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The' con c ~ n t rat ion 0 f s 41 ~ u r ihr' Arc h e a n .b.a s a 1 tic roc k s 
• 1 

bel,~nging to the Watson",Lake' Group' is highly .v"~riable. Least ') 

altered basalts con~ain ah average of 980 ppm sulfur whereas 

ihe !ltered basal,s contain approXimate~~ 1300 ppm. This 

indicates an addition of sulfur to t~e altered rocks due ta 

c'onvective circula>tion of hydrother.ma', fluids. 

Th~ sulfur isotopie càmpositi~on'''ra~4s, of these- basalts 

ranges from -0.3 to +1.8 per mil in the least altered rocks 

and from -1.8 to .+3.9 per ~11 in the altered rocks. The 

sul fur . pre sen' tin the 1 fa' s t a 1 ter e d r-OC ksi s der ive d f rom a 

magmatic source whereas·that present in the a1tered rocks is 
" 

derived from a mixed magmat1~ and ~eawater source. 
" " 

Ore metals wh~ch were lea~hed in the core of the geother-

mal system were probably transported exclusively as chloride 

complexes. Sulfur, on the o~her hand, was transporte"d as . 
2-H2S and 50 4 ". 

Ore deposition at the Garon Lake mine p~obably resalted 
",,', 

from mixing of 

ing solution. 

• .metOl] chlor·ide 

-

-----_. ---::-.,. --- ,- -" 
, . 

i i 

brine wLth a sul fur-bearJt 
" , 1 
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'J •• 

'. ····,fl;J:·ëS .Ma,ss"i'fS "~ D'êl?artemen~ des. ~clences 'Géologi~ues ,-' 
, . ... .1.: _. ,,' . . . ., 

Ma 'f tri s e ~ n 'S G ; e n·c e s .'Ji;: ." 
", -

A ~ 
SOMMAIRE 

" , 

La concentration de soufre dans les roéhes basaltiquè's, 
~If • ,. ~ " - . . . { 

,Archaenne~ ~u group~ du La~ Watson (Mataga~1. Québec) est 

très va'f'iable. LèS' basaltes ies: p'lus fr.ai's' en {:ontielinent 

en moyen'nè980 ppm, tandis que' les ba'salt~s altérés en con

tienne'A,t 1300 p·pm .. Cette aug~~ntation' ~erait 'due a l~. cir-
, " ''''''1 

culation dEL fluides hyç1~othermaux en convection. 
, , 

~a. compo-s"itiQn isoto"'piqu.e du soufre, a34 S.;.ita·ns ,ces ;j 

... : ~,:l.. r 

r 0 e he S v.a r ; e d e - 0 :<3 a + 1. 8 par, m i 11 é dan s . les r ° è h e s les 
, "", J 

~ l U ,5 f rai che set de - L 8 a + 3 . 9 p il r m i 11 e ' dan s les roc h e s 

altérées. Dans "les roches les' plus'fraiches, 'le soufre ,a 

>u~e>or'i9,,1ne magmatique, 'mais dans les t0-c-tré's alt~r~esJ' on 
, '. 

'trouve une origine mixte, en partie magmatique, en parti~ 
\ < ' 

, "i 

proyen!~t-- tI Î ëau de, me.r'. 

Les ,métaux du minerai less,ivés dans le centre' du sys-

~ tème g!~thermique' ont probabl'ement migré. 'exc.lusive~ent sous 
, 

• A' 

forme de complexes ch~Qrur~s; . Le soufre, par contre, a été 
, , 

. ~" . 2-
t,ra,!,$porté sous forme de H2S e't de 504 
.' . , A la mi~e Garon Lake, la déposition du minerai aurait 

.r·ésultê d~,{IIêlange d'une saumure chlor,urée métallifère et 

d'une solution sulfurée. 

i ; i 

-~ "" ~--._---,-
.. ,j, '1P" ~ 

t 

" 
1 

" , ~ ----- .....-.:.;.,._-----



J 
'-""''',<,--.'_''-'..'~------;'''i ~,!""" ------....-,..-------

" 

'f 

'" 

,(x 
\ 

.1' 
1 
1 
1 
l 

~~ 1 

" ~ 
f ,1 

1 , 1 
1 
1 

" 

1 

1 

j, 

1 
i 
!. 

! 

1 

. j, 
'/ 
, 1 

! 
l, , 
1 

1 
t 

l ' 

, J. 

.. \ .. .. ~ , 

i ' " 
" 

! • 

.' 
, " 

CHAPTER 1 1 NT·RODUGT 1 ON 
, ~!I " 
~ 

., 
Previous work, 

CHARTER 2 

Oùt1tne of the Study 
. Acknowledgements ' . 

REG IONAl GEOl0G y 

2.1 Int·rodw.ction 
2.2 ,VolGan}c StratigraphY 
2.3 
2.4 
2.5 
2.6 

in ,the Extrusive Rocks"', 
i 

2.7' Structural Hfstory " 
~ 2.8 Metamorphism of the Vo1'cani'c Rocf's 

r 

CHAPTER 3 - SUlFUR GEOCHEMISTRY OF THE BASAlTIC 
ROCKS 

" 

,3.1 Introduction 
3.2 Analytica1 Techniques 

J,h, ' 
t( 
ij 

'3.2. 1 Sul fur Determi nation by X-ray 
Fluorescence Spectrometry 

3.2.2' Sulfur Determination by lECO, 
Analysis 

3~2.3 Comparison of Results Obtained 

" 

by Using Both Methods of Analysis . 

P~ge-. 

3· 
S 

5 

7· ' 

7 

.. : 10 

12 

. 12 
16' , 

17 
.1'9, 

21 
22 
23 

27 

28 

3.3 Bulk Samp1e Anahsis by X-rav Fluorescence 30 

32 
34 

41 
47 

3.4 Su1fur Distribution in Basaltic Rocks 
3.5 Correlation Between Sulfur and Iron 
3.6 Juvenile Sulfur Content of Basa1ts 
3.7 Factors Controlling the Solubility 

-of Sulfur 

iv 

- . ,- -"- '-~------"Tr---r ,< ro. _________ _ 

. , 



<;i' 't -";'-1, 

, ... ,.. "~, " w. ~ .,) ... - '" , 
~---~----,-:-----.,,'-, ~~--~----~-), . 

, ' 

( ) 
,. 

. .J 4' 

i' 

- ,', .. ,f 

3.8 Sol ubi Ji ty and ISa:t'u·Tat i o,r of' Su l fur 
'. tn~}8asaltic Ro'ck:S"~ . ' 

r ~ '5 -
'.3.9- n"scuss1on 
, 3. 1 b .'C 0 ~ c lu s ion 

CHA.~TE,R 4 - S,ULFUR ISOTOPE '11ETERMINATION 

4. 1 lntroclucti on~' ' 

4.2 Analysés of thE{Voleanie Rock$ 

4.3 Isotopie Composit~on of the RQcks 
; , 

. , 

4-9 . 

\ ' 
'51 

57 

.. 58 

62 

62 

, 4 • 4' ,1 n ter pre ta t ; 0 n '0 f the 1 sot 0 P ; c Co m p 0 s i t ion 64 
~ . , 

,4.5 Conclusion 68' 
, 

. 'CHAPTtR 5 - HYpROtHER~Al_FLUIDS lND MASslvE SULFIOE 

, , 

f). 

" " (.~~ 

. , 

GENES l'S. 
( 

j. 1 Introduction 69 
1 

5.2 Major Element, Trace Element and ~rans- 70 

1tion Element Redistribution 

5.3 Sulfur Red; stribution.. 7.0 

5.4 Solubility and Trans.port of Ore Me'tals 71 

and .Sulfûr 

5.5 Stabi 1 i ty of Metal Bi sul fide and, Metal 76 

Chlor4de Comple~es 
5.6 

• $ 
Mech,ni~m pt-Ore Metal Transport and its 77 

<' 
'-'\ 

5,,7 

Relationship .to the Genesis of Massive 

Sulfides 1 i 

- Canel usion 83 

CONCLUSION 

CONTR 1 BUTION TO KNOWLEDGE ;' 

84 

86 

8) BIBLIOGRAPHY 

, 
} 

1 

v . , 

-
---~~-~..--., ---- -~-.-.. 

~ , 



(). 

() 

'~'i;,Ç 2~'.',;:: :;.i~",;,"y". J ~\r";;,:,;·~~~;<,~~~\.~:,~j ~J;-~~;~~~" :~1.:i:~~~;:?{~~~!;~;-:~:i::~\~, ~ .' 
, , 

APPENOICIES 
i 

, 
, . 
~~~. . 

'. J .' " 
.... ... ~ 1 

.' ,"i., 

1" t> 

- ' ( 

l " Sample Preparati,n and Ana:}ytf'cal Procedure. 
" . II ~ Geochemical Compos1~ion of Basaltic and 

Rh,yalitfc Units '"1- i 

NR Nori ta Rhyoli ~e' 
B 1 Ba,sa l·t 

• B2 Basalt . 
B3 Basalt 
84 Basalt 
-GlR' Ga ron Lake Rhy"o 1 f te 
8'5 Basalt 
86 Basa1t 
87 BasaIt 

MAPS ) 

1. Sample Location Map: Bell Channel ~roperty 

, . 

2. Sample Location Map: &aron Lake P~operty 

.. . . 
" . 

, 1 . 
'f 

.. 

'v',' ~ 
~.' . 

,r' 

) 

1 
109, 

123 

i 

", 

.\ 

l 



() 

I~ 

j. 

i '. , ~ 

1 

" 

LIST OF FIGURES 

1.1 Regional geology and location of mines in 
the ~atagam1 district. 

~' 

·-·~.2~.1 Geo1og1cal Map of the study area. 
2.2 Restored stratigrap~1c section through the 

vo lcan1r c roc ks in the wes tern part of the 
study area 7 bordering the Bell River. 

Page 
.. 
2 

8 
9 " 

, , 

2.3 Restored stratigraphie seètion through the 13' . ~ 

extrusive volcan;c rocks. 
o , 

3.1 Calibration l1ne used to de~rmine the 25 
'su~fur content of unknown samp1~s. 

Plot of XRF versus LECO results. 
,.J 

3.2 
3.3 Frequency 'diagrams illustrating the distri-

bution of sul fur analyses. 
, , 

3.4a Plot of ~41fur versus iron content of 1ea,st 
"', a1tered b.Ç1salts. 

3.4b P1o~~he geo~etric mean of su1fur against 
the arit',metic ~ean of iron for least altered 

,basalts. ' 
~ .~ 

3 • 5 a ,P lot (, f ,slu 1. fur ver 5 U 5 i r 0 n con te n t 0 f a 1 ter e d 

basalts.., . 
3.Sb Plot of t~e geometric mean of sulfur agains't. 

the arithte~i~ mean of iron for altered 
basalts. \ 

3.6 Plot of, s~lfur concentration versus iron 
content f~r Arehean basaltie ro~ks. 

l -0' 
4. l Isotopie ~nrichmen~ factors for important 

sulfur species . . 
4.2 Plot of a S values against Si0 2 content. 
4.3, .Comparison of the positions of a34s contou"rs 

wi>~the stabil;~y fields 'o~ Fe-$-O minerals 
~d barite at T ,... 350°C. , 

5.1 'Rate of dissolution of sulfur for', 82 basa1ts'. 

. . 

vii 

" 

29 

35 

37 ' 

39 

42 

43 

52 

60 

65 
67 

74 

».-; _-, .t""-',---~:-"_._u,,!",,~ ._ .. • _.-_._.-. ----~::-;- ~"t , 
-----~"7'".....,..",.....-"-- ' 

l:. ~' J' • 



\ ' 
" 0 

, . 
, ·c) 

1-
j 

:1 
<> 

'" 
J 

i 
1 

.. 
, 
1 
1 

() 

- l' \ " ) 

Rate of dissolution of' sulfur" for 83 basalts. 
Rate of dissolutioQ of sul fur for 84 basalts. 

5.4 Longitudinal vertical pr~jection Of the·three 

5.5-

sulfide lenses' at the Garon Lake mine. 
Stab111ty fields' of Fe-'Zn-Cu-S minerals at 
T 350°C .• ." 

, 
... 

~ 

. ' 

" 

... 

, . 

vii i 

.. 

, . 

~l 
t 74 

75 .. 
j 79 l" .. 

" .. 1 . al 

~ 

. 1 • 

1) 

.. '; 

" .. " J, .~~!. 1 

\ " .. 110 

". 
0' 

" 

-' 
~; 
1'(. 

" 

~;'~:, 
/. 

~'~t 4f·'~a~~~~k7 ~ .. : l~~ A 



i 
1 

" 
1 

( ) \: , 

:. 

() 

" 
LIST OF .TABLES "" Page . , .. 

3.1 'Comparison of Resu1ts Obtained by XRF and' . 026 
L.ECO Ana lys i s .. 

3.2. v~riati~n of Sulfur Concentration Within a ' 31 
Bu1k Sampl'e. 

3.3 Distribution of the Mean Sulfur Content 
and Correspond1ng Standard Error of the 

Mean in each ~nit. 
Cl 3.4 'Average Fe and S Compositions of the 

Vo1eanie Rocks." 
3.5 Losses and Gains of FeO and S auriog 

Alteration as Indicated by the Oiff-
- 1 ~ 

erences in, thes& C omponel1 ts Between 
Altered and Least Altered Basalts. 

3 • 6 S'u lf ure 0 n te n t 0 f Le a s t A lt e r e d Su b m a ri ne 
Ba.sal ts. . , 

4.1 Sulfur Isotopie Compositions of the Basalts. 
5 .. 1 ",,'Approximate Ore Reserve at the taron Lake 

m i,ne. 
, , 

\ 

, i 

,,' 

lX 

\ 

\. 

o 

33 

45 

63 

80 

---,...----- -,.---.- -

., 

,~ pO .' ,- - ',.----:7' ' ..... -:i .:t...-* .....:.1,_" __ ---=-' .l..'_ 



,.~ 

() " 

.... 

t .." __ 

. . 
.~--'-------~----

/ 

, CHAPTER l - INTRODUCTION 

There appears to be an increasing awareness that the 
'\ . 

~ ~ 

formation of a number of massive sulfide ore deposit~ and 

s u ~ r o'u n d i n 9 roc ksi s s y n 9 e n e t4 . ~ . Con se que n t l y, m 0 r e a t t e n t ion 

i s C. u r r e n t i y b e i n 9 "d r a w n t 0 t h·@ 'i' sul fur con te n t 0 f the wa l 1 roc k s . 
,. 

In this 'study, attention is focused on the sulfur content 

of Archea~ basaltic rocks in Matagami, Québec, ,with special 
1 

reference to those basalts which were part of a hydrothermal 

system respo~sible for the generation of a geothermal massive 
-

sulfide ore deposit. A wide range of sulfur values 'now exists 
1 , . 

within these basalts. Moreover, the least hydrothermally 

aJtered rocks appear te contain less sulfur than the altered 

ones. This suggests ~~ addition of sulfur ta the latter, per

haps due to interaction with hydrothermal fluids. 

The study area has been described in detail by MacGeehan . . . 
(1979) and is 10cated just northeast of Matagami, which. lies 

352 t kilometers north of Arnos, Québec, as shawn in Figure 1.1. 

The town and surrounding mining district are part of the 

Abitibi greenstone belt of, the Superior Province (foodwin and 

Rid1er, 1970). A sequence of very old volcanics.,--~as intruded 

by a large mafic intrusion known a~ the Bell River Igneous 

Complex. As increasing amounts of mag~a were supplied ta this 

\ ma 9 mac h am ber, a ·t hic k suc ces s ion 0 fin ter 1 a y e r e d bas a 1 tic 

and,rhyolitic rock.s was extruded., S,ince the entiré sequence 
-.... . 

of basalts was· bath pereus and submarine, a11 of these rocks 

became saturated with water. Moreover, some of th~se rocks 

1 

~ , 
( 

, 

1 

1 



, ______ ~. _________ ~·_. ____ ~ __ w~ ___ "' __ 

-1 0 1 2 3 5 mil~ 

G ra n ite - 9 ranodio rite. 

Wabassee Group; basait and andesite. 

Lac Watson Group rhyolite. 

Bell River Igneous Complex. 

Figure 1.1 Regional geo1ogy and location of mines in the 
Matagami district. The location of Matagami 
i n Quebec i s shown as in inset (lower left) 
and the area covered by this s tudy i s shown 
as an inset (right) The geology i s simpl i 

( fied by MacGeehan (1979) from Sha.rpe (1968) 

2 

., -, 

, 
1 , 
l 
l
I 
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, 
were also hydrot~ermally a1tered as a consequence of the con-

vective circulation of heated seawater. FOtlowing hyqr~, 
. '-~ and in sorne cases hydrotherrna1 alteration, these rocks were 

9 

fo1ded into a westward-p1unging antic1ine wherêby the Bell 

River Comp1ex occupies the core of the antic1ine and the over

lying basa1tfc and rhyo1itic rocks f1ank the north and south 

1imbs. Massive sulfide deposits occur on both the north and 

south limbs and are interpreted to be of(vo1canogenic exha

lative origine 

Previous Work 

Bell (1895,1900), Bancroft"(1912) and Freeman (1936)-

were among the fir~t ta attemp.t ta unrave1 the comp1ex geo

logica1 history of this area. Lat~r, LW.Jones of the Qu~

be~ Bureau of ~i~ the task of mappi ng the are'a 

on a s cal e 0 f 1 i n c h = 1 mi 1_ e . T h i s~ a s the n pub 1 ; s h e d if) Y 
~ r 

Long1ey (1943), Freeman and Black (1944) and Be1and (1953). 

'* In the years that fo11owed, additiona1 work was carried out 

by J,9k1ik (1960), Jenney (1961), Sharpe (1964, ,1968) and 

most recent1y by MacGee~ah (1979) whose work provides the 

most comprehensive geochemical and petrographic study of 

the vo1canic rocks and 

Ear1ier 

fresh basa1ts w s 

s ciated massive su1fide ore deposi~. 

the amount of su1fur present in 

by Moore and Fabbi (1971), 

Schilling (1973), Mathez (~Lean (1977) and Czamanske 

and Moore (1977). The results of th\se studies-indicate 
( 
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q" 
that the amount of su1fur present in thèse basa1ts is variable, .. ' 

r:an9,;tng from 800 to 1800 ppm. 

Apart from some pre1iminary sulfur analyses by MacGeehan 

(1979), few studi~s have beeh done to determine the amo~nt 

of su1fur present in hydr~therma11y altered and metamorphosed 

basalts. However, a couple of recent investigations (ie. Nal-
-~ 

d r e t f & G 0 0 d.w in, 1 9 7 7; N a 1 d r e t t e t al., 1 9 7 8) are rel e van t . 

The study area in both casas has been restricted to the Abi
j 

tibi greenstone belt in northeastern Ontario and the various 

types of rocks comprising this b'lt. As a result of the;r 

st'udy, Naldrett & Good/win (1977) have shown that the sulfur 

content of the Blake River Group rocks is v~ry erratic. They 

also found that there is a systematic increase in sul fur . .' 

with the total iron content, in the volcanic rocKs be10nging 

" to the Blake R;v~r and the Rankin-Ehnadai Groups. In addition, 

Naldrett et al. (1978) noted that these rocks were probably 

saturated with sulfur at the time of their extrusion. 

Finally, previous work on su1fur isotopes has establish-, 

ed that sulfur occ~rring in fresh igneous rocks probably 

orig;nated from an igneous source.' Consequently, the a34s 

·value af)p~;mary igneous sulfide minerals ~s expected ta be 

c 1 0 set 0 z e r 0 (S a s a k i, l 9 7 0; S c h n e ide r, 1 9 7 0; Kan el1i r a e t al., 

1973; Ohmoto et al., 1979). On the other hand, sulfur fgund 

in altered igneous rocks was probab1y derived from a multi

"ple source. Therefo,re, tlÏé a34s values of the resu1ting 
, > 

sulfide minerals are expected ta be more variable (Ohmoto, 
,. . 

4 

1 



(
' ,. 

1 

1972~ Ripley et al., 1977; Ohmota et al~ t 1979). 

Out1ine of the Study 
, 

No detai1ed study of sulfur concentration in the val-' 

canic rocks in the Matagami area has yet been made~ Apart 

from the a34s analyses of ore rocks at the Norita mine, 

which rs part of an M.Sc. study by P. Bernard (in preparatio,n) 

at McGill University, no other sulfur isotopie study has 

been done on these volcanics and/or the associated ore rocks. 

The objectives of this study are the fo110wing: 

(1) ta examine the distribution of sulfur in both least 

altered and altered basaits exhibiting an,iron-en-, 

richment trend and occurring within a limited stra-

tigraphic range. 

(2) to account for the present distribution of sul fur 

within these rocks. 

(3) to determine whether there is a correlation between 

degree of alteration, sulfur content and sulfur 

isotopie composition. 

( 4) t 0 'p r 0 p 0 s e a mec han; s m ~f 0 r the t ra n s p 0 r t 0 f sul fur 

'and ore metals." 
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CHAPTER 2 - REGIONAL GEOLOGY 

2.1 Introduction 

rhe.genera1 geology of the study area located just 
~ .. . 
northeast of Matagami, Quêbec, is illustrated in Figure 2.1.> 

It is characterized by intrusive ~~d extrusive volcanic rocks 
'" 

whiêh genera1ly face to the north. The direction of strike 

in these rocks is E-SE and the angle of dip is~ close ta 90° 

(MacGeehan. 1979). The earlier intrusive·rocks comprise 

several dykes and sills as we1l as the Bell River,Igneous 

Complexe The compo~;tional range of the dykes and s';ll~s 
'1 

gabbro;e to quartz dioritie whereas the Bell River Igneous 
.- . 

Complex c,onsists of rocks 'wh'-ich are do~nantly of gabbroic 

composition. The Granodiorite Pluton ;s ~ later intrUSq~n 
which outcrops to the north' of the Garon Lake mine. This 

pluton, unl;ke the other intrusions, was intrudèd after the 

regional metamorphism. 
1 

The minera1ization in the area is ;ssoeiated with three 

strati graPhll C hQri zons: t~e Norita rhyol ite. the Bell Channel 

rhy~lite ~~d the,Garon Lake rhyolite. A 

2.2 Volcanic Stratigraphy .-, 

The stratigraphy of th~ area'has been established by 
• 

MacGeehan (1979) and is i11ustrated in Figure 2.2. The low-

est stratigraphie unit to be exposed i-s a pillowed basalt 

designated as unit Bl. Underlying this unit i"S the No ri ta 

rhyol ite. Although this rhyolite does not outerop, i t has 
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Figure 2.2 - Restored stratigraphie section through '<the voleanic rocks in tr.e 1 
western part of the study area, bordering the Bell River. The 1 

section includes tne lowest vo1eanie rocks in the stratigraphie succession 
which have been intersected in diamond dri11ing. The intrusive gabbro 5il15 
which are we.l1 known due to good outerop and drill intersection have been 
included in the section. but other intrusive gabbroic rocks are present which 
have not been included in this illustration Cafter MacGeehan, 1979). 
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been exposed underground 
~ 

~t the Norita mine. 

rhyolite hosted the Belll Channel No. 1 and Radiore deposits. 
f' 

A study of t~~~petro1ogy 
.' 

and geochemistry of; the Radiore 
, , 

deposit 1s the subject of an M.Sc. thests by:f. Bonavia (1982) 

at McGi1l University. Overlying unit 81 is yet another 

rhyolitic uni~ known as the Bell Channel rhyolite. This unit 

hosted the Bell Ch~rrnel No.4 deposit. Located directly above 

the Bell Channel rhyolite is a 450m thick sequence of pi1low-

ed basalts. This sequence of basaltic flows has been subdi

vided into three units (ie. B2, 83 and 84) by the contempo-

raneous intrusion of three gabbroic sills. Basalt unit 84 

is overlain by another rhyolitic unit called the Garon Lake 

rhyolite. This unit has a general thickness of l20m but 

thickens eastward from the Radiore fault. It reaches its 

maximum thickness in the vicinity of the Garon Lake mine 

which is located on the east side of tnis domal accumulation. 

Lying stratigraphically above the Garon Lake rhyolite is a 

65~ thick pillowed feldspar porphyry. This unit is overlain 
f' 

by a 375m thick sequence of more pillowed basalts designated 

as 85, 86 and B7. .. 
, . -2.3 Intrusive Rocks 

The volcanic rocks in this area are transected by four 

types of intrusions: (1) gabbro sills (2) diorite sills 

(3) the Bell River Igneous Complex and (4) the granodiorite 

pluton (MacGeehan, 1979). 

The gabbro-sJlls range in thickness fram 20 to 240m. 
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The thicker ones are common1y zoned 1n that the base of the 
/ 

sil1 is ga~bràic in composition whereas the top is almost 

dioritic. M~st of these sil1s lie para11ei to stratigraphy . 

. Sharpe (1964, 1968) stated that they were partly co-magm~tic 

with the basalts. MacGeehan {1979} feels that the association 

of the gabbro s111s with.the basalts as well as the simila-
1 

rit y in their petrography ~nd geochemistry support the idea , 
that they were probably contemporaneous. 

Another intrusion which is associatêd with the volcanic 
, ,... 

rocks is a 600m thick dioritic to quartz dioritic sil1 loca-

ted just east of the Radiore fault. However, unlike the 

above mentioned si11s, this one cuts across stratigraphy at 
, " 

a low angle and is probably a later phase intrusion of the 

gabbroic intrusive event. 

The Bell River Igneous Complex is one of the larger 

intrusions in this area. The ~ocks comprtsing this Comp1ex - ~ . 

grade northwar~rom banded gabbro-anorthosites through to 
~ 

oxide-rich gabbros and fina11y to finely layered gabbroic 

units. 

The 1ast intrusion in this area was the emplacement of 

the granodiorite ~luton. Along its southern boundary, it 

truncates both the extrusive volcanics and the intrusive 
-

gabbro sills. In addition, it a1so cuts across the Bell ,River 

Igneous Complex, indicating that it postdated the intrusion 

of the Complex. As a consequence of this latest intrusion, a . 
number of large-scale faults were formed. One example is 
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the ~adio~e fault wh~ch is eharacterized by a strong 

dip-sli~ componeht, indicating considerable v~rtieal dis- , 

placement.' The ~ranodiorite plutDn is thought to have be~n 
~ "r • , 

~ntruded after the folding and the re9i~~al metamorphism. 
, . 

2.4 Ex~rusive Rocks . 
\ -

. An illu,stration of --çhe stratigraphie column shQw.-ing only 
.. , 

the extrusive volfanics is presente.d ·in Figuré 2.3. In a ~ 
- /; 

reeent study of the three d1ffere~~ extrusive vo1canic units, 

MacGeehan (1979). noted th~t a11 are' sub-alkaline and tho

leiit)c. He showed that the bàsalts are' a11 'i-ery iron rich 

having an F~/Fe + Mg ratio of more than 0.45. Moreover, these 

rocks exhibit an iron enrichmant trend characteristic of 

,le;itic rocks. Additiona'l geOChemica~~rted 
,the c~~-~are a11 genetica1l,y 

~-related (2) the rhyolites are a11 genetically inter

relate~ (3) the rhyblit~s are probab1y genetical1~ related 

to the basalts and (4)' the fe1dspar porphyry unit is a' 

hybrid. rock type of the .:..surrounding basaltic and rhypl1tic 

rocks .' 

2.5 Alteration in the Extrusive VoTcanic Rocks 
6 

V i r tua 11 y a 11 the vol ca nie s , i n t, h i 51 are a are a 1 te r e d ; 

the basalts are spilitized and silicified whereas thé rhy

olites are chloritized. Geochemical evidence further suggests 

that thes~ alteration processes were contemporaneous and 

pre-dated regiona1 metamorphism. The spilitization exper-_ 

p 
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Figure 2.3 - Restored stratigraphie section through the extrusive .volcanic 
rocks (after MacGeehan, 1979). 
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ienced by t,he rocks is characterized boy (l}\'~~e(alteration 
- ). ~ \ ~ 

of .calcium feldspars to sodium fèldspars, and (2) t.he al'ter-
, 

ation of pyroxeoe~ to actinolite. Silicification, on th~ \ 

other hand, camprisesfine-'Scal'e silicic veinlets 10.1-5.0·~mQ) 
• 

which cut through spilitized and nQn-spiliti~ed basalt. 

1 Intense alteration is found in basalts bordering both the 

upper and lower contact zones of gabbro sills'. These"basalts 
, 

are typically bleached to a pale grey color.:and are' strong~ 

,silicified. . . 
M~cGeehan (1979) showed that progressive alteration of , 

the 83 basalts has resulted in ~depletion of FeO and Fe~03 

and an enrichment'in Si0 2 . 
l " 

,.-

Bas a 1 t s belon gin 9 t 0 uni t---B 4' ex h i bit the sam e 9 en e ra 1 

geochemic~l trends as the 83 bas~lts except that unit B4, &s 

a whale, is more stron~~'~'Y silic.ified. 

Basalts belonging to unit 82 are larg~ similar geo

~h~miCallY ~o those belO~ging ta units 83 and 84. 

Units a5, 86 and 87 a1so exhibit the same general trends 
\ 

as outlined for units 82, 83 3lIdB4. The similarity in the 

t r end s b e t w e en the\} t W 0 9 r 0 u ps ; n d ; c a tes th a t bas a l t s 8.5 ~_ B 6 
.. 

and 87 have a1so been subjected ta hydrothermal altera~ion, 

\ 

althougb it was ess~n_t;taHy unrelated to hydrotherma~ activity 

in the Garon Lake 9-e.Qt}lermal sys~em,. , / 

On'the other hand, the results of ge~chemical analysés 

l.1tf samples be10nging to unit 81 do not comply with~ the trend~ 
, 

estab1~shed for the averlying units. The follawing two points 
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suggest possible explanati~s for the observed irregularities 

in the'chemistry of this unit. 

(1) Aeeording to the stratigraphie eo1umn (Fi~ure 2.2), 
\ 

unit 81 is overlain and underlain by the Bell Channel 
~~ 

• 
rhyolite and the Norita rhyolite, respectively. As 

a result, it is not elear whether the degree of diff-

erentiation experienced by this unit was anaTogous 

to that experienced by units B2 to 84. 
, 

(2) Since it is loeited very close to the base of the 

,t" 

stratigraphie column, it has undoubtedly been subject-
o 

e d tom a n y p h a 5 e s 0 f. a l ter a t'i 0 n . J u dg i n 9 b Y the. m e a n 

siliea content of.' this unit (%Si0
2 

= 59.9), it is 

certain that it has undergone intensive hydrothermal 

alteration'between the time of deposition and the 

present. Similarly, it is equally certain that it 

has been sUbjeeted to intense potassic alteration as 

well (%K 20 = 0.67). 
\ 

In view of this, it i5 difficult to compare unit 81 with 

the rest of the overlying basalts. Consequently, this study 

) 
w i l l ber est rie t e d t 0 uni t s B ~ th r 0 u g'h 87,s i ne eth e y h a ve a l 1 

, exp e rie n c e d a sim il a r de 9 r e e 0 If a l ter a t ion,. .' A fur the r s t u d y 

of unit Bl is currently being carried out by MacLean (in pre-
~ 

paration) at McGill University. 

1 The Garon Lake r~yolite expérienced a 10ss of Si0 2 and 

an addition of FeO and Fe 203. However, the geochemtstry of 

the Norita and the Bell C~annel rhyolites cannot ke compared 
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to that of the Garon Lake rhyolite.because of s~milar argu

ments to the ones presented above, concerning unit Bl. 

'2.6 Interpretation of the Alteration in the Extrusive Rocks 

Alteration of basaltic rocks invol~d the leaching of. 

nearly all of the major elements and their replacement by 

5i0 2 + Na 20 (MacGeehan, 1979). Leaching and enrichment of 

c~rtain elements appears ta be related to stratigraphie height. 

For instance, silicification increased with increasing stra-

tigraphic h~ight. In addition, the exchange of elements 

between the rocks &nd the fluid increased with increasing 

temperatur~ of the fluid. 

Chloritization of the Garon Lake rhyolite was accompanied 

by desilicification as well as enrichment in FeO and Fe 203 . 

This alteration developed because of the high permeabi

lit Y of the'basalts. After the gabbro sills were emplaced 

and began to cool, heat flow was directed toward the basalts. 

Sin~es~ basglts were saturated with water, the heat ex- • 

cha~Jaused the fluid ta heat up and circulate convectively 

from the margins of the sills outward through the basalts 

via the quartz-epidote structures which hqve been preserved 

in the rocks. 
/ 

MacGeehan (1979) also established that silicif;cation 
,.< --

and chloritization were contemporaneous and that they shared 

the same fluid. Furthermore, he concluded that the geoth~rmal 

system developed shortly after the volcanic rocks were laid 

down and dissipated bef~re the overlying basalts were extruded. 

" 
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Finally, given that the geothermal system terminated 

prior to the extrusion of unit 85 and other overlying unlts. 

MacGeeha~ (1979) was able to estimate that the hydrostatic 

pressure under which the geothermal system was operative was 

'~ -less than 600 bars and on the basis of the alteration mineral 

assemblage now present in these rocks, he estima~ed that the 
'f 

rock-fluid interaction occurred at T < 400°C. 

2.7 Structural History 

Th~ outcrops in this area form low-lying hills ~hich 

strike roughly E-W and are bound by faults on both the east 

and west sides. The traces of the fault planes have been 

obliterated by glaciation and can only be recongnized by the 

line~r alignment of valleys. 

Detailed structure of the area has been established by 

MacGeehan (1979) on the basis of mapping and determination of 

facing directions. The latter was evaluated on the basis of 
• 

(1) pillow basalts (2) grading in the tuffaceous units (3) the 

arrangement of massive su1fide lenses in mi~eralized rhyolite 

and (4) the relationship of feeder dykes to overlying flow 

units. 

Since all of the large and sorne of the smal,l gabbro 

sills are fractionated. and because it has been established 

that the gabbro sills and the basalts were penecontemporaneous. 

the fractionation pattern of the sills was also used as a 
, 

mea~~ of determination or confirmation of facing direction. 

The strike of the rocks in this area is E-SE. They dip 
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vertically and commonly face riort~ward. The latter is 

evident i~OPS along the -Bell River as well as east of 

the Radiore fault. 

There is evidence of folding in the area. The presence 

of a synclinal fold which plunges to the west and has an 

i n ter l i m ban 9 l e 0 f 00 
- 3'0 0 ha 5 b e e n n 0 t e d . 1 t i s b 0 und e d b Y 

a small N-S fault to the west, located between 8N,30E and 

34N,27E, and the Radiore fault to the east. The fol ding 

is indicat~d by the sequence of B3-acid tuff-B4-Garon Lake 

Rhyolite-Feldspar porphyry units on the south limb and by 

the reverse pattern on the north limb. A thick, well frac
~ 

tionated sill intrudes the 83 unit on the south limb and has 

been traced to the north limb. On the basis of the position 

of the upper fractionated portion of the sil1 with respect tQ 

the B3 unit, and the reverse arder of the sequence mentioned 

above. MacGeehan (1979) was able to establish a south-facing 

direction in this particular area. 

An examination of the faults in the area has shown that 

there was considerable dip-slip movement' along N-S faults. 

For instance, the dip-slip displacement across the fpult 

extending from ~N,30E to 34N,27E on the south limb of the 

sypcline was found to be greater than 7~Om with the east side 

moving up with respect to the west side. The large dip-slip 

movement is attributed to the vertical displacement of vol-

canics which were vertically inclined ta begin, with. 

In contrast to the above mentioned displacement a10ng 
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N-S faults, the displacement of volcanics along the Radiore 

f~ult trending NW-SE had a significant stri~e-slip component. 

This iSt evidenced by an offset of approximate1y 400m of the 

Bell Channel rhyolite across the Radiore fault. 
, 

Finally, the development of N-S and NW-SE faults in the 

area is a consequence of the emplacement of the granodiorite 

pluton. 

2.8 Metamorphism of the Volcanic Rocks 

MacGeehan (1979) established that there were three stages 

of meta~orphism in this area: 

(1) Il bu ria 1 Il met a m 0 r phi sm c 0 m p ris i n 9 w ide s pre a d h Y d r 0 -

thermal ·alteration . 

(2) folding and regional metamorphism 

(3) contact metamorphism of rocks adjacent to the grano

diorite pluton 

The hydrothermal a1teration was a low" to medium grade 

metamorphic event which occurred fairly early in the history 

of the area. The alteration was characterized by spi1itiza-

tian and silicificaion of basalts and concomitant chloritiza-

tion of rhyolites. The mineral assemblage produced as a 

result of this alteration ~as albite-actinolite-ch1orite-epi

dote, which is characteristic of the greenschist facies. 

This early stage of alteration was th en followed by 

folding and regiona1 metamo;phism. A1though most of the rocks 

in this area experienced greenschist facies metamorphism, 

certain rocks did experience some amphibolite facies metamor-
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phism as evidenced by the presence ,of hornblende and 

spessartine garnet in their mineral ass~mblages. 

Lastly, sorne of the yolcanic rocks in this area, par

ticularly those bordering the granpdiorite pluton, were sub

jected ta contact metamorphism as evidenced by the progressive 
" 

mineral zonation from pyroxene hornfe1s in the inner zone, to 

hornblende hornfels in the midd1e zone, through to a partially 

degraded assemblage of a1bite-actino1ite-chlorite-epidote in 

the outer zone. 

In summary, virtually all of the rock'k in this area have 

been affected by orre or more phases of alteration. However, 

eac~ phase iS characterized by a specifie mineral assemblage 

and i t i s, therefore poss i b 1 e to determi ne the degree of a 1-

teration-experienced by any given rock unit. 

-
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CHAPTER 3 - SULFUR GEOCHEMISTRY OF THE BASALTIC ROCKS 
, 

3.1 Introduction 
1 

The bu1k of the sul fur within these basalts is be1ieved 

ta be contained in su1fide minerals, predominant1y _s py~it~. 

In view of this, 1t 1s worthwhile to dis~uss the crystal 

structure of this sulfide as we~ as the geochemistry of 

sulfur, in general. 

According to Wedepoh1 (1978), su1fur in su1fides typically 

forms purely ionie bonds with ions of low charge of the most 

electropositive elements. However, the structure of pyrite 

is not truly ionie. The arrangement of atoms in pyrite is 

sim i l art 0 th a t fou n d i n the s 0 di u m ch l 0 r i d'e st r u ct ure ex cep t . 
that the anion has been replaced by a covalently bonded pair 

of sulfur atoms whose interatomic distance is 2.14 Â. There 

are four S-S pairs per cell, each oriented along a different 

body diagonal. Each sulfur 1s co-ordinated by lS and 3Fe' 

resulting in an octahedron being formed about the S-S pair. 

The behavior of sulfur in a magma is reLated to its 

physical and chemical propertie,s. For instance, bec'ause of 

its bonding energy, sulfur (r ~ 1.84 ~) will preferentia11y 

compete w;th oxygen (r = 1.40 ~) to form compoun~with Fe 2+ 
, ... 
ln a magma. However, due ta the limited solubility of sulfide 

liquids in silicate me1ts, unmi'J<ing will comtnon1y oceur 

(MacLean, 1969; Anderson, 1974). The separation process 

genera11y takes place during magma generation and is sometimes 
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evident in ~h~ occurrence of exsolved iron, nickel and copper 

sulfides withi~ basalts. Furthermore, this unmixing can lead 

to the formation of economic ore deposi.ts (Ewers et al., 1972; 

Hudson, 1972; Naldrett, 1973; Wooda11.et a1., 1969). 

3.2 Analytical Techniques 

The preferred"'method for the determination of sulfur 

content in unknowns is the lECO method. Very few sulfur ana-
l 

lyses have been done\by X-ray fluorescence due to difficulties 
, ,. 

in achieving both accurate and even reproducible results. 

However, this study succeeds in establishing an analytical 

method for sulfur determination by XRF. Moreover, the study 

also dem~nstrates that X-ray fluorescence can produce reliable 

res'ults.' The analytical method, as it pertains to the XRF, 
tt 

consists of three stages. The first sta\e involve~,):he iden-
, 

tification of the sulfide phase in the rocks whichlare of 

interest. The second stage is the preparation of standards., 

Special care should be taken to ensure that the su1fide phase 

is ground uniformly prior to its addition to a given matrix. 

The grain size of both the sulfide phase and the matrix as 
J 

we 1 las the h 0 m 09 en e i t Y 0 f the r e sul t ; n g s tan d a rd are cri tic a l 

~to the achievement of accurate and reproducible sulfur values. 

JThe th; rd stage ~f this analytical method ;5 to set up a 

calibration curve which can be used to determine the amount 

of sulfur contained in an unknown sample. The following 

discussion is an introduction to the analytical techniques 

employed in this study. 
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Al) of the samp1es were ana1ysed for sulfur with a 

Philips PW 1220 X-ray fluorescence spectrometer. A description 

of the samp1e preparation procedure is contained in Appendix 1. 

A careful study of both the handspecimens and available 

po};shed sections showed that the only sulfur-bearing mineral 

present in'the b.asalts was pyrite. Consequently, a set of 

standards was prepared by addition of finely ground pyrite 

to pulverized basalte Details of the standard preparation 

procedure are a1so ,contained in fPendiX 1. 

In addition ta the analyses obtained from the XRF, several 

others have been done using the LECO ana1ytical method" Sorne of 

the samples were ana1ysed by Dr. C. Riddle of -the Ontario 

Geo1ogical Survey us;ng the Canmet certified standard SL-l. 

Other samples were alsa analysed by Dr. C. E. Rees of McMaster 

University. 

The results of the X-ray fluorescence and LECO analyses 

are tabulated in Appendix II, or presented in the tex(. 

Accuracy and precision calcu1ations of both analy~cal 
methods are reported in Appendix I. The accuracy and precision 

of the XRF analytical method at a level of confidence of 95%, 

is 9.B% and 4.4%, respectively. The precision of the LECO 

ana1yt;cal method is wit~in 4.2% of the sulfur co~centration. 

3.2.1 Sul fur Determination by X-ray Fluorescence Spèctrometry 

Ta determine the sulfur content of unknowns, six standards·, 

with su1fur concentrations cavering the range of sulfur expected 
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in these rocks, wer,e prepared. The same six standards we?e 

an~lysed several ti1mes. Each time that' a set of six was 

" 
analysed. the.results were seen te represent a lin,e on 'a 

graph. Th i s 1 i ne became more refi ned wi th each successi ve 

run, and eventua1ly a line of best fit. or a cal;5bration line 

as it is otherwise known. emerged. This calibration line 

is shown in Figure 3.1 and the following equation is derived 

from i t. 

where ppm Sunk is the amount of sulfur present in the unknown 

and X is the ratio of net counts per second of the unknown 
) 

to the net counts per second of the standard. The value 5300 

is ,the x-coordinate of the standard against which all of the 

unknowns were run and the value 100 is the x intercept repre

senting the amount of sulfur initially in the basa1t. Once 

this calibration line was established, the analysis of an 
.. 
the sampl es was begun. The resu1 ts of these analyses are 

tabulated, in part, in column two of Table 3.1. 

The analytical method outlined 6bove works e~clusively 

for samp1es of rocks which contain pyrite as the main or only 

sulfide-bearing minera1 phase. Consequently, if the principal 

sulfide mineral was not pyrite, this calibration line would 

not give an accu rate determination of su1fur content because 

of different mass absorption corrections. This has been test-

ed by creating standards using other su1fide m;~als such as 
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Figure 3.1 - Calibration line used to determine the sulfur 
content of unknown samples. 
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') TABLE 3. 1 : Comparison of Resu1ts Obtained/b~ XRF and LECQ 
\ 1 

Anal~sis 
i 

Sample No. %S(XRF) %S(L.A. ) * ' * %S(L{oA.) %S{L.A. ) ** 

AP-l 0.032 0.028 0.027 
AP .. 5 O. 119 '0.112 '0.112 

AP-7 0.021 Q.018 0.018 
,""" 1 AP-9 0.053 0.052 ' 0.052 

AP-13 0.192 0.162 0.162 
1 AP-18 0.008 0.007 0.007 

. 1 
AP-26 0.017 O. 0)7 0.019 
AP-29 0.234 0.194 O. 192 
AP-30 ' 1.612 1. 71 1. 72 1. 56 
AP-31 0.466 0:454 0.450 
AP-38 0.169 O. 143 O. 140 1 

! 
l ' 

AP-39 0.013 0.014 0.013 
AP-41 0.007 0.009 0.009 
AP-42 0.086 0.063 
AP-43 0.058 0.049 
AP-44 0.040 0.039 0.040 0.035 
AP-49 0.016 0.015 \ 

-' 

AP-50 0.008 0.009 0.009 ... 
AP-55 0.016 0.013 0.014 
AP-54 0.005 0.007 0.007 
M-33Q. 0.332 0.29 
M-316 0.007 0.0075 
M-317 0.077 0.Q77 
M-655 0.017 0.012 

c 

M-38 0.0]9 0.015 
.) 
f 

* (Geoservices Laboratory) ~ Ontario Geological Survey 

** 
,1> 

McMaster University 
" 

( 
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chalcopyrite.and sphalerite. For 

\ 

instanc~ .. two per cent of 
, " -

each of these minerals was added to two separate aliqüot's 
'. 

of~the same rock powder which was used 1n mak1nQ the pyrite 

standards. After the ,powdered p,ellets were made, they were 
, ' 

analysed on the XRF. The r~sults of the ana1yse"S are.pre-

.' , 

sen te d. i n Fig ure 3. l wh i c h s ho W 5 th' a t a'lt hou 9 h the s e- "a n d the , 

2% pyrite standard contain the same amount of sulfur added, 

none of them are superimposed •. The same appears. ta be true-' . , 

if 6ne compares t~e 1% native su1fur ta the 1% pyrite standa .. rd. 

Therefore, in· the simp1est monomineralic cases, sulfur 
. ~ 

con ten t can be s t be dete'rmi ned bi crea ti ng stand a rds co'nta f n-
"Jl.-.... 

ing only the one mineral which represents the dominant sulfur-

bearing phase in a rock. Hawever, in cases where ther~ are 

many sulfur-bearing phases present, this particular analyti-, 

cal method would not be recommende~. 

3.2.2 Sulfur .Determination by ~ECO Analysis 

The LECO analytical method is çurrently though 

the best technique for the determi~a{{on sul fur cont,nt . 
. ~---~ 

Hence, ;n an attempt ta see whether the sulfur values obtain-
. - , 

ed by X-ray fluoresc::.en-~e ?re inde-ed close to the true values. 
. .\ 

several of the samples previ.ously analysed by XRF were' se1ect-

ed for LECO analysis at McMaster University. 

The ana1ytical procedure of this method involves lnitral 

...combustion of samples in a stream of oxygen in a LECO induction 

fur n ace . Th Et s u lf u r d i o.x ide wh; ch wa s pro duc e d wa s s w e p t b Y 

the oxygen into a flask containing bromine water, where it 
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was ,oxidized, to su/lfate. The sulfate was then pre·cipi.tated 
n • 

as b~rium sulfatè an~the sulfur conte~t wôs determined gra-

vimetrical.ly at this stage. The res.ults of thes'e analyses' 

are presented in column five of Table 3.1. 
l 

Add i t i ona l ana lyses were ~a rri ed out by the On ta ri 0 

,Geological Survey uSing the LECO analyser as wel'l. The results 

of these analyses appear in col'umns three and four of Table 3.1. 

In examining the results contained in col"umns three and 

four, one can see that there is good _evi.den~e for~ reproduci-

bility of resu1ts. 
<Ii ' 

The precision, at a l~vel of confidence 

of 95%y.2% (Appendix 1). Moreover, there are two.' sam.p1es 

~P-30 an~ AP-44) which columns three, four and f~ve hav,e 

1 ~ in common and the results of these two' sampJes indicate. that 

.1~/~ the 1nter1ab b~as, expre.ssed as an average difference, is 

1 
! 

( 

0.083 (Appendix 1).' . ~ 

3.2.3 Comparison o'f R~su~ts Obtained by U~ing:.Both ~etho s Df 

An a.p1 ys i s ' '\ . 

Compa~;ng all four sets of results presented in Table 3.1, 

one can see fa~. with few exceptions, there 1s no signific.nt 

differenee between values. In fact, Alost values seem to lie 

remarkably close to o~e another:J 

Figure 3.2 is a graphie illustration of the relationship .. ' 
between values Qbtained as a res~lt of both methods of ana

lysis. The sulfur content d~ter,,"ined by LECO analysis is 

p,lotted as th~ abscissa and the sul~ur content determ{ned by 
1 

XRF is plotted as the ordirtate. One high sulfur value repre-
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sentative of sample AP-30 is'not shown. The salid line is 

a computed regression line for the case in which y is consi-

dered the dependent variable and x the independent variable. 

The calculated correlation coefficient ;s 0.998. Therefore, 

it is concluded that there is good correlation between the 

t w 0 set s 0 f v a -1 u es. 

3.3 Bulk Sample Analysis by X-ray Fluorescence 

Approximately 50 kilograms of sample were co11e~ted from 

one sample location and subsequently sub-divided into 46 

smaller samples, each weighing about one to two kilograms. 
, ~ 

The reason for col1ecting such an unusually large amount of 

sample was to test the magnitude of v~riation of sulfur con-

centration throughout this bulk sample. In so doing, one 

would then be able to determine whether the ~amples which had 

been collected during the cour.se of this study could be 

considered to be representative samples of each of the fiild 

are as sam pl e d . The r e sul t,s 0 f the bu l k sam p l e a na lys i s are 

pre sen te d i n Ta b 1 e 3. 2 . 0 n the bas i s 0 f the se r es u l t,s, the 

r~ge of the sulfur concentration is 122 ppm and the mean 
? 

and corresponding standard deviation are 79.4 and 30.3 ppm, 

respectively. The relative deviation in sulfur concentration 

at th.is level is 38%. Unfortunately, the concentration of 

sulfur in this bulk sample is low relative to a11 of the other 

s~mples. Consequently, it is dif~icult to estimate the mag-

nit u de 0 f var i a t ion i n sul fur con cent rat ion a t hi 9 he r 1 ev e "9. 
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TABLE 3.2: Variation of Sulfur Concentration"Within a Bulk 

Sam~le 
r, 

1 
~amp 1 e 'No. S 

1 

- ppm 

AP-45 138 
AP-46 90 ! AP-47 69 
AP-48 58 
AP-49 164 
AP-50 80 
AP-51 58 
A P - 52/, 159 
~P-53 80 

! P- 54 64 
AP-55 J 64 
AP-56 64 
AP-57 95 
AP-58 64 
AP-59 85 
AP-60 85 
AP-61 85 
AP-52 75 
AP-53 58 
AP-54 45 
AP-55 106 
AP-66 138 
AP-57 101 
AP-58 74 
AP-69 58 
AP-70 BD { 

AP-71 58 
, 
1 • 

AP-72 74 c' , 
AP-73 74 
AP-74 BD 
AP-75 53 
AP-76 53 
AP-77 69 
AP-78 90 
AP-79 48 
AP-80 106 
AP - 81 53 
AP-82 69 
AP-83 74 
AP-84 58 

"'AP-85 54/P 
AP-86 54 
AP-87 42 
AP-88 74 

( 
AP-89 58 
AP-90 75 
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3.4 Sulfur Distribution in Basaltic Rocks 

The distribution of sulfur in basa~t samples within 

each of the units is shown in Table 3.3. Individual analyses 

appear in Appendix II, although "the overall distribution of 

values between the different units and between least altered 

and altered basalts within those units is presented in Table 

3.3. In exa~ining the data presented in the first two columns 

of Table 3.3, one can see that there is a noticeable differ-

ence in the mean sulfur content between units and, that the 

mean sul fur content increases from unit B3 through 84 and up 

ta B5 and then decreases through 86 down to 87. Moreover, 

there is the added difference between the mean sulfur content 

of least altered and altered basalts. Generally, the mean 

sulfur contents of the altered basalts are consistently high

er than those of the least altered basalts. The sole unit 

which takes exception to this pattern is unit B7 in which 

the sulfur content of the least altered basalt is greater 

than the mean sulfur content of the altered basalts. However, 

this may be due to the fact that the one, sample which consti

tutes least altered basalt is fairly high in sulfur and 

consequently, may nct be representative of the sulfur content 

of this group. Since it is sometimes difficult to find local 

areas of least altered rock in a region which is dominantly 

altered, it is unfortunate that the one sample which was 

collected from unit B7 is not entirely reliable. Despite this, 

however, there is a strong indication that altered basalts 
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TABLE 3.3: Distribution of the Mean Sulfur Content and CorresQonding Standard 
Error of the Mean in each Unit 

Unit Least altered & a1tered Least a1tered A1tered 

B2 914 ± 258 ( 14) 780 ± 285 ( 10) 1246 ± 592 ( 4) 

B3 695 ± 185 (43) 598 ± 202 (20) 780 ± 301 (23) 

B4 1428 ± 310 (44) 1153 i 285 (24) 1759 i 591 (20) 

B5 1915 ± 389 ( 1 5 ) 1718 ± 461 (9) 2210 ± 722 (6 ) 

B6 1200 ± 637 ( 9 ) 583 ( 1 ) 1278 ± 717 (8) 

B7 330 ± 77 ( 6 ) 398 ( 1 ) 317 ± 93 ( 5 ) 
w 
w 

The 'numbers in parentheses indicate the number of basalt samples. 
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generally contain more sulfur than least altered basalts 

within a given unit. In addition, both the least altered 

basalts and the altered basalts retain the abave mentioned 

pattern in which the mean sul fur content increases from a 

certain value in unit B3 ta a maximum in unit B5 and then 

decreases aga;n through units B6 and 87. 

3.5 Correlation Between Sulfur and Iron 

The relationship between sulfur an~ iran is illustrated 

in Figures 3.4 and 3.5. In Figure 3.4a, the sulfur and iran 

contents of each individual sample are shown. A few very 

high values do not appear on the graphe However, the results 

of all the analyses performed on each of the samples are 

contained in Appendix II. The overall pa~tern of the data 

points in Figure 3.4a ;s suggestive of a trend of increasing 

sulfur with the total iron content of the rocks. 

The su1fur in these basa1ts appears ta have a 1ag normal 

distribution as shown in Figure 3.3 ( a similar plot to that 

used by Naldrett et al., 1977). The gap in the midd1e of 

Figure 3.3b is nat considered ta be critical because the 

height of the histogram in that region is four units on one 

side and- two on the other. In the case of a Poisson distri-

bution, this corresponds to a standard deviation of 2 and 1.4, 

respectively. Thus, a value of zero is nat unlike1y. How

ever, even if the distribution i5 bimodal, it is still likely 

that each of the populations ;s reasonab1y log normally dis

tributed to justify the ca1culation of the geametric mean of 
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sulfur. Moreover, a bimoda1 distribution, if it exists, is 

1ikely a reflection of t~e generally 10wer sulfur content of 

the 1east alt~red rocks as compared to that of the a1tered 

rocks as demonstrated in the previous section. In light of 

the above di~cussion, the trend observed in Figure 3.4a 

becomes more evident if, on the assumption that the distri

bution is log nor~a1, the geometr;c means of sul fur are 

p10tted against the average total iron content of each basa1t 

group as shown in Figure 3.4b. The solid 1ine in the above 

mentioned figure is drawn on the basis of the location of 

the mean data points of the diff~rent basa1t units comprising 

the Watson Lake Group. These mean data points were ca1cu1ated 

using al1 avai1ab1e iron and su1fur values. A list of the 

mean 1ron and su1fur contents of each unit is presented in 

Table 3.4. )n examining the data presented for the least 

a l ter e d bas a 1 t 5 i n bot h T a b 1 e 3. 4 and F ; g ure 3. 4 b. ,on e c a n 

see that the pattern exhibited by the su1fur in units B3 to 

B7 corresponds exact1y to that exhibited by iran. The iron 

con te n t s 0 f the se uni t s r e f 1 e c t a n\ i r 0 n en rie hm en t t r end 

within these basalt f10ws as noted by MacGeehan (1979). The 

significance of the fact that the sulfur contents parallel 

increases and decreases in iron contents in the least altered 

rocks is that the relationship between iron and su1fur is a 

primary one and possibly related to sulfur saturation in the 

melt (ta be discussed later). 

Figure 3.5a il1ustrates the relationship between sulfur 
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and iron contents in altered basalts. The trend between 

these two elements becomes more evident if the geometri~ 

means of sulfur are plotted against the average total iron 

content of each basa1t group, as shown in Fi~e 3.Sb. Since 
• 

all of the samples represented in Figure 3.Sb àre altered, it 

is difficult ta determine wh~ther the r.elationship between 

iron and sulfur ;s .a pr;mary one or a secondary one. There

fore, in an attempt ta resalve this prob1em, the ;g'neous 

component of iran as well as that of sulfur was stripped from 

the altered basalts as shawn in Table 3.5. The data presented 

in this table reveal that the unit which lost the greatest 

amo!Jnt of iron (ie. 84) contains the least amount of 

secondary sulfur. Similarly, the unit which lost the least 

amount of iron (ie. B5) contains the greatest amount of 

secondary sulfur. This indicates that secondary sulfur dis

tribution is controlled by the iron content of the rocks and, 

that the trehd illustrated in Figure 3.5b is the result of 

a secondary alteration effect superimposed upon a primary . . 
igneous relationship. 

3.6 Juvenile Sulfur Content of Basal-ts. 
"' .., 

In ~der to estimate the amount of sulfur present in 

non-hydrathermally altered basalts in the study area"on1y 

least a1tered, submarine samples were used. Table 3.6 ljsts 

these basalts together with their respective sulfur contents. 

IOn the bas;s of the data presented in.Table 3.6, the average 
• 
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TABLE 3.5: Lasses and Gains of * and ** FeO S during Alteration 
as Indica~ed b~ the Differences i n these ComQonents 
Between Altered and Least Al tered Basa1ts 

* ** Unit %FeQ S(ppm) 

82 - 1 . 1 3 ... 87 

83 - 3.23 

/ 84 -4.84 ,,40 ' (, 

B5 -0.76 597 ! 

B6 -1 .48 140 

B7 -3.05 

* Total iron expressed as FeO. 

** Geometrie means of sul fur." 

L 
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TABLE 3.6: Sulfur Content of Least Altered Submarine Basalts 

\ 'u n; t Samp1e No. S (p pm) 
l 
1 ,t 1 B2 M319 201 

M584 3291 
M322 392 
M585 747 
M317 770 fJ 

M569 509 
M321 710 
AP 33 413 
AP 34 477 
AP 35 297 ~ 

B3 M310 278 
M305 133 
M19 465 
M307 716 
M343 906 
M309 160 
Mg 2152 
M308 3858 
M313 368 
M306- 2 93 
M329 385 
M312 848 
M18 293 \. 

M306-1 48 
M3 238 
AP3 175 
AP7 207 
AP36 408 
AP37 1 01 
AP39 133 

84 M92 2205 
M372 1670 
M89 210 , 
M256 1198 
M253 472 
Ml 450 
M252 5109 
M350 253 
AP9 ' 530 
AP12 , 292 
AP13 1919 
AP14 1309 
AP17 80 

( 
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i 84 AP20 832 
1 

AP21 498 
AP23 1113 
AP24 2327 
M252-2 5109 
M395 213 
M398 490 
AP25 138 
AP26 170 
AP27 1018 
AP40 58 

85 M48 1076 
--... M85 742 

1 M47 1383 
/ -M383 3811 

M384 1012 
M386 2528 
M388 1 01 
M389 3949 
AP42 864 

'> 
86 AP43 583 

87 AP44 398 
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su1fur content of 65 samples is 982 ± 150 ppm. 

According to Moore and Fabbi (1971) the outer glassy 

part of submarine erupted basalt contains 800 ± 150 ppm S. 

This has been confirmed by Moore and Schilling (1973) who 

found that the average su1fur content of the outer 2cm of 

pi110ws is 843 ppm. Mathez (1976) a1so reports concentra-

tions of su1fur disso1ved in glasses and his values range 

from 1000 to 1800 ppm S. Other data from investigations 

carried out by MacLean (1977) show that su1fur analyses in 

basalt glasses ranged-from 930 to 1160 ppm S. Final1y, the 

sulfur content of bas~ltic glasses obtained by Czamanske 

and Moore (1977) ranges fram 850 to 1400 ppm S. 

3.7 Factors Controlling the Solubility of Sulfur 

The solubi1ity of su1fur in basaltic magmas depends, to 

a large extent, upon four parameters: (1) composition, in 

particular iron and silica contents (2) temperature (3) sul

fur fugacity and (4) oxygen fugacity (Fincham and Richardson, 

1954; Haughton et al., 1974; Shima and Na1drett; 1975). 

Abraham et al. (1960) determined experimentally that an 

iron silicate melt is capable of disso1ving more su1fur than 

any other me1ts. Later, MacLean (1969) demonstrated experi

mentally that th~ activity of FeO exerts a strong influence 

on the solubility of sulfur. In view of these experimental 

results, it is concluded that the iron content has a strong 

positive influence on the sulfur content of a magma. In 
,1, 
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addition, Haughton et al. (1974) showed that the sulfide 

capacity of a melt decreases as the silica content increases. 

This indicates that the effect of increasing si1ica on the 
\ 

su1fide capacity of a melt is opposite ta that of increasing 

i ron. 

The second factor affecting the solubility of sulfur is 

temperature. Experimental evidence indicates that a decrease 

in temperature causes a decrease in the solubility of sulfur. 

According ta Haughton et al. (1974), the solubi1ity of sulfur 

decreases by a factor of ten as the temperature drops from 

1200°C ta 1040°C, assuming the ratio of fO 
2 

constant. However, as the magma cools, the 

and fS ;s kept 
2 

and f S change. Hence, i t 

values of fO 
2 

is often difficult to estimate 
2 

the effect of temperature on the solubility of sulfur without 

taking into consideration the oxyg~n and su1fur fugacities 

as we 11 . 

Regarding su1fur fugacity, an increase in sulfur solu~i-

lit Y results as fS increases. This has been confirmed by 
2 

Haughton et al. (1974). Nagamori and Kameda (1965) suggested 

that the probable value of log fS for most mafic magmas at 
2 

1200°C lies in the range of -1 ± 1.5 atm. 

The fourth factor which influences the salu~i1ity of ' 

sulfur is oxygen fugacity. It has been found that the ./) 
7 

sOlUbility of sulfur decreases with increasing fa (~ean, 

1 969; Ha u 9 h ton et a 1., 1 974 ).. _ 'A cc 0 rd i n 9 ta Fu d al; 6 ~=~ __ > ..-.2~; 
~~" 

,// '- - -~ 1 
~ "'-..., -- 1 

'~~~. '~ i 
, 
, 
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experimentally determined values of fO for basalts range 
2 

from 10- 8 •5 to 10- 6 . 4 atm at l20aoC. Furthermore, Katsura 

and Nagashima (1974) have shown that at l200°C, mo~t of the 

sulfur in a basaltic melt occurs as dissolved sulfide at 
-8 oxygen partial press~res below 10 atmospheres, and as 

dissolved sulfate at oxygeQ partial pressures above 10- 8 

atmospheres. 

Pressure affects the solubility of sulfur indirectly 
/J ' 

since a magma emplaced at a confining pressure which is less 

than the vapor pressure of the volatile components will lose 

a substantial amount of sulfur, largely in the form of 50 2 , 

In summary, the principal factors affecting the solubi

lit Y 'of sulfur are iron and silica contents, temperature, 

sulfur fugacity and oxygen fugacity. Furthermore, experi

mental evidence indicates that increasing the activity of 

FeO, temperature and fS while decreasing fa and silica 
2 2 

content causes an increase in the solubility of sulfur in 

a me 1 t. 

3.8 Solubility and Saturation of S~lfur in Basalti~ Rocks , 

There i5 general agreement th~t modern mid-ocean ridge 

" basalts form by partial melting of the mantle at a depth of 

30 to 100 km and a temperature range of 1250°C to l300°C. 

According ta MacLean (1969), all available sulfides would be 

melted well before silicate melting began; As more and more 

silicate melt is formed, the sulfide melt will continually 

49 



1 

~ 

dissolve into-it. The dissolution of su1fides in silicate 

liquids is accomplished by displacîng oxygen bonded to 

ferrous iron. Nockolds (1966) ca1cu1ated bond energies for 

various e1ements present in the crust and found that the 

metal-oxide to metal-sulfide ratio for Fe 2+ is 1.82. This 

value is 1~J..A1rn that obt.ained for any other major cations 

and indicates the preference of su1fur for displacing oxygen 

bonded on1y to ferrous iron in a magma. However, because the 

ionic radius of sulfur (1.84Â) ;s greater than that of oxygen 

(1.40Â), sulfur cannot substitute eas;ly for oxygen in sili-

ca te systems. Hence, the solubility of sulfur in magmas is 

l i ~i te d . 
",-- . 

The presence of sulfide globules in present day mid-

ocean ridge basalts is evidence of the existence of an 

immiscible sulfide liquid. Therefore, the occurrence of 

these globules in fresh submarine basalts is indicative of 

sulfur saturation in the me1t. The hypothesis that most, 

if not a11, submarine basa1ts are saturated with sulfur 

prior to erupt10n is not a nove1 one. Moore and Calk (1971), 

Vakhrushev and Prokoptsev (1972) and Anderson (1972) wére 

among the first ta note the presence of sulfide globules in 

Cenozoic basalts. Later, careful studies carried out by 

others (Kanehira et aL, 1973; Moore and Schilling, 1973; 

Anderson, 1974; Mathez, 1976; Mathez and Yeats, 1976; MacLean, 

1977; Czamanske and Moore, 1977) revea1ed that modern sub-

marine basalts generally contain exsolved sulfides in their 
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vesicles. indicating that the basaltic me1ts were saturated 

with respect to sulfur at the point of eruption and quench-

ing on the sea floor. 

3.9 Discussion 

Figure 3.6 il1ustrates the relationship between sulfur 

and total i ron content., Line A corresponds to the data 

obtained from the Juan de Fuca Ridge by Mathez (1976). Line 

B corresponds to the data obtained from the Mid-Atlantic 

'ftIidge by Czamanske et a1. (1977). Bath these 1ines represent 

fresh submarine basalts which were quenched at moderate 

pressures ( '\, 500 atm). Curve C corresponds to Naldrett & 

Goodwin's (1977) data obtained from the Blake River Group 

rocks which comprise part of the Abitibi greenstone belt 

in northeastern Ontario. This curve represents various 

Archean vo1canic rocks including a1tered basa1ts. sorne 

andesites, dacites and rhyo1ite\. These rocks are submarine 

and were probab1y quenched at si~ar pressures to those 

investigated by Mathez (1976) and Czamanske et al. (1977). 

Curve D is an experimenta1 curve obtained at 1200°C and l atm 

by Haughton. Roeder and Skinner (1974). Line E corresponds 

to the data co11ected by the author. This 1ine represents 

on1y the 1east a1tered (wt.% Si0 2 < 52.0) Archean. submarine 

(P '\, 500 atm) basa 1 ts from the Watson Lake Group wh; ch i s 

part of the Abitibi greenstone belt in Qu~bec. Lines A and B 

and curve 0 i 11ustrate two important points: (1) the sulfur 
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Figure 3.6 - Plot of sulfur concentration versus iron content for Archean basaltic rocks 
(curve E). Shown for comparison are curve A determined for natural submarine 
basalt from the Juan de Fuca Ridge by Mathez (1976); curve B determined for 
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content of basalts increases with increasing total iron 

content (2) the su1fur content is higher in basa1ts quenched 

at moderatè pressures ( ~ 500 atm) as compared to that in 
1 

basa1ts quenched at low pressures (1 atm). In addition, 

1ines A and B represent a close approximation of the su1fide 

saturition trend for modern submarine basa1ts whereas curve 

D represents a basa1tic su1fid~ saturation trend obtained 

experimentally at 120QoC and 1 atm. 

Experimental evidence presented by Haughton et al. (1974) 

indicates that the sulfur content of basalts increases with 

increasing total iron content. The data of Màthez (1976) and 

Czamanske et al. (1977) confirm the positive correlation 

between sulfur and iron, although the levels of sulfur in 

their submarine basalts are higher than those in Haughton's 

(1974) experimental basa1ts. A like1y reason for the high 

sulfur levels is pressure (Moore & Schil1ing,·1973). The 

su1fur levels obtained by Mathez (1976) and Czamanske (1977) 

appear to be representative of Cenozoic submarine basa1ts. 

In examining the data presented for Archean submarine basa1ts 

(line E) and that presented for modern submarine basalts 

(lines A and B), one can see that the Archean rocks have 

lower su1fur levels than the younger rocks. Moreover, there 

is 1ess dependence of sulfur on iron in Archean basalts as 

, co m par e d t 0 th a tin the y 0 u n g.e rra c k s . A corn par i son 0 f 

Arcnean and Cenozoic basalts, if it were valid, wou1d indi-

ca te thàt the older rocks are clearly undersaturated. 
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Naldrett & Goodwin (1977) analysed various " types of 

Archean volcanic rocks including altered and least altered 

basalts, sorne andesites, dacites and rhyolites and plotrt~d 

the results of a1l these analyses on an FeO-S diagram as 

shown in Figure 3.6 (curve C). Points one through four each 

represent a group of analyses obtained from basa1ts. P~ints 

five and six each represent a group of andesites, point seven 

represents a group of dacites whereas point eight correspondS~ 
to a group of rhyolites. If points five through eight are 

indeed andesites, dacites and rhyolites, then one cannot 

plot them all on one curve, nor can one plot them on the 

same curve with basalts. The reason for this is that the 
('), 

su1fide capacity of a m~lt decreases with increasing silica 
1 

content as discussed earlier in Section 3.7. In addition, 

recent analyses of rhyolites from the Matagami area confirm 

the fact that th~se rocks generally contain far less sulfur 

than the basalts (see Appendix II). Hence, the bottom 

portion of Naldrett & Goodwin's curve is unieliable on this 

basis. Points one through four, if they were repr~sentative 

of fresh or merely least altered basalt~, could be plotted 

on an Fe 0 - S dia gr am. Ho w ev e r; 'c\o se r 'i n s pee t ion 0 f Na l d r et t 

& Goodwin's, analytica1 data suggests that their basal~ 
include both least altered and altered rocks. Fresh meta-

basalts typically contain 48-52% Si0 2 whereas hydrothermally 

altered samp1es show a progressive increase in si1ica content 

(MacGeehan, 1979; MacGeehan and MacLean, 198Gb). In view of 
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this, the upper portion of Naldrett & Goodwin's curve i5 

le eit.her. Naldrett & Gooctwin (1977) 

also pr diagram to show that the relationShi,,/-

between iron and sulfur in their rocks is similar to 'Ùat 

obtained experimentally by Haughton et al. (1974). They .. 
were able ta do this by plotting the arithmetic means of 

sulfu~ for each g~oup against the respective mean FeO contents . 
, 

Having established in their paper that the wide ranges of 
\ . 

sulfur contents in their rocks make the arithmetic mean a 

poor estimator of the mean sulfur content of each group, it 

is not clear why they proceeded to use the arithmetic means, 

especia11y since they had determined the geometr;c means Of~ 

sul fur for each group of rocks for that very reason. 

Nevertheless, by plotting the arithmetic mean of sulfur 

a gai n s t the m e an; r 0 n con t'te n t for e a c h 9 r 0 u p, the y -coi n c ,i -

• dentally obtained a curve which was slightly Qffset from 

the experimental curve obtàined by Haughton et al. (1974). 

Consequently, Naldrett & Goodwin (1977) concluded that their 

Blak€ Ri~er Gfoup rocks were probably saturated with respect 

to sulfur. This conclusion is obviously invalid on thé basis 

of the above discussion. Furthermore, in another paper, 

N a l d r e t t, Go 0 d w ; n, F ; s h e r & R ; d'l e r (1 9 78 ) P r'e sen t m 0 r e a n a -

lyses of various types of Arcnean rocks from the same general 

area ancJ compare them to the trend s.hown by curve C. Using 

an identical approach to that taken in the 19-77 paper, they 

draw conclusions concerning sulfur.saturation of the rocks 
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based on a comparison o~ these latest results with the trend 

that they showed for the Blake River Group rocks (curve C). 

These conclusions are somewhat erroneous siRee eurve C, 
o 

which 1s the basis of their 'coinpa,risons, 1s inv,~li.d'.o A'fina1 , 

point concerning Na1drett et a1. ' s (1977,:1~91iJY pape'rs is 
, ' 

t h a t the ira n' des it es, d a c i tes and' rh y 0 lit ë s -m a y we 11 b ~ 

saturated but only because they are andesites, d~cites and 

rhyolites and not on the basis that they can be fitted smoothly 

onto the lewer,portion of a basalt curve. Su1fur saturation 
'. 1 , 

'\ 1evels decrease progressive1y as the compositi~n of a me~t , 

v~ries ~rom basa1tic te rhyolitic as demonstrat~d by Hau~hton 
, 

et al. (1974). Consequent1y, one shou1d be'able to produce 

a smooth c.urve, such as the one that Naldrett et al. (1977) 

produced, if one plots all of these rock types on one cUJ've. 

The resu1ts of the present study (c"urve E) indicate that 

hydr~thermal alt~ration added su1fur to-the altered rocks 

a~d depleted them of irone Sinee the basalts of the present 

s t u d y are, i n' man y w a ys" s i ID i 1 art 0 the 0 n e s s tu die d b Y 
. ( " 

N a l d r e t t et al. (1 9 7 7, l 97 8 )" the au t h 0 r sus p e c t s th a tif the 

1 0 w e r po r t ion 0 feu r v e C we r e el i min '5 e' d, as i t s ho u"l d b e , 

and if the upper portion of this curve were re-evaluated 
. 

by eonsidering only .the least altered rocks, then the • 

resulting 1ine would be offset to the right of its present . -
position whil-e the slope wo~ld beeome s]idhtly steeper. ~his 

;s based on the likely assumption that the process of 

alteration operative on the Archean basalts'of the Watson 
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Lake Group is similar to that operative o~ the Archean 

basalts of the ~lake Rive~ Group: If this assumption is 

valid, then the resulting line for Naldrett's Blake River 

Group basalts weuld be very similar to line E. 
{7 ~ 

3..-l0 Conclusion 

The sulfur content of basaltic rocks from the Matagam1 
f 

area is highly variablé., However, ,the mean sulfur content 

of the units comprising the Watson Lake Group increases from 

unit 83 throu~h 84 to a maxim~m in 85 and then decreases 
, 

throu§h B6 to B7. 

There is an added differ~nce between the mean sulfur 

content of least altered and altered basalts. In all but 

one unit. the mean sulfur'values of the 'altered basalts are 

consistently higher than those of the least altered oasalts. 

j)=K:reases and decreases in SUlfurgent of l-east 
, .-

altered basalts parallel increases and dec eases in total 

iron content. This indicates that the re at;onsh;~ betwee~ 
iron and sul~ur is a primary one, possibly related to sulfur 

saturation in,the melt. 
1 

Addition ~ sulfur to the ~ltered basalts reflects the 
"'-amount of iron lest as a result of hydrother~àl alteration. 

The unit which lost the greatest amount of iron contains 
il .. 

the 1 e a s t ,9 mou n t 0 f sec 0 n d a r y sul fur wh e r e as' 't heu nit wh i ch 

lost the Teast amount of iron contains the greatest amo~nt of 
, 

secondary ~ulfur. This suggests that secondary sulfur dis-

tribu~;ori is ~ontrolled by the iron content of the rocks. 
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CHAPTER 4 - SULFUR ISOTOPE DETERMINATION 

4. l Introduction 

. 32 33 34 36 Sulfur has four lsotopes: S, S, 5 and S. Of 

all of these, 32S Clal'id 34 S are the most abundant (ie. 32 5=95.02%, 

34 S = 4.2%). Due to the differences in mass, these isoyopes 

can be segregated i n nature. The heavier 34 5 isotopes have 

a tendency ta form 56+ ions and are fractionated rather strong-

ly into sulfates. The l i~9 h te r , 32 5 isotopes, on the other 
\ 

hand, tend to form S2- ions and are fractionated more into 
{ 

sulfide minerals and aqueous and gaseous sulfide species. 

The determination of isotopic composition is accomplished 
~ . 

b Y c 0 m par i n 9 the rat i 0 0 f sul fur i~ 0 top e sin a n u n k n 0 w n t 0 

the ratio of isotopes in a known standard. All meteo~ites 

are characterized by the same sulfur isotope ratio. Thus, 

by convention, the isotopic composition of troilite in the 

Canon Diablo meteorite is taken as a standard. Troilite (FeS) 

has a very constant 34 5/32 S ratio of 0.0450045 (Ault & Jensen, 

1963). Knowing this, the a34 s value of unknown samples can 

be determined using the following mathematical expression: 

34 S (per mil) 

Positive a34 s values denote more 34 5 than i~ the meteorite. 

Mantf,e material is considered to be of the same isoto-

pic composition as the meteorites. Therefore, sulfur derived 
( . ( 

1 
) 
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from the mantle is expected to have a345 equal to zero. 

Magmatic sulfides should àlso have a34s values close to 

zero. 
1-

Present day seawater has a uniform isotopie composition 

of +20 per mil. Virtually all,of the sulfur in seawater is 

in the form of aqueous sulfates: On the basis of the data 

presented in Figure 4. l, sulfides formed in equilibrium with 

this seawater are expected to be negative at T < 400°C. 

However, because the a34 5 values of seawater varied between 

+10 and"+30 per mil from~the base of the Cambrian to the 
'\. ) " 

p~esent" (Ohmoto et al., 1979), it is expected that the total 

range of 334 S values of the resulting sulfides wou1d be 

greater for any given temperature. 

Aside from the influence of the'isotopiC composition of 

seawater, a34 s values of sulfide minerals occurring in hydro

th~rma11y altered rocks have been shown to resu1t from the 

interaction between several important inorganic parameters. 

Sakai (1968) and Ohmoto (1972) demonstrated that the chemistry 

of the ore-forming solutions (ie. aqueous su1fur species, 

f 0 ' pH and T) h a ve a st r 0 n 9 e f f e ct 0 n the" a 34 S val u e 5 0 f 
2 

hydrotherma1 minerals. • 

According to Ohmoto (1972), H2S is an important" aqueous 

species at low pH and low fa' However, as the pH of.t~e 
2 

fluid increases, H25 ~ecomes 1ess stable and HS- becomes the 

predominant sulfur species. As 'pH continues to increase, S2-

eventual1y becomes the most stable species in solution. 
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1 Furthermore, at high fO and low pH, HS0 4 
2 

is an important 

aqueous speeies whereas at higher pH (and high fa ), 
2 

becomes the predominant sulfur spec;es. 

50 2-
4 

• \ 

Having established the stability fields of the various , 
aqueous sulfur species, it is now appropriate to examine the 

effect of pH and/or fO on the isotopie composition of sulfide 
2 

min€rals. Ohmoto (1972) showed that the isotopie composition 

of sulfides forming in equilibrium with a fluid containing 
~ 

significant proportions of several aqueous species ca~ change 

quite drastieally with a slight change 

instance, at 250°C,-~n increase in fO 
2 

in pH and/or fa . 
2 

by one unit and/or 

For 

an increase of pH by one unit can aceount for a decrease in 

a34 s by about 20 per mil. 

Furthermore, a change in fO and/or pH by one unit can 
34 produce a larger variation in a S at lower temperatures than 

'&. 
at higher temperatures Slnce the fractionation factors are 

larger at lower temperatures (Figure 4.1). 

On the basis of the above discussion. it is evident that 

the a34 s values of hydrothermal minerals are a reflection of 
-

a complex geochemieal history of the sulfur in hydrothermal 

fluids. Therefore, the interpretation of a34 s values obtain

ed from these minerals requires an understandtng of both the 

geology and the geochemistry of the ore deposits in addition 

to the proeesses of isotopie fraetionation occyrring within 
1 ~ 

these systems. 
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4.2 Analyses of the Volcan;c Rocks 

Sulf.ur isotope analyses -~re carried out by Dr. C. E. 
~ 

Rees of McMaster University. T~e analytical procedure 

involves initial combustion of samples in a stream of oxygen 

in a LECO induction furnace. The sulfur dioxide which is 

produced ;5 swept by ~he /xygen into a flask containing 

bromine water and then o~idized to sulfate. The latter li 
precipitated as barium sulfate which is then converted to 

hydrogen sulfide, cadmium sulfide, silver sulfide and sulfur 

dioxide for mass spectrometrie analysis. 

Although these sulfur isotope analyses were essentially 

total sulfur analyses, it appears that there is little chance 

of there being anything but reduced sulfur in the samples. 

This is in accordance with petro10gical evidence becaus~'no 

sulfate-bearing minerals have been encountered in any of the 

samp1es. 
~ 

4.3 Isotopie Composition of the Rocks 

Sulfur isotope determinations bave been performed on 

thirteen samples of basa1t. The resu1ts of these analyses 

1 are tabu1ated in Table 4.1. The isotopie results show that 

the a34 s values are genera11y low, ranging fram -0.3 ta +1.8 

per mil in the 1eas~ a1tered rocks and -1.8 to +3.9 per mil 
\ 

in the altered ones. It is assumed that the degree of 

alteration, measured by Si0 2 content. is proportional to 

water/rock ratios (MacGeehan. 1979; MacGeehan and MacLean, \ 

1980). 
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TABLE 4.1: Sulfur Isotopie Compositions of the Basalts 

* 34s(per Type of s amp le Unit Sample -No. mi 1 ) 

A B3 M- 330 -1.8 

LA B3 AP-49 1.8 

LA B5 AP-42 0.0 

A B5 M- 34 0.9 

A B2 M-316 3.8 

LA B2 M-317 1.8 

A B4 M-655 1 .2 

A B4 M-369 0.6 

LA B6 AP-43 -0.2 

LA B7 AP-44 l.4 

A B7 M-38 3.9 

LA B5 AP-30 1.1 

LA B.6 AP-7 -0.3 

* "A" refers ta altered whereas "LA" refers to 1east 
altered. samples. 
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4.4 Interpretation of the Isotopic Composition 

Figure 4.2 illustrates the relationship between a34 s and 

Si0 2 content of the rocks. Sinee at the present time, Si0 2 

data is unavailable for the seven least altered samples, 

average S;02 values for least altered basalts in èach B-unit 

were calculated and substituted for the missing data in 

four of the seven samples. Unfortunately, no such data is 

available for units B6 and B7. Hence~- three of the seven 

samples do not appear in Figure 4.2, although it is assumed 

that the silica content of these three samples is less than 

52.0 wt.%. It is evident from the data presented in bath 

Table 4. l and Figure 4.2 that the least altered samples 

plot within a narrow range of a34s. However, as the silica 

content of the samples increases, the range of a34 s values 

widens. 

According ta Schneider (1970), Sasaki (.1970), Kanehira 

et al.. (1973) and Ohmota et al.. (1979), the sulfur iso-' 

tope composition of fresh tholeiitic basalts ranges from 

-1.0 to +2.0 per mil. Assuming that this is generally true, 

then all of the least altered samples plotted in Figure 4.2 

would be accounted for. The fact that the a34 s values of the 

least altered roeks fall w~th;n the range of values character

istic of fresh tholeiitic basalts indieates that the sulfur 

contained in the least altered rocks 1s pr1mary, as expected. 

The a34s values of the altered basalts range from -1.8 

to +3.9 per mir. The greater range in the isotopie composition 
"------- ---
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Figure 4.2 - Plot of 334 5 values against 5i0 2 content. 
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of these basalts may be a reflection of the exchange of 

~sulfur between the basalts and the altering fluide As shown 

earlier in Chapter 3, this fluid generally added to the 

sulfur content of the altered basalts. Hence, a .likely 

explanation for the strongly positive values is that they 

derive from an altering fluid of seawater origine Although 

the isotopie composition of seawater in the Archean is not 

known, it will be assumed that it was similar to that of 

present day seawater. Thus, in terms of simple mixing, an 

addition of 7 %5 (mean amount of sulfur added to units 82, 

B3 and 84) from seawater of 034 S = +20 per mil would ;ncrease 
34 the 3 S[S of the least altered rocks from an initial value 

of +1 per mil (mean isotopie composition of the least altered 

bas a 1 t s) t 0 + 2 . 2 "p e r mil i n the al t e ~ e d roc k s . Th i sin for -

mation enables one to superimpose 334S contours upon the 

stability fields of Fe~S-O minerals as shown in Figure 4.3. 

In examining the data presented in this figure, one can see 

that the range Of a34s values exhibited by the altered 

basalts can be produced under conditions of (1) low fa and 
2 

near neutral pH (ie. by simply recirculating~Qrimary sulfur) 

or (2) high fO and acidic pH (ie. by mixing primary sulfur 
2 

with seawater sulfur). A chaice between these two alternatives 

can only be made if the Eh/pH conditions of the hydrothermal 

fluid at the time of ore deposition are known. The restric-

tions on these two parameters will be evaluated in Chapter 5. 
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Figure 4.3 - Comparison of the positions of a34 s contours with 

the stability fields of Fe-$-O minerals at T - 350°C 

and 1-1.0. FeS-FeS2-BaS04-Fe304-Fe203 boundar;es 
are from Ohmoto (1972)~ 

----' :a 34 s concours. Values in [] and () are for 
H2S ac a34s~s ~r+l.O and +2.2, respeccively. 

---:Fe-S-O mineraI bound,aries ac rs, .~O.Ol moles/kg 
H20. 

,- 1 _ 3 
- -·-:Barice soluble/insoluble boundary at mBa2 .·m;:S·lO. 
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This, in eonjunetion with a34s tsopleths developed in this 

chapter, enables the author to trace and isolate the path 

of the ore-forming fluids. 

4.5 Conclusion 

The isotopie composition of sulfides occurring in the 

least altered basalts is indicative of a magmatic source of 

sulfur. .. 

In conjtast, the isotopie composition of sulfide minerals 

in the altered basalts ;s indicative of either a recycled 

primary source or a mixed magmatic and seawate~ source. 
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CHAPTER 5 - HYDROTHERMAL FLUIDS AND MASSIVE SULFIDE GENESIS 

i' 
5.1 Introduction 

It has long been observed that seawater derived brines 

are both capable and efficient transport media. Indeed, 

hydrothermal 1eacl:ling of transition- meta1s and their sub

seq~ent transport as meta1-rich brines ca~ount for the 

genesis of a number of ore deposits (Degens & Ross, 1969; .. 
Parmentier & Spooner, 1978; Francheteau et al., 1979) . 

. 
The origin of the brine involved in the Garon Lak~ 

geothermal system is thought to be seawater as we11. Accord

ing to MacGeehan (1979), these flu}-ds were probably sil;ca 

saturated and slightly basic originally, although as a 

result of their interaction with basalts, they later became . 
more acidic. This is in agreement with Bischo~f & Dickson 

~ 

(1975) .wpo r~port that fOllowing the reaction of seawater 

with basalts at T = 200°C and P = 500 bars, the origin~lly 
/ 

s 1 i g h t 1 y bas i c .~ a - Mg - S a 4 - C 1 sol u t ion los e s i t salk a 1 i nit Y 

and becomes a slightly acid Na-Ca~Cl solution. 

The main effect of hydrothermal f1uid interaction with 

the basalts was the development of alteration. As mentioned 

"in C'hapter 2, this a1teration was dominant1y a si1ièifica.tion 
\ 

and spilitization process. As a result, certairi elements 
, 

were 1eached from the rocks by the convecting hydrothermal 
t 

f lui d. wh i l e '0 the r s .. r e ad d e d t 0 the 'r 0 c k s . 0 e ta; l s con c e r n -
.. 

i n 9 the e 1 e men t 5 wh i ch we r e de p l e ~ e d f rom, and th 0 s e 'W hic h 
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were added to, the basalts-are presented in the following 

section. 

5.2 Major Element, 9r ace Flement and Transition Element 
~ , p 

Redi stri butfon 

MacGeehan (1979) 'showed that the major e1ements, iron, 

magnesium, titanium and calcium, were 1eached from the b~alts 

inAhe core of the geoth~rma1 system, by. the hydrotherma,l 
. ,\ 

fluid. However, sodüJm"and
l 

silica were a{ided to the rocks 

as the a1ter~t;Qn intensified. 

Significant amounts of nickel" ch'romium and cobalt, and 

even greater amounts of manganese and vanadium w~re di~s~lved 

1 
1 

1 

! Il 

1 
1 

,1 H-

l 

Î 
\ 

by the flui:,d, thereby depl.eting the basaltsr':~J these elements. :' 

'Oh the other ha.nd, elements. $uch as,\ z~rconium, yttrium, 

niobium and the rare earths were added to the basalts (MacGeehan 
~ 

& MacLean, 1980).' 

Transition e1emént redistr;butio~ involved the loss of 

copper, iran and zinc from the basalts .. Zinc was dissolved 

progressively along with the other major elements, including 

iren. Hawever, rnost of the copper appears ta have been 

removed from basalts at ~he very beginning of the alteration. 

5.) Sulfur Redistribution 

It was established earlier in Chapter 3 that altered 

basalts ~ontain more sulfur than least altered basalts. This 

indicates an addition of sulfur ta the altered basalts due to 

hydrothermal fluid inter,action. A proposed model for sulfur 
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distribution within these basalts is presented below. 

Shortly after the B~-B3-B4-GLR'sequence of volcani;s 

.as 'lai d down. sea.a ter ',egan to flo. 1 nto th .. ~as.1t/ due 

to the permeabi1ity of these units. However, the overlying 

~rhyolitic unit was impermea~le. This unit restricted fluid 

movement to the underlying basalts, thereby ensuring a closed 

system. As the seawater passed through the basal,ts, it was 

heated up by th€ rocks. This enabled the f1uid to circulate 

con v e c t ive l y th r 0 u 9 hou ,t the bas a l t s . . -As i t d i d s.o, i t b e 9 a n 

t 0 ,1 e a c h sul fur f rom t h e.--+e.a s t Cl l ter e d roc k s . Ina d dit ion , 

the hydrothermal fluids also gained sulfur from seawater 

(Bischoff et al., 198~). ~ence, the su1fur which was lost 

from the 1east a1tered basa1ts was incorporated into, and 

redistributed by, the hydrotherma1 fluids. These f1uids , . 
( 

continued to circulate through the rocks as long as there 

was sufficient ener~ in the sy~tem to do so. However, once 
Q 

most of the energy was dissipated, the geothermal system 
\ 

.b e 9 a rj t 0 d ra w t 0 a c los e . Th i s wa sac c 0 m pan i e d b y r e -

precipitation of sulfur (as pyrite) within the altered 

basa1ts. The bu1k of the su1fur, however, was preciPitated 

in the form of meta1 sulfides at the sediment-seawater 

interface. 

5.4 Solubility and Transport of Ore Metals and Sulfur 

The principal ore meta1s of the Garon Lake mine are 

zinc, copper and irone According to MaCG~ehan "(1979), these 
~ 

.. 
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metals were leached from,basalts in the core of the geo

thermal system at temperatures up to 400°C. At these 
. 

elevated temperatures, pyrite and chalcopyrite, th~ most 

comm9n su1fide minerals in igneous rocks, may decompose by 

reaction with acidic aqueous solutions to become the source 

of sulfur in ore-forming fluids (Ohmoto et al., 1979). 

These decomposit;on reactions may be represented by the 

following relations: 

There is a possibility, however, that these metals 

may also have been leached at lower temperatures which would 

have prevailed c10ser to the intake zone of the system, 

~rovided that there was convective circulation of hydrothermal 
, 

fluidi in the area where these metals could have been leached. 
Il 

In the Red Sea geothermal system for instance, White (1968) 

found that zinc, copper and iron are being leached at tem

peratures less than 60°C. According to White (1968) as 

reported by Corliss (1971), "contact of a Na-Ca-Cl br;ne 

with solid phases that contain tfase meta1s which are 

crystallizi~g or recrystal1izing at temperatures from 100 to 

900°C; is the most favored circumstance for concentration 
f 

of these meta1s in the liquid J;)hase." Bischoff et al. (1975) 

conducted an experimenta1 study in which seawater was reacted-
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wtth basalt at 200°C and 500 bars and found that iron and 

copper were indeed l~ached from the basalts. Therefore, since 

the evidence in the 1iterature indicates that base metals 

may be leached at low temperatures (ie. T < 250°C), it is 

possible that the ore meta1s in the Garon Lake geothermal 

s y,s te m m a y h a ve b e e n,le a che d c los e r t 0 the i nt a k e z 0 n e 

in addition to the core zone. 

The dissolution rates of'the base metals and su1fur 

appear to be variable. MacGeehan (1979) demonstrated that 

zinc was solubilized at a constant rate as alteration pro
~ 

gressed. However, copper was disso1ved rapidly at the 

outset of alteration. Iron was solubilized much 1ike zinc 

in that it was 1eached at a constant rate as a1teration pro-
e 

gressed. The disso1u,tion -rate of su1fur, represented by 

the decreasing slope (m) of the least squares 1ine in Figures 

5.1, 5.2 and 5.3, indicates that' sulfur was dissolved rapidly 
\ 

during the ear1y stages of alteration and progressive1y 

slower during subsequent later stages. 

E~timated temperatures within the intake zone as weil 

as in the core suggest that su1fur was probab1y transported 

as aqueous H2S. HS- and S04 2- while the ore meta1s may have 

been transported as bisulfide and chloride complexes. In a 

study of hydrotherma1 ore formation at low temperatures and 

alkaline conditions. Barne~ & Czamanske (1967) found that 

i~ the pre~ence of HS- species, zinc preferentia1ly forms 

Crerar & Barnes (1976) demonstrated that. in the 
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presence ot HS-, the dominant Cu+ species changes with 

incr,easjng temperature from CU(HS)3 2- at T'" 200°C to Cu(HS)2-

at T ~ 250°C. In a study of the thermodynam1cs of hydro

thermal systems at elevated temperatures, Helgeson (1969, 1970) 

found that ZnC1 2 , euel, FeC1 2 , Fee1 3 , H2S and H2S0 4 are 

important components of natural hydrothermal systems. 

Since it is believed that the prevailing pH conditions 

in the intake zo~e were alka1ine as opposed to the dominantly 

acidic conditions within the core, it is highly probable that 

zinc and copper were transported as bisulfide complexes close 

to the intake zone (ie. T < 350°C, 6.5 < pH < 9) and as chlo

ride complexes in the core zone (ie. T =- 350°C. pH > 2.5). 

Iron, on the other hand, was transported exclusively as a 

chloride camplex since it cannot form bisulfide complexes 

(Crerar & Barnes. 1976,~ Barnes, 1979). Fina11y;'" sulfur was 

transported as aqueo~s H2S and 5°4 2- (in the core) and as 

HS (in the intake zone). 

5.5 Stabi1ity of Metal Bisulfide and Metal Ch10ride Complexes 

The stabi1ity field of bisu1fide complexes extends from 

pH - 6.5 ta pH - 9.0 at T < 350°C. At T ~ 350°C, however, 

these complexes are stable at pH> 9.0 (Barnes, 1979). The 

break-up of metal bisulfide complexes may be caused by any of 

the following factors: 6 

(1) a decrease in pH. This can be in response ta 
oxidation which may be cau~ed mainly by reaction 
with wallrocks, other solutions and gases containing 
oxid;zed species (ie. CO 2 , 50 2 , O2 etc.). Oxidation 
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releases H+ ions. lowers pH and ultimately causes 

precipitation of sulfides. 

(2) an increase in temperature 

(3) dilution by other solutions 

(4) a change in ES. Crerar 8. Barnes (1976) report that 

nearly a1l of the copper in the form of cuprous 

bisulfide ( Cu(HS)2- ) will precipitate as a resu1t 

of a change of O. l x ES. 

The stability field of metal ch10ride complexes is 

restricted to pH < 2.5 at T < 350°C. At T ~ 350°C. these 

complexes are stable at pH > 2.5 (Barnes. 1979). l'he break-up 

of thes e complexes can be attri buted to the fo11owing factors: 

( 1 ) a change in pH or a change in fO 
2 

(2 ) an increase in tempera tu re 

( 3 ) dilution by other solutions ( i e . intermixing wi th 

a su1fur-bearing solution will cause precipitation 

of metal sulfides). 

(4) a change in ES 

5.6 Mechanism of Ore Metal Transport and its Relationship 
to the Genesis of Massive Sulfides 

Thermal conditions at the time of base metal leaching 

as well as the probable pH of the ore-forming fluids suggest 

that the ore metals which were 1eachèP in the core of the 

geothermal system were transported exclusively as chloride 

complexes. According to Ohmoto and Rye (1979), the formation 

of pyrrhotite, pyrite, chalcopyrite and sphalerite under 
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equi1ibrium hydrotherma1 conditions from Fe 2+, Fe 3+, Cu+ 

and Zn2+ ch10ride complexes requires H2S and/or 5°4 2-

as il1 us trated by 
~ 

the fo?lowing reactions: 

2+ Fe + H
2

S -+ FeS + 2H+ 

4Fe 2+ + 7H
2

S + sa 2- -+ 4FeS 2 
+ 

4 + 4H 2 0 + 6H 

8Cu+ + 8Fe 3+ + 15H
2

5 + 50 2-
4 -+ 8CuFeS 2 + 4H 2O 

Zn 2+ + H2S -+ ZnS + 2H+ 

+ 22H+ 

On the basis of this information, it appears that under 

equilibrium hydrotherma1 conditions. the interaction of 

metal complexes with sulfur-bearing species commonly results 

i n the pre ci p ; ta t ion 0 f me ta 1 sul fi des. 

Fur the rm 0 re, e a r lie r w 0 r k b Y Mac Gee han (1 979) and A ft a b i 

(1980) provides a basis for the upcoming discussion concern-

"lng the path of the ore-forming fluids. According to MacGeehan 

(1979), the development of a geothermal system beneath the 

Garon Lake rhyolite resulted in the leaching of ore metals 

and u1timately in their deposition in the form of massive 

sulfides. These massive sulfides comprise three orebodies 

as shawn in Figure 5.4. Although the sulfide mineralogy of 

each orebody is the same, the concentration of ore metals 

varies from one orebody to the next as i11ustrated in Table 

'5.1. In addition, on the basis of mineralogical and textural 

eVidence, Aftabi (1980) established that Po-Py-Cpy-Mt-Sph 

is a comman equilibrium mineral assemblage in lens liA" 
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Tab le 5 . l Approximate Ore Reserve at 

" 

Orebod) Tonnage 

B-Zone 88,000 
\ 

C-Zone 54,000 

A-Zone 309,000 
,~, 

Total 451,000 

r 

( 

80 

the Garon 

,/ . 

~ Zn 

11.55 

3.17 

1.39 

3.59 

" 

/ 

Lake Mine 

~ ,Cu Zn/Cu 

1.04 11. 1 

2.46· 1.3 

1.95 0.7 

1.83 1.96 

(a fter MacGeehan, 1979) 
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whereas Py-Cpy-Sph is the equilibrium minera) assemblage in 

lens IIC" as well as in lens "B". 

Therefore, all of the above mentioned evidenee suggests 

that the ore-forming fluids evolved and pr~gressed in the 

manner indicated in Figure 5.5. The initial fl'uid was 

probably centered at, or close to, the invariant point', as 

shown. This is consistent with the equilibrium mineral 

assemblage Çlbserved in lens "A". How,ever, as the ore-forming 

ftuid evolved, Oit progressed further into the pyrite stability 
, 

field, as indicated. This is in accordance with the mean 

composition of the sphalerites in eaeh lens as determined 

by Aftabi (1980). The lack of zonation within these spha-

lerites indicates compositional homogeneity within this 

mineral group and lends further support to the idea that the 

ore-forming flutd did not progress far beyond the (Zn. 9Fe. 1)S 

i~opleth. Furthermore, it was suggested earlier in Chapter 4 
l, 

that the isotopie composition of the altered basaltsJ could 

be produced under conditions of (1) low fO and near neutral 
2 

pH or (2) high fa and acidic pH. The first possibility 
2 

can now be eliminated on the basis of the Eh/pH conditions ~ 

established by the equilibrium minera~ assemblages in the 

ore rocks. In addit~on, the mean isotopie composit~on of 

the s p h ale rit es fur the r r est r; ct s Eh / pH con d ;-t ; 0 n s 0 f the 

h y d rot h e r mal f lui d a t the t i me 0 f 0 r'e de p 0 s i t ion. Con -, 

sequently, the above mentioned mineralogical and petrographic 

evidence is consistent with the hypothesis that the sulfur 
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Figure 5.5 - Stabi1ity fields of Fe-Zn-Cu-S minerals at 
T - 350°C. The Po-Mt, Po-Py and Py-Mt boundaries 
are from Ohmoto (1972). The Cpy-Py-Bh boundary 
is from Barton & Skinner (1979). Sphalerite 
isop1eths within the Py and Po stability fields 
are from Scott & Barnes (1971). 

--:a 3 "s contours. Values in [] and () are 
a 3 " 1 ° for HZS at S~S - . and Z.2, respectively. 

--- :Fe-S-Q mineral boundaries at ES - 0.01 moles/kg 
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- . _ Ill. 

pr_esent in the altered basalts i's deriyed from mixing of 

primary, igneous $ulf~r with lesser ~mounts of seawater 
~ 

'-

sulfur. ~ 

... 
5.7 Conclusion 

The temperat~re of the ore-forming f1uid in the core 

of the geothermal system was ~350°C. The acidity of this 

fluid varied from pH ~ 4.0 to pH - 6.8"while the oxygen 

fugacity remained essentia1~y constant at log t,,/ ... 31.0 • . J2 
Consequently, it appears likely that a possible cause of 

the break-up of metal chlo~ide complexes within the Garon 

Lake geothermal system may have been the intermixing of a 
, 

metal-chloride brine ~;th a sulfur-bearing solution • 

... 

~, 
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CONCLU SION 

; 
l 

On the bas; s of the sul fur content and sul fur i sotopi c 

composition of Arctiean basalti,t' ro'c'ks at Matagami t it 1s 
( ( 

concluded that: 

( 1) T h-e sul fur con te n t 0 f the s e, A r'c he a n bas a 1 ti c roc k s 
• 

is highly variable. 

(2) The sulfur conrten,t of the least altered basalts .. 
1 

parallels ·th~ tatal iron content i-n each flow unit 
" 

indicating ,that the relationship .between the two 

elements is a primary one, pdssibly related to 
'{ 

sulfur saturation in the lJIelt. 
, , 

(3) The mean sulfur contents of the, altered basalts are 
, . 

consistently higher than those of, the least altered 

basalts. This' is a reflection of initial .1eachirig 

of sulfur ;f·rom.the least altered basalts and sub

sequent' addition of sulfur to the altered basalts 

due to hydrothermal fluid interact'ion. Furthermore, 

the' ad d; t ion 0 f sul fur,. t 0 the al t e'r e d bas a l t s 
1 

parallels the 10ss of iron, thereby suggesting that 
" secondary sulfur distribution is control1ed by the 

iron content of the rocks. 
f 

t 

.. ( 4) Su. l fur 1 sot 0 pic' r e sul t sin d i c at eth a t trie sul fur 

present in the 1 east a ltered< basa lts f s of magmat i c ~ 
or; gin <w h e r e a s th a t p r e.s e n tin the a 1 ter e d bas a 1 t s ' ~ 

'. /' 0 

is :f a mi xed magmati c and ,se~water orl !lin, '/1.. ,:' 
, ~ 

~~ 
"" 
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(5)\ On ev i den'ce» ore 

, 

" 

, 

q~pos1tion/~t< the Gargn ~ake m1~e resultèd from 

jixing of a meti1-ric~ cblo~fd~ br1~e with a 
. , 

sUlfur-.b'earing .solution. 
/". 
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.'» ,. CONTRIBUTION TO KNOWL'EOGE 

r • 4 . ' , 
" . 
('1) Th-e analytical mèthod outline,d,in the

l
, text presen·ts an 
1 

al:t~rnate "means of analYfing '(or 'sulf'ùr, provided .tnat 

. ' the rocks wh; c;h are of fnterest. 'contai none .predomina,nt. ~ . 
.. 

sulflde-bearing minéral phase. 
/ .. 

, '. " • • 1.> 
(2) Hydrothermally altered basalts p~.s~rve the original, 

, . positive tren~ e~hibited ~y ~ron .. a~d ,sulf~the, lèast 

a l ter e d bas a 1 t s . Ho w e, ver, the a l ter e d b a s·a l t s are 
~ . . . 

more sulfur-rich as .comparect to.the l-east·altered ones 
. 

in~icating that hydrothermal fluid interaction resu]ts 
" 

in an addition of sulfur to alfere<l basalts. 
. , . 

(3) The amount of sul fur added to the a1tered basalts is 
./ l.. 

inversély proportianal ta the amount of iron 10,$t~ , 
. . 

thereby suggesting that secondary sulfur distribution 

'" ;.s· C?nt.ro 11 ed by the i ran content of the roc ks . 
\ 
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the addition of a careful1y w~ighed a~ount of fine1y ground 
f 

p Y yi i te gr a i n s' ( .. 2 a 0, mes h) t·o a wei 9 he d sam p 1 e 0 f p.u l ver i z e d 

rock powder (-200 mesh) of basaltic composition. The exact 

proportions of pyrite to basà1t 'used in the prepa'ration of 'r 
each of these standards are i nd',; cated below. 

~ 

BASALT{g) PYRHE{g) 0 %5 

3.000 0.000 0.000 '" 
2.99/ 0.003 f 0.050 . 
2.994 0.006' 0.100 
2.985 0.015 0.250 
2.970 0.030 0.500 
2.940 0

1

.060 1.000 

Each, stand,arc;! sample was then placed in an agate mortar. 

Sufficient acetone WIS added to each basalt-pyrite ~ixture' 

in order to facilitate mixing. F~llow~ng the addition of 
tl 

acetone, each standard sample was mixed for three minut~~ 

w i th a n a 9 a tep est 1 e un t'il the mi x t ure a p p e are d h om 0 9 e ne 0 us". 

Af~er the samples were ,dry, each was pelleti'zed fo11owing 

the procedure outlined below. 

-
Powder Pellets for XRF Analysis 

Three grams of -200 mesh sized pa~ti~les were placed 

over the base of a steel cyl i nder qnd mixed with four, ~rops 

of 2% mowiol solutÙm.,-' Following mixing', apprpximatel.,Y two 

grams of borie acid were spread. evenlY over the sa"mpy as a, 

backing to the pellet. Pelle~ization was achieved by s4bject

ing the sample to a pressure of 23 tonnes/cm2 for one minute. 
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( The pressure was then rel eased gradua1ly over a pêri od -of 

25 seconds, 
• ~, . 

Preparation of Samp1es for lECO Ana1ysis 

Since the LECa analytica~ method is curren,l~ thought 
• 

to be the best technique for the ~etermination of sulfur 

content, severa1 samp1es were sent out for such analyses, 

Sorne of these samples were ana1yzed by Dr. C. Riddle of the 

Ontario Geologica1 Survey using the Canmet .certifi'e,d s~tand,rCl 

SL-1, \while others were analysed by Dr. C. E. Rees o,~ ,~cMast\ 

Unive~~ity. 

• 
The analytical proc~dure ~ this method ~nvolves initial 

combust\~on of sampl.e-s, in a strear of oxygen in
4 

.. a iECO 

induct.ion furnace. Tfie sulfur .. d'ioxide produced is t*,n 
~ 

swept DY\, the oxygen into a flask G6nta~ining bromine water, 

and ox1dized ~to sulfate. The latter ,is precipi,tated as 

.ba~ium sUl\~te and the ,sulfur content is ~ermi.ned gravi

metrtcally\at ~hiS stage. 

1-2 Determtnation of Sulfur Concentration in iasalts . 

-(A) X-Ray Fluorescence Analysis 
1} " A total of ,200 sample pellets were __ analy,s~d for su1fur 

~~ -pl' 
/ 

using a Philips PW 1200 X-RaY Fltorescence Spectrometer and 
, , 

a chromium tube. The sulfur peak was -measured .at 2e\= 106.50° , ~ 

o 
while the background measurement was obtained at 29 = 105.00 . 

\ 
The net counts ~er seco~d (ie. peak - background) of unknowns 

, ' 
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The sulfur content of·unkbowns was determined by ~sing the 
f 

e qua t ion 0 f the 1 e as t s qua re s reg r es s ion, l'i ne 0 b ta i n Id b Y 

p10tting the sulfur content of each standar~ ~g~nst.the 

ratio of net counts per second of each standard to the net 

counts per second of a reference standard (ie. 0:5 %5). The 

1east squares régression line has been i11ustrated in the 

text in Figure 3. l'. "The èquation deriv.ed from this figure 

can be represented boy the following relation: 

pp~ Sunk =.X[5300 + 100 1ppm 

where ppm Sunk is the amount of sul fur present in the unknown 

aAd X is th~ ratio of net counts per second of th~ unknown 

ta the nAt counts per, sec~nd of the 'referÉmce st~ndard .• The 

value 5300 is theOx cO-D~inate of the reference standard. 

-agai~st which a11 of the unknowns were run and the value 

" " 100 is the x intercept. Thus, given the x co-ordinate and 

the x intercept ând knbwing the value of X, one can readi1y 
~ calculate the amount of sulfur present in un known. any , 

~ ) (1) Standards 

. ( a ) Precision of -XRF Ana lyses 

The precision of XRF analyses of sul fur standards was 

check~d by periodically re-ana1ysing several samples. A 

su mm a r y 0 f the s e a na lys e s j s pre sen t e d i n Ta b J e l - a. ' The 
• 

precision at the 95% confidence· level, was found to bè within 
/ 

6.1% of the sulfur concentration for the a %5 standard, 
1 

±3ô% for,. 0.05 %S, ±l .8% for O. l %5, ± l .6% for 0.25 %5 and ., 
~ 
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±O.2% for the".O %5 standard. In general, better pr,ecision 

. , 
was obtain~d with increasing sulfur concentration of the 

~dS. This i~ as· ~xpected because ad'dition of larger{ 

amounts of pyrite to a given amount of basa\t powder is less 
'-

difficult as compared to the addition of very small and exact 

amnunts of py~ite ta the same quantity'~f rock powder~ In 
l ' 

addition, it is often more difficult to obtain ~ t~uly homo-

geneous mixture when the quantities of components are 

drastically different. 

(2) Unknowns 

(a) Precision of XRF Analyses in Unknowns 

The precisio~ of XRF analyses was checked by analysins 

a given powder pellet twice during each day's run and by 

re-a~alysing other powder pellets as well. A summary of 

these analyses is presented in Table I-b. The precision, 

on average, is 4.4% at a level of confidence'of 95%. 

(b) Accuraoy of XRF Analyses in Unknowns 
, " 

The accuracy of XRF analyses has been determined 

by comparing values of sul~ur concentration obtained by 

XR~ with the values obtained by LE CO analysis. This was 

done on the assumption that the LECO analytical method 

'provides "true" sulfur values. On the basis of the data 

presented in Table I-c, there is 90% confidence that the 

difference betweén the two sets of values :is .r:.,eal a'nd that 

• 

the XRF values will generally be gre~ter than the LECO valués, 
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( ) TABL.E I-b:, . Prec4sion of XRF, Analyses in Unknowns . 

Sample No .. Xl (ppfnS) 

• AP5 1267 
A'P13 2019 
AP14 1325 
AP15 848 
AP20 853, 
AP27 ._-] 092 
AP38 1707 
AP42 906 
M2 1076 
M70 769 
M246 2459 
M252-2 5258 
M330 3291 
M371 610 
M372 1685 
M397 747 

P(%) = 2.2 at 68% C.L. 

P(%) =~4.4 at 95% C.L. 

" 

~,-'---- --.' ·-.----T-~~-·----··-- --..... ----.... ....,--...-----------" .. 

f 

',IX l -X 21 X ~2(PP~S) 
, 

1193 74 1230 
1919 100 1969 
1'309 16 1317 
816 32 832 
832 21 843 

1018 74 1055 
16,96 11 1702, 

864 42 885 
1065 11 1071 

731 38 750 
2427 32 2443 
5109 149 5184 
3323 82 3307 

599 11 605 
1670 15 1678 

720 27 734 

115 

'-

S4 

Sx P(%) 

52.3 4.3 
70.7 3.6 
11.3 0.9 
22.6 2.7 
14.8 1.8 
52.3 5.0 

7.8 0.5 
'\ 

29.7 3.4 
7.8 0.7 

26.9 3.6 .., 

22.6 0.9 
.105 2.0 

58.0 1.8 
7.8 1.3 

10.6 0.6 
19. 1 2.6 
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C. L. 68% 

A d 0.00628 .. =- - 0.139 == 
Y -

C. L. = 95%, 

,tf - 2.064 -- 24 

t(Sd') -0.0074 

A - t(SeI) + ëi -y 
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0.0136 
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The ac.curacy of the XRF analytlca1 method 1s 9 •. 8% at a' 
, . 

level of confidence of 95%. 

(B) LECO Analys1s . 

(a) Precision of LECO Sulfur Analyses of Unknowns 

The precision of these analyses was est1mated~on the 

basis of duplicate results supplfed by the àntario Geological 

Survey. A summary o~ these analyses is presented in Table l-d. 

The precision, at a level of confidence of 95%, is 4.2%, on 

average. 

(b) Reliabi11ty of LECO Sulfur Analyses of Unknowns 

The re11 abi 1 i ty of LECO a'nalyses was checked by ana

lys i ng two powde.r pe 11 ets by two commerc i a l l abs. One set 

of results was provided by Dr. C. Riddle of the Ontario 

Geologieal Survey while the other set was provided by 

Dr. C. E. Rees of McMas ter Un i vers i ty. 
; 

A summary of these 
-. 

analyses ;s presented in Table l-e. On the basis of the data 
1 • 

shown ln this table, there is 50% confidence that the ana-

lytical bias between' the tw.o commercial labs is real and 

the interlab bias, expressed as an average deviation, is 

0.083 %5. 

1-3 Determ~nation of FeO Concentration in Basalts 

Atomic Absorption 

The total iron content (expressed as FeO) of 44 samp1es 

was determined by A. M. Collins, geochemist. The anàlytical 

procedure involved initial pre-ignition of graphite crucibles 
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TABLE 1 I-d. Precision of LECO 

Sampl e No. Xl (%s)' X2 (%S) 

1 APl O. 028 0.-027 

I AP5 O. 112 O. 112 
0, 

1 

AP7 0.018 0.018 
AP9 0.052 0.052 
AP13 O. 162 O. 156 
AP18 0.007 0.006 

'AP26 O. 017 0.019 
AP29 O. 194 0.192 
AP30 1.71 1. 72 
AP31 0.454 0.450 
AP38 O. 143 0.140 
AP39 0.014~13 

AP41 0.009 0.009' 
AP44 0.039 0.040 
AP50 0.009 0.009 
AP55 0.013 0.014 
AP64 0.007 0.007 

IJ 

P(%) 2. 1 at 68% C. l. 

P(%) = 4.2 at 95% C.l. 

" 
"'ir....., .. , , : 

- T~--------_· ~------------__ . __ _ 
, , 

Su 1 ~ur Ana 1 ~ses 

X Sx 

0.02'8 0.0007 
b.112 0.000 

-0, 

0.0'18 0.000 
0.052 0.000 
O. 159 0.004 
0.007 0.007 
0.018 0.001 
O. 193 0.001 
1. 72 0.007 
0.452 0.003 
0.142 0.002 
0.0,14 0.0007 
0.009 0.000 
0.040 0.0007 
O. 009 0.000 
0.014 0.0007 
0.007 o. oua 
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P(%) 

2.5 
0.0 
0.0 

,0.0 
2.5 

la 
5.6 
0.5 
0.4 
lO.7 
1.4 
5.0 
0.0 
1.8 
0.0 
5.0 
0.0 
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TABLE,;-e: Reliabil't of the·LECOAnal tical Method 

Sample No. Xl (%S) X2(%S) Xl - Xz 

AP30 1. 72 ·1.56 0.16 
AP44 0.04 0.035 0.005 .. 

n - 2 Xl == 0.88 X2 -0.80 d 0~O83 

,} 
Sd -= 0.11 

S'd .... 0.077 

f '"" l '\. 
j 

t .... <f - 1 • T (5'0% C. L , ) 
Sd " , 

/ 
1 

! 
/ 

/ 
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in a niuff1e furnace at 1000°C for 15 minutes. Following 
. 

this, ,the cru<:\iblés were set aside to cool for about 35, min-

utes. Once thoey had coo1ed, 1.0 g of lithium metabor~te 
, 

was added to ea,ch crucible. Between 200-205 mg of samp1e 

was weighed out and added to the 1 i thi,um me"taborate al ready .. 
in the crucib1es. The contents of fï!ach crucible were mixed 

w i th a 0 th i n' 9 las s r 0 dan d set as ide wh; 1 e 4 Ù m lof 6 % H NO 3 

solution was pipetted into 150-200_ ml beakers. A; Teflon 

\t' . b dd d t h f th k h' h s ",rrlng ar was a e 0 eac 0 e bea ers w le were 
\ Q 

then placed over magnetic stirrers. Meanwhile, -the covered 

~rucib1~~ were p1aced in a pre-heated furnace at 1000°C for 
"-

15 minutes ~nd then removed. As the crucibles were' removed 

from the furn~~e, the contents of each were swi rl ed and 
:> 

'-

poured into an appropriately labe1ed beaker containing 

40 ml of HN0 3 solution. While the samples were dissolvfn~ 

in their respective beakers, 80 ml of 15,000 ppm Sr solution 

wa spi pet t e d i nt 0 e a c h ~O 0 ml v Q l ume tri c fla s k . As the 0 

samples in the beakers di solved, the sample solutions were 

added ta the volumetrie f1 sks. Each beaker was rinsed with 

distilled water five times each flask eventually 

contained 200 ml of solution. The contents of eaeh volumetrie 

flask was then filtered into a 200 ml LPE bott1e using a 

Wh atm a n No.' l fil te r p a p e r . A f ter a 11 the sam p 1 e s ha d b e e n 
.t 

filtered, a blank solution was pre·pared following the exact 

same procedure, except omitting the samp1e. Once this was 

done, the samples were. an,a1ysed for iran 'using a Perldn-Elmer 
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403 Atomic Absorption Spectrophotometer. The results were 

, , 

. reported in terms of ppm Fe present ift each sample: However. 

these 'values were later converted to %Fe and then to %FeO 
Q 

using the follow;ng formula: 

%FeO _ mol. wt. feO 
at. wt. Fe ?-- wt. %' Fe 

The results of these iron analyses are included i-n T,able· 

I1-a which summarizes the geochemical composition of each' 

l' 

ft sample. 
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APPEND IX II GEOCHEMICAb COMPOSIiION OF 8A'SAL T ll'NIlS 81 
c 

B7 

The' geochemi ca 1 ·compos i t i on of these, .ba~ 1 ts i s pr!i!-

sented in Table II-a.', 

The major element an~lyses of the M-series,rocks have 
, 

been determ1ned, by MacGeehan (1979). 

The FeO values shawn in this tab':'e répr~sent total iron 

contents of the samples, calculated as FeO. The FeO content 

of the M-serjes rocks is the result of determînations by 

X-Ray F 1 uorès cence s pectromet ry 'whi 1 e th'a t of th.e AP- seri es 

rocks is, the result of atomîc absorption analysis. " 

The sulfur analyses which supplement the above were de~ 

term-ined by X-R~ F1.uorescence. 

been an a l yse~ . 

Un,; t 

NR 
81 
82 

B3 

B4 

GLR 
85 

86 

B7 

,. 
A tota 1 of 200 ,sampTEtS have '. 

No. of Samp les 

5 
, 

" 
12 

14 

43 + '46 

44 

6 " 

15 

9 

6 
200 

Individual units are pr~sented in arder of increasing 

stratigrap~ic height. Sa~p1es bel~nging ta any one of thes~ 

'1fr 

units are always presented in arder of increasing Si02 content. 

Final1y, a1l of th~ samples appearing in Table II-a· are 

identified on sample location Maps 1 and 2. 
.. 
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Geokhemicai Com2osition of~Unlts NR - B7 
1 

TABLE II-a: -1 
\ 

'1 

\ 
Unit Sample. No~ Si?2 FeO S :t ,. 

~ 1 • 
NR M~67 71..90 5.39 39 
NR M557 73.82 4.6.1 138 

1 

NR Mq9'l 73.9-9 4.49 79 ... 
NR M~63 ·75.08 4.22 99 
NR M5'90 77.53· 5.29 53 s-

I 

1 ,0 
1 .. 

5t.23 Bl M274 16.48 111 t, 

81 . M598 54.50 12.58 121 ~'-. 12 
,. -- 81 M49,2 54.97 16.43 19.277 

N 
" .c:. 81 M591J 55. 29 ~ 12;59 116 ... 

81 M561 ~ 

56.71 Ù.sE\ 371 

81 M596,-1 56.99 .12.63 ;.1-1 ,236 

81 M560\-1 58.87 13.25 3821 

,1 81 M596 ï 2 59.71 l'O.9!J 1606 

1 B1 M558 61.eJ 12.29 7696 
" 

81 M560 .... 2 ') 64.6-7 9.45 2480 , 1-
81 M513 66.30 7.67 . "3041 1 

\ 
~ 1>-.,1 .1 

81 M516 66.38 9.39 7328 • 
- . 'J -c-"\, 

82 . M319 49.52 13.59 201 

1;, 

~ 

,1 

.. _ . <J 
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Unit 5ample No. 5i02 FeO 5 
\ 

82 M584 50.63 13.07 .. . 3291 
--..:: 

82 M322 51.TO 13 ~ 18 392 
C' 

82 M585 ~1:36 12.37 747 
1_ 

,82 M317 51.38 12.26 . 770 ~-~ . .:.~ --
0 

f3.28 B2 M569 . 51.50 - 509 
" 

B2 M321 51--.86 , 13.22 710 .. ';~ ~/ , 
i 

~2 M5],,8 54.91 15.78 1712 
.' ,.Ir " .' 

J 82 . M568 56.61 11.40 ~509 ' , 

1 ;. 
1 

" " .82 M579 57.37 11.50 '2687 

i 
<' ~ 

, , is~ 

'II. 82 M316 58.97. 9.64 75 
..J 
N) . 82 AP33 13.62 413 

l UI 

, 82 AP34 13.67 477 
1> 

li 82 AP35 1-3.79 297 1 .-, - (r 

~ ,; ': " iî '1 .-JB3 c, Ml10 46-.37 16.20 278 >i a 
83 M305 48.59 15.03 133 ' or, 't 
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