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ABSTRACT

The hlhiterocks Mountain stock is a sma11 íntrusive complex consist-

ing of an alkalic suite and a calc-alka1ic suíte of rocks, intruding

Paleozoíc metasediments and metavolcanics, 25 ltn northvTest of Kelowna,

British Columbia. Crosscutting relationships indicate that the oldest

alkalic unit ís mafic syenite-monzoníte, with biotite pyroxenite, amphi-

bole pyroxenite, porphyritic monzonite and leucocratic quartz monzonÍte

being successively younger. All but the leucocratic quart.z monzonÍte

lack quartz. I^ieakly developed copper sulphide mineralization occurs in

Èhe amphibole pyroxenite. Major, minor and trace element geochemistry

suggest the alkalic units are related through crystal-líquid fractionatíon

Ëhat ínvolved the early separaÈion of biotite, followed by ferrohastings-

ite and plagioclase.

The calc-alkalíc rocks of the sÈock are younÉler. They consÍst pre-

dominantly of quartz monzonite, granodiorite ãnd quartz diorite dykes

that crosscut the alkalic rocks. They have a distÍnct, sub-a1ka1ine trend

on the diagram NarO + KrO vs. si02. on this diagram, the leucocratíc

quartz monzonite ís transítional between Èhe tr^7o suítes.

K/Ar and Rb-sr ages have yielded dares of berween 154 ni.y. and 145

ur.y. for the calc-alkalÍc rocks. This age ís identical to that obtained

for simílar rocks belonging to the okanagan intrusíve complex to the

south. K/ar dates of 169 m.y. and 174 m.y. for rhe a1kalíc rocks

suggest they uray represent some of the oldest rocks in Èhe Okanagan in-

trusive complex. Rb-sr dates of 29L * 38 m.y. and 338 + 37 m.y. for

the same alkalic rocks contradÍct the younger age and suggest they may

represent some of the ordest inÈrusive rocks ín souÈhern B.c.
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CHAPTER I

INTRODUCTION

Statement of Problem

The I^Ihiterocks lfountain stock ís a sma11 plutonic complex intruding

metamorphosed Upper Paleozoic to Upper Triassic volcanics and sedíments

that 1ie north of the Okanagan intrusive complex in south-central British

Colurnbia.

The purpose of this study is to

the stock and to study the petrology

quartz deficient, alkalic rocks that

Mountaín intrusive complex.

establish the age and chemistry of

of a suite of r¡eakly mineralized

make up a portion of the hhiterocks

The study of the alkalÍc rocks is based on geological mappíng at

1:5000 sca1e, microscopic investigation of forÈy Ëhin sections and sixty-

five staíned rock slabs, geochemical data from over forty rock samples

and calculated ce11 dímensions from sixteen X-rayed arnphiboles. The rock

geochemical data íncludes thirty-one specimens analyzed for major and

minor elements and five trace elernents, including Ni, Cu, Ba, Rb and Sr

for the quartz-poor rocks.

In addition, eight specímens, analyzed for major, ninor and trace

elements plus an extra seven specimens ana:lyzed only for trace elements,

were collected from the remainder of the stock by M. Osatenko and J. K.

Russell of Corninco Ltd. Also, trro Rb/Sr isochrons for the stock r,¡ere

deÈermined by R. L. Armstrong of University of British Columbia for

Cominco Ltd. An additional tr"ro Rb/Sr isochrons and two K/Ar age dete:r-

fninations were made b¡z hrilkins (1981) for a B.Sc. thesis at University

of British Columbia.

Location and Access

The I,rrhiÈerocks Mountain stock is located about 25 lqn northwest of
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Kelouma, British Columbia (Figure 1), at 1Lgo44' west longitude and,

5OoO2t norËh latitude. The quartz-defÍcienË porËion of the stock is

largely confined to the western and southern slopes of l^Ihiterocks }lountaín

with know'n outcrops only above 5300 feet elevation. Access to the area

ís easily obtai-ned by car or truck along well marked logging roads (main-

tained by Crown Zellerback of Kelowna, B.C.) that lead directly to

LrhiÈerocks Mountain from l^Iestside Road along the west side of Okanagan

Lake. Numerous logging and mining exploration dri11 roads cover portions

of the stock.

Previous l,iork

The northern half of the Whiterocks Mountain stock was oríginally

mapped by Jones (1959) of the Geologíca1 Survey of Canada when he carri-ed

out 1 inch = 4 miles scale mapping of the Vernon map sheet area during

I945-5I. The southern porËÍon of the stock was first mapped for the

c.S.C. in 1936 by Caírnes (f940) and later by Little (1961), both of whom

carríed out 1 inch = 4 miles scale mapping of the Kettle River, west half

map sheet area.

Most recently a L:250,000 scale geology compÍlation and mapping study

of the area r¡ras completed by Okulitch (1979) of the Geological Survey of

Canacia.

Besides the v¿ork carried out by the G.S.C., numerous mining companies

have worked in the area, particularly on the a1ka1Íc (quartz-deficient)

suiËe of rocks where vísíb1e chalcopyrite mineraLization exists. The

work íncludes geological mappíng, soil geochemical, induced po\aríza-

tíon and ground magnetfc surveys and percussion and diamond dri1ling.

Companies that have filed reports of theír work with the Mining Recorder
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for the purpose of property assessment credÍts include Texas Gulf Sulphur,

1968; Atlas Exploration, 1969; and Comínco Ltd., 1978-80 (copies of

assessment reports covering part or all of the stock are located aÈ the

Mintng Recorderts Office in Vernon, Vancouver or Victoria, B.C. These

reports are kept confidential for one year after being submitted to the

government) .

Reference to the area ís also made in the B.C. Department of Mines

and Petroleum Resources G.E.M. Report, l-969 (p. 299-300) and 1970 (p. 406)

and ín Table 1 of Characteristics of Some Canadian CordÍ1leran Porphyry

ProspecËs (PÍlcher and McDougall, L976) .

Besides work done directly on the stock ítself, a number of studies

have been carried out on the nearby Okanagan intrusive complex. These

include PetB, I970, 1973; Roddíck et aI., L972; PreËo, I974; Gabrielse

and Reesor, 1974; Medford, 1975; and PetS and Armstrong, 1976.



CHA?TER II

GEOLOGICAL SETTING

Introduction

The I^lhiterocks Mountain stock is a smal1 pluton located along the

eastern boundary of the Intermontane Tectonic Belt (Sutherland Brov¡n et

al., L97L> of south-ceritral British Columbia. The Intermontane Tectonic

Belt is one of five major sub-parallel, facies and tectonic belts arranged

paral1e1 to the length of the Canadian Cordillera. It is composed of

Upper Paleozoic to Jurassic volcanÍc and vol-caniclastic tteugeosynclinalt'

rocks and Jurassic and TerEiary plutons and stocks (Ney and Hollíster,

L976). It also contains most of British Columbíars porphyry copper depo-

sits includíng all the deposits associated with alkaline rocks (ChrÍsÈopher

and Carter, 1976).

Structurally, the belt as a whole is characterízed by normal fault-

íng wÍth only moderate amounts of foldÍng and thrustíng present.

Regional Geology

In the area around Lrhiterocks Mountaín (Figure 1), the oldest knov¡n

rocks are the metamorphíc rocks of the Ì{ississÍppian or possíb1y older,

Chapperon Group (Okulitch, L979). These are intruded by a number of

smal1, serpentÍnized ultramafic sills and dykes knov¡n as the 01d Dave

Intrusions. These ultramafic bodÍes are not found intruding younger

rocks. Unconformably overlyíng the Chapperon Group and country-rock

for the l^lhiterocks Mountain stock are l¡eakly to moderately metamorphosed

argillites, siltstones, quartzites, eonglomerates, limestones and minor

andesite to rhyolite tuffs and flows of the Thompson Assemblage (OkulÍtch,

1979). Yieldíng fossils that range in age from Upper MississÍppian. to

Pennsylvanian and Permian, the Thompson Assemblage has also produced
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fossils that are Upper TriassÍc in age (Campbell and Okulitch, L972;

Monger and Price , l-lgTg). In the pasl (Jones , 1g5g; Little, 1961) these

rocks vrere mapped as part of the Cache Creek Group, but recent work by

Monger (7975) on the type focality for Cache Creek Group rocks has distÍn-

guished Èhese on the basis of líthology and fauna.

Intruding boLh the Chapperon Group and Thompson Assemblage are Lower

to Upper Jurassic granitíc rocks. Composed of qlrattz diorite, granodior-

ite, granÍte and minor diorite, gabbro and ultramafic rocks, these barho-

1íth sÍze plutons were called Okanagan Intrusives by Cairnes (1940), Coast

intrusions by Jones (1959) and Nelson and Valhalla intrusions by Little

(1961). Okulitch (1979) also refers to these p1uÈonic rocks on the vrest

side of Okanagan Lake as Nelson and Valha11a intrusions, while other re-

cent workers have referred to the same rocks as the Similkameen Batholith

(Pet8, 1973 a, b), the Okanagan Complex (Roddick et a1., 1972, Preto,

I974) and the Pennask Batholith (Gabrielse and, Reesor, l-974).

Following emplacement of the Jurassic intrusives a number of small

Eocene to Paleocene plutons composed of syenite, graníte, minor monzonÍte

and shonkinite intruded the area (Little, 1961; Okulítch, 1979). These

small inËrusíve bodies, includíng Èhe tr{hiÈerocks Mountain Stock according

to some \¡rorkers, have been correlated ¡¿íÈh the Coryell plutonic rocks

which are most abundant east .of Okanagan Lake.

Unconformably overlying the Jurassic and older rocks in the area are

sediments and volcanic flows and tuffs of the Eocene, Kamloops Group.

According to Macdonald (1975) and Okulitch (1979) these also unconformably

overlie the Paleocene or Eocene fntrusives, however rnapping ín the vicinity

of the Tertiary, I,'rhiteman Creek stock (Figure 1) does noÈ substantiate

that hypothesis. RaËher ít indicates the stock is coeval with the
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surrounding volcanícs and in fact is likely the feeder to some of tþe over-

lying volcanics as suggesred by Church (irg7g).

Conformably overlying the Kamloops Group are scattered occurrences

of Miocene and/or Pliocene 'plateau lavas, related ash and breccia and

minor basal sedíments.

Regional Structure

The most obvious regional structures around I^Ihiterocks MountaÍn occur

in the metamorphosed sediments and volcanics where tight, upright fo1ds,

plunging gently northwest are conmon in the Chapperon Group but less well

developed in the younger, Paleozoic rocks (Okulitch, L979) . Later fold-

ing, possibly relaÈed Èo emplacement of Jurassic plutons changed the orien-

tatíon of earlier folds and may be responsíble for the arcuate shape of

the belt of Thompson Assemblage rocks (see Fígure 1).

In the irnmedÍate viciniiy of the Whiterocks Mountain stock, well

preserved beddÍng in the metasediments para11els foliation. Stríke ranges

from 1250-1500 and dÍp averages 70oW. No significant folding was observed.

Metamorphic follation is also observed in the I'lesozoic plutonic rocks

where foliation is quíte strong in the Lower Jurassic, Nelson Intrusives

and faint to absent in the younger, nore massive Upper Jurassic, Valhalla

p1uËons.

Steep angle faulting greatly affected the area from the time fo11ow-

emplacement of the Mesozoic intrusíves, right up to the extrusion of

Miocene and younger, plateau basalts.

Orogeny

The area ín and around Whiterocks Mountain has undergone at least

Ëhree significant periods of orogeny.

ang

the
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The first períod occurred in Permo-Triassíc times and consisted of

plutonísm, uplifE and erosion and assocÍated deformation and 1ow grade

rnetamorphism (Okulitch, L979) .

This was followed by the Columbian Orogeny r¿hich lasted from Early

Jurassíc to Mid-CreËaceous times. It was by far the most significant of

the orogenÍc events to affect the area and consisted of extensÍve pluton-

ism, polyphase folding, faulting and regional metamorphism (Monger and

Price, 1979; Okulirch, I979).

This rnras followed by an intense regional TertÍary Ëhermal event that

took place about 50 m.y. ago and is assocíated v¡ith the Eocene plutoníc

(coryell intrusives) and volcanic rocks found in the area (Ross, 1974;

Medford, L975) .

In addition to these three major orogenic periods, fault movemenË

and gentle crustal warping associated with extrusion of Eocene flows

and possibly due t.o post-orogenic crustal uplift, erosi.on and cooling has

taken place (Okulitch, IgTg).



CHAPTER III

WHITEROCKS MOI]NTAIN STOCK

Introduction

The Whiterocks Mountain stock has been until very recently a poorly

documented íntrusive complex. Straddling the southern boundary of the

Vernon map sheet, it was mapped by Jones (1959) as part of the Late Mesozoic,

calc-al-kaline Coast Batholith Complex. These include quartz-monzonites,

granodiorites and granÍtes and 1oca1ly minor syenites in the area of

Vlhiterocks Mountain. The Kettle River, vlest hai-f rnap sheet contains the

souËhern half of the stock and was fÍrst mapped by cairnes (1940) and

then later by Little (1961) . cairnes (1940), recognized the a1ka1Íc

character of Èhe rocks and mapped them as Jurassic or Later, syenites and

alkalí-rich granitic rocks. Líttle (1961) considered the pluronic rocks

to be much younger in age and mapped them as part of the Oligocene,

Coryell intrusive complex. These are alkaline intrusions characterized

by coarse to meditrm grained, inequigranular, reddísh to pale buff syenites

with some granites, monzonites and shonkinites (Little, 1960, p. 9O).

Okulitch (I979), has recently produced an updated map whích coveïs

areas mapped by caírnes (1940), Jones (1959) and Lirrle (1961) and in-

cludes all of the l4rhiterocks Mountain stock. On the basis of sÍmilarity

in lithology, Okulttch (1979) has correlated the stock with Coryell intru-

sives of Eocene to Paleocene age that occur ín the Okanagan Plutonic and

Metamorphic Conplex to the east.

Recent rnapping by Osatenko (1978 & 1979) shows the WhÍrerocks }founrain

stock consists of two dístÍnct suÍtes of rocks. The one suite is a calc-

a1ka1íc assemblage that Ís characterized by the presence of quartz and



bror'¡n biotite. It forms a north-northwesterly

that includes granodiorite and quartz porphyry

alaskíte and aplite dykes.

The second and apparently older

up the 'l^Ihiterocks Mountain stock is a

monzonite assemblage of alkalic rocks

deficient.

10

trending plug (Figure 2)

with minor feldspar porphyry,

of the two intrusive complexex maklng

pyroxenite to leucocratic quartz-

that are dominantly quartz-

The conÈact

burden or finely

tíc leucocraÈíc

Èhese rocks are

Alkalic Complex

Geologíca1

delineated four

zonite, alkalic

monzonite.

between the tr^ro complexes is generally obscured by over-

laminated metasediments, ho¡¡ever cross-cutting porphyri-

quartz diorite dykes of the calc-alka1ic complex indicate

younger.

mapping of the hhiterocks Mountain alkalic complex has

distinct intrusive uníts thaÈ ínclude mafic syenite-mon-

pyroxenÍte, porphyritíc monzonite and feucocratíc quartz

lfethodology

Rock tvpes of the alkalic complex \,rere petrographically studied with

the use of slabbed specÍmens etched in nÍtric acid (HNO3) and stained

r¿iÈh soditnn cobaltinitrite fNarco(NOìOJ. The stained slabs were then

point counted to quantitatívely determine the proportion of felsíc and

mafic plus- opaque mineral constituents. Thín sections from the same rock

specimens vrere used to identífy the various felsíc and mafic mínerals (al1

coloured minerals including epidote). Modes are listed (Appendices A and

B) and results plotted on Èhe quartz-plagioclase-K-feldspar (QPK) diagram
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(Figure 3). Since most of the rocks have a relatively high proportion

of mafíc minerals and 1ow proportions of quart.z and feldspathoids, modes

were also plotted on the mafics-p1agíoclase-K-feldspar (MPK) ternary

diagram (Figure 4). A third ternary diagram (Figure 5) usíng bíotíte-

pyroxene-amphibole (BPA) was used to csmpare Èhe mafÍc rich rock types.

Intrusive RelatÍonships

An actual contact between the quartz-poot and quartz-rieh complexes

of the Lrhíterocks Mountain stock has not yet been observed, however cross-

cutting relationships between various phases of the quartz-deficÍent,

alkalic rocks have been documented.

Based on these cross-cutting relationships (Figure 6) the ofdest

alkalic unit is Èhe mafíc syenÍte-monzonite. IL tends to form sharp con-

tacts with the porphyritic monzonite and leucocratic quartz monzonite but

varies from sharp to highly irregular, gneissic looking contacts with the

pyroxenite. Stringers and dykes of pyroxenite íntruding the mafic syeniËe-

monzonite are cornmon. Also fracturing and localized hydrothermal altera-

tion and sparse sulphide mineralízation can be found assocÍated wíth the

pyroxenite-mafic syeníte-monzonite contacts. Rare (1ess than I cm) dioriÈe

xenoliths and very rare pyroxeníte xenolíths have been found in the mafic

syenite-monzonite phase.

The pyroxenite is the second oldesÈ unit based on cross-cutting re-

1atíonships, despite Ëhe presence of a pyroxeníte xenolith in mafíc

syenite-monzoniÈe rocks. In addition to the sma11 pyroxenite stringers

and dykes found cutting the mafic syeníte-monzonite, angular xenoliths

of the mafic syenite-monzonite are coïtrnon along íntrusive contacts within

Èhe pyroxenÍte.
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FIGURE 4
CLASSIFICATION OF FELDSPAR

PL AGtO CL AS E, K- F EL DS PAR

FROM THE QUARTZ - POOR

RICH R OCKS ON

AND COLOURED

PORTION OF THE

OF MODAL

PLUS OPAQUES

MOUNTAIN STOCK

THE BASIS

MINERALS

WHITEROCKS

biotif e
COLOJRED pyroxene
MTNERALS omphibolBs

epidote
C opoques

PLAGIOCLASE

O Leucocrotic Ouortz Mon¿onire
o Pdphyritic Monzonite

^ Mofic Syenite - Monzonire

\K
K. FELDSPARmod¡fied ofler Borr, er ol (1976)

NOTE, doto from oppendix A A B

l/i
| ,/ ^, --t'; .. @ a

^ \^" ^

\@

^ 
o.)

monzonile

):'^3-<:9 o o'\
\..$ o o \.

'\ oc. \'\ d Qo/

mon z o diorile



A T
H

E

C
O

M
P

A
R

IS
O

N
 O

F

W
H

IT
E

R
O

C
K

S

T
H

E
 M

A
F

IC
 - 

R
IC

H

M
O

U
N

T
A

IN
 S

T
O

C
K

A
N

D

B
 (

bi
ol

irs
)

F
IG

U
R

D
--

¡ 
(p

yr
0x

en
e)

R
O

C
K

S

O
N

 
T

H
E

B
IO

T
IT

E

F
R

O
M

B
A

S
IS

ÏH
E O

F

Q
U

A
R

T
Z

M
O

D
A

L

- 
P

O
O

R
 P

O
 R

T
IO

 N
 

O
F

P
Y

R
O

X
E

N
E

, 
A

M
P

H
IB

O
LE

$ 
lu

io
rir

e¡

B
 (b

io
rir

e¡

P
 (o

;;;
""

.)

P
 (

P
ñ*

".
,

)
\ì:

--
J^

-i-
--

-=
 -)

P
O

R
P

H
Y

R
IT

Iq
M

O
N

Z
O

N
I 

T
E

M
A

F
IC

 
S

Y
E

N
IT

E
 
-

l.l
oN

Z
 o

N
tT

E

H L¡



S
C

H
E

M
A

T
IC

 S
E

C
T

IO
N

R
O

C
K

S
 M

O
U

N
T

A
IN

rs
fo

r 
lo

 
flg

ur
e 

7 
fo

r 
so

cl
io

n

o ! o e ¡ 0 e o

S
T

O
C

K
 S

H
O

W
IN

G
 T

H
E

 V
A

R
IO

U
S

 I
N

T
R

U
S

IV
E

 R
E

LA
T

IO
N

S
H

IP
S

lo
c 

ol
io

n

T
 H

R
O

U
G

H
 T

H
E

 A
LK

A
LI

C

F
IG

U
R

E
 6

JU
R

A
S

S
T

C

l ffi N W ffi E
_:

=
þ:

{-
:{

P
O

R
T

IO
N

 O
F

 T
H

E

P
O

R
P

H
Y

R
IT

IC
 

LE
U

C
O

C
R

A
T

IC
 Q

U
Â

R
T

Z
 D

lO
R

lÎE

LE
U

C
O

C
R

A
T

IC
 O

U
A

R
T

Z
 M

O
H

Z
O

I{
IT

E

P
O

R
P

IIY
R

IT
IC

 M
O

?{
Z

O
N

IT
E

P
Y

R
O

X
 E

N
 I

T
 E

E
A

F
rC

 S
'r'

E
l{l

T
E

 -
H

$l
Z

O
t{

lT
E

¡I
E

T
A

S
E

D
IT

iIE
N

T
g

tíi
M

ro
*f

*î
*;

$f
g#

;$
fff

i
ñj

?i
*í

í,;
ìf 

1,
Ìi:

:f.
iîi

;i{
liú

lii
:iì

1r
iii

.;'
i,f

fi

ñ+
¡ï

l+
i.:

r+
iii

i¡$

P
A

LE
O

Z
O

IC
 
.

T
R

T
A

S
S

tC

W
H

IT
 E

 -

58
@

54
(X

)

so
oo

o o t+ o ú 3 @ o_ c e

S
C

A
LE

o 
26

0

F
æ

w
çt

m
ol

ô 
rE

ts o\



L7

TypÍcaI1y the contact betr¿een the pyroxenite and porphyritic monzonite

is "gneissic" in appearance, especially where larger bodies of the two

rock Ëypes are in contact with each other as along the eastern síde of

the main pyroxenite body. Here the monzoníte and pyroxenite form a 5-g0

meter wide hybrid zone (Figure 7). Away from the hybrid zone and more

towards the central and !'/estern parts of the alkalic complex, dykes of

porphyritic monzonite cut the pyroxenite, usually with sharp íntrusive

contacts and often containing xenoliths of pyroxenite. I^ihere the dykes

contain a large number of these angular pyroxenite xenoliths the rock

resembles an igneous breccÍa r¿ith a porphyritic monzonÍte matrix. Through-

out the alkalic cornplex a number of porphyritic monzonÍte composite dykes

can be found, usualiy with mafic-rich borders (ferrohastingsite) and leuco-

cratic cores (plagioclase and K-spar), suggesting there vras more than one

episode of porphyritic monzoníte magma injection (Figure 8).

Leucocratic quartz monzonite is probably the youngest alkalic Íntru-

sive phase although it has only been found crosscuttÍng pyroxeníte and

mafic syenite-monzonite. Along thesoutheasternpart of the stock, rounded

xenoliths of pyroxenite and metasediments have been found ín the leuco-

cratic quartz monzonÍte.

In addítíon to the alkalíc units, numerous porphyrÍtic, leucocratic

quartz diorite to loca11y porphyritic granodiorite and quartz monzonite

dykes cut all phases of, the alkalic complex. The contacts bet\,reen these

dykes and the alkalic rocks are sharp, though quartz stringers associated

v¡iËh the dykes often cuÈ across the contact and intrude the alkalíc rocks.

rn the N.l^i. quadrant of the area mapped (see Figure 7), vein, stringer and

fracture-controlled quartz cut all phases of the alkalic complex. The

qvartz appears related to the dykes, whích seem to be more common in this
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part of the project area (ttris area is closest to the calc-alkalic por-

tion of the l"Ihiterocks Mountain stock).

Pre-dating the quartz-veining but cuÈting both the alkalic and calc-

alkaline rocks of the stocli are thin, pink aplite dykes.

Mafic dykes which cut the alkalic rocks on the west side of the

project area are likely related to Tertiary volcanism and thus represent

the youngest plutonic rocks cutting the stock.

Although the shape of the alkalic complex ís highly irregular, and

appears to be elongated Ín â north-easterly, south-westerly direction, the

complex does dispLay a definite zonation from an ultramafic core to a

fairly leucocratic periphery. This zonation can be directly related to

the sequence of intrusive events just described.

Rock Description

A. Mafic Svenite-Monzonite (UniË 2, Figure 7)

The mafic syenite-monzoníËe is a weakly to moderately altered, medium

grained, equigranular, hypidiomorphíc granular rock. Poor to 1oca11y

strongly developed mineral fo1íation exists and is 1íke1y the result of

reg ional me tamorphism.

Characteristically the rock is high ín mafic mínerals (30-507";

Figure 4 and Appendix A and B) and in hand specimen resembles a medium

grained gabbro to mafic díoríte. Both quartz and feldspathoids are absent.

Euhedral crystals of aegiríne-augíte are present in all but the most

altered rocks. They form short, stubby, light green crystals, the pleo-

chroism of r,rhích varies from very weak to moderately strong with deep green

to bright green parallel ¡e or yellowish green paralle1 to ß and brovmish

green parallel to y. Size averages from 0.5 mn to 2.0 mm with some crystals

reaching 3 mm to 4 mm.
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The type (plagioclase or K-feldspar) and percentage of feldspal in

the mafic syeníte-monzonite varies considerably. This is particularly evi-

dent in the M.P.K. ternary.diagram (Figu're 4) where the greatest number of

samples studíed plot over a wide area in both the syenite and monzonite

fields. Although it canft be shov¡n on the map, many of the samples that

are richer in mafícs and K-spar and plot in the syenite field of Figure 4

tend to be finer grained than those rocks that contain fewer mafics and

K-spar and plot predominantly ín the monzonite fie1d.

Plagioclase crystals vary from euhedral to subhedral. They average

0.3 rnm Èo 0.6 nun in length and comprise 207" to 507" of the mafic syeníte-

monzonite phase. Crystal contacts are often irregular and partly re-

crystallized. Rare plagioclase megacrysts, 1 cm to 2 cm long can be found,

usually close to a contact wÍth pyroxenite.

K-feldspar varies from 5Z to 40%. It is almost always inÈerstÍtial,

usually in the form of orthoclase. In some specímens faÍnt microcline

twinning is present although Ít is typically uncommon for the unit. Rare,

weakly perthitic K-feldspar crystals reaching 2 mm to 4 mm in length and

containing plagioclase crysËals less than 0.1 mm in length are present.

A1Ëeration does exist Ín the mafic syenite-monzonite rocks and is

best í11ustraËed on Ehe biotíte-pyroxene-amphibole, ternary diagram (Figure

5). The large scatter of maiic minerals, particularly biotite is inÈer-

preted to be the resulÈ of late magmatic processes combined with metamorphic

a1Ëeration, which may be partly due Èo regional metamorphism but is mosË

1ike1y due to the effecÈs of subsequent intrusives.

During alteration, aegirine-augite is replaced by darker green ferro-

hastingsiËe and less commonly by blue-green hornblende and green bioËite.

The ferrohastíngsite occurs as irregular graíns, usually rimming or poiki-

1itíca11y enclosing pyroxene and biotite and sometimes smal1 plagioclase
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crystals. Biotite is present as both a product of late magmatic cry,stalliza-

tion, rimming pyroxenes and fíl1ing interstices between pyroxene crystals,

as well as an alteration mineral associated with ferrohasÈingsite. Horn-

blende, chlorite and epidot.e are very late alteration mÍnerals. Hornblende

replaces ferrohastingsite and some pyroxene. Chlorite is present in only

minor amounts, usually replacing biotite althou8h some chlorite forms at

Ëhe expense of Pyroxene. EpÍdote occurs as part of the late alteration

assemblage replacing pyroxene, ferrohastingsÍte and plagioclase. Plagio-

clase ís also replaced by a fine grained assemblage of undetermined clav

minerals and sericite. The anorthíte molecule content of plagíoclase

shovrs considerable variation, ranging from a low An 8 in highly altered

and recrystallized specimens to a high An 38 in relatÍvely fresh, unaltered

rock.

B. A1ka1íc Pvroxenites (Uni.t 3, Figure 7)

The alkalic pyroxenite rock unit is very complex and consists of two

major phases. One is a relatively homogeneous biotite pyroxenite and the

other Ís a r¿eakly rnineralízed amphibole pyroxenÍte. The amphibole pyro-

xenite occurs as dykes cross-cutting bÍotÍte pyroxenite and as a pervasive,

late magmatÍc or deuteric replacement of biotite pyroxenite. In additÍon,

late pyroxenite stage, hornblendÍte dykes r^rhich may be of similar age ro

the amphíbole pyroxenite cross-cut biotíte pyroxenÍte and mafic syenite-

monzoníte.

Variation between biotite and amphibole pyroxenites is clearly shovrn

on Ëhe biotite-pyroxene-amphibole ternary diagram (Figure 5). Biotíte

pyroxenites plot in a small zone showing an abundance of pyroxene, some

varíability ín the bíotite content and limited variation in toËa1 amphi-

boles. Any amphíbole increase that does occur is accompanied by a sma1l

increase ín epidote and a decrease in pyroxene content (Appendix A).
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Amphibole rich pyroxeníte ís characLerized by an almost comp.lete

absence of biotite and extreme variation in the pyroxene and amphibole

content. Epidote content.is up considerably in the amphíbole pyroxenites.

(i) bÍotite pyroxenite (UnÍt 3a, Figure 7)

The bíotite pyroxeníte is medium to fíne grained, equigranular

and shows hypidiomorphic-granular texture. It weathers black to greenish

b1ack. In its least altered staÈe, ít consistently contains over 602 of

euhedral aegirine-augíte, more than I0"/. of anhedral to subhedral biotite

and less than 10iá of anhedral amphiboles. Accessory minerals includlng

apatite, sphene and some carbonate make up the remainder of the rock.

The stubby, euhedral aegirine-augite crystals range ín size from

1.0 nun to 1.5 nrn long. Pleochroísm is weak to moderate with colours

changíng from deep green to bright green para1le1 to q, yellowish green

para11e1 to ß and brov¡nísh green paral1e1 to y. lulinor zoning is present,

with light green crysÈals lined by darker green (possibly more aegirinê-

rich). rims.

Interstitial, dark green biotite ís present as anhedral to subhedral

grains among pyroxene crystals. Pleochroísrn is moderate to strong!, rang-

ing from brownish Elreen parallel to o to dark green para11el to ß and y.

Much of the biotiËe is in the form of "sagenite", with tiny rutile crystals

forming trÍangular patterns within the graÍns (Figure 9). A small amount

of biotite appears to be replacíng pyroxene crystals as indicated by the

corroded edges. Also within the bÍotite pyroxenite l:hase, coarse secon-

dary biotite is developed as clots within the groundmass or as filling

along fracture. At least tr.lo occurrences of hydrothermal biotite breccia

(Figure 10) are knolrn, índieating that some hydrothermal activity has

taken place in Èhe alkalic complex.
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krhere present in the biotite pyroxenite, amphibole consists of. two

varietíes. Ferrohastingsite, the most colTrmon of the two, is strongly

pleochroÍc, ranging from yellowish green para11e1 to c, brownish green

para11e1 to g and dark greei'n parallel to Y. Typically a late stage

mineral, it rims and replaces aegirine-augite. Hornblende, the second

and less cortrnon of the.two amphiboles is green to bluish green in colour

and is present as fine, acicular cr..'sta1s replacing ferrohastingsíte.

Both amphiboles are most conmon along fractures cutting the biotíte

pyroxenite.

A1Èhough minor amounÈs of epidote are found with the amphiboles,

ít usually occurs as a fracÈure filling or alteration associated wíth a

f rac.ture.

Accessory euhedral apatite and subhedral to anhedral sphene are found

throughout the groundmass. Apatite is also present as inclusions in pyro-

xene and biotite. Up to I2Z magnetite occurs interstitially between

aegirÍne-augite crystals .

Trace amounts of i-nterstitial

along fractures or within zones of

amounts of íntergranular carbonaËe

spars.

plagioclase and K-feldspar are found

amphibole crystallizatíon. Similar

(calcite) may be found wíÈh the feld-

(iÍ) amphibole pyroxeniÈe (Unit 3b, Figure 7)

The amphibole pyroxeníte varÍes in appearance from a coarse, t'spottedt',

porphyritic pyroxenite with 30%, 6 rnm Èo 8 rnm long amphibole phenocrysts to

a very fine grained, light green, massive, "volcanÍc" appearing rock wÍth

mínor amphibole phenocrysts.

Throughout the alkalic complex, the amphibole pyroxenite exists as

dykes cutting biotite pyroxenite or as a r¡reak to strong pervasive alteration
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(replacement) of the bÍotite pyroxeníte. The fluids responsÍble for

forming these dykes and alteration are laËe magmatic flufds of the pyro-

xenite phase and not those belonging to some later hydrothermal event.

The evidence used to support this hypothesis is the lack of appreciable

alteration or replacement of similar composition in adjacent younger in-

trusive rocks and the apparent crystallization, at least in part, of the

biotite pyroxeniÈe prior to the appearance of the amphibole pyroxenite

fluids.

In the amphibole pyroxenite aegirine-augite makes up less than 502

of the rock with amphibole averaging more than 30"/. and biotite less than

2%. Accessory mínerals make up the remainder of the rock. Uncommon zones

of recrystal-l-Í-zed pyroxenite do occur. In these instances Èhe pyroxene

content of the rock increases dramatically whÍle the amphibole conÈent is

sharply reduced.

The aegirine-augite pyroxenes generally occur as eíÈher sÈubby, green,

euhedral crystals varying ín síze from 0.5 n¡m to 1.5 mm or as tiny re-

crystallÍzed anhedral grains with sutured boundaries in a mosaic pattern.

Some recrystallized pyroxene form 1

smal1, subhedral pyroxenes. Zoníng

grains poikílitíca1ly enclosing very

the pyroxenes is conmon, though the

mfn

l-n

more recrystallized specímens lack any internal features. Instead they

are light green in colour, moderate to strongly pleochroic, subhedral

featureless grains wiÈh pleochroísm rangíng from dark green para1Ie1 to o,

light green paral1el to ß and light brown parallel to y.

Ferrohastingsite and hornblende are the Èr¿o varieties of amphibole

in the amphibole pyroxeníte. Dark green ferrohastingsite is most commonly

found as anhedral to subhedral grains up Èo 1 cm across that poíkilítically

enclose and replace pyroxene (Figures 11 and 12). Hornblende occurs as
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scolÊ
Figure 11. Aurphibole pyroxenite r¿ith polkllitic
ferrohastingsite (dark grey) enclosíng euhedral Ëo
subhedral aegirine-augite. Microphotographs taken
under polarized 1ight. Sample location 1lga, Figure 7

W- "s
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Figure 12. Amphibole pyroxenfte r¡ith ferrohasÈingslte
^(dark 

grey) replacf,ng aLgÍrine-augtEe (1fght grey) .opaques are confíned to interstices and ,À tr,ãt,r"ions withínthe ferrohastingsite. Note the euhedral apatrte crystars(very lieht erev) found as fnc1,,:gions rn the aegfrine-augrte,ferrohasringõrtä, ana opãq,,r"". --r'ri"roptiotoär.f,À' 
a"t.r, underplain l1ghr. Sample toàaiton I2ga, Figure 7.'
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boËh blue green, acícular crystals less than 1 rmn j-n length and as green,

anhedral grains. It is most coimnonly found fillíng fractures and replac-

ing ferrohastingsite although minor replacement of pyroxene does exist

(Figure 13).

Biotite is rare in the amphibole pyroxenite, particularly in the

more recrysÈa1lized portions. Some relic, green biotite is present as

anhedral grains enclosed in amphibole. lfinor, coarse to fine grained (,rp

to 1 cm) green hydrothermal biotíte simÍlar to the hydrothermal biotiÈe

found in the biotite pyroxenite occurs along hairlÍne fractures or as

cl-ots in highly altered, fine grained pyroxenite.

Epídote is closely associated with the amphibole pyroxenÍte, where

it is found as a laËe alteration mineral replacing pyroxene and ferro-

hastingsite. In intensively altered portions, epidote occurs throughout

the groundmass, giving the rock a light green appearance. In late stage

dykes and veins, epidote commonly makes up Ëhe rnajority of the groundmass,

producing a light green rock with dark green amphÍbole phenocrysts. Trace

amounts of calcite occur with hornblende and epidote along fractures and

in the groundmass.

Accessory minerals ínclude euhedral apatite, subhedral sphene and up

to 15% dÍsseminated and fracture controlled magnetite. The apatite is

present as smal1, euhedral inclusions within pyroxene and amphibole crystals

or as crystal aggregates or concenÈrations in pyroxene-rich, recrystallized

pyroxenite. The magnetiËe occurs as dísseminated grains in poikilitic

ferrohastingsite grains that are replacing aegirine-augite.

Plagioclase and K-feldspar occur as minor interstitial minerals in

the more altered (rnagmatíca11y) pyroxenites.
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¡ cole

Fígure 13. Hornblendite dyke wíth euhedral ferrohasËingsite
crystals (dark grey) surrounded by mícrocline-plagioclase
groundmass. The prlsrnaÈíc mineral to then far lef i (mediurn
grey) is late stage hornbrende whích replaees the ferrohast-
ingsite. Microphotograph Eaken under plain 1Íght. Sample
locatlon 23, Figure 7.
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(íií)hornb1enditedykes(partofUnit3b'Figure7)

Late pyroxenite stage hornblendite dykes are found cutting all rocks

older than the pyroxenite as v¡ell as the bíotite and more weakly developed

amphíbole pyroxenite phases (Figure 14). Texturally and mineralogícally

the dykes resemble the amphibole pyroxenite, though the feldspar content

is much greater ín the dykes.

Typíca1ly, the dykes consist of 4oil to 80"/" of slender, euhedral,

ferrohastingsíte phenoerysts averaging 0.5 cm to 1.0 cm in length with

coarser pegmatitic zones contaíning crystals up to 4 cm 1ong. Groundmass

is made up of very fíne grained blue green hornblende and varyÍng amounts

of epidote. Biotite is generally absent, though íË may be present in

amounts of up to 5%. This biotite may be secondary in origin and not

part of Èhe primary dyke materíal. Microcline and plagíoclase are present

as íntersLítia1 minerals in most dykes and may compose up to 50ll of. an

indivÍdual dyke.

C. Porphyritic Monzoníte (Unit 4, Figure 7)

The porphyrÍtic monzonite is a medium Èo coarse grained, highly por-

phyrític unit with aligned microcline phenocrysts. Averaging 1.5 cm to

2.0 c¡n in length, these feldspar phenocrysts produce a highly trachytíc

texture Ëhat varies in orientatíon throughout Èhe unit. At two locations

(Unit 4b, Figure 7) the phenocrysts tend Èo be quite large and reach

lengths up to 15 cm (Figure 15). In both instances, aligned mafic minerals

separate the porphyriÈÍc monzonite into units 3 cm to 15 cm r.ride ÈhaË are

characterizecl by microclÍne crystals of similar shape and síze (Figure 16)

Individual units vary from those with predomínantly 2 cm long mÍcrocline

crystals to those with 12 cm to 15 cn long mÍcrocline crystals. No grada-

tion in síze exists beÈween successive uníÈs







32

Composítionally, the entÍre porphyritic monzonite unit is interme-

diate, contaíning on average 20%-25% mafic minerals and rare free quartz

(the quartz ís at least ín part related to quartz veining that exists ín

the N.I^I . quadrant of the alkalic complex).

The mafic minerals are relicÈ, 0.2 mm to 1.0 mm large, euhedral

aegÍrine-augite crystals that are largely replaced by subhedral to an-

hedral ferrohastingsite and hornblende. Biotite ís found in minor amounts

as green, possibly relíct, anhedral grains that are poikilitÍca11y enclosed

by ferrohastingsite grains. Chlorite is present in small amounts as a

laËe alteration preferentially replacing biotite, though some replace-

ment of ferrohastingsite takes place as indicated by chlorite pseudomorphs

after ferrohastingsite. Similarly, hornblende also occurs as a late al-

teration mineral replacing ferrohastíngsite.

Epidote exhibits consíderable variatÍon within the porphyritic mon-

zonite, ranging from just over 5Z to about I87" of. the rock. IÈ is char-

acteristically a late alteration mineral, replacing both pyroxenes and

amphiboles and conrnonly -occurríng as fí11ing along fractures.

Plagioclase feldspars make up an average of. 20% to 257" of the por-

phyritic monzonite. They are typícally euhedral to subhedral crystals,

0.4 mm to 1.0 rnm ín length. Rare crystals of up to 1.5 cm ín length have

been found. The average An molecule contenÈ for the plagioclase Ís 28 "A.

Minor mineral replacement by sericite and unidentified clay minerals is

1ikely due to some 1ocal1ízed hydrothermal alteration and weatheríng.

Potassium feldspar occurs as both anhedral ínÈerstitial microcline

and perthite grains and as euhedral appearing phenocrysÈs that range in

size from 0.5 cm to 15.0 cm long. Microscopically the phenocrysts are

predomínantly subhedral microcline perthíte megacrysËs r+¡ith irregularly
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shaped boundarles. They display díscontinuous zoníng by enclosed plagio-

clase crystal inclusions that are less than 3 mm long and are afignea

paral1e1 to the phenocrystsr edges. Rare, símí1ar1y oriented pyroxene

crystals are found as well;

The shape and texture of the microcline perthite phenocrysts and theír

rel-ationshÍp to other minerals in the rock suggests they crystallized

after pyroxene and at least some of the plagÍoclase. Crystal growth

appears to have taken place around a plagioclase crystal that acted as

a nucleous. As the microcline perthite crystals grer,,r, smal1 plagioclase

and rarely pyroxene crystals rÀ7ere incorporated into the crystal by ad-

hering themselves parallel to the edge of the crystal as it existed aË

that time. Continued growth allowed for continual incorporation of srna11

crystal inclusíons that give the overall appearance of concentric zoning.

Similar textures and phenomenon have been discussed by Hibbard (1965) who

also noted a sysÈematic variation in the An molecule content of the en-

cl-osed plagioclase crystals. He suggests that crystals of plagioclase and

a1ka1i feldspar may be suspended in a mobile be1t, and through the process

of turbulence related to magmatic flow, the growing crystafs rn'ere able

to come into contact r.rÍth one another and produce the resultíng zoned

microcline perthites.

Factors which suggest that such a process took place within the por-

phyritic monzonite phase include the alignrnent of the microcline crystals,

which varies in orientation from place Ëo place (Figure 7) and ís thus

1íke1y the result of magmatic f1ow. Also, the occurrence of aligned inclu-

sions within microcline phenocrysts (which have lengËl'rs < 15 cm and irregular

contacts) suggesËs both an abundance of mobile mel-È and a stable enough

environment to allow crystal growth.
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Examination of the 201 reflection (Smíth I974, p. 283) from X-ray

powder diffractograms obtained for three K-feldspar phenocrysts (p1us

inclusions) from the porphyrÍtic monzonite indÍcates the feldspars

vary from OtTt{bZg to OrrOAb46 ín composition. Triclinicity (SmÍrh I974,

p. 287) ranges from 0.89 to 0.53 (Appendix C).

D. Hybrid Zone (see Figure 7)

Along the contact between the rnain body of pyroxenite and the por-

phyritic monzonite ís a zone up to 80 meters v¡íde that grades from a

plutoníc-looking rock ínÈo a foliated, gneissíc-looking rock. Composi-

tionally the foliated rock varÍes from a coarse to medium grained monzonite

through monzodiorite and amphibole gabbro to hornblendite.

The mineralogy and hence overall appearance of Ëhe rock is very

similar Èo the hornblendite dykes though loca11y the hybrid zone is con-

siderably more leucocraÈic than the dykes. The main mafic minerals are

ferrohastingsíte and epidote. Varying ín content Èhroughout, these two

minerals combine to give much of Ëhe rock a ttstreakytt black to green

appearance. Plagioclasè tends to be the dorninant feldspar occurring as

euhedral to subhedral crystals up to 5 mm long. Rare plagioclase crystals

up to 2 cm long have been observed. K-feldspar is most common in the

epídote-poor zones where it ís interstitial. I"leak microcline twinnÍng

is found Èhroughout the K-spars.

The presence of a hígh1y foliated zone between the pyroxenite and

porphyritic monzonite suggesÈs a reaction between Èhe two phases has taken

p1ace. Previously described hornblendite dykes whích texturally and com-

positionally resemble the hybrid zone and r^'hich cut the pyroxenite are

traceable into the hybrid zone but do not pass through it. This índÍcates

Èhe dykes and Èhe hybrid zone are sírnilar in age and possibly related.
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Since the hybríd zone is spatially restricÈed to the contact area between

a Large body of porphyritic monzoníEe and a similarly large Uody of:pyro-

xenite, it seems likely that the zone resulted from the interaction of

fluids from at least a partially liquid porphyritic monzonÍte wíth a solid

pyroxenite. The hornblendíte dykes which are seen cutting the mafic

syenite-monzonÍte and pyroxenite probably formed from some of the same

fluids and likely give a good representation of the overall composition

of the fluids which helped produce the hybrid zone. However, many of the

dykes do exhibit compositional and textural differences whích may be the

result of contamination as the liquids intruded Èhe pyroxenite and older

rocks or ít may be that there lrere severalttmagmaticttpulses r¿ith each

pulse producing a number of smal1 dykes of slightly different composition.

E. Leucocratic Quartz l"lonzoniÈe (Unit 5, Figure 7)

The leucocraÈic quartz monzonite is a coarse grained, equigranular

to weakly porphyritic, massive to moderately foliated, buff v¡hite coloured

unit. It is the only unit in Ëhe alkalic complex to contaÍn primary quartz

and aside from differences in the qvartz content, the rocks have 1ímÍted

compositional variatÍon and plot in relatively small clusters on both

the quartz-plagíoclase-K-feldspar ternary diagram (Figure 3) and the

mafics-plagioclase-K-feldspar ternary diagram (Figure 4).

Mineralogically the rock is characterized by equal amounts of plagio-

clase and K-feldspar, less than 102 mafic minerals and an average of IO7"

quartz (AppendixA&B)

Mafic minerals ínclude euhedral to anhedral, green ferrohastingsite

which typically constitutes less Èhan 5% of the leucocratic quartz monzonite

and minor amounts of hornblende and epidote which are replacing the ferro-

hastingsite. Rare, relíct aegírine-augiÈes have been found with ferro-
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hastíngsite and epidote replacing them. Bror,¡n to greenish bror^m bíotite

i.s found in minor, 1ocal concentrations.

Subhedral to euhedral plagioclase crystals averaging 0.5 mm to 2.5 mm

in length and reaching 4 mrñ Ín places make up 26% to 50iZ of. the rock.

Compositíona1 zoning is wel-1 developed and common. Plagioclase altera-

tion ís virËualIy absent with only trace amounts of sericÍte and clay

mÍnerals Present along fractures replacing the feldspar. The An molecul-e

content of the plagioclase varies from An 30 to An 12 thus labelling the

feldspars oligoclase.

Potassíum feldspar is present as both microcline and microclíne per-

Ehite minerals. The well developed microclíne occurs both interstitially

and as 2.0 rmn to 5.0 nnn long, subhedral laths with irregular edges (as

ín the porphyriÈic monzonite). ìficrocline perthite forms subhedral to

anhedral, 0.5 mm to 2.0 mm long grains. Inclusions of plagioclase epidote

and hornblende are common.

Quartz is conrmon as fracture-filling sma11 veíns, and as Ínterstitial

graÍns in the groundmass. Though the unit as a whole averages about 102

quartz' tv;o subtle sub-units are apparent. The first sub-unit 54, Figure 7,

consÍsts of quartz contents from 5.37" to LO.f/", averaging 8.07.. Thís por-

tion of the leucocraÈic quattz monzonite phase corresponds to that along

the northern boundary of the hhiterocks Mountain alkalíc complex.

The second sub-unít, 58, contains B.5z to 19.0% wíth an average of

13.82 quartz, and corresponds to the leucocratíc quartz monzoníËe along

the southeasÈern portion of the complex. In addiÈion, this sub-unít seems

to contain slightly more K-feldspar and less epidote and plagioclase than

Èhe sub-unit to the north. However, Èhe textures and remaining mineralogy

of Ëhe two sub-units are very simílar and when modes are plotted on the
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ternary diagrams, Figures 3 and 4, the sub-units plot in an unseparable

field. since no contact between the Èwo sub-units was observed, it Ís

impossible to determine if the two sub-units represent entirely different

intrusive events with similar composíti-ons or if they are parÈ of one in-

trusive phase that shows a certaín amounE of variabílity.

F. Porphyritíc Leucoclatic Quartz Diorite (Unit 6, Figure 7)

Fine to medium grained, porphyrític leucocratíc quartz diorite dykes

cut all phases of the alkalic complex and the metasediments and meta-

volcanícs. Considerable variation in appearance of the dykes exists

among the various localities shown on Fígure 7 and in those occurrences

where the dykes were too smal1 to include on the map. However some of

the common characËeristics Ínclude weathering to a light grey colour,

the presence of blocky plagioclase phenocrysts, a !¡eak Èhough visible

foliation and the exístence of fine, feathery bíotite.

Mafic minerals make up to r0% of the rock, mostly fÍne, feathery

flakes of bror^m to greenísh brov¡n biotíte. Local concentrations of 1 mm to

2 mm long hornblende crystals do occur but never in amounts greater than

5"/". Green chl-orite replacing bíotite ís common.

Plagíoclase is present as zoned O.l mm to 2.0 mrn phenocrysts and

as a major component in the undifferentiated quartz-feldspathic ground-

mass. I,leak clay and serícite replacement of some plagíoclase pherrc,crysts

exists.

Potassium feldspar ís found in varying amounts but never exceeds 102

of the dykes. Most commonly ít is present as smal1 interstitÍal grains but

has also been found as l nrm in diameter, blocky, subhedral graíns fillÍng

voids between euhedral plagíoclase crystals.
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QuarÈz occurs ínterstítÍa11y in the groundmass and as fracture filling

or small veins, often branching out from the dykes ínto the host, country

rocks. An estimate of average quartz content is L5% to 25%.

Associated wíth the porphyritÍc leucocratíc quartz diorite dykes is

t.he developmenË of coarse, secondary biotite ín Èhe pyroxeníËes, sone

bíotite replacement of mafics in the mafic syenite-monzonite and serÍcite

development in the porphyritíc monzonite. Thís is particularly evident

in areas where Èhe dykes are quite contrnon. Two such localiÈies exist

ín the pyroxenite unit where a number of porphyritic leucocratic quartz

diorite dykes cut the pyroxenite and have produced hydrothermal breccias

(Figure 7). In both cases rounded fragments of bíotite pyroxenite are

enclosed in a matrix of coarse, secondary biotite (see Figure 10).

Similarly, mafíc minerals in nearby mafic syenite-monzonites have been

almost completely replaced by biotite.

These late dykes were assocj-ated wíth an abundance of hydrothermal

fluids that has led to intense, localized hydrothermal alteration.

Calc-Alka1ic Complex

Though lítt1e work has been done on the calc-a1ka1ic portion of Ëhe

I{hiterocks Mountain stock by the author, considerable ínformation has

been gathered on Ëhese rocks from L977 to 1980 by M. J. OsaËenko and

by J. K. Russell of Cominco Ltd. (oral cormnunication and/or from informa-

tion docr¡nented ln reports fíled on the Tad mineral claims, Vernon Mining

DivisÍon, B.C.). The results of their work indícate the calc-alkalic

rocks for¡r an elliptíca1, northwest trending body consistfng of a core of

quartz porphyry monzoníte surrounded by a coarser grained quartz porphyry

monzonite and an equigranular granodiorite. Contacts are sharp but no

age relationshÍps are knor^m between the quartz monzonites and the grano-

diorlte. Cutting these ínÈrusive rocks are fine grained aplíte and fel-
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site dykes; cutting the dykes and earlier intrusives are three dif.ferent

orientatíons of quartz-veins. Finally the entire calc-alkalÍc pottion of

the lrrhíterocks Mountain stock was subjected to a NI^I-SE trending, perva-

sive fracturing (this pervasíve fracturing r"¡as not as evident ín the

alkalic rocks).

Mineralogically the rocks are characterized by K-feldspar, plagio-

clase, ínterstitía1 quartz and quartz phenocrysts and bÍotite, usually

bror¿n in colour. Hydrothermal a1Èeration is locally intense with perva-

sive serícite development occurríng in these zones.

Overall the calc-alkalíc rocks belonging to the northern portion

of the Ltriterocks Mountain stock strongly resemble the porphyritic leuco-

craËíc qvartz diorite dykes cutting the alkalíc complex. some of the

coTxrnon features of both rock units include the presence of abundant

quattz either as cryst,als or interstitial material, the r¿ídespread per-

sistence of guartz veining and fracÈure fíl1ing and the virtual absence

of ferrohastingsite and dominance of brov¡n to bror^mish green bíotiËe as

the main mafic mineral
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CHAPTER IV

AMPHÏBOLES

Introduction

Common Èo all phases of the alkal-ic complex are euhedral to anhedral

green arnphiboles, that based on colour and extinction angles appear to

be ferrohastingsite.

In order to confírm ferrohastingsite cell dimensions, and to see

íf any sysÈematic changes in compositíon exist bet!¡een the amphiboles

sampled from different alka1íc phases, sixteen specímens were analyzed

by means of X-ray powder diffractíon.

Results

The results show a r¡ide range in ß values, ranging from a high

of 106.670 to a low of 104.350 (table 1). Asíde from the fírst rhree

samples which came from the hybrid zone and have relativelv high S angles,

Èhe remainder of the samples X-rayed have g angles which are typical of

ferrohastingsÍte (Borley and Frost , 1962). The fact that three of the

four analyzed amphiboles from the hybrid zone have the híghest g angles

determined suggests they are different from Ëhe rest of the amphiboles

and are probably not ferrohastingsites. According to Borley et al.

(1962), the increased size ín ß angles in amphiboles may be explained

by greater Ca content Ín the crystal structure.

The anphiboles thaË come from the hornblendite dykes and the

amphíbole pyroxenite have very similar ß angles, though there is a sugges-

tíon that the ferrohastingsites deríved from Èhe dykes have slightly

larger angles. If so, 1t uray be lnferred that the dykes have amphiboles

that are sllghtly richer in Ca.
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TABLE

CALCULATED CELL DIMENSIONS FOR AMPHIBOLES FROM THE
AMPHIBOLE PYROXENITE, HORNBLENDITE DYKES AND THE PORPH.
PHYRITIC MONZONITE - PYROXENITE HYBRID ZONE OF THE
WHITEROCKS MOUNTAIN ALKALIC COMPLE X AND A COMP -
ARISON WITH VALUES FOR FERROHASTINGSITE DETERMINED
BY BORLEY AND FROST (1962).

a(Ä) b(A) c(A ) F"
40 (H)

7ea (H)
J7 (H)

27a (H)
1a (P)

165b (M)
1e (P)
B (M)

165a (M)
166 (t4)
23b (P)
40a (H)
17e (t4)
1b (P)

123 (t4)
e (M)

6t
4,241
A.?5'

1 0. 081 (4) "
e.eB8(7)
e.e46(14)
e .eJ7 (7)
e.eîB(1t)
e .e67 (11)
e.e3B(13)
e.9lB(10)
e.B3e(16)
e .e11 (14)
e .e61 (14)
e .e27 (10)
e.846(2)
e.Be2(15)
e .638(13)
e.7eB(14)

9 "BB2
9.926
9.923

1 B. 01 7 (13)
18.117 (2)
18.oe3(47)
1B.1BB(16)
1B.0Bl(48)
18.20e (24)
18.1e3(21)
18.202(26)
18.174(14)
18.102(30)
18.O41 (13)
18.1e2(11)
18.213(2)
18.145(13)
18.250(24)
18.364(37)

1 B. 080
18.2?1
18. 180

5.435(3)
5.413(4)
5 .321(22)
5.310(6)
5.348(35)
5.t]e(12)
5.to2(17)
5.306(15)
5.3?e(11)
5 "2e7 (2e)
5.J24(4)
5.2e7 (B)
5.286(2)
5.263(6)
5.318(5)
5 .27 6(e)

5.322
5.324
5.319

106.67 ( .05)
106.11(.05)
105.t7 ( .16)
105.17(.08)
105.1 5(.17)
105 "12( .12)
105.08(.18)
105.05(.10)
1o5.O3(.14)
105.0J( .1e)
1o5 .O2( . oB )
104,85( .14)
104.82( .02)
104.80(.08)
104.77 ( .Oe)
104.35(.12)

105.J2
1 04. 8B
104,15

H- hybrid zonei

I from G.Borley* 10.018 +.004

P- dike phenocryst;

and M.T. Frost, 1962
angstroms

M- metacryst

Note: sample locations given in Figure 7
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The amphiboles coming from rocks having plagioclase (hybrid zone

and some hornblendite dykes) tend to have the largest ß angles while

those thaÈ come from feldspar-poor ult.ramafic phases (amphibole pyro-

xenite) have the smallest angles. This observation may reflect minor

amounts of magmatic differentiatíon which allows for more free Ca to

produce both plagíoclase feldspar and Ca rich amphiboles in the slightly

younger, more evolved rocks.
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CHÄPTER V

METALLIC MINERAI,I ZATTON

Introduct ion

Several small, weakly mineralized showings occur throughout the

ultramafÍc rocks, usually within the amphibole pyroxenite phase. Minerali-

zation consists of chalcopyriÈe, magnetite and minor pyrite, either as

disseminated minerals or as veín and fracture fillings. As part of the

study on the alkalíc complex, the mineralization has been examined ín an

attempt to determine ¡+hat factors control íts presence.

Copper Content of Rocks

Forty-six rock samples were analyzed for their copper content (values

ín Table 2, locations ín Flgure 7) .

These results show a definite decrease in copper content that corre-

lates r¡iÈh a decrease in the total mafic mineral content of all the

alkalic rocks (AppendÍx A and B). The intermediaÈe and felsic alkalic

rock types average less Èhan 50 ppm copper while the mafic syenite-

monzoniÈe averages over 110 ppm copper. The ultramafics range from 6 to

5550 ppm copper v¡ith the greatest values in the amphibole pyroxenÍtes

where copper values vary from 129-5550 pprn and average 853. This large

range in values for the amphibole pyroxenite reflects varyÍng degrees

of alteratíon and chalcopyrite developrnent. The biotiÈe pyroxenite has

copper contents ranging from 6-357 ppm and averages 142 pprn. It con-

tains only rare chalcopyrite as índicated by the relatively 1ow copper

values. However, ft does dísplay a weakly developed bimodal dístribution

(Figure 17) that appears related to Èhe Èype of biotfte present. Those

samples collected from areas where coarse, secondary biotitelras observed
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have copper values ranging from 6-103 pp*; those samples collected from

areas conËainíng only primary biotite have values in the 190-357 ppm

range. ExcepËions to this rule do exist but invarÍably these exceptions

are then accompanied by large ferrohastíngsite crystals. The biotite

pyroxenite having slighfly higher copper contents contain about the same

amount of copper as the average arnphibole pyroxenite.

Due to the similarity between some hornblendíte dykes and the amphi-

bole pyroxenite, three samples of the dykes v¡ere analyzed for "opp"t. 
'

The results vary considerably, rangíng from a lov¡ of 70 pPm to a high

of 400 pprn. Sulphídes are rarely visible in the dykes.

Hydrother:ural alteratíon associated with the mineralization is

notably absent, aside from the weakly developed coarse, secondary biotite

found vrith the biotite pyroxeníte having s1Íght1y lower copper values. As

was mentioned in Chapter IfI, thÍs secondary bioËite ís also sPatially

related to the porphyritic, leucocratÍc quartz dÍoríte dykes v¡hich cut

the alkalic complex. The biotite pyroxeníte having slightly higher copper

contents lacks notable alteratíon including the replacement of other

minerals by biotite or of bíotíËe development along fractures, thus pre-

cluding any notíon that the biotite ítse1f is an alteration assemblage.

In contrasÈ, the arnphíbole pyroxenite shows varying degrees of late

magmatic or deuteric alterationr'usua11y in the form of epidote, horn-

blende and poíkí1itic ferrohastingsites.

Nickel Content of Rocks

AlÈhough only 19 samples were analyzed fot ni-ckel (Table 2)

apparent that the l{hÍterocks MounÈain alkalic pyroxenite has a

nickel content compared Èo other ultrarnafic rocks (Tab1e 3).

,ítis

low

In general,
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TABLE

A

OF

COMPARISON OF

SOME AVERAGE

WHITEROCKS

MAJOR, MINOR

MAFIC AND

MOUNTAIN

AND TRACE ELEMENT CONTENTS

ULTR AMAFIC ROCKS

STOCK PYROXENITES

WITH T HE
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FeO
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Na2O
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KrO/NarO

FeO+Fe2O3,/M9O

Fe2O3lFeO

40.00 39.11

1 .28 1 .41

5.62 9. 1 8

10.52 7.39

8.77 10.08

0.27 0.34

10.82 8.57

1'1 .95 16.10

0.68 1.13

0.76 1 .35

1.50 1.22

1.12 1.19

1.78 2.04

1.20 0.73

40 .27

I .30
? ?ô

4 .28

9.08

o .25

24 .36
'7 .15

1 .06

o .62

0. 38

0.58

0. 55

o.47

41 .55

3. 31

't .25

6. 80

7.77

o.20

1_3 .02

16.93

1 .38

0.70

0.59

0.51

1.12

0.88

5.67

0.17

14.20

15.47

0.53

2.76

0.74

4.06

0.79

0.98

49.30

1.80
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2.40

8. 00

0.17

8. 30

10.80

2 .60

0.24

0.21

1.25
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2.70

15. 30

4.30

8. 30

0.r7
7. 00

9. 00

3.40

1 .20

0. 41

0.3s

1.80

0 .52

53.14

1 .05

15.84

8.10

5.36

7 .90

2.38

1.08

1.27

rRAcE ELEMENTS (ppm)
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Cu
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*)
2000 -
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1.0

0.4
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lsoo '
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20.0

0.4

1.0

*A
120

*?
500--

1 00u
300-
800
30-

100

20'

700

¡ 000

75

60

210

371

390

43

535

538

253

24

t30

14

l0

*,l. Nockolds, S.R., (1954)

*2. WyJ.1ie, P.J., (1967)

*3. Carmichael, I.S.E., et al,

*4.

*5.

*6.

Lo, H.H. and coles, c.c., (1976)

Jakes, P. and tlhite, A,J.R., (1972)

Hyndnan, D.I,l. , ( 1972 )(197 4)
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Ní 1s concentrated in more prímitÍve ultramafics, whÍch are richer in

o1Ívine, bronzite, and more Mg-rich augíte (StanËon, L9723 Carmichael_

et al.,1974). The absence of these minerals along vrith the low nickel

contents of the pyroxenítes suggests an earlíer, hidden process, whereby

the mínerals may have fractionated out of a parental magma at depth and

depleted the residual magma (whích formed the I^Ihiterocks Mountain alkalic

pyroxenítes) ín nícke1.

Mode of Mineralization

Copper mineralízation within the Whiterocks Mountain stock is found

mainly in the arnphibole pyroxeníte with a few scattered occurrences in

the biotite pyroxeníte and the mafíc syeníte-monzonite. Overall the

mineralization is very weak wíth the most sÍgnificant mineralizatíon con-

fined to a relatívely sma11 portÍon of the arnphibole pyroxenite near

the centre of the stock (Fígure 7).

In the amphibole pyroxenite mineralization consisÈs of oxides,

usually magnetite, and- sulphides chalcopyrite and pyríte. The mineraliza-

Èion occurs as disseminated euhedral to subhedral crysÈa1s r,iithin anhedral,

Poikilitic ferrohastingsíte grains whích are replacing aegirine-augite,

and as strínger and fracÈure fillings associated with epidote and blue-

green hornblende. Of the opaques, magnetite is mosÈ common, occurring as

dísseminated grains averaging 3% to 5% of the amphibole pyroxenite, or

locally occurring as clots and stringers and making up to 152 of the

rock. Sulphides (pyrite much greater than chalcopyrite) are most conmon

in areas with abundant epidote and locally constitute up to 5% of the

rock but typically average less than l%.

Ïn addltion, copper values are found ín hígh1y altered zones withÍn

the amphibole pyroxenlte whích contain primary and recrystallízed (less
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than 1 rrn in diameter) aegirine-augíËes. Surrounding the aegÍ-rine-

augites are anhedral opaques. Crude layering is developed where medium-

grained recrystall_ized py-roxene layers grade into and alternate vrith

fine-grained recrystallized pyroxene layers up to 1 cm thick. The layers

conÈain 20% to 50% dÍsseminated and strínger controlled opaque minerals.

Separating the medium-grained layers from the fíne-graíned layers is a

thin rrribbon" of apatite crystals.

In the bíotiÈe pyroxenite opaque minerals (predominantly magnetite,

only rarely sulphídes) occur wiËh the biotite as euhedral to anhedral

grains that fill the interstices between the pyroxenes or concentrate

around theír edges, rimming them (Figures 18 and 19). Minor amounÈs of

pyrite and or chalcopyriÈe also occur along hairline fractures that cut

the biotite pyroxenite but are lined with ferrohastingsíte or coarse

secondary bíotíte.

The largely disseminated character of the opagues, parËicu1ar1y mag-

netite, occurring in the biotiËe pyroxenÍte suggests they are primary

magmatic in origin and crystallized at the same time as biotite but after

the aegirine-augite. The hairline fractures contaÍning sulphides and

ferrohastingsite crystals are relaÈed to another event, probably the

intrusion of the amphíbole pyroxenÍte phase,

Factors Controlling Copper Mineralization

In the mafic syenite-monzonite, weak chalcopyrite and pyrite

mineralízation is present in an area adjacent to amphibole pyroxenite.

Míneralization is stringer and fracture controlled and is associated

r,rith r,¡eak arnphíbole developrnent along fractures. Hydrothermal altera-

tion consisÈs of locaiized weak Èo moderately intense, pervasive and
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scole

Figure 18. Opaque mfnerals (black) along with minor bfotÍËe
(mediu¡n grey) are filling the lnËerstfces between subhedral
to euhedral aegirine - augite crystals (1fght grey). Opaques
are largely magnetite. The rock is a bíotite pyroxenite.
Microphotograph taken under plaín líght.

o mrn' q
l_ l------{ I

5 COle

Flgure 19. Opaque minerals (black) along wiLh bfotite
(medium grey) are fillfng interstices and rimming euhedral
to subhedral aegfrine - auglte (light grey) crystals.
The rock is bloÈíte pyroxenite. Microphotograph taken
under polarfzed ltght.
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fracture controlled epidote replaeement, mínor chlorite and widespread

iron staining.

The mineralization in the amphibole pyroxenite occurs as dissemi-

nated grains, stringers and fracture fi1lings. As in the bÍotite pyro-

xenite, the mineralization postdates development of prÍ-mary Pyroxenes,

occurríng as intersti.tial grains between the aegírine-augites or rimming

the edges of partly corrodedcrystals. Unlíke the dissemínated mineraliza-

tion in the blotÍte pyroxenite, mineralízation in the amphibole pyroxenite

is spatíally associaÈed ¡¿ith Èhe development of coarse, ferrohastingsite

grains urhích are replacíng prlmary aegirine-augite. The opaques (pre-

dominantly chalcopyrite, pyrlte and magnetíte) commonly occur as inclu-

sions within the ferrohastingsites and are therefore thought to be both

older and the same age as them. Alteration minerals do occur and are con-

fined to epÍdote and hornblende development which are largely fracture

controlled and vary in ÍntensiÈy from weak to strong.

The absence of visible mineralization or widespread hydrothermal

alteration in rocks younger Ëhan the amphibole pyroxenite, partícu1ar1y

in the immediately adjacent rocks, ínfers the mineralization is pre-

porphyrític monzonite. When combÍned with the lack of appreciable epigen-

etic urineralization or hydrothermal alteration in rocks older than the

amphibole pyroxenlte (aside from the isolated occurrences in biotÍte

pyroxenite and the mafíc syeníÈe-monzoníte which are both knol¡n to be

associated vrith coarse ferrohastingsíte), Ít seems líke1y that the frac-

ture and strínger controlled mineralizatíon (oxides and sulphides) ís

controlled by the same late pyroxenite stage magmatic fluids that pro-

duced the amphibole pyroxenite. This of course does not apply to the

biotite pyroxeníte ín whích texÈural evÍdence already cited indicates
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the míneralization is not epÍgenetic but rather the result

magmatic crystallizatíon, wiËh intermediate oxygen partía1

conditions (for) suítab1e for the occurrence of magnetite.

of primary

Pressure

The process by v¡hichlthe mineralization ln the I^Ihíterocks Mountain

alkalic pyroxenite formed can be explained by magmatíc differentiatíon.

By this mechanism' coPper and sulphur, both of which do not readily enter

silicate latti.ces, would be enriched in the melt fraction of a fractiona-

Èing rnagma until condítíons were right for the crystalli zation of sulphídes

to occur (Graybeal 
' 1973; Bowen and Gunatilaka , Ig77). Such a situatíon

could have exísted at l,'rhíÈerocks Mountain from a fractionating melt of

pyroxeníte composition that crystallized and separated out a bÍotite pyro-

xenite and mafíc syeníÈe-monzonÍ!e phase, and the remaíning melt fraction
qras enriched ín a number of elements including copper and sulphur. The

resulËing melt subsequently intruded and replaced part of the bíotite
pyroxenite and 1ocal1y the ¡nafic syenite-monzonite. HavÍng been slightly
more ttevolvedtt, the melt was responsible for the formation of ferrohasting-
siËe (after aegirine-augiÈe), plagioclase, K-feldspar and visÍb1e sulphides.

As in the crystarrization of the biotite pyroxenite, oxygen partÍal
pressure (fo) condítions would have been fairly high as indicared by

the presence of abundant magnetite.

Economic Significance of Mineralization

The I^Ihíterocks Mountain stock has been the subject of mineral explora-

Èion, due to the presence of visible sulphides in the pyroxenite. Besides

being examined for its chrome and nickel potential, the ultramafic has

been explored for íts precíous metal content, íncluding gold, sílver,
platÍnum and palladium and urost recently as a possÍb1e alkalíne porphyry

copper prospect.
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The calc-alkalic portion of the stock has also been explored, 
,

primarily for its molybdenum potential (Geology, Exploration, and Mining

ín British ColumbÍa, 1969, p. 300; Exploration in 8.C., L975, p.852;

Ig77, p. E79-E8O; 1978, p.'19:¡.

To date, no known ore deposits exist in the I'rrhiterocks MountaÍn stock

and aside from the Brenda porphyry copper-molybdentrm míne, 23 km south-

west of Whiterocks Mountain, no ore deposits are knor*'n ín the area.

Based on the present study, the potential of the alka1íc rocks for

containing an ore deposít is limíted. The lack of any evidence of a

significant hydrothermal system, including the development of intense,

locallzed fracturing, precludes the possibility of a porphyry copper

deposit. The arnphibole pyroxenite phase does conÈain eopper, but surface

exposures indicate it is erratic in both size and grade and at present

ís far from being an ore deposÍt. Precious metals do occur (go1d, silver

and platinum mínerals were identifíed in at least one polished section)

wíthin the amphibole pyroxenite, but again are very erratic in theír

distribution.

Nickel and chrome also appear t.o be unimportant in the pyroxenite.

Although the possibility does exíst that nickel may be found at depÈh,

it is unlikely that exploration for it will be undertaken.
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CHAPTER V]

ALTERATION

Introduc t ion

Alteration wiËhin the l+rhiterocks Mountain alkalic complex consists

of a combination of regional greenschÍsÈ facies metamorphísm, probably

induced by the Columbian Orogeny, hydrothermal alteration associated

with the porphyritic leucocratic qvartz diorite dykes, and deuteric altera-

tion that produced the amphibole pyroxenite.

The regional metamorphisrn, including Èhat due to the intrusion of

younger plutonic rocks, produced weak fracturing with epidote, chlorite

and sericíte minerals filling fractures. Much of the vísib1e alteration

in Lhe mafic syeníte-monzoniËe and in the porphyritic monzonite ís of

this Èype.

Hydrothermal alteration associated with porphyrític leucocraÈic

quartz diorite dykes consísts of coarse, secondary biotite development

prímarily along fractures in the amphibole and biotite pyroxenítes and

includes the formation of the hydrothermal bÍotiËe breccias and more

locallized biotÍte replacement of amphiboles and pyroxenes in the mafic

syenÍte-monzonite. Locally, weak to moderaËe serícite mineral develop-

menÈ, usually after plagíoclase, can be observed in the porphyrític mon-

zoniÈe.

The mosÈ abundant and obvious alteration of the alkalic complex is

Èhe late magmatic or deuteríc alteration that produced Èhe amphibole

pyroxenite and 1ocally altered the mafic syeníte-monzonite. This phase

of alteration ís both pervasive and fracture controlled. It is identi-

fied by the presence of large, poikí1ltíc ferrohastingsÍte minerals,

accompanied by varying amounts of epÍdote and hornblende.
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Temperature-Pressure Condítions of Late I'fagmati-c Alteration

The conditions that existed during the laËe magmatíc alteration

of biotite pyroxenite to amphibole pyroxenite are best explaíned by work

carried out by Bailey (1969) on the hydration of aegirine. The similar-

ity that exisÈs between the alkaline rich mineral system, acmite (Wafe+3

ßtroJ) - arfvedsonire-rÍebeckíte (*.z.rc".rrel2siz.sA1 
.sozz(oH)2), and

Ehe calcium rich mineral- system aegirine-augÍÈe ((Na,Ca) (f"+3,F"+2,Mg¡

þiro61) - ferrohasÈíngsite (naca, ref2 (al,pe+3) Ãrzsi,ozz (oH,F)2) is

such that results obtaíned by Bailey may be exÈrapolated for an approxi-

mate ínterpretation.of the conditions existing at Whiterocks Mountain.

That is, the replacement of aegirine-augite rich, biotite pyroxenite by

amphibole pyroxenite rich in ferrohastingsite 1ike1y occurred by moderately

oxidizing (magnetiËe field of stability) fluids that were sufficiently

hot enough to react v¿ith the pyroxenes to form amphibole plus magnetite.

Bailey (1969) showed experímentally that aegirine by Ítse1f was sÈable in

the presence of fluid H2O (P = 2 to 4 k bars) and temperatures 700-750oC

(subsolidus) for oxygen fugacÍties of the nícke1 * nickel oxíde equÍ1i-

brium, but for the more reducing conditions of the Íron * r¿ustÍte equilí-

bríum, T = 600 to 7O0o (subsolidus), aegirine is replaced by arfvedsonite.

This reactíon would release sodir¡n disílicate or consume Sí0, + 41203;

the absence of a1bíte or nepheline suggests Èhe latter. The presence

of magnetj-te as a product suggests that some Ca and A1 were available to

permit release of iron instead of iÈs íncorporation into the amphibole.
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CHAPTER VII

PETROCHEMISTRY

Introduc t ion

Mapping of the l+rhiterocks Mountain stock indícated two different

suites of rocks existed, one a bíotiÈe bearing, quartz-rich suite, and

the other an augÍ-te bearíng, quartz-poor suite of the alkaline family of

rocks. Analysis of 39 rock specimens from the stock for major and minor

elemenËs plus the trace elements Ba, Rb and Sr and an additÍonal 7 specímens

analyzed only for the trace elements (Tables 4 and 5) has confirmed the

presence of two distínct, though probably related suites of rocks, one

alkalic, the other calc-alkaIic.

Major and Minor Elements

A. Alkalic Suite of Rocks

The alkalic suíte of rocks is characterized by liÈt1e to no modal

or normative quartz in all but the most felsíc phase (leucocratic quartz

monzonite, Appendíces A and B) and by the occurrence of normatíve olivine

and nepheline in most of the analyzed rocks and of normative leucite ín

most of the analyzed pyroxeni-tes (Appendix D).

On a Èota1 alkalis vs. Sí0, diagram (Figure 2O), the quartz-poor

rocks plot in the alkaline field, in an area determÍned by Currie (I976)

Èo belong to the alkali basalt family of rocks.

In a similar diagram that includes the relationship between CaO and

Si02 (Figure 21) , the intersection of the two trends (CaO vs. SiO, and

NarO * KrO vs. SiO2) can be used to determine the Peacock index (Peacock,

1931). For the alkalic rocks the índex is about 52, which puts Èhem

in the alkalic-calcic group of Peacock, but as it is close to the boundary
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they will continue t.o be called "alkallc" in this report. This nane is

also in accordance with Curriers classíficatíon in Fígure 20 (Currie,

L97 6)

Harker varíaÈion diagrarns for the al-kalíc rocks show that CaO, total

Fe and MgO decrease wíth increasing Sí0, while NarO, KrO and 41203 increase

with Íncreasing SiO, (Figure 22). Lines drawn by inspection through the

plotted points define smooth curves with few specimens aside from some

pyroxenites plotting far from them. The regularity in the variation of

Ëhe oxides from Èhe different alkal-ic phases corresponds Èo a change

from ultramafic to leucocratic rocks. This suggests that all the alkalic

rocks have a common magmatic origin, probably through a process of crystal

frac t ionat ion .

A similar conclusion may be arrived at by drawing a curve through

the data points ploÈted on Ehe toÈa1 alkalis vs. SiO, diagram (Figure 20).

In thÍs case, the line drav¡n by inspection depícts il trend that shows

Èhe pyroxeniÈes, rnafíc syerrite-monzonite and porphyritic monzoníte be-

couring more "alkaline" wÍth increasing SiO' however the leucocratic

quartz monzoníte unít diverges sharply from this trend and ploÈs as a

transiÈÍonal phase between the alkalic and sub-alka1ine rocks. The

relative smoothness of the curve suggesÈs Èhat the data may define a

magma that has fractíonated from a qvattz-defícient, undersaturated

pyroxeníte through monzonites to a weakly saturated, quarÈz-bearing

leucocratic quartz monzonit.e.

AddítÍonal support for relatíng

leucocratic quartz monzoníte through

may be obtained from data plotted on

23). Here, as in previous examples,

the alkalic pyroxenites to the

a process of crystal fractionation

an A.F.M. ternary diagram (Figure

data poínts from the varíous
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FIGURE 22
HARKER

vs. s¡oz

VARIATION

FOR

WHITE RO CKS

DIAGRAMS SHOWING MAJOR OXIDES

THE ALKALIC ROCKS FROM THE

MOUNTAIN STOCK
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alkalic phases may be connected by a relatively smooth curve that runs

through the pyroxenites, mafic syenite-monzoniËes, porphyritic monzonites

and leucocratíc quartz monzonites in a systematíc and orderly fashion.

B. Calc-Alkalic Suite of Rocks

The second major component of the Lrhiterocks Mountain stock is the

calc-alkalic group of rocks. These are characterized by abundant (I5"A -

257.) modal and normative quartz, normative corundum and hypersthene and

no normatíve feldspathoids or olivine (refer to Appendix D, samples

782, 1BB).

On an alkalis vs. SiO, variation dÍagram, the samples all plot in

a fairly sma11 area within the sut-alkaline field (Figure 20). By attempt-

ing to exÈrapolat.e possible fractionation trends, a Peacock index of

just over 56 can be inferred, making the rocks calc-alkalic by this method

of classification (Figure 2L).

On Èhe 4.F.1'1. diagram (Fígure 23), the calc-alkalic rocks plot in

line wÍth the alkalic rocks, and no distinction between the two suites

of rocks can be made.

C. Porphyritic Leucocratíc Quartz Diorite Dvkes

The geochemícal data obtained on the porphyritic leucocratic quartz

diorite dykes has been included on all díagrams and though there ís a

scatÈer, the dykes tend to plot in Ëhe same fÍeld as the calc-alka1ic

rocks. This adds to the textural and mineralogícal evidence already

given in suggesting that the dykes originated from the calc-alkalic

portion of the Whiterocks Mountain stock. The scatter in the data is Ëhought

to be the effect of associated hydrothermal fluids. For example, dyke

sample A-1 contains over L4lZ Ba and sampl e A-2 contains over 5Z Ba (Table 4) .
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In addition, these and many other dykes in the central and western- portions

of the a1kalÍc comþlex (Figure 7) are associated with hydrothermal altera-

tion, which has resulted in developmenË of biotite and sericite. However,

some of the variation 1ikely reflects a primary chemÍca1 diversity which

is expressed as mineralogical and textural differences between different

exposures of the same dykes or between different dykes. Overall, the

similariËy in chemistry, mineralogy and texture between the calc-alkalic

rocks and the least altered porphyritic leucocratic quartz diorite dykes

¡shen combíned with the fíe1d relationships infers they are of a simílar

age and origín.

Petrogenetic Trace Elements: Ba, Rb, and Sr

During a process of crystal fractionaÈion within a magmatic melt,

Ba, Rb and Sr are typically enriched in the residual liquid as incompatible

elements (Mason, 7966; Carmichael et a1., I974; Krauskopf, 1979) and as

such become progressÍvely enriched in the more felsic rock types. Stron-

tium substiËutes for Ca, and Rb and Ba for K, though Ba seems to be en-

riched in early formed K mj-nerals whereas Rb is enriched in 1aÈe formed

K rich minerals. Because of this, all rock samples from the l,trhiterocks

MountaÍn stock were analyzed for Sr, Ba and Rb and theír values plotted

on a number of variatíon diagrams.

Sr is enrÍched frorn 361 pprn to 2135 ppm for the pyroxenites through

to the porphyritic monzonite, it decreases slightly to an average I24I

ppm for the leucocratÍc quartz monzonite and decreases further to an

average 571 ppm for porphyritic leucocratic quartz díorite dykes and 400

ppm for qvartz monzonítes and granodiorites.

Rb values sho\^r no systematic change and range from 17 to 127 ppm

for the alkalic rocks and from 25 to 232 for the calc-alkalic rocks. The

lack of variat,ion in the Rb contenÈs is unexplaíned.
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CHEMICAL VARIATION DIAGRAM SHOWING
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On the Sr vs. Ba varíation diagram (Figure 25), the data is m¡:ch

more scattered, with a greaÈer increase of Sr than Ba for the pyroxenites

Èhrough t.o the porphyritic monzonite. This trend is broken by a sudden

drop in Sr values for the leucocratic quartz monzonite. The calc-a1ka1ic

rocks (prímarily quartz monzonítes) have similar Sr conËents to the alkalic

pyroxenites, but contaín more Ba. Anomalously high contents of Ba are found

ín some of the dyke specimens which are knor¿n to come from areas v¡here

hydrothermal alteration is evident.

On the Ba vs. Rb variation diagram (Figure 26) the pyroxenires,

mafic syenite-monzonÍte and porphyritic monzonite all show strong pro-

gressive enrichment in Ba relative to Rb, inferring íncreasing fractiona-

tion. The leucocratic quartz monzonite however, shows a reverse in Ëhe

trend wíth a slight decrease in Ba content. The calc-alkalic rocks shov¡

tremendous variaÈíon in Ba, ranging fromvalues equal to those of the

alkalic pyroxenítes to values far exceeding those of the porphyritic mon-

zoníte.

0n the Ca/Sr vs. K/Rb variation diagram (Figure 27), Ëhe data plotted

shows a change from high Ca/sr for the bÍotite pyroxenite to 1ow ca/sr

values for the felsic, leucocraEic quarÈz monzonite. However, wÍthin

each of the alkalic rock units there is consíderable varíation Ín the

K/Rb ratio. The calc-alka1ic rocks show simílar variation in the K/Rb

values. The porphyrític leucocratic quartz diorite dykes have Èremendous

differences r¡hich líkely reflect a combínation of primary magmatic

differences and hydrothermal alteratÍon effects.

Rock Geochemical Results and Èheir Interpretatíon

Under normal magmaÈic fractfonation processes, Sr, Ba and Rb should

be enrlched in the resldual líquÍd and hence occur in increased amounts
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FIGURE 26
C H EMIC AL VARIATION DIAGRAM SHOIflING
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in the more felsic rock members of a fractionated series. The K/Rb and

Ca/Sr ratios should decrease with increasing fractíonation and the K/Ba

and Rb/Sr ratios should increase wíth increasing fractionation (Mason,

1966; Carmichael et al., Lg74; Krauskopf, LgTg).

For the ltrhiterocks Mountain alkalic complex, the K/Rb ratio

(Appendix E) íncreases from a 1ow of I24.5 for a bíotíte pyroxenite

to a high of.7I5.5 for a porphyritÍc monzoníte. The K/Ba ratío does

show an íncrease from the pyroxenites to the rnafj-c syenite-monzonite

as expected, but is fairly constanÈ for porphyritíc monzonite, and in

the leucocratíc qvartz monzonite phase ít drops and continues to decrease

for the calc-a1kalíc suite of rocks.

The Rb/Sr ratio also behaves dífferently than expected, as is

aPparent in Figure 24. The ratio actually decreases ín value from the

alkalic pyroxenítes through to the porphyritic monzonite. The leuco-

cratic quartz monzoníte generally has higher Rb/Sr values than the por-

phyritic monzonite and as in the orher rarios (K/Rb, KfBa, Ba/Rb) signifies

an apparent change in the fractionation trend.

These chemícal trends appear to be contrary to those expected under

normal magmatic differentíation processes. However, they can be explained

by separatíon of biotíte from the melt as shor^m by Hanson (1978) in his

study on mineral/melt distribution coefficients for Ba, Rb, Sr and K in

granitic rocks.

Since Ba and Rb readily substitute for K in biotÍ-te, the result of

crystallizing out bíotite ís to leave a melt depleted in Ba and Rb or Èo

produce decreasing Rb/Sr and fncreasing K/Rb and K/Ba ratios. Such a

phenomenon could be responsible for Ëhe Rb/Sr ratios that show a decrease

and Èhe K/Rb and K/Ba ratios ÈhaÈ show an increase up to the porphyritic



monzonite phase. It is likely that the effect.s

tion of biotite have been lost from the melt by

72

of the early cryst4lliza-

thís stage and ror" "noa*al"

crystal fractionation can then take place.

The Ca/Sr ratío does'not show any devíation from that expected under

normal magmatic differíation because neither elemenËs substítute appreciably

ínÈo any of the early forming mÍnerals in the stock.

Although the early crystallizatíon of biotite largely determined

the chemical pattern of the mafÍc syenÍte-monzonite and porphyritÍc mon-

zoníte, the subsequent fractionation of ferrohastingsite and plagioclase

were 1íkely responsíble for forming the rocks that followed and the change

in the geochemical patterns.

The sígnifícance of thís explanation for the observed geochemical

patterns is that it adds support to the hypothesis thaË all the rocks in

the LTL¡iterocks Mountain stock could be related through a process of crystal

frac t ionat ion.

Even the bíotÍte pyroxeníte has characteristics which suggest it is

the magmaÈic residual of another magma r^rhich fractionated at depth. These

features include the cumulate nature of the biotite pyroxenite shown by

the presence of thTo essential mÍnerals: aegiríne-augite and biotite.

No trace of olÍvine r^'as found which is rare for an alkalÍc pyroxeníte.

rn addition to the míneralogy, the geochemistry of the pyroxenites,

when compared Èo other ultramafic bodies as in Table 3, suggests the

hÏhiterocks Mountain ultramafícs are not derived straight from the mantle.

This is evident in theír depletion in MgO and enrichment in PrO, and

total Fe, especially the Fero, componenÈ. A1so, the l,,rhlterocks Mountain

ultramafíc is strongly depleted Ín Ní and enriched ín Sr, Ba and Rb

when compared Èo other ultramafícs.
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The closest similarity in chemistry to that of the Whiterocks,

Mountain alkalfc pyroxeníte is with average alkalíne basalts (Tab1e 3),

suggesting the pyroxenites are more equivalent to a parËial1y evolved

mafic rock. This is most evident in the traee erements, where the

alkaline basalËs show sÍmilar, though slightly higher values for Ní,

sr, Ba and Rb. However, differences ín Èhe major oxides do exisÈ (ex-

cluding those that may be simply relaÈed to differences between mafic

and ultramaflc rocks), including much higher Tio, content and lower

PrO, contenË and KrO/NarO ratios for the alkaline basalts.
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CHÀPTER VIIT

AGE DETERMINATIONS

Introduction

The age of the Whiterocks Mountain stock r.¡as guessed at by cornparing

the rocks v¡ith similar looking rocks of knor^m ages f rom other areas.

This rnethod led Cairnes (1937) and Jones (1959) ro group the rocks wirh

Ëhe nearby "Jurassíc or LaËer't fntrusives. Little (1961), however,

consídered the rocks Èo be much younger, i.e. o1ígocene. Recently,

OkulÍtch (L979) mapped the area and considered the rocks to be Eocene

or Paleocene in age.

The resulËs of the present sËudy

of two different suites of rocks that

but appear to be of differenÈ ages.

that the alkalic rocks are older than

to establish the approximate ages of

ages vrere determined.

indicate the stock ís composed

may be related to a common source

Intrusive relationshÍps suggest

the calc-alkalic rocks. In order

the plutonic rocks K-Ar and Rb-Sr

Ages and Interpretatíon

rn consideration of possible resettíng of K-Ar age dates by an in-

tense regíonal Ëhermal event associated with the intrusion of Coryell

plutonic rocks 50 m.y. ago, as suggested by l"fedford (1975), âBe deter-

minations ltere attempted usíng Rb-Sr methods. However, high Sr contents

of the alkalíc rocks produced low Rb/Sr ratíos and precluded any attempt

at obtaining a whole rock Rb-sr age date for t,he alkalÍc complex. rn-

stead a 6-poínt, whole rock Rb/sr isochron, giving an age of r47 * 6 rn.y.

and an iníria1 sr87/sr86 rario of .7039 +.0002 ¡¡as obtained (by R. L.

Armstrong,1979, at u.B.c. for comínco Ltd.) from an aplite dyke and
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five quartz monzoniÈe samples from the calc-alka1íc portion of the, stock.

In addition, a Rb-Sr age of I49 + 22 m.y. lras determine¿ (by R. L.

Armstrong, 1980, at U.U.a. for Cominco Ltd.) from two biotlte mineral

concentrates obtained from the biotite pyroxenite. One specimen consisted

of coarse biotite taken from a hydrothermal biotite breccia and the second

sample was of relaËive1y fresh biotite pyroxenite with only mínimal

secondary bíotite development.

The overlap in the Èwo Rb-Sr ages indicates that either both Èhe

alkalic and calc-alkalic portions of the stock are so símilar ín age

that r,Jithin Èhe limits of error the two complexes cannot be separated

by Rb-Sr age dating meÈhods, or it means that only the secondary biotite

is similar in age to the calc-alkalic complex. Because the secondary

biotite is hydrothermal in origín and appears to have formed as a

direct result of the emplacement of the calc-a1ka1ic dykes, it appears

thaÈ Èhe Rb-Sr age dates obtained 1ike1y reflect emplacemenÈ of the

calc-alkaIic portíon of the Lrhiterocks Mountain stock. This hypothesis

ís supported by K/Ar dates of ]-47 * 5 m.y. and ].45 + 5 m.y. and a Rb-Sr

dare of 154 + 6 *.y. wirh an iniriat sr87/sr86 rrtio of 0.7050 obtained

by WilkÍns (1981) for the porphyriÈic leucocratic quartz diorite dykes.

In an attempt to narrow down the age of the alkalic complex, K/Ar

daÈes of 169 * 6 m.y. for the porphyritic monzonite and L74 * 6 m.y.

for the amphibole pyroxenite were obtained. A1so, whole rock plus

orthoclase, plagioclase and hornblende míneral separaÈes produced a

Rb-sr isochron of. 29:- * 38 rn.y. wirh an Íníria1 sr87 /sr86 rario of

0.70355 + 0.00017 for the porphyritic monzoníte and 338 + 37 n.y.

¡¡ith an ínirial sr87/sr86 rarío of 0.7037 + 0.00013 for the l-eucocratic

quartz monzonite (Wilkins, 1981).
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The K/Ar results obtaíned ín the dating of the alkalic cornplex are

similar to K/Ar dates obtained for other alkalic complexes of comparable

composition in southern B.c. These include a 2oo-1g1 n.y. age for
the copper Mountain ínrrusíves (preto, rg72), a 191-177 m.y. age for
the Kruger alkalic complex (petts and Armstrong, 1976), a 168-149 m,y.

age for the ol1a1a alkalic complex (I^rilkins, 19g1), and a r74 m.y. age

for the Tulameen ultramafíc complex (f.ox, 1973).

0f the above, the Kruger alkalic complex most crosely resembles

the alkalic rocks of the l,rlhiterocks Mountain stock. Not only is it
si¡nilar ín lithologv and chemistry, it also has a simirar K/Ar age

and occurs at the periphery of the Similkameen i.ntrusive complex (south-

eastern edge) where iÈ is intÍmately assocíated with quartz-rich rocks
(Campbe11, 1939; Iox, Ig73), As such it was thought these rocks may

represent the oldest phases of the Sinílkameen and okanagan intrusÍve
complexes. Also, based on a similar K/Ar age and the presence of ultra_
mafic to mafic alkalíc rocks, the ollala alkalic complex may be part
of these oldest intrusive groups.

However, the Rb-Sr dates ot 29I * 3g n.y. and 33g + 37 rn.y. suggesÈ

the alkalíc rocks of the Lrhiterocks Ìlountain stock mav be Lower Missíssippian
to Middle Pennsylvanian in age. rf so, these rocks are not only considera-

bly older than the calc-alkali.c rocks making up the remainder of the

stock, thev are older than all other intrusive rocks in the area (except

the serpentínized, Mississippían or older, o1d Dave intrusÍons).
In order to confirm these older ages for the alkalic rocks, Armstrong

(in progress) is attempting to daÈe the porphyritic monzonite and leucocratic
quartz monzonite wiÈh zírcons. If this work should agree with paleozoic

Rb-Sr ages obtained by hlilkins (1981), then it seerns quíte possíble other
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a1ka1íc complexes of comparable lithology and geochemístry that have K/Ar

ages ín the 2OO-150 rn.y. range have been wrongly ÍnterpreÈed. u*"rnpt.s

include the O11ala and Kruger alkalic complexes.

In contrast to the age discrepancies observed for the alkalic rocks,

K/Ar and Rb-Sr ap¡es for the calc-alkalíc rocks of the I,,rhiterocks Mountain

sÈock are in agreement with one another. The ages of about 150 rn.y. are

also in agreement wíth the 154 + 6 rn.y. age determined for granÍtes,

quartz monzonítes and granodíorites of the Okanagan complex to the south

(PetB and Armstrong, I976). In addition, these dates are within one

standard deviatíon of the 146 m.y. R/Ãr date obtained from a hydrothermal

biotite sample at the Brenda porphyry copper-molybdenum mine, (Figure 1),

23 km southwest of the Inlhiterocks Mountaín stock (Soregaroli and i^Ihítford,

L976).

The results of age datíng show the calc-alkalíc portíon of the

hrhiterocks Mountain stock is coeval Èo the younger phases of the Okanagan

complex. It also indicates the rnagmatíc episode responsible for producing

the Brenda copper-molybdenum deposit ís very close in age and possíb1y

related to the magmatÍc activity that produced the calc-alkalic rocks of

Ëhe Whiterocks Mountaín stock. The older, associated alkalic rocks of

the stock may be coeval r.¡ith the oldest rocks in the Okanagan intrusive

complex, as suggested by the K/Ar dates, or may be the oldesË intrusive

complexes in the area as indicated by the Rb-Sr dates.
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CHAPTER IX

CONCLUSIONS

The trIhiÈerocks MounÈain stock is composed of a iliddle Jurassic

to possibly Lor"er Mississippian suite of alkalic rocks that range from

biotit.e pyroxenite to leucocratic qvartz monzonite. They are generally

characterized by the absence of quartz and the presence of aegirine-

augite and ferrohastingsite. Intruding these rocks are a number of por-

phyritic leucocratic quartz diorite dykes that texturally, mineralogically

and chemically resemble the quartz rích, biotite bearing calc-a1kalic rocks

making up the remainder of the stock. Examinatíon of C.I.P.I^1 . norms,

major and minor element geochemistry, petrogenetic trace elements Ba,

Rb and Sr and modal mineralogy all indicate the amphibole pyroxenite,

mafic syenite-monzonite, porphyriti-c monzonite and leucocratic guartz

monzonite are related to Ëhe biotite pvroxeníte through crystal fractiona-

tion. Ïnitial geochemícal trends, particularly those involving Rb and

Ba were determined by the early separation of bíotite from the rnelt.

Subsequent fractionation of ferrohastingsíte and plagioclase established

more "normal" magmatic differenÈÍation trends and likely account for the

transition of Èhe alkalic rocks into quartz-bearing calc-a1ka1ic rocks.

The leucocratic quartz monzonite uníÈ appears to be the transitional

phase betr¿een the quartz-poor and quartz-rich rocks.

Isotopic dating of the calc-aIka1ic portion of the stock has esta-

blished Ít as beÍng about 150 m.y. (Upper Jurassic) in age. This is

similar in age t.o rocks of comparable composíÈion belonging to the

Okanagan intrusive complex to the souÈh. In addition ít Ís very close

ín agreement wiÈh the age of hydrothermal activity occurring at the Brenda

porphyry copper-molybdenurn mine, 23 kn southwest of the Ltriterocks Mountain
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sËock. IÈ also is the age of the secondary biotíte observed ín the

alkalic complex although it is defínitely not the age of minera tization

associated with the amphibole pyroxenite.

The age of the alkalíc rocks varies from 169 m.y. to I74 m.y.

(Middle Jurassic) according to K/Ar age dating methods to 29I m.y. to

338 rn.y. (Middle PennsylvanÍan to Lower Mississíppian) by Rb-Sr dating

methods. Country rocks adjacent to the stock are Mississippían to

Triassic in age and therefore do not aid in furÈher delineating the

age of the rocks.

Although Èhe biotite pyroxenite appears to be the second phase to

have crystallÍzed in the Whiterocks Hountain stock, its origin is un-

certain. The cr¡nulate nature of the unit suggests ít may be a fractionated

phase of a Larger ultramafic body occurring at depth. Its geochemistry,

partÍcu1ar1y the low l"fgO, Ni, TiO, and Rb/Sr values combined with rela-

tively high total Te, P205, K, Sr and KrO/Naro values inciicate the rock

is highlv evolved.

rnírial sr87/st86 rarios of 0.7035 + 0.0002 and 0.lo3l + 0.0001

obtained for Èhe alkalic rocks, and 0.7039 and 0.7050 for the calc-

alkalic rocks are consisËent for magmas derived from mantle sources.

However they more IikeIy represent magma derived from melting subducÈed

oceanic 1íthosphere or pre-intrusive volcanogenic rocks as previously

suggested by PetU and Armstrong (1976).
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APPENDIX

PARTIAL MODES INü VOLUME PERCEruT FOR SOME

ROCKS FROM THE WHITEROCKS MOUNTAII{ ALKALIC
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APPENDIX

CALCULATED

FOR ROCKS

RATIOS

FROM

OF

THE

VARIOUS ELEMENTS AND OXIDES

W H ITEROCKS MOUNTAIN STOCK
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