mineral Volume% Description

plagioclase 50 0.5mm subhedral; sub-trachytic; sericitized; An43
k-feldspar 15 0.2 to 1mm anhedral; somewhat altered
pyroxene 15 0.5mm subhedral; light green pleochroism; opaque inclusions
biotite 7 two populations: a)5% 0.3 to 0.5mm subhedral; fresh and, b) 2% 0.2 to

0.3mm subhedral; intergrown with epidote, chlorite; corroded
magnetite 8 0.1 to 0.3mm subhedral to anhedral; associated with clinopyroxene
quartz 3 0.1 to 0.2mm anhedral
acc and alt apatite

Rock Name: medium-grained monzomte
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Sample: IM-303
Unit: Cherzy Creek Location: south
Mineral Volume% Description

plagioclase 50 0.5 to 1mm euhedral to subhedral; sub-trachytic; mildly sericitized, An40
k-feldspar 8 0.5mm subhedral
pyroxene 10 0.3mm subhedral; colourless; corroded
biotite 15 0.5mm subhedral; slightly poikilitic
chlorite 5 0.2mm anhedral
magnetite 7 0.1-0.5mm subhedral to anhedral; disseminated; also as inclusions in

ferromagnesians
acc and alt quartz (2%)

Rock Name: medium-grained biotite monzodiorite

Sample: IM-208
Unit: Iron Mask dyke Location: Cheriy Creek Breccia zone
Mineral Volume% Description

plagioclase 45 0.1 to 0.6mm subhedral; sub-trachytic; unzoned; An38
k-feldspar 5 0.2 to 0.4mm subhedral to anhedral
biotite 15 0.5mm subhedral, some chlorite alteration
pyroxene 20 0.2mm anhedral; disseminated; very light green colour; subhedral to

anhedral opaque inclusions
magnetite 10 0.05 to 0.2 subhedral; disseminated
acc and alt epidote, chlorite (7%)

Rock Name: fine-grained biotite monzodiorite

Sample: IM-226
Unit: lion Mask dyke Location: Cherry Creek Breccia zone
Mineral Volume% Description

plagioclase 25 0.5mm subhedral; trachytic; strongly zoned, An37
k-spar 15 0.5mm subhedral to anhedral
pyroxene 520 0.2mm subhedral; colourless to very light green
biotite 20 0.3 to 0.5mm subhedral; aligned; yellow to dark brown pleochroism;

some grains slightly poikilitic
chlorite 5 0.2mm subhedral to anhedral
magnetite 510 0.1 to 0.3mm anhedral; disseminated
acc and alt epidote

Rock Name: fine-grained biotite monzonite
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Sample: IM-254
Unit: Iron Mask dyke Location: Makaoo Lake
Mineral Volume% Description

plagioclase 55 0.3 to 0.5mm subhedral; sub-trachytic; sericitized
k-feldspar 8 0.2mm anhedral
pyroxene 20 0.05 to 0.2mm subhedral; colourless(few larger 0.5mm grains)
biotite 2 0.3mm anhedral; intergrown with epidote; corroded
quartz trace
magnetite 7 0.1 to 0.2mm euhedral to subhedral
acc and alt epidote (7%), titanite, chlorite, zircon

Rock Name: fine-grained monzodiorite

Sample: IM-308
Unit: Iron Mask dyke Location: north of Ajax East
Mineral Volume% Description

plagioclase 55 mainly 0.2mm subhedral; equant; altered cored and zoned overgrowths;
few 1mm grains; An42 (large grain)

k-feldspar 2 interstitial
pyroxene 30 0.05 to 0.4mm subhedral; colourless; non-pleochroic; opaque inclusions
biotite trace 0.1mm anhedral; light brown
magnetite 10 0.05-0.4mm subhedral to anhedral; disseminated and as inclusions in

clinopyroxene
ace and alt apatite

Rock Name: fine-grained pyroxene diorite

Sample: IM-249
Unit: Sugarloaf Location: west Sugarloaf Hill
Mineral Volume% Description

plagioclase 50 0.5mm subhedral; sericitized; mildly trachytic
k-feldspar trace interstitial
amphibole 30 up to 3mm subhedral; slightly chloritized
magnetite 15 0.3mm disseminated
acc and alt chlorite, titanite, epidote

Rock Name: porphyritic amphibole diorite
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Sample: IM-266
Unit: Sugarloaf Location: Jacko Lake
Mineral Volume% Description

plagioclase 40 0.2 to 0.7mm subhedral to euhedral; elongate; sericitized; thin zoned rims
k-feldspar 5 0.2mm anhedral
amphibole 20 0.5 to 1.5mm brownish, intergrown with pyroxene
niagnetite 7 0.05 to 0.2mm subhedral to euhedral
chlorite 10 replacing amphibole
ace and alt epidote (10%), titanite, apatite, calcite, quartz

Rock Name: fine-grained amphibole diorite

Sample: IM-267
Unit: Sugarloaf Location: Goose Lake Road
Mineral Volume% Description

plagioclase 25 0.2mm subhedral; sericitized; few large grains with epidote cores, An32
k-feldspar 8 anhedral interstitial
amphibole 60 0.5 to 1.5mm subhedral; elongate; light green colour; brown and green

pleochroism; altered along cleavage planes to chlorite
magnetite 5 0.1 to 0.3mm euhedral to subhedral
acc and alt apatite (up to 0.3mm), titanite, epidote (5%)

Comment: contains amphibolite clast consisting of felted amphibole and minor pyroxene and quartz

Rock Name: porphyritic amphibole diorite

Sample: IM-27 1
Unit: Sugarloaf Location: Sugarloaf Hill
Mineral Volume% Description

plagioclase 45 0.5 to 1mm subhedral; sericitized
pyroxene 25 0.5 to 3mm subhedral; colourless; corroded
biotite 5 0.5 to 1mm anhedral; corroded; alteration of pyroxene(?)
amphibole 10 0.5-1mm subhedral chioritized
magnetite 7 up to 0.5mm subhedral to anhedral disseminated
acc and alt chlorite (5%), apatite

Rock Name: medium-grained porphyritic pyroxene-hornblende diorite
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Sample: IM-272
Unit: Sugarloaf Location: SugarloafHill
Mineral Volume% Description

plagioclase 50 0.5-1mm euhedral to subhedral; sericitized; trachytic
k-feldspar 5 interstitial
pyroxene 5 0.5mm anhedral; veiy corroded
amphibole 10 upto 1.5mm subhedral; altered to chlorite
magnetite 7 up to 0.5mm anhedral disseminated
aec and alt chlorite (20%), epidote, apatite

Rock Name: medium-grained porphyritic amphibole diorite

Sample: IM-274
Unit: Sugarloaf Location: Edith Lake
Mineral Volume% Description

plagioclase 30 0.2 to 0.5 subhedral to anhedral; moderately sericitized, An32
k-feldspar trace anhedral; interstitial
pyroxene 10 0.4 to 1mm euhedral to subhedral; phenocrysts and aggregates; colourless
amphibole 35 0.5 to 2mm euhedral to subhedral, greenish pleochroism; zoning apparent

in some grains
magnetite 5 0.05 to 0.2mm euhedral to subhedral
epidote 15 granular, secondaiy
acc and alt titanite, apatite, chlorite, quartz

Rock Name: porphyritic amphibole-pyroxene diorite

Sample: IM-295
Unit: Sugarloaf Location: Ajax
Mineral Volume% Description

plagioclase 40 0.5 to 1mm subhedral, sericitized
k-feldspar 10 interstitial
amphibole 25 0.5 to 3mm subhedral, chloritized; opaque inclusions
niagnetite 7 0.1 to 0.5mm anhedral-subhedral; disseminated; also as inclusions in

ferromagnesians
acc and alt apatite, titanite, epidote, hematite, chlorite (15%)

Rock Name: porphyritic amphibole diorite
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Sample: IM-296
Unit: Sugarloafdyke Location: Ajax
Mineral Volume% Description

plagioclase 5 1mm subhedral; sericitized
k-feldspar trace
pyroxene trace up to 1mm subhedral; corroded
amphibole 12 up to 3mm subhedral; slightly chloritized; opaque inclusions
magnetite 7 vety fine disseminated
acc and alt chlorite (5%)
groundmass 70

Rock Name: amphibole diorite

Sample: IM-173
Unit: Iron Mask hybrid Location: Lac Le Jeune Road

Type I matrix
Mineral Volume% Description

plagioclase 40 0.5 to 1mm subhedral; An61
amphibole 30 0.5 to 2mm subhedral to anhedral; sometimes poikilitic
pyroxene 25 0.5 to 2mm euhedral to subhedral; poikilitic; very light green
magnetite 5 large, anhedral grains associated with ferromagnesians and surrounded by

fine-grained alteration mineral
k-spar trace
acc and alt

Comment: relative absence of opaque inclusions in ferromagnesians

Rock Name: coarse grained pyroxene diorite

Sample: IM-306
Unit: Iron Mask hybrid Location: Sugarloaf Hill

Type II matrix
Mineral Volume% Description

plagioclase 35 0.1 to 0.5mm subhedral laths; partially sericitized, An60
biotite 5 0.5 to 0.7mm anhedral; associated with amphibole; intergrown with

epidote
pyroxene 30 0.05 to 0.5mm euhedral to subhedral; very light green colour; non

pleochroic; opaque inclusions; aggregates with interstitial opaques
amphibole 10 0.5 to 1mm subhedral to anhedral; associated with biotite; poikilitic with

plagioclase, opaque, pyroxene; green colour and pleochroism
inagnetite 15 0.05 to 0.4mm anhedral; associated with pyroxene and inclusions in

ferromagnesians
acc and alt apatite, k-spar

Rock Name: medium-grained pyroxene diorite
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Sample: IM-120
Unit: Iron Mask hybrid Location: Python

Type ifi
Mineral Volume% Description

plagioclase 45 up to 2nmi subhedral; equant; unzoned; An60
biotite Trace 0.2mm anhedral; interstitial associated with opaques
amphibole 4 alteration rims on clinopyroxene
pyroxene 40 0.5 to 1mm subhedral to anhedral; light green; numerous mafic

inclusions; aggregates with matrix of opaque material
magnetite 10 0.1 to 0.5 anliedral; interstitial
acc and alt apatite

Rock Name: coarse-grained pyroxene diorite

Sample: IM-256
Unit: Iron Mask hybrid Location: Makaoo Lake

Type III
Mineral Volume% Description

plagioclase 40 0.5 to 1.5mm euhedral to subhedral; trachytic; An58
biotite 2 “patchy” overgrowths on pyroxene
amphibole trace
pyroxene 40 subhedral to anhedral; light green pleochroism; some poikilitic;

inclusions of euhedral to subhedral opaques; some spinel exsolution
magnetite 10 0.2mm subhedral to anhedral; associated with clinopyroxene
k-spar 2 0.3mm anhedral
chlorite 3 0.3mm subhedral to anhedral; associated with alteration veining
acc and alt apatite, epidote

Rock Name: pyroxene diorite

Sample: IM-121
Unit: Iron Mask hybrid Location: Lac Le Jeune Road

Xenolith
Mineral Volume% Description

amphibole 5 “patchy” alteration from clinopyroxene
pyroxene 80 3mm subhedral; equant; numerous spinel crosses; recrystallized
magnetite 15 0.5 to 1.5mm subhedral to euhedral; inclusions and interstitial
acc and alt

Rock Name: pyroxenite
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Sample: IM-268
Unit: Iron Mask hybrid Location: Ajax area

Xenolith
Mineral Volume% Description

plagioclase trace sericitized
biotite 5 2mm anhedral; poikilitic with clinopyroxene
amphibole 7 ito 2mm anhedral; green to brown; opaque inclusions
pyroxene 63 0.2 to 1mm euhedral to subhedral; opaque inclusions
magnetite 25 0.2 to 0.5mm anhedral to subhedral interstitial
acc and alt

Rock Name: pyroxemte
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APPENDIX E. Comolete whole rock chemical analyses for rocks from the Iron Mask batholith.

Trace Elemems
Ba1
Ba2
Ba3
Rb’
Rb2
Rb3
Sr1
Sr2
Sr3
Nb’
Nb2
Zrt
zr2
Yl
y2
As3
Au3
Ni1
Cr5
cr3
V2
Sc3
Sc2
Th3

U3
U2
Pb’
Pb2
Hf8
Hf2
Cl’
Co’
Co3
F4
Br3
Ga1
SI
Snt
Ti1
Zn1
Zn3
Li2

Na1

1182 1420
— 1585.79

1800 400
30 52

— 52.56
50 b.d.

985 674
— 664.46

900 900
4 5

— 3.12
33 79

— 37.26
b.d. 9

— 20.80
3 12

b.d. b.d.
3 7

44 25
4 7

— 289.60
23.7 25.5

— 25.30
b.d. 2.1

— 2.34
b.d. 1.1

- 1.04
b.d. b.d.

— 2.44
b.d. 2.1

— 1.32
461 241

27 24
26 22

359 128
3 1

30 29
b.d. b.d.
b.d. 12

3680 3970
42 77
40 b.d.

— 11.85
— 1.68

27000 27000

990 1250 1130
— 1441.22 1304.97

1300 — —

40 43 33
— 44.59 32.69

60 — —

798 756 679
— 752.82 754.27

500 — —

4 8 7
— 3.17 3.04

65 62 59
— 23.78 17.4
7 5 7
— 20.60 19.94
6 — —

b.d. — —

7 b.d. 9
28 24 b.d.
12 — —

— 206.62 177.40
20.6 — —

— 13.24 10.43
1.5 —

— 1.42 1.53
0.8 — —

— 0.69 0.62
b.d. 2 4

2.51 1.51
2.2 — —

— 0.97 0.82
245 643 469

21 21 23
25 — —

440 402 390

29 29 29
b.d. b.d. b.d.

12 11 b.d.
4580 3360 3410

69 43 42
60 — —

— 10.06 8.49
— 1.02 1.55

28000 — —

IM-1851 IM-2761 IM-251’ IM-119’ 1M-257 IM-2651 IM-l24 IM-242” IM-237’ IM-l7l IM-303’ 1M-27G

MC MC PH PH PH PH PH PH-TZ CC CC CC CC

Si02 45.2 47.8 44.8 45.7 49.5 50.2 50.4 46.7 50.3 52.6 54.4 55.2

Ti02 0.635 0.835 1.030 0.820 0.752 0.832 0.702 0.910 0.749 0.919 0.693 0.654

A1203 5.53 16.40 17.50 16.20 19.10 16.70 18.50 17.10 19.40 17.90 18.70 18.30

Fe203 6.25 4.57 7.07 8.25 8.93 6.77 5.06 6.84 4.48 3.75 3.23 3.34

FeO 4.72 4.84 5.07 4.55 3.50 2.69 2.82 3.20 3.28 3.45 3.53 2.70

MnO 0.17 0.20 0.19 0.15 0.19 0.21 0.08 0.16 0.15 0.17 0.14 0.12

MgO 12.60 5.24 5.73 5.03 4.36 4.12 3.55 5.97 3.51 3.87 2.84 2.45

CaO 19.70 12.30 12.50 11.70 10.40 7.19 8.80 12.00 9.08 8.02 7.36 6.57

Na20 0.34 3.77 2.28 2.53 3.60 3.65 5.10 2.48 4.64 3.86 4.32 4.83

1(20 0.32 0.09 1.03 1.44 1.50 3.10 0.89 1.76 1.03 2.27 2.50 1.97
P205 0.16 0.31 0.60 0.44 0.32 0.39 0.37 0.15 0.36 0.33 0.35 0.37

1120+ 1.2 2.6 1.9 1.5 1.3 1.6 1.9 2.1 1.2 1.6 1.0 1.4

CO2 •1.60 0.24 0.03 0.20 0.06 0.05 0.19 0.39 0.01 0.04 0.32 0.05

SUM 98.38 99.20 99.73 98.50 99.62 97.50 98.36 99.76 98.19 98.78 99.39 97.95
LOT 2.60 2.90 1.80 1.70 1.40 2.00 2.30 2.45 1.25 1.65 1.45 1.70

165 765 643 523
94.20 658.51 — 503.00

— — 800 —

11 5 19 32
7.7 1.63 — 30.15

— — 20
242 1000 1080 787

246.58 1035.81 — 875.69
— — 1200 —

4 6 6 5
0.22 2.41 — 1.37

27 64 27 40
13.25 54.59 — 27.17

b.d. 3 4 b.d.
9.57 17.87 — 16.85

—
— 5 —

—
— 6 —

36 20 10 19
212 86 33 b.d.

— — 8 —

324.48 316.56 — 421.23
—

— 30.7 —

108.15 32.66 — 25.94
—

— b.d. —

0.09 1.08 — 1.19
—

— b.d. —

0.02 0.64 — 0.55
b.d. 4 b.d. 8
0.25 6.87 — 1.39

— — 0.9 —

0.64 1.57 — 1.09
205 138 447 343

36 27 33 33
— — 35 —

175 342 410 250
— — 3 —

20 26 29 28
b.d. 664 b.d. b.d.

12 8 11 12
2870 4120 4960 1080

54 100 83 57
— — 80 —

8.89 15.54 — 11.29
0.28 1.50 — 0.29

— — 18000 —

389 435 722

— 1400 900
17 45 20

— 20 b.d.
689 652 840

— 1000 900
5 6 7

53 41 37

;
4 - 2

b.d. — b.d.
27 18 5
54 27 40

— b.d. b.d.

16.5 — 16.7

0.8 ‘3 b.d.

0.5 — b.d.

b.d. b.d. b.d.

b.d. — b.d.

201 268 264
22 35 22

— 32 24
290 297 438

2 — 2
28 28 29

b.d. b.d. b.d.
b.d. 9 b.d.

3410 4240 1030
36 51 48

— 50 40

38000 - 37000
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APPENDIX E (continued

IM-185 IM-276 IM-251 IM-119 IM-257 IM-265 IM-124 IM-242 IM-237 IM-171 IM-303 IM-27G
NJC NIC PH PH PH PH PH PH-TZ CC CC CC CC

Ca%3 — — 9.0 — 7.2 4.6 7.2 — 7.1 5.3 — —

Cu1 b.d. 82 7 19 12 67 4 10 b.d. 25 47 15
Fe%3 — — 8.38 — 6.24 6.81 5.56 — 5.7 5.2 —

Mo2 0.12 0.32 — 0.46 — 0.61 — — — — 0.74 0.37
Cs3 — — 2 — 1 1 1 — 1 1 — —

Cs2 0.38 1.68 — 0.51 — 0.48 — — — — 0.80 0.39
La3 — — 8.5 — 9.2 13.1 10.0 — 9.0 11.5 — —

La2 1.65 7.59 — 7.92 — 12.39 — — — — 9.23 11.85
Ce2 5.03 16.44 — 18.61 — 26.32 — — — — 19.04 24.70
Pr2 0.92 2.39 — 2.69 — 3.58 — — — — 2.65 3.38
Nd3 — — 12 — 10 14 12 — 12 12 — —

Nd2 5.75 11.48 — 13.36 — 16.54 — — — — 13.03 15.99
Sm3 — — 3.5 — 2.5 3.6 2.7 — 3.0 3.0 — —

Sm2 1.91 3.02 — 3.64 — 3.88 — — — — 3.50 3.81
Eu3 — — 1.4 — 0.8 1.1 0.9 — 1.5 0.8 — —

Eu2 0.66 1.00 — 1.21 — 1.23 — — — — 1.23 1.24
Gd2 2.28 3.46 — 3.97 — 4.53 — — -- — 4.15 4.15
Th3 — — 0.6 — b.d. 0.6 0.5 0.5 b.d. — —

Th2 0.33 0.50 — 0.56 — 0.59 — — — — 0.62 0.61
Dy2 2.04 3.48 — 3.59 — 3.95 — — — — 3.96 4.04
Ho2 0.39 0.67 — 0.70 — 0.78 — — — — 0.80 0.81
Er2 1.08 1.95 — 1.82 — 2.26 — — — — 2.29 2.33
Tm2 0.14 0.29 — 0.28 — 0.34 — -- — — 0.33 0.34
Yl? — — 1.6 — 1.6 2.3 1.7 — 1.8 1.9 — —

Yb2 0.88 1.89 — 1.53 — 2.24 — — — — 2.16 2.16
L? — — 0.21 — 0.21 0.34 0.26 — 0.29 0.26 — —

La2 0.12 0.29 — 0.23 — 0.35 — — — — 0.32 0.33
Ta2 0.12 0.27 — 0.48 — 0.31 — — — — 0.57 0.75
2 b.d. 0.03 — b.d. — 0.05 — — — — 0.01 0.09
Bi2 0.04 0.12 — b.d. — b.d. — — — — b.d. 0.02
Sb3 — — 0.2 — b.d. 0.8 bd. — 0.2 b.d. — —

W3 — — 36 — 66 27 44 — 37 66 — —

Normative Minera1ogy*
Qz 1.43 - - - - - - - 5.09 7.37 15.28
Car - - - - - - - - - - -

Zir 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.02 0.02
Or 1.5 0.47 5.53 7.77 7.66 14.35 4.83 9.1 5.63 12.1 12.99 9.86
Al 2.42 27.88 18.2 20.73 27.9 19.67 39.7 18.48 37.01 31.22 34.06 26.68
An 10.01 24.53 31.3 26.1 27.22 5.14 22.93 26.52 26.81 22.36 21.3 18.98
Ne - 2.24 0.38 - . 27.07 2.34 0.99 1.53 -

Di 59.23 27.1 21.71 23.47 15.66 20.95 14.16 22.85 12.95 11.74 7.46 6.65
Hy 7.19 - - 3.92 26 - - - . 8.1 7.6 5.03
01 0 6.39 10.72 - 4.9 0.66 4.17 6.59 6.1 - -

Mt 8.64 7.09 11.17 13.12 10.09 6.54 8.09 8.63 7.05 5.89 4.94 4.92
Chr 0.04 0.02 0.01 - 0.01 0.01 0.01 0.01 0.01 0.01 0.01 -

He - - - - 3.34 2.69 0.01 1.79 - - - -

Ii 1.77 2.6 0.09 2.6 2.25 2.26 2.24 2.77 2.41 2.89 2.11 1.93
Per - - - - - • - - -

Ap 0.17 0.36 0.71 0.52 0.36 0.4 0.44 0.17 0.43 0.39 0.4 0.41
Ca 7.58 1.3 0.17 1.12 0.33 0.24 1.06 2.1 0.06 0.22 1.74 0.26
‘ XR.F Pressed Pellet
2diively Coupled Plasma Mass Spectrometzy
3Neutron Activation
4Wet Chemical
5XRF Fused Pellet
• Value represent an average of two or more analyses

Normative mineralogy calculated with measure FeO
‘FeO measured at The University of British Columbia; others measured at a commercial laboratory
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APPENDIX E (continued)

IM-253” IM-11’ IM-254 IM-2081 IM-226 IM-308’ IM-173 IM-306 IM-120” IM-256 IM-l2l’ IM-2681
CC CC DYKE DYKE DYKE DYKE HY-I 1W-fl IIY-II1 HY-fil flY-XE HY-XE

Si02 56.5 61.0 55.3 46.4 50.9 49.5 41.8 43.7 41.9 42.0 45.4 40.5
Ti02 0.656 0.404 0.629 0.796 0.887 0.878 0.954 1.020 1.010 0.844 0.706 1.150
A1203 18.30 17.70 18.40 20.20 19.00 18.90 20.70 16.40 17.60 17.80 3.90 5.48
Fe203 3.39 2.01 6.45 5.82 8.89 3.85 11.50 12.60 8.26 13.30 8.47 13.81
FeO 2.37 2.13 240 4.03 3.40 3.00 — 4.70 4.98 5.30 5.88 7.64
MnO 0.17 0.09 0.18 0.18 0.20 0.13 0.13 0.21 0.18 0.24 0.15 0.18
MgO 2.18 1.47 2.52 4.35 3.67 4.43 6.49 6.54 6.69 7.22 13.40 11.20
CaO 6.19 5.13 6.57 10.90 8.44 13.60 15.40 13.20 15.30 14.90 20.00 16.70
Na20 5.05 4.80 4.74 3.23 4.53 3.56 1.22 1.91 1.04 1.03 0.20 0.35
K20 3.31 3.04 2.70 0.93 1.41 0.37 0.60 0.97 0.49 0.33 0.02 0.57
Pp3 0.30 0.18 0.29 0.65 0.39 0.46 0.08 0.36 0.42 0.15 0.02 0.04

1120+ 0.9 1.0 *1.4 1.4 1.2 1.1 1.3 1.3 1.6 1.8 0.6 1.0
Co2 0.07 0.06 *0.02 0.03 0.08 0.02 0.01 0.17 0.03 0.02 0.02 0.11

SUM 99.38 99.02 98.88 98.92 99.22 99.79 100.18 97.86 99.51 99.04 98.76 98.73
LOl 1.00 1.45 1.45 1.45 1.50 1.35 1.10 1.35 1.55 1.60 0.40 0.55

Trace Elemems
Ba1 1340 1700 *1355 1220 1600 263 *333 442 251 315 88 254
Ba2 — 2031.24 — — — 238.99 — — *20745 — 8.33 —

Ba3 1800 — 1600 1600 1800 — 400 — — 400 200 400
Rb’ 54 37 *47 21 29 17 *10 23 16 9 5 22
Rb2 — 36.58 — — — 9.61 — — 12.44 — 0.23 —

Rb3 50 — 40 b.d. 20 — 20 — — b.d. 20 20
Sr1 731 597 *647 1330 961 1180 *1145 814 1060 988 84 136
Sr2 — 687.48 — — — 1205.65 —

— *118490 — 94.20 —

s? 800 - 500 1500 1000 - 900 — - 900 b.d. 800
Nb’ 8 5 *6 6 5 7 *4 4 4 4 6 6
Nb2 — 3.81 — — — 1.79 — — *057 — 0.24 —

Zr’ 86 72 *79 24 41 69 *28 39 14 25 23 28
z? — 29.62 — — — 21.5 — — *1224

— 10.66 —

Y’ 11 2 2 -2 6 3 b.d. b.d. b.d. b.d. b.d. b.d.
Y2 — 15.47 — — — 14.74 — — *1414

— 6.90 —

As3 b.d. — 8 b.d. b.d. — b.d. 8 — 4 — b.d.
Au3 b.d. — 10 b.d. b.d. — b.d. 7 — b.d. — b.d.
Ni1 b.d. 6 *2 3 b.d. 7 *8 12 12 8 46 54
Cr3 20 22 23 26 25 b.d. 14 23 b.d. 22 182 52
Cr3 b.d. — b.d. b.d. 4 — 14 — — 3 22 3
V2 — 119.81 — — — 259.38 — -- *48136

— 382.35 —

Sc3 9.2 — 8.8 16.8 18.5 — 39.3 42.9 — 37.4 — 98.8
Sc2 — 5.81 — — — 25.49 — — •4806 — 121.80 —

Th3 2.5 — 1.4 b.d. 15 ‘2 b.d. b.d. 5 b.d. 5 ‘4
Th2 — 2.36 — * — 1.38 —

— *012
— 0.09 —

U3 1.0 — 0.8 b.d. ‘3 — b.d. b.d. -- ‘3 — b.d.
U2 — 1.49 — — 0.31 — — 0.12 — 0.01 —

Pb’ b.d. 3 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d
Pb2 — 2.56 — — — 1.16 — — *0.60

— 0.24 —

11t 2.7 — 2.1 b.d. 0.8 — b.d. b.d. — 0.6 — 0.8
HfQ

— 1.26 — — — 0.87 — — *063 — 0.55 —

CI’ 410 308 *199 225 456 556 *338 452 421 208 261 618
Co1 14 22 20 26 26 20 *36 35 16 42 54 68
Co3 21 — 21 31 27 — 41 — — 55 73 46
F4 470 260 *380 552 474 160 492 361 280 60 57 217
B? 2 — 2 2 3 — 1 2 — 3 — 3
Ga1 30 30 *28 29 30 28 *28 29 30 29 23 25
S’ b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Sn1 7 10 *8 11 8 b.d. *10 15 8 10 9 15
Ti1 2720 1780 *2835 4290 4470 3400 *4490 4790 4530 3620 3150 5720
Zn1 55 35 *62 65 59 124 *66 69 69 124 54 76
Zn3 50 — 40 40 90 — 90 — — 180 70 60
Li2 — 4.83 — — — 6.34 — — *9.84 — 3.23 —

&2
— 1.19 — — — 0.76 —

— *0.38 — 0.29 —

Na1 37000 — 33000 26000 32000 — 10000 15000 — 9000 — 3300
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APPENDIX E (continued)

IM-253 IM-l 1 IM-254 IM-208 JM-226 IM-308 IM-173 IM-306 IM-120 IM-256 IM-121 IM-268
CC CC DYKE DYKE DYKE DYKE HY-J 1W-fl HY-Ill HY-ifi NY-XE NY-XE

Ca%3 5.6 — 3.5 8.0 6.0 — 11.0 8.9 — 10.0 — 11.0
Cu1 36 4 62 5 12 11 8 17 12 17 5 70
Fe%3 4.26 — 4.17 7.14 5.62 — 8.05 8.81 — 9.51 — 14.9
Mo2 — 0.67 — — — 0.29 — — 0.21 — 0.22 —

Cs3 2 — 1 b.d. b.d. — 1 2 — b.d. — b.d.
Cs2 — 0.42 — — — 1.42 — — 1.02 — 0.02 —

La3 12.8 — 7.8 11.8 12.7 — 2.6 5.4 — 2.6 — 2.1
La2 — 10.31 — — — 7.19 — — •4.11 — 0.84 —

Ce2 — 19.98 — — — 13.41 — — *10.57 — 2.85 —

Pr2 — 2.55 — — — 1.83 — — 1.80 — 0.56 —

Nd3 14 — 9 13 15 — 6 10 — b.d. — b.d.
Nd2 — 11.04 — — — 9.28 — — 10.29 — 3.30 —

Sm3 3.4 — 2.6 3.1 3.5 — 2.1 3.0 — 1.8 — 1.6
Sm2 — 2.65 — — — 2.45 — — 3.01 — 1.25 —

1.1 — 0.9 1.0 0.9 — 0.9 1.2 — 0.6 — 0.4
— 0.86 — — — 0.70 — — *1.11 — 0.43 —

Gd2 — 3.23 — — -- 3.13 —
— *3.50 — 1.46 —

Th3 b.d. — 0.5 b.d. 0.6 — b.d. 0.6 — b.d. — b.d.
— 0.42 — — — 0.44 — — 0.48 — 0.23 —

Dy2 — 2.84 — — — 3.00 -- — 314 -- 1.46 —

Ho2 — 0.56 — — — 0.55 — — *0.59
— 0.27 —

— 1.71 — — 1.62 — — *1.52
— 0.78 —

Tm2 — 0.29 — — — 0.24 — — 0.21 — 0.11 —

Th3 2.4 — 2.1 1.1 1.8 — 0.9 1.8 — 0.9 — 0.8
y’02

— 1.82 — — 1.46 — — *1.20 0.66
Lu 0.37 — 0.03 0.15 0.25 — 0.15 0.23 — 0.12 — 0.12

— 0.26 — — — 0.23 — — 017 — 0.09 —

Ta2 — 1.19 — — — 0.54 — — •037 — 0.32 —

Ti2 — bd. — — — b.d. —
— *008

— b.d. —

Ri2 — b.d. — — 0.03 — — *007 — 0.08 —

Sb3 b.d. — 0.5 b.d. b.d. — b.d. 0.3 — b.d. — b.d.
W3 68 — 85 36 50 — 62 59 — 46 — 39

NormaiiveMineralogy*
Qz 3.54 31.3 9.26 - - - - - - - -

Cor - - - - - - - - - -

Zir 0.02 0.02 0.02 0.01 0.01 0.02 0.01 0.01 - 0.01 0.01 0.01
Or 17.9 13.04 13.51 5.06 7.27 1.98 2.91 4.77 2.58 1.62 0.1 2.76
Al 41.46 31.27 36.01 26.5 35.45 26.97 8.99 14.24 8.29 7.66 1.47 1.85
An 16 12.9 17.73 34.86 23.84 31.15 40.44 27.67 37.23 35.63 7.87 9.56
Ne - - - 0.18 - 1.88 - - - - - 0.72
Di 10.36 4.84 8.65 11.45 10.54 27.33 19.9 24.16 28.11 25.05 72.64 57.48
Hy 2.45 2.6 3.03 - 2.74 - - 0.71 1.65 3.87 1.39 -

01 - - - 10.21 3.02 1.21 8.44 5.96 5.73 4.26 2.38 4.66
Mt 5.4 2.54 6.61 9.33 9.47 6.04 - 12.87 12.78 13.38 11.98 19.09
Cbr - - 0.01 0.01 0.01 - - 0.01 • - - 0.01
He - - 2.9 - 4.04 - 16.45 5.37 3.82 - -

Ii 2.1 1.02 1.86 1.44 2.7 2.77 0.43 2.95 3.12 2.42 2 3.27
Per - - - - - - 2.28 - - - - -

Ap 0.36 0.17 0.3 0.78 0.44 0.54 0.09 0.39 0.49 0.16 0.02 0.04
Ca 0.4 0.27 0.11 0.17 0.45 0.11 0.05 0.91 - 0.11 0.1 0.55
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APPENDIX E (continued)

IM-267’ IM-271 IM-296’ IM-274 IM-272” IM-266” IM-295” IM-249
SL SL SU SL SL SL SL SL

Si02 48.1 48.7 50.0 50.5 51.8 52.3 *52.5 54.5
riO2 0.820 0.693 0.635 0.829 0.491 0.588 *0.678 0.668
A1203 16.70 17.70 17.70 14.90 18.40 17.80 *186 17.40
Fe203 5.01 9.45 4.48 9.99 3.84 3.61 4.42 8.71
FeO 4.94 4.10 5.87 4.50 3.89 3.24 3.76 4.40
MoO 0.14 0.29 0.06 0.16 0.08 0.15 *0.13 0.14
MgO 6.13 4.82 4.39 6.18 3.59 2.79 *3.03 3.96
CaO 7.39 9.01 6.11 8.81 6.78 7.02 6.69 5.68
Na.20 2.70 2.54 3.93 3.61 3.68 3.70 4.02 5.73
K20 3.39 3.58 2.66 1.83 3.64 3.38 *3.50 1.09
P205 0.27 0.25 0.27 0.29 0.25 0.37 *25 0.28
1120+ 2.2 2.3 2.2 1.6 1.4 1.9 *14 1.8
Co2 0.19 0.36 0.14 0.65 0.28 2.24 *0.03 0.17

SUM 98.10 99.74 98.96 99.37 98.63 99.56 99.54 99.92
LOl 1.95 2.70 2.20 2.25 1.75 4.25 1.48 1.75

Trace Elemems
Ba1 2210 1670 899 589 1460 1390 *1694 724
Ba2 — — — — 1755.10 1717.55 2033.76 —

Ba3 3100 2200 1100 700 -- — — 900
Rb’ 64 53 53 26 64 29 *64 27
Rb2 — — — — 67.22 29.82 64.79 —

Rb3 70 50 70 20 — — — 30
Sr1 487 562 704 544 537 742 *563 587
Sr2 — — — — 539.30 754.67 562.98
sr3 600 700 700 600 — — — b.d.

4 5 5 5 4 8 *6 6
— — —

— 2.02 3.43 3.06 —

Zr1 51 50 65 72 50 72 *71 64
zr2 — — — — 37.56 68.16 55.69 —

Y1 b.d. b.d. b.d. b.d. b.d. 3 *4 2
y2 — — —

— 10.74 16.96 18.22 —

As3 b.d. 7 *2 b.d. — — — 4
Au3 b.d. 12 *6 b.d. — — — b.d.
Ni1 40 16 14 27 10 6 *4 16
Cr5 99 37 55 133 29 26 *13 49
cr3 86 28 36 120 — — — 27
V2 — — — — 194.01 216.15 220.37 --

Sc3 40.3 26.4 *21.4 35.9 — — — 20.6
Sc2 — — — — 15.42 15.09 16.94 —

Th3 1.2 1.2 *1.2 1.2 — — — 1
Th2 — — — — 1.02 2.23 1.46 --

U3 0.9 0.6 *085 0.6 — — -- 0.7
u2 — — — — 0.63 1.29 1.02 —

Pb’ 3 b.d. b.d. b.d. 2 4 b.d. 5
Pb2 — — — — 1.75 4.7 2.37 --

HI5 b.d. 1.7 *1.6 1.9 — — -- 1.7
HI5 — — — — 1.30 1.96 1.73 —

CI’ 376 193 289 330 222 259 *383 230
Co1 39 27 30 31 17 23 *21 15
Co3 47 33 34 37 -- — — 19
F4 476 335 310 422 214 428 *384 284
Br3 2 3 *4 2 — — — 3
Ga’ 24 27 25 26 29 30 *28 27
5’ b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Sn’ 16 7 9 6 9 8 *9 b.d.
Ti1 3830 3620 2850 3980 2290 2620 *3032 3190
Zn1 53 91 34 50 39 60 *44 74
Zn3 40 90 b.d. 50 — — — 90
Li2 — — — — 5.27 2.78 3.14 —

Be2 — — — — 0.86 1.04 0.91 —

Na’ 21000 20000 *30500 28000 — — — 43000
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APPENDIX E (continued)

IM-267 IM-271 IM-296 IM-274 IM-272 IM-266 IM-295 IM-249
SL SL SL SL SL. SL SL SL

Ca%3 5.9 6.9 3.8 6.4 — — — 3.0
Cu1 5 18 45 48 13 52 116 63
Fe%3 7.42 6.48 7.64 7.06 — — — 6.11
Mo2 — — — — 1.21 0.28 0.64 —

Cs3 1 b.d. b.d. 1 — — — b.d.
Cs2 — — — — 0.72 0.10 0.32 —

La3 9.0 6.4 8.1 9.8 — — — 5.2
La2 — — — — 4.50 13.23 8.22 —

Ce2 — — — — 9.31 25.85 17.67 —

Pr2 — — — — 1.32 3.34 2.45 —

Nd3 11 8 8 12 — — — 8
Nd2 — — — — 6.30 14.72 11.73 —

Sm3 2.8 2.2 •2.2 3.2 — — — 2.2
Sm2 — — — — 1.60 3.24 3.07 —

Eu3 0.7 0.7 0.6 1.2 — — — 0.7
Eu2 — — — — 0.56 1.08 1.11 —

Gd2 — — — — 1.98 3.65 3.74 —

Th3 0.5 b.d. b.d. b.d. — — — b.d.
— — —

— 0.29 0.48 0.52 —

Dy2 — — — — 1.97 3.15 3.45 —

Ho2 — — — — 0.41 0.62 0.72 —

— — —
— 1.20 1.77 2.08 —

Tm2 — — — — 0.19 0.27 0.31 —

Yb3 1.8 1.5 1.8 1.9 — — — 2.0
yiZ — —

— 1.27 1.77 2.09 —

Lu3 0.25 0.20 0.24 0.26 — — — 0.27
Lu2 — — — — 0.20 0.28 0.30 —

Ta2 — — — — 0.31 0.46 0.40 —

— — —
— 0.21 -0.01 0.08 —

Ei2 — — — — 0.05 -0.07 -0.01 —

Sb3 0.2 0.4 0.2 0.2 — — — 0.2
w3 38 33 35 55 — — — 29

Normative Mineralogy
Qz - - - 3.67 - 15.14 - 5.96
Cor - - - - 1.93 - -

Zir 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02
Ort 17.98 18.26 14.39 8.84 19.98 15.48 19.25 5.38
Al 21.73 19.67 32.27 26.47 30.67 25.74 33.57 42.94
An 21.01 22.7 20.85 15.56 21.29 15.1 20.93 15.48
Ne - - - - - - - -

Di 9.8 12.91 4.86 15.42 7.27 8.74 5.88
Hy 1.24 1.59 3.02 9.7 2.48 9.32 0.83 8.5
01 16.47 6.3 14.31 - 8.61 - 6.79 -

Mt 7.83 12.61 7.14 12.38 6.21 4.87 7.18 12.67
Chr 0.02 0.01 0.01 0.03 0.01 0.01 - 0.01
He - 1.59 - 1.84 - - - -

Il 2.56 2.07 2.01 2.36 1.58 1.59 2.21 1.95
Per - - - - - - - -

Ap 0.32 0.28 0.32 0.31 0.3 0.37 0.29 0.31
Ca 1.03 1.99 0.78 3.41 1.58 10.42 0.17 0.92
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APPENDIX F. Estimates of accuracy and precision on whole rock analyses.

Precision of whole rock chemical analyses is estimated through blind replicate analyses on two

rocks; IM-108, a serpentinite from the Iron Mask batholith and IM-295, a sample of Sugarloaf dionte

(Table F.i). Shown in Table F.2 and Table F.3 are results of duplicate analyses used for laboratoiy

control.

Figures F.i to F.3 compare “accepted compositions” to compositions determined in this thesis.

All error bars shown are for is error. Three reference materials are represented on the diagrams. One of

these materials is the international standard “SY-2” and accepted values for this rock are obtained from

Govindaraju (1984). The other two reference materials, “P-i” and “WP-l” are in-house standard material.

“Accepted” values for P-i and WP-i are those established by Bartch (1993) through multiple analyses

(Table F.4).

Most major and minor element concentrations fall within is analytical error of the accepted

concentration for all three reference materials (Figure F.1). Analytical precision is better than ±5% for

these elements. Measured Na20and CaO concentrations in P-i are slightly higher than accepted values.

Analytical accuracy of trace elements, represented in ppm, is generally within analytical error,

but varies significantly with the analytical method used (Figure F.2). In particular, for the in-house

reference material, P-i and WP-1, both the accepted value (Bartch, 1993) and the measured concentration

of a given element are dependent on the analytical method. Neutron activation (INAA) measurements of

Zn and Ni are higher than XRF pressed pellet and 1NAA measured Rb is lower than XRF fused pellet. For

both P-i and WP-1, neutron activation and XRF fused pellet methods yield similar concentrations ofBa,

Cr and Nb. For P1, Sr values from these two methods are also similar, but analyses of WP-1 estimate

much lower concentrations of Sr with 1NAA than XRF fused pellet.
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A comparison of the three analytical methods used in this study (INAA, XRF, ICP-MS) is

presented in Figure F.3. Generally, XRF methods yield a greater concentration of Ba than either JNAA or

ICP-MS and greater values of Co than does 1NAA. XRF estimates lower concentrations of Nb than ICP

MS. Most of the other elements are shown to have similar concentrations independent of the analytical

method and XRF and ICP-MS analyses of Rb correlate extremely well over a wide range of

concentrations. Zr shows strong dependence on the method, with ICP-MS values significantly lower than

XRF. This phenomenon may be due to lack of complete dissolution of zircon with the ICP-MS method. Zr

concentrations reported and used in this thesis are XRF values. INAA and ICP-MS data appear to

correlate fairly well, although lack of data precludes more interpretation.
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APPENDIX F. Table F.1. Duplicate chemical analyses for rocks from the Iron Mask batholith and the Kamloops
Lake picritic basalts with calculated analytical precision.

IM-108

Si02 39.2 39.3 39.2 39.7 39.2
Ti02 0.207 0.217 0.212 0.208 0.214
203 2.71 2.75 2.73 2.68 2.83
Fe203 11.00 11.00 11.00 11.10 11.00
FeO -- — - — —

MnO 0.20 0.20 0.20 0.21 0.20
MgO 33.70 33.50 33.70 33.90 33.30
CaO 3.48 3.54 3.52 3.57 3.58
Na20 0.14 0.15 0.16 0.14 0.17
K20 0.58 0.57 0.57 0.55 0.55
P205 0.06 0.06 0.06 0.06 0.06
H20+ 7.40 7.40 7.40 7.40 7.30
CO2 0.08 0.09 0.08 0.08 0.09

Trace Elements
Ba1 131 142 117 128 126
Rb’ 18 20 17 18 21
Sr1 13 16 16 15 14
Nb’ 4 5 4 6 4
Zr1 21 21 18 21 20
Y1 b.d. b.d. b.d. b.d. b.d.
Ni1 1270 1260 1260 1240 1240
Cr4 2890 2860 2870 2910 3000
Th’ b.d. b.d. b.d. b.d. b.d.
Cl1 423 386 372 399 401
Co1 89 94 94 93 89
F3 58 40 48 44 33
Ga1 17 16 18 16 17
S1 1710 1670 1670 1700 1560
Sn1 10 8 12 b.d. b.d.
Ti1 1190 1220 1220 1210 1210
Zn1 47 51 49 50 52
Cu1 25 22 23 27 27
Mo1 3 b.d. 4 3 b.d.

XRP Pressed Pellet
2 Neutron Activation

Wet Chemistry
4XRF Fused Pellet

Mean is %error

39.33 0.20 0.50
0.213 0.004 2.04
2.74 0.05 1.90

11.00 0.06 0.57

0.2 0.0 2.02
33.65 0.22 0.64
3.53 0.04 1.16
0.15 0.01 7.90
0.57 0.01 2.17
0.06 0.00 0.00
7.38 0.04 0.61
0.08 0.01 6.52

98.89 0.42 0.42
7.60 0.09 1.18

129 9.0 7.0
19 1.6 8.7
15 1.3 8.8

5 0.9 19.4
20 1.3 6.4

1254 13.4 1.1
2902 51.2 1.8

396 19.0 4.8
92 2.6 2.8
45 9.3 20.9
17 0.8 5.0

1662 59.8 3.6
6 5.7 94.3

1210 12.2 1.0
50 1.9 3.9
25 2.3 9.2

2 1.9 93.5

Iron Mask serpentmite

39.4
0.217

2.71
10.90

0.20
33.80
3.49
0.16
0.57
0.06

SUM 98.76 98.78 98.83 99.60 98.49 91.51
LOT 7.55 7.60 7.75 7.55 7.65 7.50

2880
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APPENDIX F. Table F.i (continued)
IM-295

Suar1oaf diorite Mean is %error

52.4 52.8 52.5 52.7 52.3
0.680 0.685 0.674 0.671 0.674
18.60 18.70 18.60 18.60 18.50
8.60 8.75 8.49 8.79 8.45

0.13 0.13 0.13 0.13 0.13
3.00 3.03 3.00 3.17 2.97
6.66 6.75 6.66 6.75 6.62
4.01 4.04 4.04 4.01 4.00
3.49 3.57 3.48 3.49 3.48
0.24 0.25 0.24 0.25 0.25
1.40 1.40 1.50 1.40 1.40
0.03 0.03 0.02 0.02 0.03

52.54 0.21 0.39
0.677 0.006 0.83
18.60 0.07 0.38
8.62 0.15 1.76

0.13 0.00 0.00
3.03 0.08 2.60
6.69 0.06 0.88
4.02 0.02 0.47
3.50 0.04 1.09
0.25 0.01 2.23
1.42 0.04 3.15
0.03 0.01 21.07

Si02
Ti02
203
Fe203
FeO
MnO
MgO
CaO
Na20
1(20

H20+
CO2

SUM 98.82 97.14 99.33 99.98 98.80 98.91 1.05 1.06
LOT 1.50 1.50 1.50 1.45 1.45 1.48 0.03 1.85

Trace Elements
Ba1 1700 1670 1710 1700 1690 1694 15.2 0.9
Rb1 66 64 63 64 65 64 1.1 1.8
Sr1 565 564 568 564 555 563 4.9 0.9
Nb’ 7 5 6 6 7 6 0.8 13.5
Zr1 72 70 71 70 70 71 0.9 1.3
Y1 7 4 3 3 5 4 1.7 38.0
Ni1 b.d. 2 4 4 5 3 2.0 66.67
Cr4 13 13 b.d. 32 15 15 11.4 78.18
Th1 b.d. 3 2 4 5 3 1.9 68.7
Cl’ 396 363 389 387 381 383 12.5 3.3
Co1 21 17 23 22 20 21 2.3 11.2
F3 378 357 402 387 397 384 17.8 4.6
Ga1 27 29 28 27 28 28 0.8 3.0
S’ b.d. b.d. b.d. b.d. b.d.
Sn1 b.d. 14 8 6 7 7 5.0 71.4
Ti1 3040 3020 3060 3030 3010 3032 19.2 0.6
Zn1 44 48 42 41 46 44 2.9 6.5
Cu1 111 126 114 119 111 116 6.4 5.5
Mo1 b.d. b.d. b.d. b.d. b.d.

XRF Pressed Pellet
2 Neutron Activation

Wet Chemistry
XRF Fused Pellet
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APPENDIX F. Table F.2. Duplicate analyses used for laboratory control.
IM-173 IM-185 IM-225 IM-241 IM-254 IM-296

Type Ill Iron Nicola Group Carabine Creek Watching Creek Iron Mask Sugarloaf diorite
Mask hybrid lava flow picritic basalt picritic basalt dyke dyke

Si02 41.8 — 45.2 — 40.4 — 38.4 38.6 55.3 — 50.0
Ti02 0.954 — 0.635 -- 0.230 — 0.166 0.173 0.629 — 0.635
203 20.70 — 5.53 — 3.80 — 2.17 2.16 18.40 — 17.7
Fe203 11.50 -- 6.25 — 2.63 — 10.30 10.40 6.45 -- 11.00
FeO — — 4.72 — 5.37 - -- -- 2.40 2.40 --

MnO 0.13 -- 0.17 -- 0.17 -- 0.18 0.18 0.18 -- 0.06
MgO 6.49 -- 12.60 -- 31.40 -- 32.60 32.90 2.52 -- 4.39
CaO 15.40 -- 19.70 -- 4.72 — 5.32 5.38 6.57 -- 6.11
Na20 1.22 — 0.34 — 0.09 — 0.08 0.08 4.74 — 3.93
K20 0.60 — 0.32 — 0.95 — 0.15 0.16 2.70 — 2.66
P205 0.08 — 0.16 — 0.11 — 0.05 0.05 0.29 — 0.27
1120+ 1.30 — 1.10 1.20 7.80 — 9.20 — 1.30 1.40 2.2
CO2 0.01 — 1.58 1.62 0.08 -- 0.36 — 0.02 0.01 0.14

SUM 100.18 98.31 97.75 98.98 90.08 98.83 99.10
LOl 1.10 -- 2.60 -- 8.45 — 9.75 9.70 1.45 -- 2.2

Trace Elements
Ba1 334 332 165 — 213 215 226 -- 1330 1380 899 —

Ba2 400 — — -- -- — — -- 1600 — 1100 1100
Rb’ 10 10 11 -- 28 27 5 -- 49 45 53 —

Rb2 20 -- -- -- -- — -- -- 40 -- 70 50
Sr1 1140 1150 242 -- 212 218 46 — 647 647 704 —

Sr2 800 -- -- — -- -- — -. b.d. -- 700 700
Nb’ 5 3 4 — 5 5 5 -- 6 6 5 --

Zr1 29 26 27 -- 22 23 17 — 80 78 65 —

Y1 b.d. b.d. b.d. — b.d. b.d. b.d. — 3 b.d. b.d. —

2 b.d. — — — — — -- — 8 — 2 2
Au2 b.d. — — — — — -- -- 10 — 7 b.d.
Ni1 9 7 36 — 1350 1380 1420 -- 2 b.d. 14 --

Cr4 3 -- -- -- -- -- -- -- -2 — 36 39
Cr2 14 — 212 — 2580 — 2790 2840 23 -- 55 --

S2 39.3 -- -- -- -- -- -- -- 8.8 -- 21.1 21.8
Th1 b.d. b.d. b.d. — b.d. b.d. b.d. -- b.d. b.d. 4 --

Th2 b.d. — — — — — — — 1.4 — 1.3 1.1
U2 b.d. -- — -- — -- -- — 0.8 — 0.9 0.8
Hf b.d. — — — — — — — 2.1 — 1.6 1.7
Cl1 340 336 205 -- 128 104 293 — 195 202 289 --

Co1 0.1 39 36 -- 80 88 87 -- 21 19 30 —

Co2 46 -- -- -- -- -- — -- 21 — 34 35
F3 492 -- 170 180 75 -- 20 — 380 380 310 —

Br2 1 -- -- -- -- -- -- -- 2 -- 4 3
Ga1 29 27 20 — 16 15 16 — 27 29 25 --

S1 b.d. b.d. b.d. — b.d. b.d. 1120 — b.d. b.d. b.d. --

Sn1 9 10 12 — 10 8 7 -- 7 9 9 —

Ti1 4490 4490 2870 — 1210 1240 746 — 2840 2830 2850 —

Zn1 64 68 54 -- 58 61 61 -- 59 64 34 --

Zn2 60 — — — — — -- -- 40 -- b.d. b.d.
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APPENDIX F. Table F.2 (continued)
IM-173 IM-185 IM-225 IM-241 IM-254 IM-296

Na2 10000 — — — — -- — -- 33000 -- 30000 31000
c%2 11 — -- 35 35 4
Cu1 7 9 b.d. -- 25 25 20 — 61 62 45 --

Fe%2 8.05 — — -- -- -- -- -- 4.17 — 7.49 7.78
Mo1 b.d. b.d. b.d. -- b.d. b.d. b.d. -- b.d. b.d. b.d. —

Cs2 1 -- — -- -- — -- -- 1 — b.d. b.d.
2.6 — — — — — — — 7.8 — 8.1 8.1

8 — — -- — — — -- 19 — 17 17
Nd2 6 — — -- — — -- -- 9 — 9 8
Sm2 2.1 — — -- -- -- -- 2.6 2.2 2.1
Eu2 0.9 -- -- — — — -- -- 0.9 -- 0.5 0.6

b.d. -- -- — -- -. -- -- 0.5 -- b.d. b.d.
Yb2 0.9 -- — -- -- -- -- -- 2.1 — 1.7 1.8

0.15 — — — — — — — 0.03 — 0.23 0.24
Sb2 b.d. — — — — — -- -- 0.5 — 0.2 0.2
W2 62 — — — — — — -- 85 -- 36 34
1 XRF Pressed Pellet
2 Neutron Activation

Wet Chemistry
XRF Fused Pellet
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APPENDIX F. Table F. 3. Duplicate analyses of REE and some trace elements by ICP-MS for one rock
from the Iron Mask batholith and one Kamloops Lake picritic basalt.

JM-225 IM-120
Carabine Creek Type ifi Iron
picritic basalt Mask hybrid

Li 6.91 6.57 11.05 8.62
Be 0.51 0.65 0.66 b.d.
Sc 18.09 18.27 47.91 48.2
V 106.36 110.91 478.67 484.04
Rb 31.92 31.11 12.46 12.42
Sr 221.87 216.44 1190.36 1179.43
Y 4.36 4.34 14.22 14.05
Zr 10.62 11.8 12.41 12.06
Nb 0.56 0.59 0.6 0.53
Mo 0.07 0.11 0.25 0.17
Cs 0.65 0.63 1.02 1.01
Ba 142.27 138.88 204.7 210.19
La 0.99 0.99 4.04 4.18
Ce 2.32 2.39 10.5 10.64
Pr 0.35 0.34 1.77 1.82
Nd 1.87 1.78 9.98 10.6
Sm 0.6 0.53 2.98 3.04
Eu 0.21 0.17 1.11 1.11
Gd 0.75 0.72 3.42 3.58
Th 0.11 0.11 0.49 0.47
Dy 0.78 0.82 3.22 3.06
Ho 0.17 0.15 0.58 0.59
Er 0.46 0.51 1.56 1.47
Tm 0.07 0.07 0.2 0.21
Yb 0.42 0.54 1.22 1.18
Lu 0.07 0.08 0.17 0.17
Hf 0.42 0.51 0.62 0.64
Ta 0.33 0.37 0.39 0.34
Ti b.d. 0.23 0.14 b.d.
Pb 1.68 1.5 0.59 0.6
Bi 0.08 0.07 0.12 0.02
Th 0.18 0.23 0.13 0.1
U 0.06 0.09 0.12 0.11
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Figure F. ia. Accepted concentration vs measured concentration for major element determinations on
International Standard SY-2. Error bars are is; accepted values from Govindaraju (1984).
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183



80 I

wP-1 v_v
Si02

60

I
2O

A1203

0• I

0 20 40 60 80
Accepted Concentration

6 I I

wP-1

Na20

o Fe2O3T

C-)
MgO

I-. reO

2

K20

Ti02

5
• I • I • I I

0 1 2 3 4 5 6
Accepted Concentration

Figure F. ic. Accepted concentation vs measured concentration for major element determinations on in-
house standard WP-1. Error bars are is; accepted values from Bartch (1993).

184



500

SY-2
400

300-

200

AYcRF’
i00

crV

0• I I

0 100 200 300 400 500
Accepted Concentration
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APPENDIX G. Rock preparation and analytical methods.

G. 1 POWDER PREPARATION

Samples selected for geochemical analyses were processed at the University of British Columbia.

Clean samples of approximately 6cm2 were crushed to less than 1cm in ajaw crusher. Rock chips were

hand sorted to ensure no weathered surfaces, fracture surfaces or alteration veinlets were included. The

finest material was discarded. These chips were pulverized to approximately -200 mesh in a tungsten

carbide shatterbox using a minimal amount of time to prevent oxidation of the rock. The powder was

sieved through 200 mesh nylon fiber. The above procedures were repeated until approximately 0.41 of

powder was obtained. The fractions were homogenized and then split and submitted to commercial

analytical laboratories.

G.2 ANALYTICAL METHODS

Major, minor and trace element concentrations were determined at XRAL laboratories in Don

Mills, Ontario. Major elements and most minor and trace elements were determined by XRF Pressed

Pellet. Some trace and rare earth elements were determined by neutron activation. For sample and element

specific details, see Appendices E and F.

Some trace and all rare earth elements concentrations were determined the University of

Saskatchewan on an Elan-5000 inductively coupled plasma mass spectrometer (ICP-MS) following the

procedure described by Jenner et al. (1990). Duplicate analyses are given in Appendix F.

Some FeO measurements were made at the University ofBritish Columbia. A maximum FeO

wt% was estimated for each sample. Ammonium meta-vanadate (NH4VO3)was added to approximately

0.500g of -200 mesh sample in the ratio of 0.Olg NH4VO3for each 1.Og of estimated FeO. NH4VO3was
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measured to 5 decimal places of accuracy. This mixture was dissolved in HF acid. After dissolution, the

sample was transferred to a flask containing approximately 50m1 boric acid and 150120 by repeated

rinsing of the dissolution container with coldH2S04and H20. A few drops of barium diphenylamine

suiphonate solution was added to the flask to produce a distinct purple colour. This solution was then

titrated with ferrous ammonium sulphate until the colour changes to apple green. Blanks were also run at

regular intervals for use as standards. FeO in the sample is calculated by:

%FeO
= 61.42 • (V-v’T)

R t
where v’ = wt ofNH4VO3in standard

t = titrant of standard
R = wt of sample
V = ofNH4VO3with sample
T = titrant of sample

The wt% FeO in the sample is calculated from:

Fe203 Fe203 (Total) - Fe0

where FeO* = Fe203equivalent FeO.
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