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ABËTRACT

Massive sulfide deposits in gneissic terrains are hosted by rocks

which have a greater proportion of sedimentary component than comparable

deposits located in adjacent greenstone terrains.

I{aII - rock petrography and 223 chernical analyses for six gneiss -

hosted deposits are presented. Four deposlts are situated in the

canadian shield (sherridon, Hanitoba; Geco, Ontario; Montauban, 0uebec

and New Calumetr Ouebec); one is in the Proterozoic core of the Colorado

Front Ranges' U.S.A. (North Haysvllle) antl one is in the Willyama

structural Province of the Australlan shleld (Broken Hilt, N.s.vJ.). The

high metamorphic grades involved in these gneiss-hosted o¡e deposits

mask the orlginal characterlstics of the host rocks,

Chemical variation diagrams intlicate that the sillimanite - bearing

gneisses and schists conmon to alt the deposits are rocks with low

quantities of K20, caO, Na20 and Ti02, geochemically similar to the ress

altered volcanic rocks found at the outer margins of the alteration
pipes associate with sone volcanogenic nassive sulfide deposits of

greenstone terrane. Cordierite - anthophyltite rocks have some of the

attributes of lron formations, and also sone of the attributes of those

rocks found at the cores of the alteration pipes associated with

volcanogenic massive sulfltle cleposits of greenstone terranes. They are

enrlched, with respect to other enveloping rocks, in Hgo and Feo and

contain low quantities of Na20, cao, K20, Ni and Ti0z. Resurts indicate

that the metamorphic host rocks of gnelss - hosted ore deposits

represent physical mixtures of epiclastic setlinents (some of which may

be altered volcanic material erupted from a hydrothermal vent) and

chemical sedlments (rshose source is the same hydrothermar vent).
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IHAFTER I

STATEHENT OF THE FROBTEH

1.1 Introduction

Arthough the known occurrences of base metar (cu, zn, pb) massive

sulfide deposits in gneissic terraln are fewer in comparison with

sfmilar deposits in greenstone terraln, some of the largest deposits of

this class (Broken HiIl, N.S.W.; Gamsberg, South Àfrica and prieska,

south Afr1ca) are founcl ln thls setting. The origin and ileposltlonal

environmenL of these deposits are enigmatic.

The mutual relationship of granite - greenstone and granulite -
gnelss terralns ls a research problem of long standlng. but |s stlll
inconclusively lnterpreted. Beakhouse (19S5) has put foreward a model

which portrays the relationship of the English River Gneiss Belt and the

greenstone - tonalite paragneisses adjacent to its northern and southern

contacts as a former lithofacies change between fundamentally different

depositional environments. He has suggested that the sedimentary

precursors of the Ear FalIs - Hanigotogan paragnelsses were deposited

synchronously with the volcano - setllmentary precursors of the adjacent

greenstone - tonalite terrains. À similar genetic relationship has been

ascrlbed to the Klsseynew cnelsg Belt and the flanklng Flfn Flon - snow

Lake Greenstone Belt 1n the churchill structural province of the

to

the

aI,

Canadian Shielcl (Gale et aI, 1980; Bailes ancl McRitchie, l_g?g )

the Ouetico Gneiss BeIt and its flanking greenstone belts

superior structurar provlnce of the canadian shielcl (Goodwin

and

in

et
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1972¡ MacKasey, Blackburn and Trowell, 19?4). If greenstone and adjacent

gnelsslc terralns developed contemporaneously, an analogy or correlatton

llEly be drawn between those nasslve sulflde deposlts of greenstone

terrain and those of gneissic terrains. Such a correlation has in fact

been mðde for nasslve sulftde deposlts of the volcano - sedlmentary

rrexhalativeil type (fe Cu Zn + pb composition) (GaIe et al, 19g0) and

may be expanded to include other massive sulfide deposits generated in a

comparable geotectonlc setting elsewhere ( i.e. at convergent plate

boundaries ) .

L.2 Scope of the Thesls

Table 1-1 is a conpilation of data on selected massive sulfide

deposlts' grouped accordlng to ore metal compositton, Includecl with

sone of the more pertinent characterlstics of these deposits are some

conclusions on their possible genesis, summarized from the titerature.

Thls compllatlon lncludes the flve North Amerlcan masslve sulfide

deposits which are further treated ln this study plus other deposits,

arl of which have been subjected to various degrees of metanorphism.

The flve North Amerlcan deposlts considered here are located in the

ChurchiIl Structural Province of the Canadian ShieId (Sherridon area of

Manitoba); in the Grenville Province of the Canadian Shield (New Calumet

and Tetreault Mlnes, Ouebec); in the Superior Structural provlnce of the

canadlan shield (Geco Mlne, Hanitouwadge, ontario); and in the

Precambrian basement of the Colorado Front Ranges (N. MaysviIIe deposit,

colorado) ' The general settlng of aII these depostts flts the general

model of gnelss belt stratigraphy suggested by vllson et aI (19?6).
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TÀBLE 1-1 ConpilaÈ1on
MêEã

and Brlef
1t10n.

Descrlpclon of Selecred ltasslve Sulflde Deposlts of the World Arranged by ore

I'IETAL
TYPÊ EXÁ.I'fPLE REGION

Fe, Zn, Pb Fa1un, Bergslagen
(cu¡ cenÈral

Sweden

Sulllvan base of
souch Ëhe upper
central Proterozofc
B.C. Purcell
Canada Supergroup

Broken Broken HlIl
HlIl Block of che
Main Lode Willyama
N,S.W. Conplex
Aus trallâ

GEOLOGY

concordant sul-flde
mlnerallzaclon occurs
withln a serles of
felslc co lnremed-
iace volcanlcs a¡rd
assoclated sedimencary
rocks metamorphosed
co amphlbollÈe facles

well laminaced mas-
slve sulflde orebody
occurs wlthin grey-
wakes & arg11llEes of
che Lower Aldridge Fm.
Orebodles are concor-
danc and straÈigraph-
1ca1ly underlain by
an alceraÈIon pipe

6 large produccive
Ag-Pb-Zn lodes
concordant w1Ëh Èhe
mecanorphlc fabric
are localed 1n a
small drag fold on
che easc flank of
a major syncllne

nassive sulflde bodles
concordanÈ wiEh the
loca1 cectonlc fabrlc
occur u1thln ProÈexo-
zofc netavolcanic &
me tased lmencary
gneisses of che
Grenville Supergroup

massive suffide bodles
concordant wlch
Èecconlc fabrlc of
hosÈ gnelsses

EADUIAT
bodfes of nassfve &
dlssenlnared sulfldes
concordanÈ wirh the
local tectonlc fabrlc

Èhree concordanÈ
otebodles of nasslve
and/or dlssemfnated
sulfldes vfchln
volcanic flows
pyroclasclcs wirh
subordlnaÈe anounts
of clasclc sedlnenÈs
of the Anlsk
S up er-group

HOST LITHOLOGI

nlnerallzaffon is
hosËed by quartz-
feldspar gnelsses
refer¡ed to as
"Iepc1tes", Incer-
calatlons of meca-
linescone, & lron
formatlon occur
wlthin Èhe neËa-
volcanlcs which are
overlaln by
me camorpho s ed
pellces, and grey-
wackes.

foocwall rocks
conslsc of tourma- 155 ¡f
lln1zed breccia &

stockwork. Argll- 6,6"1
11t.es occur as 5.7 Zn
lnCerbands wichln 68 g,Àg
the well-banded
massive J-ead, zlnc
and lron sulfides.
Hanglng wall argll-
lftes 6 gre¡ruackes
are locall-y albicized.

netamorphlc rocks 180 M
chaÈ hosr the ore- ll.3Z pb
bodles consisE of 9,82 Zn
felsfc gneises 75 g.Ag
overlafn by banded
fron fomaËlon &
anphlbollte. The
'rPocosi Gneiss"
(neta-rhyo11ce),
amphlbollce, banded
fron formaElon &

psmopell clc
gneLsses are rock
unlcs mosc closefy
assoclaËed viÈh
the ore lenses

hosË rocks include 2.4 l,l
a cordierlce-
anchophyrriie 4'532 zn
.o"t,' rár.-.".bor".u. 1:542 Pb

carcistllcace ånà -' /5 g ' ¡\g

quarcz-feldspar- '6 g'Au

bioÈ1te gnelss

hosc rocks include 4 M
a cordlerite-
anthophyllite rock, ?'2V z"

"^r.-.iit..." 
l'82 Pb

gneiss amphlbo- 40 g'Ag
11ces, necaquarcz-
lËes & quarËz-feldspar-

feldspar-(biorice) 5't Cu
gneisses and
schls rs , fron
formatlon and
amphibolltes

ore 1s hosred pre- I.4 ¡f
donlnancly by a
cord.-antlì. rock- c'¿/e

Other rocks incÌude cu

bioÈlte gneisses,
amphlbollLies and
feJ.slc gnelsses of
volcanic origln

(tonnes) PROPOSED

& GR¡ÐE ORIGIN

me camorphogenic
or chenlcal-
s ed lnen Eary

REFERENCE

Magnusson
(r950)

Magnua aon

Fe, Cu
(zn)

Gr env 1Ì1ereEreautE
¡fine sÈrucÈura_L

Drovanc efloncauban
Quebec
Canada

Neu Calumeuc
f,lì -^ Grenvllle
'j-:'' Scruc¡ural
UAIUNCE

. rrovlncelSland t

Quebec,
Canada

vl1le core of che
near Colorado
Sal1da, Fronr Ranges
Colorado
u.s.A.

Coronation
Mine s.t.I. Flln Flon
of Fltn ureenscone

Þel-tllon,
canada Lnurchllr

frovlnce

.ilays- Procerozoic 5 evela S

series of quarcz- 55'000 volcaníc-
exha la È lve

exhalative-
sedinentary
orlgin assoc-
lated wlch
bas in
devefopmenÈ

minerall za cion
fs spaÈ1a1Iy &

probably geneË-
ically reLated
to banded lro¡¡
f omatlons

vo lcanic-
exha 1a t 1v e

volcanogenic
srmllar Eo

FIfn Flon"

Gus Èafson
Wi l Llans
( 1981 )

Gus tafson
Wl11lÐs
( 1981 )

StamaÈelo-
poulou-
Se)mour &
MacLean
(L9? 7)

McAdan E

Flannagan
(1976)

Hoo¡house
( r 941)
lfcAdans &

Flannagan
(r.976)

Knigh t
(198r)

Whi Ènore
(1968)



TABLEl-1 (conc'd)

¡fETAL
TYPE EXA}fPLE REGION GEOLOGY

l::1" Mlllenbach AbiÈlbf concordanc lenses oftrrl/ Mine, I lo. Greenstone massive sulfldes çiÈhsurlaqes ç1cn
q6¡¡ r ¿ N. of BeIr underlying alteraÈion

Noranda plpes are usually
assoclated with snal-1
domes of uasslve rhyol-
l te

,Cu, Ruttan

¡fOST LITHOLOGY

TONNAGE

(ronnes)

& GRÁDE

the ore lenses & 2.7 H
cheir associaÈed
alteraclon pipes 3.52 Cs
are hosced by 4.5i( Zn
rhyoliÈes and
andesftes of a
thj.ck mulri-cyc1e
voJ.canic pi1e.
Massfve sulfides
grade laLerally
1nËo a siliceous
tuff.
thick greyvackes 45,5 M
fom che fooÈwa1l
sËratar, Ehe ore- L4"/" Cu
body iÈself grades I.6Z Z¡
laterally in co a
felsic volcani-
clastic vhife rhe
hanging wall sequence
consisÈs of grey-
wack-e, conglomerace,
iron fomatio¡l & a
few nafic ffow
uni ts

ore is sÍcuaaed ar 50 ¡l
an uuconformiry I.IZ Cu.
(represerìcing a ,657 Ztt
hiatus) whÍch separ- 6 g.Ag
ates a Èuff breccia .6 g.Àu
fron â daciÊic
vo I cano - s ed imen ca ry
rock.
host rocks include
mafic to internedi.ate
volcån1c.lasÈics,
"carbonate exhalites"
and aluminous greywacke
sedimenrs (blotire-
plagioclase gnelsses)

sÈraclgraphic foor- Ìto-.
walL rocks are e oucfron:
biotlËe-sarner-.o.¿- 16:?H of
ferire-airhophyllia" ]':11 !'
gneisses of possible c'uL/" L^

sedimentary àrigin. bl'4 g'Ag

Hanging wall rocks
lnclude lron fom-
aclon, quartz-fefd-
spar-bloclce gnelss,
& hornblende-ptagi-
oclase gneiss.

volcanogenfc, Large
parcially (7977)
exhala t lve

Knuckey et
at. (r982)

volcanogenic

PROPOS ED
ORlGIN

volcanic-
exhala tive

REFERENCE

Speaknan
ec aI
(1982)

Sangster &

Scott
(1976)

Friesen et

(r982)
Hutchinson
(1e82)

GoeÈz
(198 0)

Goecz &

Froese
(1982)

Hucchiuson
(1982)

Hiddle Èon
(1e73)
Anhaeuser
ec al.

(r976)

Z¡ Mine
20 km.
easE of
Leaf
Rapids,
Canada

RusÈy nasslve sutflde bodfes
Lake occur at Èhe conEacE
GreensÈone becqeen volcaniclastics
Belr and grelvackes wirhin

and rrexhalice,' ho¡izon
in a series of basaltic
fIows, andesitic
vo.lcaniclas Èics ,
"exhaLltes" and grey_
vacke sedimenÈs

Brictania The concordanE massive
Mine Britcania sulfldes occur in
40 kn N. roof a series of nld-
of Vancouver pendan! of .Mesozofc volcanlc
Canada Clìe CoasE and associated

Pluconic sedinentarvrocks
Complex,

Pyhasalml- Svecofe- several masslve sulfidePfelavesi nnides of orebodies occur in a
discrfcc of Scanda- serles of volcanic and
central navia rel-aced netasedlmentary
Finland rocks, concordanÈ wtth

che 1oca1 tecÈonic
fabrlc

Geco 5 kn boundary concordanÈ masslve and
east of of rhe Wawa dlsseninaced sulflde
¡lanlÈou- & QueEico bodies occur fn an over_wadge, subprovln- Èurned sequence of sedl_
Canada ces of Èhe nentary & volcanlc rocks

Superfor neÈauorphosedto
provlnce alnandfne_æphibolite

grade

sedimencâry- payne et
volcanogenic al (1980)
"simitar co ocher
base meËal camps
of Canadian green-
sÈone belts

sed inen cary-
vo lcanogeni c

Sherrldon Kisseynew
deposlÈs of gnelss
Sherridon, belc
Ifani toba,
Canada

Prieska Namaqua-
50 kn SI.I Naral
of Prieska Mobil-e
S, Africa befr

two thin buc extensive a cordferite- 7 H chenlcal
Èabular nasslve sulflde anÈhophyll1Èe uniÈ Z.3jZ Cu sedlnencary
orebodles occur aÈ the occurs in Èhe foot- 2.7gT. Zn
sane sÈraÈigraphic hortzon wall of boch deposiÈs.
in a serLes of highly The Jungle Á park
meÈanorphosed shelf Lake deposirs, also,
sedinenÈs of Èhe wiÈhin Èhe Sherrldon
Sherrldon Group Structure, occur ar

the same horizon.
OEher hosc-rocks
include slliceous
pellcic and calc-
silicare gneisses ó

coûcordanÈ surfide bodies 
amPlìibolices'

occur in highly metamor- carbonaÈe, calc- 42'7 M syngenetic
phosed flne clasÈic & silicace & mica-rich I'77" Cu pyrocl'asÈ1c
àhemical sedlmenrary zones are closeLy 3'8ì( Z¡
rocks in a sequence of associared wich ore.
mafic ro fetsic the orebody is
volcanics enveloped by a meÈa-

quarÈzite & is hosred
by a series of calc-
alkaline neta-basalc,
andesite, daciEe, &

rhyolite flows &

pyroclas tlcs
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They ârÈ all hosted by, rlr a.rË closely assøclate.l wlth, .r sllllnnnlte -
bearing light colorecl schist ox gneiss and a cordierite - anthophyllite
bearing schist or gneiss. Both of these rock types are characterized by

imbalances of alkalies and CaO in comparison r+rith unaltered volcanic

rocks formed in an island arc settlng, as is the case attributed to the

origin of the tleposits of the Noranda camp or Flin Flon. It would

appear that if these rocks were volcanic ln origln, they have been

altered or modlfied tluring or after deposition,

The Burpose of this thesis ls to contribute Lo the determination of

the origin of gneiss - hosted massive sulfide deposits using petrography

and bulk chemlstry. chemlcal varlatlon diagrams are used to
characterize enveloplng host rocks of these deposits and to compare them

to normal unaltered igneous and sedimentary rocks selected from the

llterature (listed ln Appendlx B-1). A comparlson !.s also made lrlth
altered volcanlc rocks from two volcanogenlc masslve sulfide deposits of

greenstone terrains selected from the literature (Iisted in Àppenttices

B-8 and B-9). Flnally, a comparison is made with the hydrothermal

arteration resurting from hot spring activity in felsic igneous

envlronments (Àppendix 8-6 and B-7). An attempt has been made to

determine whether the chemically anomalous schists and gneisses are

hydrothermally altered products or whether they are, ln part, rocks

augmented during the tine of deposition by a chemical sedirnentary

component.



CHAPTER 2

SAHPTING HETHODS AND FIETD RECONNAISANCE

2 .L Sampl ing tfethocls

Localities lnvestigated for this stucly were selecterl on grounds of

presence in Precambrlan gnelss belts and thelr general cornBatlbility

with the stratigraphic motlel discussed by Wilson (19?6). The selection

was Ilmited to deposits of at least amphlbotlte facies metamorphism, and

characterlzetl by silllmantte - beartng unlts closely associateil with

ore. The sillimanite - bearing gneisses or schists were considered of

partlcular lnterest since it has been posturated that these may

represent, in whole or in part, metamorphosed aluminous chemical

setlimentary products (stanton lg?9, 19B4). Each of the deposits

lnvestlgated ls assoclated wlth a complex folded synformal structure ln
which the origÌnal strata are now steeply dipping.

Due to the frequently intimate interlamination of ore and host

gnelss or schist, detailecl sampltng was requtrecl (when possible) ln

order to detect fine scale chemical variatlons which would aid in
determining the original conposition and relationship of host rocks and

ore. Care was taken to avold sampling proximal to rocks dlsplaying

signs of anatexis, because partial melting of rocks wouLtl alter their
pre-metamorphic composition and this would render determination of

precursor comþosltlon lrnposslble. The assumptlon that metarnorphtsm has

been lsochemlcal has been made (Stanton, 19?9), Samples collected in

-6-
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the f leld were appro:tlmately tr+o kllogram unweathererl pteces, wlth gre

exceptlon of dlamond drtII core samples, whlch were, obvlously, smaller,

A total of 223 samples were collected from the field, and 2?4 analyses

llere obtained from the literaLure. These are listed, respectively, in

Àppendlces A and B.

2,2 FieId Reconnalsance

Flg. 2-L sholrls sampllng sites in the metasedtnentary rocks of the

Ear Falls gneiss belt in the English River Subprovince in 0ntario. The

area contains iron - enriched, sulfide - bearing metasetlimentary rocks

hosted In quartz - feldspar - blotlte paragnelsses. The metaserllmentary

rocks of the Ear Falls area ttere studied with the purpose of cletermining

the relationship between the ferruginous, presumabry chemicar

sedimentary rocks, and their clastic sedinentary hosts, both presently

metamorphosed to amphibotite facies metamorphism.

An examination of orebodies in the Grenville Province at Montauban

and New calumet was completed during a fierd trip in october 1g?9,

sponsored by Selco Inc. Samples, in the form of diarnond clrill core were

recovered at the former TetreaulL mine site. Additional hand samples of

the cordlerlte - anthophylllte schlst and calc - sillcate gneiss were

taken from locatlons depicted in Fig. z-2. samples from each mäJor

stratigraphic unit lrere from tlrill core from the Bowie deposit on

Calumet Island, Ouebec, At both locaIIties, the driII samples vrere

tentatively ldentified both megascopically ancl under the microscope, and
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FIGURE 2-2 Local geoJ-ogy of the llontauban deposit
locations. AIso shown is the traverse
Seymour and lulaclean (1977)'.
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assigned to the local stratigraphic units on the basis of published mine

naps and descriptions. The rock types sampled are listecl in Table Z-1.

Table 2-1: Rock types serected from the dlamond drllr core at New

Calumet, Quebec (Fig. 3-12).

Sample numbers Rock type

CIm I to CIm 5

CIm 6 to CIm 31

Cln 32 to Clm 35

Clm 36 to Clrn 45

amphibol ite

slllimanite gneiss

metacarbonate (marble)

garnet - sIIIlmanlte gnelss

Fieltl studies made in April 1980 and December 1982 at the Geco

Hine, Manitouwadge (Fig. 2-3) consisLed of a traverse across the local

stratigraphy to the south of the orebody (Fig. Z-4) foltowed by detailecl

sampring of the I'sericiLe schist groupo and rGranlte Gneiss groupr

( informal terms employed locally by the Geco geological staff ) . Samples

taken in the surface traverse utilized the rock - unit subdivlslon given

by Milne (1969), and located in Fig. Z-4. Figs. Z-S, 2-6,2-?, and 2-g,

indicate the locations of sanples collected underground. This vas

carrled out wlth the ald anil asslstance of the Geco ulne geologlcal

staff.
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FIGURE 2_4 Geology of the area
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Fleld studles rnade on yakushavltch Is1and ln ilre 6herrlrion .rrea of

Hanltoba, conslsted of examlnatlon and sampling of diamond drlll core

made available by Selco - 8.P., ttd. This trip took place in March L9B2

and was the last field trip made for the purpose of this thesis.

Locations of two dianond drill holes sampled are shown in Figs . 2-g,

2-L0, z-LL, and 2-L2.
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CHÀPTER 3

GEOLOGY OF THE DEPOSITS STUDIED: BRIEF TNTRODUCTION

3.1 ñEar Falls ðrearrr Ontario

The Ear FaIIs Gnelss BeIt ls a series of hiqhly metamorphosed

sedlmentary rocks whlch forms part of the Engttsh Rlver Subprovlnce

(Beakhouse, 1985) (Fig. 3-1). Metamorphic arades wlthin these

sedlmentary rocks vary from arnphibolite to granullte facies (Beakhouse,

1985). The Engllsh Rlver subprovince ls characterlzetl by belts of

metamorphosed basic lavas, intermediate to fersic lavas and

pyroclastlcs, greywacke ancl sha1e, whose boundaries are faults or

metamorphic Aradients (I{ilson, 19?1). This succession is conformable

and the basic lavas dominate the basar section (Douglas, 19?6). The

metasedlmentary rocks of the Ear Falls Gnelss BeIt (Beakhouse, 1985) are

folded about easterly trending axes which are locally cross-foltlecl about

norLh trending axes (Douglas 19?6). Easterly - striking faults and

smaII ultramaflc lntruslve bodles, are also characteristlc of the

English River Subprovince (Douglas , Lg76l.

-22-



C
H

U
 R

C
H

 I 
LL

S
T

 R
U

 C
T

 U
 R

A
L

P
R

O
V

IN
C

E

N
e 

Is
on

R
iv

er
M

ob
iIe

B
e 
l-t

/
/\-

.

l,t
6^

 t
, 

r¿
r, b*

\

].n
n

+
',/

IK
B

ur
eJ

" 
o\

N
rY

p"
åi

in
.ì

G
od

s
La

ke
B

lo
ck

c-
 

Q
ue

tic
o

H
U

D
S

O
N

B
A

Y

K
m

F
IG

U
R

E
 3

-I

U
 c

hi

20
0

su
bP

ro
vt

nc
e'

\

su
bp

ro
vi

nc

T
 .

._
w

;fi
d 

su
b

w
es

t 
ha

l-f
 o

f 
tf"

 
su

pe
rio

r 
st

ru
ct

ur
al

 p
ro

vi
nc

e 
of

 t
he

 c
an

ad
ia

n
sh

le
ld

. 
G

ne
is

si
c 

su
bp

ro
vi

nc
es

 a
re

 ln
di

ca
te

d 
¡v

 .
.ã

=
"_

ha
tc

hi
ng

.
T

he
-s

ol
-id

 s
ql

ar
e 

sh
ow

s 
th

e 
l_

oc
at

io
n 

ði
-ir

.,"
 E

ar
 F

ar
rs

 a
re

a
w

hi
l-e

 t
he

 s
ol

-id
 c

irc
l-e

 s
ho

w
s 

th
e 

lo
ca

tiá
n 

of
 t

he
 M

an
ito

uw
ad

ge
ar

ea
. 

M
od

ifi
ed

 a
fte

r 
lV

ils
on

 e
t 

,a
l .

rl9
i6

:

,''
 l,

.S
uP

g$
or

JA
M

E
B

A
Y

ItÍ
ob

ile
 B

e
u8

ha
si

/

L! ) ó
f- z tì

t\' g,



24

ì,1.1 FÊtrograt'hy of Has¡ive EulfldÈ - nearlng Unlts

Locations of samples of ferruginous metasedimentary rocks (rtlean

lron formatlonss ) plus netasedlmentary gnelsses hosting sulfide

mineralization in the Ear Falls area are shown in Figs. z-L and 3-1.

Chemical analyses and mineralogical compositions of these samples are

Iisted in Àppendix À-1.

Garnetlferous sulfide and magnetite - krear ing f erruglnous

metasedimentary rocks are enveloped by poorly to fairly well foliated

gnelsses. The gnelss layers conslst of btotite, quartz, plagloclase

(Àn15 - An30) and K-feldspar. Sillimanite, garnet, pyrite and muscovite

are rare. Except for adjacent to iron - rich units, the mineralogical

comÞositlon of the enveloplng quartz - feldspar - blotlte gnelsses shows

little variation. They do, however, possess gradational contacts with

the iron - rich units, marked by increasing garnet and sulfide content.

Garnet contents up to 50t are encountered within the iron - rich units,

which may contain clinopyroxene and retrograde hornblende. Atthough

these garnets are rounded, fractured and contain many quartz an6

chlorlte incluslons. they do not appear to be rolled to any extent.

These garnetiferous bands nay, in adclition, contain up to 35% hornblencle

as fractured, chloritized, crushed and altered prismatic grains.

The abunclance of garnet and the lack of cortllerlte ln both the host

gneisses and the ferruglnous bands indtcate pressures in excess of 6

kbars (IùinkLer, 1976) (Fig. 3-2],. sillimanite inclicates metamorphic

temperatures in excess of 600"c (using the aluminosilÍcate triple point

which is an average of those reported by Althaus, Lg6'1, 1969 and
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Richardson et aI., 1958, 1969). Fig.3-2 illustrates the effect of bulk

ratios of FeO to FeO + MgO on the range of pressure - temperature

stability for coexisting almandine, cordierlte, sillimanite and quartz.

This ratio varies from roughly 0.6 in the host gneisses to over 0.8 tn
the ferruglnous metasedlmentary units (Appendlx A-1). Thls relatlonship

would indicate that metamorphic pressures in the range of 4.g to 6.0

kbars were prevalent. The upper temperature limit is based on the lack

of evldence for anatexls. Therefore. the temperatures of metamorphtsm

shown in Fig. 3-2 are 600oto 6b0oc

3.2 Geco Mine Area, Hanitouwadge, Ontario

The Hanitouwadge area, which contalns the Geco deposlt as weII as a

number of smaller Cu-Zn dominated massive sulfide deposits, is situated

In the Wawa Greenstone BeIt, Bkm south of the Quetlco Gneiss BeIt

(Stanton, 1984). It is locatetl 84 km N.E. of Marathon and 105 km S.E.

of Gerardton, Ontario, in the superior province. Figures 2-3 + 2-4 show

the locatlon of the Geco deposit, pye (195?) descrtbed a sectlon

consisting of four groups of Precambrian rocks folded into a large

synclinar structure. However, this has been interpreted as being a

possible overturned anticline with rocks younging in a southward

direction at Geco (Sangster and Scott. 19?6). Although the Hanitouwadge

structure is within the l{awa Subprovince, rocks within the immediate

vlclnlty 0f the Geco deposlt are predomlnantly gneisses and schlsts of

am¡rhlbolite facles of rnetanorphlsm (çale et al, 1980; stånton, 19g4)
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whlch apË'ear to h'e sltällar to those oi the fluetlc:o Ënbprovlnc:e tr-r the

north. It would appear that Geco host rocks r+ould be of a pËovenance

more closely related to that of rocks of the 0uetico Subprovince rather

than that of the greenstone of Lhe l{awa Subprovince, or at least a

provenance transitional between the two, Douglas (19?6) has rernarked

that the marginal areas of the Ouetico Subprovince are marked by a

gradational decrease in the degree of metamorphism and granitization and

that moËe relict textures and generally more of the orlglnal character

of the rocks are discernable.

Geco is the largest of several Cu-Zn massive sulfide deposits in

the Manltouwadge area. other rnãJor deposits of the aËea include

IüiIlroy, Willecho and Nana Creek. The combined procluction of the

Manitouwadge area, up to 1980, is reported to be approximately seventy

million metrlc tons of ore (eale et aI., 19S0).

Fig. 3-7 represents the metamorphic stratigraphy of the Archean

rocks at Geco as interpreted by Sangster and Scott (19?6). Àt Geco the

orebody is hosted by a biotite - sillimanite - quartz schist enveloped

by a muscovite - quartz schist (Fig. 2-5). It extencls along the south

contact of a thick garnet - amphibole - biotite schist unit which

extends across the Geco antl adjolning StIroy Mines properties, The

sillimanite - biotite schlst forms a falrly contlnuous unlt reaching

thicknesses in excess of L00 metres. It is com¡non1y founct intercalated

with biotite gnelss or quartz - feldspar - blotite gnelss and

demonstrates a gradation from a porphyroblastic to an equigranular

fabric. Porphyroblasts are felted lenses or ovoid patches of

sillimanite up to 1 cm long, corunonly found in the more biotite - rich

bands.
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A band of muscovite - quartz schist separates the biotite -

silllmånlte - quartz scltlsts from the crey Gnelss unlt in the south,

The Grey Gneiss unit consists of quartz - feldspar - biotite gnelss,

lron formatlon. biotite quartzlte and hornblende gneiss which grade

southward lnto amphibolite and hornblende gnelsse. The Grey Gneiss unit

is noted for intercalations of raagnetite - rich units (iron forrnations)

which may attain thicknesses in excess of 30 metres (pye, 19s?).

The maln orebody at Geco may be subdlvlded into two types of ore:

(1) rnasslve sulfide ore rich in zlnc;

(2) disseminated ore, poor in zinc but containing copper and

silver,

Pye (1957) subdfvlded the masslve ore ägatn lnto three types:

(1) a copper rich variety r+hich is dominant on the west side of

the massive ore zonei

(21 a zinc-rich (up to 10% Zn) type which becomes dominant in the

central section of the massive sulfide zone;

(3) a barren pyrlte, pyrrhotlte ore which becomes dominant towards

surface and the east.

The disseminated ore is hosted by a muscovite - guartz schist which

contalns barren Interbands of biotlte - quartz - feldspar - (hornblende)

gne iss .

3.2.1 Petrography of Rock Samples fron the Geco Mine Area

Petrographlc data and chemlcal analyses of sanples from the Geco
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Hine area are ll-qted ln eppendL¡r A-4,

Amphlbol lte f rom Hl Ine ,s unlt #1 (nI lne, lg 69 ) cons lsts rnatnly ,rf

hornblende, clinopyroxene and plagioclase (Àn45 to ÀnS5) and often

displays a relict subophitic texture.

Feldspar - bearlng gneisses and biottte schlsts lmmecliately south

of the rnine sequence are marked, at many places, by a fine scale banding

and grain size variations which may represent relict sedimentary

structures. In addition to plagloclase (AnZ0 to An30) these gneisses

contain variable amounts of hornblende, biotite and K-feldspar as well

as minor amounts of muscovite and sericite. The quartz - feldspar

groundmass of these gneisses ls typlcally qranoblastic and exhibits

sutured or curved grain boundaries. Hornblende, when present, occurs as

isolatecl Iozenge - shaped crystals or aggregates of aligned crystals

wlthin the quartz - feldspar groundmass, thus conbrtbutlng, wlth

biotite, to the lepidoblastic texture of these rocks.

The iron formation in the updip continuation of the Geco orebody

(Fig. 2-41 is represented by sample numbers GO-15f to G0-15j inclusive.

These samples show a compositional variation ranging from siliceous to
sulfide - rich and to garnetiferous iron formation. ÀIl contain

abundant quartz (>50% and often up Lo 80t), variable amounts of sutfide
(primarily pyrite) antl Fe, Ti oxides.

The rock enveloping the Geco iron formation is unit 4 of Milne,

1969' a blotlte - rlch garnetiferous schist represented by samptes

G0-15a to Go-15e incluslve. It is petrographically similar to the other

intermediate to mafic schists encountered in the Grey Gneiss group. It
has a fine scale banding and an overall gradational increase ln quartz

towards the iron formation. This may be a consequence of fine
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interbancling or dilution of the original muddy clastic sediments by more

sIIlceous hydrothermal sedlments, the sl1lceous sediments graduallv

becoming more dominant as one approaches the lron formation. The

petrographic and chemical analytical clata llsted in Appendix A-4 lends

support to this.

Rocks from the serlcite schist group, sampled underground, are

generally well foliated, Ieucocratic and more siliceous than those of

the Grey Gnelss group to the immediate south. They commonly consist of

a polygonal quartz - feldspar groundmass with bands of sillimanlte,

biotite and muscovite. Sillimanite is conspicuousl.y scarce or

nonexistent when plagioclase is present 1n any appreciable amount. This

is demonstrated in Fig. 3-8. Fig. 3-8 also shows a gradual decrease in

both biotite and sillimanite as one approaches the north contact of the

blotite - anthophytlite schist at the stratigraphic base of the 4/2 ore

zone (distance - 0 metres corresponds to the north contact of the

anthophyllite schist and tlistances are measured south of this point).

Rocks from the masslve sulflde ore zone at Geco are generally more

quartz - rich and felclspar deficient. Biotite still persists in small

amounts, but sillimanite and muscovite are practicatly non-existent.

The host rock to minerallzatlon ln the 4/2 ore zone on the 2850 leve1 is

given the name rrquartz pebble conglomeraterr by Geco geologists, based on

megascopic textural features. This rock is composed of quartz,

cordierite and anthophylllte, the latter two minerals being concentrated

in the interstitial äreas between stretched guartz fragments. In thin

section cordierite occurs as large irregular crystals engutfing and

replaclng blotlte, In addltlon to lnclnslons of trlotlte anr-1 guartz the

cordlerlte contaltts small euhedral crystals ¡rf gahnlte. Antlrophylllte



33

o/oatorne

/osrr-urruntrre

ftelacroclese

/rvruscovrre

Variation in mineral_ogicaì-
across the Sericite Schistthe 28-65 crosscut at the

composition
Group along
Ge co ltiine

I

I

)
I

I

I

I

I

I

I

I

'c-
f
o
L
Ol

,q
4(J

0,

=o'¡
A)

a'

j

lo
o-l ðf ' NOr
är E-lo

.ø \N-ÊÍ \
\9

I
' lI)
--tCl
õrLl

r.9

I

I

I

I

I

I

I

I

I

I

ê_

_f
o.93
--cOr':o

o
y]

i

I

I

I

I

I

I

I

I

I

I

D¡STANCE ( metres)

FIGURE 3-8



34

occllrs aå Iozenqe-shapecl crystals and aggregates vrhlcli are allqnerl to

glve the rock lts fabrlc. cordierlte and antho¡rhylIlte show some

alteration to chlor ite whereas biotite, when present, is I iqhtly
sericitized,

A rock composed almost exclusively of cordierlte and biotite occurs

near the rnassive ore of the B/2 group at Geco. it is represented by

samples G0-109 and G0-109b. Geco geologists have named this rock a

staurolite - cordierite - biotite hornfels. Rather than staurolite,
this rock lras found to contain kyanite. It also does not possess the

attributes of a hornfels. Staurolite was observed in parts of. the 4/2

ore zone (4/2 ore zone ls a term employed by Geco mine site geologists

to describe a sma1l zinc - rich sulfide - bearing zone characterÍzed by

an anthophyllite - bearing schist).

The assemblage quartz - K-f eldsp,rr - muscovlte - s i ll lrnanlte -

biotite is ubiquitous in the Sericite Schist group on the 2850 leveL at

Geco. Plagioclase (Àn20 to Àn30) is also present in similar schists

which envelope the massive ore zone on the 2350 }eveI. Muscovite occurs

as large undeformecl flakes with interpenetrating masses of siltimanite

needles replacing it. It does not appear to be of retrograde

metamorphlc origin. The pressure-temperature regimes for the

assemblages existlng in'the Sericite Schlst group rocks at the 2350 and

2850 levels are shown in Fig. 3-3. Àssurning a pelitic origin, the

coexistence of muscovite - quartz - K-fetdspar - sillimanite is possible

(I{inkler I L976) within the range of 6500c<T<?40oc and 2.9 kbars(p<5.7

kbars. The additional presence of plagioclase in similar schists on the

2350 leveI further restricts the metamorphic conditions into the range

of 645oc<T(660"c and 2.8 kbars(p<3.2 kbars.
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a pelitic origin for the cordierite

anthophyllite schlsts of the 4/2 ore zone, the coexlstence of garnet -

cordierlte - silllrnanite - quartz restricts the metanrorphlc conditions

to those clepicted in Fig. 3-3. This range agrees fairly closely with

that determlned for the adJacent slllimanite - bearlng schtsts of the

1850 level. Using the Feo/Feo+Hgo ratlo one may further narrow down

metamorphic conditions to the range 5B0oc<T<?40oc and 4.5 kbars<p<5.9

kbars.

Since the stability of

sensitive to mole fraction of

of COz clurlng metamorphlsm

anthophylllte is insufficient to

anthophyllite - bearing assemblages are

C02(Johannes, 1969) and the contribution

cannot be evaluated, the presence of

determlne metamorphic condltlons.

3.3 Sherridon Àrea, Manitoba

The former Sherritt Gordon Mine near Sherridon is located on the

east shore of Kississing Lake, approximately 1-60 km norLh of The pas,

Hanltoba (Flq. 2-9). It is situated wlthln the ltlsseynew Gneiss selt of

the Churchill province less than 30 km north of the boun,clary of the

Kisseynew and Flin Flon-Snow Lake Subprovinces (Gale et al., 1981). Ore

was produced from two orebodles known respectlvely as the East and t{est,

both hosted by rocks of the Sherrldon Group.

The Apheblan Sherrldon Group ls underlaln by the Nokomls Group

which ln turn ls unclerlain by the Amlsk Supergroup (Goetz, 19S0), The
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5li*rrldÐn 'rttd Nokontls Ëroups ar'1 d'lmlnantly niet,rs'1'llmentary ln nature a¡

opposed to the Àmisk supergroup which is chiefly metavolcanic.

Sherridon Group rocks have been subdivided into quartz - rich gneisses

and hornblende gneisses with minor amounts of calcitic marble, calc -
sillcate gneiss and anthophyllite - bearlng schist (Robertson, 19S3).

An interpretation of the stratigraphy at Sherridon antl its relationship

to mlneralization is given by Goetz (19g0). Fig. 3_9 is a simpllfied
outline. Goetz (19s0) basicatly utirized Robertsonrs (19b3) subdivision

of the sherrldon Group but he also genetically subdivided the

metanorphic rocks into a sequence of pillowecl and fragmental mafic

metavolcanlc rocks and another sequence of Ilthlc meta-arenites anrl

meta-carbonates' His interpretation of the metasedimentary subdivision

is shown in Fig. 3-10.

The Sherrldon orebodles are assoclated wlth a garnet - biotlte -
sillimanite schist and anthophyllite schlst of the Lower Arenite unit.
These rocks are characterized by theiz larger grain size and more

aluminous constltuents (Goetz, lg80). They are usually weII banded with

sharp contacts.

Massive sulfide ore was mined from two adjacent orebodies situated

at roughly the same stratlgraphic horizon markecl by a thin but alrnost

continuous anthophyllite schist. This extends around the entire
sherridon structure. The sherridon structure is a roughly NÍ{ - sE

trending complexly defornerl antlclinal structure very slmilar to the

Manitouwadge structure described earlier. it is possible that, due to

the similar structural features proclucecl by the steeply clipping rocks of

both of these localitles, they may share slmilar metamorphic histories.
Several smaller Cu-Zn occurences are found around the structure along
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the anthophyllite schist unit
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contact but the Sherridon East and t{est

orebodies are the largest, These orebodies are separate but each is

Iaterally contlguous. Their conblned strike length exceerCs I km but

their thickness rarely exceeds 2 metres. The t{est orebody containing

Iess zlnc than the East orebody, Is underlain by the anthophylltte

schist and overlain by a minor metapelite unit (Bateman and Harrison,

1946). The western part of the East orebody is zinc rich and is hosted

by a sllllmanlte - bearlng meta-arentte whereas lts eastern section,

which is more copper rich, ls hosted by a more complex associatlon

including the anthophyllite schist and meta-carbonate. Although the two

orebodies occur at the same stratigraphic horizon they are not linked by

an Ìron formation as are the Geco and Hilroy #1 orebodies in the

Manitouwadge district .

cu-zn rnlnerarizatfon on yakushavttch Island occurs in a

metasedimentary package similar to that hosting the Sherridon deposit.

The rocks occur within a smaller synformat structure similar to the

Sherrldon structure. selco Ltdrs properties ln the sherridon area

inclutle Yakushavitch Island Iocated approximately 32 km I{. N.I.¡. of

Sherridon on Kississing Lake (Fiq. Z-g). Rock types encountered in

cllamond driIl holes on Yakushavitch Island inctude garnet - bÌotite
gneiss, slllimanite - biotite gneiss and the anthophyllite schist of the

Sherridon Group. Diamond clrill holes were located alonq a N-S trencling

grid extendlng across the island (Fiq. 2-10). They intersected srnalI

potls of mineralization hosted by the rock types listed above. copper

and zi.nc sulfides were encountered in the two drill holes sampled for

thls study {DDH-11-11-3 and DDH-11-11-5). In addltlon, slgntflcant qold

values l{ere detected ln DDH-11-11-1 on the south end of ilre same
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mineralized zone extending from DDH-11-11-3.

3.3.1 Petrography

DrilI Holes

Core Samples Taken from Diamond

Yakushavitch Is1and

Petrographlc data and chemlcal analyses of dlarnond drlll core

samples from the drill holes on Yakushavitch Islancl are listed in
Appendix A-5.

Host rocks to the rnlneralization on Yakushavitch Island are rnostly

quartz - feldspar - biotite gneisses with minor amounts of siltimanite,

muscovite and garnet. Plagioclase (4n30 to An40), quartz and K-feldspar

exhibit a granoblastic texture with weIl sutured grain contacts. The

weak to moderate foliation is due to their biotite content. Biotite is

usually present as stubby shredded flakes frequently partly altered to

chlorite. Sillimanite is present as individual fibres or as spindle -
shaped masses associated with sericite, biotlte and/or muscovite.

sericite and chrorite appear to be of retrograde metamorphic origin.

A banded qudrtz - serlcite - silllmanlte schlst (sample $s-11) r+as

encountered in the diamond driIl core immediately above the mineralized

anthophyllite - rich section in the drill hole. Within the mineralized

horizon plagioclase ancl biotite disappearr äs shown in Fiq. l-11 "

Quartz is present ln lesser quantities and it displays a polvgonal

texture. TaIc accompanies anthophyllite in the moderately schistose

mlnerallzed sectlon along wlth srnall arûorrntg of carbonate (sample

*5-14). At the lower contact of the anthophyllite - bearlng sectlon,

of

on
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Manitoba.



42

eulflde nltter'tllzatton nrl longer Ðccrtrs an,l ¡i)-ag1o.ll,1sÊ, bt,r¡.fe an,_l

eventt:alIy slllimanlte is present agaln. Apart from a sectton rich Lrr

clinopyroxene' the gneisses below the mineralized interval are very

similar to those above it.
Sample s-20' taken 9.5 metres downhole from the mineralizecl

interval in diamond driII hole DDH-11-11-5, contains the assemblage

quartz - biotite - plagioclase * sitlimanite - garnet - cordierite.
Fe0/(Feo+Mg0) ratios aËe in the range of 0.6 to 0.8, so the conditions

during metamorphism woultl likely have been restrictetl to those depicted

in Fig. 3-4 (t{inkler, 19?5). The coexistence of muscovite and quartz in

sample s-18f sets the uBÞer temperature during metanrorphlsm to about ?50o

c (Fig. 3-9). on the basis of the work of Richardson (1968) and

schreyer (1968), the existence of staurolite in sample s-l-6, from the

Iower part of the mlnerallzed lnterval in DDH-11-11-5f rïay set the rrpper

temperature limit to no more than approximately ?0Ooc, Metamorphic

conditions may thus be narrowed down to the range 6.3 kbars>p>4.3 kbars

and ?00oc>T>600oc.

3.4 Montauban Area, Ouebec

The Tetreault pb - zn - Ag deposit at Montauban - Les - Mines is
located 84 km west of Ouebec City in portneuf County, Quebec (niq. Z-2).

Sulfide mineralization consists of coarse grained galena and sphalerite

pods and lenses hosted by coarse carbonate and calc-sillicate gneiss

(Stamatelopoulou - seymour and Mactean, L9771. other host rocks include



43

quartz - feldspar gneisses and amphibolites of the Grenville Supergroup.

stamatelopoulou - seymour and Maclean ( 19?? ), utilizing field
relationships in the amphibolites to the west of the deposlt, determined

that the hanglng walI rocks, which they have designated trThe Composite

Gneissesrr' are the youngest rocks in the vicinity of the deposit. This

composite Gneiss, to which they ascribe a meta-voLcanic origin, is
overlain to the west by a series of quartz - feldspar gneisses

collectively terned "teptltes't (Starnatelopoulou - Seymour and Hacleanf

19??). The r'leptItes" äre then further subdrvtded tnto three

categories:

(1) quartz - feldspar - biotite gnelss;

(2) quartz - feldspar - biotite - hornblende gneiss;

(3) quartz - biotite - muscovite - sillimanite - (garnet) gneiss.

Although the chemical evidence indicates a likely volcanic origin similar

to deposits in the Noranda Camp, Stanatelopoulou - Seymour and Maclean

(f977) suggest that some very siliceous mernbers of the rock association at

Montauban appear to be metaquartzites.

The Pb - Zn - Ag ore occurs in the basal portion of the rrleptite't

unit, closely associated with a thin band of cordierite - anthophyllite

schist which is itself mineralized (ttctdam and Flannagan. 19?6). The old

Anacon workings occur within a calc - silicate gneiss horizon which is

enveloped by a cordierite - anthophyllite - bearing sillimanite gneiss.

ÀIthough the calc - silicate gneiss becomes less significant northwards

along strlke, the cordierite - anthophyllite assernblage persists and

carries significant Àu - Cu values (McÀdam and Flannagan, 1-9?6; Ledoux and

Assad, 19?9 ) ,
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l 4,1 Fetrogra.phy of Eor_:k ã.lmFles Collec:terl in ilie Hr,nta¡lba¡i

Àrea

Petrographic data and chemical analyses of samples from the Montauban

area are listed in Appendices À-2 and B-4.

sillimanite - bearing gneisses at Montauban are relatively low in
plagloclase. They typically consist of micaceous bands alternating with
quartz - felspar bands, The mlcaceous bands consist of an interqrowth of

biotite and muscovite, and up to B% sillimanite occurs as individual

fibres and spindte shaped masses frequently replacing the biotite. The

anthophyllite - bearing schists at Montauban are represented by three

associations:

(1) a talc - anthophyllite schlst (represented by sarnple #IîON

6);

a cordierite - rich, anthophyllite poor rock (representecl by

sample #MON 7 );

a cordierite - anthophyllite schist (represented by sample

*MoN 103).

Anthophyllite occurs as lozenge-shaped crystals with biotite and

slllimanite ln rnlcaceous bands separated by interbands cornposed of

irregular to polygonal crystals of quartz and cordlerite.

Muscovite, quartz, K-feldspar and sillimaniLe Here observed to coexist

together in only one sample of the sirlimanite - bearing schist.
Schists containing muscovite are usually sillimanite - free whereas

schists containing sillimanite usually lack muscovite. Metamorphic

condltions would therefore appeäË to extend throughout the sillimanite

(21

(3)
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field of Fig. 3-5 on the curve representing the univariant reaction:

muscovite + euartz*k-feldspar + sillimanite.

BuIk FeO/(Fe0 + Mg0) ratlo of 0.4 to 0,5 and the presence of plagioclase

in the cordierite - anthophyllite schist would restrict metamorphic

conditions to the fielcl outrined in Fig. 3-5 (Iùinkler, 19?6). The

presence of kyanite in two samples of cordierite - anthophyllite schist

substantiates the relatively high pressures indicatetl in Fig. 3-5. This

suggests that higher pressures posslbly exlsted in locallzed areas

within the ore zone during rnetamorphlsm at I'Iontauban.

3,5 New Calumet Deposit, Calurnet Island, Quebec

The New Calumet ileposit is located in rocks of the Proterozoic

Grenville supergroup (Douglas, €d., L976) on calumet Island, on the

0ttawa River, 85 km west of Ottawa (Fig. 3-12). Osborne (1944) outlinetl

a mineralized ärea, approximatery 2 km x 0.8 km In size, contalning one

major economic orebody (Itthe Bowiett) plus several smarrer ore

occurrences. The deposlts occur in a rtcyllndrlcal prism'r (0sborne,

1944) of biotite gneiss and amphibolite enveloped by migmatitic rocks.

This resembles the antiformal structures encountered at the other

Iocalities previously discussed.

The Bowie orebody is immediately overlain by a carbonate-containi.ng

amphibolite accordlng to the Interpretation of Hoorhouse (1941) (riq.

3-13 ) . Host rocks to the ore cons ist malnly of intercalatecl s i I lceor.ls

biofite gnelss, carbonate and calc - stlicate gnelss. Two other
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FTGURE )-r2 Local geoJ-ogy of GrenviJ.J.e supergroup metamorphic rocks.in rhe vicfnity of the New caiumõt aþnosrt,-cårur"t r".,Quebec.-The sgJ-id square indicates thè foråer tocatronof rhe Bowie Mrne whiÌe rhe sorid circrés inãiããre tnelocations of other smalLer occurences; modifleã afterOsborne (194¿*).
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FIGURE 3-I3 Metamorphic stratigraphy of the
Proterozoic rocks in the area of
the New Calumet deposit, after
Moorhouse (1941).
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prlnclpr,l deporlt* at the Russel and tfcDonalrl ¡hor+ln'ls Õccrlr somewlia.t

stratigraphically lower v¡ithin the 'tRusty Weatherinq Gneissesrt

(Moorhouse, l-94L). They are also extensive blanket-Iike bodies,

peneconcordant with foliation, but are considerably smaller than the

Bowie tleposit.

Àmphibolite in the area has a high carbonate content and tends to

grade into metacarbonate. This is particularly apparent in the footwall

amphibolite. Osborne (1944) suggestetl that this represents a series of

originally intercalated calcareous and argtllaceous metasedimentary

rocks. The footwall amphibolite and carbonate are separated from the

I'Rusty Gnelssesrr by a series of migmatitic gneisses includlng än

irregular band of pargasite - anthophytllte gnelss (Moorhouse, 1941).

osborne (1944) has reported that some original sedimentary features are

discernable wlthin portions of the rnigrnatites.

The rrRusty tfeathering Gneissesrr contain sulfide-bearing quartzílic

horizons as welI as biotite gneiss layers containing sillimanite, minor

sphalerite, galena, and sometimes cordierite. The most strongly

recrystallized portions of the biotite - (sillimanite) gneiss become

microcline rich (Moorhouse, 1941). Finer grained layers may contain

sericite and/or graphite which Moorhouse ( 1941 ) has suggested may

indicate a sedimentary origin for these gneisses. In analogy with

Montauban, lead - zinc mineralization in the New Calumet orebodies is

associated with signlficant gold values (Moorhouse, 1941).
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3.5.1 Petrography of Samples Taken from the New Calumet Deposit

Petrographlc data and chernical analyses of samples for the New

Calumet deposit are Iisted in Appendix A-3.

sillimanite - bearing schists at New calumet are medium to

flne-grained equiqranular Iepidoblastic rocks composed tvoically of

K-feldspar, plagloclase (4n20 - an30), biotite, slllimanite and

muscovlte. As much as 15% silllmanite occurs as lndividual fibres and

interwoven masses intimately intergro*n with biotite and muscovite in

nicaceous bancls, alternating with quartz - felspar bands. Biotite and

muscovite are present as well formed undeformed foliation - parallel

flakes which are usually embayetl and penetrated by sillimanite needles.

Plagioclase occurs as large, irregular, sericitized taths, which may

represent original plagioclase phenocrysts or fragments. samples

examined in which plagioclase content increased to near 50% are strongly

depletecl in sillimanite and K-feldspar. Conversely those samples rich

in K-feldspar and sillimanite are practically devoid of plagioelase.

Although Moorhouse (1941) and Osborne (1944) reported anthophyllite and

cordierite, these mlnerals were not observed within the sitlimanite

gneisses at New Calumet during my sampling.

Àlthough rather uncommon, coexisting muscovite, K-feldspar, quartz,

sillimanite and plagioclase restrict metamorphic conditions to the

univariant reactlon:

muscovite + quartz ==> k-feldspar + sillirnanite

shown in Fig. 3-6 (Hink1er, 19?6 ) . SInce micas present in this

assemblage are sufficiently hydrated, conditions of metamorphism would
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thr= r,rnge : '1 ,9 kb.rrst;F.;J . 4

3.6 North Maysville Deposit, Central Co1orado, IJSA

The MaysviIle deposit occurs in Precambrian rocks (1,?-1.8 Ga)

(Knight, 1981) of the sangre de cristo Range, chaffee county, 16 krn west

of Salida, Colorado (Fig. 3-14). Knight (1981) described the resutts of

å detailed stratlgraphic study of the ore-bearlng quartz - ferdsBär -

blotite - sillimanite gneiss unit in thls area. The relative position

of this unit in the local stratigraphic column is depicted in Fig. 3-15.

Ànalyses oI samples collected by Knight (lgBl) frorn the slllimanlte

gneiss along a 120 m long traverse centered over the Bon Ton Mine are

utilizetl in this study. Table 3-1 is a simplification of the

stratigraphic section with sample Iocations, reported by Knight (1981).

chemicar analyses of these samples are listed in Appendix B-11.

Distance = $ corresponds to the west contact of the sillimanite gneiss

unlt which hosts the Bon Ton deposit. Kniqht (1981) subdivj.ded the

sillimanite gneiss into three subunits:

(1) maJor quartz - feldspar - biotite - sillimanite gneiss and

quartz - felclspar - (biotite) gneiss;

(21 quartz - magnetite banded iron formation;

( 3) anthophyllite - (gahnite ) gneiss with biotite - garnet

gne rss .

The iron formatlon is usually found irr gradational contact with the
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TABLÐ J- T

Locations of rock samp)es collected along an east-west traverselhrough the Bon Ton l4lne in the Stlllmanite Cneiss Unlt at, NorthMaysville,. CoLorado (nodificeLion after Knlght,fg8f). Dlsrance É
corresponds to Lhe wesL conLect of the Sil.llmaáite Cnelss Unit
and diè¿ances increase eestwerd.

D¿S CRI PTI ON

qtz-fldspr-biot-musc-s1l-1 gneiss

qtz-fldspr-biot-sIIL-garn gneiss

qtz-fldspr-blot-ser-siLI gnelss

qtz-fJ,dspr-bio!-nus c-siL I-garn-
mgt gnelss

qtz-biot-siIl-musc gneiss

r¡gL-qtz-biot gneiss

qtz-f ldspr-bloL schist,

qtz-¡ldspr-bioL-epid schist,/gneiss

qLz-fldspr-biot-r¡usc gnelss

ar,"rph-biot-ngt- (garn ) schist
amph-biot,-mgt-garn schf sL

qt,z-bioL-slI).-f ldspr-garn gneiss

bloL-qLz-garn-siLI-musc schist
qLz-biot-garn-s11I-f ldspr-mus c schist
amFh-biot-mgt-garn-qLz s chlst
qtz-blot-garn-nngt schist
qLz-biot-mgt, gnelss

sulflde le¡ts blot-qtz-ser-mg!

fLdspr-qLz-bioL-garn-epid schist,/gneiss
gtz-fldspr-bior,- (ngc) -siL1 schlst,

amph-p),ag-epid gnelss (metebesal_t )

amph-plag-epid gneiss (meCabasalr )

amph-plag gnelss (meLagre¡'wacke or
netrrbasal! )

-amph-plag gneiss (meLagreyrvacke or
netabasalL )

ânÈh-garn-carb gneiss

sul-fide Iens (rngr-bfot-qtz-ch1-siJ_I)

qt,z-bior-epiC-ser gnei ss

qtz-bi ct,-sllJ.-ngc gnei ss

epid-biou-qtz-f ldspr-si1 L-se r schist,

qtz-blot-garn-¡ngL schist,

qtz-biot. gneJ.ss

SÁ}iPLE NO

DK0l-01

D¡iOIO2

DKc103

DK ClCrr

Dri cl.0 5

DKG],06

Ðt{G107

DKG2OI

DKC202

DKG203

DKC2C¿+

DK020 5

DKG2Oó

D¡:G207

DK02C8

DK020g

DKG2IO

DKO2 1 I
DKG2 1 2

Dtic2 t l
ÐKG215

DKG2 1 ó

DKG2I7

ÐKcl08

DK G] O7

DKG]Oó

ÐKGlC5

nliclct¡

DN Cl0l

DK0l 02

DKCl0L

DISTÄN C5
(rnetres)

0
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r.l
2.0

3.0
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aô
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15 ,3
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lr.9
35.2

)6.7

19.1

/*8. r

<o1

60.o

60.?5

ó1 .8

62.6
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anthophyllite subunit. The minerallzed version of this couple repeats

itself severar times in the North Maysvirle section (Table 3-1).

3.? Broken Hill Main tode Deposit, NSI{, Australia

The Broken Hitl Þfain Lode Deposlt occurs within the Broken HitI
Antiform of the lower Proterozoic Willyama complex of western New soutlr

wales, Australia (rig. 3-L6). The Broken Hill block is one of many

blocks of metamorphic and subordinate igneous rocks in the complex. It
is composed dominantly of metasedimentary schists and lesser amounts of

quartz - feldspar rocks interpretted as being of migmatitic derivation

(Stevens et ä1., 1979). Metamorphic grades are estimated to vary from

Iow pressure greenschist (andaluslte being the stable aluminosilicate

polymorph) up to granulite facies (phi11ips, 19?7).

Sulficle and gahnite mineralization, peneconcordant with the Iocal

tectonic fabric at Broken Hi11, occurs as disseminations or pocls of

galena, iron rich sphalerite and other sulfides in the upper portion ot

the rrMine Sequencerr (stevens et al., 19?9; Laing, 19?9) (Fiq. 3-1?).

The Hlne sequence suite conslsts of various types of metasedlmenary

gneisses intercalated r+ith Ieucocratic quartz - feldspar gneiss,

amphibolite and a quartz - feldspar - biotite - (garnet) gneiss called

the Potosi Gneiss. Mineralized horizons are reported to be composed

essentialJ.y of a quartz - gahnite or quartz - garnet rock (Barnes,

19?9)' Other gangue minerals include calcite, fluorite and manganese

and calclum slllcates. ReItct graded bedding ls reporled to be conunon
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FIGURE 3 -I7
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Local stratigraphy of rocks of the l-owerProterozoic Willyama Supergroup in the--
tsroken Hill area, N.S.',V:, Ãustialia,
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ltt the uttderlylng [iellte and psanrriopellte sc:]il*ts r.rf ilre FeIfte Srlite

(taing, 1979). A non-bedded potassic, iron-rich pelite schist occurs at

the base of the Potosi Gneiss. It typically contains abundant biotit-e,

sillimanite, orthoclase and garnet,

Six rich, massive Pb - Zn - Ag ore lenses occur in the productive

ore horizon. The top two are known collectively as the Lead Lodes and

the bottom four as the Zinc todes. Continuity of the ore horizon

äppears to exlst on the opposite limb of the Broken HIII Antiform where

iron formations are found in place of the pb - zn - Ag ore in the potosi

GneIss (taing et äI., 1979). No anthophyllite unit related to
minerallzation has been reported but the banded lron formations do

contain minor grunerite. The four major components of the iron

formations are quartz, magnetite. garnet and apatite. Chemical analyses

of selected lron f ortnatlotis anri envelrtplng rocks at Broken H111, N,,s.}¡.

are listed in Appendix B-3.



CHAPTER 4

DATÀ PROCESSING AND INTERPRETATION

4.1 Sampling Methods and Geochemical Discrimination Techniques Utilized

Àlthough the cleposits subject to this study are classified as

massive sulfide deposits, every locality studied also contains

significant disseminated ore zones in which sulfide mineralization is

intimately associatetl with sillimanite or cordierite - anthophyllite -

bearing schists or gneisses (as shown by mineralogical data in Appendix

À). Due to this repeated and intimate association between ore and host

rock it is assumed that the mineralization was coeval with the

geochemical activity also affecting the host rocks, either resulting

from chemical sedimentation or post-depositional hydrothermal

alteration. The purpose of the present data interpretation based on

mäjor element geochemical variations and mutual relationships has been

to deternine whether the host rocks acquirecl their present composition

(a) originally during sedimentation;

(b) by post - depositional hyclrothermal alteration;
(c) during metamorphism.

The problem of chemical homogenization and/or differentiation
produced through metamorphism has been studied several times in
considerable detail but so far there are no universally applicable

results. SLanton (1979) pointed out that the widely accepted concepL of

geochemical diffusion over large distances during metamorphism has been

-58-
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grÉf,tly È1:;1{gÉr,1tËd, ¡lectr'tn inicr,-iprrrb* *tr:dles of äiet,tni,_irF}r1c

ninerals inclicated that diffusion of nost elenents lras generally

restricted to distances of the order of nillimetres (Stanton, 1979;

Carmichael, f969). Stanton (1979) has also stated that certain

stratiform ores and their alteration envelopes often provide striking

examples of the preservation of composiLional inhonogeneities over smal1

disLances. ta Roche (19?4) has stated that greywackes and arkoses

(coarse grained immature sediments) have a tendency to preserve the

essential geochemical characteristics of their parent rocks (which were

usually igneous ) . Problems are, however, encountered with mature

sediments. For example, one often encounters problems of chemical

convergence of amphibolites derived by metamorphism of calcareous

pelitic sediments and basaltic igneous rocks. La Roche ( 19?4 )

successfuly utilized the triangular trsilicoaluminaterr diagram (used in

section 4.3 of this study) to differentiate between amphibolites fron

high metamorphic grade terrains. Similarly Van de Kamp (19?0)

successfully used methods based on Nigg1i values in an investigation of

highly metamorphosed mafic sediments of the Scottish Dalradian Series.

A set of discrimination techniques that may differentiate betvreen

metamorphic rocks of sedimentary and igneous origin has been selected

from the Iiterature. Analytical results listed in Appendix À and

Àppendix B have been numericalty processed, evaluated and compared using

the petrochemical discrimination techniques Iisted below:

(1) 109 ro SiOz /AI2 03 vs. logro (NarO + CaO\/RzO (Garrels and

MacKenzie , L97L);

(21 Silicoaluminate triangle (ta Roche, !965, 19?4);

(3) Niggli k vs. mg (Leake, L964);



(4)
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Niggli aI - alk vs. c (Van de Kamp, 19?0);

Niggli aI + alk vs. c (used strictly as a discriminant plot

with no implied relationship to modal conìposition);

log [Ni] vs. Niggli mg (Van de Kamp, 19?0);

Nigg1i ti vs. al + alk (a modification after Leake, 1964;

Van de Kamp et a1., 1976) with no inplied correlation to be

(6)

(7)

nade with modal composition.

Nigg1i values are calculated according to the procedures outlined

ln Appendix c. The original raw data listed in Appendices A, and B were

subjected to these calculations. Àppendix C also outlines calculations

of the parameters for the meLhods of Garrels and MacKenzie (19?l-) and La

Roche (1974).

4,2 The Discriminatlon Method of Garrels and MacKenzie (19?1)

4.2,L Introduction

Garrels and MacKenzie (19?1) subdivided the compositional fields of

sedimentary rocks and modern day unconsolidated sediments on the basis

of their alkali ratios antl silica : arumina ratÍos (Fig. 4-1).

Siliceous sediments are characterized by a high silica : alumina ratio,
calcareous sedlments by a high (ca0+Na 2 ol /R 2o ratto a¡rd pelitic
sediments by their more aluminous and potassic nature (Iow Si0z/À1208

and lot+ (Na20+ca0)/K2o). when igneous rock compositions are plotted on

the same graph, a continuous, relatively narrow banana - shaped field
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PIoE of selecced llceracure daÈa on conPoslclon of lron fomatlons
(see Appendlx B) accordlng to che mechod of Garrels and MacKenzle,
(r97r).

FIGURE 4-2 A tesc ploc of several averaged analyses of unalÈered lgneous
and sedlnencary rocks (obralned from Ëhe lfteracure; seã Appendlx
B) lnto rhe sedlnenrary and volcanfc conposLtlonaL dlagran àf Garrels
and MacKenzfe. (I971).
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silica deficient mafic rocks. Fiq. 4-2 demonstrates the application of

this methocl to selected averaged analyses of normal igneous and pelitic
rocks from the Iiterature. Generally the fietds outlined by Garrels and

MacKenzie (19?1) appear reasonably accurate, only minor departures from

Lhe narrohr banana - shaped igneous field exist. 0verlap of rock types,

however, restricts the application of this method for protolith

discrimination. Another rueakness of this methotl is iLs inability to

indicate low overall levels of all alkalies and calciurn, as is the case

ln cherty iron formations (Fiq. 4-3).

Ä'n investigation of the bulk cornpositions of numerous A1goma and

Superior type iron formations based on data taken from the literature
(listed in Appendix B-21, was made in order to conpare iron formations

and cordierite - anthophyJ.Iite schists occuring in the orebodies under

consideration. Fig. 4-3 demonstrates that most iron formations faII
within the siliceous sediment field outlined by Garrels and MacKenzie

(1971) (Fis. 4-1).

4.2.2 Potash Enrichment,

MacKenzie, Lg'lL

Indicated by the Method of Garrels and

A small section of quartz - feldspar - biotite gneiss containing

iron - rich (garnet - pyrite - pyrrhotite) bands in an area within the

English River Gneiss Belt NE of Ear Falls, Ontario, was investigated to

test the idea that these high grade metamorphlc rocks had orlginally
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been chemical sediments. Àlso tested was their relationship with

enveloping clastic metasedimentary hosL gneisses. In the Garrels and

ÞfacKettzle (1971) diagrarn (rlg, 4-4 ) , the lrost rocks cluster tightiy
within the lower arenaceous field close to the intermediate igneous

field and may therefore represent greywacke metasediments. Iron

enrichment is coupled with low levels of soda and potash; hence, iron -
enriched rocks are displaced towards the right (higher values of rog (Na.

0+Ca0)/K2O) on the diagram. Very little silica enrichment is apparent

and given the margÌna1 lron levels ( (15 wt I Feo) one v¡ould assume the

original sediments to have been ferruginous mudstones rather than

members of a true siliceous iron formation.

A study of the ore zone and surrounding host rocks at the Geco btine

has demonstrated the anomalous geochemical character of the Sericite

Schist group which hosts the orebody (Fig. 4-5). Rocks imrnediately

south of the orebody appear to correspond to intermediate and nafic

metavolcanic and associated metasedimcntary rocks. Fig. 4-5 also gives

a breakdown of Sericite Schist group rocks, and cordierite

anthophyllite schists of the 4/2 ore zone. sericite schist group

metamorphic rocks fa1l, in part, within the same field as Grey Gneiss

group metamorphic rocks but the former are characterized by a more

potassic nature and slight silica enrichment in cornparison with Grey

Gneiss group samples. This skewing to the left on the Garrels and

MacKenzie (1971) diagram is due not only to potash enrichment but also

to severe calclum depletion within the Sericlte Schist group (Appendix

A-4).

Fig. 4-5 also indicates the less potassic nature of the cordierite

- anthophyllite schists of the 4/2 oxe zone at the northern contact of
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the serlclt* schlst grûr-tÞ, The rnost notable char.lcterlstlc of these

rocks is depletion of alI alkalies and calcium (Appendix A-4). Fina1ly,

Fig. 4-5 shows the nature of the iron fornations between shafts #1 and

#4. These iron formations, which vary from sulfide - rich to silicate -

rich and to dn oxide - enriched facies, and the immediately adjacent

biotite - rich schists (MiIne's unit 4) demonstrate variable (Na,

0+Ca0l/x2o ratios, analogous to 4/2 coy.dierite - anthophyllite schists.

They are. however, often slightly more aluminous. Coupled i+ith the

higher calcium contents (Appendix A-4), Geco Mine iron formations occupy

a field to the right of that occupied by the cordierite - anthophyllite

schists. Àlthough the host rock (Hilners unit 4) is more aluminous,

many of the samples of the iron formation itself äre definitely
siliceous with log (SiOz /À1203)>1.0. Some of the samples of the iron

formation demonstrate intermediate varues of log (sioz/AlzOs) that could

be explained by physical mixing of epiclastic and chemical sedimentary

mater ia1 .

The relationship between potash-enriched rocks and mineralization

on the 2850 lever at Geco Mine is demonstrated in Fig. A-LZ; a

modification of the Garrels and MacKenzie (19?1) diagram. This section

of the Sericite Schist group represents the down-dip extension of the

maÍn orebocly. The 4/2 ore zone is a snaller economically exploitable

ore mass consisting of a cordierite - anthophyllite - quartz groundmass

containing stretched, rounded, pebble to cobble sized quartz fragments

and hence designated r'0uartz pebble Conglomeratel by Geco Mine

geological staff, plus a basal cordierite - anthophyllite - biotite
rock. It can be noted that south of the 4/2 zone, despite fluctuations,

lo9ro( (Na z 0+câoJ/K zo') remains belov -0.4, Since this is a logarithrnÍc
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plot the effect of soda - potash variation is subclued and it is

significant that drastic alkalies variations are occuring over

relatlvely short dlstances¡ âe this indlcates that the rocks are not

monotonous, as their outward appearance suggest.

Garrels and MacKenzie diagram for diamond drill core from

Yakushavitch IsIand on Kississing Lake (Figs. 4-6a + 4-5b) indicates

that the quartz - feldspar - biotite - sillimanite gneisses hosting Cu -

7.n mineralization are Iikely greywacke metasediments in analogy with

Sherridon itself (Batematt and Harrison, 1946; Froese and Goetz, L979).

Mineralized sections on Yakushavitch Is1and are small but as one can see

in Fig. 4-13, Cu - Zn enrichment correlates with potash enrichment and

sodium - calciun depletion. Fig. 4-13 also shows some degree of rnetal

zonation (copper grades reaching a maximum at 40 metres and zinc at 42

metres ) .

Fig' 4-1 is an applÍcation of Garrels' and MacKenziets method to

selected averaged rock compositions for several members of the

metamorphic association at sherridon itself ( from Goetz, 1980 ) . It
demonstrates the problems arising from the averaging of rock

compositions when sma1l scale chemical fluctuations may exist, ds

appears Lo be the case within the Sericite Schist group at the Geco Mine

(Fis. 4-50.

Generally the anthophyllite - bearing schists at Sherridon and on

Yakushavitch Is1and demonstrate potash enrichment, as opposed to those

at the Geco Mine, One rnust again bear in mind, however, that aII

alkalies and calcium are depleted in the anthophyllite - bearing schist

(Appendix A-5) so this means only that potash is not as depleted as

within the anthophyllile schists aL Geco,
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Krrlght (1981) described a slrrllar section of silllrnanite and

fibrous arnphibole - bearing gneisses at Selco's North Maysville property

in central Colorado (Fig. 4-B). Mineralization once again correlates

v¡ith potash enrichment (Fig. 4-14). Two major mineralized sections were

encountered, separated by a barren amphibole gneiss unit. Both sections

appear to show some metal zonation with copper concentrated lower down

in the section (towards the right in Fig. 4-1). Alkali fluctuations at

North Haysvirle are even more extreme than those observed at Geco.

Relatively unmineralizecl samples such as DKc-202 and DKG-z05

possess alkali ratios characteristic of normal igneous rocks and since

there is a clustering of data points in the field of normal felsic
lgneous rocks, Knight (1981) concluded that these Iikely originally
represented normaL felsic volcanic rocks (tuffs). Departure to the left
of this field occuts in the rocks which are mineralized, or immediately

atljacent to mineralized rocks. Potash enrichment in DDH-11-l-1-b on

Yakushavitch Island (Fig. 4-13) in the Sherridon area does not reach its
maximum within the mineralized section itself but in the rocks

irunediately uphole of the mineralization. A similar, alLhough much

broader, potash rrenvelope't occurs at the Geco Mine (Fig. A-rzt. It
becomes apparent that this effect may have practical application because

it increases target size in exploration for similar orebodies.

Geochemical comparison of the rocks hosting the Broken Hill orebody

in New South t{a1es, Australia with rocks hosting the orebodies discussed

earlier is of interest in order to explore the possibility of genetic

s imi lar ity.

Several reported analyses (Joplin. 1963) (listed in Appendix B-3)

of different stratigraphic units at Broken HilI indicate a potash
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enrichment similar to those encountered at Geco, Sherridon and North

Maysville (Fig. 4-9). But some differences are also apparent. I{hereas

Gec0' Sherridon and North l.faysville e:{hibit silica: alurnina ratlos

comparable to those of normal felsic to intermediate igneous rocks,

Broken Hill gneisses are somewhat more aluminous (silica : alumina

ratios being equal to or less than those characteristic of normal

shales ) . secondly, although not apparent on GaïïeIs' and lfacKenziers

dlagrarn, the calcium depletlon observed at Broken HiIl (Appendix g-3) is
not as severe as other localities cliscussecl earlier, The higher calcium

conLents of Broken Hill gneisses are also responsible for masking. to

sone extent, their potassic nature on the Garrels and MacKenzie diagram.

The weakness of the Garrels and MacKenz1e method manifests itself in its
inability to portray calcium deficiencies and therefore the more calcic
nature of Broken Hill gneisses (in comparison with those of Geco,

Sherridon and North Maysvllle).

Gneissic sillimanite - bearing cliamond dri1l core from the New

Calumet deposit on Calumet Island, Ouebec (Fig. 4-L0) again demonstrates

the same type of potash enrichnent observed at the other previously

discussed localities. Calcium depletion exists at New Calumet despite

the occurence of dominant carbonate and calc-silicate gneiss units

within the ore zone (samples c1m 30, clm 31, clm 32 and clrn 33). The

cordierite - anthophyllite gneisses were not sampled but are reporte¿ by

Moorhouse (194L) to exist. Variable potash enrichment is observed

within the quartz - feldspar gneisses. Some of these plot within the

field of normal felsic to intermediate igneous rocks white others plot

to the left of them. They have silica : alumina ratios comparable or

slightly lower than those wlthin the lgneous flel.l, Gener.llty, all the
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sIlllntanlte gtielsre= ¡hov potarli enrlchnrent. 0f tlie rarrplee tahe¡,

copper mineralization is restricted to more sillimanite - rich hosts

whereas zi,nc is more conmonly concentrated in calc-silicate rocks. In

both cases the silica : alumina ratio is usuarly elevated (Fig. 4-10).

Moorhouse (1941) has reported that significant gold mineralization

exists at New Calumet but he does not specify whether it occurs within

the cordierite - anthophyllite schist, sillimanite - bearing felsic
gneiss or carbonate.

Plots of sorûe of the New calumet arnphibolites are shown in Fig,

4-10. The bulk of the amphiboLites at New Calumet has been interpreted

to be of sedimentary oËigin. The Garrels and MacKenzie plot, howeveï,

demonstrates clusterlng around the maftc end of the sausage-shaped

igneous field and the carbonate fieId. Àlthough the origin of the

amphibolites is nebulous according to this method, intimate field
relationships of the arnphibolites and carbonates would appeaï to

indicate that the amphibolites may be meta-carbonates.

In analogy t+ith New Calumet the sillimanite - bearing gneisses at

Montauban occupy a region to the left of the field of normal felsic to
intermediate igneous rocks (Fig. 4-11). Some of the frsodic teptites,'

described by Stamatelopoulou - Seymour and Maclean (Lgi.7) are also

represented. These rocks, located to the west of the ore-bearlng

horizon, generally occupy a field with Iogls((Na 2o+cao)/Rz0))=0.
Stamatelopoulou - seymour and Maclean (19??), on the basis of normative

corundum contents, interpreted the sixteen leptites depicted in Fig.

4-11 to be of felsic volcanic origin. The generall-y higher values of

logro((NazO+cao)/K20)in the leptites are, once again, partly the result

of elevated calcium contents. Table 4-1 demonstrates increasing potash
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the ore-bearing calc - silicate / cordierite

anthophyllite unit is approached. It is possible that intermixing of

felsic volcanlclastlc rocks and sediments such as clay and,/oï some

carbonate has protluced these CaO contents which are atypical of normal

[elsic volcanic rocks. Although some leptites cluster near the

intermediate section of the igneous field (Fig. 4-11), many are

displaced upwards toward high logro(Si0z /Al r 0 s ) values. This also

indicates departure from a purely volcanic origi n unless the

rnetamorphlcs represent normal intermediate volcanlc rocks r+h1ch were

subsequently silicified. Assuming the stratigraphic interpretations of

Stamatelopoulou - Seymour and Maclean (Lg71. ) are correct, these

silicified rocks could be a result of late stage cleposition of rninor

amounts of chemically precipitated silica considered in the volcanogenic

massive sulfide model proposed by Large (19??). According to the data

of Stamatelopoulou - Seymour and Uacleàn (19??), the most siliclc
leptites occur trithin an area of L20 to 240m west of the ore-bearing

calc - silicate unit. Sample 431 (Table 4-1), located about 30m west of

the orebody, occurs approximately 10m easL of an amphibolite unit which

nay be a metabasalt. The proximity of the amphibolite may be

responsible for the lower Si02/A120s ratio of sample À31,

Anomalous zlnc levels are found within the sillimanite - cordierlte

- anthophyllite gneisses and calc - silicate gneisses (Fig. 4-11),

McAdams and Flannagan ( 1976 ) have also reported copper grades

approaching 3eo and golil grailes up to 0.7 oz/ton wlthin the cordierite -
anthophyllite gneiss at Montauban.
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4.2'3 Dlgtrlntln.rt1on Results Based on the Garrels anil macrenzle (19?1)

Method: a Discussion

Experimental studies have inclicated that alteration of regular

greywacke sediments by heated seawater or solutions equivalent to

hydrothermal brines (Bischoff et aI.. 19S1) causes a slight potash

enrichment over soda and calcium oxide. Potassium metasomatism occurs

in the filore severely hydrothermally altered rocks at Stearnboat Springs,

Nevada (sigvaldson and I{hite , L96z; parry et a1, l_gB0). Fig. 4-15 shows

the effects of the alteration which occurs in a granodiorite at

Steamboat Springs, Nevada (data from Sigvaldson and White , Lg6Zl. Sorne

of the data points are displaced towards the IeÊt in the Garrels and

MacKenzie plot indicating that potash enrichment over NazO + Cag has

occured in these rocks. Simitarly Fig. 4-16 indicates potash enrichment

in a quartz monzonite at Roosevert spgs., utah (data from parry et al.,
1980). A sirnilar type of potassium metasomatism is reported to occur in

rhyolites in the Sinai peninsula (Agron and Bentor, 19g1). The effects

of this alteration are also shown on the Garrels and MacKenzie plot in
Fig. 4-16. The direction of increasing alteration is based upon data

from the literature, listed in Appendices B-6 and B-?.

Potassium metasomatlsm has also been frequently recorded within the

alteration pipes of volcanogenic massive sulfide deposits. Fig. A-LI

depicts bhe progressive alteration of felsic host rocks at the

Millenbach Mine and the Mattagami Lake Mine. Again, the direction of

increasing alteration is based upon data from the Iiterature, Iisted in
Appendices B-B and B-9. These deposits are both situated in the
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,t\pplicaElon of Ehe method of Carrels and HacKenzfe (1971) ro

sàme hydrochermally altered felsic fgneous rocks from

Sceambàac Springs, Nevada (daca from Sigvaldson and whlEe'

I962: see Appendlx B).
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Garrels and HacKeI¡zle (197I) dlagran showlng che effecrs
of prograde hydrochernal. alcerãc1oû on sone felsic i8¡leous
rocks. Dlamorrds represeoc alreraÈ1on of rhyolir !es from
Bl.q'ac tlayareah, Slnat (data from ,\8rorì a¡¡d Berìtor' l98li
see Appendtx D); and lrlangles rePreseot alterarion oÍ a

quarEz moozonlte at RoosevcIE llot Sprlrt8s, Urah (dat¡ fron
Parry ec al. , 1980; see 

^PPendix 
B).

LOG

FICURE 4-I7
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¡96 N¿'o 'Cq9
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carrels and ¡lacKenzle (l-971) dlagran shoulng plots of
hydrothernally alcered rocks from che alceratlon pfpes
of selecced nassÍve sulffde deposlcs. Squares represenÈ
rocks fron Èhe Mlllenbach Hlne (daca fron Rlverln and
tlodBson, 1980; see Appendlx B) ånd clrcles represent rocks
from !he MacEagaml Lake Mlne (daca fron RoberEs and Reardo¡¡,
1978; see Âppendlx B). Àrrous lndlcace lncrcaslng alceratlo¡r.

t lcuRf: g- l 6
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Superior structural Province of the Canadian Shield in ouebec. In both

instances an initial depletion of Na 2 O becomes more extreme, as one

approaches the core of the ÞiÞe, and KrO is also leacþed. In the ptot

of an altered rhyodacitic tuff at Mattagami Lake. one data point is
situated a fair distance towards the right of the others (Fig: 4-LiJ,
indicating a substantial re-introduction of calcium, a similar case has

not been observed at any of the localities subject to the present study.

The most altered rocks at both Hattagami take and Millenbach are found

at the cores of the atteration pipes. They are depleted in aI1 alkalies

and Ca0, and are enriched in magnesium and iron. Geochemically they are

similar to the cordierite - anthophyllite rocks which occur at each of

the localities discussed thus far.

If one tries to draw an analogy with the alteration pipes of

volcanogenic massive sulfide deposits, assuming alteration is

responsible for the compositional departure of metamorphic rocks out of

the field of trnormalrr rocks, the potash enrichment which occurs in the

sillinanite - bearing host rocks at Geco, sherridon, N. Maysvil1e, New

Calumet and Montauban would bear closest resemblance to the moderately

alterecl host rocks at the Millenbach and Mattagami Lake Mines. For

example, samples LT 1b0 and LT 1S1 (Appendix B) at Mil1enbach, which

correspond to the best developed 'rdalmatianiterr (Riverin and Hodgson,

1980), shovr the greatest enrichmenL of K.0 over Nas0 and caO,
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rrS i1 icoalurninate" Tr iangle
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Õri tlie L.1 Roche t 19 7 4 )E.tgÈd

4.3. L lntroduction

La Roche (1974) utilized a very simple triangular plot of Na20, K20

and MgO in order to outline fields of magmatic rocks and several types

of sedimentary rocks. Fig. 4-18 demonstrates the adherance of selected,
rrnormalrf igneous and seclimentary rocks from the literature to the fields
generated by LaRoche (1974).

Application of this plotting method to various iron formations

(Fig. 4-19) produces ä clustering near the MgO apex of the diagram.

Since this cliagram may be considered to be a projection of the

tetrahedral diagram KzO - Mgo - Na"O - sio2on to the Kzo - Mgo - Na20

pIane, variations in silica are not portrayed.

4,3,2 Alkalies Enrlchment as Shown by the "silicoaluminate't Diagram of

La Roche (1974)

ïron - rich metasedimentary rocks from the Ear Fal1s aïea

demonstrate enrichment of magnesia over soda and potash (Fig. 4-20).

Their host rocks plot within La Rochefs greywacke fieId, thus supporting

the results of the Garrels and HacKenzie (19?1) rnethod (Fig, 4-4). Fiq,
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4-I9 Silicoaluminete diågram (La
of several iron formations
data (see Appendix B).

FICURE l+-18 Stl-lcoalusrlnate dlagram (La RocherlgTlr)
for severaL corunon igneous and seilf-
m6ntary rocks sel.ecÈed from the Iit,era_
lure (soe Appendfx B). Igneous rocks
ara represented by cfrcles and sedl-
mentary rocks by squeres. f.oy to flel.ds
bounded by dashed llnes (from La Roche.þ9ll$ud.by dashed 1!l"g (from La Roche,
l97lr): Ar = arkose fle1d, G - greywackå
lleld, S - shalo fteld. the ignoousfleld,S-shalofteLd. igno ous
'f19ld of La Roche (f97ô) 1s bõunded by
solld Llnes.

{ô,o

F IOURIì Roche, I97l+) showing p).ots
based on worl-dwide liÈerature
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FIcURE 4-20 Silfcoalumlnace dlagril (La Roche' 1974)

for ferruglnou" ¡s¡¿ssdtmentary rocks
(lnverced Erlangles) and envelopfng
quar cz-f eldspar-bf oEite- (hornblends)
gneisses (clrcles) of che Ear FaIls area'
Onrârlo,

SillcoalumlnaÈe diagram (la Roche, 1.974

for sel.ecced metamorphlcs from the
Sherrldon deposlr, ¡fan1[oba (analyses
from Goecz,I980). cordlerite-
arrrhophylllce rocks are represenced by
rrlang).es, bloclte-slIIlnanlce Enelsses
by clrcles and oclìer quartz-feldspar
gnefsses by squares.

FIGURE 4-22
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Sllicoaluminare di.agram (La Roche, 1971)
for rocks from the Geco deposlÈ and
viciuicy. Grey Gneiss Gp rocks (wlch
the excepÈIon of iron fomacions) are
represenEed by squares, Grey Cnelss Gp
lron fornaclons (and lntercalãÈed neta-
sedlnentary rocks) are represenced by
fnverted crfangÌes, sflllmanfÈe-
bearlng rocks of rhe Serlcfte Schls¿
Gp are represenced by clrcles and
cordierlce-anthophylllce rocks from
che 4/2 ore zone are represenced by
rrlangles.
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SlllcoaLumlnare diagran (La Roche, 1974)tor orc-bearlrrg rocks encountrred indlamond drllt hole DDII_lI_tt_5 on

.Yakushavltch Islarìd, Kfssinss.ing Lake,¡lan1Èobâ. Anrhophylllre_beartn[ rocksare represcnted by trlangles.rnd
enve.lqpi¡g quarrz-feìdspar_blrrlrc_
(sillinanlre) gneisses and sctlsÈs by..1."1::: Solld flgures lndlc.rte gr"o,".
¡harr 500 ppm Cu or Zn.

óJt

FICURE 4-23
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4-20 also suggests a gradational contact between sulfide - bearing host

rocks and {:he iron enriched sedirnent.

Grey Gneiss group rocks at Geco, Manitor;wadge (rig. 4-?1) are found

to cluster along the right edge of La Roche,s (Lg71-) greyv¡acke field and

to a lesser extent along the right edge of the ynafic igneous field.
This being the case, if progenitors of grey gneiss rocks are igneous in

origin. sorne soda enrichment is indicated. Sericite Schist group rocks

r¿hich host the orebody, on the other hand, indicate soda depletion,

plotting along the HgO - K z 0 reg of Lhe diagram. T.îembers of the

Sericite Schist group at the 2850 level are found to become gradually

enriched in MgO as one approaches the 4/Z ore zone, Cordierite -

anthophyllite - rich schists of the 4/2 ore zone, and sericite Schist

group rocks hosting massive sulfides on the 2350 leve1 at Geco are found

to cluster near the MgO apex of the diagram in much the same way the

iron formations v¿ere found to (Figs. 4-19 and 4-20).

Fig. 4-22 shol+s the distribution of sillimanite - bearing gneisses

and anthophyllite schists of the Sherridon area (analyses from Goetz,

1980). The potassic nature of sorne of the sillirnanite - bearing host

gneisses aL Sherridon is obscured by averaged analytical results. A

wide range of Na 2 0 values is demonstrated by these gneisses but

averaging cäuses the data to plot within Lhe field of normal shales and

greywackes.

.4, similar t'ride range in Na20 is agairr demonstrated by host gneisses

for mineralization on Yakushavitch Island, Kississing Lake, Manitoba

(Fig. 4-231. Soda enrichment, hoq¡evei, docs not extend beyond the right

side of the igneous field generated by [a Roche (].9?4). Thereforeo if
the host rocks to the ore är-e of igneous origin (tuffs of interrnediate
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c{li'trp{-rsILlo¡¡). t}ie ç¡ltfu r,-ã.ngÈ {Jf Nõ. 2 [ v,:1r.rr.5 5rrflçfti iÏay w*11 l¡i,]lc.rt-e

varying degrees of potash enrichrnent and soda depletion. This is
discussed in greater depth in section d.3.3. Additionally, MgO

enrichment (in comparison with quartz - feldspar host gneisses) appears

to accompany mineralizationo in analogy with the sherridon deposit.

Gneisses from the N. Maysville prospect in cororado (rig. 4-24t

fall roughly rqithin the same field as do the Sericite Schist gËoup rocks

at the Geco þline (Eig. |-ZL\. Again, mineralized schists and gneisses

cluster near the MgO apex of the diagram.

Broken Hill host rocks also shor¿ an excess of potash over soda

(Fiq. 4-25'). They do not, hovrever, plot in the same fietd as the

sillimanite - bearing gneisses at Geco, n¡orth MaysviIle or Sherridon,

As a result, there does not ãppear to be a gradation betr¿een these

gneisses and iron formations at Broken Hi11"

A plot of sillimanite gneisses from the tlew Calumet Mines area in

Quebec (Fig. 4-25) ptoduces a dispersed field generally centered on the

shale field outlined by ta Roche (19?L). There are, however, a few soda

- enriched samples. Calcareous and calc - sÍlicaLe rich gneisses plot

near the MgO apex of the diagram. Although sillimanite - bearing

gneisses of the plot coincide roughly vrith the shale fieId. a

sufficiently large percentage fall into the same soda - depleted region

demonstrated by similar gneisses at lhe Geco Mine.

I f Stamatelopoulou - Seymour and Macteanrs tLg.l1 ) assurnption

concerning Lhe stratigraphy at Ì.{ontauban is correct, samples taken from

the upper section of the rrleptite' unit appeaï to fall within La

Rochers greyr,*acke and arkose f ields (nig, 4 -21). Due to the overlap of

fÍelds, they mäy also represent intermediate tuffaceous rocks, As one
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FICURE 4-24

Moo

SlllcoaIumlnace dlagram (La Roche, 1974)
for rocks from the Silllmani¿e Gnelss
U¡ìlI aÈ N. Haysvllle, Colorado (afcer
Kntght, 1981). HeÈabasalÈ6 are rePrsen-
ced by diamonds, lrot¡ f omatl'ons a¡rd

ocher "exha11Eles" (Knighc, 1981) by
inverced Èrlangles, anthophyÌll¿e-
bearinB rocks by Èriangles, and

slll.lmanl¡e-bearlng rocks by circles.
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r i1,{,li. ---11) SilicoaluninaËe d.tâij,ranì (La Roche, 1974)
for ore-be¿rrirrg greisses aûd schists
irom tlre New Calunet dcposit, Caluner
lsÌaild, Quebec. Quartz-feldspar-
bioclre- (s1L1fm¿nice) glelsses artri
sclìlscs are reprcsentcd by clrcles,
¡mphibolitles by dlanonds, carbonaIes
by lùverÈed criarrgles a¡td c¡rlc-sillcares
b¡' soLid Lnverted triarr6,les.

Moo

r- I CURE 4-25 Silicoalunina¡e dlagram (La Roche, 1974)
for sel.ectcd represenEaÈ1ve rocks from rhe
Broken llf1l }laln Lode, Broken HlLl,
N,S.W., Australla (analyses from JopIfn,
1963; see .A.ppendlx B). lron lomacl.ons
are represenEcd by inverted Erlangles,
sllllmanfEe-bearing gnefsses by clrcles,
barlum-11ch gneisses by hexagons and
o¡her gnelgses by squares.

FICURE 4_27 SlLicoåLuq!nate dlagram (La Roche,
1974) for ore-bearlng goelsses and
schlscs froú che Tácreauc Mine,
Moncauban, and vlclnlty, Quebec,
Cordierlce-archophylltEe rocks are
represenced by crlangLes, carbonares
and calc-slllcate gnelsses by 1n-
verced rrlang).es, sl.Ìltman1te-
bearlng rocks by clrcles and "leprlre
(daca f rom Stamatelopoulou-Se)mour
and HacLeanr I977) by squares.



ãpproaches the lov¡er section of

soda enrichment (Appendix B). In the immediate vicinity of the ore

zone r ho'¿e*¡er, soda drops of f to ned,r zeio and qu,lrtz - f eldspar -

biotite - sillimanite - (cordierite) - {anthophyllite) gneisses begin to

shor+ the same potash and magnesia enrichments observed in sillimanite

and anthophyllite - cordierite - bearing schists investigated aL Geco,

Sherridono Maysville and New Calumet,

83

the teptite unit there is a distinct

4.3.3 Geochemical DiscriminaLions Based on the

Diagram of La Roche (L974): a Discussion

Hydrothermally altered felsic intrusive rocks at Steamboat Springs,

Nevada (Fig. 4-28l, and at Roosevelt Springs, Utah (Fiq. 4-29) all
demonstrate the same soda depletion which exists in host rocks at the

various localities covered in this study. A subtle difference does,

however, occur. Alteration in the hydrothermal areas mentioned above

results in a crude shifting of data points towards the KrO apex of the

diagram. In contrastn the anonalous rock types at the localities

subject to this study produce a field hugging the K20 - MgO 1eg of the

diagram. This nould indicate that in contrast with hydrothermal spring

alteration some MgO enrichment has occurred in the host rocks of these

orebodies" lfgO concentrations in the cordierite - anthophyllite schists

of the orebodies studied (Appendix A), being considerably higher than in

älly 'rnorma1" igireous roÇk, indicate that somc 1"190 enrichrrent did occur,

Geco silllmanite gneisses {Fig. 4-2I) very definitely denronstrate an }tgo

trS i l icoa lumi nate "
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Moo

r-IcuRE 4-28 Slllcoaluolnace dlagram (La Roche, 1974)
for hydrothernaLly alÈered fel.slc and
lncemedlate lgneous rocks at S¡eanboat
Sprlngs, Nevada (analyses fron Slgvaldson
and lJhlce, 1962; eee Appendlx B).
(rocks encouncered 1n dtæond dr111
hole GS-7).

N ô.0

M9o FIGURÊ 4-29 Slllcoalunlnace dlagram (La Roche, 1974)
for hydrorhermally altered quarÈz
monzonlÈe ac RoosevelÈ l{oc Sprlngs,
Ucah (analyses from Parry et a1.,1980;
see Appendfx B).

M90

Slllcoalwl¡race dlagram (La Roche, J.974)
for hydrothermall)' alrered rocks from
che alceraclon zone of the MaÈcagaml
Lake ¡flne, Quebec (ana).yscs fron Roberts
and RearCon,1978; see Appendlx 8). The
arrow lndicatcs lncreaslng lntensl¿y of
alferaclon toçards clte core of the zoùe.

Sil.lcoalstnatc dlagram (La Roche, I97i)
for hydrorhernrâ11.y alaered rocks from
Ehe alceracforì zone ar che Ili.llenbach
Mlne, Noranda area, Quebec analyJes
from Rlverln and tlodgson, ).980; see
Àppendlx B). The arrow lrrdlcaces 1n-
creãslng lncenslcy oF alceraclon towar4s
che core of che ¿orre.

FIGURE {.]C t'tcuRE 4-31
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FeIsic volcanic rocks at Millenbach Mine and Î.îaLtagami Lake Mine

demonstrate the same coincident soda depletion and MgO enrichmenL

observed in sillimanite and cordierite - anthophyllite - bearing rocks

of the orcl:odies under investigation (rigs. 4-30 and 4-31). Although

the MgO enrichment at the Millenbach, Mattagami take and other

volcanogettic rnassive sulfide deposits is very likeIy due to magnesiurn

metasomatism, the same increase in Fe and Mg nay be produced by addition

of Mg - Fe-bearing chemical precipitates to a normal or altered (soda

depleted - potash enriched) clastic sediment (i.e. a tuff of felsic to

lntermediate compos it j.on ) .

As stated earlier this diagram fails to take into account the role

of silica. A tetrahedral plot of SiOz - MgO - KzO - NarO might prove to

be more useful in separating iron formations and other siliceous

chemical sedlnrentary rocks from mafic and ultrarnafic lgneous rocks.
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4.4 Geochemical discrimination based on the Niggli k ; mg Diagran

4.4 .1 Tntroduction

teake (1964) utilized a plot of Niggli k as a function of i'{iggli mg

to distinguish amphibolites of sedimentary origin from those of igneous

origin. He found that pelitic rocks fel1 largely v¡ithin the range of k

= fl.5 to k = 0.8. Br-tbVatrdeKamp(1970) extendeclthisslightlyto



cover a field

Fig.4-32.

The solid

igneous rocks.

87% of the 75

within it.
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0.45 < k < 1-"00 and 0 ( mg ( 0.5 as is demonstrated in

Fig, 4-33 demonstrates the confinement of various iron formation

plots to a field with highly variable Niggli k but with Niggli mg < 0.2.

dark lines on this diagranr outline the field for normal

The validity of this field is somewhat verified in that

samples of Karoo dolerites analyzed by Leake (1954) falI

4.4.2 Polash Enrichment as Shol*n on the Niqqli k : mg Diagram

The iron - rich rnetasedimentary rocks in the Ear Falls area faIl
within the same restricted field as the plots of iron formations of

world vride occurrence, obtained frorn the literature (Fig. 4-34). Host

rocks are of greywacke association and cluster within the interrnediate

igneous to shaley fields initially depicted in Fig. 4-32. Nigg1i k

values for host rocks to the sulfides or of the iron - rich

metasediments are found not to extend much above 0.5,

Grey Gneiss group rocks to Lhe south of the Geco l'{ine (Fiq. 4-35)

were found to plot largely within the field of intermediate to mafic

volcanic and sedimentary - volcanic rocks. Rocks from the ore zoner

hol'rever o demonstrate notably increa.sed k values although mg values

¡emain the same as those demonstrated by rocks to the south of the

deposit, Different samples from the large iron formations, vhich occur

0n surface above tire Gecir tleposlt, are also depicted in Fig. 4-35. t"tost
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FIGURE 4-33 k-mg dfagram showln8 fleId occupled
by varlous lron fornaÈlons fron
around the worJ-d (based on analyses
fron the IiÈeracure, IlsÈed 1n Appendix B)'
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k-mg dlagram for various common igneous and
sedlnentary rocks seLecÈed f¡oD che 11ter-
acure (see Appendlx B). Key co rock Eypes:
solid diuonds = peralkallne lgneous rocks;
so)-id crlangles - alkalfne-o1lvine basalc
serles volcanics; solld squares . calc-
a1kallne serfes voLcanlcs; solld clrcles .
tholelcfc serles volcanlcs; so1ld lnverced
È¡langIes - nephellnltes ecc., so11d
clrcled dimonds ! oEher lgneoue rocks;
open clrcles = arglllaceous eedlnencary
rocks; open triangles ' greyuackes; open
cfrcled tr.iangles - calcareous greywackes.
The ffeld bounded by solld Ilne6 {s Èhac
occupied by most lgneous rocks.

l-.0

FIGURE 4.32

mg

k-ng dtagran for rocks fron Èhe Geco Mlne and
Ehe curroundlnB area, Hanlcouwadge, Oncarlo.
Grey Gnelss Gp rocks from a surface craverse
co the souÈh of che mlne (excl.udlng tron
formatfons) are represenÈed by open squareg'
Grey Gnelss Gp lron fornaclon by solld squares,
Grey Gnelss Gp rocks uhich occur as lncercal-
aclo¡rs wlch1n Èhe lron fornaÈlons by solld
diamonds, sLlllmanlÈe-bearlng Serlclce Schfst
Gp rocks by clrcles and cordlerite-anthoPhyL-
llEe rocks from the straElgraplì1c base of che
l,/2 ote zone by crlangles.

FICURË 4-35

.t .ó 1.0.o

mg

FICURE 4-l¿ k-ng dlagram for rochs of the Ear Falls
area, Orrrarfo. Ferrlglnous merasedlmeocary
rocks ere represente{l by squares and rhe
e¡rveloplnB quartz-f eldspar-b1oÈ1Èe-
(hornblends) gncisse,; by clrcles.
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11f tlies* f,rll lti tlie -q,1[iÈ fleld r-rr-:r-:u.[:1Ër-1 l-r]r ï,3rlll-r-s t]¡E'*s rlI 1r,rä

formations in Fig. 4-33. Some members of this diverse iron formation,

however, represent a transition from Milners (1969) Unit 4 into Lhe iron

formationo and demonstrate fairly high Niggli mg values. An additional

feature is that the highest K values are not demonstrated by rocks of

the 4/2 or Sericite Schist (B/2) massive ore zones themselves, but

rather by sillimanite - rich host schists.

Host rocks from tlvo diamond dri1l holes on Selcots Yakushavitch

Island Property on Kississing Lake, Manitoba, occupy a fairly dispersed

field (Fig. 4-36) centered on the intermediate igneous fietrl oul"lined

earlier in Fig. 4-32. Niggli k values extend up into the shele field

and, therefore, support the interpretted origin of these rocks as being

sediments (Goetz, L9B0). Analysis of core from the narrow mineralized

horizons indicate similar mg values in the non-mineralized portions but

with substantially elevated k values,

The result of a similar analysis of data from the Sherridon area,

reporLed by Goetz (l-980), is depicted in Fig. 4-37. Goetz (1980) has

averaged the analyses for different rock types and this has had the

effect of masking anomalous alkalies values in the biotite - sillimanite

çneisses. Fig " 4-37 also indicates the potassic nature in the

anthophyllite - bearing gneisses of the Sherridon area in analogy with

the anthophyllite - bearing mineralized sections encountered on

Yakushavitch Island (Fig. 4-36). The anthophyllite - bearing gneisses

of the Sherridon area appear to be sornewhat more magnesian and potassic

than those of Geco.

Fig. 4-38 represents the k : mg diagram for rocks from the detailed

stratigraphic sectiotr of North Maysville. Knight (1980) recognized a
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mg

FIGURE 4-ló k-mg diagrann for Sherridon Cp rocks on
Yakushavitch fsland, Klssissing Lake,
Manitoba. Quartz-feLdspar-biotite-
(siJ.Iì-manite) gneisses/schists are re-
presented by circ)-es and authophyLlite-
bearing rocks by Eriangles.

r.0

k-mg diagran for Sherridon Gp rocks from the
Sherridon de:osit, Sherrfdon Manitoba.
(anaìyses fr.rm Coei,z, 1980, see Âppendlx B)
tlnaveraged analyses of sil-Ij.manite-bearing
gneisses are represented by squares, cuartz-
feldspar-biol.ite-( sLlLimanile) gneisses by
circl-es and rnthophyllite-bearlng rocks by
triangles.

mg

k-mg di.agnam for rocks from the Sill-lmanite
Cneiss Unit at N.llaysviIIe, CoJ.orado,
(after Knight, I98I). Sil-Llnanl¿e bearing
gneisses/schists are represenLed by circÌes,
anthcphi-llite-bearing :-ccks by squares,
amphiboì,ites by inve:-ted Lriangles and
"exhal-ative meÈasedimentsil by lrlangles.

mg

FIGURE 4-]8

r.0
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dominanL chemical sedimentary component supported by the setting of

copper - bearing quartz - magnetite - rich gneisses in and near the iron

f orntation f ield outlined earller in FiS. 4-33. sorrìe sillimanite -

bearing gneisses adjacent to these iron rich, cupiferous sections are

also skerved torsard Lhe iron formation field. Several of these gneisses

resemble the more magnesia - rich transitional metasedimentary rocks

found within the iron formation, which is found along the surface

extension of the Geco orebody, Manitouvradge (Fig. 4-35). Both

sillimanite - bearing gneisses and the iron formation demonstrate l+ide

variations in alkalies, and Niggli k values often extend beyond 0.7.

One immediately notes that, in comparison uith the other localities

investigated thus far, Broken HilI gneisses are widely dispersed

throughout the fierd of Niggli mg ( 0.4 (Fiq. 4-39). .Almost hatf the

analyses considered, including the Broken Hill iron formations

themselves, fa11 l¿ithin the same field outlined for various iron

formations earlier in Fig. 4-33n l'¡hereas most other rocks plot within

the pelite field of Van de Kamp (19?6). In analogy with North

Maysville, sillimanite gneisses were found to plot close to this iron

formation tieId.

l{ew Calitrnet amphibolites (Fig. 4-40) show a dispersed pattern to

the right of the igneous field outlined eailier in Fig" 4-32. The bulk

of the New Calumet amphibolites therefore appear geochemically

cons istent with a predominantly sedimentary or igin. This is also

supported by the textural and structural evidence utilized by Osborne

(1944). They måyo houever, be in part derived from volcanic material

{nraf ic pyroclastlc},

Felsic iusty gnels;e= closely ,rssociaterj uith ore aL Hew C.:lrrnret
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FIGURE 4.]9
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FICURE 4-40
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mg

k-mg dlagram for selecced represenÈaclve rocks
fron the Broken H111 Môtn Lode' Broken HllI'
N.S.H., AustraIla (analyses fron Joplin,
1963; Rlchards, 1966; see APPendlx B)'
SlIllmanlre-bearlng g¡¡eisses are represented
by clrcles, lron fomaclons by trlangles,
bartum-rich Snelsses by dlamonds and ocher
quarcz-f eldspar gnelsses by squares.

mg

k-mg dlag¡an for rocks fron che Neç CalumeE
deposlc, CalumeÈ Island, Quebec'
SilllnaniEe-bearlÍg rocks are represenced by
clrcles, amphlbollces by lnverted criangles,
carbonates by squares, and calc-slllcace
gnefsses by trlanqles. Soì.ld figures
represent rocks wf¡h greater chan 500 ppm

Cu or z rì.

FIGURE 1-¿ì

mg

k-mg dfagram for rocks from che vicfntty of
Ehe Tetreaulc Hine, Montauban, Quebec.
"Leprfcfes" (analyses fron stamaEeloPoulou-
Selmour and HacLean, 1977; see Appendix B)

are represenÈed by dlamonds, calc-slllcaces
by squares, sll.ltmanire-bearing rocks by
clrclec and cordlerlte-anÈhoPhylllte rocks
by crlangles.
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plr-rt largely ln .c. dlf fr.rse f l*Ld. of hlgh Nlggll þ. .rn,-1 a¡* restrtct*d

largely to Niggli mg values between 0.3 and 0.75, within the pelitic
field. Mineralized versions of sillimanite - bearing gneisses generally

demonstrate k values > 0.7, whereas mineralized calcareous gneisses are

undersLandably marked by depressed k valnes,

Ânalyses from Stamatelopoulou - Seymour and Maclean (1-977), plus

data from dia¡nond drill core collected at the Montauban deposito are

represenLed in Fig. 4-41-. rrLeptitesrr f urther removed f rom the orebody

are found Lo plot roughly in the region of felsic igneous rocks outlined

earlier in Fig. 4-32. As one approaches the orebody from the west,

Niggli ntg is found to increase steadily indicating an enrlchment of Þlg

over Fe oxides, Quartz - feldspar gnelsses enclosing the orebody

demonstraLe a further enrichment of magnesium and potash. In the

vicinity of the Anacon e.rrcbody and North Gold Zone Nigqli k values, f or

the most part, renaln above 0.6 and often exceed 0.85. The Montauban

anthophyllite schists demonstrate fairly wide variaLions in Niggli mg

(0.2 ( mq ( 0.7).

4.4.3 Niggli k : mg Discrirrination Technique: a Discussion

Wlthout regarding the possible effects of alteration, the fields

outlined in Figs. 4-32 and 4-33 indicate that the Sericite Schist Group

rocks at Geco (Fig. 4-35) plot into the category of potassic metapelites

whereas Grey Gneiss group rocks to the south of the orebody demonstrate

a 1ikely volcanic origin (e.9. flov¡s and volcaniclastics)"
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Plots of Shciridon host rocks (Fig. 4-37) and unnineralized

gneisses on Yakushavitch Is1and (Fiq. 4-36) straddle the igneous and

pelitic fields substantiating the interpretation (Goetz, 1980; Gale et

dl., 1980) that they likely represent normal greywacke metasediments.

Sillimanite - bearing gneisses at North Maysville, Colorado (Fig,

4-38) and Nev¡ CaIumeL Mines, Ontario (Fiq. 4-40) plot within the same

field as Sericite Schist group gneisses at Geco. These often appear to

be more potash enriched than normal petitic rocks,

Sillimanite - bearing gnelsses at Montauban (Fig, 4-41), howevero

are displaced to the right of the pelitic field occupied by sillimanite

- bearing gneisses at Geco and North Maysville, This indicates an

enrichment of HgO over iron oxides. Leptites located about 400 metres

east of the Montauban orebody plot within the felsic end of the field
produced by normal igneous rocks. They demonstrate a gradual enrlchment

of MgO over iron oxides as one approaches the orebody. This rnay be

explained as;

L)

2)

3)

an effect of alteration;

a result of increasing quantites

chemical sediment composed of

deposited contemporaneously with

Considerable carbonate and calc-silicaLc gneiss horizons do occur

the immediate vicinity of the old Anacon workings,

Tt is also possible that the observed increase in Niggli mg,

approaclies tlie orebodyn is due Lo an overall chanEe frorn felsic

mafic volcaniclasLlcs. The leptites appear to be confined

of dolomitic mud, axì

magnesium and iron hydroxides,

the leptite Broqenitor.

l+i thin

a5 one

!- ..----_LIJ III(JTC

to the



94

lgtt*,ltt* {leLd çutllncd e;rrlier 1n f1g, 4-3t.r.¡id,-1*i'1,c.tlr-rä Lr: hlgh v,rlr:e=

of Niggli k are not observed until one is within the ore zone.

As \ìras demonstrated earlier, Broken Hill gneisses do not behave as

do the gneisses of other orebodies considered. Using the fields

outlined in Figs. 4-32 and 4-33, Broken Hill gneisses iøould ,:ppeår to be

mixtures of chemical and pelitic metasediments, There does not seem to

be stronger evidence supporting the involvement of rocks of volcanic

originn as appears to be the case l+ith each of the other localities

studied.

Hydrothermally altered granodiorite from Steamboat Springs, Nevada

is plotted in Fig. 4-42. They occur in a dispersed field extending

towards higher Nlggli k and mg values originating frorn the field of

intermediate igneous rocks. This paralIels the behaviour of the host

gneisses at Montauban. A sirnilar trend has been observed at Roosevelt

Springs, Utah (Fig. 4-43).

Similarlyn hydrothermal alteration of rhyodacitic tuffs from the

Mattagami Lake Mine (Fig. 4-44) causes a shift, with increase in the

degree of alteration toward higher Niggli k + mg values. Roberts and

Reardon (1978) also reported an analysis for the unaltered version of a

rhyodacitic tuff and this is also represented in Fig. 4-44.

Altetation of a quartz-feldspar porphyry at the l,lillenbach lline in

the Noranda camp (Fig. 4-45\ is marked by an initial increase in Niggli

k values followed by a decrease of the same, as the core of the

alteration pipe is approached. In contrast with Mattagami Lake and

l'{ontauban, however, Niggli mg does not increase substantiatly with the

degree of alteration" This being the case, one might be able to

determine the composition of the progenitor simply by projectinE
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mg

lIGûRE l,-41 k-mg pl-c,r ot' hydroLhernalLy alcered quartz
nonzoniLe at the Roosevel-t Hot Springs
thermal area, Utah (anaI¡'ses fron Fárry
el aL., 1980; see Âpnendix ts).
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^FIGURE l+-Lz k-rng pJ-ot of hydroLhermalLy aLt,ered
granodioritic rocks from Steanboat Springs,
Nevada (analyses fron Sigvaldson anà
White, Ì!62; see Âppendix ß)

.6.4.2

mg

FIGURS L-l+4 k-r.g pLoL of hydrothcrmalLy aLLered rocks
from the aLtera!1on pipe of t,he MatLagami
Lake l'Íine, Quebec (analyses fron Robcrts
and Reardon, l97B; see ,1ppendix B).

mg
FIGURE 1+-45 k-mg p)_ot of hydro¿hermally al-Lered rocksfrom t,h,j al.reraLlon pipe oi the ¡llllenba¿hMÍne, Noranda area, QuàU"c (analyses fromRiverin and Ilodgson, ìÇ90; see .{ppenCix B).

l-.0
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individual data points (representing altered metamorphics) downwards,

parallel to the Sliggli k axis, to Lhe field for normal igneous rocks.

This !/ould indicate that the progenitor of the t'fillenbach quartz -

feldspar porphyry was originally andesitic in composition.

4.5 Geochemical Discrirnination Eased on the Nigg1i al-alk : c Diagram

4,5.1 Tntroductiorr

Van de Kamp (19?0) and Leake (1969) utilized a plot of Niggli

al-alk against Niggli c to separate metamorphic rocks of igneous origin

from those of sedimentary origin. The value al-aIk indicates available

alumina present in excess of that used to produce all micaceous minerals

and feldspars. Small variation of al-alk with composition produces a

broad igneous field (of positive slope) r¿hich overlaps other fields.

4.5.2 Plots of Sillirnanite and Cordierite - Anthophyllite - Bearing

Metmorphics on the $liggli aI-alk : c Diagran

Grey Gneiss group rocks located to the inunediate south of the Geco

orebody at ï'lanitouwadge, Ontarioo fatl entirely within the 1ow a1-alk,

low c portion of the igneor:s field outlined by Leake (1969) (rig. 4-46).

They çould tlieref ore f Õrre-îFoTrd tr.r rocks rlf lrrterniedlaLe to f e1s 1r:
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lgrreoux origiti, c0rl11*riie - antho¡rhyIllte rocks fr,ln the 4lÏ ore ¡orre

at the north contact of the Sericite Schist group occupy a field with c

I 5 and 25 ) al-alk ) 9 and conseguently fit into Lhe fietds of

felsic igneous rocks and greywackes. SillimaniLe - bearing Sericite

Schist group rocks also sholç strong calcium deficiency l+ith c ( 5, They

occupy a field corresponding to greywackes and clays,

In analogy l+ith the Geco orebody, sillimanÌte - bearing rocks

encountered in diamond dri11 hole DDH 11-L1-5 on Yakushavitch Island,

Manitoba (Fig. 4-471 exhibit low values of Niggli c and plot r+ithin the

fields of greywackes and cIays. AnthophylliLe - bearing rocks

correspond to felsic igneous rocks. Similar trends were observed at

Þfaysville (rig. 4-48) and Hontauban (Fig. 4-49).

4.5.3 Discussion of the al-alk : c ttethod

Very low calcium levels comparable to those observed at such

localities as Geco, Yakushavitch Island, Maysville and Montauban are not

observed in the hydrothermally altered rocks associated with hot spring

activity at steamboat springs, Nevada (Fig. 4-50). Hydrothermally

altered host rocks associated t¡ith base metal mineralization at the

Mattaganri Lake and Millenbach Þfines are, however, geochemically

analogous to the host rocks at, Geco, Yakushavitch Islandn Maysville and

Montauban (Fig. 4-51-). Àltered rocks at Mattagami Lake fa1l into the

same field as some of the cordierite - anthophyllite rocks at the above

localj.ties while the altered rocks at Hillenbach çorrespond nrore closely



to the sillimanite - bearing rocks there.

A,part from showing the similarity of sillimanite and cordierite -

anthophyllite - bearing rocks near the gneiss - hosted orebodies to

hydrothermally altered rocks of several volcanogenic massive sulfide

deposits, the al-alk : c diagrarn is redunrlant in its portrayal of excess

alumina (since aluminosilicates and/or garnets were observed in thin

section). This plot fails to separate the broad igneous field from that

occupied by cordierite - anthophyllite rocks and iron formations. This

is important since it has been speculated that cordierite

anthophyllite rocks may represent altered mafic volcanic rocks

(Stamatelopoulou - Se)¡mour and Maclean, L97?),

4.6 A Discriminant Plot of Niggli al + aIk Against Niggli c

4.6.1 Introduction

100

In order to distinguish between igneous precursors and chemical

sedimenLary precursors to metamorphics, a discriminant plob of Niggli al

+ Niggli a1k vs. Niggli c was developed. Niggli al + alk (an

approximation of L00-tfm+cl) deczeases and Niggli c increases with an

increase in ferromagnesian minerals and calcic plagioclase as 0ne

progresses from felsic to more mafic igneous rocks. The result is a

narrow field of negative slope (Fig. 4-52\. Fig. 4-52 also displays a

more shallot¡ tregaLi'rely sloplnE fleld correÉponding to sedlmenL"rry rocks

of shale and greywacke composition, The validity of the igneous field



FlGURE 4.52 Plot of Al+a1k:c for varlous lgneous aud sedlmentary
selecred from Èhe Ilceracure (see Appendix B). Key

Èo rock types: open dlanonds = alkallne olivlne
basal,c serles vol.ca¡ìlcs; open squares - calc-

alkaline serles volcanlcs; operì cLrcles =

tholelEe serles volcanlcs; oPen ÈrlanSl'es
= peraLkallne volcanlcs; open lnverced

trlangles = nephellnltes etc.; oPen
hexagons * other lgneous rocks;

solid squares - gre¡ruackes + llih-
arenlties + arkoses; solid crl-

alì81es - mudsÈones + shales +
slaces; sol.ld lnverted trl-

angles - carbonaces,
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51 Ploc of NtgBIt aI+alk:c for some felslc
infruslve and exlruslve lgneous rocks of che
Karlìarlna Provlnce of ¡iorÈh Africa (data
from Àgron and Bentor, 1981; see Appendix B).

¡'tcuRE 4-54

101

PÌoc of NIggll al+aJ.k:c for rocks from rhe
Greeo Ileds of !he Scoctlsh Dalracllarr
Serfes (dara fro¡, Va¡r de Kamp, 1970; see
Appendlx B).

)c of Nlggti at+alk:c for varlous lron
:natlons of the vorld (anaÌyses obÈa1ned
)m che llreracure; see Appendlx B).
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FIGURE 4-56 Niggll al+alk:c plot for rocks from rhe Ea¡

\

FaJ-ls area, OnÈarlo, Iron-r1ch meÈasedlmen_
cary rocks are reprtsenced by tnverced rrl_
angì.es. and.envelopiìrg quarcz-f eldspar_bloclre
-\oornOtende,) gnefsrjes by squares.
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i* f urther verif led 1n Flgå. 4-53 ,rncl 4-t4, Flg, 4-5.1 -qliuvr: [r]¡f¡ ¡f
analyses reported by Agron and Bantor (198L) for the Katharina alkalic
volcanics and intrusives of North Africa. Fig. 4-54 portrays analyses

of mafic volcaniclastics and interbanded pelites from the Scottish

Dalradian Series (Van de Kamp, 19?0). 0ver 60eo of these fall within the

mafic igneous field outlined by Van de Kamp (L970). Displacement of the

remaining data to the left of the igneous field may be due to alteration

(leaching of CaOo etc. ) during or shortly after deposition.

Alternatively simple dilution of mafic pyroclastics by fine (pelitic)

epiclastic sedirnents would produce the observed skewing of these

rrdnomaloustr green beds toward the shale-greywacke field. In fact, even

the rocks Van de Kamp (1970) classified as pelltes appear, from their

position on the diagram, to have been possibly derived from the volcanic

rocks.

TrÕn formations, due to their high iron content and low alumina and

alkali contents, cluster tightly near the origin (Fig. 4-55) with Niggli

al + alk generally (5 and Niggli c 127. It should once more be noted

that the al + alk : c diagram is a discriminant plot and no correlation

with modal composition is implied.

4.6.2 Application of the Niggli al + alk vs c Variation Diagram to tþe

Deposits Studied.

Iron - rich ntetasedimentary rocks and Lheir host rocks from the

Falls area åre shor,,¡n in Fig. 4-56. The host gneisses, l+hich

Ear

dtç
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interpretted to have originally been greywackes, cluster tightly within

the common field of shales and greywackes and intermediate igneous rocks

depicted earlier in Fig, 4-52. The iron - rich metasedirrentary rockso

however, do not plot within the field of true iron formations but rather

somewhat above it. This may be explained as being due to a mixing of

chemical sedimentary material rvith the clastic greyivacke detritus

responsible for producing the host gneisses.

Amphibolites from the east side of þfanitouç¡adge take (Fiq. 4-5?)

plot within the mafic igneous field outlined earlier in Fig. A-iZ.

The Grey Gneiss group rocks located to the immediate south of the

orebody cluster fairly tightly r,+ithin the field of felsic to

intermediate igneous rocks and the shale - greywacke fieId. 0n this

basis and on the basis of field textural and structural observations

these rocks are interpretted to be d series of interlayered felsic to
intermediate metavolcanic and related metasedimentary rocks.

The fields of sericite schist group rocks and cordierite

anthophyllite rocks from the 4/2 or.e zone are shown in Fig. 4-58. They

indicate fairly severe calcium deptetion by their displacemenL toward

the al + alk axis. Some Sericite Schist group rocks also demonstrate an

increase in al + alk which may be attributed to a decrease in Mg and Fe

oxides. Geco iron formations either plot within or slightly above the

field of iron formations outlined in Fig" 4-55. 0n this basis, there

appears to be some similarity between anthophyllite schists of the 4/2

ore zone and some rnembers of the iron formation which is located on

surface above the Geco orebody.

Rocks hosting ntineralizalloil 0¡l Taknsha.¡ltch Tsland, ttississing

Lake itr l'{ortltern t{anitr.¡ba (Fig, 4-59 anr-1 Fig. 4-60 ) ç¡ere f or:nd to
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NlgBl.l aI+aIk:c ploE for rocks fron Èhe

Geco ìl1ne and vlc1nfty, Ilanlcouuadge,
o¡ìÈar1o, Grey Snefss Cp rocks (wtch rhe
exceprlon of lrorr formatlons) are represenc-
ed by squares, Grey Gneiss Cp lron forma-
[1ons by lnverted rrlangles, sllLlmanlte-
bearfng Serfclte Schlsr Gp rocks by clrc.les,
and cordlerl!e-anlhophyLtlce rocks from clre
A/2 ore zone by trlångles.

FICURE ¿-60

al+alk

FICURE 4-58

al+âlk

NfBgll aI+aik:c plor for quarÈz-feldspar-
bloclre-(sf ltfmanlie) gnelsses encounÈered
1n dlamond drlll hole DDH-ll.-11-3 on
Yakushavltch Island, Klsslsslng Lake,
Àlani¡oba, The solld ctrcl.e fndlcaces grearer
than 500 ppr Cu and Z¡r,

Nlg8Ll al+atk;c plor for rocks from the
HLne Sequence aÈ Geco, Ilanlcouuadge,
OnEarlo, Sllllmanlre-bearlng rocks fron
Ehe Serlclce Schlsr Gp are represenred by
clrcLes and cordierlce-anchophy.lliEc rocks
from che 4/2 ore zone by crlangles.

T IUUKL 4-6 I

al+alk

NfgglI al+alk:c ploc for rocks hosElng cheSherfdon deposlt, Sherrldon, yanfEobâ,
(anaLyses fron Goerz, l9g0; see epp.nát* A).Sllltmanlte-bearl¡rg rocks are represenÈed byclrcles, other quartz-feldspar gnei.s"s a.d'schlsÈs by squares, and anrhophylllce_
bearlng rocks by crlangles.

Nlgg1l aI+alk:c plor for rocks encoun¡ered
1n d1æond drtl.l hote DUH-ll-Ll-5 on
Yakushavlcch lsland, Klsslsslng Lake,
Manl.Eoba. Quarrz-feldspar-bioÈlre-(s1lli-
banlte) goelsses are represented by clrcles,
and anthophylllte-bearlng rocks by rr1-
angles. Solld flgures lndicare Cu or Zn
levels fn excess of 500 ppm.

tu

FrcuRE 4-57

'{.

o
o
o
eC

FIGURE 4-59

al+alk

\
\\

t\\

\\ \.\\\\ \\\\\\\\\'-\
^\9o \.

\: \''. \
\'\ . \, ". \r

otr \. t '.. \

'\.-

r!t
LO

I
C¡o'

"Þ;



105

cluster tlghtly ç1th1n the i:úrrúir*ä fle1.1 orcupled Lry,arg11l¡ceor.ls ¡n,]

greywacke sedimentary rocks as well as intermediate igneous rocks

depicted in Fig. 4-52. Sample S-45 represents a mineralized section

from DDH 11-i.1--3 (Fiq. 4-60). It plots within the same f ield as the

Geco anthophyllite - bearing rocks. Similarly, samples S-13 and S-14

f rom DDH 11"-11--5 (Fig. 4-59 ) plot v¡ithin the same f ield as Sericite

Schist group rocks at Geco. Fig. 4-61 demonstrates that the same

situation occurs in the Sherridon area itself. There, anthophyllite -

bearing gneisses demonstrate low al + alk and very low Niggli c, while

sillimanite - bearing gneisses demonstrate al + alk values comparable to

surrounding greywacke metasediments of the Sherridon Group, but with

depressed Niggll c values.

Fig. 4-62 clemonstrates the rather severe calcium depletion which is

characteristic of gneisses hosting mineralization in the North Þfaysville

area described by Knight (1981). Once again iron - enriched members do

noL generally show the same low values of a1 + a1k demonstrated by iron

formations (Fiq. 4-55), but al + alk values are depressed to levels

displayed by the ocherous metasediments in the Ear Falls area (Fiq.

4-56) and the cordierite - anthophyllite schists of u4/2 Zonert ores at

Geco (Fig. 4-58)" Similarly al + alk values decrease not strictly as a

result of decreasing alumina and alkalies but also as a result of

increased Niggli fm (higher levels of Mg and Fe).

Broken Hill host rocks characteristically demonstrate slightly

higher calcium levels than those observed at the other localities and

tend to fa1l within the shale - greywacke field (Fig. 4-63 ) .

Sillimanite gneisses which sLratigraphically underlie the ore lenses,

however, are calciutn - poor in analogy with the sillirnanite - bearing



'il cuiì!l 4-62 lilggLi aIl.alk:c pl,ot for rocks from the
SiÏÏinanitc GneIis Unlt at ÌJ.Maysvilì'e,
Color-ado (aat'rr Ìintghu, IgSl). lloci's
inrerpreterl by Knighc (l9iif) ¿" be meLa-

basalLs are rôpr-"sented by diarnonds, Lhose
i¡¡¡.,¡;:¡ J*u.-:C ¿o be i:o;-, f;rnai'ions cr
exhaläti-ve ne*-asedi:reni.3l'y rocks are re-
nresenLe I b¡' inverLed tri an¡,Ìes, siì.1 i -
ååni.-" cearing :ocks irn re¡rres':r:Le'J l'r'
c1:-cLes alC añrÌrophyìLit-e-:aari¡lT rocks
i)l'Lriangles.

Niggli al'alk:c plo! for rocks frorl the
New CaluneÈ deposit, Callmet Is.Iand, Quebec,
SllLimanite-bearing rocks are represented by
sol.id circl,es, siJ.Iimanite-defi-cienù rocks
by open circl,es, amphibolites by diamonds,
calc-sillcates by triangles and carbonates
by inverted LriangLes.

\*

¡'iouitiì i,-61

106

Ì'ilggli al'alk:c plcc for sone rrjir.rsenLát,ive
rocks lron rhe ì''iine Sequence a'" t,he ilroken
iiill Ìlain LoCe, 3roì.:en IIiLl, :l .:ì.Ï,,
Âustr'ìliä (CâLa frol Joplln, l!61; see
,ipper..3i.r 3). Sillimanite-bearlng rocks are
rer,i'.:;¿:ìLc,i by ci rcìes, oLhcr f elsi c cock:;
by squales, irr:n fcÌ¡"aiions hv inverLeai
t.ria::,;ì,-,s ân'l bari r;.-rjch qnâi,<sqs l,v
hexaIon:;.
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FICURE t+-ó5 NiggIi al,+alk:c p)-ot for rocks fro¡n Lhe
Tetreault ìÍ1ne and vicinitv. Montauban-
Quebec. "Lepcites" (¿aua ¡ióm
St,zrn,atelopoulou-Seynour and l.iaclean, LÇl/;
see-Appendix B) are represenLed by áquareé,
sillimanit,e-bearing rocks by circles, and
ccrCie¡iie-anthophl.ì.J ite rocks by tríangJ.es.
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rocks of the other localities. Ore at Broken Hitl is associated with

magnetite - garnet - quartz iron formations shown in Fig. 4-63. Theie

ls no report of a ntajor anthophyllite - bearing unit at Broken Hill hrrt

some of the iron formations i*hich host the ore plot in the same general

field as the anthophyllite - bearing host rocks at Sherridon and Geco.

This' however, is misleading since the Broken Hill i¡on formations do

not contain the magnesia enrichment observed at Geco, Sherridono New

Calumet, Montauban and N. Maysville. According to the fietds defined in

Fig. 4-52, rnany of the Broken Hill gneisses may have been derived from

fels ic to intermediate volcanics or related sedimentary rocks

(greywackes or transported tuffs ) . Due to the overlap of the

sedimentary shale - greywacke field and the felsic to intermediate

igneous fie1d, the al + alk : c diagram can not offer a distinction.

.Ana1ysis of several samples of sillimanite - bearing gneisses in

DDH core from the Bow1e Orebody at New Calumet demonstrates calclum

depletion comparable to sillimanite - bearing gneisses at Geco and North

MaysvilIe, regardless of the presence of abundant carbonate units within

the irunediate vicinity of the orebody (Fig. 4-64). Amphiboiites plot

within the mafic igneous field while sillimanite gneisses plot to the

left of the felsic to itrterntediate igneous field (which also coincides

with the sedimentary field). Fig. 4-64 indicates that the New Calumet

si 11 imanite gne isses may be e ither altered fels ic to intermediate

volcanic rocks or a series of calciumdeficient metapelites. One sample

of the sillimanite - deficient gneisses analyzed falls above the field

of sedimenLary rocks shown in Fig. 4-52" The sillimanite - deficient

gneisses contairr appreci.able plagioclase (ranging 1n cornposition from

An?t to An50) and usually less than 20eo qr:artz, They are suspecte,l to
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reFresent lnterntedl.c.te to fel-qlc volc,tttlrÌ r-rr v,.rlranLcla¡t1c r¡ck¡, Tli*

sillimaüite - bearing gneisses may then represent altered equivalents of

the same "

As is the case at ceco, Sherridon and North Maysville,

anthophyllite gneisses at Montauban are characterized by calcium

depletion and low Niggli al + alk values (Fiq. 4-65). The sodic

leptites descrj.bed by Stamatelopoulou - Seymour and Maclean (19?7) do

not demonstrate a calcium depletion and plot within the field of

intermediate to felsic igneous rocks. This is consistent with the

Conclusions of Stamatelopoulou - Seymour and Maclean (197?) concerninE

their origin. Ouartz - feldspar - biotite - (sillimanite) gneisses, in

analogy with the other localities. exhibit depressed Niggli c values.

In analogy with New CalumeL they may represent the altered equivalents

of the r'leptitestr.

4.6.3 Discussion of the Results

Method

This diagrarn basically demonsttates that calcium depletion is

inherent in sillimanite - bearing members of the ore zones at Geco,

Sherridono North Maysvilleo New Calumet, Montauban and to some degree

the aluminous schists at Broken Hi11. IL also denronstrates the elevaterl

leveIs of Mg and Fe oxides within the cordieriLe - anthophyllite

gneisses at Geco, Sherridonu N" Þ,îaysvi11e, New Calumet and i,lontauban,

Niggli c and al + alk for some of the ore - bearing iron formations aL

of the aI + alk : c Discrimination
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Broken Hill are found to be roughly the same as those for cordierite *

anthophylLite gneisses at Geco, sherridon, t{orth Maysville and

l'{r:ntauban. Figs. 4-66 and 4-6? denrçnstrate the ef f ects of progr"rde

hydrothermal alteration on the Niggli c and aI + alk values for rocks

from the alteration zones of the massive sulfide orebodies at the

Millenbach Mine and the Mattagami take Mine. Tn both cases increased

alteration, as one approaches the core of the alteration pipe, is marked

by decreasing al + alk and depressed values of l{iggli c. Tt should be

noted that the decrease in Niggll al + alk is due not only to alkali

depletion, but also to dilution by MgO and FeO.

Hydrothermal alteration at Roosevelt Springs (Fig. 4-68), hovrever,

demonstrates no Mg/Fe metasomatism within the host quartz nonzonite.

Niggli al + alk increase due to this leaching out of CaO, Fe oxides, Nâa

0 ancl MgO with the resultant concentration of alumina in the residuum.

The trendr äs opposed to thaL observed in the alteration pipes of

volcanogenic massive sulfide bodies and within sillimanite gneisses of

the orebodies subject to this investigation, is toward an increase of

Niggli al + alk and a decrease of Niggli c with the degree of

alteration. Generally this same Lrend äppears to exist in altered

granodiorites at Steamboat Springso t{evada (figs. 4-69 + 4-?0 ) . In

addition to the decrease in Niggli c Aenerally observedo there also

appears to be some localized calcium enrichment v¡ithin certain sections

of the altered granodiorite.

lf the anomalous rock types (sillimanite gneisses and cordierite -

anthophyllite gneisses) at Gec0, N. Þlaysvi1le, New Calumet, Montauban

and Sherridan vere derived by alteration of norrnal volcarric rocks, they

appear to ltave f ollowed .1 gen*t1c pathway s irnllar to the rocks of
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Sceamboat Springs,
Sizvaldson and'¿Jhl

Nevada (anaJ.yses l'rom
Sigvaldson and HhIte, ì-962;see Âppendlx B)

Or

al. al k

FIGURE 4-ó8

al'alk

NiggLi aI+alk:c plot fôr
alÈered quartz monzonite
Sorinzs. iJLah (anaLyses

"i.,rÞgÓ; see Lppendix B)

hydrcLhermal l-y
a', Rooseve Lt
from Parry eL

FIGURE 4-ó9 Niggl-i al-alk:c pJ.ot for hyCrothermally
altered fel,sic and inLermediate igneous
rocP.s in diamond. drilL hole GS-5 at
SteamboaL Springs, lievada (analyses lrom
Sigvalclson and VJhi-te,Ipó2; see Appendix ts)
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al-¿eraIion zone at the l.iillenbach l"'iine,
Iloranda area, Quebec. The dlrection o1- the
arrow indicales increasing intonslty of
al*"eraLion Lowards',he core of the pipe
(anall'535 lrom Riverin and i{odgson, 1980;
see Appendix B).
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4.7 Nickel - Cobalt Trace Contents and their Use in progenitor

Determi nat i on

4.1,L Introductlon

In accotdance with the expected positive correlation of nickel

content and the ferromagnesian mineral content of lgneous rocks, Table

4-2 lists the approxinate ranges of Ni and Co in 'rnormal" igneous rocks

(summarized from Rankama and Sahama, L952; Krauskopf, l-970),

ROCK TYPE

Ultramafic rocks
Mafic rocks
lntermediate rocks
Felsic rocks

111

TABLE 4-2 Nickel and
(modified after

RAT\¡GE OF

Ni (ppm)

B 00+
50-800
B-50
0-B

l{i demonst¡ates a broad

mobilize under oxidizingL(J

RANGE OF

Co (ppm)

200+
25-200
11-25
0 -11-

cobalt contents of rommon igneous rocks,
Rankama and Sahama, L952),

range of stability and

or reducing conditions

one expects nickel

(Kranskopfo 1979 ) .
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0utside of tropical regoliths both nickel and cobalt have a strong

affinity for sulfur. They also readily form organic complexes and so

both should precipitate readily in a euxe¡ric environment. Both are also

removed from solution by adsorption in oxidate and hydrotyzate

sediments. Nickel is preferentially adsorbed by hydrolyzates while

cobalt prefers oxidates. In other words nickel would prefer adsorption

to hydrothermal clays, etc., while cobalt prefers adsorption to freshly

precipitated iron hydroxide. Chemically, cobalt is similar to iron and

tenils to accumulate in hydrotherrnally precipitated pyrite.

Van de Kamp (1970) used a plot of 1og t$lil (ppm) as a function of

Niggli mg to distinguish between metamorphic rocks of volcanic and

sedinentary origin. Fig. 4-7L is a modification of his diagram

demonstrating, in addition to his shale - carbonate fieId, approximate

fields for iron formations and different igneous rocks. These fields

are based tlpoÌì Niggli mg ranges determined and the ranges of nickel

contents depicted in Table 4-2. The shale carbonate field is one of

negative slope whereas the igneous field demonstrates positive slope,

4.7.2 Nlcke1 Contents of Ore - Bearing Metanrorphic Host Rocks.

Gneisses from the Ear Fa1ls area demonstrate a clustering within

the conmon area shared by shale - carbonate rocks and intermediate

igneous rocks (Fiq. 4-72). The iron - rich rocks of this area are

displaced towards lhe iron fonnation fie1,1 outllned tn Fig. 4-T1. There

is little difference between the nickel content of the iron - enriched.
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rilÈtñ*È'llnientary rocks an,l their hçst r,lck*o brrt there ls enor.rgh trr

account for dilution by a non nickeliferous chemical sediment.

The intermediate to mafic volcanic rocks of the Grey Gneiss group

at Geco, Manitouwadge (Fig. 4-?3) plot within a field at the upper end

of the shale - carbonate field corresponding to the subsilicic to

intermediate igneous field outlined in Fig. 4-7L. Sericite Schist group

rocks, although having the sane range of Niggli mgn demonstrate nickel

levels up to a hundred times lower than Grey Gneiss group rocks. If
volcanics such as Grey Gneiss group rocks are the progenitors of

Sericite Schist group rocks, then this strong nickel depletion may have

been brought about by either leaching and,/or dilution. They may,

howevero represent more felsic rocks which have been altered through

Mg-Fe metasomatism in analogy with some volcanogenic massive sulfide

deposits (e.9. Millenbach Mine).

Niggli mg values for some cordierite - anthophyllite and

sillimanite schists at Montauban-tes-Mines, Suebec are equivalent to

those of ultramafic or magnesia - rich carbonate rocks. Nickel values,

hoç¿ever, are almost a hundred times lower than those expecLed for

ultramafic rocksn and are even too 1o+¡ for gabbroic rocks (Fig. 4-74).

One also notes that nickel contents within the ore zone denonstrate

variations of up to tvo orders of magnitude. Carbonate units are common

within the immediate vicinity of the Hontauban orebody and a dolomïte

comBonent would shift the ilSodic Leptites'r described by Stamatelopoulou

- Seymour and Maclean (L911) toro¡ards higher mg values. Bearing in mind

the effects of dilution, extrapolation of the data points in Fig. 4-'14

back towards mg values displayed by the sodic leptites (0(mg<0.55) ç¡ould

produce a result in agreement with intermediate to rnafi.c volcanic
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progenitors. Lack of carbonate in the anthophyllite schists is still a

problem, however, if one is to consider a diluent of dolomitic

conposltlon. This Inñy be resolved if tlic dilueirt ls *r hydroLherm.rl Þi,3

chlorite devoid of nickel.

Ouartz - feldspar - biotite - sillinanite gneisses and amphibolite

at New Calumet, Calumet Island, Ontario, produce a field of roughly

positive slope corresponding to intermediate to mafic igneous rocks

(Fig. 4-?5). Some carbonates at New Calumet fit well into the shale -

carbonate field of van de Kamp (1970), while others fit well into the

field of subsilicic igneous rocks. Ore - bearing gneisses and gneisses

with anomalous copper and zinc contents generally demonstrate a slight

skewing Loç¡ards lower nickel contents. Although these are generally

more sulfide - rich. there is no enrichment of nickel or cobalt

(Appendix A-3).

Skewing towards lorer nickel contents iso once again, demonstrated

by mineralized sillimanite - bearing gneisses on Yakushavitch Island,

Kississing take, Manitoba (Figs. 4-'16 and 4-17). Host gneisses are

confined entirely to the shale - carbonate field of Van de Kamp (19?0)

v¡hich is in accordance with the interpretation that these gneisses

represent än original greywacke assemblage. The skewing of mineralized

gneisses to*¡ard lor+et nickel contents may be due to leaching of the

nickel and/or dilution by oLher components. Mineralized gneisses are

enriched in anthophyllite and ta1c, r¡hich may have been derived by

metamorphism of a chloritic component. This again may have been a

hydrothermally precipitated component devoid of nickel or it may have

been produced by Þîg-Fe metasornatism in analogy with volcanogenic massive

sulfide deposits.
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4.7.3 l{ickel and Cobalt Contents of the Metamorphic Host Rocks bearing

Mineralization: a Discussion

Normal metamorphosed igneous and sedimentary rocks appear to fa11

t*ithin the field generated in Fig. 4-71-. The overlap of the shale -

carbonate field and the intermediate igneous fie1d, however, does not

allow one to use nickel contents to determine the origin of a rock

falling into this corunon field.

Detailed examination of host rocks at Geco, N. t'faysville and to a

lesser extent Montauban and Ne+¡ Calumet, does indicate that a fairly
severe depletion of nickel occurs within the ore zones. Cobalt is

sporadic in its occurrence. For example, rvithin the Sericite Schist

group at Geco some rocks demostrating nickel depletion may show a

depletion or enrichment of cobalt (appendix A). If leaching was solely

responsible for the nickel depletion, all Sericite Schist group rocks

should demonstrate an even more severe cobalt depletion, since cobalt is

even more mobile (Rankama and Sahaman 1952). The information revealed

in Table 4-3, although nebulous, indicates that ratios do appear to

roughly reflect original rock Lypes, according to the ratios listed by

Rankanra and Sahama (i.9 52 ) , In the case of Geco, Milners ( 1969 ) unit La

should faI1 in the field of normal basaltic rockso but the actual

average ratio is some+¡hat high at 0,875. The 1oç¡ average Col¡li ratio of

Milners unit 5 indica.tes nickel predominates over cobalt in these rocks,

lfttch of unit 5 appear to be interbedded argillaceous and arenaceous
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TAßLE 4-3 AVERAGED COBALT/NICKEL R.ATTOS IN }IETA}fORPHICS
t\'lTH THE C0 ÄND Ni RANGES REPORTED BY RÀNKA¡\fn

LOCATION

L\R FÀLLS

ROCK TYPE

qcz-fldspr-bfo t-
(hbde) gnelsses

ferruginous qÈz
fldspr-bior-
(garn) gneisses

hbde gneiss
(unit Ia;
IIilne, I969)
Grey Cnelss Gp

qrz-fldspr-bior
gnej.ss (unlÈ 2;
Ifll,ne, 1969)
Grey Cne{ss cP

biot schist
(unit 4;l'1ilne,
1969)
Grey Gnefss GP

qtz-fldspr-bloc-
(hbde) gneiss
(unit 5;Ifilne,
L969)
Grey Gnelss GP

qtz-fldspr-biot-
si11 gnelss
SericiEe Schisr Gp

cord-anÈh rocks
ac base of 4/2
ore zone

GECO

TTAN I TOUWÀDG E

AVERÁGE
Co RANGE AVERAGE

(ppm) colNi

?0-25

0- 10

50- 60

10-20

30

15-25

(rHIS STUDr), CoìTPARED

AND SABrlìL\, 1952.
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lNTERPRETATION HOST
CONSISTENT I'ITH BOTH
Co R,{NGE AND Co/Ni
(based on ranges reported
by Rankama and Sahana, 1952)

shale-sandsto¡ìe nixÈure
(greyrqacke ? )

sane field occupied bv
Geco iron fornacions

mafic igneous rock

0 .45

0.32

0.88

0.66

0.8r

0. 31

iron forn
(Mi1ne,1969)

Yì\KUSIIVITCH qrz-fJ"dspr-biot-
ISLAND sl1l gnelsses
SHDRRIDON
¡LREA- qcz-fldspr-b1or-

anch- (sfIl) -
(ra1c) gneiss/
schist

shale-sandsÈone
m1x!ure (greyuacke ?)

incermedlace igneous rock

mafic to incermcdíate
igneous rock

consi.sËent çirh felsic
igneous origin

consisEenE with fe1s1c
igneous ori.gin

0- t0

0- 10

0- r0

20-30

I'IONTAUBAIì

r.45

2.0L

0.25

0. 49

N¡:l.l CALUIfET hbde gnelsses

pJ,ag-blor- (qcz)

qcz-fldspr-biot-
si11 gneisses

qtz-fldspr-bioÈ-
si11 gnej.sses

cord-anth rocks

4-83 2.7
(dras t1c
variarions)

3-5

30-40

10-20

0- 10

conslsÈenE rvlth a shale-
sandstone mixÈure

par tia1ly cons j.s EenÈ.

rqith a felsic lgneous
orlgin & parciaLly with
some iron fomations

someuhar consisIenc wlch a
felsic igneous orlgin

sonewhac conslsre¡ìc with a
felsic igneous origin

intermediate Eo mafic
igneous orlgin

someçhac corÌsistent wiÈh an
inÈemediate co felsic lgneous
origi.n

felslc co lnternedlaÈe
igneous origin

0.81

0. 63

0. 63

0. 64

o -77
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rocks with considerable mafic mineral content. Goldschmidt (193?) has

stated that nickel's predominance over cobalt in hydrolyzate sediments

produces Co/Ni ratios of about 0.40. Thie production of hydrolyzate

sediments upon weathering of mafic rocks (e.9. basalts of unit la) may

be responsible for the lov¡ average ColNi ratio of Unit 5. It should be

noted that Tab1e 4-3 indicates drastic variations of coba1l in the

anthophyllite - bearing rocks at Yakushavitch Island. These rocks are

characterized by wide variations of Co over short distances.

The high average value of ColNi for Milners (1969) unit 1la may

reflect hydrothermal sulfide addition to these rocks (Rankama and

Sahama, 1952). But upon examination of the sulfur contents of the

samples clemostrating the highesL ratios (appendix A) one finds no direct

correlation. For example, sample G0-1L3 d1 contains 0.081e" S and has a

ColNi ratio of 7.0 whereas sample c0-113 d2 contains l-.39?eo S and has a

Co/Ni ratio of 0.278. These discrepancies may, hol+ever, be the result

of metamorphic reactions involving sulfides, The maxlmum possible ColNi

ratio for rocks of igneous origin is 4.00 (Rankama and Sahama, i.952).

0xidate sediments including oxide and carbonate facies iron formation

and manganiferous marine sediments do have the ability to produce eolNi

ratios in excess of 4.00 (Rankama and sahama, 1952), Therefore, the

high average Co/Ni ratio of the Sericite Schist group (Milne's Unit 1La)

may be due to the involvement of fairly felsic material such as

rhyolitic tuffs t¡hi1e occasional very high ColNi ratios may be due to

intercalations of ferruginous, siliceous exhalative metasediments.
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4,8 A ÞLscEintln.rtit Fltrt of Nlggll tl ag,rlnst the snrn of t{iggll aI and

Nigqli alk.

4.8.1 Introduction

The use of a discriminant plot of the value Niggli ti against the

value aI plus Niggli alk offers some aid in the deternination of igneous

and, to some degree, sedimentary progenitors by virtue of the reported

immobility of titanium under even the nost extreme conditions

(Finlow-Bates and Stumpfl, 198L; Roberts and Reardon, 1978). Niggli a1

+ alk ls used along the x-coordlnate to produce a broad igneous spectrum

Irtith felsic rocks of high aI + alk values and mafic rocks of low aI +

a1k values (high fm + c).

Van de Kamp et al. (19?6) in an investigation of sonre California

arkoses have reported Niggli ti values of 0.75 and greater. This would

place the lower limit of arkosic sediments (al + a1k ranging from 50 up)

in the sdme position as that of normal igneous rocks. Although

difficult to separate rocks of sedimentary origin from those of igneous

origin wiLh this method. the great variability of titanium in bedded

sedintents {due to concentration of the zesistate rninerals rutile and

sphene) helps to explaln this problem somewhat. one may then suspect

that a rock t¿hich demonstrates high and/or highly variable Niggli ti may

be of sedimentary origin. Felsic igneous rocks demonstrate 1ittle
variability (Fig. 4-?B), Niggli ti varying from a lov of 0.85 for

alkaline granitic rocks to no greater than 1.5 for calc-alkaline

granitic rocks. Þfaflc rocks demonstrate Niggli ti values as low as 1.35
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lor several
ìd Lhe world,
¡re (see

FICUiIF] t-80 Nlggì.1 tl:aL+alk dlegran for ferrug5.nous
mcLasedlmenLary rocks (represenLed by
squares) and enve)-oplng quarLz-fe),dspar-
btocÍLe-(hornblende) gneisses (re-
prescnLed by circles) from the 3ar
îal.ls arca, On.-ar1o.

al'alk
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for low titanium basalts such as those found in the Flin Flon area

(Stauffer et 41., 1975). Upper values for basalts may, hol*ever, exceed

4 . 0, but dverage t t values f ,rr basalts comnronly hover around ? . {l .

Although this diagram demonstrates the increase of Niggli ti as one

progresses from felsic to mafic members of the igneous spectrum, the

effecl of changing titanium concentration is diminished since Niggli ti
is a molecular ratio of tiLanium to iron plus magnesium plus mdnganese

(and all four of these elements increase towards the mafic end of the

igneous spectrum),

4.8,2 Titanium contents of Metamorphic 0re Bearing Host Rocks as

Depicted by the Nigqli ti : a1 + aIk Diagram

The relative immobility of titanium is suggested by Fig. 4-?g where

Niggli ti values rarely exceed 0.3 in iron fornations. The iron - rich

metasedimentary gneisses of the Ear Falls area (Fig. 4-80) demonstrate

Niggli ti values slightly elevated with respect Lo this field of iron

formations. This is very Iikely due to intermixing of chemical and

epiclastic material. The host sediments in this area cluster within the

field bounded by 60 ) al + alk ) 50 and 1.8 > ti > 1.3 with no drasiic

variations in Nigg1i ti. This would suggest that the progenitors were

immature sediments, where liLL1e Lime was allowed for resistate minerals

to separate oub and accumulate äs accessories in more mature sediments.

This substantiates the interpreLation that the host gneisses are of

greywacke/volcanlclastic af f lliation (Bonri et aL o 1"975).



124

rEaf ic and irrternrediate volcanic roclts of the Grey {jt-re iss gr+up at

Geco conform l+ell to the igneous field depicted in Fig. 4-81. The Grey

Gneiss group also contains some garnetiferous biotite schists exhibiting

some relict clastic textures and relatively high NiggIi ti values.

Although bedded concenttations of resistate titanium minerals are coruron

in mature sedimentary rocks, similar high titanium levels may be

produced by chemical weathering of basalt. Goetz (19S0) has reported

such an instance in the Flin Flon area, v¿here high titanium leve1s occur

in a regolith on an o1d basaltic land surface,

Niggli al + alk values of the Sericite Schist group are slightly
greater than those of the Grey Gneiss group rocks to the immediate

south. Nigg1i ti valuesn however, are generally half as high as those

demonstrated by the Grey Gneiss group rocks. Some Niggli ti values falI
below the lowest Ievels observed in the most felsic igneous rocks, and

approach levels comparable to those demonstrated by iron form,;tions in

Fig" 4-?9 .

Rocks of the 4/2 ore zone have the low al + alk values

characteristic of ultramafic rocks but Niggli ti values are half as high

as those expected in the most felsic rocks (Li < 0.5). This same

combination of low al + alk and low Niggli ti is again observed in

Milners unit 4 (ÞÍilneo L969), near the contact with the iron formation

between Geco shafts $1 and $4. This behaviour, in the proximity of the

iron formationn indicates that unit 4 may have been t'modified'r (by

addition of certain chemical sedimentary components ) rather than

chemically altered. That is, the contact zone may have formed during a

period of vraning chemical sedimentation at the onset of deposition of

unit 4. This t¡ould produce a hytrrid sediment partially of chemical
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al+alk

NiBgll t1:aI+alk dlagram for ore-bearlng
rocks irom the Geco ìl1ne and viclnlty,
ManlE.ouuadBe, Oncario, Grey Gnelss GP

rocks (wlch rhe excepri.on of lron form-
aclon) are represented by squares, Grey
gnelss Gp lron formaÈ1on (plus lncercal-
aÈed metasedlnencary rocks) are represenÈ-
ed by lnverted Èrlangles, silllnanl¡e-
bearln8 Serlcite Schlst Cp rocks by cLrcles,
a¡ìd cordlerlte-anÈhophyl.Il¿e rocks of che
t /2 ore zone by Èrlangles. SoJ.ld flgures
lndlcare greacer chan 500 ppm Cu or zn,

FIGURE 4-82

al. alk

Nlggll EL:al+aìk diagram for ore-bearlng
rocks encoun!ered ln dianond drlll hole
DDH-11-11-5 on Yakushavlllch lsland,
Klsslssing Lake,ManiEoba, Quarcz-feldspar-
b10E1Èe-(sllltmanlce) Snelsses are re-
presented by ci.rcles and anthophyllice-
bearlng rocks by lrIanSles. SoIid flgures
lndlcare Breacer chan 500 ppn Cu or Zn.

FIGURE 4-83

al"alk

Nlggll E1:al+alk dlagram for some

represenraclve rocks f¡om lhe Sherrldon
deposlt aI Sherrldon, Hanlroba (analyses
fron Goerz, 1980; see Appendlx B)'
Cordlerlce-ânthophyl11ce rocks are
represented by rrlangles, s1ll.lmanlce-bearlng
rocks by squares and ocher quarcz-feldspar
schlsÈs and gnelsses by cLrcles.

FICURE 4-84 NlBgLl:1:al+a1k dlagram for ore-
bearlng rocks of the Sllllmanlte
gneiss unlc aÈ N. Haysvllte (afcer
Knlgh¡, l-981). Mecasbaealts are re-
presenccd by inverted trlangles,
sllllna¡rIce-bearlng rocks by clrcles,
lron fo:naÈ1on by Èrlanglee, and
arìthophylllÈe-bearlng rocks by
squares,



t26

origin and partially of epiclastic origin. Although rich in Fe and Mg

oxides, the Geco iron formation to the North of unit 4 is practically

devoid of tiLanium as wds forrnd to be the cäse with other iron

f orrnations studied (Fig. 4-?9 ) .

Host gneisses on Yakushavitch Island in the Sherridon area in

Northern Manitoba (Fiq. 4-82) demonstrate the same clustering observed

in the greywacke metasedimentary rocks of the Ear Falls area, to a

limited extent. tineisses çvhich are ad jacent to, or directly host,

mineralization demonstrate depressed $tiggli ti values, however. The

lov¡esL values of both Niqgli ti and al + alk are observed in the

anthophyllite - talc - bearing sulfide - rich gneisses. These same

properties are inherent in the extensive blanket-like anthophyllite

gneisses of the Sherridon deposit itself (fig. 4-83). The same elongate

field, proJecting from the field of 'tnormal'r hosL gneisses towards

values of ti - 0 and al + alk = 0, which exists at Geco is again

observed in the Sherridon area of Northern Manitoba.

Apart from the mafic gneisses described by Knight (19S0) the felsic
gneisses at Maysville form a field of moderate to high values of al +

alk and Niggli ti values clustering mainly betl+een 0.6 and i-.0 (Fiq.

4-84). Agäin an elongate field projecting towards ti = 0 and aI + alk =

0 exists. Those gneisses of probable or possible eNhalative sedimentary

origin (Knight, 19Bl-) form the part of this field closest to the origin.

The postulated mixtures of normal epiclastic (or pyroclastic) sediments

and exhalative chetnical sediments is supported by the continuity of

their respective fields on the Nigg1i al + alk : ti diagram.

Gnelsses hostlng the Broken HilI orebody (Þtain l,ode ) occr-tpy a

relatively disperse field on this type of diagram (Fig" 4-Bb), Many of
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Nigg).i ti'a1+a:ì.k diagran for sone fgpre:
señiative rocks from Lhe Broken HiIl- l"'lain
Lode, Bnoken Hj-ll , lt.S.'d. , Austra).la
(anaiyses fror.r JopIln,l96l; see r\ppendlx.
B ) . Quartz-f e J.dspar-bioLi ue- ( s I ll j,rnani Le )

gneisses are represented þ:'circles and
iron formatlonrl bY triangl-es.

lJiggJ.i ti:al.-alk cliagrarn f or ore-bearing
rocks frorn the Neì{ Calumet rlePosltr Calumet
Isl-and. Quebr:c. Carbonates are represented
by triángIes, calc-siLicat,es by fnvenLed
triangl.es, arxphlbolltes by dlamonds,.
quartz-feldspar-blotlte- ( sillimanito ) rocks
by circJ-es and quartz-feldspar-biotite
rocks by squares. A quartz-rich rusty
g,eatherlng pyrite-bearing ¿;nelss 1s repre-
sented by a double clrcle.

alcalk

N1¿igli !i:alralk Clagram lor ore-bearlng
|ocks from the letfeaufL l4ine and vicinlty,
l4onLauban, Quebec. "Leptites" (anaLyses
from SLamaLelopou).ou-Seymour and l'laclean,
1977) aîe represented by squares, calc-
silicates by lnverted triangles,
siLLlmanile-bearing rocks by clrcles and
cofdierite-anthophyl-Iite rocks by
triangles.
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tlie ,lnartr - felds¡rar wall ¡**cks h.1ve Nlq,lll tl valr-les hlqher th.rn

normal igneous rocks of intermediate composition and are displaced

towards the high ti values . exhibited by sedimentary rocks containing

bedded concenLrations of titaniferous resistate minerals.

Banded irotr formations at Broken Hill are anomalous. Niggli ti
values are all ) 0.6 and some values in excess of 2.0 occur. This puts

them into a category apart from "normalrr iron formations, Although

titanium is reported to be imrnobile under the fairly extreme conditions

of hydrothermal activity, netamorphic mobilization may occur under

granulite facies metamorphism (Ramberg, L94B), Since metamorphisnr at

Broken Hill has attained granulite facies, this mobilization may have

produced the loca1 titanium concentrations v¡hich are observed in the

iron formations. GeneralIy, a behaviour paralleling the behaviour of

anomalous tock types associated with mineralization at Geco and

Maysville r¡as not observed,

Felsic gneisses from the ore zone at New Calumet generally faIl
within the field occupied by intermediate igneous rocks (Fig. 4-85).

Although an elongate sub - field Frojecting from this field towards the

origin does occur, it reflects mainly carbonates and calc - silicate

rocks. This field also extends down from higher ti and al + alk values

at a steeper slope. Tr¡ro samples of amphibole - rich gneiss faIl below

the igneous field r,*ithin the elongate carbonate/calc - silicate fietd.

They very 1ikely represent rnetamorphosed, though rather impuren

carbonates " Osborne (1944 ) and Moorhouse ( 1941-) have reported that

amphibolites l+ithin the vicinity of the orebody äre likely of

sedimentary origin. Some hiqh ti amphibolites do also exist within the

same ðrea and this l+ould indicate that they are likely of rnafic i.gneous



or igin.

Although not obsetved, anthophyllite - bearing gneiss is reported

to occLlr (l{oorhottse, 1941) as a dlscontinuous lrregul,rr rlnlt separated

from the footwall amphibolites by rusty weathering gneisses. The trrusty

gneissrf is represented in Fig. 4-86 by a double circled data point in
the low ti carbonate./calc - silicate fie1d. Due to the cherty nature

and lolv Nigqti ti valueo Lhis rusty - weathering pyritic felsic gneiss

is interpretted to be at least partialty of exhalative sedimentary

origln. Although data ls lacking, the anthophylllte gnelsses at New

Calumet may represent a lithologic hybrid composed of both chemical and

clastic sediments¡ äs is interpreted to be the possible origin of

anthophyllite - bearing gneisses at Geco. sherridon and N. Maysvilre.

Metamorphosed felsic volcanics (rtleptitesrt of Stamatelopoulou -

seymour and Maclean, 19 ?? ) , faIl r¡ithin the intermed iate - fels ic

igneous field in the Niggli ti : a1 + atk diagrarn (Fiq, 4-S?).

Sillimanite schists and cordierite - anthophyllite - sillimanite

schists, hovrever, demonstraLe a skewing towards lower Niggli ti and al +

alk values in comparison v¡ith the leptites to the west of the orebody.

The most depressed ti values are found in the anthophyllite - bearing

schists in analogy wittr those of Gecoo Sherridon and Maysvll1e,

L29

4 . B . 3 Discuss ion of Results Based

Discrimination Method

This niethod partly srrpports

the $liggli Li vs. al + alk

the genetic interpretatlon of ïrany of
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the tttetantorphosed rocks hostlng the oreborlles *tr_rr-1j.e,_1 here.

Ffetasedimentary rocks considered of exhalative origin (such as the iron

formations depicted in Fig. 4-79), are characterized by low Niggli ti
values. Physical mixtures of exhalative chemical sediments and

epiclastic and/or pyroclastic sediments should give ti values

intermediate between the near zero values of iron formati.ons and the

values demonstrated by normal volcanic and sedimenlary rocks (Fig.

4-78). The same end may be achieved if a normal sediment or solid rock

is altered by Mg-Fe metasomatism and alkali leaching through a mechanism

similar to that lqhich produced the alteration pipes observed in many

volcanogenic massive sulfide deposits (if titanium is also leached).

Alteration or modification of a rrnormaltt sediment would give a similar

final product. This is dealt with in more detail in chapter 5.

Figure 4-88 demonstrates the prograde alteration which occurs

within the alteration pipes at the Millenbach and Mattagami take Mines.

The same trend towards low ti and al + alk values is repeated here.

Âlthough Niqgli ti values dip below 1-.0, actual TiO2 concentrations do

not fall below 0.20e". Many of the anthophyllite - cordierite bearing

schisLs at Geco, Maysville, the Sherridon area and Montauban, however,

shor+ TiO2 concentrations below 0,20% and often even below 0.10%

(appendix A). 1f original titanium is being diluted through addition of

Ì'fg, Fe and silica during alteration, these very low Ti02 concentrations

would require a dilution, by the introduced componentsu of at least 1:L.

ff we are clealing with post - depositional alterationo this would pose a

volumetric problem ( ie. it would requì.re substantial expansion of

existing rocks to accomodate added components),

The effects of hydrothermal alteration lnvolving leaching of
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alkalies and iron from intrusive igneous rocks of intermediate

composition at Roosevelt Springs Utah and Steamboat Springs Nevada are

demonstrated by the Niggli ti vs. dl + alk method in Figs. 4-Bg and

4-90, respectively. A very noteworthy contrast between this type of

hydrothermal leaching and the type of alteration or modification which

produced the cordieriLe - anthophyllite gneisses at Geco, Montauban,

etc. is readily observed. At both Hot Springs leaching of alkalies,

iron and magnesium has led to the formation of a product composed of the

more chemically resistive elements. Hence Niggli ti values are

displaced upwards due to titanium's chemical immobility. Even the

sillimanite bearing host rocks at Geco, Maysville, Montauban, and Ner+

Calumet shor+ depressed Niggli ti values rather than elevated ones. It
is therefore unlikely that the type of alteration +¡hich occured at

Roosevelt Springs and Stearnboat Springs played any part in the

production of the sillimanite gneisses studied here.



The Garrels and MacKenzie (19?L) diagram, La Roche's (19?4)

silicoaluminate diagram and some of Lhe plots utilizing Niggli values

produce distinct fields for common igneous and sedimentary rocks. These

diagrams also substantiate the findings of others (Enge1 and Enge1,

1960; StanLon, 1-984; Stanton, 19?9; Taylor, 1955) with regard to the

effects of progressive metamorphism on the bulk chemical composition of

rocks. It appears that progressive regional metamorphism up to

amphibolite facies produces only minor changes in the elements being

cons idered.

Sillirnanite - bearing gneïsses and schistso and cordierite

anthophyllite rocks often plot outside the fields of common sedimentary

and igneous rocks. Table 5-1 is a sunmary of the results of the

nranipulation of chemical data from the six localities investigated

(presented in Chapter 4). Interpretation of rock types is based on

fields outlined by oLher v¿orkers or by the results of plotting various

common igneous and sedimentary rocks and outlining the fields produced,

5.1- General Results of Plotting Techniques

CHAPTER 5

SUMMARY AND CONCLUSTONS

-t34-



T
A

B
LE

 5
-I

 
A

 s
um

m
ar

y 
of

 p
ro

to
l-i

th
m

an
i-p

ul
at

i o
n 

de
sc

rib
ed

LO
C

A
T

IO
N

E
A

R
 F

A
LL

S
A

R
E

A

R
O

C
K

 T
Y

P
E

m
et

,h
od

 o
f

G
ar

re
ls

 &
M

a 
ck

e 
nz

 1
e

( 
19

7r
 )

gt
z-

fld
sp

r-
bl

ot
- 

gr
ey

w
ac

ke
(h

bd
e)

 g
ne

ls
s

fe
rr

ug
in

ou
s 

sl
lic

eo
us

qt
z-

fld
sp

r-
bl

ot
- 

se
dl

m
en

t
lg

ar
nJ

 e
ne

is
s

in
te

rp
re

ta
tio

n
in

 C
ha

pt
er

 l+
"

C
E

C
O

 
C

re
y 

G
ne

ls
s 

G
p

M
A

N
IT

O
U

,,J
A

D
G

E
 
ro

ck
s 

so
ut

h 
oi

or
eb

od
y

's
f1

I 
co

-
al

t"
nl

na
t 

s"
dl

ag
ra

m
La

R
oc

he
 (

 1
97

4 
)

gr
ey

w
ac

ko

lro
n

fo
rm

at
io

n

gr
ey

w
ac

ke
 o

r
in

te
rm

ed
ia

te
lg

ne
 o

us

I

ba
se

d 
on

 th
e

qÈ
z-

fld
sp

r-
bl

ot
 -

sl
ì.I

 
gn

el
ss

es
 o

f
th

e 
S

er
ic

lc
e

S
ch

is
t 

G
p

IN
T

E
R

P
R

E
T

Ä
T

IO
N

 B
,{

S
E

D
 O

N
 :

nt
gg

ll 
nl

gg
ll 

nl
gg

ll
k:

m
g 

al
+

al
k:

 c
 

tl:
al

,+
aL

k

gr
ey

w
ac

ke
 o

r 
gr

ey
w

ac
ke

 o
r 

gr
ey

w
ac

ko
 o

r
ln

te
rm

ed
ia

te
 

in
te

rm
ed

ia
te

 
ln

te
rm

ed
la

ce
lg

ne
ou

s 
lg

ne
ou

s 
lg

ne
ou

s

lro
n 

lro
n 

lro
n

fo
rn

at
io

n 
fo

rn
at

lo
n 

or
 

fo
rm

at
Lo

n?
al

te
re

d 
vo

Lc
*

ln
te

rm
ed

ia
te

to
 m

af
ic

 ig
-

ne
ou

s 
or

sh
aL

e

?
aL

te
re

d 
fe

l-
sl

c 
ig

ne
ou

s

si
li 

ce
 o

us
se

di
m

e 
nt

s1
Ll

ce
ou

s
se

df
m

en
t

co
rd

-a
nt

h 
ro

ck
s

at
 t

he
 b

as
e 

of
th

e 
t+

/?
 o

re
z 

on
e

lro
n 

fo
rB

at
io

n
of

 t
he

 G
re

y
C

ne
is

s 
G

o
(M

tr
ne

, 
tÞ

ó9
)

ch
em

ic
al

 d
at

a

ÏA
K

U
S

H
A

V
IT

C
H

 
gt

z-
fld

sp
r-

bi
ot

- 
gr

ey
w

ac
ke

 o
r 

gr
ey

w
ac

ke
 o

r
IS

LA
N

D
, 

(s
Il.

1)
 g

ne
ls

se
s 

ar
gl

J-
Ilt

e 
sh

al
e

S
H

E
R

R
ID

O
N

À
R

E
A

qt
z-

fld
sp

r-
bi

ot
- 

gr
ey

w
ac

ke
 o

r 
2

en
t,h

-(
si

Il)
-(

ta
lc

)m
af

lc
 

ig
ne

ou
s 

al
te

re
d 

vo
lc

gn
el

ss
/s

ch
is

¿
 

or
 s

ll.
lõ

eo
us

se
dl

m
en

t

gr
ey

w
ac

ke
 o

r
ln

te
rm

ed
la

te
to

 m
af

lc
lg

ne
ou

s

m
os

tly pe
llt

lc

M
O

N
T

A
U

B
A

N
 n

l-e
pÈ

lte
s¡

 o
f

S
ta

m
-S

ey
m

ou
r

&
 M

ac
le

an
(r

9?
? 

I

q 
t 

z 
-f

l-d
sp

f-
bl

 o
t 
-

sf
IÌ 

gn
ei

ss
es

lro
n

fo
rB

at
lo

n 
or

al
te

re
d 

vo
lc

*

Lr
on

fo
rm

at
io

n

gr
ey

w
ac

ke
 o

r
ln

te
rm

ed
la

t,e
to

 f
eL

sl
c

lg
ne

ou
s

su
b 

ca
l-c

l 
c

pe
J.

lte
 o

r
al

te
re

d 
fe

I-
sf

c 
to

 l
nt

er
-

m
ed

la
te

ig
ne

ou
s

lro
n

fo
rm

at
lo

n 
or

al
-t

er
ed

 v
ol

.c
+

fr
on

fo
rm

at
lo

n

no
 d

is
tin

c-
tlo

n 
po

ss
lb

le
da

ta
 t

oo
di

sp
er

se
d

lro
n

fo
rm

at
lo

n

lo
e(

N
l 

) 
:

n!
.g

gI
f 

m
g

sh
al

. 
e

gr
ey

w
ac

ke
 o

r
fe

ls
ic

 
to

m
af

ic
 i

gn
eo

us

a

C
o 

co
nt

en
t 

&
C

o/
N

l 
ra

tio

sh
al

e 
-

sa
 n

d 
sÈ

on
e

m
l 
xt

ur
e

ss
m

e 
fle

ld
 

ag
G

ec
o 

lro
n

fo
rm

a 
t 

I 
on

ar
gl

lll
te

 
or

I 
nt

e 
rm

ed
 1

a 
Le

Lo
 m

af
ic

lg
ne

 o
us

fe
ls

ic
 

lg
ne

ou
s

gr
ey

w
ac

ke

?
al

te
re

d
gr

ey
w

ac
ke

 o
r

ln
te

 r
m

ed
 ia

te
i g

ne
 o

us

ar
gl

l.I
ite

 
or

aL
te

re
d 

fe
l-

si
c 

ig
ne

ou
s

ca
rb

on
at

e
&

,/o
r 

r'a
llc

lg
ne

ou
s

re
gu

la
r 

&
aL

È
er

ed
in

È
e 

rm
ed

ia
te

to
 f

eL
sf

c
ig

ne
ou

s 
or

ar
gi

L 
l-l

te

i r
on

fo
rm

at
 I

 o
n

gr
ey

w
ac

ke
 o

r
ln

te
rm

ed
la

te
to

 m
ef

lc
f 

gn
e 

ou
s

)-
ow

 N
I 

gr
ey

-
w

ac
ke

 o
r

fn
ce

 r
m

ed
ia

Le
t,o

 m
af

 i 
c

ig
ne

 o
us

Io
w

 N
i 

gr
ey

-
w

ac
ke

 o
r

In
te

rm
eC

la
te

to
 m

af
ic

lg
ne

 o
us

I 
ro

n
fo

rm
a 

t 
f 

on

co
rd

-a
n'

,h
 r

oc
ks

N
E

W
 C

A
LU

M
E

T
 h

bd
e 

gn
ei

ss
es

gr
ey

w
ac

k 
e 
-

sh
al

e 
or

ln
te

rm
ed

ia
te

ig
ne

ou
s

gr
ey

w
ac

ke
 -

sh
al

-e
 o

r
ln

te
rm

e 
di

 a
te

lg
ne

 o
us

da
ta

 t
oo

di
 s

pe
 r

so
 d

2
da

ta
 d

is
-

pl
ac

ed
 t

o 
th

e
hl

gh
 m

g 
&

 k
fle

ld
 

to
 t

he
rlg

hÈ
 o

f 
th

e
pe

llt
e 

fle
ld

?
sa

m
e 

fle
l.d

as
 h

lg
h 

k 
&

m
g 

sl
Ll

gn
e 

I 
ss

es

m
af

l c
lg

ne
ou

s

ht
gh

 m
g

pe
 Ii

 t
es

gr
ey

w
ac

ke
 o

r
fe

ls
ic

 
lg

ne
ou

s

?
sa

m
e 

fle
lC

 
as

s1
11

 g
ne

is
se

s
at

 C
ec

o

lro
n

fo
rm

at
lo

n 
or

al
te

re
d 

vo
Lc

*

lro
n

fo
rm

at
lo

n 
or

aL
te

re
d 

vo
lc

*

lro
n

fo
rm

at
lo

n

gr
ey

w
ac

ke
-

sh
al

e;
 m

in
er

-
al

iz
ed

 g
ne

ls
s

ln
 f

le
ld

 
of

su
bc

al
ci

c
pe

lit
es

Lr
on

fo
rm

at
lo

n 
or

al
t,e

re
d 

vo
Ìc

*

fe
ls

l 
c

ig
ne

 o
us

su
bc

aL
 c

l c
sh

al
e 

or
gr

ey
w

ac
ke

q 
Lz

 -
fL

d 
sp

r-
bi

 o
t-

(s
ilI

) 
gn

el
ss

es

N
oR

T
H

 
qt

,z
-f

J.
ds

pr
-b

io
t-

 
m

ai
nì

.y
 f

el
-

M
A

Y
S

V
IL

LE
 

(g
ar

n)
-(

si
Il)

 
si

c 
ig

ne
ou

s
gn

e 
ls

s 
e 

s

fib
ro

us
 a

m
ph

. 
sl

lic
eo

us
bs

ar
in

g 
gn

ei
ss

 
se

dl
m

en
t 

or
( 
K

nr
eh

t,1
98

1 
) 

ar
gi

lll
te

gr
ey

w
ac

ke
 o

r 
sh

al
-e

ln
te

rm
ed

la
te

lg
ne

ou
s

Io
w

 T
i 

ve
rs

lo
n 

lo
w

 N
i

of
 h

os
t 

gn
el

ss
 s

ha
Le

 ?

fe
Ls

ic
 l

gn
eo

us

m
af

lc
ig

ne
ou

s

so
m

e 
sh

al
es

;
sl

ll 
gn

el
ss

es
oc

cu
py

 s
am

e
fie

l-d
 a

s 
sl

Il
gn

el
ss

es
 a

t
G

e 
co

sa
m

e 
fie

ld
 

as
s1

Il 
gn

ei
ss

es
at

 G
ec

o

iro
n

fo
rm

et
io

ns
 o

r
al

-t
er

ed
 v

ol
c+

fe
l.s

lc
 t

o
in

È
er

m
ed

la
te

lg
ne

ou
s 

&
gr

ey
w

ac
ke

l-o
w

 T
i

gr
ey

w
ac

ke
 o

r
ln

te
rm

ed
ia

te
lg

ne
ou

s

gr
ey

w
ac

ke
 &

lro
n

fo
rm

at
io

n 
or

al
te

re
d 

vo
lc

t

ln
co

ns
ls

t 
en

l
w

lth
 m

af
ic

ig
ne

ou
s 

or
i-

gl
n 

(T
L 

to
o

Io
w

 )

gr
ey

w
ac

ke
 o

r
ln

te
rm

ed
 I

 a
te

ig
ne

ou
s

fr
on

fo
rm

at
lo

n 
or

aL
te

re
d 

vo
lc

*

sa
 n

d 
st

 o
ne

 -
sh

al
e 

m
lx

tu
re

no
 d

at
a

sh
a 

l"e
 -

ca
rb

on
â 

ce

m
af

ic
lg

ne
ou

s

gr
ey

w
ac

ke
s 

&
si

ll 
gn

ei
ss

es
in

 s
ub

ca
lc

lc
sh

al
e-

gr
ey

w
ac

ke
fie

 I
d

as
 p

er
 r

oc
ks

 in
 t

he
 c

or
es

 o
f 

al
te

ra
tio

n 
pl

pe
s 

of
 v

ol
ca

no
ge

ni
c 

m
as

sl
ve

su
lfi

de
 

de
po

si
t,s

 o
f 

th
e 

N
or

an
da

 C
am

p

so
m

e 
pe

J.
Íte

s,
 

su
bc

al
cl

c
&

 s
om

e 
gr

ey
- 

pe
lit

e 
or

w
ac

ke
 o

r 
aL

t-
 

al
te

re
d

er
ed

 ln
te

r-
 

ig
ne

ou
s 

ro
ck

m
ed

le
te

 ig
ne

ou
s

da
ta

 t
oo

 
iro

n
di

sp
er

se
d 

fo
rm

at
io

n 
or

al
¿

er
ed

 v
ol

c*

no
 d

ât
a

fe
ls

lc
 

iq
ne

ou
s 

?

sh
aL

e-
 

fe
ls

lc
 

l¡n
eo

us
 ?

ca
 r

bo
ne

 t
 e

so
m

e 
m

af
lc

ig
ne

ou
s 

&
so

m
e 

sh
al

,e
 -

ca
rb

on
at

 e

m
os

t 
ar

e
sh

a 
Ie

 -
ca

rb
on

at
 e

?
sa

m
ê 

fie
Ld

 a
s

sl
ì-

)-
 g

ne
is

se
s

at
 G

ec
o

?
sa

m
e 

fle
ld

 
as

s1
).

1 
gn

ei
ss

es
at

 C
6c

o

m
af

lc
 l

gn
eo

us

In
su

ffi
ci

en
t 

Ín
su

ffi
ci

en
t

da
ta

 
da

t,a

in
su

ffl
cl

en
t. 

in
su

lfi
cl

en
L

da
tà

 
da

ta

fe
l-s

lc
 t

o
ln

te
rm

ed
ia

Le
ig

ne
ou

s 
2

ts cJ
l



136

5, t Eürie fiË('ËhÉrÏllcnL rh,1IðEter intir.z of ,q1111manLte - EeõrIrrg ttoet

Rocks Revealed in Chemical Data Manipulation

Potassium - enriched, calclum and sodium - depleted sillimanite

gneisses and/or schists of amphibolite facies metamorphism are common to

atl of the five localities considered,

0n the Garrels and MacKenzie (19?1) diagram (Sec. 4.2\ sillimanite

- bearing gneisses generally produce an anomalous field demonstrating

enrichment of KzO over Nar0 and CaO. Hydrothermally altered felsic and

intermediate igneous rocks at Steamboat Springs, Nevada (Fig. 4-L5) and

Roosevelt Hot Springs, Utah (Fig, 4-L6) plot within the same general

potassic fie1d. Similar but less dranatic potash enrichment is observed

on the outer margins of sorne volcanogenic massive sulfide alteration

pipes (rig, 4-1?).

Sodium depletion in the sillimanite gneisses is also demostrated in

the La Roche (L974) "silicoaluminate'r diagram (Sec. 4.3). Sirnilarity to

hydrothermally altered felsic and intermediate igneous rocks at

SteamboaL Springs, Nevada (Fiq. 4-28) and Roosevelt HoL Springs (Fig.

4-29) is again observed, as well as similarity to Lhe less intensely

mo,lified rocks from the alteratlon uones of some volcanogenic masslve

sulfide deposits (Millenbach Mine, Noranda, Quebec and Mattagami Lake

Þflneu 0uebec) (riqs. 4-30 and 4-31).

calcium depletion of the sillimanite gneisses and schists is well

illustrated by the Niqgli al + a1k : c method (Sec. 4.5). SillimaniLe -

bearing rocks plot as subcalcic pelitic or greywacke sedímentso or

subcalclc felsic to intermediaLe volcanlc rocks. calcium depletion of
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the hyclrothermally altered rocks at Steamboat Springs, Nevada or

Rooseveit Hot Springs, Utah (Figs. 4-68, 4-69 a¡rd 4-7û), and occasional

calclunt enrlchnient may be observed. rn analogy with Lhe slllimanite -

bearing rocks, the outer margins of the alLeration zones of some

volcanogenic massive sulfide deposits ( i,e " l{illenbach Mine, Noranda,

Quebec and Mättagami Lake Mine, 0uebec) generally show calcium

deplet i on .

!üibh the exceptions of Geco, t{anitouwadgeo Ontario and N.

I'faysville, Colorado (Knightr 1981) which denonstrate 1ol+ and dispersed

levels of nickel, the sillimanite gneisses are generally consistent with

either a pelitic or greywacke sedimentary origin or an intermediate

igneous origin (Van de Kamp, 1970; Rankama and Sahama. 1952). Cobalt :

nickel ratÌos for sillimanite - bearing rocks, although often consistent

with argillaceous or felsic igneous rocks. demonstrate considerable

fluctuations and, in the case of Geco, may occur over relatively short

distances (L-2 metres). I{hether this is an original characteristic of

these rocks or whether it is a syndepositional or postdepositional

alteration effect is uncertain, The same effect, associated rr¡ith

mineralization, is observed in the diamond clrilI holes on Yakushavitch

Island and it may be a reflection of cobaltrs tendency to concentrate in

hydrothermally precipitated pyrite (Rankama and Sahama, 1952).

Sillimanite - bearing rocks aL Geco, Sherridon, N. Mayville and

Montauban demonsLrate anomalously lov¡ titanium contents (and hence lour

Nlggli iI values), This ls dlscussed ln greater detall ln section 5.4.

Another feature of the felsic gnelsses encountered is the antiBathetic

occurrence of plagioclase and sillimanite. Sillimanite - bearing rocks

uhlch ':.re rlepleted ln Carl and 1{å20 cÕnt"eln llttle or nÕ plagloclase. AT1
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Ët{Lc.niFle nf thlr brehai¡l*r-tr invulvf.ng f e1¡ 1c gne ir*er .c.t Hortli Ït.ryxvl lle
is demonstrated in Fig. 5-l-. Petrographic analysis of felsic gneisses

at the Nev¡ Calumet deposit, Calumet Island, Ouebec has indicated that

when plagioclase does occur, it appears as fractured, altered laths in

än unequigranular groundmass. Sillimanite - bearing gneisses, which are

adjacent Lo the sillimanite - deficient ones, on the contrary, are often

well recrystallized, clean, equigranular, lepidoblastic rocks with

polygonal or granoblastic textures. 0wing to the stability of

plagioclase under the metamorphic conditions involved (!üinkIer, L9?6)

äny plagioclase present is likely relict and an absence of plagioclase

would indicate that it !üås probably not present prior to the

netamorphlsm. Assuming a genetic relationship between the sillimanite -

bearing and sillimanite - deficient felsic gneisses, the precursor to

the sillimanite - bearing variety could be an altered verslon of the

sillimanite - free variety. The sillimanite - free felsic gneisses at

Geco, on Yakushavitch IsIand, at N. l"laysvi1le (Knight, 1981), l"lontauban

(Stamatelopoulou - Seymour and Macleano L977) and New Calumet plot

chemically as common felsic to intermediate volcanic rocks or greywacke

sedimentary rocks. The sillimanite - bearing rocks at these localities

may therefore be the metamorphic equivalent of altered and/or chemically

modified versions of these felsic to intermediate volcanic or greywacke

sedimentary rocks. Stanton (L979 and 1984) has discussed the derivation

of sillirnanite by the metamorphisrn of kaolin, gihbsite, and other

hydrothermal clay minerals and in microprobe studies has successfully

identitied persisting ttÂlz 0s -SiOz tn materials at Geco. Tt is sti1l
ambiguousu however, wheLher these hydrothermal clay - rich sedinents

!JJ!l¡A'
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i-) directly precipitatecl from a solution;

2) produceo by hydrothermal alteratlon of a tuff prior, during or

shortly after deposition {e.9. within a brine pool);

3) produced by hydrothermal alteration of a tuff or greywacke

after deposltion (by a mechanlsm similar to that involved 1n

the formation of volcanogenic massive sulfide alteration

pipes ) ,

5.3 Some Geochemical Characteristics of the Cordierite - Anthophyllite

Host Rocks Revealed in Chemical Data Manipulation

In addition to sillimanite - bearing rocks, cordierite

anthopltyllite rocks are integral members of the stratigraphies at five

out of the six localities under consideration.

The diagram of Garrels and MacKenzie (1"971) indicates that some

cordierite - anthophyllite rocks at Gecoo Montauban, N, Maysville and on

Takushavitch Island plot ln the siliceous sedlment field occupied by

iron formations (Fig. 4-3). This indicates enrichment of SiO, over A1rO3

which is not observed in alLered rocks from the cores of the alteration

pipes at the Millenbach l{ine (Fig. 4-17) or the Mattagami Lake Mine

(Fig. 4-L7). Other cordierite - anthophyllite rocks from Geco,

Montauban, N. Maysville and on Yakushavitch Island are dispersed within

the same field occupied by enveloplng sillimanite gnelsses or within the

pelitic field outlined by Garrels and MacKenzie (197L).

All cordierite - a.nLliophyllite rrlcks plot rrear or at the ugo apex

of the La Roche (19?4) u'silicoaluminate!'diagranr. This field is also



L4t

r.r,l'tr_tFiË'l hy lr,lir f *rnr.ttiuäs (f t,1, 'l-l__q l ,:.nd th* lntensely ,rlter*tl rrll:hi

from the cores of the alteration pipes at the Millenbach and Mattagami

Lake Mines (Figs. 4-30 and 4-31),

Apart from Yakushavitch Island, anthophyllite - bearing rocks do

not possess Nigçll mg valnes much greater than those of thelr enveloplng

sillimanite - bearing rocks. Niqgli k values are also similar even

though all alkalies and calcium contents of the anthophyllite - bearing

rocks are considerably lower than those of the sillimanite - bearing

rocks,

Due to greater HgO and iron oxide contents, cordlerite

anthophyllite rocks display lower values of Niggli al + alk than their

enveloping sillimanite - bearing rocks, They do, however, possess

similar low values of Nigq1i c and therefore pIoL, on the Niggli al +

alk : c diagram, in a field which hugs the al + a1k axis. Although the

rocks at the þfillenbach Mine demostraLe a reduction in Niggli c towards

the more intensely altered core of the altesation pipe (Fig. 4-65), the

Mattagami Lake Mine does not demonstrate such a marked reduction (Fig.

4-6?). Roberts ancl Reardon (l-978) have reported an increase in calcium

oxide conLent towards the more intensely altered core of the Mattagami

take Mine alteration zone. Knuckey et a1. (l-982) reported 1ittle change

ln the centre of the Þfillenbach alteratlon plpe. Due to the pronounced

Mg-Fe metasomatism this increase in CaO content tol*ards the core of the

alteration pipe fails to produce an increase in Niggli cu and may even

result in a slight decrease. A,t Geco, N. ÞÎaysvi1le, Montauban,

Sherridon and on Yakushavitch Island, CaO contenLs vary from levels

observed in rocks from the core of the lfattagami take þfine alteration

zone down Lo levels well below those present in common felsic igneor;s



rocks. 0n this basis, a genetic relationship betr*een the origin

these cordierite - ani-hophyliite rocks and the rocks from the cores

volcntrogenlc nìassive sulf ide alteratlon eones 1s st111 arnblgrrorts.

Cordierite - anthophyllite rocks aL Geco and some of the

anthophyllite - bearing rocks on Takushavitch Island display nlckel

depletions comparable to those observed in sillimanite - bearing rocks

at Geco. Cobalt : nickel ratios are again often consistent with a

felsic igneous origin but display drastic fluctuations at all of the

locations (where cordierite - anthophyllite rocks were sampled). As

speculated for the sillimanite - bearing rocks, this may reflect the

presence of higher cobalt values in the hydrothermally precipitated

pyrite (Rankama and Sahama, 1952),

Nigqli ti values in the cordierite - anthophyllite rocks at all the

locations display reduced values which are comparable to the ferruginous

metasedimentary rocks of the rrEar Falls arearr (Fig. 4-80) or to alLered

rocks from the cores of the alteration zones aL the Millenbach and

Mattagami take Mines (Fig. 4-BB). This is discussed in greaLer detail

in section 5.4,

A relationship appears to exist between the sillimanite - bearing

and cordierite - anthophyllite - bearing rocks, due to the gradual

nature of the contact at Gero, N. tîaysvi1le (Knight, l-981-) and on

Yakushavitch Is1and. There is also a graduation observed between the

respective fields of the two rocks in many of the chemical plots.

Hltether this relatlonshlp is a syndepositlon,rl ef fect of mixing of the

tt¡o respective progenitors or an effect of subsequent alteration similar

to that observed in the cores of volcanogenic massive sulfide alteration

pipes is stil1 enl,3rnaLlc.

t42
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5.4 Niggli ti Values and a Comparison of Gneiss - Hosted and Greenstone

- Hosted Massive Sulfide Deposits

Both the sillimanite gneisses and cordierite - anthophyllite

gneisses aL Geco (Fiq. 4-81), Yakushavitch Island (Fi9. 4-82), Sherridon

(Fig. 4-83), North Maysville (Fig. 4-84)u New Calumet (Fig. 4-86) ancl

Montauban (Fiq. 4-87 ) possess Niggli ti values and eoTiOz levels

(Appendix a) belot¡ those of the rnost felsic lgneous rocks. Tf these lor'¡

titanium Ievels reflect the original precursor levels and tltanium is

assumed to indeed be irunobile (Finlow - Bates and Stumpfl, 198L; Roberts

änd Reardon, 19?B), it 1s obvious that sonìe dilution of original

titanium with a low or zero titanium component has occurred. This

componenL may have been added in one of two \{ays:

t4'

L) co - deposition of a possibly altered felsic volcaniclastic or

greywacke sedimenLary rock and a chernical precipitate (a

ferruginous chert or iron montmorillonite clay);

post - depositional hydrothermal alteration ( i.e. Þfg/Fe

metasornatism) paralleling the formation of volcanogenic massive

sulfide alteration pÌpes.

2)

IÍ one attempts to apply the volcanogenic massive sulfide

alteration model (#2) to gneiss - hosted massive sulfide depositso

difficulties are encountered, One cdn noto uslng the al + alk : ti
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method, adequately drat¡ ä parallel between the potassic sillimanite -

bearing rocks oi the gneiss - hosted deposits and the potassium enriched

rocks frotn the outer margins of the alteratlon uÐr1es at the llillenbach

and Mattagami Lake volcanogenic massive sulfide deposits (Fig. 4-BB).

Reduction in Niggli tI does not become pronounced until the cores of the

alteration zones are reached, rEhereas marked Niggli ti reduction is

observed in most sillimanite - bearing gneisses of the five localities

considered. The prograde hydrothermal alLeration of rocks at the

Millenbach and Mattagami Lake Mines, therefore, produces a pattern or

pathway which is concave down towards the origin on the al + alk : ti
diagran (fig. 4-88). The gradational patterns produced between

sÌllimanite - bearing rocks and cordierite - anthophyllite - bearing

rocks at Geco, Montauban, N. Maysville and on Yakushavitch Island,

however, are concave up or linear towards the origin and more closely

resentble the pattern l+hich is produced by ferruginous chemical

metasedimentary and hosting greywacke metasedimentary gneisses in the

ttEar Falls areð.rr.

targe (1977 ) has proposed

metasomatism of K-feldspar to

existing in the center of a

pipe:

KAIS1^O^ * 3Fe2+ +
JÓ

a chemlcal mechanlsm involvinE tfg-Fe

produce chlorite under Lhe conditions

volcanogenic massive sulfide alteration

ttrïzo MerFerAtzsi3og(olt)n + 2K+ +

3HàSi04 + BH'



74ó

I-lFuTi b,r.laticln'J r*ärpotientr ,r.1d*.1 ¡n¡ runipoäent* -deirrllvÉdr thl¡

reaction is found Lo produce a net weight loss of 2.45 grams per 29.57

grams of K-feldspar converLed, This smal1 weight change l.¡ould have

practically no effect on %TiO2¡ but since Mg and Fe are added, Niggli ti
and the rnolecular ratlo of Ti : (Hg + Fe + Hn + Ti), is recluced. This

indeed is what is observed at the Millenbach and Mattagami take Mines.

In the gneiss - hosted orebodies (e.g.Geco), however, sone cordierite -

anthophylliLe rocks contain less than 0.1-5eo Ti02 and often less than

0.10% (as opposed to 0.25t for the most intensely altered rocks at the

Millenbach Mine¡ see Appendix B). As was revealed in Chapter 4, TiOz

contents of 0,10% could be produced only by a dilution of at least l":1

with a non-titaniferous component. This poses a volumetric problem if
one is to assume the volcanogenic massive sulfide alteration model.

5.5 A Chemical Modelling Experiment Based on Intermixing of Clastic and

Chemical Sedimentary Material

One can artificially produce a hybrid mixture of chemlcal and

volcanlclastic seditnents and analyze the effects produced on the

chemical plots utilized earlier (Chapter 4). Table 5-2 is a breakdown

of the types of starting materials and types and amounts of chemical

components added to produce the different hybrids. Data points El and

E2 demonstrate Lhe effects of addition of 'non '- tiÈaniferous

hydrothermal illite plus siLica to a normal graniLic (or rhyolitic)

rock, Both data points also represent sorne leaching of soda and CaO,
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The resultant hybrids ãre found to plot similarly to the sillimanite

gneisses of gneiss - hosted massive sulËide ore bodies (Figs. 5-2, 5-3,

5-4 and 5-5). 5imiIarly, additlon of iron and magnesiurn hydroNides or

hydrothermally precipitated chlorite to the same starting material (daLa

points 83, E4 and E5) produces a resultant hybrid chemlcally similar to

the anthophyllite - bearing rocks of gneissic massive sulfide deposits.

Deposition of magnesium carbonate and magnesium hydroxide - containing

chemical sediments was more prevalent in the Archean than today (Garrels

and MacKenzie¡ 1971-) and so the concept of Mg(0H)2 deposition during the

formation of gneiss - hosted massive sulfide deposits is a distincL

possibility.

Dilutiott of titaniurn may also be brought about by co-depositlon of

chemically precipitated products (SiOp , Fe z QB , gl(0H)3r etc. ) and

epiclastic material derived by eruption of hydrothermally - altered

material from a hydrothermal vent. This mechanism has been suggesLed

for the formation of rocks from the core of volcanogenic massive sulfide

alteration pipes,

5.6 Strata - Bound Massive Sulfide Deposits in Gneissic Terrains and

their Relationship with those of Greenstone Terralns

Tn keeping wlth ttutchinsotr (19?3) who has subdlvided volcanogenic

massive sulfide deposits on the basis of ore metal composition, one may

similarly subdivide massive sulfide deposiLs in gneissic terrains as

follows;
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FIGURE 5-3 Siliccal_uninate diagran (La- Rocherl_97¿r)for_hybrÍd rocks arõiliciãrty p"oáróud'in Table 5-2. î,2 most crosðfy i""=**ùiu"the sillimanite gneisses ãi [neisi_----hosred ¡nassive sülriae ã_¡;=i;;]",ir.,u"""=il¡ and n5 resemble the coiárenre_anthophyl_Iit,e rocks"

Nò'0
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150

FIGURI] 5-b NiggLi al+aLk: c diagram for hybrid. rocksartificially produced in Tabtô 5-2,
E2 most closely resembl-es the sil-limanitegneisses of gneiss-hosted massive sulfidedeposits, whereas E4 and E5 resembl_e thecordierit,e-anthophyllit e ro cks 

"
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gneisses of gneiss-hosted masslve sul-fidedeposits, whereas E4 resembl-es the
cordierite-anthophyì.ì-ite ro cks .
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1) Fe-çr.1 iArl) type;

2) Fe-Cu-Zn-(Pb) (Au, Ag) type;

3) Fe-Pb-Zn-(Cu) (ag) type;

(where metals in brackets denote minor components ) . The evidence

suggests that the complexity of ore metal composition is related to the

degree of crustal evolution (MitcheIl and 8e11. 1973). Fig. 5-6 shor¡s

the general breakdown of massive sulfide deposits according to

geotectonic regime. Table 5-3 indicaLes the possible types of strata -

bound massive sulfide mineralization that may occur during development

of an island arc, while Table 5-4 and Table 5-4b lists some of the

characterlstics of each type of mlneralization depicted 1n Tab1e 5-3.

Maynard (1983) utilized a similar schene for the genetic subdivision of

volcano-sedimentary ores .

Although they bear sûme resemblance to volcanogenlc rnasslve sr:lfide

deposits of greenstone terrains, the deposÍts investigated in this study

also bear some resemblance to the large metasedimentary - hosted Pb-Zn

deposits such as Broken Hi11, N.S.W., Sullivan, B.C. and Bathurst, N.B.

The continuity of their ore lenses, their general stratigraphy and

metamorphic grade, for example, are similar to deposits such as Broken

Hi11. They, however, do not possess the size, or the characteristic

mangf,nese halo of the Broken Hill deposit, Çamsberg deposit,

metaliferous sediments of the Red Sea deeps, or other sinilar sediment -

hosted massive sulfïde deposits (stumpfl, 1-9?9), They also do not

possess the mulLitudinous tabular ore bodies characteristic of Broken

Hill' being single lens orebodies like most volcanogenic massive sulfide

deposits" Although lead is fairly abundant at the New Calumet and

Þlontauban deposltso the gttelsslc deposlts generally Elossess metal

L52
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TABLD 5-3 ISLÁND ARC DEVELOPT1ENT AND ASSOCIÂTED STRATIFOR}1 BASE
I1ETÀL ¡fINERÁLIZATION; UoDIFIED AFTER ¡fITCIìELL ANI)
BELL 1973.

I. Pre-arc generatlorì of oceanic crust
and upper manrle (conÈl¡ìuous gene-
raÈiolt of igneous rocks along axial
ridge fo)-lowed by lateral movenenÈ
and burlal). (Nore: Thls process
begins aÈ a dlvergenc place boundary)

Il. Submarine island arc tholelEes
begln to be generated by submarfne
volcanlsm 1n the 1nlÈia1 stages of
arc development.

STÂGE

III. lncerbedded shallorq marlne sedlnents,
subaerlal flows and tuffs accumulace
rapidly. IsosÈatic re-equllibration

' leads to rapld erosion, the develop-
neDr of lahars and turbidites. Deep
burla1 of sedlments leads Èo high
lemperacure regional netamorphism,
Volcanlsn is sÈ111 chlefly mafic.

Ló4

¡IINER.^LIZÄTION

CYPRUS TYPE

(Fe, Cu)

tv. PLutonic accivlcy, waning volcanlsn,
and arc rifEing.

,{rc reversal and che developnent of
a neç volcanÍc arc. Attempted
subduccfon of a contlnental fsland
arc or oceanlc island crust leads to
arc reversal. The o1d trench fills
with sedinents and rises lsoscatical-
Ìy leadlng to Èhe developmenr of
flysh type associaÈlons.

Col11sfon of arcs, Arc reversal a¡rd
less marginal basln crusc along a
younger Benioff zone may resulÈ j.n
the approach of remnanÈ and active
arcs and Èhe1r eventual collision,

None known but some
sÈratlforn sulflde
deposits occur in ocea¡t
crusC tholeiCes

BESSHI TYPE
(Fe,cu (zn) )

VI.

VII. RepeaEed arc rlfrlng, marginal basin
spreading a¡¡d a¡c reversals lead to
successlve magma Eic a rcs , f lysch bel rs
and paired metamorphic be1cs.

No sEacifo¡m or
stratabound sulfides

VOLCANIC EX}IÀLÀTIVE
(Fe,Cu,Zn(PB) )

(assoclated with phrea-
Èlc eruptlons accompany-
ing done emplacenent

KUROKO TYPE
(Fe,Cu,Zn,Fb, barlre)

CYPRUS TYPE
(these nay occur in
obducted s1Íces of
ocean floor basalcs or
melanges)

Leads to Ehe repetitlon
of ¡ire volcanic exhã-
larive, Kuroko and Cyprus
types,
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TAßLE 5-4b Exanples of publlshed GeneÈic lncerprerations of Some
SeLecÈed ìfasslve Sulfide 0rebodles

TYPE

Fe, Cu
CYPRUS

TYPE

ophioLlte deposlts Ín Èhe Red Sea
Reglon

BetÈs Cove, Newfoundland, Canada

LOCALITY

Fe, Cu, (Zn)
BES SIII
.I'YP 

E

Hixbar and Bagacay deposics of rhe
P hl1l1pfnes

Bachurst Newcascle area
Brunsrvick, Canada

Captains Flat, New Souch
Auscralia

156

Stekenjokk and lfenscrask, Sweden

The l.¡im and Osborne deposirs of
IfaniÈoba, Canada

Micchell & Garson (1981)

ìlaynard (1983)

REFERENCE

Fe, Cu, Zn,
(Pb )
VOLCANIC
EXHALATIVE
TYPE

of Neç

f{ales

The Flin Flon and Fox deposits
of Èlan1Èoba, Canada

The RufÈan, Ch1se1, Anderson,
SÈa11, and Rod deposics of
IfanlÈoba, Canada

The CoronaÈ1on deposlt of
SaskaÈchewan, Canada

Geco, Manicouwadge, Canada

deposlcs of the Noranda Camp,

Crandon, WlsconsÍn, U.S..A.

Jerome, ArÍzona, U,S.A.

Pyhasalml-Pf elavesi, Flnland

Uirchell Á

Uitchell &

¡liÈche11 &

UiÈchell &

Gale et aL.

Bell (1973)

Bell (1973)

Belr ( I 9i3)

Be11 ( r973)

(1980)

Buchans, Newfoundland, Canada

Fe,Cu,Zn,
Pb, barite some of lhe Bachursc deposics

KUROKO of New Brunswlck, Canada

TYPE The Horne and Delbridge
deposlts of che Noranda Camp,
Canada

cale et a1, (1980)

cale eÈ a1. (1980)

cale et a1. (1980)

cale eÈ a1, (1980)

Sangster (1972)

Franklin et a1. (I981)

FrankÌin eÈ al, (1981)

Franklin ec a1, (198L)

I'faynard (1983)

ìfaynard (1983)

lliÈchell e Berl (1973)



7ó7

zonations which l+oulcl place them under the category of the 'Type J-rl

massive sulËides discussed by Hutchinson (1973), i.e.:

Although their metal zonation resembles that of typical volcanic -

hosted deposits, these orebodies are characteristically thinner and mueh

more extensive, sherridon, for example, consists of tr¡o tabular

oreboilies, each less than 5 metres thick, with a combined strike length

of approxlmately 5 km (Goetz, 1980).

High temperatureo sulfur-rich brines of volcanogenic and Kuroko

type orebodies readily precipitated sulfides at the seawater interface

often produclng orebodies on the flanks of a volcanic pile (Hodgson and

tydon, 197?). Henley and Thornley (19?9) have stated that the high

power and rate of hydrothermal discharge in the case of Kuroko or

Archean polymetallic deposits may have been sufficient to fluidize ore

particles and lead to transport and sedtmentation at a more distal

environment. The chemical evidence developed in Chapter 4 vrould appear

to indicate that the host rock associations at the localities considered

are volcanosedintetttary to sedirnentary in oriEin ii "e. nrainly f elsic to
intermediate tuffaceous volcanics and greywacke sediments r.¡ith minor

volcanlc flow-rocksi, Host rocks could therefore be classified in the

volcano-sedlmentary category proposed by Gale et al. (1980).

pyritic tuffite (exhalite)

py-sp

py-sp-ccp

po-py-ccp-sp

po-ccp+mgt+py
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51nc* täet,c.111r: srrti.ltloti, ,r1t*r.itlrlft .lnd slse (1n t*rins ,lf tLlTine-q uf

ore) of the gneissic orebodies considered are similar to those of

volcanogenic massive sulfide deposits and provided one accepts the

proposal that greenstone and gneissic terrains developed

contemporaneously (BalIes and McRitchie, 19?8i Ayres, 19?8; Goodwin et

al., L972¡ McKasey et al., L97 4¡ Gale et aI., L9B0 ), a genetic

relationship between volcanogenic massive sulfides of greenstone

terrains and gneissic massive sulficles such as portrayed in Fig. 5-? rnay

exlst. A similar relationshlp has been proposed by MacGeehan (1978) for

the Garon take Mine at Mattagamir Ouebec. In the model proposed in Fig.

5-? turbidite flows (initiated by dense ore - bearing brines or by

submarine ash flows) may carry:

L) ore - bearing solutions or suspended ore particles;

2) altered volcaniclastic material (which may be partly derived by

expulsion of hydrothermally altered material from the

hydrothermal edifice) ; and

3) terrigenous epiclastic material

than the volcanic pile)

variable distances a\{ay from the volcanic centre. Such flows would

produce continuous units of even-thickness which would be associated

with tttlnerallzatlon (sangster, 1972), Ore deposition may take place ln

the near transitional regime of Gale et al. (LgB0), where volcanic rocks

may still be fairly prominent ( e ,9. Geco ) , or further transport of

materials to the more distal transitional regime or to the sedimentary

regime would lead to the formation of orebodies such as Sherridon (Gale

et a1.o 1"980), A broad spectrum of deposits may exist (from the

sfricLly volcattlc - hosted varietles to the maInly sediment - hosLed

(derived from sources other
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varieties), influencecl by the distance of transport away from the source

of volcanics and hydrothermal vents.

5.7 Application of Geochemical Discrimination Techniques to Exploration

for Massive Sulfide Deposits in High - Grade ltetamorphic Terrains

High - grade metamorphic areas (e.9. Fig. 5-B) in which quartz -

feldspar - biotite - sillimanite gneisses and schists, cordierite -

anthophyllite rocks, calc - silicate gneisses, quartzites and

amphibolites occur, bulk chemlcal discrimination technlques could be

used to predict the favourability of these rocks to host massive sulfide

ores. This would entail an investigation of the sillimanite - bearing

rocks for KrO enrichment and Ca0-Nar0 depletion. K20 enrichment and Na,

o depletion is best portrayed by La Rochers (1974) silicoaluminate

diagram (section 4.2) while caO depletion is demonstrated by the Niggli

al + alk : c diagram (section 4.6). 0n both of these diagrams

sillimanite - bearing and cordierite - anthophyllite rocks occupy

fields, outlined in sections 4.2 and 4.6, which are gradatlonal one into

the other.

Anomalously low Ti02 concentralions and Niggli ti values should by

an inherent property of both the sillimaniLe - bearing and cordierite -

anthophylllte rochs (sectlon 4,8),

Another property of sonre predictive valueu but requiring support by

the other techniques, is nickel content and Co,/Ni ratios. Sillimanite -

hearlng rocks contalng highly variable nickel contents wlth valr-ree of
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lrr{ {}¡1} rrfleti':1,t1, slmllnrLy firlt{l r,r.t1,rE ln -qillhnrnlL* - Lr*ar1nq

and cordierite - anthophyllite rocks display drastic fluctuations with

values extending up to in excess of 3.0. The occasional low values of

log tNii < 1.0 should aid in filte¡ing out sillimanite - bearing rocks

of 'rnormaltr pelitic origin, vhich, according to Rankana and Sahama

(].952),shou1dbecarryingnicke1contents)=].00ppm(i.e.1og{Ni}>

2.0).

Although not investigated in this study, the immobility of

zirconium (Finlow-Bates and Stumpfl, L9BL) may prove to be of use equal

to titanium in characterization of sillimanite - bearing and cordierite

- anthophylllte rocks favourable to hostlng ore,
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All diamond drill core and hand sarnples +¡ere prepared i¡r thn ;a¡ne

manner. Using a diamond saw, samples were split perpendicular to the

foliation to produce two slabs. A thicker slab was crushed and ground

for chemical analysis while a thinner slab was prepared for thin

sectioning,

Thin sections ltere examined for relict primary textures and other

features as l+e11 as metamorphic fabrics. Estimates of mineral

abundances vrere made by means of crude microscopic traverses across the

thin section and averaging the mineral abundances in each field of view.

Therefore, modal proportions rarely add to 100%.

Crushed and ground samples were analyzed at the University of

Manitoba. These lrere subjected to combustiono acid digestedo and the

resultant solutions analyzed by titration, X-ray fluorescence

spectrometryo and atomic absorption spectrometry according to the

procedures described by Wilson. Andrews, Moxham and Ramlal (1965) and

Ramlal (L979). Chemlca1 and petrographic data for collected samples are

listed in Appendices A-L to A-5 inclusive. Hineral percentages are

optical estimates. Confidence limits and detection limits are listed in

Tab1e A-1. Water is quoted as H"0

A-û: Sample Preparation
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TABLË A-l- Methcds, precision 'and accurecy of che¡r:icaL analysis ofsilicate rocks (fro¡n Ram1al, lg7g)

MeÈhod(s)
ConstltuenÈ Prtmary AlcernaEe ConcencraEion

s to^

nl 
zo3

Fe 
2O 3*

Hgo

CaO

K2o

¡fn0

Tto 
2

Naro

t2o*

coz

P 
205

FeO

s

Zr

Ag

cd

cl
Cr

Co

Cu

Li
Ni

Pb

Pb

Rb

Sr

Zn

XRF 59.60 ur.Z
xRF 9 .34

XRf r\^S 10.08

¡\.ÂS L.Or.

XRF MS 10.22

XRF ÂAS 2.69

XRF 
^.4S 

,4I
XRF .48

A.AS 4 .20

combus Ëion 1.60

combusElon:acid digestion 1.15

spocCrophoromeLry 0.20
t i tracion 10. 92

combustion tiÈration 0.185

xRF 0.027

XRF AAS O .015
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lnstrumenc r\ccuracy of
preclslon,ó repIlcates,6

.12

.05

.017

.04

.02

.0t

.01

.02

.0r

.03

.05

.0r

0.003

0.003

.005

.02

2.0

5.0

1.0

t.0
.04

r.0

.02

1.0

5.0

r0.0

t.0

A.AS

/\AS

gravlme trlc
AAS XRF

AÂs xRF

AAs xRF

AÀS XRF

A.AS, flame

l\^S, f1are1ess

¡L¡\5 XRf

/V\J ,\KT

XRF

^n5 
XRF

.03

.Ì0

,01

.01

.02

.05

.06

.L2

.01

0. 04

0. 005

0.005

.00s

,o4

5.0

t3.0
2.0

2.0

.05

1.0

3.0

.0t
2.O

8.0

15.0

2.0

4.0 ppn

360

820

53

40

LO

77

34

8

228

260

380

108

+ t,otal concentration expressed as . .... ..
all concentrations expressed in weight percent unless
otiìc:wise statred.
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Cu (ppr)
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Pb (ppr)

Sr (ppr)
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0.01 0.07 0.09 0.08 0.08 0.r0 0.06 0,09 0.09 0.14 0.10 0,07 0.07 0.07 0.01 0,0s 0,09 0,05 0,10

0,165 0,0t3 0,015 0,065 0,302 0.2t3 1.610 0.098 0,023 0,906 0.034 0,0?1 0,058 0.084 0,001 0,009 0.05{ 0.0t2 0.31125 56 95 23 33 58 63 30 66 36 31 21 32 6{ 2t 33 32 98 5235 4l 12 25 93 65 710 68 3t to3 19 ?0 38 86 ll 13 l7 I 3227 68 90 78 70 73 30 85 61 69 65 67 62 83 29 {l 39 l3o 38
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Àt 203

1e203

Fe0
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Fe ïi oxides
Sul fides
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t6.53 16.33

22,80 2t,92
l,4t 1.46

2,3{ 2.3{
0.07 0.05

0.04 0.01
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0.20 0, 12
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34 34
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51.65 50.0s s8.65 50,45 48.50 69.25 70.05 67.ts 50.30 83.80 35.55 83.10 65.6s 7s.31 84.01
17.76 17,02 l{.82 13.04 tl.53 12.34 12.94 l{.66 20.86 7.50 13.40 5.89 13.?8 5.71 3.58
1.76 1.79 0.93 3.56 2.09 2.05 l.41 2.70 4.59 1,21 t,22 0.47 r.t2 1.40 0.98
6.72 6.12 7.48 9.32 7.9{ 5,28 4.58 2.10 t.86 2.08 5,62 3.50 6.44 t,t2 6.02
5,i0 8.10 5.10 6.75 l0.ls 2.70 ?.88 3.35 6.03 0.90 9.40 2,23 2.65 3.74 0.17

11.66 9,35 3.10 8,53 1s,76 1,24 0.55 0.60 1.30 0.12 19.70 0.56 1.46 t.ol 0,41
0.89 r,92 2.30 3.ll 1.00 2,12 t.00 0,3{ 1.46 0,1t 0,98 0.12 t.04 0.72 0.89
r,2l 1,34 3.04 1.28 0,28 1.68 3.39 5.13 8,97 t.92 2.36 l.t8 3.56 1.12 0.29
1.79 2.00 1.66 1.57 I.13 0.96 1.46 1.68 2.21 0.99 1.92 0.98 l.s3 0.80 1.58
0.07 0.92 0.{0 0.33 0.57 0.07 0, l0 0. t7 0, 13 0.20 8,93 0.76 0.81 0.00 0.24
0.31 0.s0 0.52 1.82 0,38 0.48 0,52 0.29 0,55 0.3s 0,3t 0.27 0.51 0,16 0,17
0.05 0,27 0.?3 0.il 0,15 0.08 0.09 0,ll 0.?8 0,05 0.19 0.0,t 0,ls 0.00 0.00

0.182 0,25 0.17 0.20t 0.t39 0.13 0.t0 0,06 0.10 0.03 0.lB 0.04 0.09 ft,t5 0.04
0.f)il 0.21 0.39 0.29 0.17 2.21 l.t4 2.t1 2,27 0.92 0,06 1.20 2.81 3,34 t,8{

3? 92 ?4 33 8g (l0 t0 il 27 (l0 189 t0 17 21 39

35 65 ll5 77 6t 85 27 il9 9l .t4{1 15 ,081 89 1525 1025

r03 62 80 77 390 88 ll5 2ll 348 15 74 2t? l7t 325 5s0

Appendix A-3 (llev Calu¡et)
(¿ll nu¡bers preceded by,Cllt)

.1 5618

taz

105 2 lt6

t48 360 128

31 36 28 46 ,18 ll

lt

22s5
35 4 t3 l8 lt

3 3 5 17

13

60 i0
60 .r0 60 50 25 37

5 14 6

ti 55 38 57

((l(l.IR I (I TR IT

IR (( I IR 'IR fR

2

t0l

(l0 il0

IR

l4 ( l0

35
t0 3

75

63

1

t2 l0

t0 15 19 3s

42 1

t2 r0 31

137
60 63 35

l0
t5

I 16 147

50 l/D
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l0
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TR IR



Saaple

l{u¡be r

s i02

4t203

te203

fe0
ñgo

l]¿0

Ið?0

K?O

H20

c02

li02
P205

ñn0

s

lli (ppr)

Cu (pp¡)

ln (pp¡)

Pb (pp!)

Sr (ppr)

Cr (ppr)

V (ppr)

Co (ppr)

Rb (gp¡)

8u¿rtt
Sioti te
K-leldspar
lficroclioe
Pl ag i orl ase

llusrovi te
Si llir¿nite
Hornbl eûde

Anthophyl I i t€

6ar ret
6¿hni te
Apatite
Sph ene

/ i rton
Epidote
Chlorite
Se¡icite
Ca¡ bon¿te

Cordierite
Pyroxene
l1l ay

¡e li o¡ides
Sul fides

l4 l5

67.95 59,85 68.60 72.05 73,40 6t,60 57.60 i3.00 66,95 69.10 53.t5 78,10 43.92
14.80 t6.65 14.{4 12.94 12.20 t7.50 t9.20 11.76 t3.84 t4,22 20,60 8,57 6.68
3.13 1.89 1.87 0.{l 2.08 {,41 2.70 2.19 2,20 4.40 ?.47 0,39 2.44
2,t2 5.56 3.20 {.28 r.52 ?.66 4.30 5.8{ 3.40 2.76 1.08 4.80 4.1.1 3.3{
3.38 3.70 4,20 l.8t 2.92 4.45 2.60 4.85 1.06 3,18 5.35 ?.73 l il 25.57
r.26 0.73 0.23 Ll0 l.t0 l.t5 0.t8 0,45 0.55 0.20 0.lt ?.50 1.75 9,00
0.7{ 0,86 0.17 t.18 l,2l 0.8s 0.39 0.50 0.i2 0.92 0.87 3.?t Lt0 0.91
2. l6 6,39 5.55 {,47 3,20 3.04 3,84 3.29 4,Ol 3.82 5,60 1,46 0.20
0.92 2,23 1.88 0.88 1.01 t,4B 3.1? 1.29 0.97 t.ss 1,94 1.30 0.85 3.59
t,52 t. t0 0,32 0, t9 0. t9 0.?3 0,37 1.25 0,68 2. t6 0.63 0.45 0.7{ l. l2
0.45 0.68 0.40 0,50 0.{3 0.48 0.51 0.42 0,58 0.46 0.95 0.40 0,26
0.?l 0.27 0.02 0.02 0,0,{ 0.01s 0.029 0,03 0.02 0,36 0.10 0.33 0.t5 0,3t
0.05 0,r6 0.089 0.35 0,053 0.101 0.079 0.073 0.0{9 0.068 0.092 0.05 0.033 0.51
2.27 2,Û 0.{2 1.22 1.75 1.33 3,88 3.63 2.94 ?.01 0,13 2.72 t.73 1.96
14 38 5 13 l0 l0 9 t9 t8 44 22 52 93 t2
42 B7 69 93 20 43 630 218 8l 320 46 68 t0 7{O
10 244 ltl 255 t02 29t t9l t370 127 163 145 258 400 6s00

15 26 t{ 80 40 t33 t53 89 ? 24 31 562

28

Appendir A-3 (llev C¿luret)
(all nu¡bprs pre(eded by,Clr,)

t] l8

183

21

ll8 46

13(l0 l?9

851010t0?01
l0 20 t0 5 1 20 lt
63 40 65 55 60 ss s2

l5

?s155
5135

14t01534(=tl0

103

220 116 106

611
90 6,1 ls6 128 226 t9s
3 r{ lt 9 23 3 5

2

57t55330
1242023205
55558

7s 65 25

1035250
2tl

126?5t2
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Sarp I e

Nuaber

si02
AI?03

1e203

Fe0

ñgo

Ca0

Ha20

K?O

H20

|]02

ri02
P?05

ñn0

s

ili (ppr)

Cu (ppr)

ln (pp¡)

Pb (ppr)

Sr (pp¡)

Cr (ppr)

V (ppr)

Co (ppr)

Rb (ppr)

0uàr I ¿

Siotite
(-feldspar

llicrocline
Pìagioclase

lluscovite
Silli¡¿nite
llornbl ende

Anthophyllite
6ar ne t

É¿hni le
Apatile
Sphene

lirton
tpidote
|]hlorite
Ser ic i te

Carbofl¿t e

|]ordierite
0rthopyro¡ene
|]l if,opyrorene

tP Ti orides
Sui fides

21

63.50 69.00 6t.40 73.00 63.70 0,80 1.25 1.00 0.10 45,40 69,50 6?.15 60.45 65.70
l{.7.1 r{.58 16.t0 12,10 t4,36 0,44 0.34 0.56 0.28 13.86 13.96 t4.i7 20.38 15.38
0,4? l,8l 1.66 1.03 t.16 1,36 0.12 0.80 0.44 6.05 1,9{ t,?8 0.91 1.79
6.14 3.06 1.32 3.88 6.?6 0.90 0,?{ 23.20 0.20 9.5{ 4.56 6.74 o.{6 4.t2
2.15 t.30 4.00 l.0s 3.90 21,t2 20,75 32..r0 22.{s s.3t 0.90 4,15 0.75 ?.0s
2.05 l.{5 3. 15 2.50 3.80 28,60 29.84 0.45 33.0{ 10.s6 0,75 3.00 3.s2 0,95
3,66 2.41 2,52 3,93 2,58 0.46 0.50 0,45 0.?8 2,75 4,53 2,23 2,96 1,80
3.34 3.28 t.06 0,14 0.?3 0,t4 0,t2 0.09 0.lt 0.89 1.86 2.85 1.92 4,74
l.2l 1.50 0.90 0.55 1,08 0. 13 0, ll 0,32 0.22 0.73 0.90 t,22 0.54 1,98
0.86 0.22 0.16 1,30 t.68 .14.65 ,t5.25 39.77 42.83 0.67 0,23 0.59 o.6l 0.38
0.52 0.46 0.59 0.32 0.44 0,00 0.00 0.03 0.00 3.6,( 0.44 0.58 0.96 0.82
0.07 0.03 0.05 0.07 0.02 0,08 0,04 0. l0 0,0t 0.03 0,05 0,06 ND 0.04
0.05 0.03 0.ll 0.08 0,19 0.10 0,10 0.13 0.06 0.29 0.09 0,13 0.02 0.04
2,51 1.89 1.48 0.09 t,2t 1.62 0,43 0.50 0.0,{ 0.20 0,015 0.36 0.031 0,16
53 5 47 0 t6 t2 4 4 0 t7 0 14 2 22

107 49 1t l0 70 13 9 9 1 20 l0 11 22 39

l7l 69 lll 63 366 il10 960 ?ti 17 107 85 75 32 85

Appeñdir A-3 (llev C¡lu¡el)
{all nu¡bers preceded by 'Clrr)

3l

184

812tfl16lll93162liDr0

216

l7

t0

80

I

48 208 79 195 62

50194162

8441
I I ((1

321 I

1,f

22 t2 9 94 241 300 164 t60

42231023511

o o<t2
2

60

IR

TR

il

l0 34

8{
t320ltl
2<t7

J

l5
1

IR
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Sa¡ole

liuåb e r

si0?
At?03

te203
Fe0

ñco

Ca0

Ia20
(?0

ll?O

c02

Ti02

P205

lln0

s

Ni (ppr)

Cu (ppr)

¿n (pp.)

Pb (ppr)

Sr (ppr)
lìr (9pr)

\/ (pp!)

Co (ppr)

Rb (ppr)

50.10 55.45 50,68 54,10 65.25 56.10 66.53 64.66 63.65 60.97 66,89 53.40 6t,25 6t.90
13.98 15.'t4 14.10 12.76 17.28 15.06 16.97 17.16 18,9.{ 17,{{ 15.80 16,10 16,36 16.88

3,33 3.86 3.34 2,01 1,22 ?,03 l.2l l.l{ 1,78 1.00 ú.d6 1.94 z,tÊ 2.ll
10.36 5.14 9,52 16.28 l.s6 6,32 l.s6 0.9{ ?,76 4.52 2.60 3.36 3.18 2.71
6.25 4.?5 4,71 3.95 1,63 5.65 1,43 t.14 2.10 2.98 2.35 2,10 3,15 3,28
9.40 9.35 9.64 2.85 3.?3 7.75 2.41 3.68 ?, t5 2.41 3.0? 4.35 5.00 3,25
2,21 3.70 3.62 2,6t 5.44 0,67 4.69 6,05 5.35 5,3{ 4,9,t 4.38 5. l0 5.?5
0.80 0.69 0.89 0.39 2.53 2.82 3.00 2.20 1..t4 2.01 1.53 l.5l t.22 1.92
t.00 0,89 1.2{ 0.94 1.09 1.04 t.22 1.{l 0,87 l.8t 0.59 0.78 1.29 1.95
0.06 0.06 0, l8 0.02 0.50 0,04 0,62 0.71 0.2s 0.08 0.32 0. 13 0.08 0.07
l,4r 0,80 1.09 3,06 0.39 0.79 0,31 0.3? 0.52 0.60 0,35 0.52 0,56 0.46
0.02 0,0? 0.14 0,26 0,t9 0,lB 0.t5 0,t5 0,13 0.25 0.18 3.00 0.07 0,16
0.22 0.17 0.?6 0.35 0,04 0.18 0.09 0.09 0.05 0.07 0.05 0.07 0.07 0.06

0.r43 0,018 0.295 0.r29 0.005 0.08t 0.128 0.067 0,10? 0.077 0.0?9 0.009 0.0t0 0.043
56 125 94 29 35 28 t2 18 50 68 37 46 72 59

68 29 2t4 20 ll 20 43 ll 48 68 17 tB 21 44

102 80 98 525 8'{ 78 50 50 136 70 44 51 6? 50

HDt0(l2(llto(l(lI(lt2293
145 190 155 {0 320 103 395 470 ,{25 360 505 408 118 483

l{9 250 69 275 124 ls7 203 ?08

Appendir A-4 (Su¡lå(e lr¿yerse 6eco)
(Àll nu¡bers p¡eceded by r60-,)

185

7¿

8u¿r t ¡

Siotite
l(-leldspa¡
iicrocline
Plagioclase
llu5(oYite
Silli¡anite
Hornbl ende

Ånthophyl li te
6¿rnet

6¿hni te

Apat i te
Sp hen e

lircon
tpidote
thlorite
Sericite
Car bona t e

Cordierite
Arphibole
|1 i i nopyroxene

le Ti oxides

Sul fides

61 53 63 43

?55?6t0

t0

23

58

l0

lù
1

l0b

33 ll
lll 64

310
16 7

30

l2 19

s? 37

IR

IR

IN

5

l0 40 58 68 65

36

1

29 1r t7

65 35 36

308
20

(l

3

IR?5815l0Tn
<2<252

(l

il3?

(l il
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si02
41203

1e203

te0
l'1q0

Ca0

Èa20

K20

H20

c0?

Ti02

P?05

ñn0

s

lli (pp¡)

Cu (pp.)

1n (pp¡)

Pb (por)

Sr (ppq)

Cr (ppr)

V (pr.)
Co (ppà)

Rb (9pr)

0uarbz

Eiotite
K-leldspar
llicrorline
Plaqioclase
llus(oYite
Silli¡anile
Hor¡b I ende

Anthophyllite
Êarnel

Êåhni te

Apat i te
5ph ene

I i rcon

tpidote
Chlarite
5e¡irite
C¿rhon¿te

Cordierile
le'li oxides
Sul fides

1t t2

48.10 64,45 64.23 66.25 77,21 64,00 55.70 56.?0 56.{5 54,r0 51,90 83.00 82.90 49,80 4?.50

14.06 15.66 t6,9? 15,48 9,50 t6,00 t5.64 11.74 15.30 15.02 9.19 0.4.{ 0.71 3,60 5.?9

3.{6 2.35 1,05 1.02 4.80 1.79 l l8 1.28 1,36 ?.40 5.0{ 8.75 7,68 10.62 10.09

12.00 2.44 3.04 2,6{ 2,84 2,84 3,26 3.06 3.14 8.08 17,20 2.92 3,62 22.82 28.02

5.80 2.75 2.11 2.65 3.49 2,60 9.30 9.70 8.6s 2.15 l.6s 0.26 1.00 1.25 ?.85

8.75 3.45 3,t6 4.00 0,t{ 4.20 8.25 8.95 8.10 3,80 3.00 0,45 1.00 2.10 3.75

1.28 4.90 5.23 5.00 0.31 4,40 3.50 3.73 {,05 2.38 0.98 0.01 0.01 0.12 0.25

1.2{ 1.42 2.03 l,31 0.26 1,.{8 2,39 1,05 l.{3 5,19 1.40 0,0{ llD 0'0,1 0'34

2,51 1.s9 0.28 t.06 0.61 1,49 1,38 0.48 0.44 0.92 0.12 0. ls 0. lB 0.86 0,72

0.15 0.08 0.t6 0.19 0.16 0,70 0.18 0,03 0.18 0,20 0.16 0.03 0.03 1,65 0,07

2.04 0.48 0.44 0.45 0.28 0,48 0,43 0.4/. 0,44 0.{7 0.26 0.02 0.0? 0.05 0.07

0.30 0.03 0.29 0.08 0. l0 0.02 0. 14 0,20 0,20 0.31 0. l2 l{D ll0 0.03 0,05

0.?4 0,05 0.07 0,06 0.05 0.08 0,09 0.09 0.08 1.44 2,86 0,22 0.39 1.59 1.83

0.t94 0.026 0.038 0.020 0.0r0 0.058 0.005 0.003 0,058 r.230 8.169 5.70 4.03 15.12 8.72

54 55 6? 50 52 1g 280 315 305 I I l8 16 12 70 16

79 31 46 26 25 30 9 r0 20 23 97 11 16 60 48

161 48 67 55 83 51 76 61 50 107 l2l 36 61 90 234

Appendi x A-4 (Sur là(e Trayerse Êec0)

{all nu¡bers rre(eded byt60-')

t3

186

lsa l5b l5c lsd l5e l5l lsq lsi lsj

Ìt0 3 L 2 2 2 ?8 30'r 92 14 )10

208 603 590 6t5 530 570 635 790 125 813 ?98 70

r04 r8r 202

64 l8 r8

t\ J¿ J{

88
1t7

I

15 t6

36 6r

10 I
7 l8

6

68 68

185 4i5 615 475 136 187 ?01

t2 36 37 33

41 60 31 38

I0 I 1
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5¿dD I e

llurb e r

si0?

At203
Fe?03

fe0

11g0

Ca0

lì¿?0

I(?O

t{20

r02

Ti02

P?0s

¡n0

li (ppr)

lu (pp¿)

¿o (ppr)

Pb (ppr)

Sr (pp¡)

tr (ppr)

V (tp¡)
Co (pp¡)

Rb (pp¡)

Quari¿

Bioti te
K-feldsp¿r
l'licrocline
Pi¿qioclase
ì1u5(oYi te
5il I i¡¡ni te
l{ornb I ende

Anthophyllite
6arnet

Êahni le
Âpatite
Sph ene

lircon
tpidole
Chlorite
Sericite
l¿rbon¿te
lordierite
Ky¿nite

Anhydr i t e

le Ti 0¡ide
Sui lide

102 103¿

65. l0 77. l0 76. 15 77,90 {0.90 74,05 i0.20 79.00 36.90 39.80 85.30 86.?0

r7.?8 1t,60 12.t9 10,80 13,58 t3..16 r?.92 9.2{ 24.96 ?3,30 8.96 7.80

1.73 2,n 0.04 1.59 20,41 0.91 l.t0 2.40 5.?t 6,3{ 0.36 0.92

1.5{ l,14 2,04 2,38 6.40 0.9.r 0.86 t.00 4.64 6.68 0..ri 0,76

l,s0 0,85 l.15 1.38 0.85 0.51 0.85 0.13 0.16 0,37 0.13 0.23

4.{s 0.26 1.50 1.35 0.85 0.51 0.8s 0..r3 0. 16 0.37 0. 13 0.23

3.66 2.23 1,82 t,48 0.68 2.?3 3.13 r.48 1.00 0.08 0.33 0.40

3.?9 3.40 3,65 2.t0 3,72 3,52 2.48 r.38 3.70 5.88 0,22 1,86
0.?9 0.30 0,8? 0.65 2.39 r.82 r.79 0,9s 4.06 r.38 l.19 0.91

0.3t 0.4r 0.40 0,32 0,92 0.07 0.07 0. r0 ilD 0.06 0.09 0.01

0,21 0.07 0,09 0. t0 0. l5 0.08 0,09 0, 13 0.26 0.{4 0.09 0.08

0.t43 0.001 ltD ll0 0.08 0,05 0.00? riD 0,lt 0,21 0,0r 0.0r

0,18 0.03 0,il 0.il 0.09 0.03 0,03 0.02 0.31 0,14 0.0r 0.01

0.030 0.074 0.680 0.608 16.50 0.544 0.603 0.971 2.636 2.50r 0.168 0.100

2?{541224s2?1612
7 63 13 l0 t40 lt30 600 l7B0 19300 7600 251 955

62 t41 1270 480 10800 196 2lB 600 3{60 1210 ?3 53

s r 1 1 r57 491 15 29 6l? r95 9 1

783 l{5 128 ll3 l4s 88 205 r03 80 7l ?9 3{

l?l 196 228 130 9s 192 145 259 33 70 38s 225

ADpend¡r A-{ (Êeco Subsurlåce S¿¡plinq)
(¡ll nuøbers pre(eded byrÊ0-r)

l03b 104 105à I05b lr)5c I09

LA7

t09b I l0¿ il0b trl8

93

20 20

14
40 ?0

830
20 l5

l0

22
n2 137

9

93

I
l0

34?59(l04
68 62 44 12 il2 {0 34

25950?5060?0
.r322055
2252020

3050?255
12 30 t2 15 l5
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Sarp I e

Hu rbe r

si 02

Àt203

te203

te0
ñso

r]a0

ll¿20

(20

H20

c02

ii02
P?05

¡1n0

s

lii (pp!)

t! (pp!)

ln (ppñ)

Pb (p!¡)

Sr (pp¡)

Cr (pp¡)

V (pp!)

Co (ppr)

Rb (pp¡)

8!ðr t ¡

Biotite
(-feldspar

¡i(rocline
Pl¿qiocìese
lluscovite

Si I I ir¿nite
[lDr nbl ende

¡{nthoghyl I i te

6àr f,e t
6¡hnite
Ap¿ti te

Sphene

lircon
tpidote
Chlori le
Se¡ici te

Carbonate
Cordierite
Siðurolite
fe Ti 0rides
Sul fideç

Ill¿ lllb lllc 111c2 llld ll? ll3¡l ll3À2 ll3b ll3c ll3dl ll3d2 l14

74.95 79.20 60.00 78.00 75.90 7?.90 ?5.00 74.0s 82.s0 ?1.30 7?.50 70.t5 r9..{5
7.26 3..{4 5.30 3.50 6.35 2.60 8.30 8.97 5.9s 8.64 8.88 8.36 il.37
4.30 4,44 9.92 4,52 5. l0 5,35 3.36 3.78 2.{0 3.78 {.36 3.26 t.22
3.s2 3,?8 7.58 r0,52 3.6? s.64 6,18 Ê.32 3.78 7.06 1,24 8.04 l.{2
{,75 2,55 4, t5 3. t0 4.65 t,45 5.31 4.93 3,80 6.45 {.56 5.95 r,55
0.38 0,?3 1,45 0.23 0.57 0,38 0.13 0.13 0.07 0,13 0,3{ 0.?3 0,02

0.22 0,17 0,21 0.08 0,22 0.22 0.08 0.08 0.21 0.50 0.08 0,13 0.?8

0.74 þ.27 0.18 0.32 0.83 0.36 0.12 0.13 0.0s 0.06 0.06 3.12

1.60 2.06 l.?6 0,30 0.i9 0.6{ l.t6 1.04 0.98 1.36 t.?5 2.33 ì.35
0.87 0,02 0,04 1.90 0.05 0.08 0,09 0.0'l 0. 12 0, t{ 0. t7 0.32 0.03

0.09 0,08 0.17 0.08 0.10 0.12 0.15 0.16 0.ll 0.14 0.15 0.15

0,02 0,02 0,03 0.02 0,004 0,02 0,03 0,02 ltD 0.0{ 0.0{ 0.03 llD

0,13 0,04 0.14 0.03 0,09 0.02 0.08 0.07 0.05 0.il 0.17 0.19 0.03

l.6lr 3,180 7.{15 ?,891 2.299 4,304 0.î27 0.091 0.0r0 0,055 0.081 1.392 0.007

6 I 5{ ll 9 4 5 (l0 3 (l0 l l8 3

Appendi x A-4 (6eco Subsur face S¿¡pl inq)
(all nuabers preceded byr60-')

188

5420 ?2500 562ù0 38700 1520 6450 455 lt5 il7
1230 1330 3930 162 1370 r0r0 145 l2l 54

13t2111r89575703?
79 50 114 38 79 43 23 3t 2l
170 325 185 ?05 185 205 305 305 {20

1

27

l0
74 80 48

752
3

t2 22

21 9

77 90

5 9 1270 l0
166 89 5i0 85

22 68 7l 56

23 25 28 ?6

140 r85 300 255

1157
2ilo967

75 50 58 37

38

l6
(l4

823
25

66 70

21

{
(l0

63

il t7

l5

t2 15 20

(l{l
55(il



Sanp I e

llu¡ber

si02
A1203

fe?03

teù
¡qo
l]¿0

lla20

K20

H?O

t02
Ti02

P205

lln0

s

)li (ppr)

Cu (ppr)

¡n (ppr)

Pb (pp¡)

Sr (gp¡)

r)r (ppr)

V (opr)

flo (pp.)

Rb (pp¡)

Euar tz
Siotite
K-fel dsp¿r

llrcroclrne
Plaqio(lase
luscoYi te
5i lli¡anite
Hornblende

Anthophyl Iite
6Àrnet

6åhni t e

Ap¿tite
Sphene

lirco¡
Epidote

Chlorilè
Sericrte
ta¡bon¡le
lordierite
Ie li 0xide;
Sul fide5

l17¿ ll?b ll8 l19

7?.60 82,45 79.00 66.30 79.50 8{.90 79,59 82.71 79.01 8r.65 7.r8 62,?7 40,21

l?.75 10.83 9.0? 16.l¿ 8.96 9,76 t0,94 5.80 ll.6l 9.17 I0.42 17,?? ll.6Ù
0,8? 0.88 1.64 0.87 l.19 I.t6 l.lr 1.07 1.39 1,25 1,55 .1.17 0.88

3.00 2.28 3.8{ 3.1? 3,60 1.36 3.18 4.06 2.59 2.92 3.6S 3.12 1.88

1.80 0.90 2,10 2.00 1.65 1,05 2.00 0. t7 2,22 1,66 2.{l ?.3t 1.52

1.60 0,06 0.07 3,20 0.12 0.08 0,12 0.30 0,16 0,01 0.01 3,10 0.00

3.83 0.26 0. 16 4.26 0.35 0. l3 0.23 0, l8 0.52 0.36 0.29 3,{2 0. 19

2.t4 t,19 2,41 2.04 2.05 0.61 r.?0 0,75 l.4r 1.29 2.28 2.15 2.31

0.96 0.67 l.r2 0,85 t,24 0.45 r).970 2.009 0.989 0.872 1.4{4 1.219 1.266

0,01 0,18 0,16 0.08 0.10 0,04 0,046 0,067 0.007 0.048 0.0?8 0.005 0,028

0,25 0.20 0,2r 0.65 0,29 0.16 0.38 0.09 0.09 0.08 0.10 0,51 0.09

0.05 0.01 ilD 0.29 0.03 0.04 0. 14 0,00 0.00 0,0r 0.00 0,25 0.01

0.05 0,03 0,05 0.01 0.05 0.02 0.0,{ 0.05 0.03 0.05 0.07 0.06 0.04

0.017 0.261 0,315 0.117 0.869 0.003 0.016 0.334 0,003 0.446 0,551 0.300 0.006

AppEndi x A-4 (Êeco Subsur face Saepl inq)
(all nu¡bers preceded by rE0-r)

2461{
22 t71 205 5

l 16 71 5? r|)s

318 4 20 835

t05 220 175 t30

o033r24t266Ir44
52 42 99 74 64 17 30 l8 25 ?4 39 ,t8 47

l8 30 27 t0 32 20

961213106
35043r82760

l3?525831
1570 r r 66 194 16 2680 496 79 16

107 54 5l 62 41 2200 430 t09 205

63 6i I 2 I .r 5 { (l
51 38 25 138 135 25 13 25 20

t50 285

65

4

(( I
l4

l4



Sarp I e

llu¡b e r

si02 83.35 79.89 76.57 79.94 84.26 83,40 83,97 ?9.80 83.10 82.02 85,74 80.88 78.60 60.6i

A1203 11,08 11.38 13.40 10.31 9.80 8,97 9.73 12.19 9,60 9.89 8.18 8.56 I0,01 12.45

ie203 0.50 0.81 1.1? l.l0 0.53 0.66 0.47 0'84 0'13 1.06 0.64 1.57 ?.11 3.20

FeO 0,22 2.20 3,28 ?.14 1.96 1,9? 0,66 0.58 1,22 1.56 0'56 1.70 2.2{ 12.08

¡q0 0,15 2,02 2.33 1.53 0.94 1.29 0'45 0'58 0.73 0.61 0.2É 0..9t 0..q{ 5.03

C¿0 0,03 0.01 0.00 0.01 0.04 0.00 0.01 0. 19 0.07 0'08 0.0í 0.08 0'00 0.29

|l¿20 0.¿4 0.01 0.06 0.19 0.38 0.17 0.13 0,93 0.35 lì.3'l 0.ll 0.{7 0.23 0.0-c

x20 2,10 1.93 ?.04 3.20 l.l7 2,50 ?,88 3,21 ?.49 2,17 1.99 3.53 3.16 1.28

H20 I.34 Lr8 0.99 1.44 0.i9 l.15 l.l4 1.55 1.19 1,,10 1.05 0.81 1.18 4'56

c02 0.0t 0.02 0.03 0.03 0.01 0.02 0.01 0.01 |lD liD 0.01 0.02 0.0{ 0, 13

Ii02 0.10 0.11 0,15 0.15 0.10 0.09 0.09 0.13 0,12 0.09 0.08 0.10 0.10 0.15
p205 0.00 0,01 0.01 0.00 0.0r) 0.00 0,00 0,03 0,02 0,00 0.00 0.00 0.00 0.02

l1n0 0.01 0.02 0,02 0.03 0.03 0,03 0,01 0.02 0.02 0.0? 0.01 0.04 Û.0? 0.10

s 0,019 0.003 0.049 0.097 0.128 0.382 0.243 0.075 0.415 0.900 0.209 l.?98 1.853 0.{72

Ni(ppr) 6 3 ? 3 9 5 6 4 6 2 2 2 l{D 3

Cu (ppr) 21 21 350 5{ 104 430 t29 375 423 3610 390 5550 5720 1530

ln (ppr) 20 4'l 47 90 68 201 59 61 70 195 23 128 137 256

Pb(pp!) (l (l (l .{ (l (l 2 1 3 I 5 12 (l (l
Sr (ppr) 25 14 l8 20 13 13 I 48 {0 14 l{ 7{ I l0l
lr (ppn)

V (ppa)

Co(ppÂ) 4 4 4 9 6 5 7 H0 I 6 | 2 3 ll
Rb (ppr) 37 58 48 64 38 54 55 66 39 36 34 i6 62 63

2r0

Appendir ,l-4 (6e(o Subsurf¿ce Sà¡piing)
(¿ll nu¡bers pre(eded byr60-')

2t2 213 2t{ 215 216 211 ?182v

190

219

Saapl e

llurb e r

si02 88.20 77.45 83.00 64.65 79,70 79.60 71.4s 79.10 11.20 11.60

A1203 6.98 12.04 9.60 17.89 9.40 9.64 10.i2 9,?0 10.50 7.95

te20? 0.85 l.12 l.l0 1,38 1.05 0'?9 2.25 1.96 1.75 0'86

teo 1.40 l.16 0.76 1,22 4.06 1.9{ 3.74 2.38 3.78 3.00

It90 0.82 0.90 0.40 1.68 1.59 2.59 0.95 0'3{ 1.74 0.91

rla0 0.09 0.35 0.ll 4.35 0.49 ?,16 2.36 þ,'ì2 0,09 2.98

[a20 0.10 3,17 0.43 5.55 0.97 0.38 0.6Û l.i5 0.09 0,'15

K20 2.38 2. t8 2.41 1.53 1.63 3,22 2,65 1.48 1,24 0.86

rl?0 0.42 1.28 r.09 0.67 0.84 0,66 l,{7 0,77 l.r0 1,20

c0? 0,18 0.07 0.49 0,12 0,10 0.49 0.33 1.40 0.98 0.69

fio? 0,07 0, 13 0.02 0,31 0,07 0,07 0.08 0.0,{ 0.07 0,01

P205 0.003 0.004 0.001 0.1.10 0.017 0,003 0.0ù8 0,010 0.003 0.010

llnO 0,009 0.013 0.005 0.031 0.034 0.0?7 0.260 0.003 0.011 0.074

s 0,284 0.025 0.810 0,036 0.146 0.298 0.218 1.96 1,26 0.59

Nr (pp¡) (10 14 (10 38 (10 (10 (10 4l (10 (10

lu {ppr) 795 3 520 22 t12 155 375 230 7400 6l

¿n (pp¡) 26 48 1760 49 2{0 l0l 96 293 147 l0?

6eco 6eco 6eco 6eco 6eco 6eco 6eco 6eco Êeco 6eco

t2345678910

Appendix A-1 (6eco Subsurface Sarpiing)



Sarp I e

lluñb e r

5i02

At 203

Fe?03

te0
11g0

l¿0
[¿20

K20

l|20

c02
Ti02

P205

11n0

S

lii a0pâ)

lu (ppo)

ln (ppr)

Pb (ppr)

Sr (ppa)

ilr (pDÊ)

| (PPni

cq (DÞ¡)

Rb (oo¡l

8u¿rt¿

Eiotite
(-leldspar

lli(rocline
Plagioclase

llqs(ovi te
Sillioanite
l'lo¡nbl ende

Anthophyllite
liarnet

6¿hni t e

Apåtite
Sph ene

Z i rron
Epidote
|]hlorite
Seil(ite
larbonate
¡]ordierite
T¿IC

le Ii 0rides
Sul lrdPg

60,80 60.85 62.02 66.86 66,35 5t,39 59.65 58. l6 65. t8 65,28 7t,22 74, l0 36.90 34.64 66.04
r8.70 t7.05 t7.17 13,78 14.21 17,81 t8.01 t7.47 11.39 t3.96 17,31 10.,19 7,t9 ll,6{ t3.65
0.69 0.80 1.08 0.9r t.23 0.9s l.2s 1.32 1.09 0.32 t,t2 3. t9 21.93 8.83 0.92
5.96 {.98 7.12 6.80 6,21 1,r)7 5,34 6.5? 3.88 3,12 3.08 4,12 9.t4 9.98 6.66
3,26 ?,56 3,20 1.99 ?.04 2,66 3.46 4.47 3.?8 {.6É 1.8å 1,60 6..18 l{,77 3.93
2.39 3.67 1.75 2.43 2.56 r.47 1.70 4,30 6,30 6,92 0. 15 0. t8 0,23 {,95 2.92

2.39 3.56 l.Ê5 2.50 2,i1 1.79 t.60 2,51 1,37 1,23 0.28 0.u 0.57 0.97 1.73
?.88 2.39 2.65 t,5{ t,11 2,16 3.{2 ?,07 1..1.t 1.23 2.14 1.55 0.26 0.57 t.t8
1,21 1.88 l.14 I.t4 l,0t l.19 1.58 2.04 1.28 t.17 1.68 2.31 2,20 t,21 L82
0.47 l,'r4 0,72 t.65 1.05 0.73 2.t7 0,45 3.75 1.06 0, t8 0.24 0.00 2,81 0.24
0,74 0.6{ 0.69 0,5? 0.51 0.62 0.69 0.55 0.19 0.2.r 0.24 0.19 0.18 0,20 0.40

0.t9 0.t6 D.t{ 0.li 0.17 0,15 0.22 0.21 0,00 0.01 0.0r 0.00 0,00 0.07 0.2¡
0.04 0,05 0.0? 0,08 0,06 0.06 0.04 0.09 0.08 0.07 0.03 0.03 0.61 0.27 0,08

0.048 0. t30 0.0?0 0.05i 0,048 0.043 0.?84 0.081 0.038 0.?84 0,626 t,33,1 l8,rl9(r 6,590 0.213

30 53 66 14 100 61 6É 5g 17 17 13 I I 12 l0 l_q

53 69 68 107 82 95 t22 59 55 60 875 ?700 I 1250 9250 t7Ì
398 ll8 4l ll9 ll5 59 2t4 79 104 63 â825 900 1338 ll{00 146

33 4 (1 (1 (l fl I (l (l 60 l0,1 t6 53 2

350 500 255 350 395 t65 223 .105 180 l3s 7s 6s 6s s0 210

Appr0di¡ A-5 (I)I)H-ll-ll-5 Yalush¿vÍt(h lsland)
(¡ll nu¡bers preceded by,S-')

191

21 29 2{ 26

72 55 63 54

5 l0
12 l0

60 60

33
32

I] t2

lB ?4

11) 123

I
I

il

2

223t45610
14 41 54 l8 53 35

l0{4575
15207
5?

50 65

31 2l
3202

(l

83 29 r5

l0 13 30

(l (l (l

40 55

l0

2

307

ilI
620



Sarple

l¡u¡b Pr

5i02

AI 203

Fe203

Fe0

11q 0

la0
lla20

x20

ll?O

rl02

ii02
P205

11n0

s

79.00 73.97 73.52 69.83 73,53 73.65 71,99 72.05 67.88 73.37 63,44 ?5.19 75.26 7J.48 57.01
9.07 12.97 12.64 t3.17 1t.97 12,45 11.98 11,78 8.05 ll.6l t2,39 12.16.1t.90 12,68 t7.75
3.7s 0.53 0.59 1,54 0.58 0.59 0.83 0,53 0.?s l.91 0,50 0.72 0.{5 0.61 0.94
0,24 3,84 3,48 6,36 5,16 5.40 6,28 5,66 {.60 2.84 3,12 3,24 2.92 3.41 7,66
2,1(, 3.2{ 3,23 2,23 2,61 2.93 3.03 3,39 4.88 3,22 3.55 2. ll 2.09 ?,03 3,12
2,27 0,61 0.88 0,52 1,70 t.30 1.55 1.94 8.88 t,4l 8,48 0.91 1.98 1.03 3.85
t.40 0,91 1.17 0.74 1.60 t,29 t.3t t,42 0.56 2.06 0.67 t.30 2,31 t,53 2.17
0.?9 1,80 t,7l t,32 I.13 t.23 1.09 1.02 0.87 1.54 1,,t9 2.t2 0,99 1.93 2.05
0,87 1,36 2,38 1.79 1.07 t.21 1.12 1.48 t.37 l.?5 3.3,{ 1.89 1.45 t.82 3.18
0.24 0.40 0.19 t.19 0.25 0.21 0.21 0.28 1.89 0.17 ?.16 i).l8 0.21 0.39 0.s2
0. 14 0.21 0,22 0.?6 0.24 0.26 0.24 0.22 0. t5 0.?1 ù. t9 0.20 0. 19 o.2l 0.74
0.00 0.00 0.02 0,00 0,0t 0.00 0.00 0.00 0,36 0.00 0,0t 0.00 0.00 0.02 0,29
0.03 0.03 0.03 0,03 0.14 0.14 0.15 0.13 0,13 0.05 0.06 0,0,1 0.0{ 0,0,{ 0,ll

0.302 0.037 0.016 ?.402 0.02t 0.07t 0.076 0.076 0.093 0.02r 0.020 0.027 0,03? 0.010 0.296
2{ t5 15 48 tl 17 ?0 l8 11 t1 16 l8 l8 20 1l
9i 61 55 232 63 76 86 75 83 6s 67 5t 38 {7 73
53 70 96 156 126 ll7 86 94 63 104 53 47 50 45 107

Appendir A-5 (oDt1-ll-lt-5 Y¿lushavitch lsland)
(all nu¡bers preceded by,5-')

18 l9

lli (ppr)

tlu (ppr)

¿n (ppi)

Pb (pp¡)

Sr (pp¡)

Ct (ppr)

V (ppr)

Co (ppe)

Rb (op¡)

2l

t92

?0(l42flrI
205 155 170 125 205 84 12

8u¿rtl
Eiotite
K- fel dspàr

llicrocl ine
Pl¿qio(l¿se
lluscoYi t e

Silli¡anite
llor nb I end e

Anthophyllrte
6a r net
ri¿hni te

Ap¡tite
Sphen e

Iir(on
Épidote

Chlorite
Serici te

C¿rbon¡le

Cordierite
St¿urol i te

Clinopyrorene
Fe ii 0¡ides
Sul lides

1 1 15

56 51 48

l3

25

6

6

62

I
60

t2

(l(l
92 102

42
19 ?0

5

25

795

35
3t 30

|7(l(l
79 l3S 107 433

64730
46?41

50 20

810

fl

3

5ù

fi



S¿¡p I e

llulber 3l

si02 52,59 61.01 64.12 64.66 64.40 78,56 66.7t 55,43 61,50 59,t7 5l,ll 65,69 63.06 76,08 67,0A 72,22
À1203 ?1.71 16.79 16,33 15,46 16.il 10.73 t5.01 t5.8t 17.49 17.63 20,39 l{.ss 15,3? 10,92 to,l5 10,37
te203 1.59 0.88 0.03 0,68 0.99 4.41 0.78 0.82 1.9{ 3.08 1,43 0.99 t.3g t.0B 3,78 1.25
teo 8.70 7.18 6.16 5,94 5.86 6,2{ 6.12 6,56 6,00 4,69 9.32 6,24 6,64 3.09 S.9g 4,24
ñs0 4.25 2.11 2.20 2,59 2.31 2.44 2,09 2,46 3.12 3.96 {.43 2,43 2.{4 ?.S4 5.92 4.03
C¿0 0.74 1.65 2,93 3.?l 2.32 0.?8 2.22 1.87 l,2S 2.06 Z.{4 2.39 2,41 l.2t 0.07 t.7g
Nå20 0,36 2,ll 3,52 3.17 3.06 0,12 3,01 2,30 l.s7 ?.S3 3.63 2.91 2.14 t.35 0,31 1.67
K20 4.00 3.03 t.86 1.96 2.3t r.64 1.83 2.49 4.15 1,39 {.60 2.09 2.43 l.5l 2,19 0.78
H20 4.01 ?,89 1.06 0.98 0.63 0.67 0.85 0,12 0.85 0.11 t,72 l.13 l,{5 1,53 2,00 1.98
l0? 0.9? t.lt 0.43 0,21 1.25 0,83 0.{2 o.St 0.27 0.08 0.74 0.85 0.98 0.31 0.02 0.03
ri02 0.87 0.56 0.47 0.s0 0.56 0.08 0.51 0,57 0.63 0.60 0,92 0.55 0.63 0.18 0.22 0,22
P?05 0,20 0.20 0.10 0,24 0.16 0,00 0.1? 0,22 0.30 0,?9 0.06 0,?9 0.12 0.04 0.00 o.ll
lfno 0.09 0.06 0, 12 0,08 0,06 0,05 0.07 0.ù6 0.07 0,07 0. t4 0.06 0.06 0,03 0.07 0,04
s 0.060 0.010 0,080 0.0s0 0.013 0.0i4 0,045 0,060 0.652 0.795 0.903 0.034 0,320 0, t20 2,127 1.78{
ili (DÞû) 70 58 38 56 48 48 47 46 54 37 66 49 59 19 15 23
cu (ppr) 69 66 82 58 92 86 54 53 65 l3O 428 46 90 5l t5S0 tB2
in (pp.) 126 189 102 75 83 75 57 72 109 l4S 239 7l rù3 335 I 100 194

Pb(ppr) (l (l 13 5 (l I I I (l (l 7 (l (l fl g4 (l
Sr (ppÁ) 21 205 ?89 369 293 340 283 233 64 E0 280 280 2j3 9t 30 155

Cr (ppa)

V (ppa)

co (op¡) 24 ?2 tl 22 19 19 l8 ?l 25 ti 26 t9 20 2 7 6

Rb (0p.) 80 6.{ 55 ,14 68 55 44 62 75 73 t53 {{ 5t 41 47 16

¡lppendiI A-5 (D[)ll-tl-11-3 Ya!ush¿vitch Island)
(alì nu¡bers oreceded tytS-')

193

4l 45 41
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Appendir B-l

SA¡lPtE DÉSCRIPTIoII Si02 41203 Fe203 Feo 190 C¡0 H¿20 (?0 ti20 C02 Ti02 p20S ¡{tio S RtFEREtiCt
I

It 100 ¡yeråge ol 198 49.90 16,00 5,50 6,50 6,30 9.10 3,20 1.60 1.40 0,S0 Dðty, t933
bås¡l ts

It l0l average of 72 7?.08 13.86 0,86 t.67 0.57 1.33 3.08 5,{6 0.53 0.37 0,tg 0,06 }toctolds, t95{
c¿l(-¿l lal i ne

granites
It 102 averÀqe of 48 73,86 13.75 0.78 l.t3 0,25 0.71 3,5t S.13 0.47 O.Z0 0.t{ 0.05 tbid

all¡line
qrånites

It I03 average of 137 66.88 t5.66 1.33 2.59 1.57 3.56 3,84 3,0i 0.65 0,57 O,2l 0,07 lbid
granodiorites

It 104 àyerase 0l 58 55.15 15.56 1.36 3,42 1.94 {,65 3,90 l.42 0.69 0,62 0.21 0.08 tbid
quàrt¡ diorites

It 105 average ol 50 51.86 16,40 2,73 6.97 5.tZ g.{0 3,36 1.33 0.90 t.50 0,35 0.lB Ibid
diorite5

It 106 averrge of 38 50.78 15,68 2,26 7,41 o,3s t0.Bs z.l{ 0,56 0.49 l.t3 o.lB 0.tg lbid
pyr0rene

g¡hbros

It 107 ayeràge of 53 46,83 17.38 t.91 8.20 10,03 il.35 2,03 0.40 0,63 0.97 0,12 0.14 lbid
divine gåbbros

Itl08 rverage ol 42 43.9{ l{,87 4.35 7.90 9.31 l2,gt Z,3Z 0.92 0.66 2.86 0.44 O.t6 lbid
¿lkaline
gåbbros

ll 109 ðverage shale 53.80 15.47 4,03 2.46 z.4s 3.lz l.31 3,25 5.02 2.64 0.6s tr. 6årrels ând

llð(l(en¡ie,197
It ll0 ¡ver¡ge slate 60,64 17.32 2,25 3.66 2,60 t.54 t.19 3.69 4.13 1.47 0,73 ¡bid
It lll ¡yeraqe l0v 59.93 16.t? 3.03 3.lB 2,63 2.lB 1.73 3,S1 4.34 2,31 0.gS lbid

qr¿de pelite
It ll2 ¿verðge hiqh 63.51 17.35 2.00 1.7t 2.31 t,Z4 1.96 3,35 2,42 0,22 0,19 Ibid

grade pelite
It ll3 ¿ver¿ge 77,60 7.10 t,70 l,S0 1.20 3,10 1.20 1,30 2.10 ?.50 0,{0 lbid

s ¿ndf t one

LT l14 Ayeråge 0.73 0.00 0,20 1,03 20.49 30,97 0,00 0.00 0.00 47.51 0,00 0.00 Ê¿rrets ¿nd
li¡estone ñå(Xen¡ie,197

tT 98 aver¡qe of 52 54.73 25.2? 4,{3 2.96 2,31 0.30 Z, n 6,58 1.09 0.07 0.05 !ett, t9g0
retapelites fror
lla!à9ua¡ ðnd

(cord-garn-sill
qu¿rtr )

Ll 99 Average ol 5l 67.26 14,63 2,03 5.04 4,55 0,4S 0.77 3.4S 0.90 0,02 0,06 lelt, t9g0
retepeliteE fro!
l{aragual and

((or d-gàrn-si I I )

Ll 163 0cean ridge 49.3{ 17.02 9.56 7,19 tt.12 2.73 0.16 t,49 0.16 0,1? Enget et al,,
tholeitic b¿sàlt 1965,00
( ðYer¿ge )

Ll 164 Altàline bas¿lt 47.41 18.0? 10,61 4,79 8,65 3.99 1.66 2,87 0.92 0, t6 tnget et at.,
(average) 1965,00

LI 165 0rean ridge 50,61 13.2{ 12,43 2.73 ll.l0 2,10 0,52 3.02 0,95 0.12 tioctolds ¿nd

tholeitic bas¿lt Âllen, 1954
(averrge)

LT 166 Islaod arc 51.57 15,91 10.56 6,73 11,74 2,41 0.44 0.80 0.ll 0.17 J¿les ¿nd

thoìeitic bðsalt yhite, l97l
( aver åge )

Ll 167 lligh Al Island 50.59 16,29 9.30 8,96 9.50 ?.89 1.07 t.05 0,21 0. 17 J¿kes ¿nd

ðr( b¿salt lhite, l97l
(aYer¿qe)

Lf 168 Island ¿rc 53.74 15.84 8,63 6.36 7.90 2,38 ?.57 1.05 0.54 0,ll Jates and

Shoshanite lihite,1971
(aYer¿ge)

Ll 169 Tholeiti( 46,40 8,50 2.50 9,80 20,80 7,40 1.60 0.30 2.00 0.?0 0.20 lryine and

picrite basalt Earrgar, 1971

Lt 170 0livi0e tholeite 49. 16 13,33 l,31 9,71 10,41 10.93 2. l5 0.51 2,?9 0. I6 0. l6 Ibid
bas¿lt

Ll l7l lholeite ù¿s¡lt 53.80 13,90 ?.60 9,30 4.10 7.90 3.00 1,50 2.00 0.{0 0.20 lSlD
LT 172 lholeitic 58.31 13,77 3.37 6.48 2,?7 5,58 3.91 l.8S l.7l 0,{6 0,23 Ibid

¿nde¡i te
Ll 173 kelandite 6t,76 15.36 2,35 5.84 1,76 5,0{ 4.37 I.5? L27 0.4,{ 0,19 lbid
Ll 17{ Hiqh Á1, calc- 49.15 17.73 2.16 1,20 6,91 9,91 2,88 0.12 1.52 0.26 0.11 lrvine and

¿llaline basãlt B¿¡ag¡r, lgil
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SÀllPLE DESCRIPIIOI{ Si02 À1203 Fe203 Fet} 1190 Cå0 il¿?O l(20 ll?0
I

Lr r7s Hieh Ar, ¿¿i¡: 
---5ã;¡i-it;¡ã-¡:ti--¡:¡s--ã:iB--6:i6- 

¡.iã--i.;i-- --

¡llal ine
¿ndÉell6

Ll 176 CÀlc-ãlk¿line 60,00 t6.00 1.09 6,t0 3,90 S.87 3,BS 0.87
¿ndesite

!T 177 C¡lc-¿lt¿line 69.68 15.21 t.0B t.90 0.9t 2,70 4,17 3.01
dac i te

LT 178 Cal(-¿llåline 73.?3 l{.03 0.60 1,70 0,35 t.32 3.94 4.09
. rhyol i te

Ll 179 Per¿llaline 69.80 7,40 2.42 6.lS O.0S O.{5 6,t0 4.30
roct
Pùntàllerite

Ll 180 Peralk¿line 75,23 11.99 0,90 t.ZS 0.02 0.27 4,79 4,67
ro(l Co¡rendi te

Lf l8l Allàlic Picrite 46.57 9.20 t.Z0 9.75 19.65 9.43 t,56 l. tB
h¡sål t
(Alt¿l ine

olivine b¿s¿lt
s€r i eÉ)

LT 182 Antar¿0ite 44.10 12.10 3.20 9,60 13,00 11,50 t.90 0.70
(¿lk¿line

oliyioe bðsalt
serie5)

Ll 183 K poor ¿llðline 45.40 l{,70 4.10 9.20 7,90 10.50 3.00 1.00
olivine bas¿lt

LI 184 K rich ¡ll¿line 4?.{3 l{.t5 5.84 B.48 6.7t ll.9t 2.ii 2,04
olivine b¡s¡lt

LT 185 Trachyhasalt 46,48 16,68 4. l2 7.30 4,65 9.40 3.90 3.07
(¿llàline
olivine b¡salt
serie5)

LT 186 llav¡iite 47.90 t5.90 4.90 7.60 4,90 9.00 1.20 1.50
(al lal i ne

olivine b¿salt
series)

Ll 187 ñuge¡rite 49.68 16.99 3,45 8.99 2.79 S.46 S,78 1.90
(¡llali¡e
oliyine b¿sðlt
series)

LI 188 Tri5tÀnite 55,85 18.98 2,59 3.il 2,04 4.Sl S,l6 4,0S
(¿lk¿line

olivine bàs¡lt
series)

Ll 189 Dennorite 55,6{ 16.38 3,05 4.91 t.06 2.90 6,07 3,49
(àltelioe
olivine b¿salt
series)

Ll t90 Phonolite 60,64 18,29 2,75 l,lg 0.09 0,93 8.93 S.l0
(¿ll¿line
olivine basålt
series)

Ll 191 lra(hyite 60.70 20.50 2.30 0.40 0.20 1.40 6,20 6.70
{åltaline
oliYine b¿sàlt
series)

LT 192 liephelinite 39,70 t1.40 5.30 g.t0 It,l0 12.80 3.BO l,Z0
Lf 193 An¿licite 49,00 13.00 4.90 4,50 9.30 ll.S0 3,90 3.00
Ll l9{ Leucitite 46,24 14,{2 4.06 4.36 6.99 t3.?{ l,65 6,37
LT 195 llyoringite 54.09 9.94 3,t5 l,48 6.99 4.71 1.36 ll,38
Ll 196 Average of 27 55.{0 t3,80 4,00 1,70 ?,70 6.00 l.g0 2.70

lleso¡oic and

Ceno¡oi( 5h¡les
LI 197 Average of 5l 50,20 16.40 4,00 2.90 2.30 t.40 I.00 3.80

Paleo¿oir

:hal es

LT 198 Ayerðge ol 4030 56.20 15.t0 3,40 2.30 Z,l0 4,40 l.tO 2.60
rudro( k9,

Russi a

Ll 199 Àverage 0f 53.{0 16,40 3,40 2.80 2.40 5,80 t. l0 2.i0
I I l5l rudrocks,
Russi ¿

C02 Ti02 P205 lnt} S Reference

1,01 0.23 0,t6 lbid

0,36 0, l0 0,04 lbid

0.2{ 0,05 0.02 lbid

0.45 0. t5 0.32 lbid

0. 13 0,09 0,08 tbid

LS5 0.26 0.I.t tbid

2.70 0.30 0,30 lbid

3.00 0.40 0.20 lbid

{, il 0.58 0.17 lbid

3.10 0,90 0.t8 ¡bid

3,40 0.70 0.20 lùid

2. 13 0.48 0.27 lhid

t.80 0,39 0. t? lbid

0.89 0.66 0, t8 ¡bid

0.04 0.00 0,23 tbid

0.50 0.03 0,20 lbid

2,80 0.90 0.?0 lbid
0,70 l.t0 0.10 lbid
Lr7 0.41 0.00 tbid
?,35 1,79 0,06 tbid

1,60 0.50 0,20 tr, El¡tt et ¿1.,

1972.00

1.50 0,80 0,20 tr, Ibid

3.30 0,80 0.10 0.10 lbid

4.30 0.70 0,?0 0. l0 lbid
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SAllPLt DESCRIPTI0I{ Si02 41203 Fe203 Fe0 lg0 C¡0 tla?0 l{20 H20 C0? fi02 P205 llng S Reference
I

ii-tôõ À;;;;;;;i-6;-- --iB:5ô-ii:aõ-a,õõ--¡.¡õ--t:Ãõ 
i:aô--ì.tõ--ã:t0---- l;tô--ô:sõ ð.ìõ'-õ:iõ---' ¡i;ri-;i;i:,

sl¡tes 1972
LÌ ?01 Àverage of 26 95.{0 l,l0 0.40 0,?0 0.10 1,60 o,to 0.20 Ll0 rbid

orthoquartzite5
Ll 20? Average 0f 20 66,10 8.10 3.80 t.40 2,40 6.20 0.9t 1.30 5,00 tbid

lithic ¿renites
Ll 203 Average of 61 66,70 13.50 1.60 3.50 2,10 Z.S0 2,90 ?.00 1.20 lbid

greyv¿( les
Ll 20{ AveragÊ of 32 77. l0 8.?0 1.50 0.70 0.50 2.70 l.S0 Z.B0 3.00 lbid

¡rlo5es
LT 205 Average ol 17 69,70 14.30 1.90 2.40 t,80 1,30 3.10 1.40 0.90 tbid

gr eyva< I es
(llårtz)

LT 206 Ayerðge of 6 71.50 13.40 1.30 3,50 1.00 1,00 2,80 1,60 0.60 lbid
såndstones
(Charny)

Lt 207 Average of 4 69.90 15.10 4.90 1,50 0.80 0.60 2.10 2,90 0.20 tbid
5¿ndsIo¡es
(Charny)

Ll 208 Average of 96 84.01 2.57 0.17 0,25 0.67 5,4t 0.17 0.96 4.6s 0,0s 0.0{ 0.04 pettyohn, l97s
Jur¿ssic
sub I i thar eni tes

Ll 209 Average of l0 65.00 9.57 1.59 l,0S 0,40 10,10 2.14 1.43 6,90 0,00 0.00 0.00 lbid
0ligocene
lithic arenites

LT 210 C¡lcareous 56.80 8.{8 1.67 0,00 1.24 15.25 t,3t 1.46 12.95 0. l0 0.00 0.00 lbid
subgreyvat ke

LT 2ll Calcareous 51,52 5.77 2.43 0.00 0,95 15,96 1.32 1.90 13,34 0,32 0.00 0,14 Ibid
rubgr eyva( le

LT 212 lfississipi¿n 92.91 3,70 0,00 0.91 0.00 0.31 0.34 0.61 0.00 0,00 0,00 0,00 Ibid
sublithårenite

LT ?13 Calc¿reous 47.75 6,{l 2,39 0.00 4.48 18,75 1,20 1.0? 17.79 0.20 0. t0 0,00 Ihid
subgr eyYàc ke

Ll 214 C¿rbo¡i ferous 40.35 2,43 3.21 0,00 10,28 12.00 0.5{ 0.93 t?.80 0.30 0.00 0.00 lbid
c al c àreous

:ubgreyvacle
LI 215 C¿rhoni ferous 74.45 10.83 4.62 0.00 1.30 0,35 1.07 l.5t 0.00 0.50 0.00 0.00 tbid

subgreyeac te
LT 216 Archean 60,51 15,36 0.76 7.63 3,29 2.14 2,50 1.69 l,0l 0.87 0.27 0,16 lbid

6reyvac ke

0nterio
Ll 217 Ayerå9e 0f 3 65.2{ 15.28 0,70 4.53 2,74 1.70 3.t2 t.9t 0.39 0,64 0.12 0,08 Ibid

Ärcheèî

greycà(le5
(ll.ll.l. C¿n)

LT 218 Tyler Slate, 76,84 11.76 0.55 2.88 1.39 0.70 2.51 1.62 0,00 0,00 0.00 0.00 Ibid
llis(. uSÀ

Ani !i keån

Lf 219 Êreyvacke, 74,43 11.32 0,81 3.88 1.30 l.17 1.63 1,74 0,48 0.Ê3 0.18 0,04 lbid
Artans¿s, IJSA

Carboni lerous

L97



SAllPLt DtSCRlPll0ll Si02 41203 te203 teO llq0 CaO l{¿20 K20 H20 CO2 fi02 p20S ün0 S Reference
I

it-gã---iiü;;;-Bi;;i;----ti.0;-õ.t0--is.iã-;¡:À5-ã.¡6--t:6ã õ.Ìi--õ:iõ----- 
- ---'--õ:0¡--õ.i6--õ:55------- 

6;i;-;;;-ii;i;;
Aust,
(Ar(hean)

Ll 64 ñont¡na 45,53 1.80 26.91 17,St 3.92 3,01 0.3{ 0,07
(¡Arche¿n)

LT 65 llai¡¡ lla¡ba 49,16 1,61 1?.93 25.49 5.03 3.79 0.38 O.{3
(Prot erot oi c)

Ll 66 Harrerseley 46.20 1.03 18.40 23,88 3.lS S.22 0,50 0.Bl
8¿s in
0al es 6orge

lle¡b er
(Prot erozoi c )

LT 67 lia¡¡ersÊley 43.31 1,72 20,16 22.53 4,86 i,97 0.39 l.ls
Easin

Joffre lle¡ber
(Prot er ozoic )

LT 68 Labrådor 47.81 0.62 t9,96 2t.69 4,00 4.30 O. t7 0.20
lrouqhi
Unret alorphosed
(Proterozoi c )

LT 69 Labrådor {4.33 0,74 t6.87 23.68 6,25 6.55 0.21 0,10
Troughi

lletarorphosed
(Protero¿oic)

LI 70 Biv¿bil 50,62 l.13 20.28 21.43 3,17 l.9B 0,06 0.17
Protero¿oi(

Ll 7l 0arter Ct. 41,02 0.66 32,29 t1,t4 3.2t 1,37 0.06 0.0?
Ruby Range,

llontan¡
lI 12 C¿rter Ck, 45.20 0.73 38,05 10,99 Z,t4 t.zz 0,Sg 0.21

Ruby R¿nge,

llontànà

Ll i3 Kelly, 40.00 1.95 32,91 lB.87 2.47 t,B7 0.12 0.56
Ruby Range,

llontana

LT 74 Kelly, 39.58 2.47 32,01 t9.22 2,1r 1.90 0.09 0.85
Ruby Range,

llont ¿n a

LT 75 8làct Butte, 51.42 1.75 18.24 22.00 2.97 2,tS 0, I7 0.05
Ruby Ranqe,

llon t ana

tl 76 BIack 8utte, 50.80 1.0.{ 25.66 16,64 2.07 2.65 0. l  0.0?
Ruby Range,

Ilon[ànå

lI 77 Hotazel bedded 53.00 0. 13 45,?0 0,43 0.0? 0.{E 0,09 0.06
iron fDrrationl
S. Áfric¿

LT 78 S.ðrtt bedded 55.00 0.33 39.80 l.tl 0.10 0.?0 0,08 0.1{
iron lorlation,
S. Afric¿

LÌ 79 BI¿(t Ro(t, {7,00 0,45 48.90 0.22 0.01 0.17 0,12 0.53
S. Afric¿

LT 80 Average of l0 7,75 0.72 10,51 l,{7 l,83 0,07 0,i7
11ñ ore så¡ples,
Hot¿zel

LÌ 8l Sili(ale- 56.60 ?,91 12.07 3,67 10.78 6,16 t.Z2 O.O7

Sul fide IF,
lsua belt,
ll,6reenl¿nd

LT 8? Êogebic, IJS 39.26 2.88 0,63 ?9.9{ 4.62 4.62 0.00 0,00
siderite facies

tT 83 Êogebic, IJS 34.44 0.85 30,54 2?.06 2,30 1.72 0.00 0, l3
Jasper-
r¡gnefite
facies

L.t 84 Riverton, lls 32.20 1.50 0.60 31.60 2.80 1,60 0.00 0,20
carhon¿te

f¿cies

8-? lron For¡atio¡s

198

0.06 0.29 0.6{ Ibid

0. l8 0.08 0. t3 tbid

0.04 0,31 0, 18 lbid

0,07 0.25 0.36 lbid

0,0{ 0,04 L l5

0. t0 0.06 l.0l

0,06 0.09 0.73 lbid

0. 15 0.01 0.55 0,04 Bagley ¿nd

Ja¡es,1973

0,01 0,01 0.51 0.06 lbid

0.15 0,08 0.10 0.73

0. 16 0.10 0.09 0,75 lbid

0.05 0.08 0,08 0. 13 tbid

c.00 0.03 0.05 0,07 lbid

0.20 Beukes, l9i3

0,3{

0.40

0.02 0.45 0.06 0,30 Aooel,1979

20.46 0,07 0,ll 1.23 Sagley and

Jares, l9?3

7,36 0,02 0.07 0,21 Bagley and

Jares, 1973

Ibid

lbid

24.80 0.00 0,80 1.90 Ja!es,1954



sAtlPLE 0tstRIPft0lt
I

ii-s¡---s;;i;i;;;- ----

¡ l¿br i te
I)atàr¿

Super qroup,

S, Af¡ir¿
Lf 86 It¡brite,

Da¡¡r¿

Super qr oup,

S. Africa
Ll 87 lF, llarquette

Rànge, u.S.
Ll 8B If, I'lÀrquette

Range, tl. S,

LI 89 Solo¡¿n

Forlat i on,
L¡hrador lrough
(ìover l[)

Lf 90 Solroran

Ior.åt i on,

Labrador frough
(lover lF)

LT 9l Solo¡¿o

Íor t¿t i o[,
Labr¿dor lrough
(average of 2

¿nàlyses of
lover fl)

LT 92 Sokorån

Forration,
Labrador lrough
(average ol 3

analyses of
lean iron
for¡at i on )

LT 93 Solo¡¡o
Forrat i on,

L¿b r ador

lrough, lover
green-red (hert

LI 94 Solorao

forrat i on,

Lab r ador,

loeeÍ green-

r ed-rher I
tT 95 Solor¿n

Forrat ion,
Lab r ador,
pif,l-9rey (hert

LT 96 Solo¡Àn

for¡ationl
green chert

Ll 97 Soko¡ðn

For!¿lion,
Labr Àdor,

Jð5!er ol Upper

iron for¡ation

Si02 41203 Fe203 feO ñ90 CaO )t¿20 K20 [20 CaZ fi02 pl05 t1n0 S

?2.00 0. t0 65.20 4.20 5.7s 0. l0 0.01

42,30 0.30 55.30 0, t6

42,31 1.09 3t.41 2,48

26.97 1.30 2.3t 39,70 t.84

40.90 0,48 20.70 5.1{

29.60 0,78 1t,70 32,00 3.62

29,80 l.l6 9.46 33.20 3.98

199

0. t 7 0,00 0.0 t

0.50 0.00

0.66 0,00 0,00

8.67 0.006 0.17

2.73 0.006 0.25

1.33 0.061 0.33

0.06 t.{0

0, l2 0.74

30.70 0.50 10.71 3s. t3 3.40

Re fe¡ ence

2t,80

28.20

Eeutes,1973

23. t0 0.066 0.066 0.50

r8.10 0,045 0.06 0.85

18.10 0,133 0,085 0,90

14.00 0.90 37,00 21,50 4.35

36.00 0.38 33.40 ?0,70 1.38

48,90 0.39 3.s8 19,40 2. l0

82,60 0.5? 1.08 7.67 l.19

46.70 0.07 19.80 9,36 3.82

Eeukes,1973

J¡ie5, 195{

Jå.es,1966

Klein ànd

funl,1976

Ibid

0.29

5.19 0.034 0.2?

4,35 0.052 0.25

1,98 0.004 0,16

6,84 0.007 0.13

0,00{ 0.077

7.83 0.009 0.09

9.73 0.075 0.ll r.32

lbid

1s.70 0,0?9 0.09 2. l3

5.70 0.027 0.66

17.20 0,053 0.005 1,75

4.20 0,003 1.80

u,30 0.0t4 1.70

lbid

lhid



sÀllPlÊ oEscRIPll0¡{ si0? 4t203 iez03 Feo ¡s0 ca{) lt¿20 KZo lr?0 co2 Ii02 pz05 nno
I

(granitir
(o!go¡i I ion )

tf 7 çranulile 67.2{ t3.67 2.93 5,00 l,gl {.25 1,04 2,04
(9råoitic
(o¡position)

Lf I gràoulite 67,09 I4.57 0.17 6,33 0.96 4.10 0.35 4.03
(9rènitic

co!posi t i on)

LT 9 Footvall gneiss 66.38 16.60 1.43 S,27 0.5{ S.00 0,91 l.?3
(granitic
(o.position)

Ll l0 flaser gneiss 68.9i 16.45 0,36 3.gg 1.00 4.32 3.14 l,28
( gràoi t ic
corposi t i on)

LT ll grànulite 60,3{ 19.10 0,64 7,99 0.62 4,96 0.26 3,83
(dioritic
corposition)

LT 12 qranulite 64,10 14.23 0,1? g.7l l,lS S.20 0,2t 3,31
(dioritic
co¡position)

LT l3 Footv¡ll gneiss 58,22 19,02 2,90 5.ES l.58 5,04 Z,95 l.9t
(dioritic
corposition)

Ll l4 llon-c¿lcareous 79,?0 11.50 O,2g 3.48 0.25 2.89 0,65 l.?0
pel i te

LI 15 6arn-sill-cord 7t,68 14.20 2.40 3.92 2.97 t,25 l.lB t,44
gnei ss

LT 16 6¡rn-or, rock 59, 12 14.66 0,30 8,66 1,20 0,56 0,34 5.60
tl l7 Eiol-or. roÉt 59. t6 17.83 0,03 S.67 0,BI 0.57 0.6{ 8.74
LT l8 6¿rn-sill-cord 62,56 19.41 0.70 i.2O 2.tZ Z,Z2 l,86 ?,41

gnei 5s

Ll l? 6arn-feldspar 53,88 lS,g0 S,00 16.30 Z.i3 1.34 0.66 Z.28
rock

Ll 20 Sill gneiss 59,76 20.09 2,ZO j,3E 2,32 0.40 0.99 3,76
tf 2l Êarn-rord-sill 59.18 24,02 0.S0 6.26 1,67 0.56 1,0? 4,83

gnei ss

LI 22 Sericite schist 58.88 21.83 4,60 2.25 1.03 0,S{ 0,66 S.94
tI ?3 Seri(ite schist 57.9? 21.30 l.60 S,67 l,9t 0.Sg L0B 5.41
Lr 24 Schist 57.70 21.{8 l.75 5.SB Lg2 0.46 1,09 5.3e
Ll 25 Êarn-biot-çer 56,63 ZZ, 5 0,57 6.87 t.54 0.65 0,24 6.84

schiçt
LT 26 6¿rn-cord-sill 54,02 27,24 t.45 ?.56 2.13 0.6? 0.60 4.Zl

gnei ss

LI 27 Schist 60,46 25,93 0.lt 6.76 0.S0 l.?7 0.64 3,5{
Ll 28 6arn-cord-sill 60.30 23,60 0.30 7,20 1.60 1.30 l.t0 3,20

g nei ss

tI 29 6¡rn-cord-sill 60,02 22,82 0.i6 7,35 O,iS 2,32 0.73 3.21
gnei ss

LT 30 6arn-cord-sill 58.72 22,44 0. lB g,Bg 2.02 1.35 0,32 4,50
gneiss

LT 3l 6arn-cord-Eill 57.49 22,99 0,37 B.42 0,90 1,57 2.24 3.01
gnei ss

LT 32 6arn-sill 53.36 25.36 0.70 7,83 2,| t,2Z 0.?6 4.75
schi st

LI 33 8¿-rich rock 55,12 20.72 0.75 0.36 t0.08 l.13 0,39
Ll 3{ 8a-rich gneiss 49.10 25,43 0.04 0.19 7.65 t.68 0,73
tT 35 Alrandine- 31,34 8.34 92,60 6.75 0.94 7,54 0, il 0,0S

spesgàrtinP
iron for¡ation
(le¿n)

Ll 36 llagnetite- 21.29 5.21 7,30 37.64 2.Bt 5.06 0.01
spessartine
àctinolite
schist

LÌ 37 6arn-qtz-rst 53.73 11.57 13.15 14,41 ?.lt 1.79 0,15
ro(l

LÎ 38 6arn-rgt schist 51,18 12,02 7.35 4.98 1,79 2,85 l.70 l.4i
Ll 169 iron for.¿tion 17.25 6.76 ,t4,97 24, t7 0,7i 2.24
LT I70 iron for¡¿tion ?7.25 19.75
Ll l7l iron for¡¿lion {2,29 10.63 15,48 17.i7 l.5l 3,67
Ll 172 iron for¡¿tion 38,37 14.46 12.19 11,38 t.57 4,06
LT 173 iron lor¡ation .l{. l2 13, l9 9, t5 t8,99 1.44 ,1,44

LT l7{ iroD for¡àtion 56.68 12,71.1,06 11.80 4.54
Ll 175 iron for¡ation 33,5? 19. l7 4.53 31,34 {,05

Appendir B-3 Eroken t|ill roct5 (l{.S.!,, Austr¡lia)

0,t2 0,67 1,03 ¡bid

0.04 0.65 0,99 lbid

0.r0 0.53 0.50 ¡bid

0. t0 0.26 0.03 0.01 Ibid

0.04 0.93 0.93 lbid

0.03 0,82 0.83 lbid

0,9? 0. l0 0.28 lbid

0.06 0,26 0. t8 tbid

0.09 0.68 0. l8 tbid

0.93 0.20 7,i9 tbid
0.66 0.54 0.68 lbid

0.02 0.72 0.07 0.29 lbid

0.14 0.50 0.05.0.59 lbid

0,0r 1,05 0.19 0.lB lbid
0.05 0.8s 0.08 lbid

0,01 0.52 0.10 0.03 lbid
0.i0 0,lt 0.10 tbid
0.70 0,16 0,10 tbid
0.93 0.17 0,71 lhid

200

Re fer ence

0.06 l,?0 0,20

0.2r 0.31 0.24
0.03 0,80 0.30

0.06 t.52 0.0s tbid

0.05 0,66 0,5{ ¡bid

0.05 l.2l 0.20 I bi d

0.05 1.20 0,14 0.20 tbid

0.65 0.25 tbid
0.17 0.06 0,04 lbid
0.40 4.68 lbid

t.43 0.3t tbid

l, t4 0,53 tbid

0.73 l. 16 lbid
0.73 1,36 1,20 Pi(hards, t966

3.55 I bi d

0.38 I.93 6.32 lbid
0,68 2,ll 6.08 lbid
0.50 2,57 3.80 lbid
0.36 2.03 6.37 lbid
Lll 1.77 0,95 lbid

lbrd

Ibid
Ibid



SÅ11FLE

Nu¡ber

A 3l
A38
A39
À69
A?O

^17480
À84
A88
A89
490
À t2l
A33

A l?3

À l0l

Àt0

Co¡¡ent s

Leptite 7s.33 ii:as -¡.30--

Leptite 67.35 14.91 6,12
Leptite 65.01 16,71 6.31
Leptite 76.91 10,31 3.37

Leptite 71,69 13.89 4.05
Leptite 14,11 12,55 3.08
Leptite 69,65 t5,22 {.{8
Leptite 75,26 13.2¡ 3,69
Leptite 76.93 l?.34 2, l0
Leetile 68,74 15.57 3.84
Leptite 64,56 16,48 6.43
Leptite 75, 14 13,09 3,70
Leptite 86.44 7,53 l,4l
Leptite 80.27 10,93 1.74

Leptite 85.66 8.7{ 1,95
Leptite 89.34 6.55 0,42

Cord.6nei¡ses 82.16 7,18 5.51

Cord.6neisses 70.43 12.54 0,70
|]orposite 50.23 17.08 10,5?

6neissPs

20r

5i 02

Agpendix 8-4 Rocls lro¡ ll0ntauban
(fr0f Slà.¿telop0ulou-Sey!our + llarLean, 1977)

Al 203 Fe203 teO iSO C¿0 [a20

i. tt

0.99

t,53
0,73

t.74
0.98

t. 19

2.30

0.60

0,4{
0,54

0, 5l
0.26

3. l6
5.68

7,70

'--;:6i -.l.si-----i:õã----õ:¡t - 
õ:r¡

3,83 3,29 1,66 0.61 0.25

2,81 2.93 4.81 0.13 0.00

5,54 0.44 0.61 0.39 0.20

4,97 0.74 ?,{6 0.{5 0.18

l.ll 2.91 4.45 0.30 0,08

2,52 3.84 2.02 0.40 0.ll
1.74 2, 14 2,32 0.62 0.03

2.02 2.04 3.16 0.16 0.06

1,59 a.90 ?.49 0.37 o.lq
1,80 2.04 4.28 0.65 0,00
1.32 4.1? 1,66 0,30 0.07
0.78 2.48 0.69 0.17 0.06

0,65 4.41 1.23 0.?l 0,00

1.04 0.85 t,ot 0.24 0.00

1.64 l.3t 0.36 0.07 0,04

0.29 0,02 0.87 0. t7 0.03

r.25 0.32 3.59 0.54 0,25

9,43 3,56 0,57 0.69 0,22

Ii 02

4.89 0,2l



Sl1IIPLE CoÀ¡ents
llu¡b e r

LT rrs Biotite sneiss t¡:¡ã-ii.ti-õ.;¡-ã:ôs--i,eã--i:t¡--i:t¡- t.ã¿--i.iã--õ:sã--ô:,i--ó,õs--¿:ôi -
(Sherridon) lJnit 5
(average of 33

sarples)
Ll ll6 Lithic arenite

(tlissi Êp;

File L.) (¿ver¿ge

of 4 sarples)
Ll Il7 Felsi( Volcanics

(Sherridon) lJnit 15

(everage of 5

sarpl es )

Ll ll8 tlornblende

P¿r ¿9enei sEes
(Sherridon) [Jnit
ll in pàrt (aver¿9e

of 7 sarples)
LT I l9 Frag¡ental

arphibolites
(Sherridon) uoit
l3/l3a (àyerèqe ol
l7 srrples)

LT 120 ñessive loy Ti02

å¡phib. (Sherridon)
(prrts of lJnit I4)
(average ol lZ
sarpl es )

Ll l?l l1ùssiye high Ti0?

A¡'lPHl8, (sherridon)
(0Àrts ol Unit l4)
(average of 6

sarp I es )

Ll 122 All ¡assive
IÀrphibol i tes
(Sherridon)
(Unit l4) (average

ol l8 sarples)
LT 123 Easalt (Flin llon

¿rea - Stauffer et
al.,1975) (average

of l2 sarples)
tT ¡24 Sill. biot, gneiss

(Sherr i don) (àver¿ge

ol 5 5¿¡ples)
LT 125 8t¡,-leldsp¿r qneisE

(Sherridon) (àverage

of 7 sarples)
LT 126 làfic biot. gneiss

{Sherridon) (¿yer¡qe

of l0 sarples)
LT 127 8iot. gàr. schist

(Sherridon) (average

of 3 srrples)
Ll 128 l{oko¡is 6neiss (li fe

L. ) (average ol l8
sarples)

Ll 129 Cu¡!ingtonilp 6neiss
(Sherridonl

Lf 130 Lor li 8¿sÀltic
flov:

LT l3l Pale-regolilh on

8¿sal t ¡c flovs
(tlin Flon)

LT 132 ånthophyllite gneiss
(Sherr¡don)

LT l3? Cordierite-
Anthophyl I i be 9ne¡ ss
(Coronation llinê)
fror 8yers, 1969

IT 134 Chloríte (Shàl¿oi

11¡ne, Jap¿n) fro¡
Shirozu,1974

Appendir B-5 AdditionÀl Aràlyses for Sh€rridon, ltàn,
(fro.6oet¿r l9B0)

Si02 41203 1e203 leo üq0 Cà0 ll¡20 K?0 H20 Cm ti02 p205 ñn0

77.?2 10,56 t.46 2.21 1.05 t.6? l.s2 2.53 0.17 0,22 0.41 0,07 0.0s

67.74 14.68 0. 12 1.40 2.6? 5.89 3.92 1,69 0,68 0.64 0,70 0,59 0.0?

55.76 l{.96 1.93 9.41 4.34 7.61 I.90 1.37 1,47 0.64 ù.78 0,32 0.20

52.01 t6.t5 1.79 9.26 s.46 8.94 ?.57 0,70 r.39 1.59 0.56 0.14 0.19

51,73 I5,47 2.92 i,32 6,28 9.10 1,92 0.4€ 1,32 0.83 0.64 0.14 0.21

44,65 15.57 3.13 12.8? 6,07 9.36 1,75 0,37 t.60 t,6? 2.3? 0,26 0.25

49.37 15.50 2,99 10.{9 6,2t 9.t9 1.87 0.{3 1.12 t.09 1.20 0.t8 0.22

202

54,35 16,07 3.09 9.68 5.ls 7.01 ?,83 0.s7

77,08 1t.04 0.10 3.01 2.09 t,46 0.85 1.75 t.30 0.?5 0.t9 0.06 0.04

80.40 10,70 0,13 0.81 0,70 2.14 1.96 2.19 0.74 0.31 0.16 0,06 0.0{

67,6{ 14.00 l.l4 4.82 2,01 3,22 1,86 3.07 t,l0 0,44 0,37 0,t3 0,1?

62.{7 16.67 0.63 5,73 ?,87 3,69 2.41 2.24 l.l3 0.23 0,63 0.51 0.08

65.65 il.53 1,37 3,84 2.25 5.07 t,42 2.fi 0,90 l.lt 1.08 0.16 0.30

52.61 16.05 2,09 9.8? 6.62 5.6t 2,9t 0.71 l,1t 0.75 ¡.0? 0,26 0. l9

5r.73 15,{7 2.i2 9,32 6.28 9.t0 1.92 0.,16 t.32 0.83 0.64 0,14 0.21

52.98 16.42 5.48 5.42 4.17 3.05 2,21 t.1o 2.61 2.63 0.75 0,10 0,17

49,05 16.72 1.35 9.8i I5,16 0.87 0,27 t,3t {.12 0,25 0.46 0.06 0,t2

53.10 14.90 3.40 15.48 7.30 0.35 0.44 0.40 4.60 0,il 0.31 0.06 0.14

2.f,6t ?3.36 2.12 20,i3 14. 15 0. t0 0,28 0.36 11,93 2.05

0,70 0,17 0.20



SAIPLE Co¡¡ents Si0? 41203 Fe203 Fe0 tsO t¿0 lt¿20 K?0 ll20 æ2 Ti02 pZ05 in(]
llu¡b er

LT 139 Sa¡ple 134, 5ill- 73,00 13,90 0.30 1.90 2,2t 2.BZ t,50 l.l0  .40 0,90 0.24 0,t0 0.04
biot. qneiss unit 5a

L.f 140 Sarple t8l, sill- 75.80 12,00 Z.O0 Z,54 Z.68 l,g0 1.23 L60 0.,10 0.13 0.05 0.04
biot. gneiss unit 5a

Lf l4l Sarple 1126, sill- 75.60 10.50 3.60 3.28 0.79 0.80 3.00 l.t0 0,16 0.07 0,04
biot, gneiss unit 5a

L'I 142 Sarple 1123, sill- 83.20 8.40 0.60 1.60 1.76 0,BO 0.20 2.30 0,i0 0. t0 0. I5 0.04 0,03
biot. gneiss unit 5b

Li 143 Sårple ll3l, 5ill- 77,80 t0.t0 6,10 0.66 0.19 l.l{ 0,70 0,16 0.04 0,05
biot. gneiss unit 5b

LT l4{ Sarple lll5, AT-ÊA 43,60 t6.20 L90 12.90 17,50 0,47 0,10 2,97 1.2ù 0.49 0,0i 0,ti
6neiss, lJni t l0

Ll l{5 S¿¡ple ¡130 Al-64 63,40 12,60 0.60 t0.{0 t.36 0.49 0,20 0.86 1.40 0.?0 0.24 0,04 0.t0
6neiss, uni t l0

Ll 146 Sarple ll{l Af-64 51.76 17,20 0.90 10.10 12,70 2.39 0.90 0,52 2,70 0,90 0,77 0,10 0.1?
0neiss, Unit l0

LT 147 Saaple ll54 AT-64 37.60 20.m 2.00 6,10 22,t0 O,tz 0.gB 8.20 0.34 0.04 0.08
Gneiss, Unit l0

203



Àppendi¡ B-6 Hydrotherrally altered rocks ¡t Steà!boat Sprinqs, ltev.
(f¡o¡ Siqyaldçon + lhite, 196?)

SAñPLE roá¡ent' si02 AI203 Fe203 Feo ¡s0 c¡0 il¡20 r(20 N20 m2 fi02 p205 Ën0
llu6ber

ii-q,i"-;;;;;i;;it,i-o"iiI l6;----;5-¡õ-0.6s 
-0,õÀ--õ:0õ--õ;¡i -0:i; 

õ:iB ò:õs--a:iìõ--¡,ós- ô:iE--õ:00--ò;õ0
chriEtobalitp! (a¡aiase
+ bðrite)

tÌ 49 granodiorite; depth 68' 92.00 0.76 D.00 0.00 0.0t 0.04 0. lB. 0. l{ 2.20 0.07 0..14 0,01 0.01
op¿l (py, ¿nat¿se)

Ll 50 qranodiorite; depth lll' 90.50 0.58 0.u0 0,00 0.00 0.21 0,18 0.16 t.90 0.06 56.00 0.02 0,00
op¿l (py, rarcasile,
anta5e, bÀnte)

LT 5l qr¿¡ûdiorite¡ depth lt.t' 56.90 ls.l0 0.00 0.00 0,03 0,0,í 0.20 4,to 6.90 0.23 0.28 0.16 0.c0
¡lunite, op¿l (py, ¡a¡(,
¡nàt. )

LT 52 grðîodiorite; depth l?0' 2r.80 29,00 0,00 0.00 0.00 0. u 0,3r 7.90 il.40 0. lB 0.?6 0,42 0.01
àlunite (ot¿i, py, r¿r(,
l¿ol. )

LI 53 granodiorite; depth 127' 26.80 ?7,90 0.00 0,00 0,00 ù,09 0.32 7.r0 10,s0 0.0g 0.30 0,30 0.D0
¿luni te, k¿ol (oarc, py)

Ll 54 granodiorite; depth 133' 69.40 t5.60 0,00 0.00 z,t0 0.s3 0.22 3.00 7.30 0,12 0.32 0.06 0.09
lont' l¿ol (alun., py)

Ll 55 granodiorite; depth 145' 69,60 l?.00 0.00 0,00 2.60 0,62 0.28 ?.20 g.70 (.05 0.22 0,0{ 0,rz
ront, kaol (ill,.àrc
py)

LI 56 qrånodiorite; depth I70' 61.30 12.s0 0.00 0,50 1.60 4,s0 0.,10 3.60 B.l0 2,90 0.26 0.06 0.?5
ront, kaol, ill, l1nrc,
(pv)

LT 57 qr¿nodiorile; depth 217' 66,90 t4.60 0.00 0,00 2,00 1,40 1,20 {,10 7.50 0.07 0,30 0.07 0.t3
¡ont, iaol, ill (py)

LT 58 àndesite dikei 58.00 17.80 0.50 0.16 1,90 2.20 0.54 3.?0 t3.80 0.lB 0.46 0.?0 0.06
depth 264r ront, Kspar,

ill (py, cc)
Ll 59 andesite ditei 5,1.20 17.10 0..i0 l,Z0 2.90 S,00 t,B0 3.00 g.S0 0,73 0.50 0,36 0.73

depth 281'ron[, Kspar,
anÌerite, rhl, (py)

LI 60 qranodiorite; depth 335' 68.60 ts.40 0.40 1.20 l,g0 0.71 0,35 5,30 s.30 0.04 0,37 0.07 0,04
ill, loflt, (hl, seric,
(py )

LT 6l granodiorite; depth 358' 68.80 14,80 o.{0 1.60 t.2o z,zo 3.60 3.90 1,40 0.04 0,30 0,06 0.04
ill, ront, chi (py, cc)

Li 6? granodiorite; depth 385' 69.70 15,20 0.90 0.10 r.00 1,60 2.30 4.10 1..r0 0.02 0.3r 0.0? 0.02
ill, ¡o¡t (chl, ser, py)

Ll 39 ¿ltered Arkosei 97.20 r0.30 0.40 0,s0 0.zs 0.92 r. r0 s.60 r.6l (.0s 0,34 0.02 o,0r
depth 109'

LI 40 altered granodrorite; 81,00 9,60 0,30 0.30 i).3l 0.45 0.66 4,30 t,30 (, l5 0, l6 0.00 0,00
depth l55rqtz, ill,
!ont, (Kspår, cc, py r
he¡. )

LT 4l altered granodiorite¡ 63.90 t4.¿0 0.00 0.00 0..t4 0.93 2.40 5,80 1.20 (,05 0.30 0.07 0.01
dppih 306r ilì, (hl,
Kspa¡ (albite, Þy)

Lf t2 ¿ltered q¡anodiorile 65.'10 13.60 0.10 0.30 t.0ù 4,20 2.00 4.40 2,00 1.60 0.30 0.09 0.t0
depth 450t ill, nont,

ser, ¿lb, (hl, c( + py

LT 43 ¿ndesite dilei depth 55.40 16.40 0.,10 0,80 0.70 0.65 0.66 ,1.20 5.20 (,05 0.52 0.t0 0.06
{82'ill, ¡ont, qtz,
chl, ðlb, py

Ll 44 andeeite dite; depth 66.60 I6. t0 0,00 0.30 1.,10 0.31 0.54 4.t0 3.40 (.0S 0.,17 0.t3 0.00
5l?'ill, aont, qtz,

chl , al h, py

L.f 45 ir¿(hy-andesite dile; 64,00 16.50 0,70 0.i0 t.lr) 0.94 2.90 ,1,00 4.?0 0,08 0,49 0.09 0.03
depth 53?' i l l, aont,
qtz, alb, chl (py, cc)

Lï 46 granodiorite; deplh 562' 68.r)0 16,00 0.80 2.10 0.61 2.S0 3.20 3,S0 1.30 0,ÉB 0.17 0.t2 0,lO
ill, ¡Ðnt, chl ((c, ser,
py)

Li 47 9r¿nodiorrte; depth 574' 67.10 14,50 0,{0 1,90 0.68 t.,10 3,20 4.60 2.90 0.67 0.49 0.08 0,ll
ill, ront, {hlr alb, (c,
hEI
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A¡pendix B-7 Hydrotherrally altered quartz ¡ontonite at Rooseyelt Llot SpringE, utåh

SAIIPLE Co¡¡entç
Ìlu¡ber

ri-iã5 i;i;;;;i;-;ri;;;;-- --

qtz !onz 22.9!
dovn, DOH 76-l

Lf 136 intensely altered
qtz lonz 32r
dorn, I)DH 76-l

LT 137 ¡oderôtely Âltered
qt¿ ¡on2 39.6!
dovn, l)DH 76-l

LT 138 roderately altered
qt¿ ronz 57.9¡
dovn, DOH 75-l

(lror P¿rry et al., 1980)

Si0? 41203 re203 leO isO tl¿O fi¡20

ii.ãõ-i¡:5õõ:¡;--'- ô.ãi õ.ã;"0.õõ

66.20 22.20 2.t0 0,50 0.9s 0.00

65.50 16.60 3,30

62.00 20. 20 3.90

(20 1120 C02 li 02 P205 tno

a:iõ-- '-- õ. ¡o ' -

5,00 l. t0

206

0.68 r.60 3.80 7.50

1,20 2.30 4,t0 5,50

(fro! Riverin ðnd llodqson, 1900)

SAI1PLE Cor¡ent5 Si02 Al?03 te?03 feo ltq0 Cao ¡tà20 K?0 ||?0
lluaber

ai i¡B-rii¡ i;¡i; i;;;;- --.--t6,il-it,õs -- 
t,tã -i:ið--i,ió--ã:6; t.¡; ô,6i

ave, 9 analyses
Lf l'{9 qfP Tulf, veålly i6.23 t2.06 2.62 t,92 0,6i l.6E 2.96 t.57

al te¡ed, ave, 6

cr¡d¡y5Ès

LT 150 qlP lufl, spotted 76.96 l?.01 3.Zl 1.97 0,28 0,75 2.60 1.94
¿ve. l2 ¡¡¿lyses

Lf i5l QfP Tuff, qiant i{.47 11.,il 5.54 2,74 0.39 0.59 2,39 2,20
5pots, ðve. ol l7
¿n¿l yse!

0,82

0.12

Appendir B-8 llydrotherral ¿lteration ¿t the lillenb¡ch tline, 0ue.

LT 152 qFP luff, silici ried 7i,94 9.8.t
¿ve, of 5 ¿nalyses

ll 153 qtP Tull, (ore 68,35 10.68
¿ye ol l0 ¿nólyees

¡rote; QFP = quartz-lel,cispar pol'phyry

5.5{ 2,54 0.30 0.55

10,80 4,99 0.42 0.61

Lnz 1i02 P205

0. ?9 0,03

0.28 0.03

0,27 0,0?

0.26 0,03

0,20 0,0 1

0. ?5 0.05

l{n0

1.03 2.t5

0,39 3.42



Appendir B-9 [lydrother¡¿lly ¿ltered rocls fro¡ the i¡ttåg¿¡i Lale tlif,e, 0ue.
(fro. Roberls + Reardon, l97B)

sAllPLt co'ents si 0? Ar 203 Fe?03 teo ñe0 cao üa20 K20 Ir20 c02 ri 02 p?05 rno
llurber

ii-r5s- c;;;;;ir;-Ã'------- --t5.2ö-iõ:ts--- - -a:¡i 
i:õ6'-õ.sã'z,eõ i.0i-- ' o;ài-- ô:ii

tunalteredl

rhyodacitic tuff
Ll 159 Corposite E i5,09 6,62 7. tB 6, l{ 0.09 0.03 0.29 0,2{ 0. t0

¿ltered rhyod¿citi(
tuff

LI 160 Colposite C 59,37 8.14 t4,19 6.9t 3.56 0,19 0.1? 0,24 O,Zz
alte¡ed rhyoda(itic
tul f

LT 16l Co¡posite D 45.00 12,t0 15,46 16,87 t.lS 0.07 0.44 0.21 0.32
al tered rhyodac i t ic
tuff

LT 162 Corposite t 58.00 l. l0 t2.30 21.30 2. tO 0,07 0.07 0,02 0.3{
t¿lc ¿(tioolite
schisl

206

Appendix B-10 0ther altered rocls
(t¡len fro¡ liter¿ture)

SA¡1PLE DESCRIPII0H Si02 41203 Fe203 FeO üs0 C¿0 lt¿2û K20 tI20 Cg¿ ti02 p20S tln0 Referen(e
I

ii'¡ -A;;;;;;-;i s ----- -t5:s¡-ri;tã-ã:tt-õ:to 
õ.i5--o:õs- a:ãã--¡;iB'---- 

----0:,1 
õ:0ã-'õ:i¡--À¡;;;;;-B;;i;;;'

unðltered rhyoiite lggl
porp hyr i es

Ll 5 Ayerage of I altered 77.70 10,83 2,6i ().lz 0. 13 0.0s 0.2? 7,99 0. lB 0.03 0. 15 tbid.
rhyolite porphyries

tl I Fresh Greyva(le 55.50 16.30 7,82 s,40 3,17 t.5l 3.20 0.90 0,13 0,0g Bischoff et ¿1,,
198 I

Ll ? 6reyvacke àltered 56,90 16.60 7.03 7,42 0.86 ?.t9 t,9g 0,94 0,t4 0.03 lbid.
by brine

Ll 3 6reyvå(le altered 55.50 16.10 7.69 7,09 0.98 r.73 2,s0 0.91 0.14 0.06 lbid.
by se¿v¿ter



Srlpl e

Ident.
llu¡bpr

Apprndir 8-lt lt, liry¡vlilt

Si02 41203 1i203 FeO üC0 C¡0 l{r20 t(20 H20 C02 'ti02 pt05 InO s

Dt(-8109 57,75 t{.97 6,72 r.32 3,35 1,2 3,3 1,18 4,3t 0,73 l.t2 0.55 0,15 0,006 7t t23 22 217 (lo
!l(-Ê20t 57,8 20,88 1,37 3,01 2.8S 3,78 1,97 2,9 1,15 0,01 0,38 0,07 0,1{ 0,002 flo (l0 (l0 319 .6
DI(-8?02 77,5 il,320,56 0,96 l,l5 0,t6 t,28 1.52 1,39 0,t5 0.t9 0 0.ll 0,001 (l0 {3 flo 2700 6{
D¡(-8203 15,0t 2,9 t3.78 8,12 t7,2 r,42 0,2 0,37 3,08 0,?9 0,0{ 0.057 2,09 0,038 fl0 l17o l2 7300 1950
0l(-0201 17,05 5,18 1,85 t2,7 19 2,8? 0,23 2,53 2,82 0,1{ 0,99 0,06{ 1,77 0,006 ilo 21{ l2 J60o 208
0x-6205 75.t il,52 t,38 t,4E 1.72 0.3 0,68 3,32 2,33 0,t? 0.16 0.0t20.36 0,002 (l0 252 tr r.o0r 1860
Dl(-8206 54.2 t6,I 2,63 7,{2 7,9 0,086 0,23 6,58 2,17 0,03 0,?2 0,036 0,7 0,003 ilo 197 flo 9200 98
Dl(-6207 74,75 10,66 1.1 3.28 1,75 0.12 0,13 2,15 1.75 0,t3 0,t9 0,027 0,12 0,008 (l0 6{0 (l0 1700 (to
DX-6208 48,9 3.2 39,5t 4.74 0.1 0,?5 0,0012 0,01 1,76 0,35 0,07 0,067 0,08 0.0t{ 00 6200 (to Il0o (l0
DX-6208b 12,6 l0,t 23,27 10,28 3.4 3.02 0,22 t,6t 2.4t 0.16 0,26 0,085 1,27 0,0t (l0 7600 t1 2100 4t
0l(-6209 62.5 t0,04 9,16 5,92 3,78 1,38 0,0{2 2.52 2,47 0,1 0,2t 0,02{ 0,68 0,005 (lo 3350 t2 1900 36
DK-6?t0 88,9 l.61 5,78 1,8 0,3 0,22 0,0?6 0 0.9 0,18 0,04 6E-04 0.09 0,009 00 ?500 (l0 Bo0 (l0
Dl(-Êl0l 73,4 1t,863,23 2,08 1,6 0,01 0,31 3,76 1.3{ 0,1{ 0,11 0,0060,12 0,00? 00 35{ (l0 1,699198
DX-6102 78,6 10,960,91 1,21 1,42 0,18 t,22 3.12 l,31 0,t7 0.1{ 0,00r0,1{ 0,001 (l0 37 (l0 3l0o 18
DX-6103 75,5 il,58 1.66 2,l8 2,4 0,74 1,08 2,{9 1.66 0,26 0.19 0,016 0.t4 0,001 (lù 105 ilo 2200 36
DX-8t04 79 9,1 2,1 a,34 t,22 0,07{ 0,096 1,78 l,t9 0,t 0,t{ 0,031 0.21 0,006 (10 83 (10 217 ilo
Dl(-8t05 70,85 10,96 3,01 6.08 2,9 0,13 0,15 3,26 2,34 0,19 0,53 0.099 0,11 0.005 (l0 ll50 (to s6o 11

DX-6105 6.5 {,4 62 24 0,32 0,066 0,33 0,tl 0,72 0,12 0,07 0,5 0.36 0.001 (lo 1540 t2 2800 (l0
0x-8107 72 t2,163.81 0,18 1.28 0.36 t,58 3,4J 3,1? 0,76 0,{t 0,082 0,t 0,003 (l0 12 (t0 205 fl0
DX-6211 53,8 9.16 21,55 3,{6 2.1 t.t5 0,01 1,27 2,97 0,36 0.26 0,069 0,58 0,05{ 5 t,53 il t.021 s8
Dl(-6?12 6?.05 13.l 3,53 7,18 2,6s 0,7 0.73 3,36 3.08 0,73 0.66 0.13 0,5 0,013 00 9600 ll 1900 t07
Dl(-62t3 80,8 10.3t t,72 0,{ 0,32 0,66 1,3? 0,16 0,7 0,?8 0.t5 0,036 0,035 0,003 fio ?2 flo 5{ ?7

0l(-8215 t5,65 t5,?4 1.25 7.56 8,25 t0.t t,83 1,1 3,t6 0,{6 1,2 0.t5 0,?8 0.001 94 64 48 313 ilo
0x-Ê216 17,85 15.95 3,3 6,86 8.8 t0.l 1,98 t,{4 2,5 0.03 0,62 0,t2 0.29 0.003 t20 l8 12 254 (10

Dl(-8217 {7 r5,76 1,17 6,s2 8,25 10,I l,!2 2.16 2,96 0,21 0,8 0.ts 0,3? 0,002 ll0 15 {{ 2s9 fio
0K-6307 46.5 6,16 3,26 6,38 t5.$5 t0,65 0,28 0,06 5,13 1,2 0.0{ 0,078 3.9 0,16 il0 367 l0 2050 1l0o
DI(-6306 32 9,74 9.64 7.26 9,9 0,t8 0.07 0,ll 9,13 0.s7 0,25 0,17 o.s8 0,007 ilo t020 64 16,0¡ l660
Dl(-8305 73,1 t3,07 Lt3 I 3,08 1,83 0,y 3,2{ 1,89 0,07 o,21 0,032 0,t5 0,00? I 28 2 l8t0 135

0x-6304 71,65 13,98 2,33 2,32 t,83 0,88 1,37 l,{ 1,68 0,15 0,?2 0,0{8 0,1 0.088 6 1655 3 l.?0r 170

DK-6303 5?.9 13.58 5,21 5,86 3.64 0,94 0.32 3,04 2,33 0, I 0.29 0 0,43 0,01{ 2 t29o l8 8675 8l
DX-Ê30? t5,6 tÍ,65 7,71 4,08 3,22 0,75 0,28 2,1 3,{t 0,3t 0,36 0,007 0,23 0,017 { 1,66I t7 ?,92t ll0
!l(-Ê301 86,5 6,1 1,7 1,68 1,08 0.018 0.037 0,6 0,66 0,il 0.0r 0.007 0.037 0.019 (l0 30s (l0 9700 30

0(-679911 79,6 10,72 1,94 0,36 1,62 0.056 0.25 2,53 1,95 0,45 0.18 0,052 0,05 0,00{ (10 I fl0 73 57
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APPENDTX c Formulas for the calculatiorr of parameters used in pì.otting
Exercises (all oxides are in weight percentages ).

NiggJ-i Values:

JOIZOI * Z(RerOr) * FeO * MnO + MgO * NarO * CaO * KzOì
Levz=ìro, 160 n r 41 6, j6 *l

I ^'* I t-I?glar =l ro2- I p =lñ I

L---z- ) r=i-J
I sio^ It -----r r I Kzo Isi=t óo I u=194 IL-T-) t^2õ * tr29_l
f""nl Lgf 62 II eusl lqf- oz I

' :lt+-l 
[z(¡'e.0.) * Feo * ho . rgg-l

'[ t.rt * Kzo I t' =l- úo=-* ?'? ?1 /o 
I^tx=l-f " q+ I L z

L-"å lEqq'l

" =[är]
lz l

62 z^) -*:|ff-l
Lr' I

Parameters for

rryrr coordinate

the M6thod of GarIel_s and lvlacKenzie (f9?f ):

: i ^- /rto" \-".r0 1iñ, /\ ' )/

/ruaro + rro\
= roslo 

\-qr-/
rrxrr coordi.nate

Parameters for the Method of La Roche (1974):

/r"o \rrMgort IOO/"

I 
-^r' \

rf Na2o,r :Ioo/'

,(*ro \
"K20" = 

\MÉõ-*--T-.f-t-Tæ 1 
roo%

-20a-



APPENDIX D

q!z

fldspr

bi ot

mus c

sill

garn

ser

mgt

epid

amph

cord

anth

alm

staur

ab

kspr

plag

or

TF

fm

mont

chf

DV

il- L

kaol

hem

alun

marc

monz

LTST OP ABBREVIATTONS

quartz

feldspar

bi ot ite

mus cov i te

s;r.1,l rmanit e

gerne t

seri cite

magne t ite

epidote

amphibole

cordi e rite

anthophyl.l i t e

alrnandine

staurol" i te

albite

K - fe ldspar

pì.agi o clas e

ortho c Iase

iron formation

formation

montmoriflonite

chlorite

pyrite

illit e

ca I cite

kaol i¡ri ce

hemal i t,e

aLunit e

marc osite

monz oni te
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