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'E_and ande51te followed by ac1d volcanlc rocks ranglng from

“,ﬁrhyollte*to daC1te and 1ntercalated W1th mlnor sedlmentary

o

‘7jfrocks \ The presence oﬁ plllow structures suggest that the

The Ruttan Lake‘Cu Zn ﬁeposat con51sts of two maln

._‘; J

oore types w1th1n the Wasekwan volcanlc rocks of the Pre—fhf\

L . ,, : '».~,
h$w1th a laye,“of apde51te and basalt The dlssemlnated

Qores occur ln andes1tes belqw the masszve ores.Enyrlte
oﬁand pﬁrrhotlte are the predomlnant sulphldes. There 1s o
edan enrichment of barlum and of sphalerlte relatlve to h}ﬁ
:'€Chalcopyr1te and of Fe/Mn ratlos toward the strétlgraphlc

‘”hanglng wall Thls trend appears to b_ :51stent w1th

‘9f3mar1ne ba51n dep051tlon and suppOrts the gene:al hYPOthQSlS'

’ﬁof volcanlcwsedlmentary dep081tlon for masslve sulphldes.f
Durlng the Hudson1an Orogeny,.the Wasekwan VO%G@nlC.
'>f?rocks undervent upper_g enschlst and lower amphlbollte ;

'ffaeles;metamOrphiSm;vFVldtspread'”"
R T [ e

|

dv




“«\\mlxed subsequently to ore dep051tlon. Th

.-j:the growth curve at 2850 ms Yy egggests'an

\ .

"abOut 6 Kb uslng the Fe content

ﬁiln sphalerlte as a geobar meter.f A probable temperature \”w J

‘1om the mole % FeS 1n sphalerlte\

. ‘ : y
,and from the varlatlon 1n _ulphur 1sotope fractlonatlon - x%
8 ' i . N, o ', : . o .

s”1§ between 200° énd 250°c

-fbet«bew co GXlSthg sulphg;
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" INTRODUCTION

The Ruttan‘Lake dep051t is located approx1mately 510
"mlles north of Wlnnlpeg, Manltoba and is owned and oper-
b,ated by Sherrltt Gosgon Mlnes Ltd The property 1s 31tu—
‘1ated flfteen mlles from the Prov1n01al nghway 391 whlch

now connects Lynn Lake and ThompsOn (see Flgure l)

The‘ore body was dls overed through an alrborne geo—

1;phy51cal 42rvey-flown in Ju ',_1968. ,Ground magnetLC'and~‘

' electromagnetlc surveys were conducted that same summeg
" /

and by Aprll 1999 the area was staﬁed .and dlamdnd drll— _v
'llno was etarted The mlne ‘was brouoht 1nto productlon .
by opcn plt method 1n the sprlnq of l973

e Prlmary dlamond drllllng (202 000 feeglloutlinedrana
fﬁore body of 51, Q00, ooo ‘tons at a grade of51’4i¢ c5§pér'
ﬁ’and l 615 21nc between the surface and the 2000 foot lev-;/ﬁ
’el.h Initial open pit dlluted reserves were calculated t@é

‘w-be 217, 000 OOO tons of ore at a grade of l<34° copper and

2 12 zlnc (Shcrrltthordon Mines: Ltd Annual Report‘

A
.

1972). R AR r’. - -n“ﬂ‘ya”- ;w'

S
S

L

The topography of the thtan Lake area 1s typlcal of
the Precambrlan Shlelqh 'Topographlc rellef 1s~almost non—
’exlstent, w1tH a’ maximum dlfrerence in elevatlon of about
QiOO feet Numorous lakes and muskeg occur and permafrost

condltlons eylst ‘in most parts of thlS area
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L T S R S T
"OBJECTIVES OF-THE THESIS * =~ T °°

- - . . o . .
«. ‘. . B . . sy e e d
. - . .0 ! canl .

hk'The purpose of thlS thESlS 1s to study the geologlcal

‘f;and chamlcal fatths that would heve lnfluenced ore depo—

‘Li(l)' to‘relate the loca1 mrn

o
..\

h;s@tlon and hence 25construct a p0551ble ?eologlcal env1ron—j_'
-;ment at the tlme the ore body was formed/ ' :?‘;f;"h;f‘éfii.
| g Laboratory technlques conducted‘on(the samples from'lia'
iRuttan Lake 1ncluded': optlcal electron mlcroprobe,_masq'

'spectrometer and atomlc absorptlon analyses 051ng these'i
. . . ;93 N : o
"technrques, 1t was: p0551ble to obtaln 1nformatlon concern—,'

a-

“ﬂlng mlneral assoc1£tlons and textural reIatlons, Fe content

in- sphalérlte, sulphur 1sotope ratlos,.Pb 1sot0pe ratlos\

P

*»and minor element dlStIlbuthn in the ore mlnerais ,';QV*—V

- Objectlves of the present work are outllned ‘as - follows
L : o
geology to the reglonal geo--"

logical settlng and hence prov1de‘some-fundamental'knowlf.

edge on the nature and cha acterlstlcs of the ore dep051t

"‘(2) to reveal the posslble processes responsable for ore'

_dep051tlon from a stuay of 1sotope ‘and mrﬁor element geo—b

”chemlstry of the dep051t

{3) to. postulate a geologlcal and geochemlcal env1ronment

>

.whlch'lnfluenced the. formatlon of the dep051t



| “(see Table of Formatlons 1n Table l) ;”“a',-} 7i’ 553-T'Vk; :

CHAPTER I ' REGIONAL GEOLOGY = jk-jx,';-f'd"ﬁw

. . LU B - B . .
. P . : !

W - "l - .

The Ruttan Lake area belongs to the Churthl f

5

fftural Provrnce and 13 characterlzed by a tthk Archean com—?{'

plex;of metavolcanac and metasedlmentary rocks (see Flgura,ﬂf?
' N

2) _Reconnalssance mapplng 1n the Granv1lle Lake, Rusty
Lake, Lynn Lake and Ruttan Lake aream by Henderson Nﬂrmanl.
and DOwnle (1936), Bateman (1945) Mllllgan (1960),_Bur~”

wash (1962), Pearce (1964), M;lllgan (l964),vBrlstol (l966)f? :

‘and more recently 1n 1972 by M A Steeves and C F Lamb"”‘

establlshed'the Precambrlan rocks xnto flve strat raphf“
unlts. (l) Wasekwan serles of volcanlc and sedlmentary

Q

i rocks;,(Z) Pre Slckle 1ntru31ves, (3) Slcklé\sedlments,l'

(4) Opachuanau gnelsses,-and (5) Post Slckle 1ntr\Srves?

The oldest rocks are the Wasekwan serles whlch com--

~

pr&se the Rusty Lake greenstone oeLt of 1nterbedded tlghtly

: and 1ntr1cately folded volcanlc and sedlmentary rocks _The;.V~
- volcanlc rocks 1nclude broadly dlfferentlated sultes ranglhg ‘h:

from basalts to rhyolltes in comp051t10n,whlle the 1nter—F' o
’calated sedlmentary rocks 1nclude cherts 5111ceous frag-"
llmental tuffs 'and arglllltes These r0cks have been metaeh#;l*

morphosed to hornblende schlsts\\emphlbolltes and quartz—s

blOtlte SChlStS The amphlbolltlc rocks are probably the

metamorphosed equf ’h ts of volcanlclastle rocks whlle the :
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' TABLE Y TABLE OF FORMTIONS * ' //'
R (Steeven and Lumb.'197:) AR SR
» PLREISTOCENE " . :
AND i1t 1acustrxuc llaYS and’ ﬁxlts.‘ outwash

RLCEAT deposits: wminor sand and”’ qrAVvl duposx ]

P e HEEN ” .
o GREAT UNCONFOWMITY o |_

e

‘PRECAMBRIAN

‘ e o : R 0
roST-51CKLE 1TRUS TONS
Dxabase AT
*‘»Peqmut;’c and aplxtc-», v ﬁl”
- pink "guartz-vye” granite,. guartz’
NN monzonxte g [ . .
Y ‘Quartz nonzonxt»<k

‘Pxnk qranxtu and huartz monzonite,
mznor alaskdte’

;B;o;xte-hornblwndu qranodxorxte wlth o
. Cgilogitic Lo quarts, dipritic, contact .. '
IR S phases, WLNGT. quarnz monzonxtc ot
: Quartz monzonxte, qran1te

VGranodxorx'e

.

———

Opachuanau Gneiss .
ﬂ_B1ot1te ho:nblL\dc 1nternud1ate Onexss

.7l Quartz diorite, leuco-guartz dlor;te

INTRUSIVE ‘CONTACT
‘ . S,
S;CKLB GROUP

e Blotlte nusuov»te- uar*z schxst

A:kosxc conqlomcrate, mlnor arkosc

s
UNCONFORMITY B .
pRr—SICKLE\gaTPUSIons .

Dlorlte, q artz dxorxte
- Hornblende GAL‘ro, har'blerdlt , minor
diorite’ and Pu-r 2z -diorite °

‘———————————-IVTRLSIVE COWTACL -
. L . . )
WASERWAN GROUP o

v .

’Sulpnxde ,onc : - . Yo .
Porph,r;t&c ”cta basalt ‘and meta- andesxte
Mcta—basalt,-mefa aﬂdesxtc ,
Meta ar}ose, feldsy athxc quartzx‘e, minor
arkoszc Conglouwratc

.Gte"uacke congLOTc Jtp; .

Acid and xnterﬂﬂdxate 'irocxathc rncks,
metamorphosed volcanickastic -rocks .
meta-argillire, ampnib 1¢te o -

j‘Dacixc,.ninﬁrirhyolx ingd rnvodac1tu.
. ©acid tuff,.agglom oraten voxcanzc brcccxa

- porphyritic nﬁta basalt) meta andesites
" mgta-picritce . {

Meta—basalt. ‘metas andosxto neta- px rxte,
~includes minor dﬂounra‘ f dacite; minor |
rhyolite and rh,oaacxto, acid tuff,
agglomeriate, voicanilc |8 ccvla, acid and
intermediate pyroc.as rocks., metamer— e
© . phosced. s mlC)nﬂCLAQtlL
amphzbo;l~;

‘Pel;tzc Liotite qﬂcxss,x

cyg, m&ta—a:gxllxtc,

=]

Y
i
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\

'quartz blotlte schlsts were probably derlved from morebf gf

¥

‘“arglllaceous sedlmentary rocks.

'&‘E&ﬁaaan the sequence and local occurrences of elllp501dal

.trend of east to nc’ggheasterly.

"them in the fleld Metabasalt is thermost-common rock-

.

The Wasekwan rocks occupy almost 50% of the Ruttan

aLake area w1th§ﬁhe metavolcanic rocPs belng much better

exposed than the metasedlmentarxyrocks Reglonally'the

.*Wasekwan serles has an 1rregu1ar'Ebrm and con51sts of

.

'branchlng llmbs and. dlsoonnected patches w1th a general‘”

IS

Basxc to 1ntermed1ate extr e7rocks,'OCCasiona11y

‘rw1th porphyrltlc varletles, constltute the méjor part of

the lower Wasekwan volcanlc sequence -Due to their 51m—'
ilar colors and textures it is dlfflcult to &astlngulsh

S

- _and-amygda101d 1 lavas can be round ' Metaanaesltes are

o

-'almost 1m00551ble to dlstr“gulsh fro@\the basalts bv fleld

14

a

technlques.' L ;s'g C S L

Lentlcular, easterly trendlng bodles of metamorphosed

rhyollte and . dac1te outcrop east of Ruttan Lake.‘ These

.

rocks are readlly dlstlngulshable from more ba51c varletles

by ‘their llght plnklsh grey color ‘and canch01dal fracture.

RN

VMany of the Ilne gralned acld volcanlc rocks dlsplay thln .
’ 1flow layerlng con51st1nc of quaftz felspathlc and darker,

maflc lavers.7 Tuffaceous beds often ‘'occur near these:rhy-

"f"

golltes and dacrtes

@



-;basaltlc in a less ba51c groundmass.

3 . noo.
i Lo . ot

Steeves and Lamb (1972) report two occurren es of

p0551ble 1gn1mbr1tes in the map area;. Varylng 51zes of’

~a55001ated thh ac1d flows and tuffs and contain well~

.v"- u o e

'rounded rhyolltlc clasts in a flne—gralned maflcu'

'J\ .

mass. The angular fragments of the brecc1a are , ¥

- The Upper. Wasekwan Group'. con51sts of a sequence of

-

:metasedlments w1th lsolated lntercalated bas1c and 1nter—

o

”medlate volcanlc flows » Ac1d and lntermedlate perClastlc

rocks constitute the larger portlon of ‘these rocks.-.The
S
:pyroclastlc rocks are generally non frﬂ.pental but occur—

'rences of lapllll tuffs have been reported by Steeves and

:Lamb (1972) Volcanlclastlc rocks, cons;stlng of.volcanlc
ggraywackes and 51ltstones, are‘oftenwdifficult to distin—'/
gulshofrom flow rocks .In outcrOp they are generally more

rounded and weakly jOlnted as compared to flow outcrops

A <

whlch are blocky and well jolnted ‘Meta- graywackes re—

s

semble the volcanlclastlc rocks, only are llghter 1n color'

and contain visioie quartz;.vGreywacke conglomerate w1th
Q .
ac1d volcanlc clasts, epldotlzed clasts of Wasekwan volcan—

« . . A

1clast1c metasedlments and granltlc clasts have also been

mapped by Steeves and Lamb (1972)_but'are»not found in

L



i R ) ' i

- ~ |
abundance, ~’I
. R, 5
Meta argllllte occu#s as thin seamsmrn the metavol-‘

canlc and metasedlmentar& rocks of the A se&wan group., .
These are the only rocys in the Rusty L ke greenstone that -
'commonly c0ntain garnet. T . /

The Wasekwan series. has been 1ntr ded by small 1rreg—"

‘ular plugs, dykes and sxlls composed ‘f hornblende dlorite

i and quartz lerlte.‘ These Pre-Sickl, lntruslves outqrop
,;on the eastern 51de of Ruttan Lake and constltute the ear—.
,llest 1ntru51ves in thewarea.; They are younger than the

éWasekwan rocks by dlstlnCt lntIUSlVe relatlon‘

P

> phyr!tlc banded teztures, various grain 51§es and
1n mlneralogy .can be observed in these 1ntru51ve rocks

The domlnant maﬁlc mrneral present ‘in these dark grey

o

rocks is hornblcnde, whlch appears to have been altered at

least 1n part to actlnollte . Some of the hornblende has

be; altered.tO'chlorlte. The metamorphlc grade is that'

. ) . r,&‘ ! \\
- of'thexﬁpoer amphlbollte facies although the presence of

chlorite and 1ot1te may be due to retrogra&e metamorphlsm.

. e

,' . The Slckle oup comprlses ark031c conglomerate and ¥

sedlmentary rocks wh\ch have been metamorphosed to’quartz—'

mica’ SChlSt and. blotlte—muscov1te~quartz schlst These.

.“schlsts<were probably derlved\grom»Shaley arkose and 51lt-

—we»ﬂwstone <wThe relatlwely 51mple structure andllow grade of o

i
°

metamorphlsm 1nfer the Sickle rocks to be conslterably

°



St

,"younger than the Wasekwan group and the Pre~8ickle intru-1ffv”

‘sives. Millr;an (1960) made the following obaervations
‘for svidence of an. unconformity at the base af the Sickle

l ‘Group: (i) the Wasekwan and Post-Sickﬁe rocka é%e more f\
.l ’

”lntnnsely foldedc (11) a slight angular unconfermlty wae K;7”;
) SR

”~;observed 1ocally, and (111) abundant pebbles Qf Wasekwan
nmetavolcanlcs and metasedlments.‘nd pre~$1ckle intrusivé

o

dfrocks occur in the Slchle axke“qfcpqglsmerasﬁ.ﬁ TheSe

-pebbles must have been the result ‘of erosmon foll g
'~jdepos;tlon and lntru51on of the Wasekwan rocks._ BaSed on’
':the mlneralogy and texture, BurWash (1962) suggested that

the Slckﬁe sedlments were well sorted shallow marlne shelf

dep051ts. ' 7
Steeves and Lamb (1972) 1ntroduce the term Opaehuanauf

gnelsses as the;r field observatlons 1nd;cat$,that some Of
) :

the gnelsses are d\raved from Slckle rocks.~ In the Ruttan

,Lake area the most predomlnant\g231551c lock is a blOtlteer

.hornblende 1ntermed1ate gnelss b%t nohfleld relag1ons were-
y

observed whlch would suggest that" 1t was derlved from - Slc—

v‘\l
~

'kle rocks. These gnelsses are weAl follated and are flne—

-;to medlum—gralned The fOllathD is deflned by a preferred
“orlentatlon of blOtlte and hornblende.~ V |
Response to dlfferentlal glac1atlon, the post—Slckle

1ntruslves show the greatest tOpographlc rellef They con—»

/sf*lute the younaest ‘rocks 1n the Ruttan Lake area and



3@3 inalude hornblunde-bietite grgnadiorite and pink gnaissie
Jgranite'with pegmatite and diabase dykds."_vi

The hornblende-biot;ta granodiorite and quartz monzo-
nite granite are massive, medium-‘to eoarae-graxped and L

usually well joxnted. The granodiorite xs pale pink go

1ight grey, medium- to cearse~gra1ned and generafly massxvef]’

. : IR i
. The" granlte often has a gnelssic texture.. Pearce

’ ﬂt(196{) and - Ste%vee ‘agd Lamb (1972) consxder ‘the quartz”l‘
. ' !‘ . ;‘.
'mOnzonlte granite<to probably be'/a 1eucocrat1cvd1fferen~ “

e tlate of the granodlorlte.- Granltlc 1ntru51ves in the

- . i \

'Wasekwan serles ?avé produced contact areas w1th varlatlons

. ' o,
‘1n mzneraloglcal cghposTtlon=ﬁue to assxml&atlon. The

§ - . .
#
¥ granodlorlte becomes dlorltlc to quartz dlorltlc ln compo—'

fgitlon._z'

The pegmatlte cccurs mostly as - sharp—edged dykes Ain

"the area and crosscuts the Slckle rocks or thelr metamor—

~

A;.phosed equlvalents.“ Two@falrly large ﬁykes of dla ase com-:
;p051t10n are—ﬁ/esent Just east of Ruttan.Lake. Th se are

Vf ithe youngest ;oeks 1% the map ‘area“ and show relatlvely

Q

. - _ . { o

'llttle alteratlon of the. constltuekt mlnerals. e Aﬁf'

i



¥

ﬁ*reveloped A}sermes of isoclinalwfolds

regional follatlo

,ﬁ:a 1ntrusimm p}ababiy occurfe& prié

_f” to thns foldlng as these 1ntrusive masses haVe ﬁndergone’

-,considergble defprmqtlon. 7he01ntru510n/of ‘the’ granodlo-
l rite, and granlte caused ooly gentle foldlng but this ln-'
~~t:1'1131ve eVent was followed by northeasé and’ northwest g
trend;ng fa;lts.7 East of Ruttan.lake dn antlcllne syncllne
‘pair of folds plunges to the east and has northeasterly

trendlhg axlal planes. The granltgc rocks i the ‘hinge

¢ #

Agfzone of the gntlcllne appear to postdate tHe foldfng as
g they are generaily ma551ve (Steeves and Lamb, 1972)

Faults and shear zones in the. Ruttan area occur in north-
east, northwest,‘and easterly dlrectlo;s. z' : ~;' 'l'n-

’a Toor outcrop, 1ac* of good marker horlzons and dls-i
conyinbity of rock unlts make 1nterpretat10n of the struc-
turé“bf the Rusty Lake greenstone belt dlfflcult Reglon—.g |

<

_ ally the belt COnSlStS of steeply dlpplng intercalated
metavolcanlc and metasedlment&ry rocks.A Reglqnal follatiqn

- due to tectonlc stresses, ;ntrus;on_of"the granodiorite

o



j‘SLOnal pre\énce of Spherlcal plllOWs. Jones (1969) re- e

tSubmarlne extruSLDn.' The Qf

‘94‘ L N . , »

. .

and textures 1n the r0cks of the Ruttan Lake area.d?

tIn most cases prlmary sedlMentary structures are too

,yu Toa ,\A’ :

hpoorly developed or preserVed to conclu31vely determlne

- o

'\tops of beds although rellct beddlng is- preserved ln some ;

-]

metasedlmentary rocks of‘both the Wasek%an and Slcklej

groups‘\>Steeves and Lamb (1972) report ‘a few occurrences'h

Tof elllpseldal lavas 1n the Wasekwan Group and the occa; : V‘_

;gards the presence of these plllOW structures to 1nd1cate
: ' 3

"subaerlak extruslon flow1ng 1nto shallow water rather than.

,“-1/

'pr

gnence of 1gn1mbr1tes would»

be 1nd1cat1ve of subaerlal volcan&c acthlty. The unsorted o

a I 'K'

'wstate of Ehe coarser pyrocrastlc rocks and the presenceoof

’

,'cross beddlng in some,of the ac1d tuffs would also suggest

. 4

*( - subaerlal to shallow water env1ronment The presence off

coarse perClaStlcS such as; 1ap1111 tuffs,‘tuff brecc1as

: and agglomerates would 1nfer prox1m1ty to the domlcal vol~

- [
. ¢, Wl

eanlc centre.;i\

cie L

Y. 'Metamorphism-: - - - G e
S ET AT e g

. ST . A L R
s B - 8 o

The volcanlc rocks of the WasekwancGroup and Pre- Slckle

S

Intru51ves have been conSLderablv altered durlng reglonal




ty

-

metamdrphism.' The metamorphlc gradgﬁof most of the meta—

o

volcanlc rocks is. vamlable and dlfflcult to deflne dte to"'

» ;

“the lack of 1nd1cator mlnerals._ In. the Ruttan Lake area

4
the greenstone belt is comprlsed of rocks of Ebwer amphl—_'

bollte fac1es to eﬁldote amphlbollte llthologles and rocks:

of the greenschlst fac1es.- '@‘H

‘ N

o
'\

-

The rogks of the amphlbollte fac1e§ are malnly flne—Ai

gralned meta basalts and meta ande51tes.l The.major con-'

stltuent mlnerals are' hornblende\ggé_plagloclase w1th mi-

.nor: epldote.g The rocks of the epldote amphlbollte fac 5

v'are relatlvely ma551ve and contaln llght green flbrous

'Introduction i R - e g

L

amphlbole, plagloclase and epldote w1th small amounts of

‘

quartz :The constltuents of . the greenschlst llthologles

- . 3

u‘are green chlorlte,:epldote, plagloclase and quartz

The gnelsses ang some of. the metasedlmentary rocks

g

appear to have been metamorphosed to the lower amphlbollte e

° . —__

fa01es Staurollte and appre01able amounts of garnet are "f

found in the metasedlmentary rocks and meta arglllltes.-

. o . R A | S
‘Chémistry .of the Volcanic Igneous Rocks

o [

KN

3 A

Con51derab1e chemlcal data has been publlshed on the -

kavolcanlc rocks 1n the Canaolan Shleld ’ Many authors 901nt

Wfout~thclr chcmlcal 51m11ar1ty to: the volcanlc rocks of

. . St

Pl



L . ) . . , N : N
] . . . : R -

B t e

.present -day 1sland arcs and contlnental marglns (Wllson o
et al.,“l965 Follnsbee et al. 1968) e

The Manltoba Department of Mlnes,,Resources and En~

v;ronmental Managenent dld chemlcal analysrs on’ several

~

‘nsamples from the Rusty Lake greenstone belt whlch inH‘
cludest#Z?Ruttan Lake ore depos1t U51ng the Slllca
percentage (Goodw1h, 1968) to cla551fy the various types :
.:of extru31ve and 1ntru51ve rocks, chemlcal varlatlon dla;
,3grams have been constructed whlch dlstlngu1sh three cat—\.f'

u

'egorles of basalt 'ollv1ne alkall basalt tholellte and

o

hlgh alumlna‘B“‘aTt~+Kuno, 19685 Due to recrystalllza~-

'.tlon of the volcanlc rocks\ln the Rusty Lake greenstoneA

./
- . LR

'belt the dlStlnCthn between the three categorles off e

\

‘basaltlc rocks .is based almost exclus1vely on the var1a~
\ .

' tlon dlagramsband the chemlcal analy51s.3 By 1ncorporat1ng

"thls data 1nto the thes1s it 'is hoped to draw some conclu—
R ] i
',SLons -as to the orlgln of the volcanlcs and the geologlc

3enV1ronment at the tlme of thelr dep051tlon

/

] . e - ‘ A k3

L 2
".ResultS'
Flgure 3 shows locatlons of the chemlcally analyzed
'samples and Table 2 g;ves the’ chemlcal analys1s and C I P W
'norms for analyzed samples in the v101nlty of Ruttan Lake.

The chemlcal analy51s lndlcate dlStlnCthe chemlcal char—

acterlstlcs for the metavolcanlcs ‘f(i) hlgh A1203 content{i

s . L B ce



A

a7

Si4a55

ﬁwhm._.. aﬁmw vcm mm>mm,uwv .mm.mmEm.m
uoumamna m.:wo.Em:u_mo co.Bmoon
“$3IMW
RPN 1 .,,.p, LI S
ﬁﬁw _ L e

3

) z_uo. tEcuEionEms .,co;,_m_nc\s .
- S_ug u.cou_o>o~oE cos.,_mmo\s
o eujoAyy -
‘ 8JoQ.
:omcm_ ‘

_m.musmﬂm,;m

: s ..vk?w
k‘%tb\\; bk 3.& v‘k

ey o 353550

L S e

»

.t




Mﬁmwwm;wzﬁﬂmm”n@mmmH mmwwm‘@»w. .ﬁw,wgw 8170

-

MRNW;uu. HL.MmeMHM%‘ﬂmm w  w%w~ _Ww@m.wMDﬁwboH 

m._. :@g4mowodA_

ST

e
T sE%6.
_w,awmﬁyn.
SR 0
a..,wmmhw
eze
W 99%0
01761

4 ..wu”._me

o
€
.0
0
Ac
6
N .
€

4om,mﬁ

Lo

0
8'0
6 T
L aﬂm
€11
20
&
pe
Lo

N r A
et
| dhmﬂﬂma

08T

07°2

ey
e
\m\ o ,._mw.c‘r
0Lt
ST s
L otteT

m
Sz

owa

H¢

oﬂm.o

. atesem

seq - yreseg
svo-y -

"w,n.._..wooﬂﬂm
ITesed

5

B 27T SRR

mﬂm-mu

. oaqqes
.Nvmlm.

,; Wmmwmn%

~satoeq
TP m.J.m.

s

- ctON-aTdwes

mxuom UHZ<UAO> momwmzmoz NS

m mqmma

Amumﬁ mz:q mz< mm>mmam zomme
YIUY . IAVT NVLLOY FHL WOdJ

a1 U DZ< ZOHHHmOmEOU quHEmmU




| Te30y

il unpunady”

w n ,0wwuuzmm2.v o

@37 H.@\Am.m“..u

wuanmumuom,

MU>m.mMﬂmUuamuoncmwmm.

muaumuwQMﬁ

JW,:mumUHAﬂmouuom‘

: Hm; b o mN.mH . mm : .. T 7 ..Qmuwwmo..ﬁ.a
L 607pE - €6°LT .,,H,.m .,mm.- e .. mﬁﬁuo:ﬁ o
oSETeT. RTUET 69tz T IR mﬂﬂ«,_v el
J‘Nv.qu_wu,_memQwaﬁw mm Wﬁmom oH Mm,ﬂu meHoo:quuyw,; wm'm
£0°T m.;n .m;mawm.».g.mﬂm» w¢m [ SR D zZxeny

m§5z 3mH u .;Jhwﬂ_ﬁwaﬁw_a_G;~  T

= T e - - e




o ot

e 0w
S o
o S ,,._‘Om.m..”

m N
UA.. Noﬂa.

- & N :

N.

-~

-

E " eaTTOAUN

“»uwwmmma _Mm#womnnwxmﬁﬁ_..w‘.amyﬂuwmoxgmw, 2dA1 00y

Llre9-d TEITL L 0e9-M. T ggomy S con-a1dues

et

S oEs

OAm :



21

TR30L,

.H‘.“.m.ﬁﬂummwh.
vo.mmw

Lt 1T .

mﬂ.dm
ey

vl
26707

Chie
”mmewmm.

_ STRION -*M* g T

2317edy
_ unpun10p
“83TUBUTT

-+, @3T3eubey

uuAdmwmm.
muaumumuom
muamuwn:mvwm

s muaamumcm

.muaaawouummﬂ
oﬁamaoﬂo

Awmﬁamﬁamz

muﬂzuuoca

;x;.m o .e3Tarv

mmMHOOQHHO

L (Pi3voo) g gTave

‘A.NuHMdOr

‘6



[

(ii"lowaiOZ content; (lll) hlgh Feo Fe2 5 ratlos,v(iv)'
‘a hlgh CaO and correspondlngly low Mgo content, (v)'low.“
alkall contcnt (espe01ally K O) and (v1) hagh volatlle 2 .tv
l<content (CO -t H O) (Steeves and Bamb 1972) From the'

'X

ﬂC.I.P.W norms, the basac extru51ve rocks of the Rusty
_‘Lake greenstone belt dlsplay normatlve mlneralogucal char—
..acterlst1Cs of both tholelltlc and alka11 ollv1ne basalts'f
- and thus corre&?ond closely to Kuno s (1960) hlgh alumlna
n:basalts. The ac1d and 1ntermed1ate rocks all contaln
'quartz andlorthopyroxene but no 011v1ne or nephellne, only
vsmall amounts of cllnopyroxene w1th respect to orthopyrox—‘
‘ene and hence tend to be more thOlellth than the ba51c
rocks (Steeves and Lamb 1972) . | o

Flgure 4 shows the trend in comp051tlonal change be—

.tWGen the calc alkallne and tholelltlc serles in an Mgo'—i

e

"FeO - Na20 + K20 dlagram. Typlcal tholelltlc serles show'
Jtrends approklmately palallel to the MgO - Feo- 51de ir
thelr early and mlddle stages of fractlonal crystalllza—>
; tloq, wﬁéggas typlcal calc alkallne serles show trends
'approx1mately normal to the Mgo - FeO s1de (Mlyashlro,'
1974) .- Samples of basaltmand gabbro from the Rusty Lake.f'u
‘ grecnstone belt show a parallel trend to the FeO - MgO 51de
h whlle samples of rhyollte and rhyodac1te are more normal to

}t. In general the extru51ve rocks show the hlgh iron type

of fractlonatlon characterlstlc of tholelltes

", . . . ) o . . Y
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~* to ac1d Volcanlc rocks.-

’*.the same FeO/MgO ratlos as weli;as w1th the same 5102 con-

.
4. -

Figuroag,illﬁstrates chahges in sio, and Feo content

' wrth lncrea51ng FeO/MgO " ratlos of  the volcanlcs.l stng
‘-bouhdary curves as deflned by Mlyashlro (1974), there ls"['

a gradatlon from caIC¢alka11ne to tholelltlc trend o

Flgure 6 sHows the trenﬁs of varxatlon of T102 con~h5

tent w1th FcO/MgO in thc volcanlc rock series. In’ the

_calc alkallne ser\les, the‘ 'I‘J.O2 content dec’:‘eases wn.th .Ln—

crea51ng FeO/MgO \whereas &} 1ncreases flrst and then de-

. creases ‘in- typlcai tﬁolelrgec serxeﬂZ The resultlng “trend

-shows a depletlng Tlo and 1ncrea51ng FeO/MgO from ba51c

\

- s "Vo‘

'S ’s‘

Calc alkallﬂe serles rocks usually have hlgher KZO

g\ L

‘contents than. the assoc1ated tholelltlc serles rocks w1th

°

”tents Flgure 7 shows K O content of . the volcanlc rocksi

compared w1th 8102 content-' Most of - the samples plotted

in the thOlEllth and hlgh alumlna fields. Those samples
’1n the alkall ollv1ne fleld are basaltlc,.whlle those in
vthe thOlellth eld 1nclude some, of the more ac1d1c vol-

'canlc rocks Many of the samples plot close to the thole1~’

o

1te/a1kdll ollv1ne boundary, whlch further 1ndlcates the
N \ N

-tran51t;9nal nature of tne volcanlc rocks in the Rusty

-

-

Lake greenstone belt, PR f_.. o 7: o

,Whlte‘et'al. (1971) spggested that the Archean green*

?stone belts of Precambrlaq‘shlelds may rcpresent oceanlc
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'cruat.* Pearce et al (1974) proposed the use of Tio
K20 - P ternary dxagrams as a method o% disérlmxnatlnq‘ “ o

" between Oceanlc and,non-aceanic (contxnental) basalts. "z’

+ e

They concluded that Archean basalta suggest preponderant

oeeanlc afﬁinitieﬁ¢ Pigure 8 shows the Tioz - Kzo ons,"

!

o B :
plots for ‘a few of the ﬁUSty Lake basalts. The results .

show an afflnlty to the oceanlc fleld ﬁpdicatlng the ,pos~

51b111ty thét these basalts were generated ‘under condltlons

51m11ar to that of present~day oceanlc basalts. "The en- °

rlchment of K20 relative to T102 and P205 is most likel}

0

due to alteratlon and metamorphlsm. . ' .
. , ' . |
1o ' ' B _ e . i
Q

-DiScussion

The - volcanlc rocks 1n the Ruttan Lake area are prlmar~,

11y basalt, ande51te, daclte, rhyodac1te and rhyollte.
They occur as an lntlmately 1nterlayered sequence of basalt

iand andeSLte followed by ac1d volcanlc rocks ranglng in . -
-

, comp051tlon from rhyollte to dac1te., ;he presence of pll- -
t
low structures (although usually poorly preserveé) suggest
that they were extruded in a subaeraal to shallow marine

-env1ronment The chemlstry of the ’cld volcanlcs suggests

N

that they tend to be more thOlellth whereas the ba51é~rocks

- o
J

dlsplay characterlstlcs of both thole@itlc ana alkall—' ;-

: A . L ’
ollvlne basalts. o : o i © : T - , -

I . o

Kuro (1960) concluded that rocks with high Al content - o
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rollv1ne rbcks on the ocean;c s1de ' WllSOn et al (1965)

’ dlcatlve of an 1sland arc type of env1ronment.‘

‘fand »wnd ln 1sland arc systems, are 1ntermed1ate between

:fﬂthe thalelltlcwrocks of the contlnental 51de and the alkallﬁ.

# -

'state that tholelltes are characterlstlc of contlnental

Q A

orogenlc reglons lncludlng 1sland arc systems. R o -

Mlyashlro (1974) showed that 1mmature 1sland arcs are’

usually made upwpredomlnantly of basaltlc rocks of the

o X [

- e : S
thOlellth serles, and that w1th advancrng development,ofir”

R

3c0nt1nental type crust and presumably w1th progre551ve~def
efpletaon of the underlylng upper mantle, the predomlnant

-tvolcanlc rocks tend to become ande51te and even daclte and .

oo .

rhyollte of the calc alkall sorles. The_tran51tlonal na-.
» C":. . :

'ture.of the volcanlc rocks 1n the Rusty Lake greenstone

- ;
“belt in whlch the Ruttan Lake deposxt 1s 10cated is in-

.- R

4
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_anPTER 1T GEOLOGY oF" THE. RUTTAN LAKE | AR
el oﬁs DEPOSIT T

“A. "The Host Rocks B Q.

"~1

0. The Ruttan %ake depOSlt 1s located 1n the Rusty Lake

R

~greenstone belt¢con51st1nq of Archean volcanlc and Sedl-,

_mentary rocks, a geologlcal settlng typlcal of many Canad—

[

“lan maSSlVe sulphlde depOSltS of the same age. The depos1t L

is controvers1al 1n orlgln as are many of the economlcf" TR
@ o v

.sulphldes deposlts 1n the Canadlan Shleld ' The two maln

fooppOSLng theorles of ore gene51s are that the economlc N

. L

'bsulphlde deposrtSoorlglnated from hydrothermal replacement

'rof pre-ex1st1ng Nusekwan rocks or that the lnltlal derlva—

T ,,*5) \l
3

“tion - of ore metals was. from submarlne volcanlc exhalatlon,

) . : v

prec1p1tatlon of the metals and thelf 1ncorporatlon 1n sea—

‘floor aCld volcanlc flows and mlnor sedlmentary rocks, fol—
. » /

lowedlby“metamorphlsm. S .;1@*';”*‘f_ , )j?

«
>

Coe Hutchlnson (1973) Suggests'that massiVe[pyritic”base—f

, metal shlphlde dep051ts 1n volcanlc rocks are of volcano-’.

;genlc orlgln and were formed 1n recurrent eplsodes of sea—

o

fyoor fumarollc act1V1ty durlnc prolonged perlods of sub—.‘ -
.aqueous volcanlsm._ The Ruttan Lake: déggglt is typlcal of

'ma551ve volcanoqenlc stratlform Archean-type dep051ts.‘
Copper zlnc mlnerallzatlon occurs between basaltlc ande81te:_
\ N ~ & B »0, .

.fflows and coarse gralned pyrqclastlcs and fe151c flows

,Intercalated tuffaceous bedS' and sedlmentary layers of -

B .
o -l
A P

< .. .30,



T N

"”Jmetaarglllltes .and- cherts occur in the maln volcanlc S§—

"ffquences. These"host"r0cks for the ore haVe ‘been met“f:‘

morphosed to quartz blOtlte hornblende schlsts,,quartz—“
'blctlte gnelss, quart21te, ser1c1te and chlorlte schlsts
_and are 1ntersected_w;th dykes of granlte, gabbro, dlabase ”;"

- and ande51te.

‘ An alteratlon halo of quartz ser1c1te and- cthrlte—
. A T
' yrlte quartz ser1c1te appears to envelope the ore body‘

“fDue to the greenschlst ‘ac1es of metamorphlsm these alter— )
':iatlon zones adjacent to ma551ve sulphlde dep051ts are dlf—dlp
flcult to dlstlngulsh from the reglonally metamorphosed
country rogk. Chlorite and ser1c1te are concentrated 1n

the footwall of the ore body Sllllelcathn appears to

S ‘.o

decrease towards the. footwall

There are ba51cally three parallg,l ore zones\!h\

‘ :erlke N 70 E, dip 67°fSE and plunge 4S“$eaSt.‘ Strat1~ N

fgraphlcally the salphld@ bodles occur w1th1n metamorphosed
'dac1tes, rhyodacltes,‘rhyollte, basalt and andeSLte whnch
hare 1ntercalated Wlth brecclas, uffs and cherts Tablel3
‘shows p0351b1e me;amorphlc equlvalents of prlmary rock ;f.
”f,types commonly assoc1ated w1th Precambrlan ma551ve sulphlde :J;
-ideObltS (Hutchlnson, 19707 Sangster, 1972) The ore bod—’“a

“ies appear to be concordant with the enc1051ng steeply—

;dlpplng volcanlc and metasedlmentary rocks (see Flgure 9)

; v o

The and951tes are composed of hornblende, plagloclase,

- R,
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ande51tes are often hlghly chlorltlzed and serlcltlzed

quartz, chlorlte and ser1c1te Wlth sdme epldote. Quartz

and calc1te velnlets of secondary orlgln are common.,ﬂThese e

-
The basalt }5'comp05ed prlmarlly of hornblende Wthh occurs

fas subhedral,»prlsmatlc crystals.ﬁ The plagloclaSe 15 also jf

subhepral and poorly tw1nned.a Blotlte,'epldote and actln—”

ollte ame more abundant 1n the more altered samples Phe—7

{ nocrysts of hornblende, plagloclase, magnetlte, 1lmen1te'

ERN )

and brotlte occa51onally occur 1n the more porphyrltlc

i g T A

4_metabasalts and andeSltes.;,}*”
A ‘

T/
2y

1Dac1tes comprlse the larger portlon of the ac1d vol—ﬁ;”

g
canlcs and are flne gralned medlum to’llght grey ln color

"a.and are commonly porphvrltlc._ The phenocrysts may be pla—

They are’ usually flne—gralned to aohanltlc but may be por—'&’_-‘”

gloclase, blotlte, hornblende, pota531um feldspar or quartz
The rhyodaClte and rhyollte are greylsh whlte to plnk and

have a more perfect conchordal fracture than the dacmtes.g.”

phyrltlc, Occa51onally ropy textures could be recognlzed

-

‘band optlcal examlnatlons showed the groundmass to be flne—h'

gralned feldspar and quartz ° Texturally and mlneraloglcal—'

ly they are 51m11ar to the da01tes but are rlcher in quartz ;

B and pota051um feldSpar ‘ Most of the da01tes, rhyodac1tes

= o

and rhyolltes show strong 8111c1f1cat10n and chlorltlzatlon.
Rnyollte tuffs occur as. both agglomerates and brecc1as but
1t 1s dlfflCult to dlstlngulsh between them. Quartz, serl—

c1te, chlorlte and plagloclase constltute the groundmass

<




”5and they usually contaln aggregates of chert.' They are

”wﬁverv 31m11ar Ln composltlon°to the rhyollte and rhyodac1te

ffibut are notlceably coarser and fragmental Mas31ve sul—
Jphlde fragments of pyrlte or cha1c0pyr1te commonly occur

hln these tu fs The agglomerate tuffs are whlte to greylsh ‘j-

o whlte and contaln well-rounded rhyolltlc clasts in a flne-

fgraﬁned more maflc groundmass. The tuff brec01as are usu-’

P

:‘g»ally 1nterbedded w1th bas1c volcanlc rocks w1th the clasts

‘ycthe volcanlc rocks overlylng the deposit contaln dlSSeml—

varylnglgn 51ze,.shape and comp051tlon. The rhyollte and
hdac1te flows and tuffs are rhtercalated w1th arglllaceous
materlal All the volcanlc rocks show strong 511101f1ca—'
tlon .and - chlorltlzatlon in the v1c1n1ty,of the bre body.

<.

Small outcrops of rhyollte tuffs near the dep051t andi

”~,-nated pyrlte, but pyrrhotlte, chalcopyrlte and sphalerlte,,

all of whlch are tvplcal of " the ore body, are absent. Thew
'7Qlarger sulphlde fragments are angulag or sub rounded 1nd1—;
catlng a pyroclastlc orlgln but w1th theovery flne—gralnedd
-fragments 1t lS dlfflcult to dlstlngulsh them from sulph1de>r
lgralns whlch may: or may not be of pyroclastlc orlgln.
Slnclalr (1971) suggests that the presence of sulphlde e
Jfragments ln the volcanlc rocks overlylng the ore body
:could be due to volcanlc explosron. The gnelsses and lnr

';trusax rocks also show some mlnerallzatlon but thls usually»



,’ *
o8

: takes the form of dlssemlnated pyrlte .and pyrrhotlte. ‘Mina
v"erallzatlon also occurs in thln tuffaceous beds of 1nterca—i
'v.lated sedlmentarv horlzons 1n the volcanlc sequence and ln'

:certaln horlzons 1n the sedlmentary part of the sequence.

From the ehemlcal comp051tlon of the Rusty Lake green-
stone (Chapter I)., the vblcanlc host rocks appear to have

0

" been der%ved by dlfferentlatlon of a thOlellth type parent7
'“magma anﬁ)chemlcally resemble standard tholelltlc and calc—
alkallc {ocks 7& the basalt andes1te rhyollte assoc1atlon

'(Goodw1n \l?6§ Irv1ne and Baragar, 1971) These rocks are

° &
ltyplcally 1dent1f1ed w1th the 1sland arc .or eugeosyncllnal

'fenv1ronment-' Extru51on of calc—alkallne volcanlcs is fre-ﬁ
R P -3
N L

Z:quently followed by orogeneSLS, hence accountlng.for the

e

_metamorphosed nature of most volcanogenlc massive sulphlde

yores (Sangster '1972)

n-

B. The Sulphlde Depos}t'

The structure of the Ruttan Lake dep051t 1s complex
with much eV1dence of . foldlnq,'shearlnq and faultlng. The

'dep051t appears to be in part structurally controlled along

&

';_a northeasterly trendlng shear zone.. The ore hody is folded B

”along with the enc1051ng volcanlc and metasedlmentary rocks..

¢

'There is strong ev1dence that thlS deposrt is up turned

v

: Although it 'is very" difflcult to determlne the volcanlc and

1ntercalated sedlmentary stratlgraphy 51nce there appears,

. -




'hto.be more than one extrusron of ba51c 1avas,lzonatron and‘
dlstrlbutlon of the sulphlde mlnerals suggest that the dee:
(p031t has been up turned

The ore body is sxtuatcd near the southern b¢undary of
‘the greenstone., belé.;nd appears to be a structure 1n<ph1ch
' nlnerallzatlon occurs over a length of about 2800 feet and
a width of 450 feet in the centre sectlon but narroW1ng

"towards each end.‘ Wlthln th;s broad structure there are

ba51cally three parallel ore zones (see Flgure 10).

~

Elsewhere, narrower ore lenses occur as separate parallel '/“

0

'bodles, w1th the largest ‘one to the. west of the maln ore //
"body.a ThlS lense could p0551bly have been dlsplaced from
the maln ore body by a northeast trend;ng fault.

The dep051t appears to be in part structurally con—‘

trolled by . a northcasterly trendlng shear zone although the_'

precrse tlme relatlonshno between ore emplacement/and the
shearlng is’ not known. The Ruttan ore bod; h/g/undergone
v.metamorphlc effects related to reglonal metamorphlsm, dy—
”,namlc metamorphlsm and=post Slckle 1ntrusrons hence 1nd1—
cat' that the ores are pre—metamorphlc in age._ Structures

w1th1n the ores appear to be 51mllar Wlth those in the en-

closing rocks,,resultlng 1n the p0551ble deformatlon of thev‘

ore body due to Sllp foldln” and transp051t10n.- The simil-

arlty of:mesosc0p1c structlres 1n the ores and host ‘rocks

supports,&hls tﬁeory.

P

There are two dlstlnct types of ore - namely massive
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sulphides and. dlssemlnat ‘"sulphides. The maSSive sul—‘

va*ylng amounts of chalcopyrlte and sphalerlte (see Photo—

”graph l) Gangue mlnerals 1nclude quartz, serlcxte, cal—

c1te, chlorlte and epldote.o Wlthln the ma551ve ore bodles,
B

chalcopyrlte occurs 1rregular1y throughout the sulphlde

but is concentrated toward the footwall and sphalerlte

_ toward the hanglng wall : '.Q"~ i’ f‘ . .‘
The solid sulphldes can ‘be. banded or mass1ve. The

sulphlde bands are usually parallel to contacts of the

) ‘massive ore w1th the wall rock except where they are

:strongly deformed by drag folds.ﬂ Bre001atlon is common
.1n pyrlte rlch bands., On ‘the: hanglng wall the sphalerlte»

.
occurs 1nterlayeted w1th the pyrlte gmv1ng the sulphlde a-

~distinet banded appeamance.~ The ma551ve chalcopyrlte ores
/
are always accompanled w1th pyrlte, oyrrnotlte and varlable

. '/'
amounts ofvSphalerlte: -The ma351ve sphalerlte ore5'conta1n,
o

yrite and pyrrhotite., Small amounts - of gold and s;lver
woccur in the solld sulphlde ores.“ ' .

The sheared ma851ve ores dlsplay weakly deformed col—_‘
loform tcxtures (Photograpb 2), ~yrlte porphyroblasts,
exsolutlonrof.chalcopvrlté and pyrrhotite in sohalerite

(see Photograph 3) and wldespread granulatlon of pyr;te.

pe The dxssemlnated ore resembles massive ore in thaf/itk

P il e

.. ;>>’,.j
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contains the same opaque mlnerals and the bame gangue mln-V
erals as the enclosxng rocks. Pyrlte, chalcopyrlte, occa— :

‘§;Qnally pyrrhotxte, only mlﬂor amounts of sphalerlte aref*‘

L

fouhd in the dassemxnated ores (see Photographs 4 and 5)

AW

and no gold or sllve? Much of - the dlssemlnated ore lS

l

strongly shearcd due to its. locatlon in the lower part of
the ore body ' The dlssemlnated oxes mostly occur in chlo—

»r1te,‘ser1c1te and talc schlsts. The talc SChlStS decrease

withidepth;‘ Chalcopyrlte is found as - 1rregular sulphide

K velnlets throughout the schlsts whlle the pyrlte tends to o
patallel the follatlon of tho rock In strongly sheared
dlssemlnated ores there is w1despread porphyroblasmlc de~

velopment . th”“ ’ B : v

L e
®

Zonlng is a characterlstlc feature of volcanogenlc'

‘ ma551ve sulphlde dep051ts.« Mlneraloglcal zon;ng is ev1dent

o

in the Ruttan deposlt w1th chalcopvrlto concentratcd ‘to=

’_;‘wards the . footwall and sphalerlte coneentrated towards the ,;

hanglng wall Compos1tlonal zonlng parallels the dlstrl—

l
, butlon of the two major[oro sulphides w1th Cu/?n ratlos

1ncreas1ng w1th depth.j Table 4 and Flgure ll show the te-

sults of a study of metal ratlos in the ores. ‘The eastern
end or hanglng wall of the ore body is 21nc rlch with cop—

per-zinc proportlonal to abqut the 800' level a then
malnly copper below thlS
Mlncralogy of the ~ulph1des of . Ruttan Lake 'is relatlve—

ly. 51mple. Thk ore mlnerals 1dent1fled‘xn order of aouﬁdance

~.
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 Figure 11,

Cu/Zn Ratios.between footwall .

and_hanging_wall 3
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‘Weye:] pyrite, pyrrhotite,,'halcopyrite andysphalerite;_

Galena is present in very/small‘quantitites, always as:
S

‘,velnlets or vug frlllngs.d Tbe@najor gangue mlnerals ldenvl‘

)

H‘Ttlfled were quartz, chlorlte and ser1c1te w1th secondary
‘;calc1te occurlng along fragéhzéfgand as vug fllllngs.»'fhé -

:‘quartz 1s med#ﬁm— to flne gralned assive, whltgf;n colorr A

and occurs as polycrystalllne aggregates or as’ narrow R
B S .

~ve1nlets or strlngers

‘Description of the ore minerals

' Pyrlte varles from large euhedral crystals Sfup to 3 cm)

Ky
S

to subhedral gralns and very flne gralned pyrlte (< 1’ mm: in

Pyrrhotlte occurs 5% mass1ve°blebs and is. usually

[

'assoc;ated Wlth theroyrlte Both‘hexagonal and monocllnlc

,,..}.

2are present a%though the monocllnlc type appears

n‘the greater abundance : The method of dlstlngulsh—”

'vu,qng monocllnlc from hexagonal pyrrnotlte was to apply a.

/

‘~th1n fllm of maqneth c01101d‘ ThlS c01101d is aédllute

suspen51on of magnetlc 1r0n oxxde in water and 1s prefer—
/ S . ‘ ,
¢ T ) o el

:.'f B



T

. entlally attracted to the ferromagnetlc monocllnlc pyr—

i 2-mm‘1n dlamete

\
hotlte ‘1mpart1ng a’ dark brown colgratlon (see Photograph

°

'-6) (Ref Scott 1974) A rec1pe for: maghetlc COllOld can

.
S

be found in Appendlx A. f,f‘ ff_ht "/y‘

5

Chalcopyrlte is almost always assoc1ated w1th pyrlte

and appears to be replnc1ng lt._ The gralns are snbhtdral

.and range from>0 s to l mm.. in, dlameter._ In theodlsseml—f'*

-

nated ores the chalcopyrlte occurs as velnlets and strlng—ﬁﬁ

&

-ers."In the ma551ve ore the chalcopyrlte occurs as‘blebs

Lze
N .

and as fllllngs in small veln llke fractures. It also R

occurs as a coatlng around larger pyrlte crystals ln mas—

N

Sphalerlte ig the "blachjack" varlety and 1s always””

, e

i

copyrlte. tExsolutlon of chalcopyrlte and pyrrhoc1te along

erally dlsplavs a- dark reddlsh color,’lndlcatlng’a.falrly'

high- Fe content . _':" ft‘léifl "_, S e R
Galena appears as Xelnlets and Vug fllllngs 1n rany.

> S ‘u

observed occurrences Cublc crystals gary from 0 5 mﬁ to

K N . o
S -., %'9“’" e e

';Slve pyrrhotlte and as unmlhlng rntergrawths 1n sphalerlte f.

: . o _
ﬂ’assoc1ated wlth the pyrlte and occa51onall¥ w1th the chal— )

£

l the crystal lattlces can be Qbserv%d._ “The - sphalerlte gen~*»‘
: % P
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| -Textures .
@ ce e e o ‘_a,. ‘. N - " . ,«\of

P . . a‘.‘

: : pu :
The sulphlde textures, structures and apparent min- .

’eral assemblages are: the result of metamorphlsm related

to the oregenlc dlsturbance., Reglonal"metamorphlsm mayg;
e L

have caused remoblllzatlonﬂwf'ﬂ;&gtlng sulphlde bodles_

‘o

méble struetural settlngs

Q BT

'In“the Ruttan Lake ores, porphyroblastlc pyrlte and sphal—

erlte, colloform or fromb01dal textures 1n sheared(ma551ve

- ¥

_ ore, exsolutlon textures, w1despread granulatlon, aggrega—

tlon of 1nd1v1dua1 crystals and bandlng can be observed
these textural features appear to. be due to the:lt
ts df metamorphlsmwt ;1.: Lf'e‘;'?

vBandlng was observed ln the sphalerlte pvrlte ores.
is bandlng is dragged out and folded due ‘to the results
of metamorphlsm. There_ls ev1dence that pressures were

hlgh enougq to produce the flow, of pyrlte.v Thls would be

necessary to. produce bands of pyrlte from former pyrlte

a -

'1nc}uded ‘in’ the sphalerlte (see Chapter IV, Fe content 1n

~sphal-erlte)- The pyrlte gralns do not exhlblt cataclastlc

o

deformatlon and hence the bandlng of the ore could very;

well be orlglnal though modlfled by later tectonlc events.-

If in, fact thc bandlng lS orlglnal then 1t would suggest

deposltlonal of sedlmentary or volcanlc rocks involv1ng \\

pa—

substltutlon for certaln chemlcal constltuents followmnq

B
2

*;§§



‘ by sulphldes was observed 1n the mlcroscoplc 1nvestlgat10n‘

v

‘although these textures have probably been obllterated by

ometamorphlsm.}af

",The przgence of*sub‘edral and anhedral pyrlte and
>pyrrhot1te gralns embedde: in sphalerlte lndlcates syn—r”
genetlc coprec1p1tatlon betwe pyrlte, pyrrhotlte and i:A
l°sphaler1te.b, | ' ot
v Recrystalllzatlon and graln growth produc1ng larée
‘sPOrphyroblasts of pyrlte and sphalerlte surrounded by
SN

crystalllne matrlx of pyrrhot1te~and chalcopyrlte suggests

t_that the sulphldes underwent Ta;rP? hlgh grade me&amor—

phlsm (Sangster; 1972) v4‘f&
. i L.‘;‘:

E - v .
A much more detalled textural study would have to be

;done on. these ores to draw any,deflnlte concluc;ons as td E

A 1&
thelr orlgln. Some of the textures are probably due to?

‘:the dlagene51s of the dep051t and not - necessarlly due to

¥

! metamorphlsm, but the mlcroscoplc eXamlnatlon offered ho

,COncIusive,ev;dence, B *3 G e ',’; B
e LR ) ' Genesis

T
./l : . B i

The volcanlc e\halatlve theory ane: the hydrothermal.

replaeement.thtory are 51m11ar in: that in. both cases oref .

. » : GZ . !’
lon eamc flom hydrothcrmul solutlons orlglnatlng

‘;"F‘_

_accumulatlon.. However, no replacement of gangue mlnerals-.



‘[w1th1n the crust of the earth and‘ELSLng along fractures..
v:or other zones of weakness. The main alffcrence ln the-
-'?two theorles 1s in the tlmlng of the ore de9051t;on rela-—l

bt1Ve to the/hOSt rocks.' In the exhalatlve theory the

maSSlVe sulghlde ore formatlon 15 an lntegral part and

”:coeval w1th the volcanlc complex 1n whlch thc deposlts }

“occur : That 1s.the ore dep051tlon takes place at or near S
~*,:_the volcanrc rocP Seavater 1ntcrface betw en succe551ve_i_5
AVO%fQQlC eplsOQes. The hﬁdrotnermal theorv regards ore-d A

:d89081£lop‘as a secondary feature 1mposed on the host
frocks a conslderable tlme after thclr formatlon and llth-f-'
‘ -1flCathn (Sangster, 1972) ‘ - |

| ' Matsukuma and horlkoshl (1970 p‘ 153) have"summar—db
flzed the huroko depOSltS as belngi"stratabound polymetal-~
llC mlneral dep@51ts genetlcally related to submarlne ac1dr
t'volcanlc act1V1ty of NeOgene Tertlary Ann Japan".‘ The~ many
.Hstudles done on . the Kuroko dep051ts and thelr unmetamor—

”

,phosed nature has led to - the acceptance of these as “type1

’ ;gdeposrts" for volcanogenlc sulphlde ores and hence lt 1s

o lar type (aangster, 1972)

useful to COmpare them w1th Precambrlan dep051ts of 51m1—l'

. fe . . S

Studylng the geochemlstry of the Ruttan Lake ores
.should reveal some of thc physicochemlcal condltlons at
'the tlme of ore formatlon, determlne the relatlonshlp be—“

ftween the ores and the Wasekwan volcanlcs and glve ev1dence

.ito substantlate a volcanogenlc orlgln. ‘ . S
E : e S S T N



. thelr S /S ratlos. __‘ff f

g , ' '
it \ a

' CHAPTER III TECHNIQUES OF GEOCHEMISTR¥ STUDY
oy A f . *_ : ! . .

P o .A.~'Sulphur;lsotopes'

-

At

lIntroductlon-;
| A Since sulphur constltutes a major br0portlon of the :
':ﬂRuttan Lake ore mlnerals,_a study of the stable sulphurql"n,'
“lsotope varlatlons was. conducted to a1d in 1nterpret1ng ‘/H.
bslmlneral gene51s ; Sakal (1968) suggests the use’ of sulphur
:1sotopes to determlne certaln phys1cal and chemlcal fac—:“
1tors whloh 1nfluenced ore. depOSLtlon and hence prov1de .u .
:-clues aS‘bO the genetlc relatlonshrp of the°ores Thlrty-'
rfour pyrlte, seventeen pyrrhotlte, twelve sphalerlte and

,twelve chalcopyrlte mlneral separates were analyzed for“
. E 2 . ) .

}?;“ Kulp etﬁal (1956), Vlnogradov et al. (l956),cJensen§
;(19599,uTupper (1960) and Stanton (1960) were among the
flrst workers to apply sulphur 1sotope ratlos to problems
V‘of ore gene51s. Thelr most 1mportanﬁ conclu51on 1s that
.f}_sulphur 1sotope ratlos vary dependlng on source of mlneral— -
.121ng solutlons and may be a valuable Q&d 1n 1nterpret1hg |
"ithe orlgln of an ore: dep051t.lf ‘ - ’
| Slnce 1968 several detalled studles on metamorphosed

stratlform deOSltS have been done and Rye and Ohmoto (1974)

‘gconcluded

' '4’8',‘.~."_ /z



"Largejscale, premetamorphlc s34 Variations'v‘

'}are generally preserVed whlle ‘the average;

8348 for sulphldes ln major unlts such as
formatlons remain unchanged

'Small scale sulphur 1sotope changes are 1n

"many cases superlmposed upon the orlglnal

'_sulphur 1sotope dlstrlbutlon durlng meta— .utf

),«.——----.L
2N

o .
R be p0551ble to determlne the chemlcal envxronments<‘I'meta—

mlne ln South Dakota and showed'that Fe/Mg ratlos decrease.

morphlsm. These are (a) redlstrlbut}on of

.sulphur lsOtOpeS among co ex1st1ng mlnerals

‘that deflne the temperature of metamorphlsm

}and (b) 1ocal §34S varlatlons whlch*reflect

L

the structural or chemlcal metamorphlc hls—-

tory.i.f

© 7 .

. 1n the ore zones and concluded that durlngtmetamorphlsm

pyrlte was broken down lnto pyrrhotlte plus sulphur and

thabsthe excess sulphur was taken 1nto solutlons by’ the b

) 3

,_metamorphlc flUldS whlch then mlgrated 1nto the dllatant

ZOnes where sulphur reacted w1th the wall rocks to produce

e

1ron—rlch sulph;des.’

N . . * :
When detalled sulphdr 1sotope data are COmblned w1th

other gcochemlcal data on metamorphosed dep081ts 1t should

morphlsm.

e

4

- .ﬁw,
Rye and Rye (1974) studied the metamorphosed Homestake

-

£y



The sulphur 1sotope study was COncerned w1th “the - two

_more abundant spec1es of sulphur-4 S32 and 534 . Sulphlde .

';sulphur was collected as SO dianalyzed on the mass spec—;

2 .
.trometer as mass 66 and mass 64 . Mas s 66 1s 834016916 and

32 16 16 ’ .

o mass 64 is S L el -

"1

'Sample Selectlon and Preparatlon"

The samples collected for sulphur lsotope analysrs\
'1were obtalned from ‘the Ruttan~Lake open plt and dlamond
.drlll core and represent both‘a vertleal‘and horrzontal..;
‘odlstrlbutlon. ‘Pyrite;~chalcopyrlte;'sphalerlte and pyrr—
'y;hétltevwere analyzed from both ma531ve and dlssemlnated

»ores.‘

Co ex1st1ng sulphlde mlnerals were separated by u51ng

V2N
s

a Franz magnetlc separator, methylene tetrabromlde ‘and
"methylene 1od1de heavy llquld separatlon and flnally by
handplcklng.; A hlnocular/mlcroscope was used’to check the
ipurlty and the X ray powder dlffractlon method was used on
“’some samples whlch were thought to be of‘relatlvely poor

separatlon. Before burnlng the separated sulphldes were

crushed ‘in an agate mortar.
T S o C



e s

51 .

.

. Preparation of SO, for Mass‘Spectrometer Analeis

v

The sulphlde sulphur was converted 1nto SQ2 by burnlng |
"the samples in a quartz pyrex combustlon llne., The\ESsen—
tJal parts are ‘a’ quartz combustlon chamber and-a vacuum
llne for the purlflcatlon and collectlon Jof the sulphur
'dlox1de. USLng cuzo\as an oxygen donor,\the samples were.

ox1dlzed at approx1mately 1075°c dlrectly to SO "106-200 .

2°
mg of 1nt1mately mlxed ox1de and sulphlde were packed be- "

° .

tween quartz wool plugs in an open—ended quartz tube. “The .
sample 1s put lnto the furnace,.the line is’ evacuated ahdf_

_the combustlon chamber heated to the de51red tempcrature.'

.

' ,UpOn heatlng the sample the evolved HZO fractlom was re-'
. moved by u51ng a freezrng trap of carbon tetrachlorlde,

vthrOform and- dry ice. ~The co and 02 fractlons were re‘?.A-

2

_moved by uSLng a- second freezlng trap of N- pentane (ethanol)

anc llquld nltroaen whlch traps the 802 and allows the co

2
"and'O to be pumped off ‘ After the - C02‘1s removed “the 802
. ls transferred to a graduated column and the yleld 1s re—'t-
'(corded.r Table 5 glves the 502 yleld ijii of- the samples

-,analyzed : The 502 is tnen translerred 1nto a standard

-breakseal and,collected

|

Isotope Analysis ‘

: _The‘sulphur isotope analyses were performedion“a izv,

- 90° magnetic-analyzer gas -solirce mass s ectrometer by
gne Y g ! > T sSp Y
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'f“or 11ne standard was callbrated agalnst varlous 802 artlfl—i-:

_%5 ' c1al standards“w1th well kuown $ 534 values (1 e. Cafon
‘..‘~~fD1ablo tr0111te sulphurfhas a. ratlo of S /S 'l%,22 21 per
H/mll or’ 6/834 0 per mll)w“samples enrlched in’ S34 re_,f
v\lsotoplcally‘heavy relatlve to the standard and have.pos1—
tlweq;er ﬁal values, negatlve per mil values 1nd1cate de—u"
‘ vpletlon of 834 relatlve to the standara.f‘r N
- A The callbratlon was conéucted in 1974 and Table 6
"llsts standards of knownllsotoplc com5651tlon Whlch were~
?;‘analyzcd to determlne a cerrectlon formuia for “the obtalned
results (by S Burnle, ‘Say- Lee Kuo,;RlAanerslew).li N 7//
.l The correetlonhformula used 1s.-1’ -’?“', ._.,_/{/
- R : ﬂ"u,, '7""; ' *lAﬂ&'e'>'.3 *,/ 
) -Slsg“a'T; " ‘-(%«_‘,A)_gq}s 5245 . (%) X 1.158 £ 45
‘ where 5 SS4D T, = . 834.gf uuknown a§51nét?5 534
' | "of Cafioh Diablo Troilite *
K ’ﬂSQSE?é._xz'i%eS,é34lof unknown agalnst S 834

- of Lme Standard . o e

Results
'Tﬁelresxl's f the lSOtOplC analyses are ropresented

u51nc the fOlthlng expresslon .

ly- collectlng mass 64 and macs 66 The laboratory standard

. - SN .
i = el - 56 .,
o < Y ';. KR ‘ o PR ! -D/l_‘:“,)
» . . o . A - / e
% : . X /_',‘/ R e
! A ‘\————/’_'“__'/ - s
P e P o.
. o . s L .
e s o -

Lalternately 1ntroduc1ng a standard sample and SLmultaneous—‘

(8

R
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: - o » RV .
‘5.5;4L%9f* /S ) sample - (S /S ) standarw X 1000

_ a";-' .;1/S ) standard i , *f”w"

In Table a the descrlptlon and locaxlon of samples
analyzed are. llsted the analytlcal results from the study

"are llsted in Table 8 and a) 6 534 1n co ex1st1ng sulphldesib

> q‘\‘ o

‘are. llsted 1n Table 9. Flgures 12 and 13 are cross sec-
t10ns lllustratlng sample locatlons and the variance in

sulphuralsotope ratlos w1th res'Mct to horlzontal and

e body Frequency dlsﬁklbu—ﬁn-

-

1obta1ned ln the study are lllus-

vertlcal dlsper51on 1n the

34

: tlon of the §°S value

Cod

v trated u51ng a hl _ogram-;n Flgure l4.
'-dB; ’Fe—éonténtjinySpnalerite_?'

Introductlon L ,-,fi

&

Slnce sphalerlte 1s one of the- mosgslmportant ore'

'minerals of the'Ruttan‘Lake dep051t and because 1t is one.»

of the more refractory sul”hldes and can; dlsp a w1dei‘

range o£ Fe content as a functlon of condltlons of forma—ﬁf
'%lon; 1t may be used to dec1pher env1ronments of Sulphldé

'depOSLtlon and deforﬁatlon.‘,Kullerud (1953),‘Barton and

;jToulmlnn(IQGG), Clar' (196%6), Boorman (1967), Scott»and"

‘Barnes (1971Y; Boor'an et al (1971) and Scott x1974> havé._

»concluded that the 'ron content of Sphalerate co exlstlng

]

‘w1th pyrltc and pyr hotltt is very sen51t1ve to varlatlonsy
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"TABLE 9 - - -8
"4 63%s IN CO-EXISTING SULPHIDES
"~ FROM RUTTAN -LAKE

Y

Sample- ' Mineral R '34‘
-~ Number. = . Pair - ' ., A ST7S

»

‘R—IS—lj_..  pyrite‘—'sphalérite ,.‘ .62 -
R-15-2 S - .13
R-20-1 om0 T 96
., R-20-2 R .56
CR-118-1 4 w08
R-118-2 - e e 5]y
R-119-1 oo " _ : .52
' R-120-1 L I
R-120-2 o R B O
R-121-1" T T T -3
R-121-2 -+ " v 69
" R-21-1 - pyrité - chalcopyrite = .12
L S
CR-22-6 . e Cor.os
R-75-1 ool TS T
‘R-75-2 ™ e 29

R-114-1 " . v . 08" .

R-116-1 ~ " o - .s3
R-116-2 : . L a2
R-15-1 .o pyfité‘L pfrrhotite . .53 )
R-15-2 - ;e 1.05
R-20-1 " R E 1.47
©UR-20-2 . .M o , 1.00
'R-118-1 ~ m . 60

" R=118-2 o ‘ " ... .90

"R-119-1 " o ‘ 1.09
R=120-1 . oo - .aT
R-120-2. - " v .29 -

64




T

“'Sample
‘Number

R_75"2 ‘ ) w » n .
R‘ll4"‘l » . ., w L n )

.
@y

| . TABLE 9 (cont'd)

Mineral
U Pair

34

-t
=

R-121-1 _pyrite 4-pjrfho£ité

. R"lzl—z N n "

R21-L

_ R_22_5 e : o
" RS22-6 - w0

A

R;L16—l B o " ‘ "'

R-116-2%" v

o

T

.58

1.26
.68
.59

- .63
.60 -

.29

.23
.31
13

N
~
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FREQUENCY

T .
o7 .
20. ) .‘ .
154 - )
) .
10-
54 : ——l—J S '

-:_4,4 -2 0 2.4 46 B8 10 12 14 16 1820 22 2.4 26 238 3.0

§34s  (per mil)
4

‘Figure 4. Frequency Distribution of 5345 values




"

| : ' oo
’-.ln prgssure and temperature gk ore formati.n ‘and the fu- .

iron content*was on aq’A .R. L‘(EMX mlcroprobe.-f

. . o
. é . y +
L ‘
3

" . Experimental Procedure . ST Ly

_Twenty samples were selected which represent both a

horlzonﬁbl and vertlcal dlstrlbutlon throughout the ore

- deposit (see Flgure 15) All the-samples”analyzed con—i

tained co—exxstlngtsphalerite, pyrlte and pyrrhotlte. )
Spe01megs of the sulphldes were mounted in epoxy, pollshcd
e A‘
and carbon- coated zBoth wavelength and energy dlsperSLVe
£ N -',

technlques were used eq the mlcrOprobe and the. dlscrepancy

o between the twc was fdﬁqd to. be negllgable. A 15 kv op-
J o S »L
eratlng vq}tagg and a forusSed beam were used thrOUghout

wthe analysms *;Ahllst of the standardSuused and their

-

comg/Agiidhs'are found,_n Table l& Fe and. S were deter—
X %mlned agalnst stﬁﬂdand l and Zn was determlned agalnst
_ r+,f°, a §

' standald 3.{ td was determlned agalnst standard 2 and Mn

agalnst sqamdard 4.. Full confectlons for atomic number

’a’,

8

fﬁﬂdgg gacxty of sulphur. The methed used in deberminlng the- it

.

(2),'absorp;hon (A) and characterlstlc fluorescence effects

¥h {

(F) were made u51ng computer programs EMPADOR VII (by

Rucklldge'aﬁd Gasparrlnl \1969) and EDATA (by D.G.W. Smith,

personal communlcatlon)
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COMPOSITION OF .STANDARDS USED IN . -

. “standard 1 .
SRR
.~ 'Standgrd 2.

éténda:d:B‘Lw-

-

.1 Standafdv44ﬁ'

L4

_ MICROPROBE ANALYSIS -~~~ = °°

" EPS/22-1

EPS/7-8

EPS/22-%

71

- e

N - PR

TABLE 10

' Sulphur =
Fe -

38.25%
o 6LI75%

K

100%

- 66.8% .
2 3'2_;. 60%

Sulphur i=

- Manganese -
D OF = T R

99.879% .
T 0.109% -
0-'0.12%_ Lo

1 "
¢ ?“Niy,_ Yo “@)1@% ® -
el U Tl LT P T
B e L s
. e o R
: L
w o
B



Results
‘ The.lnltlal results=for 1nd1v1dual gralns (af?ef\2A§
gcorrectlons), tOgether w1th the calculated metal non metai
.fhtlos‘appcar in Table ll. Mole pcrcent of Fes was cal-.
) culated from thc ongorved welght pcrcent of Fe of. L&Ch
'gra1n~analyzed.j Both analyzed and callbrated valucs are
‘-shown in Table 12.‘ Flgure 16 ‘shows a statlstlcal dlStrl—
'fﬁbutlon plotted as a hlstogram of" FeS mole pcrcent iﬁés

omposltlonal sprcad for Fe content i sphalerltes co—'
’ex1st1ng w1th pynltc and pyrrhotltc vary from 7. 13 to 12. 64
. o’ . ‘
1mole pcrcent FeS w1th a, mean molc percent of 10. 69 ‘

/
/

- R R R -
-C. Pb Isotopeg’ '
g . "',/vl‘

N L

Introductlon :

Ore 1eads werc used for model lead datlng to deter—

;mlne thc age and gen051s of Rutt an Lake mlnorallzatlon

fModel légg 1ntcrprctatlons anc based on “the ratxos*of thC'

204  pp206 207 208

 lead 1sotopos Pb , Pb d Pb in common 1ead

238 235

U and U .to the radlogenlc iso-
3'"t0pes\2 Spp and 207Pb rcspectlvely and ?BZTh to thc ra-

’Radloactlve dccay of

dlogenlc 1sotope 08Pb producc varlatlons in the lsad lSO- :

tope composxtlon as compared to an orlglnal or prlmeval"

'7:1ead %whlch ex1sted at thc tlme of formatlon of thc earth

’204

Pb has no loqgrllvcd radlonctlve parcnt as 1t 1s non-

. Sy .
radlogenlc and hence 1ts absolute abundance in thc earth@
: o » 4 . :

B . : s . -
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. . ‘
‘has not changed since primeval times.. . Reasonably assumlng
. »

that the earth be an with qomo prlmeval lead, then the lead

. .

1sotope valueb of this prlmeval lead are adopted from the
&
ledst radlogenlc Ieads‘found - i, e, thc values in the tr01-‘

'\/’

llte phase of. meteorltes (Tatqumoto,‘l973) Common 1ead

‘then consists oL prlme val load plus radlogenlc lead con—

" /

‘51st1ng of the 1sotopeq gcneratcd by uranlum and thorhuh

decay sxnce the formatxon of thL Earth. The radlogenlc_’

S

atoms become leCd with the pklmeval atoms of the orlglnal

. . \ .
v

lead. - Since the 1botoplc ratlos in COmmon lead have not T

changed since the. time of mlnerallzatlon, then the obtblned

L B
Fl Lo

f_~-Pb r@tlos reproseg& the 1sotop1c compos;tlon of lead in the

source reglon at’ uhe time of mlnerallzatlon.

X * .
LY g . . I - LN

v

. Theore*xical Conolderat}ons and Ore Genesis f
N N‘ . T / . i

'.The QcHQSLS of most ore dep051ts 1s ‘not easily under-

,stood and aqe relatlonshlp among(sulphlde mlnerals and be—w
.tween them and thelr hoet rocks are often dlfflcult problems,

of economlc as well as sc1ent1f1c 1nterest ' Ages calculated
‘for sulphlde mlnerals depend on the assumptlon of some paﬂd'

tlcular model for»the qene51s of lead ores in general._

ey

¢ ' Lead lSOtOpL ratlos have been applled to the problems of

- %

ore gene31s and lt is- generally accepted that they have evolved

"kﬁ¢o‘ﬁh3a sequence of dlfferent stagesm




e o LA

Gl) Slnglc—stage lcadq--;a*nUngr of ores and 1gncous
. rochks have leads.that evolved under cond“ions whcrc theaonly

qhangcs in tho valuq,of theLparent/daughter’ratlo arc due to
{)/ s -

jzrguioactlw decay. Stanton:aﬂd Russcl (1259) %fmonstrated
how 51nqle—stagc model 1eadq could be used fo; 1ntetpret1ng
‘depoOsits referred to as “*ubmarlne exhalotlve a55001atcd

A . -
W1th’nsland arcs. These produce a single-stage growth curve.l’
The confo:mlty w1th and small dopanturts from the apparant

Kl

szngle stag& growth curve could be cxplalned by the perfcct

V”and 1mpcrfect dcgree of m1x1nq (multlple reworklnq of sedl—

-

mcnts Brown,-l965 and Armstrong, 1968) or leqchlng bf lcad L

‘from larqc volumos of rock of several 1sotop1caily hetequen—-

eous sourcc matetials at'd;fterlng geologlcal"érlods (Doe n
7 - N ’ . . o0 I ' . [

et al., 1966)' 'Hence 'sihglé—stadelleads'vonl ?approx1mate‘5

an cvolutlon undcr slngle stage CQﬂdlthnS.. I :wouid bé “t

surpr131ng lf alngle stagc condltlons could Eerstst.onoltcﬁbd

by geologlcal cvonts throughout the 4.5 ‘b. yrs. of geologchl

74h;§tory.r

t

.

(ii) Two §tagevor anomalo&s leadq* ;t as become

vparent that SLnoe thc accumulatlon o hundreds of lcad

X analy81s, that they can yleld valua?le 1nformat;on abo '
. Y e
“partlcular hlstorles oE ort deposst. Early workers»tn tLe

o

flOld who con81dered them in detall anluded'Eberh rdt, :§z
P i :

:Gelss and'uoutermans (1955), gahen»ot al, g19§§) and,Russel'
T R = ,,;,'»,,,"' . ? W Nl L T R TP -
BT ¥ ‘;‘%ﬂg. L N @ _ . v,,- . / - B . - . ) .

7 . . . !



Yo ! . ! . [ N . | N . S ‘, . . . /
[ /

?and Farduhar 01957)’ Anomalous leads can be explalned by
qu1téﬁ71mple models and sometlmes yleld more pre01se 1nfor—p

matlon ‘about. the gene31s of. a de0051t .The s;mplest process

'to produce anomalous leads is a two-stage evolutlon in whlch

N l

’lead evolved 1n an- effectlvely clqsed system from lead of"

°. - N . L4

.trOlllth COmpOSlthH 4. 5; bllllon years ago unt l some later

event at tlme and that caused the 238 /204Pb ratlo to vary.

nsAnomalous leads may be’ ﬁhe resuit of the m1x1ng of*two Srd;—]

nary leads or a myxture of ordlnary lead w1th lead produced
“in ope or more dlfferent u- Th -Pb env1ronments (Russel and’
7 . ' (S .
Farquhar, 1960) Two—stage or more complex systems can best__f\

VVbe recognlzed by analyzlng several samples from a dep051t ana

207 Q04Pb versus 296 b/204Pb plot.

.i,‘

(111) Multl stage svstems- Many igneoUs rocks and ore"

«

c;graphlng them on a Pb/

.dep051ts have undergone mare than two stages of lead 1sotoplc‘

‘evolutlor ; Although lnterpre-atlon of the three—stage svstem§/

<.

1s extremely dlfflcult some three staoe systems result ln b
parallel llnear 1sochrons Wthh can .be 1nterpreted by maklng‘

'small changes in the parameters of the‘51ngle— and“two stage

systems ’ Small varlatlons ln 238 /204Pb values can explaln

K

”many apparent three stage lead systems but 1t is oﬁten dlfﬁi—

cult to 1ncorporate avallable geologlc factors. Theoret{:al4

<pr

conSLderatlon of simplified multl stage models has péén»madé‘

4

by'Kanasewrch (1962), Kanasew1ch_and Slawson (1954 and,Ulrych~

(1964) on anomalous ore;leadsd(mainly from Iv;gtut, Greenland)



ngxperimental'brocedures

’ and they conclude that evolutlon of the leads in many ores dld

o S

Y L .
oc\ur\under COndlth /1nvolv1 more than two stages

: ) Usedof these els must be based On assumptlons regardlng
, V.and w_whereni '“"’ o
~ ‘«J. 204 b N . | . . ‘ .- . . : /\ L‘/, s ‘, " ." .
235U/204Pb,:'f oo R TR
v o el . Co e ) . . S LR » .- + | )—' .
7/! It is also necessary to have prec1se knowledge of the
{', R LA ‘, - - :

. O ’ : g
"geophy51cal constants —~1n1t1al tlme t and ao, bo and Co tov

;accurately use model lead datlng. oSeveral;revrsTBEs for a
: L PR

o}

lbo Co and to “have been made and\the ones. used to construct theA

. growth curve were based w1 work done by,Tatsumoto ﬂ1973) and

“

»Jaffey et al (l97l) and b= 8.7 by Russel et~alr (1967)

A 9
;
/

ST e e
i . - v» e L e

“ . - N

.

A total of elght lead lsotope«determknatlons ‘were made
’from purlfled samples of chalCOpyrlte,.pyrlte and pyrrhotlte

A detalled descrlptlon of the extractlon procedure of lead

-

o / 3 :
from sulphlde mlnerals 1snfound rn Appendlx B .The resultlng

< . h

“Pb solutlon was carrled through3a careful dlthlzone extrac—:

- . “\ . . L [’ R L
tlon procedure to ensure a pure sample Tne amount of Pb
’extracted from each sulphlde sample varled from 2 ugT to 50 ug,,
i C



Whlch was thenAloaded on.5111ca gel on a Rhenlum fllament
All‘feagents used in: the anal)tlcal work were purlfled ‘and’ dffffwi
precautlons were\taken to prevent any contamlnatlon from anyf
reagents or glassWare used 1n the extractlon procedure.‘tAIll

S glassware used ln the present work is- cleaned in hot. concen—3

»
..

trated HNO ,rlnsed in trlple d;stllled pure water and then‘"

"wrapped 1n parafrlm @nly trlple dlStllled Water 1s used 1n
"the preparatlon of reagent; for the extractlon of Pb
The Pb sample was loaded on. a fllament of pureqrhenlum,
‘whlch‘had been outgassed at 3 amps for approx1mately 3$hours
1 I

under vaGuum. The outga551ng removes any lead contam1nat1on

{77 bn the'surface;of the fllament. _ The samole is then loaded ;.y"

3 l. B . N o

“on the fllament uslng the 31llca oel and phosphorlc aCAd load—»*w

o v

1ng,method as deV$sed by Aﬁishln et al‘ (1957) ard Cameron eb

-o al+ (19697 and modlfled by Tatsumoto (1973) For a. detalled
o descrlptlon of tnls loadlng procedure see Appendlx C ‘
o S : :

o

o Analvtlcal Mrthods and Instrumentatlonj

The samples were run on a 12" rad1us,\90° sector,’single
. ; ’ _

- , filament, SOlld source mass spectrometer in the Department of :
\\\\\Phy51cs, Unlver51ty of Alberta. In a vacuum of 5 % lO 8 atm,
S e

the samples were ronlzed wlth a fllameqt current of l 65 to s
-.% -25- amos at\an ooeratlng voltage of 4 5 kV 1h;érder to obtaln
the best peax shape and steady em1551on. Pb em1s51on started .

arter ths decay of pOtaSSlum and varled at dlfferent fllament

currents From one run; to another.



Cee
-

f'huf?;u" The mass spectrometer was: put 1n the scannlng mode and ;f'

'”ﬂwould graphlcally dlSplay the Pb peaks”of 204, 20

5‘208 Ten to flfteen scans’ were made for each sam

: ratlos for

N L

8, 207 and
e and the f}}fj
206Pb/204 b, 2 207 o/

a

204Pb and

\

208

Pb Pb of the,,nl,f

;;ore leads were rgcorded on a macnetlc tape These Were then o

. | ’ IR

“-processed bv a eomnuter program to calculate a: set of mean_

‘ﬁratlos-for eachysample,f*_ ,wd“? '; '"f f¥m

o ¢

.ACCUIEC] or Results

v

Precautlons taken,to av01d contamlnatlon 1n the Pb prep—L

‘ - , v

’;aratlon have been mentloned Error due to 1nstrumentatlon
- must also be con51dered Isotoplc fractlonatlon ls the most ,'*'
. S

’ﬂdecaylng mode. Tne mosq steady em1s51on was found uSLng a

‘serlous and seemed to. vary dependlng upon the length of tlme

@

,ta sample lS run and the fllament current used ‘ Through ex—}i}v~,f

. . .,~. 4
perlmentatlon lt was found that the most stable em1551on and

[

‘j_best peak shapes occurred when the samole was 1n a sllghtly

fllament current between l 85 amps and 2 O amps.ﬂ

The Broken Hlll Pb—standard was used as a test for the )

‘°re11ab111ty of the mass spect meter The obtalned resultS“»_»

- &

’fwere oomoared w1th preV1ous work (see Table 13).

. i N ) R S Lt .
AT - T . . L L - o . ; o A n



;,”does not change w1th tlme Pb/"~ Pb; /

'fg,lnrthe~Ruttan Lake ores are pres#nted as ratlos of .a rfdlo-'lgjdhi

e RN o

,‘genlc 1sotope to the,non-radlpgenmc 1sot0pe whose abundanceff“”

Ve

2b6 204 ' 207 204

Pb and
204

:hfZOBPb/ Pb. Table l4 are the parameters used to obtaln

4 -

‘?Lthe best growth curve ‘in whlch to plot the analytlcal re—r_»ﬁ>

W

',hJSults. The parameter constants used were u 8 70 o[ﬁh‘f

'ples‘analyzed ‘are. llsted 1n Table 15

o

*9 307 'dnd. b ,*10‘294 and u‘;" 19, W 38 33.;

Flgure 17 shows the locatlo of samples analyzed 1n,f‘

the Pb~1sotope study.. The measured results of the Pb iso— . -

tOpLC abundance and mean standard dev1atlons for all sam-:

°.‘
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"and'Mn within the deposit and

'!ore,body; e 3 S :

2l . r -\l’ ,’- Voot

D. Trace Elements in Ores

’

Introductlon RIS ; .\q' | "”ff‘ .

A study of the dlstrle!ion of-trace'elements Fe{LBa -

and Mn. in the ores and - country rocks was undertaken to see

-

lf they showed any partlcular zonatlon pattern.w From/pre—.
ﬁlous studies of other ma551ve sulphlde stratlform-type-

dep051ts one could expect co 051taona1 zoning" of Fe, Ba

\

\
ence\ald in 1nterpret1ng

kY
the stratldraphlc sequence of the complex volcanlc and

lntercalated sedlmentary rocks found 1n th@\Ruttan Lake °

\
A

Experimental Procedure - o e

LThe sampleskwere Enalyzed.by the laboratory of- Re~

- source Assoclates of Alaska 11 Falrbanks,_Alaska.' Each .

S -

sample was treated w1th aqua regla and the dlssolved spec-

imen was then evaporated to dryness and taken up w1th l N'

"HCL. Atomlc absorptlon\Spectroscopy was performed. on these

13

solutions for Fe, Ba and’Mn. | - S '/// -
- . . . L ) . . o
Results ' ’ I Co 5 P

Forty—one samples were selected from various repre—

&
sentatlve parts of thg\\ep031t as well as from the" hanglng.

and footwall rocks glv1ng both vertlcal and horlzontalJ

'

‘Cross sectlons. Table 16 gives a descrlptxon and locatlon'

.o

\
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of the samples analyzed aﬂd Figure 18 graphic’ally shows
R . ST R ' . N - . R
.+, the sample distribution.. The analytical results are listed

3

L]

©in Tablel7. - . .S
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a3y sample,
¢ . Number -

. Ba.
. ppm)

g

-~ Fe/Mn. "

C v 400.0 B R T I
& 550.0 ’ju'-Vf“f-flof"'f
Te28i6 0 0 10
S 103,40 - 10
3280 - o
S oo1x7.re S<lo

o T sosd Y Tago

an 1.4 ‘5:' .<:_T32Q1r
L150.0 " 100
2400 . 1o

SR,

©o90.s T i 300
100.0 L. Twdeo

52,6 60
S 260.0 %% . .30%.
L77T.¢ . 0 <lo
10000 - - - <10
Crediol o ao
22703 T a0
w2273 0 <o
S1l41.2 T 7 - a0
S1s0lo T 40
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.AA:f‘dulphur lsotopes. |

SR o o | o .

The sulphur 1sot0pe data from Ruttan Lake pyrlte, .
chalcopyrlte, sphalerlte and pyrrhotlte show a remamkehly
narrow range of values Average 6 4S values for pyrlte
Was l 21 per mll ,.76 per mil " for chalcopyrlte l 18 per .
mll for sphalerlte and l Ol per mll for pyrrhot1te.~jThe;

standard devxatlon of the 6348 values 1s t.18 per mll and‘

Q..

":1nd1cates the narrow range of sulphur 1sotop1c comp051tlon.r
L

The mean- sulphur 1sotoprc comp051tlon of the sulphldes 1s.
' noéyglgnlflcantly dlfferent from that of the meteorltlc “j'
'utsulphur and is well w1tb1n the range for 1gneous sulphur-
of pOSslple\ypper mantle orlgln (Ault and Kulp, 1959-
Thode- 1963) | | " | | |
J'Early workers 1h the‘fleld.of sulphur 1sotope studlesﬂ
1nterpreted 1sotop1c values for sulphldes not far from the

s

meteorltlc standard or the approx:mate 5verage value of

Pl

W,

\\‘.

the Earth's crustal sulphur as orlglnatlng from a deep-.
‘seated lgneous orlgln. Slnce then Sangster (1958) and
lr Sasakll(l970) have shown that seawatsr sulphates could haVe
“had'an exten51ve role 1n volcanlc type stratabound ores.
:ohmoto_et al (l970) and Kajlwara (1971) have 1nterpreted

e ,
o 1sotop1c data from ‘both" sulphates and sulphldes 1n the l;i

-

"104g o fsl' .
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Kuroko ores of‘Japan and~concluded that the source of sul-
phur was of'seaWater origin. Rye and Ohmoto (ﬁ9f4) have
'demonstrated that sulphides which precipitated from magmat-

34,

ic sulphur can exhlblt a w1de range of 6 S values whlle

sulphf@es prec1p1tated from non—magmatlc sulphur, such as

cseawﬁker, can have a mogzst range of 6 $ values near-ogper'
mil., o o ,‘ | o A7‘ ‘f -5 L - f
. , . ; s , - "

fBarnes (1967) states that 1f the source of sulphur is .
‘ \‘
not the mantle but rather a porzt iqn of the crust that has

'Undergone metamorphlsm under condltlons where sulphur is

34

moblllzed then the 6 S :values of’ the hydrothermal sul-

,phur bearlng mlnerals would be an average value of the sul-»
Aphur a551m11ated 1n that portlon of the crust. ‘If the'

. !3 b

cmetamokphlsm results 1n the formatlon of magmas, the homo—'

‘genl?lng effects that Qccur durlng the last. stages of the;

; .
magmatlc Process should result ‘in the characterlstlc narrow

spread 1n 3.534 values of the SuAphldeS derlved from 1ntru—»

o
[ . o

‘sive bodles

Due to lack of any preserved sulphate mlnerals in the

tope comp051tlon of any sulphates. UQWever, 51nce the ores
N v .
re def%nltely of premetamorphlc age whlch may have reduced.

e

ulphate to sulphlde, we cannot rule out the source of sul—

o

hur as belng from seawater.‘ A llne of~ev1dence from trace

.1ement dtstrlbutlon in sulphldesz(sa, Fe/Mh)hihdicates

Ruttan ores, 1t was. not p6551hle to obtaln the sulphur 1so—g,w'



*

.
"qx’

.that 1ncreasmng contamlnatlon of se water (see section on

.
dlscus51on of trace element distrlbutlon) whlch 1s con51s—

- tent w1th an increasc in sulphur isotope ratios of sul~‘

phldes towards the upper part of the deposxt, 1nd1cat1ng

‘elther a decreaSe in ox1dation‘or an ﬂncrease in pH or.

both.

Sulphur 1sotope geothermometry 1s base& on the equ1l—'

\ . [

1br1um sulphur 1sotbpe fractlonatlons between co- ex1st1f

sulphur bearlng compounds.. ISOtOplC fractlonat;on of

¢

'sulphur between synthetlc sulphlde mineral palrs as a

~

funttlon of temoerature and duratlon of reactlon tlme has
been"hvestlgated by many authors (Ka31Wara and Sasakl,
1969; Kajlhara and- Krouse, 1971- Rye and Czamanske, 1969);

Flgure 19 %hOWS curves based on experlmental and theor—

_etlcal data by Kajlwara ‘and - rouse (1971) Czamanske and

Rye (19/4) have dlscussed the dlfferences between tne

. curves. produced by varlous laboratorles but COncluded

that the relatlve R051tlon of the curves among ‘the mlner—

'-tlon of co- ex1st1ng sulphlde palrs from Ruttan Lake ores
-whlch have been used to calculate the per mll dev1at18ns

‘between specxflc sulphlde palrs Using "the geothermomet—

.

r1c plots by Kajlwara and Krouse (1971) from Flgure 19,
one can determlne an lSOtODlC temperature for the Ruttan

Lake ores. See Flgures 20 and 21 for data of 1sotop1c

R

tals w1ll not change. Table" 9 ﬂhows the 1sotop1c comp051-t
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fraotionatioh betWeen pyrite - chalcopyrlte and pyrlte f“
sphqlerlte as a £unction oﬁ'temperature. ““f,‘r' ‘ﬁe
' .I The applicatlon of sulphur isotope thermometer to a
deposxt depends on the sultaﬁlllty of the samples. ~Sam~
ples that crystall;Zed in’ equilibrium Wlth each other are =\
necessary. ‘The use of m1nera1 parrs may give‘geologlcally‘

«

reasonably temperatures as long af t e two mlnérals were

R

= formed in equxli um with solutiqne havxng uniform tem-

perature and chemlcal s: és (Rye and Ohmoto, 1974) Ther .

theoretlcal trend of f actiona,* n of sulphur iéotopes in a

coeexlstlng, cogenetlc sulphlde spec1e

‘ thetuthe 6345 enrlchment would be pyrite > pyrr
. e

. sphalerlte > chalcbpyrmte > galena.. Although no galena

Sakal, 1968) is

ite

»

»
samplesvwere aﬁalyzed, thls trehd can be seen ln the other

b ]

four sulghldes from the Ruttan Lake ores and could 1mply

equlllbrzum between fhe mlneral palrs.‘ Flgures 22 and 23

‘are plotg show1ng 1sotop1c fractlonatlon between 8 834

34

(pyr1te~pyrrhot1te) a‘ § 8§ (pyrlte chalcopyrlte) and

\ll}ﬁﬁg;:_g\s34 (pyrlte—py' hotlte) and )§- 534 (pyrlte sphal—b
-

‘eérite) ., respectlvely in co- x1st1ng Sl lphldes. ‘The results\

'~ show no[deflnlte llnearlpatte n and«hence ;t canhOt be
certainfthat the sulphides did Rttain equilibrium or close- 4

tly approached 1t.

s
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(see'Figure‘l3X, the fractlonation among co- ex15t1ng sul—V

'phlde spec1es shddl gatlvely small Vaf}atlonS'and-a de—

3

'f'crea51ng fractlonatlonlln the order of AGS (plete chal—

34, 34

'copyrlte) > d s (pyrltevsphalerlte) > 6 S (pyllte—f

yrrhotlte) 1nd1cat1ng the attalnment of 1sotop1c exchange

B »equlllbrlum among the sulphldes durlng orlglnal ore- depo—

34

351t10nw..1f fractlonatlon of 6 ST of co ex1st1ng sulph1des~»

had been preserved but were not reduced by metamorphlsm

thenlthe_cogenetlc sulphldexpalrs should reveal the tem- - .

,perathre of'ore formationffA 5
051ng sultable sulphlde pairs and careful sampllng,,-
Q. .

"_temperatures of dep051tlon or metamorphlsm can be deter—
' .

\

E mined to w1th1n\i40°c, even conSLderlng the uncertalnty ‘in
; - ©’
the fractlonatlon factors (Rye and Ohmoto, 1974)

>

- The 1sotop1c temperatures derlved from the geother—-

mometrlc plots range from 250 C to greater than 700°C in -

*
e 1

'.L_the_Ruttan:Lake ores. Although the -hidhe

-.slperaturesv”

”could have been attained if hydrothe Td wosjts,ftherel
- j - : , _ I

appears to be a deflnlte effect/on thv

~ . N

'isotopic fractiona4A15

'tlon'due to.metamorphlsm. The 1sotop1c temperatures appearf”

the greenschlst to amphlbollte fac1es of ‘the host rocks.

b 8

In the emv1ronment of ore depOSltlon, other aqueous

’

sulphur spec1es whlch become lmportant are SO4, HSO4 '

A

KSO,~ NaSO

4,

and HS but Rye and Ohmoto (1974) have showh*

)

4

a

more 11kely to reflect metamorphlc temperatures attalned 1n'j.



Co. 112

)

y . . . ;

that the major factors whlch control the sulp@ar 1sotop1c
} comp051tlon of hydrotherma% ‘tinerals are-:'f;r‘ﬂﬁ |
'(i) temperature, Wthh determlnes the fractlon—‘
- A

atlons between sulphur- bearlng spec1es,* o @',p

(11) $ /st' whlch ls/controlled by the source‘

of sulghur- and-' o

-

* (11;f'pH and fO which abong w1th temperature,

2 .
I :'l? determlne the pro ortlons of ox1d12ed and -
C / ¢ /—-M/P ) /\
4. vk v reduced sulphur spec1es in solutlon. PR

Ohhgto (1972) suggested that changlng nhys1cal cheml—

'_cpl condltaons, partlcularly paltlal pressure of oxygen‘

(fO ) and pH\can 1nduce 1sotop1c varlatlon in . the aqueous

sul?hur spec1es desplte a . homogeneous source of sulphur in Sy

th iore solutlon and hence it would be p0551ble to have a '
B = rvery w1de range of lSOtOplC composltlon 1n the sulphlde

mlnerals, partlcularly lr.the deposatlon»occurs 1n-an ox- .
‘ B o -

4h} 1dlzlng alkallne env1ronment./ o o ’ -i L T,

Flgure 24 (from Ohmoto, 1972) 1ndlcates that in the

low fO and low to neutral pH range the 6 4S of. aqueous .'wg

st and“that of the prec1p1tat1ng mlherals is llttle af—
fected by changes in’ foz_and pH SO that the pre01p1tatlng

sulphwde mlnerals from such a solutlon exhlblt homogeneous‘F

N
6348 values 51m11ar to. the.mean sulphur 1sotoplc composltlon'

P

= of the ore dep051t1ng solutlon.‘ - : 1’u." s

Results from the study on Fe content in sphaleqlte
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o114
"‘ . el o K .-'\*.‘.‘
1ndlcate that the chemistry of the ore formlng solutlons
:at uuttan Lake were of low fO2 and fS ‘and low or neutral
pH.. A probable temperature of ore formatlon was 200° to

““,nt 1n sphalerlte results and theyp
34

R 250°C (from the Fe

"sulphur 1sotope results) ’ The narrow range 1n 6 S values
s

and a mean S value of close to 0" per mll suggests that HZS
'“must have been the predomlnant sulphur speCLes 1n the ore-_

depos1t1ng solutlons whlch formed the Ruttan Lake ores
S S oo

b‘

(from Flgure 2@ ~Ohmoto, 1972y . Wq o
. e

Although One cannot cla551fy the tjpé@ of ore deposxts

'b-or say very much’ about thelr gene31s on the basrs of sul— '

et

: phur 1sotope values alone, the narrow range 1n.6 4S valuas'f'
and near magmatlc mean value from the Ruttan Lake ores 1n—
’,dlcatec a homogeneous source of sulphur@p The sllght 1n-§w
'fcrease in sulphur lSOtOplC comp081tlon and of barlum to—‘ e

wards the stratlgraphlc top of the deposrt suggests poss1ble

»asslmllatlon of seawater sulphur. Wlth the average 63
_ value uear zero, the source of the dep051t1ng ore solutlon

L . : ‘E - :
-,was magmatlc., domogenlzatlon or redlstrlbutlon of sulphur

‘o

“"1sotopes of the sulphldes by metamorphlsm haveé&gen super—

1mposed upon the orlglnal sulphur 1sotope dlstrlbutlon among

'co—eX1st1ng mlnerals. R ‘=5T‘” : S N
- C oy , _ » “ |
‘v qQ
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VahB{f Fe Content ln Sphalerlte _.f7

Sphalexltes for whlch complete anal&ses were made
all approach st01chlometr1c Zn —~Fe S.‘uThe-aveLage-

e metal to non—metal ratlo for the twenty sphalerlte gralns

) analyzeo ‘was .985. The range of FeS mole percent was 7 lBﬂ

to 12 64 and averaged 10 69

o

arton and TOulmln (1966), Clark511966) and'Scott"

a

'and‘Barnes (1971) p01nted out that the 1ron content 1n

.sphalerlte co eXlStlng w1th pyrlte and pyrrhotlteowas Very.~

.c-

?sen51tlve to wanaatlons 1n temperature and fugac1ty of

°

sulphur.u The use of the 1ron content 1n sphalerlte co;u-q

e ex1st1ng.w1th pyrlte and pyrrhotlte as. a geothermometer

lmay be applled to the Ruttan Lake deposxt if 1t 1s assumede7

that (Scott 1974) B 4’-,'_ : e .

(1) the sphalerlte pyrrhotlte pyrlte attalned,
3equ111brium at the:temperatupe ofxore_ ”
f;formation;t. SR |
:-‘(ii) the relatlon between act1v1ty and molallty ,”.

e

7 of Fes 1n sphalerlte does.not change in:

6

':the sphalerlte pyrlte fleld at temperatures

.o

below 300°C and

the 1nver51on of hexagonal pyrrhotlte to
_monocllnlc pyrrhotite does not affect’the

ﬁ%..‘slope of the pyrlte—pyrrhotlte sphalerlte

_solvus.

o3 .‘



The physrtal—chemlcal variabl"sv eflnlng the 1ron'm

content of sphalerlte in the Zn - Fe s sxstem are temds. :

‘ﬂ:perature,ufugaCLty of sulphur and ﬁotal pressure.. Appllebrfh

.“Catlon of the exper;mental results to sphalerlte from the;wwﬂ

s

& lRuttan Lake dep051t gives a temperaturq of formatiQn be-“f”

"tween 160° and 210°C (see Flgure 25) For thlS tempera—

ture range the probable fS range lles between 10 13~aﬁaf~'*4

17 (see Flgure 26) _In the three phase assemblages

‘x10
hj(pyrlte + pyrrhotlte + sphalerlte) the eqU111br1um fuga~s.“:‘
Lc1ty of sulphur lS flxed by the pyrxte pyrrhotlte bufferfr

fsystem, therefore the 1ron content of sphalerlte 1s more ;:

J"ﬂrestrlcted as. 1t lS only a functlon of the total pressurel*

‘at a’ glven temperature (Scott 1974) From Flgure 27 we ;j\*

‘.-can estlmate a total pressure 1nvolved durlng ore depos1—

1"[ tlon from approxrmately 6 to 6 2 kllobars ln the tempera—f E

'w,ture range 160 210°C.'*Slnce the 1sobars of Scott and

‘ﬁ[Barnes (1971) are extrapolated ones at pressures hlgher

?i than one kllobar,,these pressure Values are only tentatlve.

°

'fﬁrThese changes 1n phy51cochemlcal condltlons of tﬁ& ore—'

v

xformlng solutlon could be explalned by use of fo ;;pﬁfg.iﬁ

I .
a. ! | w0t

:f,dlagram .- From work done by Sato (1971) an estlmated fu—’

'~ga01ty of oxygen for the above temperature range would vary

0‘

Vefrom lO  to. lO -50

atm and pH could vary from 3 6 tQ 5 0
lCommon occurrences of serLC1te and quartz mrneral assem—“ﬂy“

‘.blages ncar the hanglng wall in the Ruttan ore body suggests
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1

(Hcl'eson, 1969) co i ‘ '.

o

‘Slnce "the iron céntcnt of.sphalerlte is unusually re-

_siStant-to pos+ mlneral chanqes“ (Barnes, 1967), 1ts use 1n‘

studylng the gene51s of metamorphosed ma551ve sulphlde dep051ts

't

Ry

can be very useful However,_untll more.experlmental StudlES‘

on the Zh-é Fe - S system in pyr1+e fleld at temperatures" >

*below 300°C is avallablé, the‘results of this:study cannot

Aibe con51dered conulus1ve o e, o e

‘suggest mixing. tgjéxolaln such anomalous leads. !

Lo

lepe R (

C. lsotopic_Data'of Ore Lead = AR PR
** From Figures 28 aﬁdf29git can readily be observed that. =
) _ - o . e I I
. the lead~isotope ratios from ~the Ruttan Lake‘ore minerals dis-
play a dlStlnCth anomalous llnear relatlonshlp. Arfastrong -

(1968),<Stanton and Russel (1939),.and Russel et al ©(1966)
Cod

/-

‘,That the anomalous lead llne does not cut the growth

e e
curve suggests that more than a. two stage lead evolutlon

occurred hencc as multl stage model must be con51dered An-
1ntegrated aoe of the source leads can be calculated from the,'

207 204 206 /204

Pb)/( Pb) of the best flt Stralght

llne throuch the data.‘ See Appendlx D for method of calcu—‘
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,.latlng slope. ‘The anol

38
reasonable value 9(32

\an 1ntegrated model age of 1900 m.y., whlch lS meanlngless

S

-R( Pb/

h

o

’ous lead line is R = 0.116 and this -

llne does not intersect any 51ngle stage growth curv‘hw1th a

204 b. vSlope R = 0. 116 results ln!'

unleSS mlneralizatlon occurred recontly (from APh program'

' DATE76) . umlng = 8 7 the anomalous uranlumelead line’
'lntersécts the growth Curve at approximately 2850,m.y;,'pfo-

: v1a1ng'an upper limit on t, in‘a‘threetstage‘Or_four—stage

i

model : A ‘ .

'.In Flgure 29 an Qnomalous lead line best f1t°w1th SlOpe N

2
204 206 Pb/ 04

Pb)/( Pb) can be drawn . throuqh the - data

and hence conflrms the anomalous lead mlxlnq pattern 1nvolv1ng -
\

'open-system‘evolutlon. The slope is estlmated to be 0 89326

i.'and a value of Th/U ratlo 1n the’ 1ntegrated source S)stem is: ‘-

calculated to be about 2, 45 (from APL program DATES86) . . That '

N

‘the Th/U anomalous llne 1ntersects the g;owth curve at approx—

S,

1mately the same perlod as the uranlum—lead/llne mlght xndlcate

v

the source. age Of the Ruttan Lake ore leads to be about 285@& t-@

m.y. The llneal pattern Ineans that the ore lead in the reglon

.was 1ncorporated ln a- Crustal env1ronment w1th a lather re—

[

‘strlcted Or narrow range of -Th/U rat1 s 1n the source rocks. K g

Why the two- pyrrhotlte samples P ot above the best flt

fline is uncertaln. From the pollshed,sectlon mlcroscopy; most

" of th pyurhotlte in the Ruttan dep051t appears to be of a

secondary orlg n, hence the radloqenlc comp051t;on of lead 1n

.'ethe pyrthotltes may dlffer frcm that. of pyrlte and cha1c0pyr1te.

oS

- L _ ,,2%'
, - . :



The more. relevant age 1im1t is where 'c2 and tj'apnroach
eath other, whlch lS the tlme at whlch uranium 1sotopes were

generatlng lead lsotopes in the ratio R,

CAve A t ) '—, Lo \ L
R = ——-*ﬁ"“rg" ‘ (Russel et al,, 1854)
137,828 o T L

~Thisﬁturns;out to be tp = 1140 m.y. which is the maximum
value t3vcan haﬁe. : . ‘,‘, e -

Valldlty,pf the lead model 1nterpretat10n depends on the

. »

’7va11d1ty of the assumptlons used in the model., The dates
1140, 1900 and 2850 m y. are llmltlng values and from fhem .

one. can const uct vaflous reasonable nodels, -some of Wthh

v

«»

may be more- acceptable based on geolOglc ev1dence-

(i) the data supports a; three or hlgher stage develog- '
. . : / ; “ o

‘ment of lead 1sotopes,

(11)\§0r a three-stage model, ages tl’ ‘::jsﬁ; specifyA

i-the relevant events.' The source of lead must ha een prior_
'y .
to l’ when ordlnary lead was produced from a well—mlxed sub— Ve

_crus*al porqlon\of the earth and subsequently 1ntroduce€'1nto ‘ﬁ},

the crust There was no rad/;genlsxaddltlon of 1ead at thlSw e

vftlme. Growth is presumed to be - along 3 sxngle stage curve . ,
a '7,,40)‘
untll tlme tl when the lead was’ emplaced inan- enV1ronment |

'where uranlun was a minor, element as compared to- lead The

a 8

max1mum age for tl is 2850 m. y.'but 1t may be older.. At ty .

remob¢llzatlon and,homogen;zatron due to some major event

EY



¥ ' . ‘ . ‘

. ‘i . . K. . .
i N - ’A . " i .‘
- appears to have occurred Causing variable amounts of radio- ,
O genic lead ta be generated “The age t2, when a new source,

. df uranlum was Supplled, can 0ccur betyeen 1900 and 1140 m, -~

1) ) l . 5

-yrs ( The’ 1900 m. y. c0rre3ponds thh the Hudsonian orogeny

whmch may a}re\giused remogijmzatlon‘followed by an anomalous
‘lead mlnerallzatlon era.. However, this would‘have to lmply

final mileralization; hence‘t3. 0. LIt ,is mgre’ 11kely that

a mass1ve amount “of uranlum was lntroduced just prlor to

"1140 m. y. and that the lead was abstracted shortly thereafter

and mlxed wlth the. older lead formed durlng the event t,. "; :

- _J Slnce this tlme the radioactive decay of U/Pb and Th/Pb have

..

3

.

' gbeen.proportlonal sO as to form tH% llnear relatlonshlp with
radloact1v1ty 1ncrea51ng as tlme decreases. N

Armstrong and Coooer (1971) have proposed a tectonlc—
: N
"petrogenetlc model for lead 1sotope evolutlon in volcanlc

1sland arcs 1nvolv1nq a mixture or 1nteractlon prqpess—be- .

K

“tween mantle and crust and the pelaglc sedlments taken*lnto

- the: mantle by ts convectlon current are probably the major,

,source of . lead for stratabound’ore dep051ts. '
Kug and Follnsbee (1974%‘p01nted out that in- metalo—

-geni prov1nces flanklng anc1ent ‘craton targlns or 1sland
n. arcs »ﬂﬁst mlneral deposrts are. more llkely to behave ip a
- * . .'
comblnatlon of eplsodlc random"'m1x1ng aqd contrnuous-
4. .

[

'random"'m1x1ﬁg,’and that anomalous ore leads are frequently

£
EY . I

‘egcountered‘ptrlpherql.to reglonsvln wh;ch oonforma?le‘(or

. . ae . .
b e A . : ) . . s @
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K

Y

e

iso125-

.
R

stratabound) ore leads oqcur.‘ ‘The anomalous leads of the

,i}f Ruqtan Lake deposxt seem to further substantlane thls p01nt.g

:

v L S

In. summary, the 1ead from the Puttan Lake ores were N ”~'Ul

0

: derlved from a well—mlxed subcrustal portlon of the earth

sometlme 1n early Archean tlme. At thls tlme they were ’:%

removed trom the prlmary source ‘into- a. crustal envrronment
and underwent remoblllzatlon durlng the Hudsonlan orogenles'

to dlsplay a dlstlnctly anomalous llnear relatlonshlp.,
- ,)., X .

o
rik

&

D. Trace Elements

¢ s -

“Figure °0 shows a decrease 1n Fe/Mn ratlos'and Flgure
31 shows an 1ncrease ln Ba in- the Ruttan Lake ores from the
footwall ‘to the hanglng wall.: The 1ncrease in Ba towards
the upper part of the ore body would squest ‘an ;ﬁcleaslng

contamlnatlon of: seawater and hence would support a syngen—

etlc relatlonshlp between the deOSltlon of the volcanlcs

and of the ore flulds or that sulphlde depOSlthn took placeu'

o

on the sea rloor in.a basxn—llke depre551on (McMrlTan, 1969)

'% The dlsper51on of Fe and Mn in ma551ve sulphlde de—
. Q2 B
p051ts and thelr relat onshlp to maglne env1ronments has

4

S5 beengstudled by many authors. Goodw;n (1964) lndlcated that

manganeSe decreases in concentratlon ln the pyrltlc -zone and

- this decrease reflects the decrease 1in carbonate content

o

y
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_ Hence manganese 1s relatlvely sensxt1Ve to a qpange of en—
ov1ronment ﬁrom one of predomlnaptly carbonate dep051tlonf&'
x_pto one of predomlnantly sulphlde depos tlon. Whltehead
(19/3) also proposed that varlatlons Ln Fe ahd Mn concentra;f‘
'tlons can be attrlbuted to env1ronment dlf erences that were
:present durlng tlme of dep051tlon._ -
t From the - Ruttan Lake study the. Fe/Mn ratlos 1ncrease

Uw1th depth (see quure 30) “t 1s unllkely that thlS var--

"1at1bn is due to metamorphlsm 51nce the metamorphlsm appears
:to be only of a reglonal natur Land hence temperatures weref
probably not suff1c1ent to red1 trlbute the elewents._ If

‘_thlS trend 1s real then there was .an accunulatlon of Mn and

s

a general decrease 1n Fe from the lower oarts of the 01e bodyﬁ“°”

- Fe

fto the upper part

N R v : . . : _
Whltehead (1973) proposed a model for: the genesls ofA;

Nl . . LT

'masc1ve ore’ dep051ts belleved to;&e from basrnekﬁﬂe depres—-

'51ons w1th1n a marlne enV1ronmentrj Durlng 1n1t1a1 stages of

: QO
fumarollc actlv;ty, tke Nn was reduced w1th1n the sedlment

:assoc1ated wlth the fumaroles or sulphlde dep051tlon and was

fremoved in solutlon. The Mn was carrled te the perlphery of
the ba31n where there was a- oreferentlal accumulation of Mn
'“wrth respect to Fe\; The 1ncrease 1n Mn towards the top of

.the.s ratlgraphlc seouence could be the result of the frgc—
tlonatlon of Mn 1n the late stages of volcanlc act1v1ty, the"

‘freductlon of Mn and lta subseouent mlgratlon durlng ore dla—71

>



‘fgeneSLs, and a reduc1ng env1r%nment whlch malntalns Mn Ln a‘

v"

‘soluble state ”ntll there is. an env1ronment conduc1vn to the

S N . “ 'b‘,' -~

fihprec1pltatron of Mn.;ifh' _.'___s--f SRR S jf“f ';;“fk

"fﬁ'. The vertlcal and lateral varlatlons shown in the Ba- and S
N tRa, . e

f'~f‘hFe/Mn ratlos Bt

"marlne ba51n'

“of volcanlc—sedlmentary dep051tlon for ma551ve sulphldes, but

:from the sulphur 1sotope study the 1nfluence of seawater to

e o . P

;ore dep031t10n was very small Vf N



S reVealed that the ore" of the Ruttan Lake dep051t are pre—'

o

"CHAPTER- V. SUMMARY AND CONCLUSIONS

cra
Sl

hﬁ;ﬁGeologlcal mapplng, core logglng and Optlcal studlesq":'

metamorphlc 1n age.; fhe dep051t contalns pltchrdg and

swelllng masses of ore whose orlentatlon -and’ shape seem. tog\

be due to the deformatlon and metamorphlsm that haVe af—';;

‘o

fected the rocks of the reglon. Slnce‘the metals formlng

“

the ores were emplaced 1n thelr encloszng rocks prlor to-'
;reglonal metamorphlsmwand deformatlonbthat'affected thev

‘host‘rochs} thls could then explaln the metamorohlc grade' ‘

of the host rocks, the degree of deformatlon b] transposr—*d”

: " '/ "
tlon and the graln 51ze of the su‘phldes. . A
{h To draw some concluSLOns as to the orlgln ahd phy51é<

4

chemlcal condltlons,of ore emplacement of a héghly meta—i

morphosed dep051t such as: Rmstan Lake, one must be able to
; p

“?t’see' through thls metamorphlsm ; By study;ng the chemlstry_f

. . ,"‘*;

h of the ores, 1. e. sulphur 1sotopes;.Fe content 1n sphal—f

lerlte, trace element and Pb 1sotopes, 1t was hopedfto ac=
compllsh thls.,'v .‘ | |
| The data obtalned from the sulphur 1sot0pe studles»t
dshows a comparatlvely narrow 8 334 spread of the sulphldes
in the Ruttan Lake ore body. The geologlcal eVLdence Erom

‘the area lndlcates hlgh 1ank metamorphlsm and the ‘Narrow ' o

’”spread in’ 5 834 values suggest homogenlxatlon or redlstrl—,

13'°,f' |




551 wthh appears to reflect the t,~‘

ufbutlon of 6 834 values. An lsotoplc temperature derlvedil.~

'throm fhls data would have an average greater than 450°C 5"“‘

’uature of metamorphlsm

.

_rather than the temperature at tlme of ore emplacement

®

. The sulfur 1sot0p1c composrtlon of the sulphldes shows“J

them to be sraghtly heav1er at the top of the ore body and

jllghter towards the base whlch WOuld 1nd1cate an 1ncreased

.';OX1datlon of sulphur and perhaps a sllght a551mllatlon w1th

fseawater sulphur.; If Rye and Ohmoto (1974) are correct

3

tﬁ»then thls trend 1s real as the metamorphlsm can red15tr1—*~"

“‘;bute the sulphur LSOtOpe ratlos but wall not change the'

/ " . ,'«.
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‘The narrOW'range of sulphur 1sotop1c comp051t10n (w1+h“

ffa near magmatlc mean value) of the Ruttan Lake sulphldes

h[lndlcates a magmatlc (volcanlc) source of the sulphur rather.'
than an homogenlzed product (later modlfled by metamorphlsm)‘

ﬁof contemporaneous seawater sulphates and ascehdlng v0lcan1c“”

75pzs sulohur. That there 1s some contamlnatlon of seawateri
is ev;dent from the trace element study but it was not suf—
»flclent to affect the sulphur 1sotope comp051tlon tOLany
extent ,',_'-bt;; | f - l. ‘_p"hf | “_.; - :f[ek

' R

,lleved to be reSLatant to post mlneral changes, it lS pos-

'Slble to make some conclu51ons as to phy51ochem1cal conal-;

"tlens at tlme of ore, deD051t10n. .Hence assumlng equlllbr;um'
_ . b Rttt ey

o
\

Slnce the iron content 1n sphalerlte is, generally be—aﬂ
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deposxtldh of pyrlte, yrrhotlte and sphalermte, the results].'

can be compared vith eXperlmental worP in. the Fe—Zn—S systém'fV‘

done by Scot* (1974) Helow 300°C.~ Temperature of ore depo-:*»; -
‘.vSltlon would be 160° 2%0 C and pressure range would be ap—“ L
prox1mately/6 k;lobars.. The pressure of 6 Kb is’ probably
the flnally establlshed pressure.

f Lead lsotope data of the ‘uttan Lake mlnerallzatlon lS

wthree or hlgher stage development of le‘d 1sotopes and sug—."
gests an’ Archean parentage w1th a max1mum’upper llmlt on tl :
of 2850 m. y -w1th mlnerallzatlon occurrlng sometlme betWeen ‘
1900 m Y. and 1140 m. y. aqo. : ,.,‘ P :i"f? ‘ |
The non-unlformlty of the Pb 1sotope ratlos sugcests

| that the Rut*an Lake leads were extracted from the. 1mmed1ate
basehent through whlch ore solutlon passed whlch would prob- o

"ably con51st of all types of rocks. and therefore varlous leaq"

: 1sotop1c comp051tlons." However, 1t seemsbmore probable that
.the leads ‘were:. derlved from a certaln deep-seated source and

2

»were well-maxed followed by at least two major events subse—

quent to?&%fﬁ:@Osltl "75'. ';é//”- ’ﬁ S _.f %

ra

The trace element study shows ev1dence that the Ruttan
Lake ores appear to - be cons1stent w1th marlne ba51n dep051-f

tion and support the general hypothe51s of volcanlc sed1went—

ary’depoSLtlon tor’ma551ve=sulph;des._ If so, the sulphldes |

o
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of the dep051t were Supplléd by hydrothermal emanatlons

(p0°snbly related to volcanlsm or some unknown soprfe) and, E

emplaced roughly in thelr present concentratlons in the

1ntercalated volcanlc and sedlmentary rocks at essentlally

<

. the same tlme as these rocks were lalé down. o 'J'

A
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APPEND IX A

-

Recxpe for Magnetlc Collo&d

n

(from Scott 1974 jo 5 18f

. " N . ‘ //, . . -
1. Dlssolve 2 grams FeCl . 4H 0 and 5.4, grams FeCl3
e 6H20 in 300 cc. of dlstllled water at 7OPC. '

2. Dnssolve B grams NaOH 1n 50 ecc’ dlstllled water..,;
37 Mix solutlons 1 and 2 and stir v1gorously._ Fllter
S black prec1p1tate ahd " rinse several tlmes with
‘dlStllled watér and flnally witrh 0. 01N HCl.;,Place
- the black: precipitate in 500 .cc 0.05% sodium = . "
‘.oleate solution and boil for a’ shdr time to mix|
“the- soap solution and precipitate. ’&QQS resultlng
colloid is- stable for many months. o :

Lo L ey
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v iAPPENDIx B

Extractlon of Lead from Sulflde Mlntrals'

(from S L Kuo, personal commu'1Catlon, 1974) .

]_ o
/- S B

Vo
Sw e

Metalllc sulfldes such as pyrltes, pyrrhotltes,

chalcopyrltes, sphalerltes,. aq._neand¢“°}ways contaln at*'

}‘fe

least mlcrogram traces of ‘lead. +§ﬁ ."@
L

i
-

amount of 1ron present can’ be chemlcally separated from-’

the lead by employment of an lon—exchance reSLn column

\

strlpplng procedure.“r

5]

1 .gm of sulf%de in a- vycor cru01ble. :
of 6N HNO3 and'a few cc of 6N HC1. Gently -
to dryness -on a hot plate (thls may take '
ours! ) 4 :

c of 6N HCl evaporate to drvness.o_Rebeatq;

20'cc of lN HCl'to dlssolve tne evaporate.

eA.‘wCentrlfuge or: fllter the sanple solutlon, then pour

. this solution igto’ an  lon-excharnge column which is

_;f -packed ‘with DOWEX B 1-x8 resin settled in 1N HCl The

particular columns used are approwlﬂately 1 cm X, 30
Scm, w1Lh a 100 cc! capatlty reserv01r. ‘ :

o

.54' Pass the lN solutlon through the columm - Discard -the

.:”jgr Strlp Pb from the resin- by aodlnc 60 ‘ce Of 3D HZO‘

eluate. Wash-the reservoir tw1ce with 152cc of 1N~
©-'HCL, a’llowing the HC1l to pass ‘through the column’,
.. This will remove traces of solutlon adherlng by

-’caplllary actlon. : : ,

:6: kvlute the columns w1th 70 cc of 1N HCl

é

The flrst lO cc of the eluate can be dlscarded

N

ol

RS



':qulred to glVe ‘a good run’ on the mass spectrometer. :

©

~ APPENDIX B (cont'd)

rEvaporate the solutlon to dryness.g .

N

;.Convert the evaporate to nltrate rorm by addlng 2 cc_»
. of concentrat HNO. and apain -evaporate to dryness;~ .
;.Repeat ‘this procedure once more.' Take. ‘up the evapo-o e
“rate w1th lo cc;, of dllute » : S

,2%) HNOy.

+
NN ’

S
DN

The above procedure w1ll yield relatlvely clean lead.;

However, a dlthlZOne extractlon of thlS lehd lS re—»"

: B . /) !
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| | APPEND X ¢ @
Procedure for Loadlng Sam les on Re*Fllament

(Modlfled by Tatsumoto, 1973)

Load 1 drop of Slllca gel on fllament and evapolate~-‘
to dryness ‘with overhead heat lamp. Should turn a
deflnlte whlte color.~ : , o I

Put l drop of Phosphorlc Ac1d ( 75 oure) 1nto Pb L
sample and concentrate by evaporatlng. ‘ : .

Place 1 drop (small amount only) on 51llca ger‘ano

~again eVaporatc.‘ Should ‘be able to, see 1t fuse’ w1th“.,
: the 51M@ca gel S S e RREE I o B

Turn up current to_.7for 58”amp'and holdathere‘fori.
15 to 20 rlnutes.n. R "’. :

~Turn current up untll phosphate starts to fume off
A

Once phosphate has fumed off turn current up tlll it
glows red., Fllck back and forth two or three tlmes._

Turn current off Loaded sample should be 1n centre

of fllament and appear a whlte color.‘

N

Lo



'APPENDIX D' n;"‘ e

- Lead Isot?pe Reor9551on Formula-

(from S L. kuo, personal communlcatlon, 1975)’,

an 25 tan”™ 26 -
where R s'lope .
tan 20 = £.X L by . .
L (u ¥
H =‘Xi— ;E 5 s »
Y =_Yi Ty
;'-Eiﬁ‘X'centféld,
ke . @ I
Y = y.ceniroid .
e AR .
‘;unce;%aintyfof.Slope- C R

L +RrY) g (’v ’?"m):2
L tn-2) rzdy *zwhH1

§ R =



Photograph'l'gf ﬁ.‘: ‘ Descrlptlon

C o

PLATE I MICROPHOTOGRAPHS:

Y )
. ‘ " Ll

K}

. Ma551ve ore—pyrlte,'chalcopyritafandb‘
: pyrrhotite; quartz gangue,’sample
no.vR~1OSD Mag. 4X, ;" ‘

2. S Colloform Texture in Massxve pyrlte.
S Sample No. R 103D Magnlflcatlon
ax T
3.0 Exsolutlon of Chalc0pyr1te and Pyr- .,

rhotite. in. Sphalerite; Quartz and
‘Biotite Gandgue. Sample No. R-120;
Magnlflcatlon 4X. .

g






hotograph"

4;.1

'L"I
.

PLATE II MICROPHOTOGRAPHS

© v

Déscriptidn

‘Dlssemlnated Pyrlte, Chalcopyrlte

and Pyrrhotite in Chlorite-
Biotite Schist. Sample No.

- R-lOOA, Magnlflcatlon 4X

: Dlsseminated Pyrite and Pyrrhotlte

-in chlorlte” biotite schist.
Sample No. R-100B; Mag. 4X

‘Pyrlte, Pyr*hot+te and Chalcopyrlbé

_with film of magnetic colloid .
show1ng monocllnlc ‘pyrrhotite. .
Sample No. R-107D; Mag. 4X
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