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{ ABSTRACT ~a ’
. fhé'concentration of sulfur igjﬁrchean basa1t1c rocks
s be]ong1ng to the Watson~Lake Group is h1gh1y variab]e Least .
altered basalts contain ah average of 980 ppm sulfur whereas 25
the altered basalys contain approgimatef} 1300 ppm. This
indi;ates an addition of sulfur to the altered rocks due to
convective circulation of hydrothermal f1uid§.

The sulfur isotopic cémpositipnﬁrai4s, of thesé‘basalts
: " ranges from -0.3 to +1.8 per mil in the least altered rock;

and from -1.8 to +3.9 per=m#1 in the altered rocks. The ¢
sulfur present in the 1é§st altered rocks is derived from 2

. magmagic ;ource whereas: that pfesent in the altered rocks is
derived from a mixed magmatic and seawater source.

Ore metals which were 1éﬁéhe¢ in the core of fhe geother-
mal system were probably transported exclusively as ch]o}ide
complexes. Sulfur, on }he other hand, was transpérteﬁ as .

HyS and 50,%%. )

Ore deposition at the Garon Lake mjne probably resulted
from mixing of a metal-rich chloride brine with a sulfur-beari

ing solution. d
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SOMMAIRE 5

La concentration de soufre dans les roches basa1t1quesv
‘Archéennes du groupe du Lac Watson (Matagami, Québec) est
trés vd;iable i Les basaltés ies: plus frais en contiennent
en moyenneé 980 ppm, tandis que les basa1tes altérés en con-‘
t1gnnent 1300 ppm. Cette augmentat1on sera1t due a la %1r-
LA

aculétion de fluides hyd?othermaux en convect1on.

345.,dans ces N

La composition isotgpiqUe du soufre, a
roches varie de —0 '3 a8 +1.8 par. mille dans 1es roches les
plus fraiches et de -1.8 3 +3.9 par mille.dans les roches

altérées. Dans “les roches les plus fraiches, ‘le soufre a

une orﬁgine magmatique,'mais dans Tles ﬁychéé altékées,’on
‘trouve une orig1ne mixte, en part1e magmat1que, en part1e

j . provenant d'eau de mer.

L Les métaux du minerai lessivés dans 1e centre du sys-
~téme géotherm1que ont probab]ement migré, exc1u51vement sous
Jforme de comp]exes chlgrurés; Le soufre, par contre, a &té
jpribsporté sous forme de H,S et de 5042'

"< A la mine Garon Lake, la déposition du minerai aurait

résulté dy;mélange d'une saumure ch1oruréé métallifére et

'Cm} d'une solution sulfurée.
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. CHAPTER 1 - INTRODUCTION

* There appears to be an increasing awareness that the
'\\ -

”y o,
formation of a number of massive sulfide ore deposits and

surrounding rocks is syngenetigﬁl Consequently, more attention

is currently being ‘drawn to the¢su1fur content of the wallrocks.
¢ f

In this Eiudy, attention is focused on the sulfur content

o of Archean basaltic rocks in Matagami, Québec, with special H
reference’to those basalts which were part of a hydrothermal %
system responsible for the generation of a geothermal massive

- sulfide ore deposit. A wide range of sulfur values now exists
withinzthese basalts. Moreover, the least hydrothermally
aJtered rocks appear to contain less sulfur than the altered
ones. This suggests an addit{on of su]fur‘to the latter, per-
haps due to interaction with hydrothermal fluids.

The study area has been described in detail by MacGeehgn‘
(1979) and is located just northeast of Matagami, which,]iés
352 kilometers north of Amos, Québec, as shown in Figure 1.1.
The town and surrounding miniﬁg district are part of the
Abitibi greenstone belt of the Superior Province (Goodwin and
Ridler, 1970). _A sequence of very old volcanics.yas intruded

by a large mafic intrusion known as the Bell River Igneous

Complex. As increasing amounts of magma were supplied to this
yvmagma chamber, a-thick succession of interlayered basaltic

and.rhyolitic rocks was extruded., Since the entire sequence

g sk JSERE

of basalts was: both p6?ou§ and submarine, all of these rocks

became saturated with water. Moreover, some of these rocks

-
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Figure 1.1

1 0 1 2 3 A S miles

Granite- granodiorite.

Wabassee Group;basalt and andesite.

Lac Watson Group; rhyolite.

Bell River Igneous Complex.

Regional geology and location of mines in the
Matagami district. The location of Matagami
in Quebec is shown as in inset (lower left),
and the area covered by this study is shown
as an inset (right). The geology is simpli-
fied by MacGeehan (1979) from Sharpe (1968).
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were also hydrothermé]]y altered as a cbnsequence of the con-
vective circulation of heated seawater. Following hga;ﬁtigg,
and in some cases hydrothermal alteration, these rocks were
folded into a Westward-p]u;ging anticline whereéby the Bell
River Complex occupies the core of th; anticline and the over-
lying basaltic and rhyolitic rocks flank the nortﬁ and south
limbs. Massive sulfide deposits occur bn both the north and
south 1imbs and are interpreted to be ofrvolcanogenic exha-

lative origin.

Previous Work

Bell (1895, 1900), Bancroft (1912) and Freeman (1936)-
were among the firgt to attempt to unravel the complex @eo-
logical history of this area. Later, I.W.Jones of the Qué-
bec Bureau of Min dertook the task of mapping the area
on"a scale of 1 inch = 1 mile. This-mas then published by
Longley (f§43), Freeman andqh1ack (1944) ;nd Beland (1953).
In the years tﬁat followed, additional work was carrijed outﬁel
by Joklik (1960), Jenney (1961), Sharpe (1964, 1968) and
most recently by MacGeehan (1979) whose work provides the

most comprehensive geochemical and petrographic study of

the volcanic rocks and

Earlier work +egardingl the amount of sulfur present in
fresh basalts was initiated by Moore and Fabbi (1971),

Schilling (1973), Mathez (7976), MaclLean (1977) and Czamanske

and MOO{e (1977). The results of th\@e studies. indicate

T M e §hn paepamsmi—s e Aare PO
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sociated massive sulfide ore deposit.
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, originated from an igneous source.- Consequently, the 3

%

that the amount of sulfur present in thése basalts is variable,

-

ranging from 800 to 1800 ppm.
Apart from some preliminary sulfur analyses by MacGeehan
‘ (1979), few studies have been done to determine the amoqnt

of sulfur present in hydrqtherma]]y altered and metamorphosed

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

‘ drett & Goodwin, T977; Naldrett et al., 1978) are relevant.

The study area in both casgf has’been }estricted to the Abi-
tibi greenstone belt in northeastern Ontario and the various
types of rocks comprising this bglt. As a result of their
study, Naldrett & Gooqwin (1977) have shown that the su]fur
content of the Blake River Group rocks is very erratic. They

also found that there is a systematic increase in sulfur

with the total iron content in the volcanic rocks belonging

to the Blake River 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 sulfur isotopes has establish-
ed that sulfur occhrring in fresh igneous rocks probably
344
“value of¥pnimary igneous sulfide minerals {s expected to be
close to zero (Sasaki, 1970; Schneider, 1970; Kanehira et al.,
1973; Ohmoto et al., 1979). On the other hand, sulfur found
in altered igneous rocks was probably derived from a multi-
le source. Therefore, the 534S values of the Fe;u1ting

sulfide minerals are expected to be more variable (Ohmoto,
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1972; Ripley et al., 1977; Ohmoto et al., 1979).

Qutline of the Study

No detailed study of sulfur concentration in the vol-
canic rocks in the Matagami area has yét been made. Apart
_from the 3345 analyses of ore rocks at the Norita mine,
which f's part of an M.Sc: study by P. Bernard (in preparation)
at McGill University, no other sulfur isotopic study has
been done on these volcanics and/or the associated ore rocks.

The objectives of this study are the following:

(1) to exam{ne the distribution of sulfur in both least
altered and altered basalts exhibiting an*ifon-en~
richment trendgand occurring within a limited st}a-
tigraphic range. 3

(2) to account for the present distribution of sulfur
within these rocks.

(3) to determine whether there is a correlation between
degree of alteration, sulfur content anq sulfur
isotopic composition. >

(4) to 'propose a mechanismafor the transport of sulfur

‘and ore metals.:

4

Acknowledgements

The authot wishes. to thank Dr. G. R. Webber’, the thesis
supervisor, %or suggesting this topic of research. Many thanks
to F. Bonavia and Dr. W. H. MacLean for their assistance in‘}
the field during the summer of 1980. Sincese thanks to

Y]




C)

kN

‘Drs. R. Doig, W. H. MécLean, E. W. Mountjoy, G.  R. Webber

and A. E. Williams-Jones and to my colleagues F. Bonavia,

B. J. McKay, B. Noguez, M. Prahbu, E. Schandal and K. St.Sey-

. mour for their valuabple discussions, helpful suggestions,

support and encouragement toward the completion of this work.
Thanks to Drs. C. E. Rees of McMaster University and C. Riddle
of the Geological Survey of Canada for préviding sulfur
isotope analyses and LECO sulfur analyses, respectively..
Thanks also to A. M.‘Co]]ins, the departmental geochemist,
for detgrmining the iron contents of some of the samples.
A special thank you to Dr. R. F. Martin who kindly supplied
a French translation of the abstract.

Financial support for this research was provided by a
Carl Reinhardt Scholarship as well as N.R.C. Grant A7719 to
Dr. W. H. MacLean. Analytical expenses were supported by

F.C.A.C. Grant 649 to Drs. W. H. MacLean and G. R. Webber.

1¢)




()

at

»

-

CHAPTER 2 - REGIONAL GEOLOGY

2.1 Introduction ¥

-

%35 The general geology of the study area located just
northeast of Matagami, Québec, is illustrated in Figure 2.1..

'It is characterized bx'intrusive'aﬁd extrusive volcanic rocks

which generally face to the north. The direction of strike
in these rocks is E-SE and the angle of dip is close to 90°
(MacGéehan. 1979). The earlier intrusive-rocks comprise
several dykes and sills as well as thé Be11lR1ver1Igneous
Complex. Tﬁe[compogitional range of the dykes and si11e”Vs
gabbroic to quartz dioritic whergas the Bell River Igneou;
Cqmp]ex consists of rocks‘Whﬁchrére doﬁiQ:ntly of gabbroic
composition. The Granodibrite Pluton is Jater intrusion
which outcrops to the north of the Garon Lake mine . This
pluton, uﬁ]ike the other intrusions, was intruded after the
regiona]lmetamorphism.

fhe mineralization in the area is gssociated with three
sgratjgrgpmic horizons: the Nor{ta rhyolite, the Bell Channe]l
rhyolite and the Garon Lake rhyolite. .

2.2 Volcanic Stratigraphy .- &

The stratigraphy of the area;has been established by
MacGeehan (1979) and is illustrated in Figure 2.2. The low-
est stratigraphic unif to be eiposed is a pi]1owe6 basa]t
designated as unit Bl. Underlying this unit is the Norita

rhyolite. Although this rhyolite does not outcrop, it has
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meters

1500
Massive/ Basalt
wood4 ¥ ° . .
Pillowed Basalt
1300 -
Pillowed Basalt
1200 BRI RIS & .
SRRz Pillowed Andesite
: Garon Lake Rhyolite
~ 1000~ Pilllowed Basalt(B84)
Trachytic Gabbro Sill
500 -
Gabbro Sill
600 ] Pillowed Basalt
soo—
Gabbro-Granophyre Sill
A0 -
200 1 Pillowed Basalt
100 - Bell Channel Rhyolite
Basalt
o] .
R Norita Rhyolite

Fiqure 2.2 - Restored stratigraphic section through «the volcanic rocks in the
western part of the study area, bordering the Bell River. The
section includes the lowest volcanic rocks in the stratigraphic succession
which have been intersected in diamond drilling. The intrusive gabbro sills
which are well known due to good outcrop and drill intersection have been
included in the section, but other intrusive gabbroic rocks are present vhich
have not been included in this illustration (after MacGeehan, 1979). .
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been exposed underground at the Norita mine. Thé%ﬂbfita
rhyolite hosted the Bed] Channel No. 1 and Radiore deposits.
A study of tééwpetrology and geochemistry ofgthe Radiore
deposit is the subject of an M.Sc. thesis by;ﬁ. Bonavia (1982)
at McGill University. Overlying unit Bl is yet another
rhyolitic unit known as the Bell Channel rhyolite. This unit
hosted_the'8g11 Channel No.4 deposit. Located directly above
the Bell Channel rhyolite is a 450m thick sequence of pillow-
ed basalts. This sequence of basaltic flows has been subdi-
vided into three units (ie. B2, B3 and é4) by the contempo-
raneous intrusion of three gabbroic sills. Basalt unit B4

is overlain by another rhyolitic unit called the Garon Lake
rhyolite. This unit has a general thickneﬁs of 120m 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 this domal accumulation.
Lying strétigraphica]]y above the Garon Lake rhyolite is a
65m thick pillowed feldspar porphyry. This unit is overlain
by a 375ﬁ thick sequence of more pillowed basalts ﬁesignated

as B5, B6 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-sills range in thickness from 20 to 240m.

10
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The thicker ones are 6omm°n1y zoned in that the base of the

4

sill is gapbrdic in composition whereas the top is almost

dioritic. Most of these sills lie paralle] to stratigraphy.

.Sharpe (1964, 1968) stated that they were partly co-magmatic
with the basalts. MacGeehan (1979) feels that the association

of the gabbro sills with#the basalts,as well as the simila-
;ity in their petrography and geochemistry support the ‘idea
that they were probab]y%Eontemporaneous.

Another intrqsion which is associated with the volcanic
rocks is a 600m faick dioritic tdlquartz dioritic sill loca-
ted just east of the Radiore fault. However, unlike the
above mentioned §i1ls, this one cuts across §tratigﬁaph¥ 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. Thgimocks comprising this Complex
grade northwara\ﬁrom banded gabbro-anorthosites through to
oxide-rich ggbbros and finally to finely layered gabbroic
units. ) G

The last intrusion in this area was the emplacement of
the gfanodiorite pluton. Along its séuthern boundary, it

truncates both the extrusive volcanics and the intrusive

gabbro sills. Ih addition, it also 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 forméd. One example is

11
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(;) t the Radiore fault which is characterized by a strong
dip-slip componeht, indicating considerable vertical dis-
p1acemenp.' The granodiorite p]u;pn is thought to have been

fntruded after the folding and the regional metamorphism.

£ o»

. 2.4 Exﬁ{usive Rocks

ey

_ An illustration of .the stratigraphic column showing only
‘o % -

the extrusive volcanics is presente& in Figure é.3. In a _

14

recent study of the three different extrusive volcanic units,

MacGeehan (1979) noted that all are sub-alkaline and tho-

leiific. He showed that the basalts are all wery iron rich

having an Fe/Fe + Mg ratio of more than 0.45. Moreover, these
rocks exhibit an iron enrichment trend characteristic/gi/%hﬁf////////
leiitic rocks. Additional geochemical/gxidgﬁcﬁfgaggg}ted “

the cEﬂflggiggg,ihat—{%%—1he”ﬁ§§§?§g¢are all genetically

. _—inter-related (2) the rhyolites are all genetically inter-

_related (3) the rhyolites are probably geneticai]y related
to the basal€s and (4) the feldspar porphyry unit is a-

) hybrid rock type aof the surrounding basaltic and rhyplitic

rocks.-

2.5 Alteration in the Extrusive Volcanic Racks

e e
.

Virtually all the volcanics . in this area are altered;
the basalts are spilitized and silicified whereas the rhy-

olites'are chloritized. Geﬂchemicél evidence further suggests

et o e T

' that theS% alteration processes were contemporaneous and
pre-dated regional metamoﬁphism. The spilitization éxper-‘
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Massive basalt

Pillowed basalt :

Pillowed basalt

FP andesitepillowed -

Garon Lake Rhyolite

Pi”éwed basalit
Acid tuff marker -

Pillowed basalt- oy

¥

&

Pillowed basalt
Bell Channel Rhyolite

- Basalt

Nbri‘k/gﬂﬁhyolitef,_ o

Figure 2.3 - Restored stratigraphic section through the extrusive .volcanic

rocks (after MacGeehan, 1979).
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ienced by the rocks is characterized by (1)ythe,alteration

of .calcium feldspars to sodium fé]d?pa}s, and (2) thé'aTter- s ¢

ation of pyroxeae% to actinolite. Silicification,'on the °
other hand, comprises fine-scate sil1c1c veinlets (0 1-5. 0mm3
which cut through spilitized and ngn-spilitized basa]t ¢

' Intense alteration is found in basalts bordering both the
upper and lower contact zones of gabbro sills-. These”basa]ts
are typically bleached to a pale grey co]or -and are' strongly
silicified. o o

chGeehan (1979) showed that progressive alteration of
the B3 basa]ts has resulted in a\dep]etion of Fe0 and Fe20
and an e?r1chment in S102. | ‘

Basalts belonging to unitwg4’exhibit the saﬁedgeneral
geochemical trends as the B3 basalts éxcept that Unit‘B4,gﬁS

\

Units B5, B6 and B7 also exhibit the same general trends

| o
as outlined for units B2, B3 and B4. The similarity in the

a whole, is more stron@@y silicified. ) h ]
) Basalts belonging to unit B2 are largely similar geo-
chemically Lo those belonging to units B3 and B4.

trends between the’ two groups indicates that basalts 95, B6
and B7 have also bé;n subjected td hydrothermal alterationi
a]thoughvit was essentially unrelated to hydrotherma)] activity
in the Garon Lake geotherma] system. » ’
On‘the other hand, the results of geochemical analyses
Xﬁf;sampIes belonging to unit Bl'do not comp]y with the trendg
established fof the over]&ing Qnits. Tﬁe following two’points

-’
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,( ‘ Z\\ " suggest possible exp];natia@s for the observed irregularities
' in the chemistry of this unit. .
(1) According to the stratigraphic column (Figure 2.2),
ﬁnit B1 is over]a%n and underlain byﬁibe Bell Channel

rhyolite and the Norita rhyolite, respectively. As

5 5 . o A <sn b
[ SN ISR

a result, it is‘not clear whether the degree of diff-
erentiation experienced by this unit was analogous
. to that experienced by units B2 to B4.
(2) Since it is located very close to the base of the
stratigraphic column, it has undoubtedly been subject-
ed to many phasesooﬁ alteration. Judginé by the.mean i

silica content of this unit (%Si0, = 59.9), it is

2

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 subjected to intense potassic alteration as
well (%K20 = 0.67).

4 \

In view of this, it is difficult to compare unit Bl with

[URVERTNES R TR P )

the rest of the overlying basalts. Consequently, this study

e e .

/5w111 be restricted to units B2 through B7Vsince they have all

experienced a similar degree of alteration. .-A further study

o /

of unit B1 is currently being carried out by MacLean (in pre-
)Y

paration) at McGill University. .

VAT s R dm Lk 8 Tk

, The Garon Lake rhyolite experienced a loss of 3102 and

3

an addition of Fe0 and Fe203. However, the geochemistry of

. ’

o A P MR e K

(;*/\ the Norita and the Bell CRannel rhyolites cannot ®e compared oy

H 15 ‘



to that of the Garon Lake rhyolite . because of sgmilar argu-

ments to the ones presented above, concerning unit BIl.

2.6 Interpretation of the Alteration in the Extrusive Rocks

Alteration of basaltic rocks invo]&ed the 1?ach1ng ofp
nearly all of the major(e]ements and their rep]acemeﬁt by
5102 + Na20 (MacGeehan, 1979). Leaching and enrichment of
certain elements appears to be related to stratigraphic height.
For instance, silicification increased with increasing stra-
tigraphic ht#ight. In additién, the exchange of elements
between the rocks and the fluid increased with increasing
temperaturg of the fluid. )
Chloritization of the Garon Lake rhyolite was accompanied
by desilicification as well as enrichment in Fe0 and Fe203.
This alteration developed because of the high permeabi-
Tity of the‘basalts. After the gabbro sills were emplaced
and began to cool, heat flow was directed toward the basalts.

- é

Sizig:ggese basdlts were saturated with water, the heat ex-
% caused the fluid to heat up and circulate convectively

cha
from the margins of the sills outward through the basalts
via the quartz-epidote structures which have been preserved
in the rocks.

MacGeehan (1979) also established that/si1icification
and ch]oritizat%ﬁn‘were contemporaneouslﬁnd that they shared
the same fluid. Furthermore, he concluded that the geothérma]
system developed shortly after the volcanic rocks were laid
down and dissipated bef%re the overlying basalts were extrqded.

<
-
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Finally, given that the geothermal system terminated
prior to the extrusion of unit B5 and other overlying units,
MacGeehan (1979) was able to estimate that the hydrostatic
pressure undernwhich the geothermal sttem was operative was
less than 600 bars and on the basis g?'ihe alteration mineral
assemblage now present in these rocks, he estim&ted that the

. Y o
rock-fluid interaction occurred at T < 400 C.

2.7 Structural History

The outcrops in this area form low-1lying hills which
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
linear alignment of valleys.

Detailed structure of the area has been established by
MacGeehan (1979) on the basis of mapping and Hetermination of
facing directions. The latter was evaluated on the basis of
(1) hi]low basalts (2) grading in the tuffaceous units (3) the
arrangement of massive sulfide lenses in mipera]ized rhyolite
and (4) the relationship of feeder dykes to overlying flow
units. .

Since a]] of the large and some of the small gabbro
sills are fractionated, and because it has been established
that the gabbro sills and the basalts were penecont;mporaneous,
the fractionation pattern of the sills was also used as a
means of determination or confirmation of fécing direction.

The strike of the rocks in this area is E-SE. They dip

f
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vertically anq commonly face northward. The latter is
evident in_gurd{ops along fhe»Be]] River as well as east of
the Radiore fault,

There is evidence of folding in the area. The presence
of a synclinal fold which pﬁunges‘to the west and has an
interlimb angle of 0°-30° has been noted. It is bounded by
a small N-S fault to the west, located between 8N,30E and
34N,27E, and the Radiore fault to the e&st. The folding
is indicated by ;he sequence of B3-acid tuff-B4-Garon Lake
Rhyolite-Feldspar porphyry units on the south 1imb §nd by
the reverse pattern oq\fhe north limb. A thick, well frac-
tionated sill intrudes the B3 unit on the south 1imb and has
been traced to the north limb. On the basis of the position
of the upper fractionated portion of the sill with respect to
the B3 Lnit, and the reverse order 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 fault
extending from 8N,30E to 34N,27E on the south limb of the
syncline was found to be greater than 760m 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 to begin with.

In contrast to the above mentioned displacement along

)
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. Bell Channel %hyo]ite across the Radiore fault,

o b - . - -

M

N-S faults, the displacement of volcanics along the Radiore
fault trending NW-SE had a significént strike-s1ip component.
This isvevidenced by an offset of approximately 400m of the
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 VYolcanic Rocks

Macéeehan (1975) established that theré were thrée stages
of metamorphism in this area:
(1) "burial" metamorphism comprising widespread hydro-
thermal .alteration .
(2) folding and regional metamorphism
(3) contact metamorphism of rocks adjacent to the grano-
diorite pluton
The hydrothermal alteration was a low®to medium grade
metamorphic event which occurred fairly early in the history
of the area. The alteration was characterized by spilitiza-
tion and silicificaion of basalts and concomitant chloritiza-
tion of rhyolites. The mineral assemblage produced as a
result of this alteration was albite-actinolite-chlorite-epi-
dote, which is characteristic of the greenschist facies.
This early stage of alteration was then followed by
%o]ding and regional metamorphism. Although most of the rocks
in this area experienced greenschist fac{es 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 assbmbiages.

'Last1y, some of the volcanic rocks in this area, par-
ticularly those bordering the granpdiorite_f1uton{ were sub-
jected to contact metamorphism as evidenced by the progressive
mineral zonation from pyroxene hornfels in the inner zone: to
hornblende hornfels in the middle zone, through to a partially
degraded assemblage of albite-actinolite-chlorite-epidote in
the outer zone.

In summary, virtually all of the rock$ in this area have
been affected by ore or more phases of alteration. However,
each phase i3 characterized by a specific mineral assemblage

and it is therefore possible to determine the degree of al-

teration®experienced by any given rock unit.
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CHAPTER 3 - SULFUR GEOCHEMISTRY OF THE BASALTIC ROCKS

3.1 Intfoduction

The bulk of the sulfur within these basa1t§ is believed
to be contained in sulfide minerals, predominant]yhds pyrite.
In view of this, it is worthwhile to discuss the crystal
structure of this sulfide as weﬁg'as the geochemistry of
sulfur, in general.

According to Wedepohl (1978), sulfur in sulfides typically
forms purely iénic bonds with ions of11ow charge of the most
electropositive elements. However, the structure of pyrite
is not truly ionic. The arrangement of atoms in pyrjte is
similar to that found in the sodium chloride sfructure except
that the anion has been replaced by a covalently bonded pair
of sulfur atoms whose interatomic distance is 2.14 A. There
are four S-S pairs per cell, each oriented along a different
body diagonal. Each sulfur is co-ordinated by 15 and 3Fe
resulting in an octahedron being formed about the S-S pair.

The behavior of sulfur in a magma is rel.ated to its i
physical and chemical properties. For instance, because of
_its bonding energy, sulfur (r = 1.84 &) will preferentially
compete with oxygen (r = 1.40 A) to form compoun with Fe2+
in a magma. However, due to the limited solubility of sulfide
Tiquids in silicate melts, unmfxing will commonly occur

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

generally takes place during magma generation and is sometimes
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evident in the occurrence of exsolved iron, nickel and copper
sulfides withifn basalts. Furthermore, this unmixing can lead
to the formation of economic ore deposits (Ewers et al., 1972;

Hudson, 1972: Naldrett, 1973; Woodall.et al., 1969).

3.2 Analytical Techniques

The preferred“method for the determination of sulfur
content in unknowns is the LECO method. Very few sulfur ana-
lyses have been done\by X-ray fluorescence due to diffiéufties
in achieving both accurate and “even reproduciblie results.
However, this study succeeds in establishing an analytical
method for sulfur deterﬁination by XRF. Moreover, the study
also demonstrates that X-ray fluorescence can produce reliable
results. Th; analytical method, as it periains to the XRF,
consists of three stages. The first stége invo]ve;rthe iden-
tification of the sulfide phase in the rocks whichf;re of
interest. The second stage is the preparation of standérds.,
Special care should be taken to ensure that the sulfide phase
is ground uniformly prior to its addition to a given matrix.
The grain size oflboth the sulfide phase and the matrix as
well as the homo@éneity of the resulting standard are critical

° to the achievement of accurate and reproduqib]e sulfur values.
\)The third stage & this analytical method is to set up a
calibration curve which can be used to getermine 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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A]} of the samples were analysed for sulfur with a
Philips PW 1220 X-ray fluorescence spectrometer. A description
of the sample preparation procedure is contained in Appendix 1.
A careful study of both the handspecimens and available
potished sections showed that the only sulfur-bearing mineral
present in the basalts was pyrite. Consequently, a set of
standards was prepared by addition of finely ground pyrite
to pulverized basalt. Details of the standard preparation
procedure are also contained in A pendix 1.

In addition to the analyses obtained from the XRF, several
others have been done using the LECO analytical method., Some of
the samples were analysed by Dr. C. Riddle of the Onpario
Geological Survey using the Canmet certified standard SL-1.
Other samples were also analysed by Dr. C. E. Rees of McMaster
University. )

The results of the X-ray fluorescence and LECO analyses
are tabulated in Appeﬁdix I[I, or presented in the tex‘QN

Accuracy and precision calculations of both analytycal
’methods are reported in Appendix I. The accuracy and precision
of the XRF analytical method at a ieve] of confidence of 95%,
is 9.8% and 4.4%, respectively. The preg{sion of the LECO

analytical method is within 4.2% of the sulfur concentration.

K%
A

3.2.1 Sulfur Determination by X-ray Fluorescence Speéctrometry
To determine the sulfur content of unknowns, six standards,

with sylfur concentrations covering the range of sulfur expected
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in these rocks, were prepared. The same six standards were
an$1ysed sev;ral t%mes. Each time that a set of six was
analysed, the.r;sults were seen to represent a line onta
graph. This line became more refined with each sucéessive
run, and eventually a line of best fit, or a calibration line
as it is otherwise known, emerged. This calibration line

is showin in Figure 3.1 and the following equation is derived

from it.

ppm Sunk = X(5300 + 100)ppm

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

unk
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 basalt. Once
this calibration line was estab]isheq, the analysis of all

Ehe samp]és was begun. The results of these analyses are
tabulated, in part, in column two of Table 3.1.

The analytical method outlined above works exclusively
for samples of rocks which contain pyrite as the main or only
sulfide-bearing mineral phase. Consequently, if the principal
sulfide mineral was not pyrite, this calibration line would
not give an accurate determination of sulfur content because
of different mass absorption corrections. This has been test-

ed by creating standards using other sulfide ming¢a1s such as
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1.8+
1.6+
1.4
'1.2-‘
1.0
o..lj

0.6

PSS, k/cPs Sstd

0.4

0.24

Figure 3.1

%S added —

Calibration line used to determine the sulfur

content of unknown samples.
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"TABLE 3.1: Comparison of Results Obtained/%x,xRF and LECO

Sample No.

AP-1

AP-5

AP-7

AP-9

AP-13
AP-18
AP-26
AP-29
AP -30
AP-3]
AP-38
AP-39
AP-4]
AP-42
AP-43
AP-44
AP-49
AP-50
AP-55
AP-64
M-330
M-316
M-317
M-655
M-38

*Ontario Geological Survey (Geoservices Laboratory)

Ana]xsis

%S (XRF)
0.
0.

.021

.053

.192

.008

.017

.234

.612

.466

169

.013

.007

.086

.058
.040

.016

.008

.016

.005

.332

.007

.077

.017

.019

O O O O O O O O O O O O OO O C© — O O O oo o

032
119

* %
McMaster University

%S(L.A.)"

0.028
" 0.112
0.018 -
0.052
0.162
0.007
0.017
0.194
1.7
0.454
0.143
0.014
0.009

0.039
0.009

0.013
0.007
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0
‘0

6.018

0

QO O O 0O ~~ O 0 O o

0

.027
112

.052
.162

.007

.019
.192
.72

.450
.140
.013
.009

.040

.009

.014

.007

B

%$S(L.A.)

o O O O

o O O O o

.56

.063
.049
.035
.015

.29
.0075
.Q77
.012
.015

% x




8

chélcopyrite and éphalerite For instan)ﬁ, two per cent of

each of these minerals was added to two sépaﬁate a11quots

of“the same rock powder which was used in making the pyrite

standards. After the powdered pellets were made, they were

analysed on the XRF. The results of the analyses arespre-

sented. in Figure 3.1 which shows that although these and the

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

nohg of them are superimposed. .The same appears. to be true "

if dne compares the 1% native sulfur to the 1% pyrite standgrd.'
Therefore, in. the simplest monomineralic cases, su]fura

content can best be determined by creating standards contain-

T
ing only the one mineral which represents the dominant sulfur-

bearing phase in a rock. However, in cases where there are
many su]f%r-bearing phases present, this particular analyti-

cal method would not be recommended.

3.2.2 Sulfur Determination by LECO Analysis ///////

e

The LECO analytical method is currently though o be
the best technique for the determihaf{on sulfur content.
/
Hence, in an attempt to see whether the sulfur values obtain-

ed by X-ray f]uorescencg are 1ndeed close to the true values,
%

several of the samples previously analysed by XRF were select-
ed for LECO analysis at McMaster University.
The analytical procedure of this method involves initial

-combustion of samples in a stream of oxygen in a LECO induction ’

furnace., The sulfur dioxide which was produced was swept by !

the oxygen into a flask containing bromine water, where it
. ‘ - »
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was oxidized to suffate. The sulfate was then precipjtated
as barium sulfate an&?&he sulfur content was determined gra-

vimetrically at this stage. The results of these analyses

&

are presented in column five of Table 3.1. s

Additional analyses were c¢arried out by the Ontarip

A

Geological Survey using the LECO analyser as well. The results

of these analyses appear in columns three and four of Table 3.1.

In examining the results contained in columns three and '
four, one can see that there is good evidencge foﬁ'repréduci-
bi1jty of results. The precisfon, ;t a level of confidence

. of 95%, is 4.2% (Appendix 1). Moreover, there are twpfsamp]es
(i P-30 and AP-44) which columns ;hree, four and fjve have
in common and the results of these two samples indicate that
the\fnter1ab bias, expressed as an average difference, is

0.083 (Appendix 1).

3.2.3 Comparison of Results Obtained by Uéing;Both Methods of

Analysis A

Comparing, all four sets of results presented in Table 3.1,

one can see f:;t, with few exceptions, there is no signifigant
difference between values. In fact, most values seem to lie
remarkably close to one another.,

Figure 3.2 is a éraphic i]]ustrafion of the re]ationghjp
between values obtained as a result of both methods of ana;
lysis. The sulfur content determined by}LECO analysis is
plotted as the abscissa and Ehe sulfur content determined by

XRF is plotted as the ordinate. One high sulfur value rebre-

o

! 28

-

o e . oa- - - -

B ER
' _jsj\\,f} 3.z 1,

i

RS
ERRREN
N




7 Satimss

%5u$ —

3.0

0.9

0. 84
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0.3+

0.2+
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Plot of XRF versus LECO results.
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sentative’%f sample AP-30 is-not shown. The salid line is
a computed regres;}on ]ine for the case in which ¥y is consi-
dered the dependent variable and x the independent variable.
The calculated correlation coefficient is 0.998. Therefore,
it is concluded that there is good correlation between the

two sets of values.

3.3 Bulk Sample Analysis by X-ray Fluorescence

Approximately 50 kilograms of sample were collected from
one sample location and subsequently sub-divided into 46
smaller samp1ps, each weighing about one to two kilograms.
The reason for collecting such an unusually large amount of
sample was to test the magnitude of variation of sulfur con-
centration throughout this bulk sample. In so doing, one
would then be able to determine whether the samples which had
been collected during the course of this study could be
considered to be representative samples of each of the field
areas sampled. The resu{ts of the bulk sample analysis are
presented in Table 3.2:, On the basis of these results, the
rdge of the sulfur concentration is 122 ppm and the mean
and corresponding standard deviation are 79.4 and 56.3 ppm,
respectively. The relative deviatioq in sulfur concentration
at this level is 38%. Unfortunately, the concentration of
sulfur in this bulk_samp]e is Tow relative to all of the other
samples. Consequently, it is difficult to estimate the mag-

nitude of variation in sulfur concentration at higher levels.

30



e 7 Y AT EM TSR g wr e

TABLE 3.2:

~

Variation of Sulfur Concentration Within a Bulk

Sampie

§amp1e’No.

AP-45
AP-46
AP-47
AP-48
AP-49
AP-50
AP-51
AP-52..
AP-53
P-54
AP-55
AP-56
AP-57
AP-58
AP-59
AP-60
AP-61 ‘
AP-62
AP-63
AP-64
AP-65
AP-66
AP-67
AP-68
AP-69
AP-70
AP-T71
AP-72
AP-73
AP-74
AP-75
AP-76
AP-77
AP-78
AP-79
AP-80
AP-81
AP-82
AP-83
AP-84
“AP-85
AP-86
AP-87
AP-88
AP-89
AP-90
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3.4 Sulfur Distribution in Basaltic Rocks

The distribution of sulfur in basalt 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 examining 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 sulfur content increases from unit B3 through B4—and up
to B5 and then decreéses through B6 down to B7. Moreover,
there is the added &ifference between the mean sulfur content
of least altered and altered basalts. Generglly, 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'1east altered basalt is fairly high in sulfur and
consequently, may not be representative of the sutfur 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:

Unit
B2
B3
B4
B5
B6
B7

Distribution of the Mean Sulfur Content and Corresponding Standard

Error of the Mean

in each Unit

Least altered & altered

914
695
1428
1915

1200
330

t

+

I+

1+

-+

+

258
185
310
389

637
77

(14)
(43)
(44)
(15)
(9)
(6)

Least altered

780 + 285 (10)
598 + 202 (20)
1153 + 285 (24)
1718 = 461 (9)
583 (1)
398 (1)

The numbers in parentheses indicate the number

i S 20 raben SR

Altered

1246
780
1759
2210
1278
317

of basalt samples.

%

t

I+

i+

1+

I+

592
301
591
722
717
93

(4)
(23)
(20)
(6)
(8)
(5)
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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 above mentioned
patté}n in which the mean sulfur content increases from a

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

decreases again through units B6 and B7.

3.5 Correlation Between Sulfur and Iron

The relationship between sulfur ané iron is illustrated
in Figures 3.4 and 3.5. In Figure 3.4a, the sulfur and iron
contents of each individual sample are shown. A few very
high values do not appear on the graph. However, the results
of all the analyses performed on each of the samples are
contained in Appendix I1I. The overall pattern of the data
points in Figure 3.4a is suggestive of a trend of increasing
sulfur with the total iron content of the rocks. ‘

The sulfur in these basalts appears to have a log normal
distribution as shown in Figure 3.3 ( a similar plot to that

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

Fiqure 3.3b is not considered to 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 not unlikely. How-
ever, even if the distribution is bimodal, it is still likely

that each of the populations is reasonably log normally dis-

tributed to justify the calculation of the geometric mean of
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sulfur. Moreover, a bimodal distribution, if it exists, is
likely a reflection of the generally lower sulfur content of
the least altered rocks as compared to that of the altered
rocks as demonstrated in the previous section. In light of
the above diScussion, the trend observed in Figure 3.4a
becomes more evident if, on the assumption that the distri-
bution is log normal, the geometric means of sulfur are
plotted against the average toté] iron content of each basalt
group as shown in Figure 3.4b. The solid line in the above
mentioned figure is drawn on the basis of the location of

the mean data points of the different basalt units comprising
the Watson Lake Group. These mean data points were calculated
using all available iron and sulfur values. A list of the
mean iron and sulfur contents of each unit is presented in
Table 3.4. In examining the data presented for the least
altered basalts in both Table 3.4 and Figure 3.4b, one can
see that the pattern exhibited by the sulfur in units B3 to

B7 corresponds exactly to that exhibited by iron. The iron

R R SRSV SRR

contents of these units reflect am iron enrichment trend
within these basalt flows 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 sulfur is a
primary one and possibly related to sulfur saturation in the
melt (to be discussed later).

Figure 3.5a illustrates the relationship between sulfur
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TABLE 3.4:

~

- J * %
Average Fe and S

Compositions of the Volcanic Rocks

%Fe0” s(ppm)”
13.21 562
15.20° 318
15.55 607
16.07 1158
15.99 584
15.14 398

*
Tatal iron expressed as FeO

*k .
Geometric means of sulfur

— s oy

Least altered basalts
*

&
Le

Unit

B2
B3
B4
BS
B6
B7

Altered basalts
2Fe0”

12.
11
10.
15.
14
12

08

.97

71
31

.51

.09

* &

S(ppm)
649
302
647

1755
724

. 270

o et e e 4 e o R,
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and iron contents in altered basalts. The trend between

these two elements becomes more evident if the gedmetrig |'
means of sulfur are plotted against the averége total iron
content of each basalt group, as shown in Figyre 3.5b. Since
all of fhe samples represented in Figure 3.5b are altered, it

is difficult to determine whether the relationship between

iron and sulfur is a p}imary one or a secondary one. There-
fore, in an attempt to resolve this problem, the igneous
component of iron as well as that of sulfur was stripped from
the altered basa]ts as shown in Table 3.5. The data presented )
in this table reveal that the unit which lost the greatest
amount of iron (ie. B4) contains the least amount of

secondary sulfur. Similarly, the un{t which Tost the least
amount of iron (ie. B5) contains the greatest amount of
secondary sulfur. This iﬁdicates that seconﬁary sulfur dis-
tribution is controlled by the iron content of the rocks and,
that the trend i]]ustratﬁd in Figure 3.5b is the result of

a secondary alteration e?fect superimposed upon a primary

igneous relationship.

3.6 Juvenile Sulfur Content of Basalts.

Y

In ofder to estimate the amount of sulfur p%esent in
non-hydrothermally altered basalts in the stud; area, only
Teast altered, submarine samples were u;ed. Table 3.6 lists
these basalts together with their respective sulfur contents.

{On the basis of the data presented in Table 3.6, the average

—
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ABLE 3.5: Losses and Gains of FeO and S during Alteration

as Indicated by the Differences in these Components

Between Altered and Least Altered Basalts

*
Unit %Fe0
B2 -1.13.
B3 -3.23
- B4 -4.84
B5 -0.76
B6 -1.48
B7 -3.05

*
Total iron expressed as FeO.

¥*

*
Geometric means of sulfur,

-y

44

**

S(ppm)
» g7
40
597
140




TABLE 3.6: Sulfur Content of Least Altered Submarine Basalts

Unit Sample No. S(ppm)
B2 M319 +{ 201
M584 3291
M322 392
M585 747
M317 770
M569 509
M321 710
AP33 413
AP 34 . 477

AP35 ¢ 297 %
B3 M310 278
M305 133
M19 465
y 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 101
AP39 133
B4 M92 2205
M372 1670
. M89 210
M256 1198
M253 472
M1 450
M252 5109
M350 253
AP9 . 530
AP12 . 292
AP13 1919
AP14 1309
AP17 80
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B4

BS

B6
B7

AP20
AP21
AP23
AP24
M252-2
M395
M398
AP25
AP26
AP27
AP40

M48
M85
M47
-M383
M384
M386
M388
M389
AP42

AP43
AP4 4

46

832
498
1113
2327
5109
213
490
138
170
1018
58

1076
742
1383
3811
1012
2528
101
3949
864

583
398
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sulfur 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 sulfur content of the outer 2cm of
pillows is 843 ppm. Mathez (1976) also reports concentra-
tions of sulfur dissolved in glasses and his values range
from 1000 to 1800 ppm S. Other data from investigations
carried out by MaclLean (1977) show that sulfur analyses in
basalt glasses ranged from 930 to 1160 ppm S. Finally, the
sulfur content of basaltic glasses obtained by Czamanske

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

3.7 Factors Cantrolling the Solubility of Sulfur

The so]ub{lity of sulfur in basaltic magmas depends, to
a large extent, upon four parameters: (1) composition, in
particular iron and silica contents (25 temperature (3) sul-
fur fugacity and (4) oxygen fugacity (Fincham and Richardson,
1954; Haughton et al., 1974; Shima and Naldrett, 1975).

Abraham et al. (1960) determined experimentally that an
jron silicate melt is capable of dissolving more sulfur than
any other melts. Later, MacLean (1969) demonstrated experi-
mentally that the activity of Fe0 exerts a strong influence B
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 sulf%r content of a magma. In

47
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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 silica on the
sulfide capacity of a melt is opposite to that of incre;sing
iron.

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.to Haughton e% al. (1974), the solubility of sulfur
decreases by a factor of ten as the temperature drops from
1200°C to 1040°C, assuming the ratio of fo and fo is kept

2 2

constant. However, as the magma coo0ols, the values of fo
2

and f change. Hence, it is often difficult to estimate

S
the ef%ect of temperature on the solubility of sulfur without
taking into consideration the oxygen and sulfur fugacities

as well.

Regarding sulfur fugacity, an increase in sulfur soluBi-
lity resiults as fsz increases. This has been confirmed by
Haughton et al. (1974). Nagamori and Kameda (1965) suggested
that the probable value of Tog fsz for most mafic magmas at
1200°C lies in the range of -1 * 1.5 atm. ﬂ

The fourth factor which influences the solubility of
sulfur is oxygen fugacity. It has been found that the [//
solubility of sulfur decreases with increasing fQ

1969; Haughton et al., 1974)._ ‘According to Fudali

!
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experimentally determined values of foz for basalts range
from 10785 to 10764 atm at 1200°C. Furthermore, Katsura
and Nagashima (1974) have shown that at 1200°C, most of the
sulfur in a basaltic melt occurs as dissolved sulfide at
oxygen partial pressures below 10'8 atmospheres, and as
dissolved sulfate at oxygen partial pressures above 10'8
atmospheres.

Pressure affects‘the solubility of sulfur indirect1y~
since a magma emplaced at a confining greésure which is less
than the vapor pressure of the volatile components will Tose
a substantial amount of su]fur; Targely in the form of 502.

In summary, the principal factors affecting the solubi-
lity 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 fo and silica
. 2

2
content causes an increase in the solubility of sulfur in

a melt.

3.8 Solubility and Saturation of Sklfur in Basaltic Rocks

There is 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 1300°C.
According to 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
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dissolve into it. The dissolution of sulfides in silicate
liquids is accomplished by displacing oxygen bonded to
ferrous iron. Nockolds (1966) calculated bond energies for
various elements present in the crust and found that the
metal-oxide to metal-sulfide ratio for Fe2+ is 1.82. This
value 1is 1omg!>;hﬂm that obpained for any other major cations
and indicates the preference of sulfur for displacing oxygen
bonded only to ferrous iron in a magma. However, because the
ionic radius of sulfur (1.84R) is greater than that of dxygen
(1.40R), sulfur cannot substitute easily for oxygen in sili-

cate systems. Hence, the solubility of sulfur in magmas is

11kUted.

\\

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 melt. The hypothesis that most,
if not all, submarine basalts are saturated with sulfur
prior to eruption is not a novel one. Moore and Calk (1971),
Vakhrushev and Prokoptsev (1972) and Anderson (1972) wére
among the first to 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) revealed that modern sub-

marine basalts generally contain exsolved sulfides in their
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vesicles, indicating that the basaltic melts were saturated
with respect to sulfur at the point of eruption and quench-

ing on the sea floor.

3.9 Discussion

Figure 3.6 illustrates the relationship between sulfur
and total iron 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
M dge by Czamanske et al. (1977). Both these lines represent
fresh submarine basalts which were quenched at moderate
pressures ( ~ 500 atm). Curve C corresponds to Naldrett &
Goodwin's (1927) data obtained from the Blake River Group
rocks which comprise part of the Abitibi greenstone belt
in northéastern Ontario. This curve represents various
Archean volcanic rocks including altered basalts, some
andesites, dacites and rhyo]iteki\these rocks are submarine
and were probably quenched at simNar pressures to those
investigated by Mathez (1976) and Czamanske et al. (1977).
Curve D is an experimental curve obtained at 1200°C and 1 atm
by Haughton, Roeder and Skinner (1974). Line E corresponds
to the data collected by the author. This line represents
only the least altered (wt.% S1'02 < 52.0) Archean, submarine
(P ~ 500 atm) basalts from the Watson Lake Group which is
part of the Abitibi greenstone belt in Qué&bec. Lines A and B

and curve D jllustrate 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
natural submarine basalt from the mid-Atlantic Ridge by Czamanske & Moore
(1977); curve C determined for natural submarine volcanic rocks by Naldrett &
Goodwin (1977); and curve D which is an experimental curve obtained at 1200°C
and 1 atm by Haughton, Roeder & Skinner (1974).




content of basalts increases with increasing total iron
content (2) the sulfur content is higher in basalts quenched
at moderate pressures ('m 500 atm) as compared to that in
basalts quenched at low pressures (1 atm). In addition,
lines A and B represent a close approximation of the sulfide
saturation trend for modern gﬁbmarine basalts whereas curve
D represents a basaltic sulfidée saturation trend obtained
experimentally at 1200°C 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 Mathez (1976) and
Czamanske et a]i (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 basalts. A likely reason for the high
sulfur levels is pressure (Moore & Schilling,-1973). The
sulfur levels obtained by Mathez (1976) and Czamanske (1977)
appear to be representative of Cenozoic submarine basalts.

In examining the data presented for Archean submarine basalts
(line Ed and that presented for modern submarine basalts
(lines A and B), one can see that the Archean rocks have
Tower sulfur levels than the younger rocks. Moreover, there
is less dependence of sulfur on iron in'Archean basalts as
compared to that in the younger rocks. A comparison of
Archean and Cenozoic basalts, if it were valid, would indi-

cate that the older rocks are clearly undersaturated.
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Naldrett & Goodwin (1977) analysed various t?pes of

Archean volcanic rocks 1ﬁc1uding altered and least altered

basalts, some andesites, dacites and rhyolites and plotted
the results of all these analyses on an Fe0-S diagram as
shown in Figure 3.6 (curve C). Points one through four each
represent a group of analyses obtained from basalts. Points
five and six each represent a group of andesites, point seven
represents a group sf dacites whereas point eight correspondi*z//
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
sulfide capacity of a mgﬁt decreases with increasing silica
content as discussed earlier in Section 3.7. In addition,
recent analyses of rhyolites from the Matagami area confirm
the fact that these rocks generally contain far less sulfur
than tﬁe basalts (see Appendix II). Hence, the bottom
portion of Naldrett & Goodwin's curve is unreliable on this
basis. Points one through four, if they were representative
of fresh or merely least altered basalts, could be plotted

on an Fe0-S diagram, However;‘fiaser'1nspection of Naldrett
& Goodwin's analytical data suggests that their basa]E;*
include both least altered and altered rocks. Fresh meta-
basalts typically contain 48-52% 51'02 whereas hydrotherma]]y/

altered samples show a progressive increase in silica content

(MacGeehan, 1979; MacGeehan and MacLean, 1980b). In view of
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between iron and sulfur in their rocks is similar togfhat
obtained experimentally by Haughton et al. (1974). They

were able to do this by plotting the arithmetic means of

sulfur for each group against the respective mean FeO contents.

Having established in their paper that the wide ;anges 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 broceeded to use the arjthmetic means,
especially since they had determined the geometrié means 094
sulfur for each group of rocks for that very reason.
Nevertheless, by plotting the arithmetic mean of sulfur
against the mean iron content for each group, they coinci-
dentally obtained aacurve which was slightly offset from

the experimental curve obtdined by Haughton ef al. (1974).
Consequently, Naldrett & Goodwin (1977) concluded that their
Blake RiVer G¥oup rocks were probably saturated with respect
to sulfur. This conclusion is obviously invalid on thg basis
of the above discussion. Furthermore, in another paper,
Naldrett, Goodwin, Fisher & Ridler (1978) pfeéent more ana-
lyses of various types of Archean rocks from the same general
area and compare t;em to the trendgshown by curve C. ‘Using

an identical approach to that taken in the 1977 paper, they

draw conclusions concerning sulfur.saturation of the rocks
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based on a comparison of° these latest }esu1ts with the trend
that they showed for the Blake River Group‘rﬁcks (curve C).
These conclusions are somewhat e;roneous since curve C,

which is the basis of their comparisons, is ingalid}i A final
point concerning Naldrett et al.'s (19775T97%3'§$pers is

that their andesites, dacites and‘rhyolizégwmay well be
saturated but only because they are andesites, dacites and
rhyolites and not on the basis that they can be fitted smoothly
onto the 1owermporti§n of a basalt curve. Sulfur saturation
levels decrease progressively as the compositiqn of a meit
Varies‘?rom basaltic to rhyolitic as demonstrated by Haughtbn
(1974).

et al. Consequently,'one should be "‘able to produce

a smooth curve, such as the one that Naldrett et al. (1977)
produced, if one plots all of these rock types on one curvé.
The results of the present study (curve E) indicate that
hydrothermal ;ltgration added sulfur to the altered rocks
and depleted them of iron. Since the basalts of the present
study are, in many ways, similar to the ones studied By
Naldrett et al. (1977, 1978), the author suspects that if the
lower portion of curve C were e1imim ed, as it should be,
and if the upper Portion of this curve were re-evaluated
by conside;ing only .the least altered rocks, then the |,
resulting line would be offset to the ridht of its ﬁresgnt
position whife the slope wou1d‘become slightly steeper. This
is based on the {ikeiy 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 on the Archean
basalts of the Blake River Group. If this assumption is
valid, then the resulting line for Naldrett's Blake River
Group basalts would be very similar to Tine E. .

o ‘ R J
340 Conclusion

The suliur content of basaltic rocks from the Matagami
area is highly variable.. However, the mean sulfur content
of the units comprising the Watson Lake Group increases from
uriit B3 throughQB4 to a maximum in B5 and then decreases
throlgh BE to B7.

There is an added difference 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 basalts.

Lrcreases and decreases in sulfur tent of least
altered basalts parallel increases and decyeases in total
iron content. This indicates that the re ationshig between
iron and sulur is a primary one, possibly related to sulfur
saturation in,fhe melt.

Addition of sulfur to the q]teredlbasa]ts reflects the
amount of iron lost as a result of hydrothe?h&] alteration.
The unit which lost the greatest amount of iron cortains

¢
the least amount of secondary sulfur whereasﬁthe unit which

lost the Teast amount of iron contains the greatest amount of
secondary sulfur. This suggests that secondary sulfur dis-
tribution is controlled by the iron content of the rocks.

4
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CHAPTER 4 - SULFUR ISOTOPE DETERMINATION

4.1 Introduction

32

Sulfur has four isotopes: S, 34

33

s, 3% and 3%s. of

all of these, 325 %ﬂd 345 are the most abundant (ie. 32S=95.02%,

345 = 4.2%). Due to the differences in mass, these isotjopes

can be segregated in nature. The heavier 348 isotopes have

a tendency to form 56+ jons and are fractionated rather strong-

324

ly into sulfates. The 1&ghter, isotopes, on the other

hand, tend to form s2- ions and are fractionated more into
sulfide mineré]s and aqueous and gaseous sulfide species.

The determination of isotopi% composition is acFomplished
by comparing the ratio of sulfur i%otopes in an unknown to
the ratio of isotopes in a known standard. All meteorites
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 345/325 ratio of 0.0450045 (Ault & Jensen,
1963). Knowing this, the 8345 value of unknown samples can

be determined using the following mathematical expression:

A\ 34$(per m.”) - (345/325)Samp]e (345/325)Std ;

x 10

34,32
(778775 )54

W

345 than in the meteorite.

345 values denote more

Positive 3
Manf%e material is considered to be of the same isoto-
pic composition as the meteorites. Therefore, sulfur derived

(
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34

from the mantle is expected to have 3~ 'S equal to zero.

34

Magmatic sulfides should also have 3~ 'S values close to

Zero.

¥, . , s
Present day seawater has a uniform isotopic 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 4.1, sulfides formed in equilibrium with
this seawater are expected to be negative at T < 400°C. .

34

However, because the 3°°S values of seawater varied between

+10 ana\{30 per mf§ from,the base of the Cambrian to the
p‘esent (Ohmoto et al., 1979), it is expected that the total

34

range of 5 'S values of the resulting sulfides would be

greater for any given temperature. <\k

Aside from the influence of the\isotopic composition of -
seawater, 3345 values of sulfide minerals occurring in hydro-
tﬁg?mally altered rocks have been shown to result from the
interaction between several important inorganic parameters.
Sakai (1968) and Ohmoto (1972) demonstrated that the chemistry
of the ore;formingesolutions (ie. aqueous sulfur species,

fo » pH and T) have a strong effect on the\3345 values of
2

3

hydrothermal minerals. B .
According to Ohmoto (1972), HZS is an important aqueous
species at low pH and low fO . However, as the pH of.the

2
fluid increases, HZS becomes less stable and HS  becomes the
predominant sulfur species. As pH continues to increase, 52'

eventually becomes the most stable species in soclution. .
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Figure 4.1 - Isotopic enrichment factors for important sulfur species(based
on the data by Sakai, 1968; Rye & Czamanske, 1969; Kajiwara &
Krouse, 1971; Ohmoto, 1972).
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Furthermore, at high f, and low pH, HSO4' is an important
2
aqueous species whereas at higher pH (and high fo )» 5042'
2

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

effect of pH and/or fO on the isotopic composition of sulfide
2
minerals. Ohmoto (1972) showed that the isotopic composition

of sulfides forming in equilibrium with a fluid containing
R .
significant proportions of several aqueous species can change
gquite drastically with a slight change in pH and/or fO . For
2

instance, at 250°C,-4n increase in fO by one unit and/or
2
an increase of pH by one unit can account for a decrease in

8345 by about 20 per mil.

Furthermore, a change in fO and/or pH by one unit can

38

produce a larger variation in 3°'S at lower temperatures than
at higher temperaturesagince the fractionation factors are
larger at lower temperatures (Figure 4.1).

On the basis of the above discussion, it is evident that
the 8345 values of hydrothermal minerals are a reflection of
a complex geochemical history of the sulfur in hydrdtherma]

345 values obtain-

fluids. Therefore, the interpretation of 3
ed from these minerals requires an understanding of both the
geology and the geochemistry of the ore deposits in addition
to the processes of isotopic fractionation occgrring within

j
these systems.
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4.2 Analyses of the Volcanic Rocks

Sulfur isotope ana]yses”ere 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 is swept by the pxygen into a flask containing
bromine water and then ofidized to sulfate. The latter ig
precipitated as barium sulfate which is then converted to
hydrogen sulfide, cadmium sulfide, silver sulfide and sulfur
dioxide for mass spectrometric 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 petrological evidence because¢no
sulfate-bearing minerals have been encountered in any of the

samples.
‘5

4.3 Isotopic Composition of the Rocks

Sulfur isotope determinations have been performed on
thirtee;'samp1es of basalt. The results of these analyses
are tabulated in Table 4.1. The isotopic results show that
the 3345 values are generally low, ranging from -0.3 to +1.8
per mil in the least altered rocks and -1.8 to +3.9 per mil
in the alteréd ones. It is assumed that the degree of
alteration, measured by S1'02 content, is proportional to
water/rock ratios (MacGeehan, 1979; MacGeehan and MacLean,

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

Type of samp]e* Unit Sample No. 34S(per mil)
A B3 M-330 -1.8
LA B3 AP-49 1.8
LA B5 AP-42 0.0
A 'BS | 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 1.4
A B7 M-38 3.9
LA BS AP-30 1.1
LA B6 AP-7 -0.3

i

*"A" refers to altered whereas "LA" refers to least
a]tered.samp1es.
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4.4 Interpretation of the Isotopic Composition

Figure 4.2 illustrates the re]atioﬁship between 8343 and
S1’02 content of the rocks. Since at the present time, 51'02
data is unavailable for the sevén least altered samples,
average 5102 values for least altered basalts in each 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 both
Table 4.1 and Figure 4.2 that the least altered samples

345. However, as the silica

34

plot within a narrow range of 3
content of the samples increases, the range of 3°°S values
widens.

According to Schneider (1970), Sasaki (1970), Kanehira
et al., (1973) and Ohmoto 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 genéra]]y true,
then all of the least altered samples plotted in Figure 4.2

345 values of the

would be accounted for. The fact that the 3
least altered rocks fall within the range of values character-
istic of fresh tholeiitic basalts indicates that the sulfur
contained in the least altered rocks is primary, as expected.
The 3345 values of the altered basalts range from -1.8

to +3.9 per mif. The greater range in the isotopic composition
TN
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of these basalts may be a reflection of the exchange of
~sulfur between the basalts and the altering fluid. 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 origin. Although
the isotopic 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 %S (mean amount of sulfur added to units B2,

34

B3 and B4) from seawater of 3~ 'S = +20 per mil would increase

34

the 3% 'S of the least altered rocks from an initial value

)
of +1 per mil (mean isotopic composition of the least altered

basalts) to +2.2 %er mil in the altered rocks. This infor-

3

mation enables one to superimpose 3 45 contours upon the

stability fields of Fe-S-0 minerals as shown in Figure 4.3.
In examining the data presented in this figure, one can see

34

that the range of 3~"S values exhibited by the altered

basalts can be produced under conditions of (1) low f02 and
near neutral pH (ie. by simply recirculatingeprimary sulfur)

or (2) high foz and acidic pH (ie. by mixing primary sulfur
with seawater sulfur). A choice 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.

66



e

T T M SN G WY SV WS SWASKARS R % % et kG i s e omebe aereie e ey

22 — ] T T ; T
-24r= _

A FeBO‘. ]
~ !
N | ) .

-26 !
N ~ 34
AN ‘ (;'0 /\85,'1,

~
> G,
o ‘0 ?J -1
o "‘?"
p N\
e32
>
-32 —
FeS /ﬁ

345 contours with

Figure 4.3 - Comparison of the positions of 3
the stability fields of Fe-S-0 minerals at T = 350°C
and I = 1.0. FeS-FeSZ:BaSO4-Fe3O4-Fe203 boundaries
are from Ohmoto (1972).

PP LY c¢ontours. Values in [] and () are for
H,S at 3“s =-+1.0 and +2.2, respectively.

2 s
A — ——:Fe=-5-0 mineral "boundaries at IS =, 0.01 moles/kg
H,O0. h
2 v -3
— —~—.—:Barite soluble/insoluble boundary at mBa"'m‘S'lo’

{ .

67



.

This, in conjunction with 334

S isopleths developed in this
chapter, enables the author to trace and isolate the path

of the ore-forming fluids.

4.5 Conclusion

The isotopic compositiop of sulfides occurring in the
least altered basalts is indicative of a magmatic source of
sulfur., = .

In congrfast, the isotopic composition of sulfide minerals
in the altered basalts is indicative of either a recycled

primary source or a mixed magmatic and seawater source.
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CHAPTER 5 - HYDROTHERMAL FLUIDS AND MASSIVE SULFIDE GgyESIS

-

5.1 Introduction

It has long been observed that seawater derived brines
are both capable and efficient transport media. Indeed,
hydrothermal leaching of transition'metals’and their sub-
sequent transport as metal-rich brines can~ascount for the
genesis of%a number of ore depogits (Degens & Ross, 1969;
Parmentier & Spooner, 1978; Francheteau et al., 1979).

The origin of the brine involved in the Garon Lake
geothermal system is thought to be seawater as well. Accord-
ing to MacGeehan (1979), these f]u}ds were probably silica
saturated and slightly basic originally, although as a
result of their interaction with basalts, they later becameu
more acidic. This is in agreement with Biséhof% & Dickson
(%975)\who Treport that following the reaction of seawater
with basalts at T = 200°C and P = 500 bars, the originally
slightly basic'wa-Mg-SO4-C1 solution loses its alkalinity !
and becomes a slightly acid Na-Ca-C1 solution.

The main effect of hydrothermal fluid interqction with
the basalts was the development of alteration. As mentioned
" in Chgpter 2, this alteration was dominantly a si1iéif{cation

and spilitization process. As a result, certain elements

were leached from the rocks by the convécting hydrothermal

1
fluid while 'others yere added to the rocks. Details concern-

ing the elements @hich were depleted from, and those which

<
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were added to, the basalts-are presented in the following
‘ !

section. >

<

5.2 Major Element, iface Element and Transition Element
Redistribution ’

MacGeehan k1979)'showed that the major elements, iron, ,
magnesium, titanium and calcium, were leached from the basalts

in/the core of the geothermal system by the hydrothermal

i

fluid. However; sodiuﬁ'and)silica were added to the rocks

as the alteration intensified.

°

Significant amounts of nickel, chromium and cobalt, and

[y

even greater amounts of manganese and vanadium were dissolved

by the fluid, thereby depleting the basa]tﬁfaf these elements.

‘Onh the other hand, elements,such ass zirconium, yttrium,

niobium and the rare earths were added to the basalts (MacGeehan
& MacLean, 1980). ¢

ﬂTransition elemént redistribution involved the loss of
éopper, iron and zirnc from the basalts. Zinc was dissolved
progressively along with the other majﬁr elements, including
iron. However, most of the cqpper appear§ to have been”

removed from basalts at the very beginning of the alteration.

5.3 Sulfur Redistribution

It was established earlier in Chapter 3 that altered ‘
Basa]ts contain more sulfur than least altered basalts. This 4
indicates an addition of sulfur to the altered basalts due to

hydrothermal fluid interaction. A proposed model for sulfur
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distribution within th;se Basalts is presented‘below.
Shortly after the BR-B3-B4-GLR'sequence of{vo]cant;s

"was 1laid down, seawater. egan to flow into the—basa1t§/due
to the permeability of these units. However, the‘overlying
‘rhyolitic unit was impermeakle. %his unit restricted fluid
movement to the underlying basalts, thereby ensuring a cfosed
system. Ag the seawater passed through the basalts, it was "
heated up by the rocks. This enabled the fluid to circulate
convectively throughout the basalts.,K -As it did so, it began
to leach sulfur from the—deast altered rocks. In‘addition.
the hydrothermal fluids also gained sulfur from seawater
(Bischoff et al., 198%). Hence, the sulfur which was lost
from the least altered basalts was incorporated into, and
redistributed by, the hyd(othermal fluids. These fluids
continued to circulate through the rocks as 1ongfas éhere
was %yfficient enersy in the system to do so. However, once
most Qf the energy was dissipated, the geothermal system
begarn to draw to a close. This was acfompanied by re-
precipitation of sulfur (as pyrite) within the altered
basalts. The bulk of the sulfur, however, was precipita%sd

in the form of metal sulfides at the sediment-seawater

interface.

5.4 Solubility and Transport of Ore Metals and Sulfu;

9

The principal ore metals of the GaroR‘Lake mine are

zinc, copper and iron. According to MacGelehan (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 temperathres, pyrite and chalcopyrite, the most
common sulfide minerals in igrneous rocks, may decompose by
reaction with acidic aqueous solutions to become the source
of sulfur in ore-forming fluids (Ohmoto et al., 1979).
These decomposition reactions may be represented by the
following relations:

3FeS, + 2H,0 + 6H' » 3Felt + 5H,S + SO, (1)

+ 20,0 + 2HY - 2cut + 2Felt 4+ 3H,5 + SO, (2)

2CuFeS2 2

There is a possibility, however, that these metals
may also have been leached at lower temperatures which would
have prevailed closer to the intake zone of the system, .
Rrovided that there was convective circulation of hydrothermal
fluids in the area where these metals could have Seen leached.
In the Red Sea ;;otherma] 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 brine
with solid phases that contain hkase metals which are
crystallizing dr recrystallizing at temperatures from 100 to
900°b; is the mo;t favor;d circumstance for concentration

of these metals in the liquid phase." Bischoff et al. (1975)

conducted an experimental study in which seawater was reacted-
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with basalt at 200°C and 500 bars and found that iron and
copper were indeed leached from the basalts. Therefore, since
the evidence in the literature indicates that base metals

may be leached at low temperatures (ie. T < 250°C), it is
possible that the ore metals in the Garon Lake geothermal
system may have been leached closer to the intake zone

in addition to the core zone. (

The dissolution rates of the base metals and sulfur
appear to be variable. MacGeehan (1979) demonstrated that
zinc was solubilized at a constant rate as alteration pro-l
gressed. However, copper was dissolved rapidly at the
outset of alteration. Iron was solubilized much like zinc
in that it was leached at(a constant rate as alteration pro-
gressed. The dissolution rate of sulfur, represented by
the decreasing slope (m) of the least squares line in Figures
5.1, 5.2 and 5.3, indicates that sulfur was dissolved rapidly
during the early stag;s of alteration and progressively
slower during subsequent later stages.

Estimated temperatures within the intake zone as well
as in the core suggest that sulfur was probably transported
as aqueous H,S, HS™ and 5042' while the ore metals may have
been transported as bisulfide and chloride complexes. In a
study of hy&rotherma] ore formation at low temperatures and
alkaline conditions, Barnes & Czamanske (1967) found that

in the presence of HS species, zinc preferentially forms

Zn(HS)3_ . Crerar & Barnes (1976) demonstrated that, in the

A i, 25 o e
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presence oP’HS-, the dominant Cu+ species changes with

increasing temperature from Cu(HS)32'

at T ~ 200°C to Cu(HS)Z'
at T ~ 250°C. In a study of the thermodynamics of hydro-
thermal systems at elevated temperatures, Helgeson (1969, 1970)
found that ZnC]z, CuCl, FeC]Z, FeC13, HZS and H2504 are
important components of natural hydrothermal systems.

Since it is believed that the prevailing pH conditions
in the intake zo%e were alkaline 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 complex since it cannot form bisulfide complexes
(Crerar & Barnes, 19?65 Barnes, 1979). Finally, sulfur was

2.

transported as aqueous HZS and 304 (in the core) and as

HS™ (in the intake zone).

5.5 Stability of Metal Bisulfide and Metal Chloride Complexes

The stability field of bisulfide complexes extends from

pH = 6.5 to 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: ' - .

(1) a decrease in pH. This Eag be in response to
oxidation which may be caused mainly by reaction
with wallrocks, other solutions and gases containing
pxidized species (ie. COZ’ 502, 02 etc.). Oxidation

76
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releases H' jons, lowers pH and ultimately causes
precipitation of sulfides.
(2) an increase in temperature
(3) dilution by other solutions 1
(4) a change in £S. Crerar & Barnes (1976) report that
nearly all of the copper in the form of cuprous
bisulfide ( Cu(HS)z' ) will precipitate as a result
of a change of 0.1 x LS.

The stability field of metal chloride complexes is
restricted to pH < 2.5 at T < 350°C. At T 2 350°C, these
complexes are stable at pH > 2.5 (Barnes, 1979). The break-up
of these complexes can be attributed to the following factors:

(1) a change in pH or a change in fo2
(2) an increase in temperature
(3) di]ution‘by other solutions (ie. intermixing with

a sulfur-bearing solution will cause precipitation

of metal sulfides).

(4) a change in LS

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 leachéd 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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equilibrium hydrothermal conditions from Fe2+, Fe3*, cu®
2+ 2-

and In chloride complexes requires HZS-and/or SO4

as illustrated by the following reactions:

4
Fet 4 HyS -+ FeS + ont
4Fet 4 TH,S + S0,%7 » 4FeS. + 4H,0 + 6H'
2 4 2 2
gcut + 8Fe3* 4 15H.S + S0,27 4 8CuFeS, + 4H.0 + 22H*

2 4 2 2

1t & HoS » ZnS + 2HT

On the basis of this information, it appears that under
equilibrium hydrothermal conditions, the interaction of
metal complexes with sulfur-bearing species commonly results
in the precipitatjon of métal sulfides.

Furthermore, earlier work by MacGeehan (1979) and Aftabi
(1980) provides a basis for the upcoming discussion concern-
"ing 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 ultimately in their deposition in the form of massive
sulfides. These massive sulfides comprise three orebodies
as shown in Figure 5.?. Although the sulfide mineralogy of
each orebody is the same, the concentration of ore metals
varies from one orebody to the next as illustrated in Table
‘5.1. In addition, on the basis of mineralogical and textural
evidence, Aftabi (1980) established that Po-Py-Cpy-Mt-Sph

d is a common equilibrium mineral assemblage in lens "A"
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Table 5.1

&

¢ Approximate Ore Reserve at the Garon Lake Mine

Orebod%

o

B-Zone
C-Zone

A-Zane

Total

Tonnage

88,000
54,000
309,000

451,000

11.55
3.17
1.39

3.59

%.Cu In/Cu
1.04 1.1
2.46 1.3
1.95 0.7
1.83 1.96

Y
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whereas Py-Cpy-Sph is the equilibrium mineral assemblage 1in
lens "C" as well as in lens "“B".

Therefore, all of the above mentioned evidence suggests
that the ore-forming fluids evolved and progressed in the
manner indicated in Figure 5.5. The initial filid was
probably centered at, or close to, the invariant poinf, as
shown. This is consistent with the equilibrium mineral
assemblage observed in lens "A". However, as the ore-forming

ffuid evolved, Ht progressed further into the pyrite stability

?ie]d, as indicated. This 1s in accordance with the mean

composition of the sphalerites in each 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 fluid did not progress far beyond the (Zn.gFe.])S
iiopleth. Furthermore, it was suggested earlier in Chapter 4
that the isotopic composition of the altered basa]ts;cou]d

be produced under conditions of (1) low f02 and near neutral
pH or (2) high fo2 and acidic pH. The first possibility

can now be eliminated on the basis of the Eh/pH conditions
established by the equilibrium mineral assemblages in the

ore rocks. In addition, the mean isotopic composition of

the sphalerites further restricts Eh/pH conditions of the
hydrothermal fluid at the time of ore deposition. Con-

sequently, the above mentioned mineralogical and petrographic

evidence is consistent with the hypothesis that the sulfur

A

81

TR S - . . L .



. v
b

- —— - e e ke e e e o - [P - e

'ZZ r ] Y T T I’ Y ] Y . -
28l _ Fols -
cho‘
|
-26P | =
N g, 7 asdy J
. () 2
\ NG R~
S (\\ \ .
28 (ab 5N
s ™~ \\gi<
25y + 8 Q ]
S pY /n
- SELIILITIS
-30— £ s —
e
| andfists 2
"3%Man,fe)s__ __ ___ | N
FeS ya
b fa f L
~
K
-34}- I -
@
wy
o ‘ -
o)
/| A
=383 Y 8 70 T2
>

Figure 5.5 - Stability fields of Fe-IZn-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
isopleths within the Py and Po stability fields
are from Scott & Barnes (1971).

1

——:3%%s contouyrs. Values in [] and () are

for H,S at a’“szs = 1.0 and 2.2, respectively.

—-——-:£eas—o mineral boundaries at IS = (0.0l moles/kg
2V N
— ot — * - -J
tBarite soluble/insoluble boundary 3t Wy a4+ Bpg 10 °1

82




present in the altered basalts is deriyéd from mixing of
primqyy, igneous sulfur with lesser "fmounts of seawater

sulfur., -

L

5.7 Conclusion

The temperature of the ore-forming fluid 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 essentially constant at log f,/ = 31.0.
: 2
Consequently, it appears likely that a possible cause of

the break-up of metal chloride complexes within the Garon

que geothermal system may have been the intermixipg of a

4

meta]-ch]bride brine with a sulfur-bearing solution.
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CONCLUSION L

On theabasis of the sulfur content and sulfur isotopic
composition of Archean basaltic rocks at ﬂgtagami, it is
concluded that: , ‘

(1) The sulfur content of theseDArcbean basaltic rocks

is highly variable.

(2) The sulfur content of the least altered basalts..

para]]e]g the tota] iron content in each flow unit
indicating that the re]ationsh1p .between the two

elements is a primary one, possibly related to
. . ¥

sulfur saturation in the melt.

~ - ~ ?

(3) fhe meaﬁ\su1fur contents of the, altered basalts are l

.
+

”consistentlyvhigher than those of the least altered
| basalts. This is a reflection of iniiia]uleachiﬁg
of sulfur “from_ the least altered basalts and sub-
.seﬁuent'additfon of sulfur to the altered basalts

due to hydrotherha] fluid intefactiént\ Furthermore,
the' addition of sulfuryto the altered basalts
ﬂpara]lels the loss of iron, thereby suggesting that
secondary sulfur A1stribﬁtion is controlled by the
iron content of the rocks,
“(4) Sulfur isotopic results indicate that the sulfur

- present in the least altered basalts is of mggmatic
origin whereas that present in the a1tered‘basa1t§
is of a mixed magmatic and .seawater Oriéinﬁ
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() " CONTRIBUTION TO KNOWLEDGE ¥ ﬁ .
o (1) The analytical mathod outlined in théitext presents an

alternate’means of analyiing'fgr sulfur, provided that

JER - the rocks which are of interest contain one $redominqnt.‘\“.
: sul fide-bearing mineral phase. . - -

a ! ¢ .

g o (Zf Hy&rotherma]]y altered basalts pé@sérve fhe original, ‘
' . ", positive trend exhibited by 1ronnand(su1fur the ihast
. | * altered basalts. However, the a]téreé basalts are -
ﬁore su]fur;rich as compared to.thé feast~a1tered ones
&‘anicating that hydrothermal fluid interaction results N
in an addition of sulfur to altered basalts. ’
. (5)'Thg amount of sulfur added to th§ altered basalts is
| inversély proportional to the amount of iron lost,
théreby shggesting that §econdary sulfur distribution

is. controlled by the iron content of the rocks.
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APPENDIX I - SAMPLE PREPARATION. . : | ]

Generé] o y
//'2.3 ki1ogr&ms of fresh samp]e‘was colTected at eath
samﬁ]e location. Special chre was taken to ensure the fresh-
ness of the samples, thereby guérding again§};possib1e loss
of sulfur from these rocks. Each of the saﬁp]es was numbered
and its sample location tagged. The sample'w@§ then sub-

divided into two parts. One portion of every §amp1e was

&

retained as a handspecimen while the remaining poﬁtion was
put aside for subsequent crushiné.. 611 of the,samples which
were put aside for this purpose were first crushed to -1/4
inch in a gyratory jaw crusher. Fol]owihg this, each sample
was put into a Bico rotafy grfnder where it was éround.to

-50 ﬁesh (Endecott) between two ceramic plates. Each sample
was then mixed and quartered. At this stage, one qharter

of each sample was set aside for‘subseQuent finer grinding
while the rest was retained as is. The selected quarter L %
of each sampte was then placed in a Tema puck grinder fok
four minutes where it was ground to -200 mesh. As a finalx
precaution, the samples which were ground in the puck grinder

were sieved to ensure that all partictes were no larger than

-200 mesh. .

Preparation of Standards : T

Six standards were prepared for the purpose of sulfur

determination of unknowns. Each standgtd was prepaﬁeduby

109

&

[P C g i 7 [ B e e mar e ]
T, g - { pope T N A




F e repp— =

the addition of a carefully weighed anfount of fineiy ground

f . : s

pyrite grains (-200 mesh) to a weighed sample of pulverized
rock powder (-200 mesh) of basaltic composition. The exact

proportions of pyrite to basalt used in the prepiratiop of |

_each of these standards are indicated below.

BASALT(g) PYRIVE (g) - %S

3.000 0.000 0.000 . o
2.997 . 0.003 ., 0.050 '
2.994 ~ 0.006 - 0.100

2,985 . 0.015 0.250 .

2.970 0.030 0.500

2.940 0.060 1.000

Each- standard sample was then placed in an agate mortar.
Suff1c1ent acetone was added to each basalt -pyrite m1xture
in order to facilitate mixing. F9110w1ng the addition of
acetone, each standard s:mple was mixed for three minutes
with an agate pestle unti]ﬁthe mixture appeared homogeneousi
After the samples were dry, each was pelletized following

the procedure outlined below.

Powder Pellets for XRF Analysis

Three grams of -200 mesh sized particles were placed
over the base of a steel cylinder agnd mixed with four. drops
of 2% mowicl sb]utfbnv~'Following mixing, approximately two

grams of boric acid were spread evenly over the sahp}; as a.

backing to the pellet. Pelletization was achieved by subject-

ing the sample to a pressure of 23 tonnes/cm2

‘ 110

for one minute.




to be the best technique for the determination of sulfur = .

°

'metrTcal1y\at this stage. | v/4/

The pressure was then released gradual]y’over a périod -of

25 seconds.

= -

Preparation of Samples for LECO Analysis

Since the LECO analyticalt method is curren§T§ thought

content, several samples were sent out for such ana]yses.

Some of these samples were analyzed by Dr. C., Riddle of the

0ntar1o Geological Survey using the Canmet cert1f1ed standfrd

SIS

_ sL-1, wn11e others were analysed by Dr. C. E. Rees of McMastq\

Univenkity.

v

The analytical procedure qf this method ™volves initial

combust1on of samples in a stream of oxygen 1n K] LECO

\

1nduct1on furnace. The sulfur.dioxide produced is tHen

Y SOU.

swept by' the oxygen into a flask conta1n1ng brom1ne water, ?
& ¢
and oxidized .to su]fate The latter is precipitated as

barium sulfate and the sulfur content is dwgtermined gravi-

\

I-2 Determfnatdon of Sulfur Concentration in -Basalts °

(A) X- Ray F]uorescence Ana]ys1s

A tota] of 200 sample pe11ets were _analysed for sulfur
using a Ph1]ips PW 1200 X-Ray FTuorescence Spectrometer and
a chromium tube The su]fur peak was measured at 25\= 106 50Q° T
while the background measurement was obtained at 20 = 105.00 . i
The net counts per second (ie. peak - background) of unknowns

was compared with the.-net caunts per secpnd of sulfur standards.

11 .
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The sulfur content of: unknowns was determined by Gsing the
eguatio; of the least squares regression line obtaindd by
ﬁ1otting the sulfur content of each standar? agxinst the
ratio of net counts per second of each standard to the net
counts per secon& of a reference standard (ie. 0.5 %S). The
feast squares regression line has been illustrated in the

text in Figure 3.7, ‘The equation derived from this figure

can be represented bylthe following relation:

b

PPM Sy = X[5300 + 1001

where ppm Sunk
and X is the ratio of net counts per second of the unknown
to the net counts pef«secgnd of the'referénce standard. .The

value 5300 is thePx co-ordinate of the reference standard.

.against which all of the unknowns were run and the value

100 is the x intercept. Thus, given the x co-ordinate and
the x iqtercebt and knowing the value of X, one can readily

calculate the amount of sulfur present in any unknown.

(1) Standards FN\\\\\/ ’

“(a) Precision of XRF Analyses

The precision of XRF analyses of sulfur standards was
checked by periodi&a]]y re-analysing several samples. A
summary of these analyses is presented in Table I-a. " The

precision at the 95% confidence level was fo&nd to be within
/
6.1% of the sulfur concentration for the 0 %S standard,

345% for. 0.05 %S, +1.8% for 0.1 %S, +1.6% for 0.25 %S and

) AT \

is the amount of sulfur present in the unknown
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Precision of XRF Analyses of Sulfur Standards

TABLE I-a:
0 %S 0.05 %S
0.032 0.056
0.032 0.056
0.032 0.058
0.037. 0.055
0.033 0.057
0.033 0.056
0.032 0.058
0.033 0.057
0.001 “0.001
0.0004 0.0004
0.002 0.002
6.1% 3.5%

0.1 %5 0
0.110 * 0
0.110 0
0.112 )
0.108 0
0.109 0
0.110 0
g.111 0
0.110 0
0.001 0.
0.0004 0.
0.002 0
1.8% 1

1713

.25 %S

.244
. 249
.242
.243
.243
.245
.244

.244

002
0008

.0039

.6%

"

?

1.0 25 .

0.995
0.994
0.994
0.995 .
0.995
0.994
0.995

0.995
0.001
0,0004.

0.002

0.2%
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+0.2% for thé%i.o %S standard. In general, befter'precision
was obtained with jncreasing su1far cénceniraiion of the
‘;xgﬂgglds. This is as-éxpected because addition of larger/
amounts of pyrite to a givenuamount of basalt pohder is less
;ifficu1t as compared to the addition of very smal} and exact
;mounts of pyrite to the same quantity~ef rock powder., In
addition, it is often more difficult to obiain & truly homo-
geneous mixture when the quantities of component§ are

drastically different.

0

(2) Unknowns
(a) Precision‘of XRF Analyses in Unknowns

The precision of XRF analyses was checked by analysing
a given powder pellet twice during each day's run and by
re-analysing 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) Accuracy of XRF'Analyses in Unknowns

The accuracy of XRF analyses has beén determined
by comparing Qa]ues J? sul#ur concentration obtained by
XRF with the values obtained by LECO 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 real and that

the XRF vaiues will generally be greater than the LECO values.
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() " TABLE I-b:* Precision of XRF Analyses in Unknowns

-

Samp]e’No.~ q x1(ppms)
AR5 ‘1267
AP13 2019
AP14 1325
AP15 848
AP20 853
AP27 ~1092
AP38 1707
AP42 ) 906
M2 1076
M70 , 769
M246 2459
M252-2 5258
M330 3291
M37 610
M372 1685
M397 747

P(%) = 2.2 at 68% C.L.
P(%) ~%4.4 at 95% C.L.

{ —
xz(ppms) ALERD PR

1193
1919
1309

816
" 832
1018
1696

864
1065

731
2427
5109
3323

~ 599

1670
720

¥
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74
100
16
32
21
74
1
42
1
38
32
149
82
1
15
27

1230
1969
1317
832
843
1055

1702,

885
1071
750
2443
5184
3307
605
1678
734

52.3
70.7
11.
22.
14.
52.

w

29.

26.

22.
105
58.0
7.8
10.6
19.1

~J
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TABLE I-c: Accuracy of XRF Analyses of Unknowns

n =25

Y

ar

Sampl

AP1

APS

AP7

AP9

AP13
AP18
AP26
AP29
AP30
AP3T
AP38
AP39
AP4
AP42
AP43
AP44
AP49
AP50
APSS5
APG4
M330
M316
M317
M655
M38

e No.

ety it

%

SXRF

.032
119
.021
.053
.192
.008
.017
.234
612
.466
.169
.013

.007

.086
.058
.040
.016
.008
.016
.005
.332
.007
.077
017
.019

25| A

0.028
0.112
0.018
0.052
0.162
0.007
0.018
0.193
1.663
0.452
0.142
0.074
0.009
0.063
0.049
0.038
0.015
0.009
0.014
0.007
0.290
0.008
0.077
0.012
0.015

.145 ¥ = 0.139
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S
S

-, o

d
d

e
(X¢rp - ¥
0.004
0.007 .
0.003
0.001
0.030
0.001
-0.007T
0.041
-0.051
0.014
0.027
-0.001
-0.002
G.023
0.009
0.002
0.001
-0.001
0.002
-0.002
0.042
-0.001
0.000
0.005
0.004

0.00628
0.0178

0.00357

24 0

i =1.7
53

-
B e

-

LA)

W
|

6 (90% C.L.)
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At C.L. = 68%
A_d_0.00628 _ 4.5%
Y. 0.139
At C.L. = 95%,
te = pg = 2.064
t(sg) = 0.0074
A_t(sg) +d 55136 _ 9.82
3 Y 0.139
&
¥
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‘Survey.

-

The accuracy of the XRF analytical method is 9.8% at a

level of confidence of 9&%.

(B) LECO Analysis -
(a) Precision of LECO Sulfur Apalyses of Unknowns
The precision of these analyses was estimated¥on the

basis of duplicate results supplied by the Ontario Geological

The precision, at a level of confidence of 95%, is 4:2%, on
average.
(b) Reliability of LECO Sulfur Analyses of Unknowns

The reliability of LECO analyses was checked by ana-
lysing two powder pellets by two commercial labs. One set
of resu]t§ was provided by Dr. C. Riddle of the Ontario
Geological Survey while the other set was provided by
Dr. C. E. Rees of McMaster University. A‘summary of these
analysés is presented in Table l1-e. On the basis of the data
shown in thig table, there is 50% confidence that the ana-
lytical bias between- the two commercial labs is real and
the interlab bias, expressed as an average deyiation, is

0.083 %S.

I-3 Determination of Fe0 Concentration in Basalts

Atomic Absorption

The total iron content (expressed as FeQ) of 44 samples

was determined by A. M. Collins, geochemist. The analytical .

procedure involved initial pre-ignition of graphite crucibles

118

A summary of these analyses is presented in Table 1-d.
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Samplie No.

AP
APS
AP7
AP9
AP13
AP18
‘AP26
AP29
AP30
AP31
AP38
AP39
AP41
AP44
AP50
AP55
APG4

P(%) = 2.1 at 68% C.L.
P(%) = 4.2 at 95% C.L.

. !
HE A

X7(38) X, (%$)
0.028  0.027
0.112  0.112
0.018  0.018
0,052  0.052
0.162  0.156
0.007  0.006
0.017  0.019
0.194  0.192
1.7 1.72

0.454  0.450
0.143  0.140
0.014 0,013
0.009  0.009°
0.039  0.040
0.009  0.009
0.013  0.014
0.007  0.007

<

X

0.028
0.112
0.018
0.052
0.159
0.007
0.018
0.193
1.72

0.452
0.142
0.014
0.009
0.040
0.009
0.014
0.007
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TABLE I-dl Precision of LECO Sulfur Analyses

Sx

0.0007
0.000
0.000
0.000
0.004
0.007
0.001
0.001
0.007
0.003
0.002
0.0007
0.000
0.0007
0.000
0.0007
0.000

P(%)

2.5
0'0
0.0

0.0

2.5
10

5.6
0.5

0.4
0.7
1.4
5.0
0.0
1.8
0.0
5.0
0.0

o
»
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TABLE j-e: Renab%ty of the LECO Analytical Method

Sample No. X{(38)  X,(%S)
AP30 1.72 1.56
AP44 0.04 0.035
*
n =2 X; = 0.88 ¥, = 0.80
P
4
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= 0,083
= 0.1

= 0.077

1
=d = 1.7(50% C.L.)
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,

in a nuffle %urnace at 1000°C for 15 minutes. Following
this, the cruaibleés were set aside to cool for about 35.min-
utes. Once they had cooled, 1.0 g of 1ithium metaborate

was added to“eaph crucible. ‘Between 200-205 mg of sampﬁe
was weighed out and added to the 1ithium metaborate a1readg
in the crucibles. The contents of each cruqtgje were mixed
with a thin glass rod and set aside while 40 m1 of 6% HNO 5
solution was pipetted into 150-200 ml beakers. A Teflon
sti(ring bar was added to each of the beakers which were
then placed over magnetic stirrers. Meanwhile, the covered
érucib1é§ were placed in a pre-heated furnace at 1000°C for
15 minutes\and then removed. As the crucibles were removed
from the furﬁagf, the éontents of each were swirled and
poured into an ;bpropriately labeled beaker containing

40 m1 of HNO3 solution. While the samples were dissolving
in their respective beakers, 80 ml of 15,000 ppm Sr solution
was pipetted into each 200 ml volumetric flask. As the
samples in the beakers dissolved, the sample solutions were
addéd to the volumetric flasks. Each beaker was rinsed with
distilled water five times S0 that each flask eventually
contained 200 m1 of solution. The contents of each volumetric
flask was then filtered into a 200 ml LPE bottle using a
Whatman No. 1 filter paper. After all the samples had been
filtered, a blank solution was pr;pared following the exact
same procedure, except omitting the sample. Once this was

done, the samples were.analysed for iron using a PerkinTE1mer

121
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403 Atomic Absorption Spectrophotometer. The results were’

~reporied in terms of ppm Fe preseﬁt ih each sample. However,

these values were later converted to Z%Fe and then to %Fel

2 X

using the following formula:

v

- mol. wt. Fel
*Fe0 at. wt. Fe

§ﬂwt.% Fe

The results of theée iron analyses are included in Table "~

II-a which summarizes the geochemical composition of each

sample.

4
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APPENDIX Il - GEOCHEMICAL COMPOSITION OF BASALT UNITS Bl - B7

The geochemical composition of these basalts is pre-

sented in Table II-a. "

The major element angly?es of the M-series. rocks have

1

been,determined-by MacGeehan (39]9).

The Fe0 values shoWn in this taﬁqe répresent total iron
contents of the samples, calculated as Fe0. The Fe0 content
of the M-series rocks is the result of detérminations by

X-Ray Fluorescence &pectrometr&'whi]e that of the AP-series
N !

rocks is.the result of atomic absorption analysis. .

The sulfur analyses which supplement the above were de-
»
termined by X-R%? Fluorescence. A total of 200,samp7%s have

been ana1yseg.

3

. Unji _ No. of Samples

NR ) 5
B ' - 12 ’
B2 ' © 14 :

B3 " 43 4+ 46

B4 i 44

GLR : 6 ,
B5S 15 s

B6 9 >

B7

Individual units are presented in order of increasing‘
stratigraphic height. Sahﬁles belonging to aﬁy ohe of éhesa'
units are always presented in order of increasing 5102 content.

Finaliy, all of the samples appearing in Table [I-a are

1dent1f1éd on sample location Maps 1 and 2.

-» -
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TABLE Il-a: Geo&ﬁemicai Composition of ‘Units NR - B7
- -

\ ..
Unit Sample No. Si0

0, 'FeO §~
NR M567 71..90 5.39 39
NR M557 73.82 4.67 138
NR M591 73.99 4.49 79
NR "M563 75.08 4.22 © 99
NR M590 ~  77.53. 5.29 53

|
| .
B1 M274 . s52.23 16.48 1
B1~ M598 : 54.50 12.58 . T21
B1 M492 54.97 16.43 19,277
Bl M597 - 55.29 ;.  12:59 116
B1 " M561 ©o56.71 -7 11.8d, 371
B1 T OM596-1 56.99 12.63 . 11,236
B1  M560-1 58.87 13.25 3821
B1 M59572 59.71 - 70.98 1606
Bl M558 61.87 12.29 ° 7696
B1 M560-2 64.67 ~  9.45 © 2480
Bl M513 66.30 7.67 " '3041
B1 M516  66.38 . 9.39 7328
. .

B2 . M319 49.52 13.89 201
F

.

e i



Unit Sample No. si0, FeO s
* B2 M584 50.63 13.07 13291 “<
B2 M322 . 51.7T0 13.18 392 ]
\ B2 M585 51.36 12.37 747 #
_ - -B2 M317 . 51.38 12.26 770 ) R
. B2 M569 51.50 13.28 509 ¥
B2 M321 51.. 86 13.22 710 s
’ B2 M57.8 54.91 15.78 1712 -
. B2 M568 56.61 11.40 '509 g
‘ g -B2 M579 57.37 11.50 2687
B B2 M316 58.97 9.64 75
= B2 AP33 — 13.62 413 :
T - B2 AP34 L 13.67 477 b N
! B2 AP35 P ——— 13.79 297 ] LR
- - B3 M310 4637 16.20 278 B
P B3 M305 48.59 15.03 133 L ;
N B3 M19 49.01 15.23 465 g L
; : B3 M307 49.61 16.66 716 ) T
| T B3 M343 50.05 16.56 906 o AR o
: k B3 M9 i 50.13 +16.66 2152 S
B3- M309 50.21 15.85 160" i
B3 . M308. 50. 37 15.70 3858 \ -
. : v
R T ) . ; . ’
""r A-‘ o "":‘ -~
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sl
it

b

9zl

¢

Uniit

Y
i

B3
|

" B3 |
" B3 -

.

B3
B3
B3
B3
B3
B3
B3
B3
B3
B3.
B3, -
B3

/B3

B3

B3
B3
B3
B3
B3

i)

L=

M313
M306-2
M8 29
M312
M18
M306-1
M3 -
M300
M338
M14
M332
M334
M333
M334-2
M326
M33%s
M337
M331

" M314

.M337-2
M262 -
M330

Sample No.

X<
Eod

EY

3

Si0

50.
50.
50.
.00
.29
.66 -
51.
52.
53.
54.
56.
56.
57.
57.
57.
58.
58.
59.
59.
.70
60.
60.

51
51
51

52
61
96

85
19
96
58
5%
67
23
34
73
54
81
03
30

36
46

®

FeO

16.
14,
14.
16.
14.
12.
14,
15.
15.
14.
15.
"13.

13

13

75
87
97
75
83
92
68
03
76
06
16
97

.97
13.
13.
11.

46
55
56

.88
13.
10.
14.
12.
14,

29
05
12
45
31

368
93
385
848
293

48

238
185
308
101
779
201
227
196
191
111
91
159
551
139
2390
3323
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Unit Sampie No. 5102
B3 © M335-2 60.56
83 M1009 61.88
B3  M265 62.32
B3 M1010 62.74
B3 M264 63.44
B3 M261 . 63.87
B3 M267 64.71
B3 M303 65.54
B3 AP3
B3 AP7 -
B3 AP36 C—
B3 AP37 _—
B3® AP39 _
. B4 M92 46.63
B4 M372 47.12
B4 M8J . 48.07
B4 M256 49.13
B4 M1 49.75
B4 M253 49.87
B4 . M252 . 50.61
B4’ M350 51.19

20.

16

15

1
.78
.22
.35
.43
.26
.87
.67 -
.12
.05
.89
.97
.38

07

.81
17.

36

~57
16.
16.
16.
15.

04
16
10
13

106
6302
42
1097
901
159
200
170
175
© 207
> 408

101 .

133

2205
1670
210
1198
450
472
5109

953

N

()

- g,
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Unit Sample No. 3102 . FeO N S

B4 M655 - 52.32 15.56 170
B4 M369 52.60 13.99 9545
B4 M91 52.70 14.67 5067
B4 " M368 54,28 15.12 3758
B4 M654 .56.97 - 12.03 80
B4 M371 57.28 13.19 599
B4 M474 : 58.75 14.39 451
B4 M349 59.65 10.84 80
B4 = M473 59.76 13.05 . 631
B4 M397 . 61.44 11.35 - 720
B4 .. M1008 62.09 10.04 816
B4 M256-2 63.28 10.10 T )o49
B4 M24 . 64.23 8.38 7369
B4 - M23 67.00 7.28 110
B4 M1003 - 74.39 5.26 484
B4 ) M27 74.91 5.79 1542
B4 M252-2 | —_— 16.92 5109
‘B4 M395 —_— 15.66 213
B4 M398 _— 14.61 490
B4 AP9 _— 13.06 530
B4 AP10 _— 8.05 117
B4 AP12 _ 12.89 292
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Unit

B4
B4
B4
B4
B4
B4
B4
B4
B4
B4
B4
B4
B4
B4

GLR
GLR
GLR
GLR
GLR
GLR

N

b

Sample No.

AP13
AP14
AP15
AP17
AP18
AP20
AP21
AP23
AP24
AP25
AP26
AP27
AP38
AP40O

M672-2,
M671

M657

M667
‘M693
M64

T,

(o))
~nN

71

-’

Si0

ERRNRRRANRNNY

.63
69.
.47
70.
.85
.45

89

e S TF A

Fel

13.
12,
.55
12.
.56
15.
14.
~15.
15.
14.
16.
14,
.02
.90

N W O OO v O

31
65

52

76
46

94
A

36
72
23

19

.19
.04
.00
.53
.01
.19

1919
1309
816
80
82
832
498
1113
2327
138
370
1018
1696
58

143
254
175
191
228
191

L)

oy

—
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Unit

BS
BS
B5
B5
B5
BS
B5
BS
B5

BS

B5
BS
BS
B5
&

B6
B6
B6
B6 -
B6

Sample No.

M48
M85
M47
M33
M32
M46
M30

.M34

M31

M383
M384
M386
M388
M389
AP42

Ma2
M40
M43

‘M4 1

M36

FeQ

17576

17.
17.
14.
14.
15.
16.
15.
15.
27.
15.
13.
.14
.94
17.

11

14.
15.
14.
.69
13.

14

59
35
48
31
87
28
46
46
40
53
58

36

68

00
79

70

1076
742
1383
2162
1887
806
2030
5597
779
3811
1012
2528
101
3949
864

583
758
478
758
392

ot BT e
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Unit

B6
B6
B6

B6

L4
B7

B7
B7
B7
B7
B7

>

Sample No.

M37
M50
M35
APA43

M54
M61
M57
M39
M38
AP44

Si0,

55.84
56.02
56.54

54.%0
55.55
56.18
57.94
64.07

FeQ

13.94
14.24
15.03
15.99

14.76
13.61
12.66
12.35
~7.05
15.35

270
705
6281
583

398
207
143
647

: 188

398
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