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Abstract

Estimates of temperature and pressure conditions of metamorphism in the Flin Fion -
- Snow Lake, Manitoba greenstone belt have been obtained using the rmneral assemblages m
malic and felsic, metavolcamc rocks. The Flin Flon area around the Centennial deposit, m the
western part of the belt, was metamorphosed at temperatures of less than 450 °C and pressure
less than 3.8 kb. Metamerphic grade increases at Spruce Point, in the central part of the belt,
where the temperature was 475 + 50 "C at 2.6-+ 1.2 kb pressure. In the Snow Lake area to the
east fthe grade of' metamorphism varies f rom low -greenschist facies in the south

(chlome -biotite zone) to amphibolite facies in the north (biotite-sillimanite- alrnandme zone)
Pressure and temperature conditions in the amphibolite facies terrane, near the Anderson Lake
deposit, have been estimated using several, calibrated silicate equilibria. In the staurolite -
‘b.iotit‘e - sillimanite zone, the temperature and pressure conditions '-were: 575 £ 50°Cat5.25 =
0.5kb. In the piotite - sillimanite - almandine zone, the temper‘atur_e was 620 £ 40°Cat 5.8
'0.5 kb pressure. Based on the temperature and pressure estimates from the Snow Lake area, .
the stabillty of the staurolite -vqua'rtz - almandinc and bidtie - almandine - muscovite - .
ilmenite eouilibria are calibrated. It is suggested that experllrl’en.tal studies of the upper stability
of staurolite ar{d quartz at low pressures indicate unusually high temperatures.wFurther, itis
proposed that the biotite - almandine - muscovite assemblage may be used as a
' geotherrno-barometer. ‘ ,
Oxyg‘en isotopic compositions of cou}ntry tocks and hydrother'mally altered Tocks
_ associated 'with three ore deposits in the Flin Flon - Snow Lake belt, Centennial (CL), Spruce
,Pomt (SP); and Anderson Lake (AL), have been measured. Whole rock §''0 values of felsic ‘
metavolcamc country rocks range from +9. 1 to + 16:1. Rocks from the alteration pipe" at
' tﬁe three deposnts have lower 6"0 values compared thh the country rocks The §'*O values in
the chlorite zone and muscovxte zone- l (CL = -‘l—S 3; SP = +52t0 +7. 1 AL = +3710

+6 I) are lower than those m the gradauonal zone (CL = +9 Oto +11; 1;SP = +80to
+10 8 AL = +6 610 +7 ). An envelope of muscovite schist (Muscovxtc Zone -11) |

surrounds the Anderson Lake oore body and has 6"0 values hlgher than those of other altered

‘rocks but lower than those of the country rocks ‘Quartz, btoute muscovxte and chlonte

o i A ) o i
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separates from the altered rocks have lower §'*O values compared wiu} those of minerals -
separated from the country roc—ks. However, fractionation between mineral- pairs is generally
similar*in both country and altered rocks. |
It is interpreted that dif’ f qrehces in the oxygen isotopic compositions 'of the altered and
country rocks were produced prior to metamorphism, during hydrothermal alteration related to
ore-deposition. Isotopic homogenization during metamorphism was on a grgin 10 grain scale‘
and no more than a scale of meters. The whole-rock, 8'*O values did not cf;ange siénifica.mly
during metamorphism. The generally lower §*O values of the rocks and Cu-rich nature of the
ore at Anderson l:ake compared with the Centennial-and Spruce Ppim deposits are consistent
with a higher temperature ;)f the hydrothermal fluids at Anderson Lake. It is suggested in this ]
study that oxygen-isl)tope analysés are. most useful for exploration for ore deposits in a
previously known‘; mineralized district. B
Metamorpf;ic volatile and solid phase equilibria at Anderson Like and Spruce Point

wer‘e studied in detail in order to understand the ﬂﬁid -Tock interaction during metarﬁorphism.

«The compasition of the metamorphic fluid phase has been estimated from Imineral. equilibria.
Calculations indicate that the fluid phase at Anderson Lake and Spruce Point consisted

~ essentially of H;O with minor comepis of other species in the system H-O-S. Algebraic

- analysis of silicate équilibrié indicates that wH;O during metamorphism was not equal in all the
rocks at Anderson Lake. Based on a‘;simultarieous gonsiderati.on of sulfide - silicate - oxide
equilibria, it is suggcéted that local variati;ms in uH,0 may be due to.dif f'e:rences of - .

) ,"approximz;‘tely 750 bars in P fluid such that Pfluid was nearly equal‘ to or less.than flo;al.

|  An analysis of, the phase eq'hi]ibria is preSented by'mearis of ‘activity - activity diagrdms

&

of two components AlLSiO; and FeO." In the country roéks and allered rocks, the activity of

AI,SIO, varied from that at sﬂhmamte -“saturation (o approxxmately 0.1 log umts below
sillimanite-saturation. * Variations in the actmty of FeO weIe much gteater As d result of
vanatxons 1;1 component a*wmes and Pﬂuzd the assemblagc and composmons of Fe- Mg
silicate mmerals vanedqn diff erent rocks. ‘The c;omposmon of the metamorphxc fluid phase
was ‘buffered mtemally by local mmeral equxhbna Conscqucntly chemncal mteracuon between

‘ the ore and thé ad]ommg rocks was not signifi 1cant

vi
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I. Introduction

Since the general acceptance of the syngenetic origin of volcanogenic massive sulfide
deposits, the effects of metamorphism on these deposits have been studied by many workers.
-Earlier studies of nieLamorphosed ore deposits focussed on the physical effects of 7
metamorphism, such as: (1) an increase in grain size of the ore, (2) mobilization of the ore 10
stress-f ree regions, and’(3) development of metamorphic textures due to re-equilibration of the,
ore and gangue minerals (see Vokes £1969),'Sangster (1972) and Mookerjee (1975) for
extensive reviews). More recent studies of metamorphosed ore deposits have identified several'
mineralogical and chemical effects of metamorphism, such as: (1) zonations of sulfide, oxide,
and silicate minerals around the ore pod'yj, (2) systematic variations in the compositions of the
Fe-Mg silicate minerals, and (3) dey,ek;pmem of certain diagnostic minerals {e.g., gahnite,
cordierite, and anthophyllite) around ore deposns (Nesbitt, 1982; Craig, 1983; Spry 1984)
These mmeralogrcal and chemical changes around an ore deposit could be a result of the
-migration of sulfur and other volatile species during metamorphism (Nesbitt, 1982. Spry,
1984). Alternatively, the zoning in mineral and chemieal composition could be a result of the
metamorphism of rocks with different bulk compositions. Thus metamorphlsm may preserve
or destroy the mmeralogrcal chemrcal and oxygen isotopic gradients that are known to be
associated with unmetamorpnosed. massxve sulfide deposns (see Franklin et al. (1981) fora -
review). Because :a number of economically important ore deposits worldwide occur in

. ' e 0 s . '
metamorphic terranes, it is necessary that the effects of metamorphism on ore deposits be

PR
.

’srudied in detail. Such studies serve a two-f oldvobjeetive: (1) they contribute to developing a
" model for the metamorphxsm of ore deposrts in different geologlcal envrronments and, perhaps,
) developmg criteria for explorauon and (2) they contnbute to the understandmg of .'
f lurd-rock mteracuon dunng metamorphrsm in the presence of signifi 1cant chemrcal-potemial

\

gradients due to chemical diff. erences between the ore and. the host rocks
 The present study ;as undertaken t:) characterrze and- examme the ef f ects of -

" progressrve metamorphrsm on the mmeralogrcal and oxygen 1sotop1c composmons of country .

rocks and altered rocks associated with massrve_sulfrde deposnts in the Flin Flon - Snow Lake

belt, Manitoba. These deposits provide an excellent opporiimity for such a study because all



the deposits occur in stmilar host rocks and have been melamorphose%i at varying grades. ’Three
ore deposits, Cemennial, Spr oint, and Anderson Lake, whie}fhave been metamorphosed

* at low-greenschist, upper gigenschist, and amphibolite facies conditions, AWere;s,elec(ed fora
detaited study. The specific oyt')ject'r'ves of this project were: (1) to estimate the pressure - e
temperature conditions of rneLamorphism; (2) to measure the oxygen-isotope compositions of
rocks and minerals associated with the deposits and lmsu;&y the‘h_ature and extent of isptopic
tquilibration during metamorphism; (3) to determine the variations, if present, in rnineralogy,
mineral chemistry. and the composition of: the metamorphic fluid phase around the deposils%: ,

and (4) 0 develop a model for the metamorphism of these deposits “The results of this

mvesngauorx are reported in Chapters II to IV and are summarlzed in Chapler V. Each chapter

[y
: t

addresses one or more of the ob)ectrves outlined above

The pressure and ternperalure conditions of metamorphism in the Flin Flon - Snow
Lake belt are estimated in Chapter II. Assemblages in m;f ic and felsic metavolcanic rogks are
used to put limits on the temperature of metamorphxsm i the Flin Flon and Spruce Point
areas. Quantitative estimates of P and T are obtained from several well calibrated, silicate
equrhbna and the measured compqsmons of minerals. _

ﬂe oxygen-isotope geoch’ mistry of the Anderson Lake, Spruce P(;im, and Cen_lem_rial
deposus is presented in Chapter IE lsotopic composilions of the altered and coumry rocks

have been measured in whole-to k and monommerahc sampleés. The ongm of. drf ferences in . '

isotopic compositions of the various rock units is discussed and the effects of metamorphisrrr_gn
tuese corupos'itions ére evaluated. Frnally, the significance of rhe isptopie composiu’bns in
understanding the nature of h drorherrﬁal alteration at these deposits is described. |
Chapter IV deals with the meLamorphrc per.rology of rh#e deposits. The COmposmon |
of the fluid phase in the alt red and country rocks of the deposits has been esumaled from
; cahbrated silicate equrlrbn and from calculated specres drstnbuuon in a gas phase. An analysis
of the mineral equrhbrra S prescnted with the help of aAl,;SiO; - aFeO diagrams. The volsu’le
‘and SOlld phase equlhbrya are used 10 evaluate the relauonshrp betweer’ the fluid pressure and

Llithostatic pressure and to characterize the fluid-rock mteracuon _durmé-’metamor_phlsm.

N
o
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I1." Pressure and Temperature Conditions of Metamorphism in

the ¥lin Flon - Snow Lake, Manitoba Greenstone Belt
, . [N
¢

vy

A. Introduction
The Flin Flon - Snow Lake, Manitoba greenstone belt hosts a number of economically
important ore deposits. The greenstone belt and the enclosed ore deposits have been

metarporphose ¥al varying conditions ranging from greenschrst 10 amphlbohte facies: In order
. -

to fully understand the effects of metamorphism on:;e ore deposné.and on the ore- hosl rock

-

interaction durmg metamorphism, it is necessary to Have accurate estimates of the pressum: and

temperature at ‘which the rocks were metamorphosed Such estimates are also requlred Tor
calculating. the composition of the metamorphic fluld phase and for understandmg the - j'}

i -

metamorphic history of the area. 5
“ Estimates of metamorphic temperature and pressure have previously been reporied for
some-parts of the Flin Flon - Snow Lake greenstone belt. Koo and Mossman (1975) inferred
on the basis of the assemblage phengrte paragonite-calcite that rocks in the Flin Flon area were
metamorphosed to low-greenschist facies. Bristol (1974; 1979), usmg the sphalerue
geooarometer, sug‘gested. that metamorphlc pressures in the Flin Flon area were in the range of
4 10 7 kb. Similar application of the sphaler"ite géobarometer in the Snow Lake area indicates
pressures of 7+1 kb (Scott 1976 Hutcheon, 1978). Froese and Gasparrini (1975) ané’ Froese

b3

and Moore (1980) studied the metamorphlsm at Snow Lake and suggesteq that peak -

e .

metamorphrc temperature in the northern part of the area was approxnmately 600 'Cat

: pressures less than 6 kb

‘ -~
As part of a study on the metamorplﬁsm of ore deposrts in the Flin Flon - Snow Lakc

o greenstone belt the conditions of metamorphrsm in this belt have been re- evaluated 10 derxve a

}consmtent set of pressure - temperature condmons of metamorphnsm Estimates of pressure
\

and temperature presented in thrs study have been made by companng ‘the compositon'and

assemblages of minerals in mafic and felsic metavolcanic rocks with those from e)tperxmental

- : o
studies on mineral systems.



B. Methods

Samples for this study were collected in the vicinity of three ore deposits in the Flin
Flon - Snow Lake belt : Centennial deposit in the Flin Flon area to the west, Spruce Point
deposit in the center, and Anderson Lake deposit in the Snow Lake area to the east (Fig 1). In
addition, samples were collécted from underground exposures and diamond-drill cores at the
lhreehdeposils. Sbmc 250 polished thin-sections »x;ere studied using transmitted- and

reflected - light microscopes and electron microprobe.

Mineral Analyses ;
All mineral analyses were obtained by the energy -dispersive technique using an
ARL-SEMQ electron microp.robe. .An accelerating voltage of 15.0 KV and an aperturé current
of 220 10 240 nano-amperes were used. Counting times for both the standards and the samples
were 240 seconds a£ a rate of approximately 5000 §oums per second. Natural silicate standards

" were used f or all elemeﬁls and the data were pr5c;ssed by the program EDATA?2 (Smith and
Gold.‘ 1979). The statistical error at 99% confidence level is +1% of the ‘amoum.presem for
the major elements and may be as high as +10% for minor elements.

Thermodynamlc‘Caleulations e . &

. In all thefm;)dynamic calculau'ox‘ls reported in this studyJ, the standard sia'te for the solid

phases is def’ ined as the stable form of the. pure phasé ;1t thé'temperéturé and pressure of ‘
calculation. For gaseous phases, the standa’"rdh state is a hypoxhéticfal ideal ga$ at one bar and
~température of jc_:alculatibn. . o ‘
Th;rmodynarnic data for mineral reactions are reported here as: |
- K : logK = A/T + B + C(P-1)/T ‘
The constants .A, B a.n"d'C are -reiqted to fhé enthalpy, entropy, and volume change in the

'rea'étio.n.‘ With "the standargl states described'as above, it follows that at equilibrium:

0 = AGI(P,T) = -RTInK = | | ,/
AHYf - T ASf + AVs(P-_I)'i_'fAdet - TFACp InTdt + RT(AInfi - Alnfj) CQ)

where AVs is the volume change due to sdlids, ACp is the heat capacity change in the reaction,
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and fi and fj are, respectively, the fugacities of the product and reactant fluid species.
Assuming that the AVs is constant with T and P and that &Cp is equal to zero, re~arf;aér:’x)ging
equation (1) gives: ’
InK = - 8H°f / RT + AS°f / R - AVs*(P-1) ' ()
The volume, enthalpy, and entropy terms in the above equations can be calculated from the
data of Helgeson et al. (1978) or Robie et'al. (1979) or can be;dcrived from experimental
studies of mineral equilibria. When tabulated data are used, the heat capacity term in equation
N . .

(1) can be easily evaluated and theref ore included in the calculations. In deriving data from
experimémafstﬂdics, the In K + AVs’(P-1) teffn of the reaction is plblled_againsl I/T. The
slopﬁ and intercept (:f the resﬁlling linear relationship give the emhalp); and entropy terms in
equation (2). The errors introduced due to this procedure, i.e. by assuming ACp = 0, are
insignificant for extrapolations over a small range of temperature beyond that of the
experiments.

Thermodynamic calculations involving solid -solutions were corrected for the activity of
end-member phases. The activity models used for various phases are giv'en below.
garnet: The solid solution of Ca and Mg in Fe-Mg garnets is non-ideal (Gaﬁgul’y‘ and Kennedy,
1974£ Ganguly and Saxena, 1984). Freé-energy interaction parameters for binary joins, Wij,
detived by Ganguly ,and'Sax'en‘a (1984) were used to calcula!; the activity coeficients \of the

endmembers in garnet solid-solution. These parameters are given in Table 1.

biotite: In addition to Fe and Mg, 'metamorphic' biotites contain significant amounts of 'Na. Ti,
and excess Al comparéd to t;iotites on the annite - phlogopite join (Holdaway, 1980). The
“solid sdlution of Mg and Fe in biotite has been considered to be ideal by many workers
(Mbeller, 1972; Ganguly and Kcnnédy, 19';:1). Experimental stu&ies*of fluid - mineral
exchange equilibria (S’chuﬁen. 1'980) élso indicate that Fe and Mg mix ideally in biotite albng .
- the annite - phlogopi_te join. 'Owing to the lack of any activity -composition data, the m‘i_'xing of
| Na, Ti.uar‘xd _Al in the biotite solid solution is also considered to be ideal which results in: -

aann) = XK (XFe)® (XSi)* - , (Holdaway, 1980; Zen, 1985).

o



Table 1. Mixing Data for the Garnet and Muscovite Solid Solutions
(in cal/mole cation)

e
Garnets

W(Fe-Mg) o - 200

W(Mg-Fe) /‘ 2500

W(Ca-Mg) 4050 - 1.5T(K)

W(Mg- , 1000 - 1.5T(K)

W(Ca-Fe) -630 - 1.5T(K)

W(Fe-Ca) 4620 - 15T(K)

W(Mg-Ca)- W(Fe-Ca) 3000

W(Mg-Mn)-W(Fe-Mn) . 3000

Muscovites

W(Par) (¢ ' 2923.1 + 0.16P(bars) + 0.17T(K)

W(Mus) ‘ 4650 - 0.11P(bars) + 0.39T(K)

T T T T P i T IE I e
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where X is the mole fraction of the ith element, given as: Ni/R; N is the number of atoms of

the ith element on a site containing a total of R atoms.

paragonite: the solid-solution of muscqvite and paragonite is non-ideal (Chatterjee and Froese,
1975; Eugster et al_, 1972). The activity coéfficiem of paragonite can be calculated by
assuming a binary solution between mu§covite and paragonite components and using the
two-parameter Mar’gules equalion'of Chatterjee and Froese (1975). Free-energy interaction

parameters based on this model aré given in Table 1.

plagioclase: based on the experimental study of Orville (1972), analytical expressions for the
activity coefficient of anorthite_(yan) and al‘biie (yab) in plz_igioclase solid solution have been
presented by Saxena and Ribbe (1972) and Blencoe et al: (1982). Blencoe et al. (1982) argue
that Saxena anc_l Ribbe's (1972) model indicates a maximum in the value of yan .al Xan = 0.3
and that it is inconsistent with the experimental results. To avoid this inconsistency, Blencoe et
al. (1982) proposed a new expression for yan which, gives essentially the same results as Ll';al of
Saxena and Ribbe (1972) for plagioclase compositions of Xan > 0.3. .ln this paper, the model
proposed. by I;lencoc etal. (1982)isused. - |

staurolite: there has been considerable controversy regarding the chemical formula of staurolite
(Richardson, 1968; Ganguly, 1972; Griffen and Ribbe, 1973; Ribbe, 1982). Most workers nc;w
favor a chemical f ormuia containing two hydroxyl ions. Using this formula, the activity of

Fe-endmember staurolite has been modeled as an ideal ionic solution on the Fe site, resulting

*
N

“~in:

a(stau) = (XFe)? in staurolite of the compositon Fe,Al,Si, 1,0,,(OH),.

C. Regional Geological Setting - . S i
v R o . » :
The Flin Flon - Snow Lake greenstane belt is approximately 250 kilometers long and

has an exposed \;Iidth of nearly 40 kildmelers. It is bounded to the north by the Kisseynew

gneiss complex and is overlain .tq-the south by Pé;leozoic limestones (Fig. 1). The Flin Flon -



Snow Lake belt and the Kisseynew gneisses together are part of the Churchill structural
province of the Canadian Shield (Stockwell, 1964). .
The greenstone belt consists of two major groups of rocks of Aphebian age (~ 1800
) m.‘)g,)ﬁ and a number of intrusive granite bodies (Price, 1978). The oldes. Amisk Group rocks
are the dominant lithology and consist mainly of volcanic rocks with minor metascdiraen_lry
members. The volcanic rocks are of tholeiitic and calc-alkalic affinity and range in
composition from basalt 10 dacite-rhyolite (Stauffer et al., 1975). Metasedimentary rocks of
the Amisk Group are principally of gteywacke composition (Froese and Moore. 1980). The
younger, Missi Group consi;ts largely of metasandstones and metagreywackes.
L
Structure and Metamorphism
Rocks in the Flin Flon - Snow Lake belt were structurally deformed and
‘ metamorphésed during the Hudsonian Orogeny. The degree of deformation and
metamorphisrﬁ varies throughout the belt. In general, three pha§eé of deformation have been
identified (Stauffcr and Mukherjee, 1971; Froese and Moore, 1980). ' .
The earliest deformation, P1, resulted in east-west trending tight folds. The second, P2
event, produced the dominant northeasterly trend in the area. The P2 f olds are generally open
and have steep axial foliation and lineation. The third, P3 eveﬁt was relatively minor and

generally refolded the P2 folds along a northerly axis. o

. N R
Metamorphism was generally coincidental with the P2 event when the peak of

metamorphism was reached (Froese and Moore, _1980). The metamorphic event was largely
over in the waning stages of the P2 event. The P3 event was char{acterized by minor,
retrogressive metamorphism. Metamorphic grades of low -greenschist facies were reached in
~the Flir’lﬂon area. In the Spruce Point area, the metamorphism was of the uppér greenschiét
facies. The Snow Lake area shows a complete spectrum of meta{morphié conditions from low
greenschist facies in the south to middle-amphibolite f aciés in the north(?md northeast (Froese R

v

and Moore, 1980) .
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The Amisk Group in Flin Flon and Spruce Point areas cpnsists dominantly of mafic

tay .
- m‘eta'k;{canic rocks with subsidiary amounts of felsic metavolcanic rocks. Av¥Flin Flon, the 9

9
‘mafic rocks are generally composed of chlorite, plagioclase, qiartz, and sphene with minor

actinolite, zo(snte and calcite. ~The felsic rocks are composed dominantly of quartz and
muscovite with minor plagroclase. At Spruce Point, the ‘mafic rocks contain actinolite,
plagroclase quarlz hombliznde and zorsrte wnh minor chlorite and sphene Felsic rocks at -
Sprucc Poini contain, quartz biotite, anq muscovite wnh minor rlmemte and rutile. Th?:se ;
assemblages can be used \lo constrain (emperature and pressure cbnditions during

metamorplrism.

R

,tstimates Based on Assemblages in:-Mafic, Rocks . . L .

In recent years a number of experimemal and empirical studies have been carried out
to calibrate the composrton of mmerals in maf ic rocks wrth respect 1o temperature and

pressure The expenmemal studies of Liou et al. (1974). Moody et al. (1983), Apted and

,Lidl'x:‘( 1-983) indicat‘e that the greenschist_facies assemblage of chloﬁlbite + quartz +

zorsne(epndote) + $phene i! actinolite changes through a transitio wﬁe to the

‘,

. epidote- amphrbome or amphrbolrte facies assemblage of hornblende + plagroclase + quartz :t

i
epidote. The onset of the’g.ransmon zone rs marked»by the appearance of actinolite and a
Al

decrease m the modal amount of chlome The’ upper limit of the transition' zone or the

begmnmg of the amphrbohte f acres is ma,rked by the appearance of homblende and a lack of B

chlome Sphene breaks down to form llmemte wrthm the transy,onal ong (Moody et al.,

4’_k = L : 4

1983)
, The }ower temperature hmn of the transition zone (1 e.the actmohte m curve in Frg.

,2) has been placed at 475 ‘Ca 510 C at2 and 4 kb pressure respecuvely, with the f ugacrty
: of’ oxygen dof med by quartz - fayalite - magneme (QFM) buf fer. (onu et al 1974 Moody ‘

et qi‘".‘ 983) th an increase in the O, to the hematite - magneme (HM) buffer, the lower

boundary ¢r the transmon zone shif ts to approxrmately 500 °C at 2 and 4 kb pressure The ‘

C upper boundary of °the transmon zone (r e. the chlonte out curve m Frg 2) is ‘rather msensmve

w

-~



to changes in fO,. It has been located at 55D + 10 °C at 2 and 4 kb with JO; varying from the
QFM buffer to HM buffer (Moody et al.. 1983).

) " . In spite of the experimental studies. pressure - temperature calibrations of the
compc;sitions of minerals in mafic rocks havt iJeen difficult due to the complex nature of
substitutTons and mine;al reactions (Laird and Albee, 1981). Ba;ed on the geothermometers
and geobarometers in intercalated pelitic rocks, Laird and Albee (1981) estimated the pressure -
temperaturé conditions of compositional groups of amphiboles and plagioclase from a mafic
schist in various métamorphic 2ones. These empirical calibrations are uéef ul in the higher grade
rocks but provide only qualitative estimates for low gradefrocks because of a paucity of
calibrated geothermo- baromelers in.lower grade pelites.

Maflc assemblages in the Flin Flon atea show abundant chlorite and albnc with minor
sphene, actinolite, and zoisite. The minor developmem of actinolite and zoisite suggest that
conditions for the lower bound_ary of the transition zone were not reached, i.e., T = S00°Cif P
= 4 kb (Moody et al., 1983). In the Spruce Point area, the mafic assemblages are
characterized by abundant actin9lite, plagioclase, hornblende, and zoisite with minor chiorite
and sphene. This suggests that the conditions of metamftorphism weré similar to those in the
transition zone of the experimental studies. Thus the maximum‘ 1cmperature of metamorphism
at Flin Flon, depending on the f0,, would be less than approxlmately 500 C and at Spruce
Point, less than 550 C. (Llou et al., 1974 Moody et al., 1983).

1

Es'ti:ﬁates.Based ‘01'_1 Assemblages in Felsic Rocks : ‘ | : T
At Flih Flonl muscovite and quadrtz are the dominant minerals in felsic rocks. In the
Spruce Point area, biotite is commonly present togelher_with rﬁuscoyitf: and quartz. This.
suggests that the rnétamorphic conditions at Flin Flon were prbﬁal;ly bel’c_;w, and at Spruce
Point above, that of the biotite isograd. L |
The fne,chanisni‘ of the first appearance of biotite in pelitic rocks is not well understood

(Turner, 1981; Wink,ler,41979). Winkler (1979) suggests that the presence of biotite together

- with muscovite indicates thiat the upper stability of stilpn‘omélar_xe according to the reaction:

Stilpnomelane + Muscovite = Biotite + Chlorite + Quartz + Water
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has been reached. This reaclion has an upper stability between 430 “C and 460 "C at 1 to 7 kb
pressuvrc (Winkler, 1979) Ferry (1984) has recently analyzed various reactions responsible for
the first appearance of biotite in p‘eliu’c-rocks and has suggested a temperature of 400 °C at 3.5
kb for the biotite isograd. Thus the location of the biotite isograd can be reasonably placed at
approximately 400 °C to 450 "C at 1 to 7 kb pressure. Consequently, the temperature of
mclamorphisln at Flin Flon, where the biotite isograd was probably not reached, was less than .
450 °C and at Spruce Poim. greater than 400 °C
The pressure and temperature conditions at Spruce Point can be further constrained by

considering mineral assemblages in altereéd rocks associated with the Spruce Point deoosit. P
These rocks contain the assemblages chlorite - corundum . andalusite and muscovite -

andalusite - plagioclase - quartz, respectively (Chapter IV). The presence of andalusite
indicates that the pressure was less than 3.8 kb (Holdaway, 1971) and that the temperature was -
above the stability of pyrophyllite. The upper stability of pyrophyllite is given by the reaction:
Pyrophyllite = Andalusite + 3 Quartz + H,O E (1)
. According to the data of Chauerjee et al. (1984), the equilibrium conditions for reaction (1)
are: 430 'Cat 4kb alnd 375°C at PH,0 = 2kb. If -PH,O was less than the total pressure, the
.. stability of pyrophyllite would shift to lower temperatures. The eoexistence of muscovite,
l\an;ialllsiie, plagioclase, and quartz in tlle mllscovite zone rocks implies the reaction:

Paragonite (in muscoviie) + quartz =anoalusite + albite (in plagi'oclase) + H,0 (2)
The cnd member. cqulllbnum for this reaction has been studied by Chatterjee (1972) and the-
resultsrof this study are ¢ nsxstem wnh ‘ _ .

log K (2) = -4638/T + 8 7 + 0.014(P- l)/T " : X ‘(2)
where T isin K, P is is in bars -and K=a (albite) * jH,O / a (paragonite). L
The acuvmes ol” paragomte and albnte can be calculated usmg the%omposmons of these
minerals f rom Table 2 and the activity models dlscussed earlier. At ngen values of the"
acnvmes of albite and paragonite, reaction (2) is dlvanam w:th respect to T, P, -and fH,

The equllrbnum curve for reactlon (2) has been plottedona P - T dlagram (Fxg 2). The cff ect

of variations in jH,O is shown by plomng this curve at a range of fH,0 values corresponding

laccordmg to the Lewis and Randall rule (Denbxgh 1981)



Fable 2. Composiion® of Mincrals from Spruce Point used i Temperature Calculanons

Sample 115-1307

Plag Musc
Si Y44 6 08
Al 1.54 S.64
Na 045 0.21
Ca 0.54
Mg 0.21
Fe 0.24
Ti | - 0.00
O - 8.00 122.00

1151323
Plag Musc
252 6 Il !
149 S .44
.52 0.27
0.47
x 0.24
0.42
0.08
§.00 22.00

* complete analyses are given in Appendix |

Table 3. Calculated Speciation in the H-O-S Gas phase at Several Temperatures and Pressures

oef0, 249 238 2018 2085
log /S, -6.73“ 550 1 371 -6.78
HO s a0 614 400
S0t 0003 0017 e

-24 %

-0.78 -

** less than 00001
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Fxgure 2. Pressure- -temperature diagram for esumaung the conditions of metamorphism at
Spruce Point and Centennial. Stability curves for the Al,SiO; polymorphs, andalusite
(And), kyanite (Ky), and sillimanite (Si) are from Holdaway (1971). The pyrophyllite
and paragonite (par) curves are calculated from the data of Chatterjee et al. (1984).
Curve A = actinolite-in, chlorite-decreasing curve; Curve B = chlorite-out curve (Liou et
al.; 1974 and Moody et al., 1983). Other abbreviations: Al- le—AJuxmno -silicate -
(And/Ky) Qz quartz Ab albite; X = mole f racuon ;
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to XH,0 = 0.9£0.1. At these values of XH,0. the P-T conditions for Spruce Point are: -
490+20°Cat 2.61.2 kb. o

The value of XH,0 can be constrained by calculating X4,0 from the opaque mineral
assemblages. In all rocks cbntaining andalusite - muscovite, the assemblage ilmenite - rutile -
pyrite - pyrrhotite i§ also present. This assemblage allows the calculation of f0, and fS, from

the following equilibria:

Pyrite + Rutile + O, = llmenite + Sb (3)

1 - | _
Pyrrhotite + 0.5 S, = Pyrite - (4)

.Using these values of fU, and f5,, the composition of the fluid phase can be calculated by the
method\c‘)f French (1966). Strch catlculations were performed for an H-O-S fiuid Wjo
‘Cand 1.5 t0 2.5 kb pressure. Carbon species were not included as carbonaceous phases are notl
commonly present at Spruce Point. Thermodynamic data were taken from Robie et ali (1979).
Fugacity coefficients of water were taken from Burnham et al. (1969) and those for all other
species were calculated by the Redlich-Kwong equation of state using the program SUPCRT s '
' (Helgeson et al., 1978). _ ;

Calcula'ted values of X H,0 are nearly equa] to 1.0 (Table 3). These values. provide an

up imit for or X#,0 because no carbon bearing species were consxdered However a detailed

analysrs of. sulf ide - snhate oxrde equrlxbrra (Chapter IV) also indicates that the fluid phase at
Spruce Roint consrsted essentlally of H,0.

To summarize, the pressure - temperature condmons of metamorphlsm at Spruce Pomt
are. estrmated 10 be 475 = 50 ‘Cat2. 6 +1.2 kb Accurate values of tempergture and- pressure
’are difficult to estlmate for the Flin Flon area. An upper hmn for tempe@ure is calculated to

be 450-°C at pressures less than 3.8 kb.

-
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< E. Pressure and Temperature Conditions in the Snow Lake Area

The Amisk Group in the Snow Lake area is composed of nearly equal amounts of felsic -
and mafic metavolcanic roecks with minor metasedimentary rocks (Froese and Moore, 1980).
The mafic rocks consist of the greenschist facies assemblage chlorite - albite - actinolite -

{,

sphene - zoisite in the south and grade northwards into the amphibolite facies assempblage of

hornblende. - plagioclase - zoisite - sphene. The felsic rocks consist of quartz and plagioclase

SR oD

‘ (An30 - An40) with subordinate biotite, almandine, and hornblende, In the vicinity of the
Anderson Lake deposit (Fig. 3), the felsic tocks were hydrothermally a]Ttercd prior to
metamorphism. The altered rocks are characterized by the common presence of staurolite and
kyanile/sillimaiﬁle,(Walf ord and Franklin, 1982). Based on assemblages in the f elsic
metvolcanic and mgtasedimen[ary rocks of the Amisk Group, Froese and Gasparrini (1975)

have divided the Snow Lake area into four metamorphic zones. From south 1o north, these

zones are (Fig. 3): (1) chlorite - biotite zone, (2)biptite - staurolite zone, (3)staurolite -

FY

sillimanite zone, and (4) garnet - sillimanite - biotite zone.

Mineral asserﬁblagcs in the felsic rocks at Snow-Lake can be used to determine the.
pressure - 1emperature.conditi6ns during metamorphism by considering the following
equilibria:
garnet - biotite, kyaﬁite sillimanite, anorthite - garnet - sillimanite .-vquartz, and garnet -

- rutile - ilmenite - sillimanite - quartz.

Estimation of Temperature )

The partitioning of Mg and Fe bet%veenfcoexisting gamet and biotite is sér}sitive to
‘lemperature van-d, td some extér‘it. pressure. 'The’temperature dependence of the distributidh
coef'f i;ient (Kdi of the reaction: ' - o ‘ |
Annige + Pyrope = Phlogopite ,+‘Almandine : ' o ‘(5)‘
has been calibrated by empirical analysis of field data (Thompson, 1976; Goldman and Albee,
1977, Perchuic, 1977) and by experimenﬁl studies (Feary and S;Sear, 1978-; Perchuk and

Lavrent'eva, 1982). These éalibratidns all provigt different éstimatgs of léhiperature for a-

given value of Kd. However, calibrations based oy f ieid studies are generally less reliable -
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Flgure 3. Generahzed geological map of the Snow Lake area. Plotted on this map.are isograds
delineating the chlorite-biotite (Ch-Bt), chlorite-biotite-staurolite (Bt-St-Ch), and . ‘
biotite - staurolite-sillimanite (Bt-St-Si) zones. Geology and xsograds were taken from

Froese and Moore (1980)
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because they incorporate errors in other geothermometers with which they weié compared.

The experiments of Ferry and Spear (1978) were done at 2.07 kb pressure over a
temperature range of 550 - 800 "C using garnets and biotites on the pyrope - almandine and )
annite - phlogopite join;, respectively. Natural garnets and biotite contain significant amounts
of other cations and deviate from the Fe - Mg joins. Ex[rapolati(in of Ferry and Spear’s
(1978) calibration beyond the experimental conditions, therefore, requires corrections for the
effects of pressure and of reduced activities of Fe - Mg endmembers in garnet and biotite solid

solu}ions_

The effect of pressure is relatively insignificant and can be calculated using the

“~

rciauon _
(8G/8P)T = JAVr dP and the volume data from Helgeson et al. (1978) assummg that AVs is
constant with T and P. Activities of Fe and Mg end-member garnets and biotite can be
calculated using the activity models disc;usscd earlier. These corrections fesult in the following
. formulation of the gamct-biotité geothermometer (Ganguly and Saxena, 1984):
T(K) = (A + 945P(kb) + B) /C . (6)
where: ' . 4 : o .
A = 2089 - 0.8 W(Fe-Mg) /R .
B= W(Fe-Mg) * (XFe - XMg) + (W(Mg-Ca) - W(Fe-Ca))_ *XCa + (W(Mg-Mn) -
W(Fe-Mn)) * XMn- - |
C = InKd - 0.782 R
In the above equations, W(i-j) are the f reé-energy interaction parameieies for the respective ' ‘
-binary joins (Table i) Xi is the mole fraction of iiie ith _'elemem.; and R is the gas constant. .
-Perchuk and Lavreri_t'eva (1982) have also eicpcrimemally studied t}ie garnet - biotite

exchange equilibrium at 6 kb pressure and 600 to 960 "C temperature. Their data are consistent
with the fﬁlowmg expressxon for T: N

T = (7843.7 -.0. 057(P-6000))/(R and +5. 699) L | ™
where T is m K,Pis in bars, and InKd = (Fe/Mg)gAt' * (Mg/Fe)bt ot

Perchuk and Lavrentvcva (1982) used natural and synthetic garnet and bioute as starnng

materials. Garnets used in thelr study contained 2 to 5 wt% CaO + MnO with XMg less than
. ; . ® .

]
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0.44. The biotite contained | to 3 wi% Ti0, and nearly 20 wi% Al,O,. These composil’ions are
very sitnifar 1o those of garnets and biotites from Snow Lake (Tabie 5). Therefore. the
Perchuk and Lavrent'eva's (1982) calibration can be used in the present calculations without
any correction for the composition of garnets and biotites.

Temperatures calculated using equations (6) and (7) are in good agreement (Table 5).
However, temperatures calculated using equation (7) will be used in the rest of this paper.
This is because equation (7) does not require corrections for compositional variations and is
considered here to be more reliable than the calibration based on Ferry and Spear's (1978)
experiments. In addition, eqation &7) can be plotléd on a P-T diagram as curves of constant in
Kd which facilitates the calculation of pressure as discussed later.

Calculated lemperalureé using equation (7) range between 550 - 600 "C at 5 kb for the
staurolite - biotite zone. For the biotite - sillimanite zone, thc temperatures are sirghtly higher,
610 - 630 °C. Most of the samples analyzed did not show any significant compositional zoning
in garnets. Some samples contain garnets with an Mn-rich core. Using garnet-core
Eompositions gives temperatures which are approximately 20 °C lower. However, the
garne(-dbre composiiions may nol represent peak metamorphic conditions and thus were
neglécted\in lemperature calculationé (Essene, 1982). Peréhuk and Lavrent'eva (1982) did not )
provide any error linﬁts for t‘ﬁci{ calibration. However, if lan uncertainty of * 0.01 in the .
Calculation"o!; lr?Kd 15 considered, it results in an uncertainty of +30°C in the lemperature
calculations. The ter‘r'l‘;;ezatures caiculated above are plotted on a P;T diagram as curves of

constant Kd (Fig. 4). -

Estimation of Pressure | N .
Kyanite - Sillimanite Equilibrium

The stability of [;le Al,SiO, polymorphs has been expgrimemally determined by Richardson (;l |
al. (1968) and by Holdaway (1971). The phase di:;:graﬁl given by Richardson et al. (1968)
differs from that given by Holdaway (1971) mainly m the location of the andalusite -
sillimanite boundary. Holdaway (1971) suggests that the sillimanite used by Richardson et al.

(1968) contained significant fibrolite which, tdget‘her with the small entropy change of the
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Figure 4. Pressure-temperature diagram for the Snow Lake area. Stability curves for the
Al,SiO, polymorphs, andalusite (And), kyanite (Ky), and sillimanite (Si) are from
- Holdaway (1971). The ranges of pressure and temperature indicated by various
. geothérmo-barometers are plotted. Curves a, b, and c afe the InKd curves for the
_*  gamnet-biotite geothermometer of Perchuk and Lavarenteva (1983). Abbreviations: Gt =
garnet; Bt = biotite; St = staurolite; Plag = plagioclase; Ru = rutile.
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Table 4. Estimates of Temperature al Snow Lakeé' Using the Garnet - Biotite
Geothermormeter

Staurolite - Biotite Zone

SL-6A 0.43 039 017 218 037 009 006 167 573 603

SL-10 R .57 .29 0.13 198 0.15  0.11 0.17 1.88 59% 563

C 1.83 012 0.13 0.2] 2.04 580 536
SL-13 R 058 024 015 210 016 008 017 174 660 589

C 191 012 013 022 191 632 SS
SL-23 R 053 029 018 18 015 005 029 191 610 558

C 191 015 007 023 196 58 549
SL-37 041 038 021 224 028 006 007 20 621 543
16-05 039 045 016 179 040 008 020 168 629 600
16-07 038 046 016 181 038 008 019 175 603 586
16-04 034 051 015 193 043 016 006 190 52 56
-~ 7-205 0367 052 '0.1‘2 181 061 014 007 145 643 647
6-175 036 " 045 014° 131 030 035 013 170 68 5%
182-35 043 039 018 225 039 008 003 169 57 601

182-235 R 037 046 016 2.27 049 0.06 0.01 176 535 585
C | _ 222 045 0.08 0.03 183 531 572

....continued -
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X

SamPle : XFe  XMg Al+Ti

Fe

T(6)*

C

C

T(7)O.

1822425 R 038 0.47 0.5

C
182-620 041 042 0.6
182-785 R 042 045 0.13
C
182-1040 R 0.63 020 0.17
S

Biotite-Sillimanite - Almandine Zone‘

-SL-17 048 038 0.14
SL-18 042 046 0.12
SL-22 0.50 036 0.14

R=garnet rim; C=garnet core
* Ganguly and Saxena (1984)
** Perchuk and Lavrenteva (1982)

2.12
2.01
2.23

2.14

'1.93

2.10
2.13
2.10

0.48
0.36
0.37
0.33
0.25

0.10

-0.09

0.34
0.31
0.29

0.06
0.08
0.07
0.11
0.15
0.15

0.18

0.15
0.15
0.15

0.05
0.11
0.07
0.08
0.14
0.11
0.11

0.05
0.05
0.07

1.72
1.94
1.80
1.91
2.16
1.72

1.92

1.57
1.53
1.63

556

517

561
541
509
631

606

651
635
630

593
555
578
558

517

593

556

626
624

- 610



reaction, may be responsible for the large discrepancy in the two studies. Calorimetric
measurements of heats of solution and low -temperature heat capacities of andalusite and
sillimanite (Andersop et al.. 1977; Hemingway and Robie, 1984) and thermodynamic data
derived from experimental studies in the system CaO - SiO, - Al,O, - H,0 (Halbach and
Chatterjee, 1984) also are consistent with Holdaway's (1971) phase diagram.
Sillimanite and kyanite aré commordy present in the felsic rocks associated with the
Anderson Lake deposit at Snow Lake. The two minerals are in apparent textural equilibrium
. and occur as sub-idioblastic to idioblasu’c‘ coarse graihcd crystals. This suggests that the
pressure - temperature conditions were at or close to the kyanite - sillimanite transition.
Therefore, the intersgction of the InKd curves for the garnet-biotite geothermometer and the
kyanile-sillimar\ﬁte ndary allows the estimation of pressure of metamorphism. The range of
biotite - garnet Kd curves‘for the staurolite - biotite zone intersect the kyanite sillimanite
boundary at 5.4 * 0.2 kb (Fig. 4). Kd curve for the biotite - sillimanite zone intersects the

-0y

kyanite - sillimanite boundary at 5.8 kb.

flmenite - Sillimanite - Garnet - Rutile baromnetry
Bohlen et al. (1983) have proposed a geobarometer based on the Fe content of

almandine in the reaction

3 Ilmenite + Sillimapite + 2 Quartz = Almandine + 3 Rutile . (8)
This reaction was calibrated hsing experimental reversals obtained over a temperature range 6f )
750 °C to 1100 °C at 11.0 10 16.0 kb. The results of &mse experirﬁents car be represented by the
equation: - *

log K(8) = 174/T - 1.3 + 0.0575 (i"-l)/T , . ‘ (9)
where T is in Kelvin,,P is in ‘bars. and K = a(almandine)/a’ (ilmenite).

‘The garnet - sillimanite - ilmenite - rutile - quartz assemblage is present in samples from the
_ staurolite - biotite zone at Snow Lake. , .Using the garnet compositions from these samples and
activity corrections as discussed earlier, metamorphic pressures were calculated .(Tabl’e 6). 3
These calculations indicate a pressure of 5.1 10.3 kb. The uncertainty of calculation,

corresponding to an error of 0.02 in.the XFe of garnet, is £0.4 kb.

D
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Table 5. Estimates of Pressure at Snow Lake Using Silicate Equilibrié

.....................................................................................

30-11

. 30-80

26-10

¢ almandine

Garnet

XFe

~0.63

0.61
0.55

- sillimanite -
**. anorthite - grossular

11 0.06

111 0.07

1.2

- sillimanite barometer

0.08

rutile -

1.15

1.14 "
1.12

ilmenite barometer

Plagioclase
XCa Y
0.33 1.63
0.46 1.44
.0.51 1.39

1
5.5 5.6
51 53,

4.8 5.5..
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Anorthite - gar:nel - sillimanite - quartz barom‘élry

A third estimate of pressure at Snow Lake can be obtained by using the pressire
dependence of the partitioning of Ca between anorthite and grossular according to lge reaction:
Anorthite = Grossular + Sillimanite/Kyanite + Quartz (10)
(Kretz, 1959; Ghent, 1976). The-endmember reaction with kyanite as the Al,SiO, phasc has
been experimentally calibrated by many workers (Hariya and Kennedy. 1968; Hays, 1966; -
Goldsmith, 1980). Using the resulis of Goldsmith (1980), {ogether with those of Holdaway
(1971) for the kyanite - sillimanite equilitrrium. gives: ¢
log K (10) = 711/T - 5.42 + 0.287 (P-1)/T . | , ' (1)
where K = (a grossular/a’ anorthite). -~ ’

| In addition to the assumption that AVs (reaction) is independent of prcssuré and
temperature, the above procedure of calculation assumes that the volume of mixing in the
garnet or plag;oclase eolid-solulions does nol show any deviations from ideality. This
assumption is valid for the plagioelase .so’lid-solulion (Saxera and Ribbe, 1972), but may nor be
valid for the garnet selid-solution. The volume of mixingvon the almandine - grossular and
_pyrope - grossular joins shows a strong, negative deviation from ideality at garnet composirions
of 0.1 < Xgr < 0.3 (Ganguly and Saxena, 1984). However, garnets from Snow Lake all have
grossular contentsyess tharr 10 mole percent. Therefore, the volume correction can be neglected
in the present calculatipns.

Using the témperat‘irre estimate froin the garnet - biotite equilibrium and garnet and
plagioclase compositions from Snow Lake, pressures were calculated for the star:rolite - biotite
zene. 'ActiviLies'of groséular' and plagioclase were calculated usirxg the activity models discussed
earlier. The calculated pressures rar\ge from 6.3 to0 6.6 kb (Table 6). The uncertainty of
calculaiibn, eorresponding to an error of * 5% in the estimation of XCa in gzr'rnel amd of £
0.01 in the eetimatiorj of XCa in plagioclase, is 0.5 kb.

The temperature and pressure estimates calculated above are ploued onl the PT

- diagram in Frgure 4, The common 1mersect10n of these estimates indicates metamorphnc

temperatures of 575 iSO ‘Cat5.25 :tO 5kb pressure for the staurolite - biotite zone For the

biotite - elllxmamte zone. the P-T condmons are: 620:t40 ‘Cats.8 :1:0.5 kb.

Y
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F. Discussion ‘ ‘ .

.The .estimates of pressure - lemperature conditions during metamorphism in the Flin
Flon - Snow Lake greenstone belt obtained in this sluay generally agree well with previous
studies for the most part. However, prev‘ious estimates of pressure based on sphalerite
geobarometry are considerably higher ( 4 - 7 kb in Flin Flon, and 7 - 8 kb in Snow Lake) than

those of this study. K has been suggested by many workers that sphalerite, co-existing with

pyrite and pyrrhotite, reequilibrates at lower temperatures (see Essene, 1982 for a feview).

This results’in lower éomen of FeS in sphalerite and, therefore, higher estimates of pressure.
Bristol (1979) suggested thalxvf -equilibration of sphalerite at low temperatures probably caused
the wide range in estimates of pregsure in the Flin Flon area. In view of the close agreement in

préssure estimates from mineralogical barometers used in this study, it is concluded that

N
h

estimates of pressure in the Flin Flon ) Snow Lake area based on sphalerite geobzi'rometry' are in

€rror.

The pressure and temperature cond tions f or the Flin Flon - Snow Lake belt allow

“estimation of the geothermal gradlienvls auri'ng“m‘etamor'phism_ Assuming a rock density of 2.6

-

gm/cm?, the geothermal _gradiem in the Snow Lake area would be approximately 27 °C/Km. In
the Flin,Flon and Spru'ce Pbim areas; the gcotherrﬁal gradient would be much shallower, 33
‘C/Km at the upper limit and §3 *C/Km at the lower limit of temperature and pressure. The
gebthérmal gradient in the Snow Lake aréa is §imilar to the Barrovian-type and tﬁat in the Flin
Flon and Spruce Point ,arc;s, to the Buch‘ax}'-.type (Turner, 1981). Thi§ indicates that the P-T
regime was not hbmogeneous thrdughout the belt. Further, the eastern parts of the Flin Flon -
Snow Lgke belt were subj’eéted toa rélatively lower heat flow during metamorphism. :
Calibration of Silicate Equilibria .

The pféséure {émpgr#ture condition for memﬁorphism in the SnO\‘a/ Lake area derived
- above can be used to evaluate other minerél equilibria for whic‘t.i' either the eiperifnentai -déta
a‘ré. hét available or fhe available éX;érimental data are noi in agreement. Two such_ reactions
- are: |

6 Rutile + Almandine + Anniie = Muscovite + 3 Quartz + 6 lmenite - (12) E

»
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6 Staurolite + 3.75 Quartz = 4 Almandine + 23 Sillimanite + 6 H,0 (13)

Garnet - annite - muscovite - quariz - ilmenite - rutile equilibrium

This six phase assemblage is commonly present in the Snow lake area. If the reaction
is balanced as in equation (12), it has a dP/dT slope of 45 bars/K and, therfore, it ma'y provide
a reliable g;eobarometer together with the garnet-biotite geothermometer. Rcaction (12) has
not been studied experimentally and reliable thermodynamic data are not available for all the
phases. A pressure - temperature calibration for this reaction can be derived by a combination

of reaction (8) and the following equilibria:

Annite = K-feldspar + Magnetite + H, . (14)
Muscov.ite + Quartz = K-feldspar + Sillimanite + H,0 . GRY
Magnetite + 3 Rutile = 3 llmenit¢ + 0.5 O, ' (16)
H, +0.50, = H,0, : | S oan

Reactrons (14) and (15) have been experrmentally studied by many workers. Thec most
recent calibration of reactton (14) is given by Hewm and Wones (1981):
log K(14) = -6758 + 8. 58 + 0. 0042(P-1)/T .‘ (18)
The upper stability of muscovrte and quartz accordmg to reaction (15) has been determined by
Chatterjee and Johannes (1974) who give: .
log K(lS) = -5285/T + 8. 92 + 0.0248(P-1)/T ’ » L _ tl9)
The equilibrium conditions f or reactxons (16) and (17) can be calculated from thermodynamic
data Labulated by Robie et al. (1979) Combining /'pressure --temperature dependence of -
the equilibrium constants of reactrons (8) and (14) to (17), the log K of reaction (12) can be¢

A
i

expressed as: - , \

(A8 N

log K(12) = -1040/T,+. 402 - 0, 0872(P- nr o | - (20)
' Usmg the composruon of bxotrte and gamet f rom Table 6 and the acuvrty corrections

' -drscussed earlier, equation (20) grves a pressure estrmate of‘ 11.7 £ 0.3 kb for the Snow Lake

- area. These presstres are signif 1cantry hrgher than those calculated by usmg other

' expertmental]y calibrated, mineralogical geobarometers To achieve consrstency between the

composmons of broute and garnet and the pressure - temperature estimates for Snow Lake the
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log K equation for reaction (12) should be given as:

log K(12) = -1040/T + 3.88 - 0.0872(P-1)/T (21)
This equation is different from (20) in having a slightly lower value for the entropy of

the reaction. Considering that several different equilibria were used 1o derive the calibration in

equation (20), the minor change required to achieve consistency with field data is not very

significant.

‘Upper stability of staurolite at low pressures

Staurolite is a common mineral in rocks from the Anderson Lake mine area. It usually -

occurs with biotite, muscovite, quariz, and sillimanite or garnet. In some samples, staurolite
co-exists with garnet, sillimanite, and quartz, indicating that the equilibriumv expresse't} by
reaction (13) was achieved. Reattion (13) has.been experimentally studied by many workers .
( Richardson, 1.968; Ganéuly, 1972;'Rao and Johannes, 1919; Dutrow and Holdaway, 1983). In
a detailed analysis by ‘_linear programming methods, Pigage and Greenwood (1982) concluded
thal the experimental data of only Ganguly (1972) and Rao and Johannes (1979) were

- compatible with each other and with estimates of the entropy of staurolite of composition
Fe,ALSi, ,50,,(OH),. They also concluded that calculated activity of water, using the |
experimentzrl results of Ganguly ( 1972) and Rao and Johannes (1979), was 100 low compared

~ 10 that calculated from paragonite - albite - sillimanite equilibrium and gas speciation in the

Y

system C-0-H. Wrth a srmultaneous consideration of gamet - biotite, kyanite - sillimanite,
staurohte quartz and paragomte - albxte equilibria, Pigage and Greenwood (:1982) suggested
that the staurohre quartz equilibrium should be located at 610 *C at 5700 bars, approxrmately
100 C lower than that determmed by expenmental studresr
. Dutrow and Holdaway (1983) have redetermmed the low pressure stabrllty of staurohte
+. quartz and have obtamed reversals at 654 +12°C, 3.25 kb, and 684 + 12°C, 5.25 kb
These data are consrstent wnh those of Richardson (1968) at 5 kband, therefdre inconsistent
with’ those of Ganguly (1972) and Rdo and Johannes (1979) Calculated entropy of staurolite
f rom the data of Dutrow and Holdaway (1983) is lower than that based on summauon

estimates and calorimetric measurements of the heat-capacrty of staurolite (Helgeson et al.,
. R . S i B ) o ‘

RS |
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1978; Hemingway and Robie, 1984). Using Dutrow and Holdaway's (1983) data. at the
pressure - temperature conditions (575 °C, 5.25 kb) and the compositions of staurolite and
garnet from Snow Lake (XFe(stau) = 0.75 - 0.77; Table 5), the mole fraction of waler in
equilibrium with the staurolite - quartz - sillimanite - garnet assemblage will be 0.3 to 04
These values of XH,0 are extremely low compared with those (0.9 - 0.98) calculated by using
opaque mineral assemblages and paragonite - albite - sillimanite - quartz equilibrium
(Chapter IV).

‘ To achieve consistency between the temperature, pressure, and XH,O values at Sn‘“pw
Lake determined from other equilibria, the staurolite - quartz equilibrium for pure phasészand
XH,O = 1 should pass through a point at 600 ‘C and 5.25 kb pressure. This temperature is
84 °C lower than that obtained by Dutrow and Holdaway (1983).

The staurolite - quartz equilibrium was extrapolated from a point at 600 "C anq _5[.25 kb
using the rellion: |
0 =g@Gr = SdT + VdP + RT In fH,0.
and entropy and volume data from Helgeson et al. (1978) and Hemingway and Robie (1984).
A1 5700 bars, the extrapolated curve has a temperature of 615 “C, which is in excellent
agreément with that (610 °C, 5700 bars) suggested by Pigage and Greenwood (1982). The
equilibrium éonditions of equation (13) derived above are consislet;t with an analysis of solid
and vvolatilé( phase equilibria in the Snow Lake area (Chapter 1V). This lends f ﬁrlhcr support
to u;e argument that experimental studies of the staurolite - quartz equilibﬁum indicate
unusually high temperatures' for this aSsembiage.

, lf] their detailed analysis 6f the studies of stal_xrolite, equilibrium, Pigage and Greenwood \‘;
(1982) cou}Q not identify any systematic errors in the e;tpe;ifnental data. While the data ’

. presented in this study is consitent with other field studies, it does not provide any evidence to

further evaluate-the experimental data.
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G. Conclusions
Metamorphic conditions in the Flin Flon - Snow Lake gréenstone be’ly varied from

low -greenschist facies to middle-amphibolite facics. At Flin Flon, the temperature of
metamorphism was less than approximately 450 “C and the pressure was less than 3.8 kb. In
the Spruce Point area, the metamorphic temperature was 475 = S0 °C at 2.6+ 1.2 kb pressure.
At Snow Lake, the grade of metamorphism was of low-greenschist facies in the south (chlorite
- biotite zone). The grade of metamorphism increased o the north in the chlorite - biotite -
staurolite, staurolite - biotite, and biotite - sillimanite - garnet zones. In the staurolite . biotite
anq\bic;lite - sillimanite zones, the métamorphic cs)nditions were, respectively, 575 £ 50 °C at
5.251£0.5 kband 620 £ 40°C at 5.8 £ 0.5 kb. The metamorphic fluid phase at Spruce Point
and Snow Lake consisted essentially of water, with minor proportions of other species ‘of
oxygen and sulfur. I

Q Using the temperature and pressure estimates for the staurolite - biotite zone at Snow
Lake,aP-T calibration of the almandine - annite - muscovite - ilmenite - rutile assemblage is
derived. A simultaneous consideration of the estimates of pressure, lemerature', and XH,0 in
the metamorphic fluid and the staurolite /+ quartz eQuilibrium, suggesfs that experivmemall

<

studiés of the upper stability of staurolite + quartz may indicate 'unﬁsuélly high temperatures.
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IT. Oxygen-Isotope Geochemistry of Metamorphosed, Massive Sulfide Deposits

o
of the Flin Flon - Snow Lake Belt, Manitoba

A. Introduction

It is now well known that significant differences exist in the oxygen isotopic
compositions of the host rocks and altered \/Ls associated with many volcanogenic massive
sulfide deposits (Beaty and Taylor, 1982; Green et al., 1983; Urabe et al., 1983). These
differences are produced during fluid-rock inle‘ragtion atlcnoing ore-deposition. The deposits
cxamined in the above studies are either unmetamorphosed ork'melamorphosed 1o low grades.
However, numerous economically important deposits\'worldwide occur in medium- to
high-grade. regionally metamorphoséd terranes. The effects of mctamorph.ism on o;(ygen
1sotopic gradients associated with massive sulfide deposits have not beén well established.
Depending upon the nature of ﬁuid-rock interaction, these g}adients ma): ©Of may not survive
the metamorphism (Shieh and Schwarcz 1974; Magariiz and Ta?loi 1976 Rumble, 1978;
Rumble et al., 1982). Further, fluid-rock interaction durmg metamorphxsm ma) result in the
development of sccondary 1sotop1c gradients around an ore-deposit. Thus the oxygen isotopic
relationships at a metamorphosed deposit would be a function of the fluid-rock ingeraction
during both ore deposition and metamorphism. - I.

One of the commeon problems in identifying the effects of oletamorphisro on the

isotopic gradients around an ore deposit is the lack of an equivalent deposit in the same terrane,

metamorphosed at lower grades. In this papef,},%lé‘ report the oxygen-isotope compositions of

\

rocks and minerals from three ore deposits, Anderson Lake, Spruce Point, and Centennial, in

[

the Flin Flon - Snoew Lake Belt, Manitoba. These deposits occur in similar host‘rocks\ and have'

been metamorphosed at low-greenschist to amphibolite facies. The objective of this paper is to’

evaluate the effects of metamorphism on the oxygen-isotope geochemlstry of the host and

altered rocks associated with the @eposits. A second objective of thxs paper is to examme the

significance of the isotopic data in understanding the nature of hydrothermal alteration during

. )
ore-deposition. \ g ab
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B. Regional Gedlogical Setting

The Flin Flon - Snow Lake greenstone belt is approximately 250 kilometers long and
has an exposed width of nearly 40 kilometers. It is bounded to the north by the Kisseynew
gneiss complex and is overlain to the south by Paleozoic limestones (Fig. 1). The Flin Flon
Snow Lake belt and the Kisseynew gneisses together are part of the Churchill structural
province of the Canadian Shield (Stockwell, 1964).

The greenstone belt consists of two major groups of rocks of Aphebian age
(approximately 1800+ 50 m.y.) and a number of intrusive granite bodies (Price, 1978). The
older, Amisk Group rocks are the dominant lithology and consist mainlyef volcanic rocks with
a minor, metasedimentary Member. The volcanic rocks are of tholeiitic and calc-alkalic
affinity and range in composition from bas:all to dacite-rhyolite (Stauffer et al., 1975). The
metasedimentary Member of the Amisk Group is composed principally of me:.agreywackes
(Froese and Moore, 1980). The Missi Group constitutés only a minor proportion of the Flin
Flon - Snow Lake beliqand 1s comprised largely of metasandstones an(.j metagreywackes.

\

R
Structure and Metamor phism \

Rocks in the Flin Flon - Sno‘\\l,ake belt were siructurally deTormed and
metamorphosed during the Hudsonian O\’g\’r he degree of def ormauon and
metamorphlsm vanes throughout the belt. In general “three phases of def ormation have been
1denuf1ed (Sr,auf fer and Mukherjee, 1971; Froese and Moore, 1980).

- The earliest deformation, P1, resulted in east-west trending tight folds. The P2 event,
-produced the dominant novrtheasterly’ trend in the area. The P2 folds are generally open and
have steep axial foliation and lineation. The P3 event was relatively minor and generally
refolded the P2 folds along a northerly axis.

’Metamorphism wa;s generally coincidental with the P2 event when the peak of
metamorbliism was reached (Froese and Moore, 1980). The meta’mprphic event was‘largel_y
over in the waning stages of the P2 event. The P3 event was characterized by minor,
retrogressive ime[amorpvhism. Metamorphic gfadés of low-grfgenschist facies were reached ip

the Flin Flon area. At Spruce Point, the metamorphism was of the upper greenschist facies.



39

.
i
I
i
I
b
1
|
i
|
|

)

xg MBUAgsSIY (O — . 4 e :

ioptiog uisibs *—*—x  opo ool e [ -owopsmofY - | ] -
50/ * HOADIOU! 3

nunaomu ysrwy g E_uo...mwwm.wE&m%% oMuo.anﬂ(

\

.
)

Figure 1. Regional geology of the Flin Flon - Snow Lake belt (after Froese and Mooré, 1930)

location of the preseit study areas.

~
<

.and the.



40

The temperature of metamorphism was 475150 °C at 2.6+ 1.2 kb pressure (Chapter 1I). The
Anderson Lake area shows a complete spectrum of metamorphic ‘conditions from low
greenschist facies in the south to middle-amphibolite facies in the north and northeast ( Froese
and Moore, 1980). Based on mineral assemblages, Froese and Gasparrini (1975) have divided
the Anderson Lake area ‘into four rnexamorphic zones. From south to north, these zones are:
(i) chlorite - biotite, (ii) biotite - staurolite, (iii) staurolite - sillimanite, and (iv) garnct -
sillimanite - biotite. The temperature and pressure conditions in the stanrolile - sillimanite and ~ -
garnet - sillimanite zones have beén estimated using ihe P-T calibrations of several silicatc
equilibria and compositions of minerals (Chapter II chnperamres of 575+30°C at 5.25+0.5
kilobar pressure are estimated for the staurolite - sillimanite zone; estimated temperature ann

pressure values are slightly higher for the garnet - sillimanite zone (6204+30°C at 5420.5 kb.).

C. Geology of the Ore Deposits

The felsic volcanic rocks of the Amisk Group host a numbcr of Cu-Zn-Fe massiv

sulfide deposits in the Flin Flon - Snow Lake belt, including the Anderson e, Spruce Point,
and Centennial deposits, seiected for this study. These deposits constiiule'j?ng'w(

Cuand Zn in Canada. The tonnage and grades of the deposits vary from 0.1 million tonnes at
0.75 percent Cu 'and 9.4 percent Zn to 61.8 million tonnes at 2.2 perceni Cu and 4.1 percen.t Zn.
Total tonnage from pant and producing mines in the entire belt is estimated at over 100 million
tonnes (Walford and Franklin, 1982)." ‘ |

L

‘ Anderson Lake deposit L | o
The geology of the Anderson Lake deposit has been descnbéd by Price (1978) and
Walford and Franklm (1982) The deposxt consists of an elongated lens with a strike lcngth of
90 meters, an average width of five meters, and a length of 800 meters along the plunge The
| sulfide lens is composed primarily of pyrlte chalcopyrite, and pyrrhoute with minor sphalcme.,
- quartz, staunolue, tonrmalmg, apaute«-, magneme, iltnenite, and runlq.
i‘\_m-f» _ The Anderson La:ke“deposit. in conLaineq in felsic meta:«blcanic rocks of the Amisk

Group. These rocks are rhyolitic in composition and are compos.ed‘ of quartz, plagioclase, and



41

biol;lc with minor amounts of hornbl'_cnde_ muscovite, and garnet.

In the vicinity 61“ the Anderson Lake dcposlit, the footwall rocks were hydrofhermall_v
altered dufing ore-deposition. Based on their mineral éssemblagcs, the altered rocks can be
cla.ssificd into four zones: (a) chlorite zone, (b) muscovite zone-1, (c) gradation‘;i\ipne, and
{d) muscovite zone-II |

The chlorite zone is similar 10 tﬁe, "pipe” alleralion of Archcaﬂ . massive sulfide
deposﬁs (Franklin et al.; 1981) and consists dominantly of chlorilé with lesser amousts df
biofile . kyanite, quariz, plagioclase. and rutile. At its lower end, the chlorite zane also occurs
as a small, "semi-conformable” zone (Walford and Ffanklin. 1982). Here, the ghlorite zone is
relatively iron-rich and consists of chlo‘rite, biotite; quartz, plagioclase, staurolite, garnet, and
minor amounts of ilmenite. |

Peripheral to the chlorite zone is a thin shell of muscovite zone-1. Rocks in this zone
consist thainly of quartz, muscovite, sillimanite, plagioclase, and biotiie. O.utwérds from the
muscovite zone-1, the footwall rocks are pervasively altered in the gradational zohe.
Mineralogically, rocks in the gradational zone consist of quartz, plagioclase, and biotite with
varying amounts of staurolite, ‘mpscovite, and sillimanite. Garnet occurs in some gradational
zone rocks near the-contact with the country rocks. In these rocks, sillimanite is absent except
in one sample where thin needles of fibrolite are assoc.;ialed with garnet and staurolite.

In addition to the alteration zones described‘above, an envelope:of muscovite schist
surrounds the ore-body, both in the hax:ngingwall and the-f ootwall. This halo of muscovite
schist, cal]ed’here the muscovite zone-II, underlies the ore-body for the most part, excepf »
where the chlorite zone occurs in the footwall. Rock_s‘ir'l this zone arey composed of quartz and
muscovite with minor contents of biotite, plagioclase, staurolite, .and sillimanite £ almandine.
Mine.ralogi'cally‘. these rocks are similar to those from the.muscovite zone-1. vHov_vever',‘ a
distinction is made'bet‘veen the two zones on the basis of thier locations with respect to the ore.

The aliered rocks f rom the grédational zone and muscovite-zones I and II contain minor -
~ amounts of ilmenite, rutile, pyrite, and pyrrhotite. ilmepite-hematite.solid solution .is also
present frequently. thely, magnetite has been observed in 'SOII;C gradational zone rocks which

do not contain rutile.



Spruce Point deposit

The Spruce Point deposit consists of at least three separate, major lenses of massive
sulfides. lThe deposit is still in the development stage and .its geology has not been sludicd in
detail. The sulfide bodies consist of pyrite, chalcopyrite, and sphalerite with minor
‘arsenopyrite, pyrrhotite, rriagnclile, quartz, chlorite, ilmeniie, and rulileT .

The host felsic metavoicanic rocks are composed essentially of-quariz, glagioclas;'_ and
-muscovite with minor bi-olile, ilmenite, and pyrlite. Footwal rocks at Spruce Point were also
altered during ore-deposilidn. The alteration “pipe” is broadiy similar 1o that at Anderson
Lake. The central, chlorite zone consists of apl}ndant chlbrite with varying proportions of
biotite, corundfxm, andalusite, and~rutf1e._ The adjoirﬁng, muscoville zone-1 consists of quartz,
musco;rile, andalusite'wilh minor plagioclase, biotite, ilmenite, rutile, pyrite, and pyrrhoute.
Rocks in this zone have beén variably affected by a minor phase of relrograd\e metamorphism .
The re[rograde metamorphism rqsﬁltcd in.a partial or complete replacement #f andalusite

porphyroblasts by margarite, chloritoid, and chlorite. \

. The gradational zone at Spruce Point is more extensive than al Ander$on Lake.

Mineralogically, rocks in this zone contain an increased amount of biotite comjpared with the
~country rocks and consist of quartz, muscovite, biotite, plagioclase and minor ilmenite. The
gradational zone underlies the ore body for the most part as the muscovite zonetll is absent at

Spruce Point. . L - \

Centennial. depbsit -\
. \

The geology of the CentermiaL deposit has been described by’Provins (1980)\ The
: deposxt consists of a single, massive sulfide lens enclosed in the felsic volcanic rocks ol‘ the
-Amisk Group The sulf 1de body has a sharp contact with the hangmgwall rocks and a\rclauvely'
less dxstmct contact in the f ootwall It is composed principally of pyrite, chalcopyme Lnd
) sphalente with minor galena, magnetite, quartz __and calcite.’ ﬁTrace arppums of ' ; \\ a
* tetrahedrite-tennantite, arscn’opyrite, and cobaliité,ére also present (Provins, 1980).' )
The host; f els:c volcamc and volcamclasnc rocks are composcd essemxally of‘quartz and‘ .

muscovite with Iesser amounts of 1lmemte magneme and pymc RTks in the Cemenmal area
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are pervasively carbonatized. However, hydrothertnal alteration related to ore depostic;n is less
extensive at Centennial compared with that at the Anderson Lake and Spruce Point deposits.
The chlorite zone, underlying the ore-body in tht northern part. consists primarily, of chiorite
with min\or quartz and trace amounts of rutile. The gradational zone underlies the ore-body in
the south and is peripheral to the chlorite zone. This zone is characterized by slight Mg and K
. enrichmemvavnd Na and Ca depletion compared to the country rocks. Rocks in the g&adational

~zone at Centennial are composed of quartz and muscovite with minor chlorite, ilmenite, and

pyrite. Muscovite zones | and II are absent at the Centennial deposit.

D. Analytical Methods
Samples for isolopic analyses were collected from underground exposures and
diamond -drill cores at the Anderson Lake, Spruce Point, and’CenLcnnial deposits. In addition,
surface samples were collected ih the vicinity of the Anderson Lake deposil. ?o-éxisting
, mvi.nerals were separated Py standard.magnet_ic and density techniques. Purity of the
.hono-mineralic f ractioﬁs was checked visually under a binocular microscope. Biotite, chlorite,
and muscovite fractions were more than 95 percent pure. Quartz fractions were cleaned by
treating with ﬂuoboric acid for 24 hours at 50 ‘C. Whole-rock samples from Centennial
deposit were treated with concentrated HCI to dissolve cafponates.
| Oxygen was liberath from 15 to 20 millig;gms of whole-rock or monomineralic
sampies by the BrF; method of Clayton and Mayeda (1963). The lib_erateq oxyge_n. was
,éonyertg:d 10 CO, by passing over a heated graphite rod. Isotopic ratios were me_asu‘réd usihg.a
"dugl'-"inlet',;VGﬁOZ_ r}lasé spectroineter. Th>e iéotopic compositiohs are reported in the asual '8t
ngtation, in pérté pe}‘ tho{lsand (pe_rmill), with respecF to Siafndafd Mean Oqean Wate‘r -
- (SMOW) using a CO,-H,0 fractionation factor of 1.0412. The 5?’0 value of a sample, x, is
givenas_:h | B ‘ -
§10x = ((RW/Rs) - 1) * 1000 |
where R s the 1*0 7 14O ratio of the sample (x) or the standard (s). Replicate analyses of NBS

28 during the course of this study give a-value of +9.61+0.12.



E. Results
The oxygen isotopic compositions of rocks and minerals from the Anderson Lake,
Spruce Point, and Centennial doposits are given in Tables 1, 2, and 3. The host, metarhyolitic
rocks have a range of §*O values from +14.3 to +15.6 at Centennial, +10.2 to +13.0 at
Spruce Point,and +8.6 10 +11.6 at Anderson Lake. §*O values of metabasalts from the
Centennial and Anderson Lake range from +6.7 to +9.4. Valucs for intrusive rocks from the
Anderson Lake area, amphibolite dikes and tonalite, range frorn +58to0o +6.6and +59 10
+6.2, respectively. Two samoles of mclasedimemary rocks from Anderson Lake have §'*O
values of +11.0and +13.0. | .
The 8'*O values of molaigneous and metasedimentary rocks of the Flin Flon - Snow
Lake belt presented above are similar to those of metaigneous and metasedimentary rocks form
Archean greenstone belts in the Superior Pfovince of the Canadian Shield (Longstaffe et al.,
1980; Longstaffe et al., 1981). 'T‘he‘ isotopic valu_es for metabasltic rocks from Anderson Lake
and Centennial are also similar to those of submarino' basalts (Muehlenbachs and FClaylon_
1972). However, the felsic an.d mafic metavolcanic rocks of this study-all have §*O values
higher than those of frest igneous rocks of rhyolitic ( +6 10 +il) and basaltic (+5.5 to +6.5)
composition (Taylor, 1968). The higher §'*O values of volcanic rocks can be attained during
low-temperatu're, hydrothermal alteration (Garlick and Dymond, 1970; Muehlenbachs gnd
Clayton, 1972)‘ Dif fetences m the tempcrature and water/rock ratio of such alteration can
explain the range of 60 values in the felsic metavolcanic rocks of this study. - . |
Although the oxygen 1sotope compositions of the felsic and mafic volcanic rocks f rom
' Anderson Lake Spruce Pomt and Centenmal mdlcate that they have been altered, these. rocks
are classified in thxs paper as country,, rocks " and are not included in the category of nltege,d
-rocks” des;':ri‘bed_' below. This distinction is made based on the minoralogicnl composition of the
rocks as discussed in the"'section on géology of"the ore deposits. k » _ |
'Altered fock‘s nssociated with the, three déposiis hnve lower 8*0O values com'vpared to the
country rocks. In the- gradauonal zone, 1he 6''0 values range from +9.9 to + 11 7 at -
Centenmal from +8 4 to +9.7 at Spruce Point, and from +6 610 +7. 7 al Anderson Lake

6"0 values in the chlome zone are —f 5.3at Cemenmal. +5.4 to +7.3 at Spruce Pomt. va_nd_
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Table 1. Oxygen-Isotope Data from the Anderson Lake Deposit. (WR=whole rock;
Qz=quartz, Mu=muscovite; Bt=biotite; Ch=chlorite

Country Rocks (Felsic Metavolcanics)- '

SL-11A 9.1
SL-12A 9.6 - 107 4.6 ' - 6.1

SL-13 10.5 11.7

SL-17 10.4 130. 55 5.4 : 7.5 7.6
SL-22 96 112

SL-26 10.4 12.1

SL-26-1 11.0 . 122 , R

SL-28 . - 116 13.5 6.8. 8.8 - 6.7 4.6
SL-34 95 |

SL-34A 100,
SL-35 10.6-

SL-3% 116
2614 87

78-243 8.6

182.425 94 109
182-520 9.5
251-1188  10.0
2511221 9.8

Mafic Metavolcanics

SL-3 82
CSL0 - 76
SL3sA 76 .
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Sample
WR Qz
Amphibolite
SL-33 6.1
26-09 5.8
72-320 6.6

Mclasedimentary Rocks

SL-29. 130
SL-37 11.0
Tonalite

2-16 5.9
24-17 5.9
30-01 6.2

Chiorite Zone

SL-14 5.9 6.5

16-01 5.9 8.3
24-03 4.2
182-235 3.7 6.7

Gradational Zone

SL-6 17
SL-30 7.6
SL-31 5,1
i6-07 12 9.1
16-04. - 17

1603 70 89
731 10

1.8

2.3

1.1

29

5.6

1.5

2.2

4.7

5.6

6.0

5.0

5.5

6.9
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.............................

.....................................................................

7-95
24-04
24-05
24-07
24-08
24-10 -
72-05
72-70
72-113
72-220
26-06
78-30

78-68 ¢

Muscovite Zone-1

SL-15

+ 24-01

182-175

182:270
182-320

6.6
7.1
6.8
72
7.1

6.9

7.1

6.7
6.9
6.7
7.2
7.5
73

6.4
4.7

WR
WR

CWR

83
8.8

6.3

5.2
5.8
'6.1

36
3.7

4.7

5.1

6.5
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Muscovite Zone-1l

7-125 8.0
7-190 8.0
6-175
16-05 8.3
72-295

72-330 g 8.3
26-10 72
78-103 7.8
182-920 7.2

P

10.2
94
9_7J
9.3
9.4
10.3

5.4
2.9
4.0
4.3

42

75

6.7

6.9

6.6

7.4

2.7
2.7
2.8

2.8

2.9
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Table 2. Oxygen-Isotope Data from the Spruce Point Deposit. (WR =whole rock:
Qz=quartz, Mu=muscovite; Bt=biotite; Ch=chlorite

Sample

8Qz-Mu AQz-Bt  AQz-Ch

........................................ R S I

Country Rocks (Felsic

Metavolcanics)
115-235 13.0
115-1373 10.2

67-820 11.5
67-920 120
32-40 10.6
32-80 10.9

Chlorite Zone

115-1308 5.4
115-1303 6.9
94-08 7.3

-Muscovite Zone-]

115-1323 7.8
115-1298 8.3
115-1155 7.8

. Gradational Zone
115-522 8.4
115-1061 8.8

68-702 9.7
68-752 9.0
68-768 . 9.2
o4-04

13.3

- 8.6

11.2"
'71'0.4
10,5 *
110

Mu Ch
- 5.2
G

6.1

5.4

7.1 )

- 7.2

7.6

3.3

I
<
3.2
33
3.4 .



32-182

32-232

8.9

8.8

10.6

7.2

34

50
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" Table 3. Oxygen-lsotope Data from the Centennial Deposit (WR = whole rock;
Qz=quartz, Mu=muscovite; Bt=biotite; Ch=chlorite

WR " Qz Bt Mu Ch 6Qz-Mu AQz-Bt  4Qz-Ch
(Country Rocks - r
(Felsic -metavolcanics)
20-1145 15.3 17.2
20-1174 15:6

20-1198 14.5

17-937 . 145
Metabasalts

20-W-330 9.4
20-W-400 8.2

20-W-773 6.7
20-W-1025 8.3

17-313 8.3
Gradational Zone

20-1025 11.7
20-W-1273 10.7
20-W-1288 10.5
20-W-1293 11.3
20-W-1324 11.3

17-806 107 125

17-785 11.2
17-859 115
17-866 9.9 13.8

* Chlorite Zone
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- "*O+poor fluids. This flurd-rock mteracuon may have occurred (

L retrograde alterauon is evrdent

53

+3.710 + 59 at Anderson Lake. The muscovite zone-1 at Spruce Point and Arderson Lake .

has 6'*O values similar 10 those in the chlorite zone. Muscovite zone-]I, present unly at

~ Anderson La’ke./’ras 6'*0 values ranging from +7.2 to +8.3. The compositions of aitered ang -

country rocks across the ore-body at Anderson Lake, Spruce Point, and Centennial deposits are

shown in Figure 2. -

Quartz, muscovite, biotite,"and chlorite from country rocks and altered rocks show

similar trends in their_é“O“values as the whole-rocks samples. Those separated from the

country rocks have higher values thag those from the altered rocks. Despite these differences
in the composition of individual mine?, the fractionation between co-existing mineral pairs is

generally similar in all rocks.

4

F. Origin of Differences in'lsotopic Compgsitions

The lower 6“0 values of the altered rocks associated thh the Anderson Lake, Spruce

Boint, and Centennial deposrts could have been produced by equilibrati wrth relatively

prior to, (b) during, or (c)

after the greenschist to amphibolite f acies rneramorphism if the area.

Wrdescale fluid - rock mteracuon after the peal of metamorphrsm would produce
dlsethbnum mineral a§semblages and 1sotopic relalr nshrps dependmg upon. the capacrty of
the vanous mmerals 10 re- equilibrate at 1ower ratures, As described earher, the

metamorphrc evem in the Flin Flon - Snow Lake beft had a very minor retr’ogressive phase. In

' lhe Anderson Lake area chlome is: the only mrneral produced due tmrmnor-retrograde

alter.auon of gatnet staurolrte and p]agroclase At Spruce Pornt reuograde metamorphrsm
has af fected only the andalusne porphyroblasts whrch are now replaced by margarite and

chlomord Other ‘major mlnerals m the rocks, broute and muscovrte do not show any vrsrble

retrograde alterauon Drsmbunon of Fe and Mg between co- exrstrng mrnerals at Anderson -

Lake and Spruce Pomr is consrstent with their equrhbratron at the peak of metamorphrsm

- - (Chapter IV) Because of the low grade of metamorphrsm in the Centenmal area no
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Figure 2. Whole rock, §'*O values across the ore body at Anderson Lake, Spruce Point, and
_Centennial deposits. Horizontal scale is schematic; typical widths of ‘the alteration zones
__are: Chlorite zone = 10 to 50 meters, Muscovite zone-I = 5 to 15 meters, Muscovite ’
zone-11 = 5 to 25 meters. The width of the gradational zone is not well established but is
- suggested in this study to be from 10 to 150 meters. " ‘



The ‘isolapic compositions of minerals from Anderson Lake, Spruce Point, and
Centennial areas also do not showvevidence of major, retrograde exchange. The §*O values of
coexisting minerals decrease in the order quartz > muscovite > biotite > chloritc_
characteristic of minerals in rpcks from regional metamorphic terranes (Garlick and Epstein,
1967). Isotopic fractionation between quartz and muscovite or chlorite is nearly constant in
cach area and decreases with increasing metamorphic grade (e.g., 8'*Oquartz-muscovite = 2.8
t+ 0.1 at Anderson Lake and 3.3 + 0.1 at Spruce Point). .Even rocks with completely altered
andalusite porphyroblasts from Spruce Point have the samc.quartzemuscovite fractionation as
the other rocks (samples 67-768 and 32-182, Table 2).

l:luid-rock interaction during metamorphism can be evaluated by the mass- balance
relationship given as:

W/R = (§"*Of.1 - 8"'0i.1) / (6"0i,w - (8*Of 1 - Ar-w) (1)
where the subscripts i and f refer to the initial and final isotopic compositions of rock (rl and
water (w). Ar-w is the isotopic f rationation between rock and water and can be adequately
represented oy the f ractionalion berwe.:_en plagioclase (anortlme 30) and water (‘Taylor, 1979).
W/R is the water-rock ratio expressed in atom percent of oxygen in warer (W) and rock (R): _
‘W/R in the above relationship is the minimum, integrated water to rock ratio over the life time
" of the hydrothermal system.

’ Because the §'*O values of the altered rocks at all the three deposits in this study have
“been lovvered compared to the country rocks, the numerator on the right ®and side of equation
(1) would always be negative. Giv‘en'this constraint‘ an upper limit on the 6'*O value of the
fluids mvolved m/ fluid-rock interaction during metamorphrsm is glven by the factor (6'0f 5-.
Ar-w); fluid 6“0 valués lower than this factor will result in a negative value for W/R. Usmg
. the rsotOprc composmon of roclcs u{ the chlorite zone, the plagioclase-water fractionation curve

of Matthews et al, ( 1983) and the temperatures of metamorphrsm estimated from silicate
equilibria (Chapter II) upper limits for the 50 values of flurds at ‘Anderson Lake, Spruce
:Pomt and Cemenmal are calculated 10 be between +2 and +4,

In order to mvesugale the possrbrlrty that 6“0 values of the altered rocks were lowered

1

durrng metamorphrsm the change in the isotopic composmon of a rock ‘with an assumeg
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initial composition, was célc-lxlaled using equation (1). The calculations were performed at 575
‘C. 475°C, and 350 "C using three values of §'*Oi,w : -6, 0, and +3. The temperatures used in
the calculations correspond épproximalely to those estimated for metamorphism at Anderson
Lake (575°C), Spn;ce Point (475°C), and Centennial {less than 450°C) using the chemical
composition and stability relationships of silicate minerals (Chapter II). Th.c 60 value of +3
for the fluid was chosen based on the upper limit of +2 to +4 calculated above. The other
two values were chosen to be simildr to that of seawater (0 permill) and a possiblé meleoric
water (-6). Rcs‘ulls of these calculations are shown in Figure 3. An inspection of the diagrams
in Figuer 3 indicates that the obsérved isotopic compo_siu'or;s of altered rocks of this stud_v/

. Tables 1 to 3) can be produced by water-rock interaction during metamorphism under
following conditions: (1) the initial '*O values of the rocks were approximately +9, + 10, and
+ 14, respectively, at Anderson Lake. Spruce Poirit. and Cehlcnnial; 8) W/R varied between
the different alteratioln zones; and (3) the 6’.‘0 value of the fluids wa; less than approximatecly
+3, as calculated earlier. ‘

Thé isotopic composition of the intrusive rocks from Anderson Lake. however, do not
indicate interaction with low-'*O fluids during metahorphism. The §'*O values of
‘metamorphosed, amphibolite dikes cross-cutling the ore-body, altered rocks, and the country
Tocks at Anderson Lake range from +5.810 +6.6 (Table 1). These values arc’ﬁ{nilar to lhq;;e ‘

: ofA fresh, igneous rocks of gabbroic composition { +5.510 +6.5, Tayior, 1968). Calculations

'using equation (i) indicate that alteration of the amphibolites during métamo}phism at
Anderson Lake by ﬂuids with §"'O values of +3 or less would result' in the §'*O values of the
amphibolites being much lower'thﬁn '+6. Thus, it appears that .thg isoiopic exchange in the
altered rocks.todk ‘place prior to metamorphisin, dﬁ‘ring or before bre-deposition;

Alteration by ore-depositing, hydrothermal solutions at Anderson’Lake, Spruce Point,

and Centennial isconsidered to have produced the chemical and mineraiogical diff erénccs in tﬁe
altered and country rocks at these debosits (Walf ord "and Franklin, 1982; Chapter IV). Itis
l_ikely. that these fluids were also responsible for the lower §'O values of the altered rocks. In

. hydrothermal sysxemé associated with volcanogenic massive sulf ide deposits, fluid-ro;k

interaction results in variable oxygen-is_otope and chemical compositions of the altered rocks.
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Figure 3. 6'*O - Water-rock ratio (W/R) diagram showing the change in 6O value of a rock
as a function of W/R (atom % oxygen) during equilibrium isotope exchange at constant
. temperature. The solid curves are for §''Oi,r = +8.6.and the dashed curves for §*Oi,r
value of +11 (3A) and +14 (3B). The range of isotopic values of the altered rocks
plotted above correspond to the values at Centennial (3A), Spruce Point (3B), and
Anderson Lake (3C). See text for the procedure of calculation.
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The extent of the compositional change depend§ on the temperature and degree of equilibration .
between the rocks and the fluid (Cathles, 1983). Rocks near the vent of the solutions. in the
"pipe” zone, suffer maximum alteration at the highest temperature. These rocks are
characterized by a significant increase in thei.r magnesium content and development of
abundant chlorite. Outwards from this zone, the degree of alteration decreases gradually
through a zone of less-altered rocks to the country roeks. ~(“:(;nsequemly, rocks in the "pipe” or
chiorite zone show maximum lowering in their §:*O values (Cath)es, 1983; Beaty and Taylor,
1982; Green et al., 1983) because chlorite concentrates '*O relative to most other silicate
minerals and because of & higher lemp’era}ure of alteration near the vents. Thus, the most
altered rocks have:high MgO and low §"*0 values (Franklin et al., 1981; Begt_v and Taylor,
1982; Green et al., 1983).

The chlorite zone rocks from the three deposits in this study all have the lowest §'*O
values compared with rocks from other alteration zones. The §**O values of rocks in
gradational zone and muscovite zones I and Il vary between those of the chlorite zone and the
country rocks. Whole-rock, MgO contents and §'*O values of typical country rocks and altered
rocks from the Anderson Lake and Spruce Point deposits are plotted in Figure 4. The country
rocks have high 'O values with low values for MgO. On the opposite end, the chlorite zone |
rocks have high MgO content and low $"*O values. The chlorite zone and the country rocks
-~ define a linear trend of negative correlation between the.Mg,O und 51*0 values (Fig. 4). This
correlation ;ndicates that the extent of fluid-rock interaction decreased from the inner to mé
. outer areas of the chiprite zone. The muscovite zones 1 and II have loyu values for-both 1o
ﬁnd MgO relativ’e to the country rocks. In the gradational zone,‘the M'gO"yalqps" are slightly
higher and the §'*O values lower than those of the country rocks. Rocks in the gradational
zone and muscovite zones I and'1I from Anderson Lake plot below the linear trend between
country rocks and chlonte zone. Th’s may be due to a change in the composition of ﬂunds or
due to diff erem temperature and water/rock rauo dunng alteration in these zones. |

On the basis of the preceding discussion, @:an be concluded that differences in the -
oxygen 1sotop1c composmons of altered and country rocks at Anderson Lake, Spruce Pomt and

Centenmal were most llkely produced _dunng ore-deposition, pn_or to mela_morphlsm. ThlS
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conclusion is consistent with the proposed origin of differences in the oxygen-isotope
composition of rocks associated with massive sulfide deposits inl o;her areas of varying
metamorphic grade and age. Altered rocks at the unmetamorphosed, Fukazawa, Japan, 'and ‘
Cyprus deposits of Phanerozoic age have $'*O values (+5 to +‘9 and +1.410 +4.1) that are
significantly lower than those of the country rocks ( +1510 + 21 and +810 + 13 Grcen et al.,
1983; Heaton and Sheppard 1976). Similar relationships are seen in massive sulfide deposits in
low-grade metamorphic terranes of Archean age (South Bay and Corbet deposits, Canada;
Urabe et al., 1983) At the Amulet "A" deposit of Archean age subjgcted to medium
lemperalure contact metamorphism. the altered rocks have 6O values of +3.7 to +4.2, lower
than those of the andesitic host rocks ( +5.2 to +6.7; Beaty and Taylor, 1982). The lower

60O values of altered rocks at the above deposns are attributed to isotopic exchange with

~N
hydrothermal, ore-forming fluids. o : AN

In the only detéi]ed. oxygen-isotope study of a massive sulﬁde deposit subjected 1o
medium-grade regional metamorphism, Addy and Ypma (1977) observed a lowering of upto 2
' permill in the §'*O values of wall rocks relative to country rocks at the Ducktown, Tennessee
déppsits. They suggested that the deposit was in part syn-nictamorphic and ascribed the
lowering of isotopic compositions of the wall rocks to equilibration with "O—depl.eted.
ore-forming solutions during metamorphism.(;‘!jowever, petrologic and sulfur ismopip studies
( Nesbitt and Kelly, 1980; Mauger, 1972) do not indicate any massive influx of fluids during
metamorphism and suggest that the ores are pre-metamorphic. More recently, Woodruff et al.
(1984) have suggested that the' oxygen isotopic gradients associated with other ore deposits in

the same geologlcal province as Ducktown have probably survived the medium- to high-grade

. reglonai metamorphxsm in this terrane. -

. Effects of Metamorphism }

. The effects ‘o[f"i’ﬁ%;amorphis‘trx on the oxygen-isotope compositions of rocks depend on
‘.the nature of ﬁ’uid-rock ipteracfion. As has been discussed abo\\f"e'. the rocks of this study did
not équilibratg with a pervasive, exteméuy dcriQed fluid ,duﬁng metamorphism. Thus'the

isotopic e?cchinge during metamofphism was attained by 'interaction with local "poté fluids.

s



Under such conditions, the fluid-rock interaction can be déscribed by a model of Raleigh
distillation with chemical reaction between minerals (Rumble, 1982). In this model, the effects
of metamorphism on the oxygen-isotope systematics are two fold. First, recrystallization
homogenizes the isotopic compositions on a grain to grain scale. Second, the pre-metamorphic _

6'*O value of the whole-rock changes as a result of devolatilization.

Isotopic Homogenization during Metamorphism

The oxygen isotopic coxﬁpositions of rocks at Lhe_ Anderson Lake, Spruce Point, and
Centenntal deposi[é all have been homogenized at least on a granular scale, as indicated by
generally similar I"raclionalion“bct;vecn co-existing mineral pairs an:a decrease in quartz -
muscovite or quartz - chlorite fractionation with increasing melémorphic grade (Tables 1, 2,
and 3). Variations in the 'O values of minerals f roin rocks only a few meters apz{rl in the
same alteration zone or from different alteration zoneslsuggcs,l that isotopic horx}ogenizalion
beyond a granuiar scale “;as not extensive.

Isotogic fractionation between co-existing, metamorphic minerals ‘loéether with
calibrated mineral-water fractionation curves can be used 1o calculate metamorphic
temperatures. Oxygen-fsotope, fractionation curves for muscovite-water and biotite-water have
been déte;‘mined by O'Neil and Ta;'lor (1969) and Bertenrath and Friedrichsen (1975). The

. chlon'lgo-,w?ter curve has been empin’cally calibrated b’y Wenner gnd Taylo‘r (19~71).
Calibr:'itions for the quartz-watér fractionation have been pr0posed on the basis of theoretical
and emplr,xcal studxes (Botunga and Javoy 1973; Blanner 1975\ and experimental studies
(Claylon et al.¥ 1972 Matsuhlsa etal., 1979). Dependmg upon the- quartz water fractionation
used, calculated Jsotoplc temperatures at Anderson Lake (Tablc 4) vary from 320 °C - 600 °C
. -(quartz-muscovxte), 400 °C - 540 °C (quartz-biotite), and 400 °C - 560 °C (quartz-chlorite)‘. '
Quartz--mu,scovi‘tg f ractionations at Spmcé Point iridicate ter;lperaiures 6f 300°C--500°C. A
single analyzed vp'air,o“f q}xanz-thorite from Centennial iﬁdicates temperatures of apprbximately -
200°C - 300 C. o |
Temperatures obtamed by using empmcal cutves of quartz water oxygen -isotope

f Tactionation are snmllar to the temperature of metamorpmsm at Andcrson Lake and Spruce
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Matsuhisa et al., 1979.
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Table 4. Oxygen-Isotope Temperatures for Anderson Iakc.. Sprucc Point, and Centennial using

empirical and experimental, mineral-water fractiongation curves.

Qtz-Min 1* 2° 3¢ 40 5o
Anderson Lake
Qz-Ms 2.9 _ 2.7 520 - 540 540 — 655 440 - 490 320 - 370 545 — 605
Qz-Bt 6.7 ~ 47 400 - 575 420 — 565 400 — 40 390 — 490
Qz-Ch 69 — 47 380 — 575 430 — 588 330 — S00 340 — 480

Spruce Point

Qz-Ms 34 - 32 470 — 490 485 — 520 380 — 400 . 290 — 320 425 — 525

Centennial
Qz-Ch 76 350 350 290 280 <450

.....................................................................................

* the range of values in this column are the minjmum and maximum values from Tables 1 and

2. 9

t

. - i : )
* temperatures calculated from the data of O'Neil and Taylor (1969 1€ qu?m-watcr data

%1) Bottinga and Javoby , %73; (2) Blattner, 1975; (3) Clayton eqal., l972§‘and 4)

Y. .

- estimated Lempératufes of mctamqrph_g based’on silicate eﬁbria (Chapter H).

e
gCH
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Point estimated from silicate mineral equilibria (Table 4). However, experimentally determined
quartz -water fractionation curves give much lower temperatures. This discrepency is probably

due 1o errors in the calibration of either the experimental or empirical mineral- water

fraftionation curves and is as yel unresolved.
Another significant factor th/al affects temperature calculations is the chemical
position of minerals (Taylor and Epstein, 1962). The experimental determinations of

oxyger™tsolope, muscovite- and biotite- water fractionations are based on the end-member

compositions of these minerals (muscovite = KAl,Si,0,,(OH),, biotite =
K(Fe Mg),AlSi,0,,(OH),) However, muscovite and biotite from rocks of this study contain
significant substitutions in the octahedral and/or tetrahedral sites. An approximate magnitude
of the effect of these substitutions on the isotopic compositon of a mineral can be estimated
from isotopic fractionations between diopside - jadeite and alEile-anorthite. The isotopic

f raciionau'on between albite and anorthite gives the magnitude of the isotopicc shift due to the
replacement of Siin a tetrahedral site as the effect of Ca-Na substitutions is negligible (Taylorl
and Epstein, 1962). Similarly, the magnitude of the isotopic shift due to the replacement of Al
in a oc[ahedral site is given by the f ractionalidn between diopside and jadeite. Altaite-anorthile
and jadeite-diopside have a permxll fractionation, respectively, of 1.6] and 1.46 a1 550 °C
(Matthews & al., 1983). At 500 °C, the correspondmg fractionations are 1.82 and 1.66 permill.
Thus at 550 °C, -the subsmuuon of Si by Al on one tetrahedral site decreases the 8“0 value of
the mmeral by 1. 61 permﬂl whereas the substitution of Mg/Fe by Al on one octahedral site
increases the "0 value of the mineral by 1 46 permill.

Electron mxcroprobc; analyses of muscovites from Andefson Lake and Sprucé Point

| indicate that 0.2 t0 0.3 of ‘tl;e octahédral . aluminum sites per formula unit have been replaced
by Mg and/or Fe (.Chapter'IV). If the isotopic effects of sdbstituu‘ons in muscovite are similar
10 vthose in the pyroxenes, the 80 value of muscovites in this study cquld be lower by 0.3 to
0.5 permill compared with the value for end-member muscovite at tempefatures of 550 "C to
. 450°C. . B " L
In the case of bxome and chlonte Al subsututes for approximately 0.4 of the

octahedral Mg/l‘-"e site and 0.25 of the tetrahedral Si sne The eff ects of these two subsutuuons

- -
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are opposite to each other. Consequently, the §*O values of hiotites and chlorites anal%\-\
from Anderson Lake could be approximately 0.1 to 0.2 permill lower than those of the'/
end -member angite/phlogopite and Fe/Mg-chlorite.

In order to estimate t}re eITors in temperature calculations due to errors in the
calibration‘ of mineral-water curves and due to compostional effects, quartz -mu/ecoﬂte
fractionations from Anderson Lake and Spruce Point have been plotted in Figure 5. After
corrections for compositional effects as dist:ussed above. quartz-muscovite fractionations from
Anderson Lake indicatte temperatures in excess of 700 "C based on the quartz-water curve of
Blattner (1975) and 575 "C to 600 C based on the curves of Botiinga and Javoy (1973). Quarts
and muscovrte data from Spruce Point indicate temperatures of 575 ‘C 1o 600 °C, usmg
Blattner's (1975) curve and SOO °C to 575 °C. using the curve of Bottmga and Javoy (1973).
Quartz -muscovite curve based on the experlmental_ quartz -water curve of Matsuhisa et al.
(1979) indicates a reversal in the sign of the fra\ctionation between quartz and muscovite above
500 :C. This reversal in the sign of mineral-mineral fractionation is rather unlikely {(Matthews
et al., 1983) and indicates‘_errors in the experimental calibration of qua@at@or

muscovite-water fractionation. The temperatures indicated by the curves of Bottinga and

_Javoy are in excellent agreement with the estimated temperatures of metamorphism at

Anderson Lake ﬁ Spruce Point. However, Matthews et al. (1983) ‘suggest\that the
theoretical basié ueed by Bottinga and .Ja\voy in deriving their equations is not consistent with
experimental data for many mineral-water sysiems. 'fhe above discussion underseores the fact
that the reasons for the discrepency in calculated temperatures using the oxygen 1sotOpe data

may be far from understood (see also Clayton 1981).

Effects of Devolatilization
" The change in §'*'O value of the whole-rock due to devolatilization is a result of the joss
of oxygen—bearing,species to the fluid phase.’ In general, devolatilization &high temperatures

lowers the 6”0 value of a rock as H,0 and CO2 are the major specnes in mcw( metamorphic

fluids. The extent of lowermg of the 6“0 value varies with the atomic proportton of the total

oxygen in the rock that is lost to the fluid. Thus an increase in the proportion of CO, in the
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anure 5. Oxygen isotopic fractionation curves for the quartz (qtz) muscovite (m\;uc) pair
v /% derived by combining the muscovite-water data of O'Neil and Taylor (1969) and the
'« __#7% quarz-water data of Bottinga and Javoy, 1973 (BJ); Blattner, 1975 (Blattner); Clayton et
C\'}'{ al., 1972 (Clayton ¢ al); and Matsuhisa et al., 1979 (Matsuhisa et al). The hatched area,
) show the range of quartz-muscovite fractionaitons at Anderson Lake and Spruce Point,
before and after the corrccudns for compositonal effects. See text for challS of the
: correcnons
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fluid has a greater effect on the §''O value of the rock.

Model calculations of the change in the isotopic composition of a zoisite - calcite -
garnet - quartz rock have been reported by Rumble (1982). Devolatilization in this rock was
modeled-according 1o the reaction:

2 Zoisite + 5 Calcite + 3 Quartz = 3 Grossular + 5 CO, + H,0
in which approximately 20 atomic percent of the total oxygen in the rocﬂ%‘are lost to the fluid.
mainly in CO,. Caiculations show that eden a complete devolatilization according 1o the above
reactions would change the whole-rock, 'O valué by less than two permill. Co_xisequemly,
devolatilization of rocks with little or no carbonaceous_,go'nstituenl would produce ¢ven lower

X
change in the §'*O value. The metamorphic fluid in equilibrium with th

ocks of l’his study
consisted essentially of H,O (Chapter IV). Thus it is likely that the g -metamorphic,
whole-rock 6'*O values of these rocks did not change significantly .
H. Nature of_H.yd-rofhermal Alteration at Anderson Lake, Spruce Point, and Centennial

The isolopic compositions of altered rocks associalé@lm massive sulfide deposils are a
function of the §''O values of lhe rocks before alteration, the §'*O value of the fluids, thé

temperature of alteration, and the water-rock ratios (W/R) duripg alteration. In order to

study the nature of the hydrothermal s‘ysle_m at Anderson Lake, Spruce Point, and Centennial,
the change in’ tgéﬂisotopic composieiOn of 4 rock was calculated as a function of temper%‘
and W/R using the mass-balanee relationship given by equation (1). The initial *O value of
the rotk was assumed to be +8 in the normal range of values for 1gneous rocks of rhyolmc
composmon (Taylor 1968) Calculauons were performed al several temperatures wnh three’
mmal 6"0 values of the fluid, -3, O and +3. These values are wnhm the range of 60 values

for hydrothermal fluids at massxve sulfide deposns and at the present - day hydrothermal

’ systems on the sea floor (Ohmoto et al 1983). Results of these calculations are shown in the
diagrams in Fxgure 6. Also plotted on these diagrams are the range of 6"0 values of the .

altered rocks of this study

.
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- chlorlte zone. : ' , C R

~ Temperature and Isotopic Compoesition of the Fluids

It can be'seen on Figure 6 that in order to produce the observed §"*Q values of the
altered rocks at Anderson Lake,' Spruce Point, and Centennial, the hydrothermal fluids would
have a temperatu{e of between 200 °C and 400 °C with 6'*0O values of approximately -3 to + 3.
These limits on"temperature are conszl)stent with those observed in preseny, -day hydrothermal
systems on the s€a-floor (=300 100 °C) and with the temperatures calculated for hydrothermal
alteratron in the chlorrte zone at other ore deposits (Franklin et. al.,-1981; Green et al., 1983).
A lower temperature lrmrt of 200 °C is also consistent wrth the studies of solubility of Cu and
Zn (Barnes, 1979). "The solubxlrty.'of Cu and Zn decreases sharply at lemperatutes below 200
‘C. Therefore, these metals are 'nnlikely to be transported in sufficient quantities at?owcr

temperatures to f orm an ore deposit.,

6O values of fluids signif’ 1cantly beyond'the range of 01 3 would require very low

«

values of W/R (<1) for alteratron even in the chlome zone (Fig. 6) As mentroned earlier,

the chlonte zone Tepresents the venting area of the hydrothermal ﬂutds%nd rocks ir tlﬂ zone

- ‘. must have interacted wtth large quantities of the fluids, i.e, hrgh W/R. ln addition,

_Mmass- ba.lance on other elements f or example Mg, ‘do not support low values of W/R in the

v

o :
.

i The relattonshrp fér mass-balance on Mg can be formulated as . T

.- W/R = (Mg(f) Mg(x))rock/(Mg(r) Mg(f))water o o ’(2)_

-

where Mg is the Mg content (by wetght) of the rock and water bef ore (1) and af ter (f )

‘ .

reservorr . edmg the hydrothermal system ThlS warer undergoes water rock mteracuon pl‘lOl’

,,,,,

to entermg ventmg area (i. e the chlortte zone) and loses most of 1ts Mg Thus the Mg'(l‘)

vélue of Water m equatmn (2) refers to the Mg content of water at the tlme it entered the

x

ventmg area If we consrder that the hydrothermal flutds mvolved in alteratron and

' ore deposxton at the ore deposxts of this study were srmrlar to the present day s&water S

(Mg 0.13: wt%) the 1the |

&xrmum value for the factor (Mg(r) Mg(f )) water in equatnon

wm{g be.,O 13 tSulxtxtutro’;t g{ thts value)l'or calculanons usmg equauon (2) would only

."" A A N
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givé‘a minimum value for W/R.

Using the MgO content of rocks from Anderson Lake (Fig. 3), equation (2) gives a
minimum W/R of approximately 30 for. the chlorite zone and approxemately 9 for the
gradational zong.

The above calculations indiate high W/R for the altered rocks; it is likely that the 6‘f0
values of the hydrothermai fluids were approximately 0+3. Because of the high W/R a

change in the assumed initial §**O value of the rocks ( +8) would not signif icantl)’*'aff ect the

L calculatcd range of 0% 3 for the §'*O value of the hydrothermal fluids.

. Chlorite Zone and Gradational Zone

‘The chiorite zone rocks have §'*O values of +5.3 at Centennial and + 5.4 to +7.3 at
SpruceiPoim. The gradational zone at Centennial and Spﬂruce Poirit deposits has 6"Cl values of
+9.910 +11.7 apdl +8. 4 to +9 7. respect1ver The chlorrte and gradational zone rocks from
‘Anderson Lake (+3.710 +5 9and +6.6 10 +7 7 respecttvely) have lower values compared
with those of rocks ‘from Spruce Point and Centenmal These diff erences in the §"*O values of
rocks could be produced due 1o variations in temperature and/or the 610 of the fluids
(Ptsutha Arnold and Ohmoto 1983) The effect of valgtlons in W/R would be negligible

3 -

~ because of the high values f or W/R in these zones (see earlrer drscuss:on) X .

~ An msrght into the reasons for lower 6“0 values at Anderson Lake is provrded by the
relattve concentrauons of Cu and Zn at the three deposrts The Anderson Lake deposrt consrts
of 3 4% Cu and 0. l% Zn (Prrce 1978) wrth a Zn/Cu ratro of much less than i. On the other
- hand, the Centenmal (Cu 2 2% Zn =4 1%) and Spruce Pomt (Cu = 2. 7% 4 3%) deposrts
" both have Zn/Cu ratio of, around 2 (Walford and Franklm 1982). o '

The relattve solubrhttes of /Cu and Zn are sigmf 1cantly mfluenced by the temperature of .

,

' the hydrothermar solutlons Cu rs generally more soluble than Zn at hrgher temperatures :

(Bames 1979) 'l‘he Zn/Cu ratro m the ore body also reflects the temperature of the

hydrothermal solutrons Ohmoto etal. (1983) ‘have calculated the relauve concentrattons of .

Cu and Zn in the precrprtate f ront solutlons of cornposrtrons srmrlar to those f rom the Kuroko S

deposrts These calculatrons tn': ' that the Zn/Cu ratro of the precrprtate increases wnh a

" »'.. - Eaee
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decrease in the temperature of the hydrothermal sol.utions at the time of the begining of
precipitation. Thus Yhe higher Zn/Cu ratio in the Centennial and Spruce Point deposits may
reflect a lower temperature of the hydrothermal solutions at these deposits compared with the
temperature of the solutions at the Zn-poor, Anderson Lake deposit. These differences in

temperature may be resnonsible for the generally lower §'*O values of the altered rocks at

. =4

Anderson Lake.

Muscovite Zone-I
At the Anderson Lake and Spruce Point deposit, a thin shel;l of muscovite zone-1

infrequently occurs between the chlorite zone and the gradational Zone. Rocks in t‘he

muscovite zone-1 have' 5"0 values of +7.8 to +8.1 at Spruce Point and +4.7 to +6.4 at
: Anderson Lake. These values are similar 10 or slightly higher than those of the chlorite zone at
these deposits (Spru)ce Porntz + /§.3 1o +7.3; Anderson Lake = +3.7 10 +6.2), despite
signif’ icant mineralogical dif ferencesv in the two zones. TheM‘gO conter}t of:rocks in the
muscovite ione-leare very low (0.5 to 1%, Fig. 3) as opposed to the Mg-rich rocks of the - .
chlorite zone. - . | ‘

5"0 values of the altered rocks are buf fered by those of the ﬂmds at very hngh W/R

* regardless of the chemrcal comp051ton of the alteration product as long as the mmal

-

composmon of the rocks were the same (Fxg 4) As the W/R in the chlonte zone were hkely .
very. hrgh (>30) the similar 6”0 values of rocks in the muscovxte zone l and chlonte zone

"suggest that the temperature and 6“0 val.ues of theﬂunds durmg alterauon m these anes were

L

vrrtually the same - E .
I

The occurrence of muscov:te zone surroundmg the chlonte zone at sevbral other

-

massive sulfide deposrts has been consxdered o be due to hydrogen meta.SOmatxsm of the early -

N

formed chlome or the wall rocks (ane’m and Hodgson 1980 Urabe ) al, 1983) Hydrogen

f’rons requxred for thrs metasomatrsm are. thought 10 be contnbuted by the precnpxtatxon, of -

."“

chlontebyreactronsofthetype i " S S -I. .
’SMg" + AP 4 38i0° + 6H’0 /cnnocmore # 1211' |

L-‘f) s

The hydrogen xons released m such reacuons wrl,l s1gmf 1cantly decrease the. pH of the flunds

. , »-‘.4.! ’ 4"\

N .- . RN g
A . . . a2,
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With a decrease in pH, chlorite becomes unstable and muscovite may be produced by hydrogen
g
metasomatism either of early formed chlorite or of plagioclase in the wall rocks (Bowers et al.,
ﬂ 1984). Thus the temperature and isotopic composition of the fluids in the muscovite zone-]
could nearly be the same as in the chlorite zone. This is consjstent with the isotopic and

- chemical-compositons of the muscovite zone rocks from Anderson Lake and Spruce Point.

Muscovite Zone-II
This zone occurs only at the Anderson Lake deposit where it forms an envelope around -
the ore-body (Figs. 7, 8). It is overlain in the hangingwall by country rocks. In the footwall,
it overlies rocks of the gradational zone. Away from the ore-body the muscovite zone-II
defines the ore- horrzon Walford and Franklin (1982) saggest that rocks in this zone are of
. epiclastic orrgm and have not been altered during ore-deposition. The oxygen isotope '
_ compositions of-rocks, however, do not support a lack of alteration u@rs zone. "
The m'uscovite.zone-Il has a narrow range of $'*O values (+ 7.2-‘ to + 8.3); hoth , |
laterally and vertiéally This is indicated by sam.ples collected from 2650 and 1600 levels in the
+* Anderson Lake mine (Frgs 7 8). These values are hrgher than those of other altered rocks and

b .

%, are lower than,those-of metavolcamc country rocks. The 6"0 values ol" the muscovite zone-II
\ | are also lower than those of clastrc rocks in the area (+11 0.to +13.0). X ‘
"The 6"*O values of clastrc sedrmentary rocks vary between those of the clay mmerals

and the nrecursor rocks Clasttc metasedttnentary rocks analyzed from Archean; greenstone \

| belts have 60 values that are nearly the sime or higher than those of the felsiq metavolcanrc. .
rocks (Longstaf fe'and Schwarcz 1977; Longstaf f e etal. 1981) Lowest 6“0 values are found e
in rocks whrch consrst mostly of volcanic rock fragments Thus the lower 510 values of the

muscovrte zone- II at Anderson Lake, compar&l with-these of the metavolcamjc rocks mdrcate

LA

%f

‘that they have been hydrothermally altered. Whether they were of clastxc sedrmentary or.

.volcamc ongrn can: not be determmed from the oxygen 1sotoprc composmons alone B §

~

‘I‘he mmeralogrcal and chemrcal composmons ol' rocks in the muscovrte zone II are _‘ :

‘ . 'srmtlar to those of muscovrte zone -1 rocks Thus. the muscovrte zone-1I may also have

i

g 3 LRI

.v...__

§ g ongtnated at least in part by hydrogen metasomausm ngher 15"0 values of muscovrte



zone-]I rocks may be due 1o lower lemperatures of alteration in this zone compazed with the
muscovite zone-1. The extensive development of this zone requires a labrge source of hydrogen
ions late in the history of ore-deposition‘. One such source is the ore-body itself . Sulfide and
silicate minerals in the ore-zone are deposited due to cooling of the ore-bearing solulions.arrd
mixing with fresh, cooler fluids (Ohmoto et al., 1983; Aggarwal and Nesbitt, 1984). The
deposition of pyrite and chalcopyrite can be represented by the I ollowlng reactions: .
' Fe* +0.50; +'H,$ = FeS, + 2H + H,0 ,
Ci + Fe + IH,S = CuFeS, + 3H ~ ¥
\
For every moie ol pyTite or 'ehalcopyrite deposited, 2 or.3 moles of hydrogen fon,s wil.l be * o
released The sharp decrease in pH brought about by the deposmon of the ore- body would
shrf 1 the solution composition in the muscovite f reld as discussed earligr, However if the
temperature of the ore-bearing solutions is not sufficiently high, the' decrease in temper;rlure
due to mixing wl}h cooler fluids may pre\"em the shif“r‘.of the ':solution;composilion to the
rrru‘scovite field as the stability of rndecovile dgereases with a decrease in lemperature (Bowers
‘etal., 1984). This may inhibit the development of the muscovite zone-1I.
Rocks in the muscovite zone- lI at Anderson Lake commonly conLam pyrne and
chalcopyrite and mdlcate significant grades. of ore (Walford and Franklin, 1982) Thrs suggests
J thal the ore-f ormmg sotutions had not been cooled below approxrmately 200°C durmg the ' »
f ormatror\ of thrs zone, {see the earlier drscusSnon on temperatares of the ore-f lnid§). The’ s
. -absencc of the muscovne zone-Il at’ Spruce Point and Center_rmal deposus may mdrcate a lower /‘
témperature of the hydrothermal solutrons &t these deposus consrstent Wwith the generally : Ce

E hrgher 10 values of rocks f rom these deposus

o

- The metasomanc ongm of the muscovrte zone Il proposed abovc can only be apphcable

,to the. developmem of thrs zone m the f oorwall close to the ore body “The. oecurrence. of the _
£ 1(- 7

; muscovrte zone- II ad]acent to and m tli‘e hangmgwall of the ore body may be due to a

contmuatxon of the hydrothermal actrvxty after ore depo,smon. A srmrlar orrgm lxas been a : St

) 5 : . T
proposed for the exlstence of the muscovrte zone overlymg the Phkazawa deposrhn Japan o
1_:,(Green et aI., 1983) S PEEEIS LR

o S el



I. Appllcations to Exploration for Cu-Zn-Fe Massive sulfide deposits f’]

A major effort in exploration for volcanogenic, Cu-Zn-Fe massive sulfide deposits is
coficentrated in locating the "pipe” alteration characterized by Mg-rich, chlorite zone. The
potential of using the isotopic compositions in locating such alteration zones, indicated by the
low §'*O values of altered rocks, has been emphasized by many workers (Bealy and Taylor,
1982; Green et al., 1983; Urabe et al., 1983). The presence of these compositional arrd isotopic
éradients after low-l to medium-grade, regional metamorphism, as exemplified by this study, is”
significant l"or exn]orau'on for massive sulf ide deposits in metamorphosed terranes. However, a
good correlation between mineralogical and isotopic signatures of ore-telated alteration makes
the expensive, oxygen-isotope technique rather unatiractive for regional-exploration. But for
v'e)'tploratj,o_n in an existing mineralized district, the oxygen-isotope ana'lyses may prove to be v'ery .

effective in identifying weakly altered rocks f rom unaltered rocks lsotoptc relatlonslnps at

Anderson Lake can be used to lllustrate this pomt
| Figures 7 and 8 are horizontal sectrons of the Anderson Lake mine at, respectrvely 1600

and 2650 levels. At the 2650 level the lower end of the chlorrte zone is intersected whreh

appears in part as a "semi-conf ormable zone. The ore-body pmches out‘to the east and west

) where the ore-horizon i is represented by the muscovite zone- II P

-

"l/he gradatronal zone rocks immediately below the ore body on 1600 level show

2

| srgmf 1cant mmeralogxcal dif ferences compared with the country rocks. These 10CkS have 610

7N

) values of +6. 6to + 7.0, characterxstrc of gradattonal zone rocks elsewhere in the deposrt On;
: ,rhe 2650 Level, the rocks between the muscovrte zone -1 and chlonte zone have farrly uniform - - -
] - g s

'i't-lmmeralogrcal composmon The MgQ contents of thesg rocks also do not show 2 dlstmct 'trend o

L ol" vanatroxw Thus the mmeralogrcal and chemrcal Criteria cannot be used to classrl' y these rocks
as altered and country rocks I-lowever the rsotopxc composmons can be used to easﬁy xdentrf y

;the altered rocks. Samples 26- 06 78-30, and 78- 68 collected £rom below the ore body, have .

L

5"0 values rangmg f rom +7 2 10 +7 S “These values are towards the upper end of the range

ar

i
s for values in the graaatronal zone ( +6 6 o'+ 1. 7) Thrs mdmtes only mmor hydrothermal
alterauon of these roclcs consrstent wrth the absence of srgmf 1cant mineralogrcal charactenstrcs
<A -~
ol‘ alteratron In contrast sampleé collectee only 30 to 40 meters above the muscovrte zone I m '
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drill-hole 182 (samples 182-425 and - 520) have much higher §'*O values { + 10.9‘100«L 11.0)
that are similar to those of country rocks: It is interesting to note that hole 182, or holes drilled
further east of it, did not intersect the ore-zone that had pinched out further west. Thus the

o)tygerr isotopic analyses can be very effective in delineating the extent of the hydrothermal
\ ) ‘

system in a mineTalized area. -

J. Conclusions ' ’ >
Altered rocks assoc{ated wjlh metamorphosed ma§sive sulfide deposits of the i-‘lin Flon
- Snow lgfe belt, Manitoba have significantly lower §'*O valuc,g compared wilﬁ the country
rocks. 'Ifhcse‘ low values were produced by isotopic exchange with lo‘v.v_- *0Q. hydrothermal
solutions during _ox‘e-f. ormation, prior to metamorphisml.; The hydrothermal solutions had a
temperature of 200 G 10 400 "C and "0 values of approximately -3 10 +3. Thé solutions at
Andgrson Lake weré ';.)robably hotier‘ than those at Cemennial. a}xd Spruce Point. Dif. ferences in
the isotopic ;ompositions of the altered and country rocks sﬁrvived the low -greenschist 10
amphibolite-facies metamorphism. I?urin“g metamorphism, the isotopic< compositions were
homogenized at leag,mrzf‘éxanular scale and to e; maximum of a scéle of fneters. Whereas th¢
isotopic a‘nalyses are significant iﬁ regional exploration, it is sugges'ted that this l'echniique may
be more effective for C)-(plOIaI'LOH in an existing mineralized terrane. - P

= . N
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IV. Metamorphism of Massive Sulfide Deposits of

the Flin F lon - Snow Lake Belr; Manitoba

‘A. Introduction
"It has long been recognized that the presence of sulfide and oxide minerals has a
_significant impact on the cdmposition of silicate minerals and the fluid phase in metamorphic
rocks (Chjnner, 1960; Thompson, 1972; Hou‘nsidw and Moore, 1?67). However _I an
examinatio'n of such effects around ore deposits has recerved relatively less atiention (Froese,
1969; Bachinski, 1976; Hutcheon, 1979; Nesbitt, 1.982. Pete_rsen, 1984.). Detailed studies of

sulf ide-ortide-silicate equilibria in _su]f ide ore deposits (Nesbitt, 1982; Petersen, 1984) indicate

that ore-host rock interaction during metamorphism results in systemati¢ variations in the
. 2 ’ I

°

mineral assemblages and the compositions of ferro-magnesian silicate minerals. The
mineralogical and mineral-chemical effects of ore-host rock imeraclion are a prod.uct of |
vanauonslm the activities of components prnyp’ally oxygen and sulfur, of the metamorphic
fluid phase These variations ifi the activities of the volatile components are considered 10 be a
result of the mlgrauon of spec1es produced by ‘sulfidation/desuifidation reactions during '
metamorphxsm Thus depending on the buff ering capacity of the rocl:s with respect to the
vol_aule spemes, the effects of ore-host rock interaction may vary from deposrt 10 deposu. In
‘addition, the nature o'f'“fluid-rockf interaction is dependent upon the relationship between the
k Vlithostatic pressure (P total) and fluid pressure (P fluid ) (Br‘uton and Helgeson 1983)
Consequently to develop a generahzed model of the metamorphism of ore deposxts and -
sulfide- bearmg rocks, it is first necessary to understand the dlverse eff ects of metamorph:sm
' 1 on ore’ deposns with varymg conditions of flutd rock mteracnon |
“In this paper, we report the Tesults. of a petrologrcal study of thrce ore- deposnts from N,
- - the Flin Flon Snow Lake belt Mamtoba These deposxts occur in Stmllar host rocks and have
been metamorphosed at low gxeenschtst to low amphtbohte facnes . The objecuve of the papcr .
is to determme the nature of ﬂmd rock mteracnon during metamorphlsm and 1ts ef f ect on the

- mmeralogy and mmeral composxttons of the ore a'nd the host rocks

P
—
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B. Methods , .

Samples for this study were collected in the vicinity of three/ore deposits in the Flin
Flon - Snow Lake belt: Centennial in the west, Spruce Point in the center, and Anderson Lake
in the east (Fig 1). In a.ddition, san*tples were collected from underground exposures and

diamond-drill cores at the three deposits, Some 250 polished thin-sections were studied using

transmitted - and reflected - light microscopes and electron microprobe.

Mineral Analyses

>

)
All mineral analyses were obtained by the energy -dispersive technique using an

ARL-,SEI:AQ electron microprobe. An accelerating voltage of 15.0 Kv’and an aperture current
of 220 tov240 nanp-amperes were used. Countiné times f\ er both the standards and the samples
were 240 seconds at a rate of approxtmately 5000 counts per second Natural silicate standards
were used for all elements and the data were processed by the program EDATA? (Smrth and
Gold, 1979). The statistical error at 99% chnf idence level is 1% of the amount present for

the major elements and may be as high as % 10% for minor eléments.

Thermodynamic Calculations
In all thermodynamrc calculatrons reported in thrs study the standard state for. the sohd .

.phases is defined as the stable f orm of the pure phase at the temperature and pressure of
* "

calculatton For gaseous phases the standard state is a hypothetrcal ideal gas at one bar and

*

. '\temperature of calculation. Calculations involving solrd-solutrons'were corrected for the

activity of end-member phases. Theé activity rno_dels used for t/arious phases are as follows :

. .
> W -
P .
\

garnet: natural gamets contain srgntf icant amounts of Mn and Ca in thetr structure _The sohd
. solution of these cations 1s non- -ideal in Fe-Mg garnets (Ganguly and Kennedy 1974 Ganguly
-'and Saxena 1984) The f ree energy )nteractron parameters, Wij, denved by Ganguly and -
‘ Saxena (1984) are gtven in Table 1.
- biotite: in addition to Fe and 'Mgpn\retamerphiq biotites contain significant amounts of Na, Ti,

~
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Figure_ 1. :chionalgedlogy of the Flin Flon - Snow Lake belt (after Froese and Moore, 1980)

- and the location of the present study areas.
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Table 1. Mixing Data for the Garnet and Muscovite Solid Solutions
{(in cal/mole cation)

.
.Garnets .

W(Fe-Mg) 200 — )
W(Mg-Fe) 2500

W(Ca-Mg) 4050 - 1.5T(K)

W(Mg-Ca) | ' 1000 - 1.5T(K)

W(Ca-Fe) 4 -630 - 1.5T(K)

W(Fe-Ca) 4620 - 1.5T(K)

W(Mg-Ca)-W(Fe-Ca) ' 00

W(Mg-Mn)-W(Fe-Mn).  + 3000

) | e ‘

Mﬁscovite,s / »

W(Par) | 2923.1 + 0.16P(bars) + 0.17T(K)
W(Mus) 4650 - 0.11P(bars) + 0.39T(K)
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and excess Al compared to biotites along the annite - phlogopite join (Holdaway", 1980). The;
solid solutidn of Mg and Fe in biotite has bee’n‘considered 1o be ideal by many.workers_.(Muller.

. 1972; Ganguly and Kenned).{, 1974). Experirnental studies of fluid - ‘mineral exchange
equilibria (Schulien, 1980) also indicate that Fe and Mg mix ideally in biotite along the -annite - e
phlogopite join. However, if a significant amount of Fe* is present, tlit_e'biqtite s'cjlig solution
becomes non-ideal (Beane, 1974; Schulien, 1980). The Fe** content in rnost biotites from
Anderson Lake and Spruce Point fs between 3 to 8 mole% and, theref ore, the sohd soluuon of
Fe and Mg is considered to be ideal. Owing to the lack of any actlvtty composmon data the

mtxm,g of Na, Ti, and Al in the blotnte solid solution is also consxdered to be 1deal whnch resulls
t.e

in: ’ i P

a(ann) = XK (XFe)* (XSi)* “ " (Holdaway, 1980: Ze, 1985).
" Xi. the mole fraction of the ith cation, is defined as: _ -,‘a';:'{“.

a

- Xi ="Ni / ZR where Ni is the number of ith catiohs on a site c()'n_tainin% a total of R catioms. %
Using the above expression for the activity of annite, the mole { raction of annite in biotite is"‘:_ g
given as: Ly

log Xann = log a(ann)/3

. : v/ 4

paragonite: the solid-solution of rhuscovite and para,gbmte is non 1deal (Chatterjee and Froese,
cref

1975; Eugster et al., 972) The activity coefficierit-of paragomte in muscovxte can be

calculated by assuming a bmary solution between muscovnte and paragomte components ora -
quaternary SOll.lthIl thh K celadomte and Na- celadomte as addmonal components Results N
~ based on the wo models however, do not differ sxgmf 1cantly (P:gage and Greenwood 1982)
- For the ease of calculations, T have used the two- parameter margules equauon ol‘ Chatterjee
.and Froese (1975) assummg a bmary soluuon between muscov:te and paragomte Free energy
‘ interaction parameters based on thxs model are gwen in Table 1 B : A /
plagtoclase acuvxty composmon relatlons in the plagloclase soltd solut;on have been N

expenmentally studted at 700 C and 2 kb (Orvxlle 1972) and at 600 800 C at 2kb (Setl and

Blencoe. 1979). Saxena and Rlbbe ( 1972) presented an analytlcal expressnon f or the activity
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coefficient (yan) of anorthrte in plagroclase using a regular soltron rnodel based on Orvtlle s’

( 1972) data. Blencoe et al. (1982) argue that Saxena and Ribbe's (1972) arodel mdrcates a

maximum’in the value of yan at Xan = .3 and that it is inconsistent with the experrrnental

rcsults To avoid this mconsrstency Blencoe et al. (1982) proposed a new expressron for yan

‘ which gwes essenually the same results as that of Saxena and Rabbe (1972) for plagioclase

composmons of Xan > 0.3. In the present calculations, the actrvrty of anorthite in the

plagioclase solid-solution was calculated using the model proposed by Blencoe et,al. (1982).

J
3 . !
vy o

zorsite' an ideal ionic soluu’ou model was used assuming trre mixing only of Fc and Al in the
octahedral site (Blrd and Helgeson, 1981). This results in the following expression for the ' |
acuvuy~ of zoxsrte ‘
a(zoisite) = (XAl)®

\
' staurolite: there has been considerable controversy regarding the cherhical formula of staurolrte
(RxchardSon 1968 Ganguly, 1972; Griffen and Ribbe #1973; Ribbe, 1982). Most workers now
favor a chemrcal formula contarmng two hydroxyl ions (Ribbe,-1982). Usmg this f ormula the
,acuvny of Fe end member staurolite (St) has been modeled as an ideal xomc soluuon with
mn}mg only on the Fe srte resulting in:. v ’ > N .
’a(St).- (XFe)? m staurohte of the composito Fe,Al,Si; 750;’;(OH),

C. Regronal Geologrcal Setnng .‘ T . L "‘ ‘
sThe Flm Flon - Snow Lake greenstone belt is approxlmately 250 krlometers long and

has an exposed width of nearly 40 krlometers Iti is bounded% the north by the Krsscynew /’

gnerss complex and is overlam to the south by Paleo;oxc hmesrones (Flg 1) “The Flin Flon -
LAy
Snow Lake bclt and the Krsseynew gnexsses together are part of the Churchrll structural

provrgrce of the Canadian Shield { Stockwell 1964) ’
\ The greenstone belt consrsts of two ma jor groups of rocks of Aphebxan age and a’
number qf mtruszve gramte bodxes (Pnce 1978) The older, Amxsk Group rocks are the

dommant hthologx and consist mamly of volcamc rocks wnth mmor metasedrmentry members~ ’
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The volcanic rocks are of tholeiitic and calc-'alkalic affinity and fange in composition from
basalt to dacite-rhyolite (Stauffer et ;-n 1975) Metasedrmentary rocks of the Amrsk Group

are principally of grey wacke composruon (Froese and Moore, 1980). The younger, Missi

(Group consists largely of rnetasandstones and metagreywackes. '

Structure and Metamorphism
Rpcks in the Flin Flon - Snpow Lake belt were structurally deformed and

- .metamorphosed during the Hudsonian Orogeny. The degree of ‘ deformation and

metamorphrsm vanes throughout the belt. In general three phases-of def ormation have been -

rdentrf ied (Stauffer and- Mukherjee 1971 Froese and Moore, 1980)

‘Lj " The earliest deformatron Pl resulted in east west trcndlng tight folds. The second. P’
levent produced the dommant northeasterly trend in the area. Tlre P2 f olds are generally open
and have steep axigl foliation and Irneatron The third, P3 event was relatively minor and
generally tefolded the P2 folds along a norrherly axis. , ‘

Metamorphrsm was generall) corncrdental withr the P2 event when the peak of

‘ metamorphrsm was reached (Froe3e and Moore 1980) ‘The metamorphrc event was largely
over in the wamng stages of the P2 event. The P3 event was characterrzed by minor,
retrogressrve metamorphtsm Metamorphrc grades of . low- greenschrst facres were reached in.

1'\re Fltn Flon area At Spmce Point, the metamorphrsm was of the upper greenschrst f acies.
.The temperature of metamorphrsm was 475£50.:C at 2 6i1 .2kb pressure (Chapter Il) The
Anderson Lakc area shows a: commeetrum of metamonphrc condmons f rom low : o B
greenschrst f aeres in the south to mrddle amphrbohte facres in the north and northeast ( Froese
and Moore 1980) Based on mrneral assemblages Froese and Gasparrrm (1975) have divided ’v _
the Anderson Lake area mto f our metamorphrc zones From south o north these zones are:
(r) chlorite - brotrte zone (u) brotrte staurolrte zone (!ll) staurohte srllrmamte zoﬂe and

< 0

(rv garnet - srlhmanrte brotrte zone o L -' o

-

’l‘he temperature and pressure condrtrons in the staurolrte srlhmamte Zone and garnet -

s:llrmamte zone have been determmed f rom the follo\vrng equrlrbrra

' garnet - btotrte kyamte srllrmamte anorthrte garnet - srllrmamte quartz and garnet

>
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rutile - i

ilmenite - sillimanite - quartz

Using the experimental calibrations of the abov&equrlrbrxa and compositions of mmerals from
Snow Lake, temperatures of 575150 °C at 5. 2510 5 kilobar pressure are estimated for ehe

staurolrte sillimanite zone (Chapter I1). In the garnet - srllrmamte zone, the temperature and

pressure condmons were shghtly higher (6201+40°C at 5. 8:tO S kb. ) -

v
D. Geology of -the Ore Deposits

- The massive sulfide deposits of the Flin Flon - Snow Lake belt all are similar to typical

yq’lcanoéenic massive sulfide deposits of the Canadian Shield (Franklin et al., 1981). The most
.common features of t.hese deposits are: e T | \ | _

1. The massive sulfide bodles occur at or near the top of f elsic rocks i in a volcamc prle of

o
maf ic angd felsic rocks.

The { ootwall rocks contain a pipe” shaped zone of alteration produced durmg mteractron

with the ore-f ormmg solutions. The 5ore of thrs alteration zone is characterrzed by mtense
‘Mg- ennchmem and is represenk{by a chlor’ te -rich’ rock. -

The geology and mineralogical composmon .of the host and altered rocks assocxated with the
deposits selected for this study are ‘present:ed in this seétron

=
. . s
&

r. ' - -, X
Anderson Lake deposit : o ) - '

»
)

The geology of the Anderson Lake deposrt has been descnbed by Prlce (1978) and

‘Walf ord and Frankhn (1982) The deposrt consists of an elongated lens whrch strikes 245", dips
‘ 60 1o north and plunges 55 north Tt has a strrke length of 90 meters wrth an average width of

IirVe meters and a length of 800 meters elong the plunge The sulf 1de lens is composed prrmanly

of pyrrte chalcopyrite, and pyrrhome with mmor sphaleme quartz staurolrte tourmalme
apante and magneute ilmenite, and rutile.

4

The Anderson Lake deposrt is contamed in the f elsrc metavolcamc rocks of the Amrsk
Group These rOcks are of rhyolmc composmon and are composed of quartz plagroclase and

broute wrth minor amounts of homblende muscovrte and almandme In roclrs where

muscovrte occurs rn srgmf icant pmportrons horpblende is absent In one rock, staurolrte is .
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present in trace amounts. However, garnet and staurolite do not occur in contact with each

other indicating that the two phases may not be in equilibrium.
The metasedimentary rocks of the Amisk Group consist of quartz, muscovite, biotite,
. staurolite, garnet, and plagiocla'se. ‘Staurolite and garnet in these rocks are in apparent textural
' equilibrium and staurolite occurs as porphyroblasts upto five centimeters long. '
The metavol,éarric and metasedi‘meptary rocks at Anderson Lake conrarr)mr.
quantities of opaque minerals ( less than 1%). Traces of pyrite and, rarely, chalcopyrite are

o

the common sulfide minerals. llmenite is the most abundant opaqueb mineral and is present in
nearly all rocks. ’
In rhe vicinity of the Anderson Lake deposit, the footwall rocks were hydrothermally
- ‘

altered during ore-_deposition‘ Based on their mineral assemblages, the altered rocks can be

-

classified imo-f our zorrgs: (a) chlorite zone, (b) muscovite zone-1, (c) gradalionalﬂzone,.and‘ .
(d) muscovite zone-1l.
The chiorite zone forms the core of the alteration and is similar to the "pipe” alteratron
,of Archean ‘massive sulfide deposits (Franklm et al., 1981) It consists dominantly of chlome
,,wrth lesser amounls of brome kyanite, quartz, plagioclase, and rutile. At its lower cnd the
'chrorrte zone also occurs as a small, "semi-conformable” zone (Walford and Franklin, 1982).

Here, the chiorite zone consists of chlorite, biotifte, quartz, plagioclase, staurolite, garnet, and

34 S

minor amounts of ilmenite.. .
| Peripheral to the chlorire zone is a thin shell of muscovite zone-1. Rocks invthis zone
'consist mainly of quartz muscovite ; silimanite plagioclase ‘and biotite. Outwards‘ frorrr 'the
1 muscovrte zone-l, the f[ ootwall rocks are pervasrvely altered in the gradauonal zone.
' 'Mmeralogrcally rocks in the gradatronal zone consist of quartz plagroclase -and brome with
_ varymg amounts of staurohte -muscovrte and srlhmamte Garnel occurs in soxﬂe gradanonal
.zone rocks near the contact wrth rhe country rocks. In these rocks, snllrmamte i$ absem except
in one sample where thin needles of f rbrolrte are associated wrth garnet and staurolne
In ,addmon 1o the alteratron zones descnbed above an envelope of muscor)rte schrsl
surrounds the ore- body, both in the hangmgwall and the f ootwall Thrs halo of muscovne

schrst called here the muscovite zone- -11, underlies: the ore; body for the most part except where

ek

-
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the chlorite zone occurs in the footwall. Rocks in this zone are ¢omposed of quartz and

muscovi}c with minor contents of biotite, plagioclase, staurolite, and sillimanite with or Wwithout

almandine. -

Altered rocks from all the zones described above contain minor amounts of ilmenite,

rutile, Pyrite,.and pyrrhotite (IRPP). Iimenite-hematite solid solution is also commonl'y
present Rarely magnetite has been observed in some gradanonal zone rocks which do not

contain rutile. Drstnbuuon of sulfide, silicate, arfd oxxde minerals across the ore body in the

v

Anderson Lake mine is shown in Figure 2. /

| 'Sprucc Point deposit
The Spruce Point deposit consists of at least three separate, major lenses ~of massxve

sulfides delineated through diamond drilling. The deposit is still in the developmeht stage and, .

therefore, its geology has not been studied in detdil. The sulfide bodies éonsiSl of pyrite,

chalcopyrite, and sphalerite with minor arsenopyrite, pyrrhotite, magnetite, quartz, chlorite,

A

ilmenite, and rutile. : <

8

The host felsic metavolcanic rocks are composed essentially of quartz, plagioclase, and
muscovite with minor biotite, ilmenite, and pyrite. Footwall rocks at Spruce Point were also

altered during orerdeposition. The alteration "pipe" is broadly similar to that at Anderson
\
Lake. The central, chlorite zone consists of abundant chlorite with varymg proportions of

"

biotite, corundum andalusne and ruule The adjommg, muscovite zone-1 consists of quartz,
muscovne andalusnte and minor plagxoclase biotite with IRPP. Rocks in this zone show =+

variable effects of retrograde metamorphlsm whrch has produced margarite, chlorrtord and
chlorlte pseudomorphs after andalusrte l.. A

P

The gradauonal zone at Spruce Point is more éxtensive thah at Anderson'Lake
' Mmeralogxcally, rocks i in thrs zome contain an increased amount of bnonte contpared with the

,country rocks and consist of quartz, muscovite, bxome plagxoclase and minor ilmenite. The .
gradauonal zone underlles the ore body f or the most part as the muscovne zone-1l is absent at

Spruce Pomt ) - S o S
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the Anderson Lake ore body. -
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Centennial deposit
The geology of the Centennial deposit has been described by Provins (1980). The

" deposit consists of a single, massive sulfide len’s enclosed in the felsic pyroclastic rocks of the

Amisk Group. The sulfide body has a sharp contact with the hangingwall rocks and a relatively

less distinct contact in the footwall. It is compo-sed principally of pyrite, chalcopyrite, and

sphalerite with minor galer}a, magnetile, quattz and calcite. Trace amounts of

~ tetrahedrite- tennantite, arsenopyrite, and cobaltite are also present (Provins, 1980).

~

The host, felsic pyroclastic rocks are composed essentially of quartz and muscovite with

.

lesser amounts of ilmenite, magnetite, and pyrite. In general, rocks in the hangingwall side

contain much less and finer sized fragments than those in the footwall side. Rocks in the

Centennial area are pervasively carbonatized (Provins, 1980). : .
oy .

Hydrothermal alteration related to ore depostion is less extensive at Centennial
compared with the Ander’éoﬁ- Lake and Spruce Point deposits. The chlorite zone, underlying the
ore-body in the northemgart,l consists primarily of chlorite with very miner contents of quartz
and rutile. The gradational zdnge underlies the ore-body in the south and is peripheral to the
chlorite zone. This zone is characterized by shghl Mg and K enrichment and Na and Ca . o

depletion compared to the country gcks. Rocks in the gradational zone at Centennial are

composed of quartz and muscovite with minor chlorite, ilmenite, and pyrite. The muscovite

-
9

zones | and Il.are absent at the Centennial deposit. ; \

~ E. Composition of the Fe-Mg Silicate Minerals o

o

The prese apd composition of ferro- magnesxén sxlx&te mmerals are indicative of the
metamorphlc condit tlons Assemblages and composmons of these minerals associated with
metamorphosed sulfide deposits are found to st;ow systemauc varidtions with distance from ore
and have been- suggested as potential exploration guides ( Nesbltt, 1982; Pcterseq, 1984; Spry,
1984). In ,addi;ion. the composition of the ferromagnesian minerals can be used to estimate the

composition of the metamorphic fluid phase and to examine the fluid-rock interaction during

" metamorphism. . The composition of. Fe-Mg silicate miperals in the country rocks and aiten:d

rocks from the Anderson Lake and Spruce Point deposits have been measuredfand are presented

o

\
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in this gection. Rocks at the Centennial deposit are pervasively carbonatized. This together
with the low grade of metamorphism in the area makes a detailed petrological analysis difficult.
Therefore, the composition of chiorite. present only in the altered rocks at Centennial, was not

measured.

Country Rocks
Biotite and garnet are common Fe-Mg silicate minerals in the metavolcanic and

metasedimentary rocks from Anderson Lake. Staurolite occurs as a major phase in the

-

metasedimentary rocks and is present in trace quantities in samples of metavolcanic rocks.

Another common Fe-Mg silicate mineral in the metavolcanic rocks is hornblende . However, its

] ) :
composition has not been measuredas it-is absent in the altered rocks.

The Xann (see the section on Methods for the calculation of Xann) values of biotites in

.

the eoumrf rocks at Anderson Lake range f r-om 0.36 to 0.51 (Table 2). Biotite occurring with
or without muscovite shows'go systematic var}a{igd) in its Xagm content.

Garneét and staurolite in the country rocks até close to thei; Fe-end member
com'posit!ion. The XFe of ga:imet varies from O.V69 10 0.77. Staufolite has a nearly constant XFe

value of 0.83. The compéitibns of garnet and staurolite do not show a sigaif icant variation

betwepn métavolcanic and metasedimentary rqcks.

In the couhtry ;ocks at Spruce Point, biotite is the only ferro-magnesian silicate mineral
with.a;ir')j(ann value of 0.48 (Table 2). |

%5 - ’

e R
Altered Rocks
Anderson Lake: Biotite, staurolite, and chlorite eccur ub'iquitoﬁsly' in the altered rocks at
Anderson Lake, Garnet oecurs in significant peroilions in the lower chlorite zone and

infrequently, as a minor phase in the gradational zone and muscovite zone II. The

compositions of these minerals are given in Table 3.

Biotite in the altered rocks at Anderson Lake varies in composition from Xann = 0.21

- ’ ’ . . N . . » y - . I3
t0°0.33. It shows a consistent variation in different zones and mineral associations. In the

lower chlorite zone and muscovite zone II, biotite is relatively iron rich, Xann = 0.32-0.33. It

. -
¢ . LT -
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Table 2. Cdmposition of Fe-Mg Silicate Minerals in the Country Rocks from
Anderson Lake. and Spruce Point. Complete analyses are given in Appendix I.

L4
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115-920*
Bt

SL-22
B
I
s ’5.46
CAL 4300
Mg 2.10
Fe 2.6
Ti 0.32
Mn  0.0]
Ca
Zn ‘,
K 180
Na = 0.01 |
XFe  0.50
XAnn 0.4

2.98

" 2.00

0.16

2.10

©0.26

0.49

5.48
3.49
2.14
2.33

0.24
.0.00 -

1.68
0.00

3.78
8.94
0.33

1.57

0.05
0.01

0.02

5.47
3.22
1.45
3.12
0.30
0.09

1.87
0.05

B i LI R i T T N T T T T T U g U g

. % muscovite-bearing " -

.
{
it b

SL-13*
Gt Bt
3.00 545
194 340
034 138
210 329
0.14
0.15  -0.03
0.46
1.94
- i:iﬁob
)
o.g,é_ Q.58
;’\.0.51
.
S
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Table 3. Composition of Fe-Mg Silicate Minerals in the Altered Rocks from
Anderson Lake and Spruce Point. Complete analyses are given in Appendix 1.

Gradational Zone ,

7-25¢
Bt

7-105*

Bt

67-702°

Bt

16-07*
Bt Gt
[ ]
Si 543 2.98

Al 330 1.9
. Mg - 269 0.38
Fe 221 181
T 018

Mn 001  0.58

' Ca 025
Zn
K 1.76
"Na ., 0.09"
| .

XFe 036  0.60

XAnn 0730

5.46

3.27

2.91
1.85
0.17
0.01

1.73

- 0.25

3.92
8.51

065

s
1.51
0.04
0.05

0.01

5.54
3.33

3.20

1.59

0.2

0.00

1.63

0:18

3.77
8.80
0.71
1.35
0.04

0.03

0.07

5.68
3.00
3.38
1.49
0.18
0.00

175

............. B T T T T T U

~ * muscovite-bearing



Table 3. continued
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...........................................................................

Muscovite Zone 1 115 Muscovite Zone

182-270 182-320 1323 72-295 72-380

Bt St Ch Bt St Bt . .Bt\ St Bt~ St Ch
....................................... TR U
S sas 375 522 547 378 536 546 375 543 378
Al 323 874 554 328 .867 345 336 874 337 873
Mg 301 0.64 610 28 072 263 264 059 268 056
Fe 189 149 315 191 157 2.8 211 159 211 1.63
Ti 019 0.04 019 006 017 018 005 016 0.04 .
Mn 000 004 001 000 003 000 000 004 000 005
Zn 1 0.04 0.01 0.02 0.02
K 1712 1.7 182 1.7 1.73
Na 022 0.25 0.14 0.19 .
XFe 033 0.0 026 033  0.69 038 037 ,073 037 074 0.30

" XAnn 0.28 032 033 0.32 |

......................................................................................
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Table 3. continued

Chlorite Zone
182-235 SL-14 24-03 115-1303
Bt St Gt Ch Ch Bt St Ch . Ch Bt
Si 545 374 298 S0l 523 555 447 517 528 5.49
Al 332 873 202 574 568 .329 798 S73 5.6l 3.24

Mg 2.68 0.61 0.49 5.33 6.60 3.40 0.51 5.48 6.48 3.61
Fc. 2.13 1.67 2.27 3.84 2.43 1.37 1.46 3.56 2.58 1.36

"o 0.19 006 015 005 EEERE
" Mn 000 012 .0.03 0.00 002 00l 000 0.0
lCa , 0.19 .
oz 0.02 | . 001 !
K 175 : 163 ¥ | 174

. Na 022 e 0.19 - 0
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shows no variation in the two zones despite different mineral assemblages, garnet - staurolite -
chlorite - ilmenite in the chlorite zone and muscovite - sillimanite - staurolite and IRPP in the

muscovite zone. Biolites in the upper chiorite zone and the muscovite zone-1 have lower iron

‘coments_ Xann = 0.21 and 0.28, respectively. The Xann content of biotite shows theé maximum

variation in the gradational zone. It varies from 0.24, in association with sillimanite/kyénite
and staurolite without muscovite, to 0.30 in muscovite - garnet - staurolite bearing rocks.
With the assemblage muscovite - sillimanite - staurolite and IRPP in lhe gradational zone,
similar to that in the muscovite zones I and 11, the Xann value of biotite is fairly constant at
0.28100.29.

The composition of staurolite varies from XFe = 0.69 t00.76. It is Fe-rich in the

e

lower chlorite zone and muscovite zone -1l (0.74+0.1) and relatively iron-poor in muscovite
zone-1 and gradational zone (0.66 t0 0.71). In addition to Fe and Mg, staurolites,from

Anderson Lake contain minor proportions of Zn, Ti, and Mn, generally less thaa 4.0 wi% ZnO

"+ MnO + TiO,. One sample from the gradational zone contains staurolite with 5.8 wt% ZnO.

The Zn content of staurolite does not show significant variation within a single alteration zone

and with different opaque mineral assemblages.

Chlorite is a common mineral in the muscovite zones I and II, in addition to the chlorite

;ones’. In the gradational zone, chlorite occurs as a minor phase. Chlorite generally occurs in

"apparent textural equilibrium with other mmerals and is consxdered m this study tobea

» prograde metamorphic mmeral In some rocks, chlorite occurs in trace amounts as a distinct

’

alteration producx of other minerals and is regarded as a retrograde miheral " Additional
evndence f or the prograde/retrograde nature of chlorite is provxded by the oxygen isotopic

composmons The oxygen isotopic composmons of chlorite and quartz indicate that only

' chlome separated f rom rocks where it occurs in apparent textural equxhbnum shows isotopic

s

equilibrium at the peak metamorphxc conditions (Chapter I ).
. Quahtauve analys:s of the retrograde chlonte mdlcates that xt is of nearly Fe- end
member composmon. _The _XFe of prograde chlorite varies from 0.24 to 0.29 in the grada;ional' ~

¢
4

zong and muscovite zone-I. In the.uppe'r chiorite zone, chlorite is Fe-poor, XFe = 0;20. Asin

" the case of biqtite» and staurolite, chlorite is slightly Fe-rich in the l’c;ze; chlorite ione and

<
~ .
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. i

muscovite zone-1l (XFe = 0. 30 00.32),

Garnet occurs as a jor phase in the lower end of the ‘chalorue zone and is relatlvcl\
iron-rich (XFe=0.75). The XFe of garnet is significantly lower, XFe= 0.55 16 0. 63, in the
gradauonal zone and muscovite zone-1l. The lower iron comem‘of garnet in these zones is
compensated by an increased Mn content while Mg and C,q.:come‘ms are nearly the 8ame.

. B S : )
8 . “, -

»*

*Spruce Point: At the Spruce Point deposit, biotite and/or chlorite are the only f e[ro-magnesjan
A B . i '

silicate thinerals present in the altered rocks and the ore zone. Biotite-has the lowest Xann

Y

(0.23) in the chlorite zone where it occurs with chlorite, corundum, andalusite, gahnite, pyrite, l

and rutile (Table 3). The Xann of biotite is highest (0.32-0.33) ig the muscovite zone-1.

Coexisting minerals-in this zone include _mu&_covite, andalusite, plagioclase, pyrite, pyrrhotite,

rutile, and ilmenite. In the gradational zone, biotite coexists with muscovite and rutile and has
)

a lower value of Xann (0.24).

Chlorite in the altered rocks at Spruce Point has a natrow range in XFe values~

~

(0.17-0.24). The)lowest values occur in the ore zone. In the chlorite zone and the gradational

zone, the XFe of chlorite rz.mges‘f rom 0.22 10 0.24. Chlorite is absent.in the muscovite zone-]

at Spruce Point.

To summarize, the Terroragnesian silicate minerals at Anderson Lake and Spruce Point

show differences in their compogitions in the country rocks and 'altered Tocks. In the altered
rocks, variations in the composition of these minerals do not have any apparem relationship

with the opaque rmneral assem lages or wnh distance from the ore. However, the

compositions of al-miintrals show systematic variations in diff é%altemlion zones. These

relationships afe contrary, to those observed at other metamorphosed deposits where the—

»

compositions ofwagn sian mmerals show a decreasc in thelr iron comem with decreasmg

distance from the ore (Negbitt, 1982; Petersen, 1984) .



F. Composition of the Metamorphic Fluid Phase

The composition of the metamorp__hic fluid phase can be determined by considering
mineral equilibria involving one or more fluid species that are divariant in the P-T-X space (see
I-crry and Burt, 1982 for a detailed discussion of the thermodynamic basis of calculauons)
The presence of hydrous and sulfide minerals at Anderson Lake and Spruce Point mdlcates that
the metamorphic fluid contained species of h drogen, oxygen, and sulfur. In addmon to these
species, minor contents of species of carbon 3@ generally present in the metamorphic fluid,
even in the absence of carbon-bearing phases.. However, the concentration of the species of
carbon in the metamorphic fluid at Anderson Lake and Spruce Point can not be calculated
because of the lack df mineral assemblages that wou?d describe an equilibrium involving these
lspecies. Thus the following calculations of the composition of the fluid phase are restricted to
spécies in the system H-O-S. It will be shown later in this section that the species of carbon
constituted an insignif icant proportion of the fluid phase at Anderson Lake and Sf)ruce Point.

Siliéate mineral equilibria which can be used to estimate the composition of the fluid
phase at Anderson Lake and Spruce Point are given by the follow'ing reactions:
1. Paragonite + Quartz = Albite + Andalusite/Sillimanite + H,0(gas) .
2. 4Z’oisite + Quartz =.Grossul¢:1r +5 f{northite + 2 H,0O(gas)
3. 3Pyrite + 2 O.(gas) = Magnetite + 3 S,(gas)
4. Magnetite + 3 Rutile = 3 Ilmemte + 050 (gas)
5. Pyme = Pyrrhome + 0.5 S,(gas) ¢

Thermod \é;mc data for reactions (1) to (4) are given in Table 4. The ethbnum
condmons for reaction (1) w:th andalusue have been obtained by Chatter)ee (1972) Results
of these experiments were combined wnh those of Holdaway (1971) to obtain the log K f or
‘rea‘cuon (1) ‘with sillimanite. Reacuon (2) has been expenmenltally studied by Boettcher
(1970) and by Chatterjee et al. (1984). Results of Chatterjee’et al.' (1984) were used in the |
prcsém study. The eq_uilibriﬁr‘n constants for reaétions_ ( 3) and (4) were calculated from™
fhermodynamic dau_i tabulated in Roﬁie et al. (1979) and those for reaction (5) were taken:

from Toulmin and Barton (1964)..



9 Alm - St = 0.6

P i - , 101

Table 4. Thermodvyna‘mic data used’ in calculation$ of volatile and solid phase
equilibria ’

80K 850K 750K
Redctjon 525Kb 45Kb 2.5Kb - Ref

1A: Par + Qz = Ab + And + Water 331 330 259 1.e

1B: And = Sil’ 004 -005 a

2:4Zo + Q = Gr + SAn + 2Water » 5,.51' 3

3. 3Py + 20, = Mt + 35, - L o®mn 2799 23 7,

4: Mt + 3Ru = 30im + 0.50, 550 853 1052 7

5: Alm = 3FeO + 2Sil + Q 311 59

6: 6St + 3.75Qz = 4Alm + 23Sill + 6Water 20:34 2029 ° 9

7: Mt = 3FeO + 0.50, 1210 1203 132

8: Ann + Sill = Ms+Q.+ 3FeO ' 2206 -2.04 2,7.8
. 91 Ms = 0:5K,0 + LSSill + 1.5Q7 + Water 2314 -23.24 6.7

| Kd values: | s
Alm - Bt = 0.19 ' - , .

A I LT T T T T I T T S r Gy,

Par=paragonite; Qz= Quarté: Ab=albit¢ And=andalusite Sil= sill‘imanitc_ Zo=zo0isitc
Gr=grossular An=anorthite Py=pyrite Mt=magnetite Ru=rutile Ilm=ilmenite
Alm=almandine St=staurolite Ann=annite Ms=muscovite Bt=Dbiotite

References: (1)Chatterjee (1972) (2)Chatterjee and Johannes (1974) (3)Chmerjec et

al. (1984) (4) Holdaway (1971) (5) Bohlen et al. (1983) (6)Helgeson et al. (1978)
(7) Robie et al. (1979) (8) Hewitt and Wones (1981) (9) Chapter II

-

>\
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To calculal;: the composition of ‘lhé ﬁuid phase, the above equilibria must be corrected
for the effects of solid solution in muscovite; plagioclase, staurolite, garnet, and biotite. The
activities of endm®mbers in these solid solutions can be calculated usmg activity models
discussed in an earher section. The composition of the fluld phase thus calculated is given in

Table (5) and is discussed below.

Country Rocks ..

The country rocks at Anderspn Lake and Spruce Point gex'lerally do not ;omain
assemblages which allow the estimation of the composition of the flugd phase. In one sample
of the country rocks from Anderson Lake (SL 26), the asscmblage' zoisite - garﬁet - plagioclase
- quartz has been observed. The fugacity of H,0 in equilibrium with this as:s’errrnblage has been
calculated using dafa for reaéu'on (2) and the compositions of garnet, zoisite, and plagfoclase
(Table 5) with lhé approp\riale activity models. Calculated value of fH,O (Table 5) has been
converted to PH,0 and XH,0 using the Lewis and Randall rule (Denbigh, 1981):
fi = fi* x Xi® where {i* = P x yi®, assuming that Pfluid = Ptotal.

- In the above equation, fi and Xi are the fugacity and mole fraction of the ith species in an ideal
mixture .of _gaSgous species. fi® and yi* are the f ugacﬁy and fugacity coeff’ i'ciem%of pure i at aA
total pressure P. Values of PH,0 and XH,0 for sample SL 26 are, respectiv'él}, 5020 bars and

. 0.96 (Table 5). |

In addmon 10 H,O an H-O-S fluid phase at the pressure and temperature conditions < __

of metamorphism at Anderson Lake would contain minor quamilies of O;; S,;. H,S, H,, and
SO, (Rice and Ferry 1982) The concentrations of these specxes also are difficult to esumate
because of a lack of any assemblage whnch would descnbe an ethbrxam involving these

o
v

species.

1

-

Altéred Rocks
'Ande%an Lake' the alteicd rocks at Anderson Lake commonly contain assemblages which aliow.
! estimation of the composxuon of the fluid phase. - Assemblages correspondmg to the

- paragonite-albite ethbnum (reacuon 1) are present in altered rocks from the gradational
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Table 5. Calculated Composition of the Metamorphic Fluid Phase at Anderson Lake
and Spruce Point Using Silicate Equilibria

.

. Y
Country Rocks, Anderson Lake . . B
G

Zo - Plag - Gr Equilibrium (850 K, 5.25 kb)
X(Zo) 0.81 a(Zo) 0.53
X(Gr)  0.33 a(Gr) 0.05
X(An) 040  a(An) 0.54
log K *  -1.41

fH,O 2866 bars & * i

PH,0O 5020 bars -

XH.O0 - 0.96

Anderson Lake ‘ . Spruce Point

(850K, 5.25 Kb)s ' o (750K, 2.0 Kb)

7-25 7-140 182-320  24-10 72-295  115-1307  115-1323
XPar 020 016 - 02 014 . 015 01l 0.13
“XAb 0.70 ,0.63‘ 0.65 0.39 046 045 0.54
logks - 0.10 011 02 020 - 018 013, . 0.14
JH,0 2344 2399 2455 2951 2818 501 512
PH,O 405 401 4299 5168 4836 1616- 1654

XH,0 0.7 0.80 0.82 0.98 Q94 0.81 . 083

.....................................................................................
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zone, muscovite zone-1, and muscovite zone-1I. Using the compositions of muscovite and
plagioclase and data for reaction (l) (Table 4), fH,0 in equilibrium with these as;er?blages has -
been calculated and is given in Table (5). Calculated values of PH,0 and XH,0 are,
respectively, 5000 £ 60 bars and 0.94+0.02 in the muscovite zone-II. In the gradational zone
and muscovite zorle-l_ PH,0 and XH,0 (4200% 100 bars and 0.78 i0.0J are similar but are
: lowerjthan those in the muscovite zone-11. ‘
Fugacities of oxygen and sulfur also are easily constrained in the altered rocks, :l'he
assemblage pyrite-pyrrhotite-ilmenite-rutile (IRPP) is present in the gradational zone and the
muscovite zones [ ;hd II. Using data for reactions (3) to (5), the fugacil;' of O, aud S, in
thése rocks are: log fO, = -17.0, log jS,‘ = -2.0. These values are néarly constant in all rocks
as ilmenite, the only mineral in the above assemblage which shows solid solution, is genérally
close to its endmember composition (Xilm = 0.97 to 0.98). Some sampies f rom the
gradational zone contain the assemblage pynte pyrrhome magnetite (PPM) Fugacities of
oxygen and sulfur in equilibrium with this assemblage are: log f0, = ,l7..l, log /5, = -2.0
(reactions (3) and ( 5)’). These values are vir.tuall'y the same as those calculated from t]he
assemblage{IRPP. This is consistent with the occasional presence‘ of magnetite in rocks f rom'
the muscovite zone-1I and ore zone containing IRPP. The cal,culated value of SO, in the ultered
* rocks is also consistent with the frequent presence of the ilmenite(-hegnati’te solid sulution. ‘
According to the data of Spéncer and Lindslay (1981), lhe value of log jO, in equilibrium with
ilmenite-hematite solid solution is approximately -17.0 at 575 °C, the temperature of
, metavmorphism at Anderson Lake.
Using the values of 0, and f5,in equlllbrlum with IRPP, the dlsmbuuon of H,S, SO,,
" and H, in the fluid phase has been calculated by a simultaneous solution of the followmg

equations (French 1966) ‘
Pﬂutd Ptotal zp.—zn/m (1_ H.0.0,,8,, H.S, so,.H) ' o (6)

K (H,0) = 0.50, * fH, / fH,0 - M-
K (H:8) = 0.5 /5, * fH, / fH,S I " o | “ (8)
K (S0,) = 0.5 /5, * p, /S0, , - ©)

Thermodynamxc daLa used in the above calculations were taken from.Robie et al. (1979).
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Fugacity coefficients of H,0 were taken from Burmham et al. (1969) and that for all other '
species were calculated using the program SUPCRT (Helgeson et al., 1978). Results of these
calculations are given in Table (é). )

(s
Spruce Point and Centennial: At Spruce Pdint, rocks from the muscovite zone-1 contain the
asseml;lage muscovite - andalusite - plagioclase and IRPP. In these rocks, fH.O has been
calculated u§ing the compositions of muscovite and plagioclas% and reaction (1) (Table 5). The
fugacities of O, and S, have beeyn calculated using equations (3) to (5). Distribution of minor
gas species (Table 6) has been calculated using equations (6) to (9) as described earlier. Values
of PH,0 calculated from reaction (1) (1710120 bars) are less than those calculated from- the
gas equation (2497 bars). These differences are due to the large uncertainity in the estimation
of pressure ( £ 1.2 kb) at Spruce Point.

Altered rocks from the chlorite zone and gradational zone generally cor;lain rutile and
pyrite without ilmenite, pyrrhotite, or mﬁgnetile. The fugacities of O, and S, in‘ ihesc rocks
would be -higher than those in the muscovite zone-1.

Altered rocks from the Centennial deposili do not contain assemblages which‘aliow

estimation of the composition of the fluid phase.

Relationship between PH,0, Pfluid. and Ptotal ’
Caluculatiorxs for the composition of the"metamorphic f lﬁid based on mineral équilibﬁa
presented above were performed with the assumption thén Pfluid = Protal. Valués of )’tagal at
Spruce Point were calculated with ari additionai assumption that PfluidsPH,0. However,
Ptotal at Anderson Lake was calculated from solid-éolid equili’l‘)ri‘a and no assumptions with:
respect to the value of PH,0 were made. Thps the va]ués of PH,0 caiculated above cean' be

used to evaluate the relationship between PH,0, Pfluid, andaPtotaI and the validity of the

assumption Pﬂuid = Piotal. ,/ - 4

" Calculated values of PH,0 using silicate equili'bria in the country rocks and the -
muscovite zone-II,at Anderson Lake (assuming P fluidsPtotal) are, rcspcctively;.SOZO bars and

5000160 bars. The value of fH,0 in the muscovite zoni:-ll calculate%using the gas equatiof
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Table 6. Caiculated Distribution of Species in the H-O-S Gas Phase for the
Temperature and Pressure Conditions at Anderson Lake and Spruce Point

.................................... b i ila-.

Anderson La-k?
850K

5.25 kb

-17.0

-2.03

2977

2.46

39.91

850 K
4.5 kb
-17.03
-2.05

2365

2.24
32.07
35.96
4469
0.993
0.0002
0.006

Spruce Point
750 K
2.0kb
21.53
-5.0
600
0.004
.0.28
0.08
1998
0.999

R el T T T

** less than 0.0001
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{assuming Plo{alr Pfluid=PH,0) is5213 bars, similar to Yhat calculated from silicate
equilibria. This indicates that in these rocks Ptotal, Pﬂu}d_ \nd PH,0 were approximately
'equ%l” to each other and that the assumption of Pfluid = Piofal is valid.

Howc?er, in the gradational zone and the muscovit;éone-l, PH,0 calculated from
siligate equilibria (4200 £ 100 bars) is much lower than that calculated from the gas equation
(5213 bars) and the value of PH,0 in the muscovite zone-11. That this discrepency in the
calculated values of PH,0 is not an arli)fact of errors in calculation is supported by the
compositions and equilibria between all silicate minerals.

An algebraic analysis of equilibria in the assemblage staurolite - biotite - sillimanite -
chiorite, present in the muscovite zones | and 11, indicates that these minerals all become
Mg-rich with decreasing values of the chemical potential (1) of H,O at constant P z‘md T
(Spear et al., 1982, pp 135-136). irrespecive of the associated sullide and oxide minerals. The

' higher Mg conle;1 of staurolite, biotite, and chlorite in the muscovite zone-1 than in muscqvnc :
zone-II (Table 3), therefore, suggests that xH,0 was lower in the muscovite zone-1. With the
standard state at 1 17ar and T. as used in this study, the chemical potential’ 4, of a gaseous
species is given as: - -

u(P.T) = p° + RT In f
where 4° is the chemical pqtemiél in the standard state and is a-function only of T. f is the . 1
f.ugaéity of the gas and is related to press'ure by the Lewis and Randall rule, as discussed earlier.
The above relationship indicates Eha{ the lower uH,O in the muscovite zone-1 reflects a lower
PH,0 in these rocks compared with the muscovite zone-11, which is consistent with the
calculated values of PH,0.

The lower values of PH,0 calculated f or the muscovite zone-1 and gradational zone
may be due to an increase in the proportion of other specfes (e.g.. CO,, CH,) in'the f’ luid
phase. Kliernatively. the fluid pressure may be less than Piotal in these zones. The
relationship between Pﬂx&'id. PH,O_', and ﬁlatal at Anderson Lake can be evaluated by
considering sulfide -'silicaté -oxidé -.e.cjuilivbria that are independém of Pﬁ,o and PCO,.

| The asse‘mﬁlége k_)iotite-s'illiman'ite-muscovitc-quartz is commonly present with the  _-

’

IRPP assemblage in the gradatjonal zone and muscovite zones I and II. These asscmblages

-

-
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'g)' imply the followmg equilibria: . :
zi Erome + Sillimanite + 3 S; = Muscovite + Quartz + 3 Pyriteq+ 1.5 0, o)
_Magfietite + 3 Rutile = 3 Ilmenite + 0.5 O, - 1)

.When f0, and /5, agre defined by the IRPP (equation (11)), the equilibrium given by equation
(10) is invarﬁnl ata ;i:'en T, L’ and the compostions of biotite gnd muscovite. Using the data
in Table (4) #nd the composmon of muscovue in Table (5), biotite in equilibrium with
sillimanite, muscovite, qua&tz and pyme wrll have an Xann value of 0.3] at 850 K temperature

‘ . and 5.25 Kb pressure; ‘Thrs value is the same ag that of plotlle In mtscovite zgne-ll (O.«Jl -

. 0.132):butcis hig‘her than thal of biotite'irf the‘gradalional zone and muscovite zone-1

(0.28-0.29). If we assume that Protal was equal 10 Pfluid andathat"'the ‘lemperature was -

. s

constant. any variation in_the activity of biotite must be compensated by a corresponding

N © :
. <0

“variation in the activity of muscovite as these are the only miperals in the above assemblage .

a

which show significant solid solution. Hdwever, variatjons in the composition of muscovite are
, [ . . 7 N .

»

negligible and do not correlate with the variations in thé composition of biotite (Tables 3 and
5). Differences in the composition of biotite, theref ore, suggest that Pfluid in the_.mus’cf)vite
zone II .was hrgher than that in the gradational zone and muscovite zon€-1. Thus the

assumptron of Pfluid = Ptotal may be in error for rocks in the m{};fg zone-1 and the

i
, gradauonal zone. Y o .

, The condmon of P fluid not equal to Plotal would exert a non- hydrostatlc stress and-
- alter the norr_nal equxhbnum of a geologxc system derfved f or a state of hydrostatic stress B |

(Thomp_sort. 1‘955‘).. Thethermodynamic behavior of rock - fluid syste‘ms‘un_der non-hydrostatic

. SLress has been studied"by many workers (Thompsdn 1955;“:1'(am'b : 1961' Paterson 1973,
Bruton and Helgeson 1983) A rigorous thermodynamlc qilysxs of .the ef fects of

_‘non- hydrostanc on fhe ethbrmm between mmerals and faids in geologlc systems. has been |
'presented by Bruton and Helgeson (1983) These aulhors demonstrate that whlle the. -

- _ thermodynam;c propertnes of solids are nearly unaff ected for crustal condmons |
| non -hydrqstauc stress has a srgmf icant 1mpact on the thermodynamlc behavnor of assemblages

x‘g"ug

‘ mvbivmg a fluid specres Bruton and Helgeson (1983) calculated that the free energy of a

.

: é | »r&cnon between sohd and ﬂuxd specres at a fluid pressure P ﬂwd and total pressure Ptotal ean
Ly _

.s.,-

L
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.be expressed as:
“ AGr (Pfluid, Protal T) = OGr (Pfluid T). Applying the above criterion for equilibrium to

(rocks in the gradational zone and the muscovite zone-1, Pfluid at which biotite with Xann =
0.28 - 0.‘29 1s in equilibrium with the assemblage'biome - sillimanite - muscovite - quartz -
pyrite and $RPP was cal&zlatéd fr\ém the data in Tables 4 and $. This value of P fluid
(4400 + 200 bars) was then used to calculate PH,0 from 'equation (n and the gas equation
(Uequalions 6 10 9) with the assumFion l}Ial Pfluid = Protal. Recalculated values of PH,0 from
equation (1) (45004 50 bars) and the gas equation (4469) are similar o each other. This
suggests that the lower yalues of Xann in the gradational zope and the muscovite zone-1 were
produced by local variations in P fluid. consistent with the calculated values of &ph2o0> based
dn silicate equilibria :

In summary, the metamorphic fluld phase at Anderson Lake and Sprucc Point consisted

essenual)y of H O (XH,0=096+0.03). Other species in the system H-O-S, S@H S.0,.8S,.
and H,, were present in minor quannues. Calculated values of PH,0 using silicate equilibria

are nearly equal to. P fluid in all rocks and are indicative of a negligible, presence of non H-O-S

species in the fluid phase.

" G. Phase Equilibria
The relationship between coexiting minerals and th_ei{corhpositions in metamorphic
rocks are conventibnal];. represeqted by means of isothermal, isobaric, triangular diagrams
(Thdmpson, 1957). aBecause the varxauOns in the Fe/Mg rauo of ferromagnesian minerals arc
mdxcauve of metamorphic condmons the mangular dxagrams are projected from three 1;hases
. in the system K-ngAl-Sl-Mg-O-H on 1o a plane whose two apices are Fe.O and M_gOl
.(Greenwdod. 1975). _The choice of the projection poims_depe’nds on the -noﬁ-Fe—Mg phas’es’
’tha,t are most commmonly pfesen't in all Tocks. Gene_rél}y, the points of pfojecﬁons are quartz
and muscovite with kyanite'or H,0 (Greenwood, .1975). These dia‘grams_;.q.a.n. be further _L" o
rhodif ied to include phases in the sysiem Fe-Ti;O-S (Rixrhble, 1978; Frqese. 1969). Ahothcr
i commori tfchnique to represent sulf ide-silicate-oxide équilibria is by means of: log SO, - log f5;

diagrams (Froese, 1971).
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A common fcature of the above diagrams is that they enable one to study the
parameters responsible for variations in mineral assemblage and/or mineral composition in
rocks that contain similar asscmb.la‘gcs and have been metamorphosed at isothermal - isobaric
conditions. In addition to the local variations in P fluid, aliered and country rocks at Anderson
L.ake do not always contain muscovite and sillimanite/kyanite which makes the choice of
projection points difficult. Similarly, muscovite and/or andalusite is not present in all rocks
from Spruce Point. In order to consider all rocks simultaneously . the phase equilibria in rocks
‘from Anderson Lake and Sprucc Point are rcprcscnted by means of activity - activity _diagrams
of two components, Al,SiO, and FeO. These diagrams are similar to the log fO, - log f5; ’
diagrams and to theu-u diagrams of Ferry and Burt (1982). A detailed tr_eatmcm of the
construction and interpretation of these diagrarns can be found in Nesbitt (in press).
The a(A}LSIO;) - a(FeO) diagrams can be constructed by writing equations of the
type:
~ Almandine = 3 FeO + Al,SiO, + Quartz |
Annite =3 FeO + 0.5 ALSIO, + 0.5K,0 + 2 Quartz + Water
Staurolite + 0.75 Quartz = 2 FeO + 4.5 ALSiO, + Water
The endmember reactions can be displaced for the effects of solid solution by choosing an
appropriate acu:vity model. Variations }n the activities of_ two co-existing minerals can be
monitored by contouring the lines of equrlibrium Kd between the two phases. The locus of
these lines can be determmed by consrdermg the phases iand j, as binary solid solutrons of -Fe
'and Mg and the f ollowmg rclauonshrp: at a given value of Kd {Table 4):

Kd(i-j) = Fe (i) *Mg(j) / Mg(i) * Fe(j)
vbecause Mg(i OI_]) =1- Fe(r orj),

Fe(J) = Fe(i) / (Kd(1 J) * (1 Fe(i)) + Fc(l)) o - (11)

~ Anderson Lake
' In order to study the phase equilibria in the altered and country rocks at Anderson
Lake a(Al,SxO ) - a(FeO) dragrams have been constructed at 850 K temperature and 5 25kb-

and 4.5 kb pressures (Frgs 3 & 4) These diagrams were constructed using the’ thermodynamrc
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Flgure 3. Activity - activity diagram at 850 K temperature and 5.25 Kb pressure (Pfluid =
Protal) for the analysis of phase equilibria at Anderson Lake. The stabilities of biotite
(Bt), staurolite (St). and almandine garnet (Gt) are shown by solid (stable region) and
‘dashed (meta-stable regxon) curves. Dashed curves with two dots are the Kd-curves for -
Bt-Gt, Bi-St, and'Gt-St. The Kd-curve for Bt-Gt is shown for assemblages with or
wnthout muscovite. Dashed lines with one dot indicate the mole fraction of annite (Xann)
jn equilibrium with the assemblages at locations A, B and C. Xann values in paremhescs
are fi or muscovite-f ree assemblages.
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Figure 4. Activity - activity diagram at 850 K temperature and Ptotal = 5.25 Kb {Pfluid = 4.5

T

Kb) for the analysis of phase equilib
Figure 3.-

!

ia at Anderson Lake. The symbols are the same as in



data given in Table (4). The éclivity of K,O required to plot the stability of biotite in
muscovite-free assemblages was arbitrarily set at 0.2 log units below that nccesﬁry ?or
muscovite saturation. Although chlorite is a common phase in the altered rocks at Anderson
Lake, its stability has not been plotted on the diagrams in Figures 3 and 4 due to a lack of
réliable thermodynamic data for this phase. An internally consistent set of data for chlorite

will be derived later in this section. —

The endmember reactions were displaced for solid solution in biotite, garnet, and
staurolite using the'aclivity models discussed in an earlier section. In thesc models, biotite and
garnet:are not binary solutions of Fe and Mg. Therefére. to calculate the Kd-curves as
described above, the Xann a‘nd XFe of biotite and garnet must be converted 10 their respective
Fe/(Fe +Mg) ratios.

There are no crystal—chemicai constraints on the relationship between Fe/(Fe + Mg)
ratio and Xann in biotite. This relalignship is dependent on the Al/Si ratio and, therefore, may
be quite consistent within one area {Holdaway, 1980). To determine the relationship between
Fe/(Fe+Mg) and Xann in biotites at Andelrson Lake, lflese WO parameters were pioued
against each other. A linear, least squares regression of these data gives a straight line wilh,_a '
correlation coefficient of 0.99. Similarly, a linear regression of Fe/(Fe +Mg) in garnet against -
Xfe gives a straiéh; line with a correlation coefficient of 0.97. Thus the Fe/{Fe+Mg) i,n .
biotites and garnets at’' Anderson Lake can be reliably converted to Xann or XFe using the
equaitons of the regression lines. In order to calculate the loci of Kd-curves involving biotite
and gam.et in the diagrams.in Figures 3 and 4, the Fe/(Fe +Mg) ratio estimated from equation
- (11) were convérled’io the Xann and Xfe values as described above. ,

The opaque mineral assemblages are represemed in Figures (3) an@(’%) by vertical
lines. Of maximum interest to the f ollowing discussion is the 10catxon of ‘the ilmefiite-rutile line
(IR). Thxs line defines the acuvny of FeQ in ethbrxum with ilmenite and rutile given by the
reaction: . : S
Iimenite = Rutile + FeO

All assemblages containing ilmenite and rutile, with or without any other oxide or sulfide

* mineral, must pldt’ on this line. Assemblages with rutile only will plot to the left of this line
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Ya\ﬂd those with ilmenite only will plot to the right of this line. The pyrite- pyrrhotite -magnetite
(PPM) assembiage plots very close 10 th IR line, slightly to its right.

An inspection of Figure 3 indicates that sillimanite - muscovite - ilmenite - rutile
bearing rocks metamorphosed at Pfluid<= Ptotal would also contain biotite and staurolite
(location A). The composition of biotite and staurolite in this assemblage, assumingl the Kd
values given in Table (4), would be: Xann = 0.32, XFc (St) = 0.75. | In slightly iron-rich
rocks, biotite, garnet, and staurolite would coexist with ilmenite and muScovite without
sillimanite (location B, Figure 3). The composition of biotite, staurolite, and garnel being:
Xann=0.36, XFe(St)=0.77, XFe(garnet)=0.73.

In the abs_ence of muscovite, biotite and staurolite coexisting with siljimanite - ilmenite
- rutile would havé_sligh‘tly lower iron content (Xann=0.28, XF&(stau) =0.72) compared to
those in muscovile-bearing rocks (location A, Figure 3). Similarly . in the absence of muscovite
and sillimanite, biotite and staurolile’ coexisting with ilmenite would have Lh'epomposition:
Xann=0.32, XFe(St) ~0.74 (1dcation B). |

Rocks metamorphosed at conditions of Pfluid < Protal would have similar
assemblages,for corresponding activities of Al SiO; ahd FeO, as described above. The major
effect of the lower fluid pressure is seen in the compositions of biotite and staurolite. As seen
in Figure 4, these minerals are relatively iron-poor compared to those in similar assemblages in
rocks metamorphosed at P fluid = Rtotal (Fig. 3). “

The assemblages and composit@ of mineréls predicted in the diag;ams in Figures 3

. and 4 are in excellent agree.mem with those ?bserved at Anderson Lake. Bié)tite and staurolite ]
coexist wit‘h.sillimanite. muscovite and IRPP in the muscovite zones I and II and the gradétional'
iqne. The iron-content of ‘biotite and staurollité is higher in the muscovite zone-Ii
(Xann=0.31'-0;32, XFe(stau) ¥0’.74-0.755 where P fluid is estimated to be equal 10 Protal. In
the grada{ional zone and muscovite zone-], meta;no.rphosed at. Pfluid < Ptotal, biotite and

| staurolite héve a'lower iron conient. Muscdvite-freé'rocks from the gradational zone contain

’ biotite and sﬁufolite witﬁ a still lower iron cohtent (Xann=0.24, XFe(stau)=0.65-0.67).

| Biotite, staufoli;e, and garnet coexist qnl‘y with ilmenite, with cTr Withbut muscovite, in

the lower parts of the chlorite 20ne and in the metasedimentary ¢ountry rocks, “The iron
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content of all ferromagnesian minerals is lower in muscovite-free rocks (Table 3). The
assemblages and compositions of minerals are again in excellent agreement with the predicted
values in Figure 3.

In muscovite bearing rocks, garnet occurs as a minor phase with biotite and staurolitc.
In the gradational zone; sillimanite -free rocks contain muscow‘te_-biolile and garnet with the
PPM assemblage. In these rocks, biotite and staurolite have slightly higher iron content
(Xann=0.3, XFe(stau=0.74) . as predicted in Figure 4. However, the predicted relationships
suggest that garnet will not b€ a stable phase in these rocks. Similarly, garnet is occasionally
present in the muscovite zone-Il in association with the IRPP assemblage. This is also contrary
to the predicted relationships in Figure 3. The higher values of MnO in these garnets (Table 3)
may be r?sponsible for their presence. An increase in the stability field of garnets due 10 6
extensive solid solution of Mn has aiso been observed in other metamorphosed ore deposits

(Nesbitt, 1982).

Spruce Point : : .

Phase relations in the country rocks and altered rocks at Spruce Point can be studied by
means df the diagram in Figure 5. This diagram was constructed at 750 K and 2.0 kb pressure
using the daté in Table (4) and the condition Pfluid = Ptotal. Thermodynamic properties-of
andalusite were used for calculating the activity of AlSiO,. Due to the lack of reliable
thermodynamic daia, chlorite was again eicluded in the modeling calculations. Figure 5
indicates that biotiie coexisting with andalusite, muscovite, and IRPP would have an Xarfn
content of 0.33 (Point A Fig. 5). Biotitein as§emblages containing rutile without ilmenite
would have a lower value of Xann. In assemblages containing only ilmenite, biotite would have
‘a higher Xann content than 0.33.

The composmon of biotite from the altered and country. rocks at Spruce Poml agree
, well with those predncted in Figure 5. In the country rocks, blIQlllC occurs with muscovne and
| ilmenite and is iron-rich (Xann':0.48) compared with biotite in the gradational zone
, (Xann=0.24) which occurs with mus‘coyite, rutile, and pyrite. In andalusite bearirig rocks,

. . A ) a . . .
biotite is iron-;ich (Xann=0.32) when it occurs with IRPP (msucovite zone-I) compared with

°
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Figure 5. Activity - activity dxagram at 750 K temperature and 2.5 Kb pressure (Pfluid =
Piotal) for the analysis of phasc equxhbna at Spruce Point. The symbols are the same as in

Figure 3.
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biotite coexisting with rutile (Xann=0.22, chlorite zone).

" Stability of Chlorite

As has been stated earlier, lhc stability of chlorite was not considered in the analysis of
phase equilibria due to a lack of reliable Lhermodyhalmic data. Using the phase ;elalions among
biotite, garnet, and staurolite described above, an internally consistent set of themodvnamic
data can be derived for chlorite.

Experimental studies on the stability of Fe-énd member chlorite, daphnite, have been
reported by Jamesetal. (1976} and Bryndzia (1'984). Combining the data of James et al.
(1976) w;th those from several other sources, Hutcheon (1979) derived an eapression for the
stability of chlorite according to the reaction: |
3 Daphnite = 5 Magnetite + 3 Silimanite + 6 Quartz + 7H,0 + S H, (1)
Combining reaction (11) with reaction (12):

H, + 050, = H,0 (12)
gives the"reaction:
3 Daphnite + 2.5 O,= S Magnetite + 3 Sillimanite + 6 Quartz + 7 H,0 (].3)
Equxhbrlum conditions for raction (13) are obtained from the data of Hutcheon (1979) and
-Burnham et al. (1969). A direct, experimental calibration for reaction (13) is given by
Bryndzia (1984).

| Usmg Hutcheon's (1979) data for reacuon (13), chlorife i in equilibrium with rutile,
ilmenite, pyrite, ané pyrrhome at 575 °C and 5.25 kb would have an XFe of 0. 4 Data derived
from the expenmem:s of Bryndzia (1984) give similar values (0.43). These values of XFe for
chiorite are inuch highef than those observed in the altered rocks .a-t ‘Xnderslon Lake (Table 3):

To achieve consistency between the composiﬁon of chiorite én'd other Fe-Mg silicate
minerals at Anderson Lake the endmember equmbnum for reacuon (13) should have an fO, of
10-297 bars at 575 ‘C and 5. 25 kb pressure. The values of equxhbnum jO, based on the data of
Hutcheon (1979) and Bryndzia (1984) are, ;especlively. 10-%° bars and 10-'*" bars.

Using the value of 10-2? bars fbr 10, at 575 °C an:d.5..25 k‘b,' the XFe value of ‘cHlorité ‘

in the presence of sillimanite and IRPP will be 0.29. A1 475 °C and 2.0 kb, chlorite coexisting
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with andalusite and IRPP will have XFe = 0.35. In the presence of rutile without ilmenite, the
XFe values of chlorite will be lower. These calculated compositions of chlorite are in excellent
agreement with the observed values at Anderson Lake and Spruce Point (Table 3). This
suggests that experimental determination of the stability of chlorite may be in error. The

- calibration for reaction (13) by Hutcheon (1979) is based on several different experimental
studies and is subject to large errors. However, the experiments of Bryndzia (1984) are well
reversed. It 1s possible that the excess aluminum present in metamorphic chlorriles (compared

- with ideal daphnite) is responsible for the observed discrepency in field and laboratory data.

H. Fluid-Rock Interaction During Metamorphism
An important aspect of ﬂuid-}ock interaction is the degree of internal or external
buffering of the metamorphic fluid phase (Ferry and Burt, 1982). Internal buffering by
mineral equilibria refers to the case where the metamorphic fluid is derived from
pre-metamorphic pore fluids and from devolatilization reactions (Greenwood, 1975). In the
case of external buffering, the fluid phase in contact with the rock is derived at some other
source and infiltrated during metamorphism. This infiltrated ﬂuici buffers the mineral
equilibria by imposing an externally cont-r;ﬂled chemical potential of the fluid species (Rice;an&d
Ferry, 1982). The nature of fluid-rock interaction at Anderson Lake and Spruce Point can be
characterized using the volatile and solid phase equiiibria diséussed,above. -
Analysis of mineral equilibgia at Spruce Point énd Anderson Lake suggests that
variations in the assemblage and compositions of minerals were produced primarily due to
differences _in the bulk compositions of the altered rocks. Variations in the bulk compositions
,of the altered rocks are a resuit of the hydrothermal alteration during ore deposition, prior to
metamorphism (Walford and Frﬁnklin. 1982; Chapter III). Thus the mineral assemblages at
Spruce Point and A,nderson'l.ake,did not eqﬁih'brate with externally impbéed conditions,
“’indicating that the fluid phase was buff ereq internally. |
A second factor responsible for variations in mineral composition at Anderson Lake
was Pfluid. Local variations in Pfluid in the altered rocks suggest that the pore fluids in these

rocks were not in communication with each other (Hansh%\g and Zen, 1965). Consequently, ——
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the rocks were not infiltrated by externally derivcd‘ fluids.

The oxygen isotopic compositions of rocks from the Anderson Lake and Spruce Point
deposits also are consistent with internal buffering of the fluid phase during metamorphism.
The 1sotopic compositions of rocks and minerals from these areas are given in Chapter IlI. The
altered roeks have lower 6''O values than the country rocks. Coexisting minerals from altered
and country rocks, however, show isotopic equilibration at the peak of metamorphism although
individual minerals differ in their isotopic composition by 3 10 6 permill. ‘Bascd on the isotopic
compositions of the altered rocks, country rocks, and intrusive rocks, it is concluéed that the
altered rocks equilibrated wfth 10O depleted fluids prior to metamorphism (Chapter 11).
Isotopic homogenization during metamorphism took place on a grain o grain scale and, at
most, on a scale of meters.

The preceding discussion suggests that during metamorphism, there was no significant
chemical interaction between the ore and the adjoining rocks at Anderson Lake and Sb"ﬁxcc
Poim:’ This is consistent with no apparent, systematic variations in the assemblage and
compostions of minerals with distance from the ore. For example, the assemblage biotilc -
staurolite - sillimanite - chlorite is present in the muscovite zone-1I, surrounding the ore, as
well as in the gradational zone and muscovite zone-1. The iron content of silicate minerals in
this assemblage is higher close to the ore and var'ies in other zones as a result of the variations
in Pfluid. .

This "closed system”-behavior of the ore at Anderson Lake and Spruce Point is
significantly different t_h'an Lh;t reported at the Ducktown, Tennessee and Geco, Manitowadge
deposits (Nesbiu. 1982; Petersen, 1984). At these deposizs. it is interpreted that sulfur and
oxygen released in sulfidation/desulfidation reactions equilibrated with adjoining rocks. This
migration of the volatile specieé produced systematic zonations in sulfide - silicate - oxide
assemblages andv the compositions of Fe-Mg silicate minerals. The reasons for the apparent'
differences in the nature of fluid - rock interattion at Ducktown, Geco, and the deposits of
this?,s'tudy are not clear. One possible reason is the difference in the host rocks. At Ducktown,

. the deposits are contained in metasedimentzf”ry' rocks with a significant proporiton of

carbon-bearing phases. The presence of carbon-bearing pha‘scs' generally facilitates fluid flow
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during metamorphism and may be responsible for the differences in fluid-rock interaction
between Ducktown and the deposits of this study. However. this reason is not valid for the
Geco deposit which is also contained in felsic metavolcanic rocks. similar to the deposits of the
Flin Flon - Snow Lake belt. l£ is possible that data for the Geco déposit may be re-interpreted

as a case of internal buffering in view of the results of this study.

1. Conc:lusions

The distribution of Fe-Mg silicaic minerals at the Anderson Lake and Spruce Point
deposits show disl;‘ipct vanations in the altered and country rocks. Biotite, staurolite, chlorite,
and garnet are iron-poor in the altered rocks compared with those in the country rocks.
Variau‘ons in the compositions of these minerals within the altered rocks do not show any |
apparenl relatonship to coexisting opaque minerals or to distance from ore. An analysis of the
metambrphic phase eqilibria ind’icales that varia'tions‘i_q the compositions of the Fe-Mg silicate
minerals were produced due to variations in the bulk comp.osil—ion of the rocks and P fluid.

_Chemical interaction between the ore and the host rocks was insignificant as the metamorphic

fluid was buffered by local mineral equilibria.
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Y. Summary
This dissertation reports the results of an investigation of the metamorphism of massive
sulfide deposits in the Flin Flon - Snow Lake Belt. Manitoba. Three deposits in this belt,
Anderson Lake, Spruce Point, and Centennial, were selected for a detailed study. The objective
of the invesligatiorr was 10 characterize and understand the effects of meLémorphism on the
oxygen -isolope geochemistry, mineralogy. and mineral chemistry of the altered and country
rocks associated with these deposits.
The pressure and temperature conditions of metamorphism at the Anderson Lake,
Spruce Point, and Centennial deposits were estimaied using the mineral assemblages in mafic
and felsic metavolcanic rocks. The mafic rocks are comr)osed of chlorite + plagiociase t
sphene * actinolite + zoisite in the Centennial area and of actinolite + plagioclase.+
hornblende + zoisite * chlorite + sphene in .lhe Spruce Point area. The felsic rocks at
Centennial are composed of quartz and muscovite and those at Spruce Point are composed of
quartz, muscovite, and biotite. Altered rocks associated with the Spruce Point deposit contain
andalusite, muscovite, and plagibclase. Comparisons with experimental studies-of mineral
\’ systems in mafic rocks indicate metamorphic conditions of low greenschiSI facies at Oemennial
- and of middle 1o upper greenschist facies at Spruce Point. A simultaneous consideration of the
paragonite - albite - andalusite equilibrium and oxygen-isototpe fractionations between quartz,
muscovite, and chlorite suggests that the conditions of metamorphism at Spruce Point were:
475+50°Ca12.0£0.5kb pressure. .In the 'Cemennial area, the Lemperature of metamorphism
" was 330+ 30°C at less than 2 0 kb pressure
¢
Metamorphxc grades of amphibolite facies were reached in the Snow Lake area, near the
vAndcrson Lake d‘-posu The temperature'and pressure conditions of metamorphnsm were
_ esumaled using’ the gamet - biotite, kyamte - srlhmamte ‘ilmenite - almandine - sillimanite -
‘ ruule and anorthne grossular - sillimanite equilibria. Calculated values of temperature and
pressure are: 575+30°Cat 5. 25:t0 Skbin Lhe staurolite - biotite zone; and 625+ 30°C at
5.420.5kbin the bno_me + sillimanite - aimandine zone.

The oxygen-isotope compositions of whole-rock and monomineralic samples from the

Anderson Lake, Spruce P-o'int. and Centenniel deposits were rheasured; The altered rocks at the

-
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,’ﬁ}ree deposits all have significantly lower §'*O values compared with the associated country_
rocks. Quartz, biotite, muscovite, and chlorite separated from the altered rocks have lower
6'*0 values than those separated from the country rocks. However, isotopic fractionations
beween coexisting mineral pairs are generally similar in both altered and coumr)" rocks, )
indicating that these rocks did not re-equilibrate significantly after the peak of metamorphism.
Based on mass-balance calculations of isopoic exchange by fluid-rock interaction and the §''O i
values of amphibolite dikes in the altered and country rocks, it is suggested that the lowcr‘\
isotopic compositions of the altered rocks were produced prior to metamorphism, during - :';
hydrothermal alteration related to ore deposition. The hydrothermai fluids are estimated to
have a 6'*O value of 0% 3 permill and a temperature of 300+ 100 "C. Hydrothermal fluids were
probably hotter at Cu-rich, Anderson Lake deoposit relative to the Zn-rich, Spruce Point and
Centennial deposits The higher temperature of the fluids is also considered 10 be responsible for
the development of the muscovite-rich rocks around the Anderson Lake ore body.

© The mineralogy of the altered rocks at the Anderson Lake and Spruce Point deposits
differs from that of the country rocks mainly by the absence of hornblende and by a greater
abundance of staurolite, sillimanite, muscovite, and chlorite. The Fe-Mg silicate minerals all
are iron-poor in the aliered rocks compared v(ri[h those iﬁ the country focks. Calculations of
the cbmposition of the fluid phase indicate that the fluid phase at the Anderson Lake and
Spruce Point deposits consisted essentially of H,O with minor contents of O,, S,. SO, H,S, a;nd
H,. PH,O was nearly equalto P fluid which Iatte'r was equal to Piotal at Spruce Point. At

~ Anderson Laké, P fluid was equal to or up to 750 bars lower than Protal.

Altered rocks at the Anderson Lake and Spruce Poim deposits had a higher activ;ty of
Al,SiO; and a lower activity of FeO compared with the country rocks. The activities of AlSiO,
_ and FeO varied also in altered rocks from different alteration zones. These véria;ions in the
| bulk cémposition of the rocks, together with local variations in P fluid at Anderson Lake, were
responsible for the variations in the compositions of the Fe-Mg silicate minerals. The
‘compc')sitioﬁ of the fluid ‘ph'ase was buf f ered by local mineral equilibria and consequémly.

chemical interaction between the ore and the adjoining rocks was insignificant.

- : oo .



Vi. Appendix I

A. Sample Locations, Mineral Assemblages, and Mineral Analyses

The location of samples together with the assemblage and compositions of minerals in

thin-section are tabulated in this appendix. The sample numbers are ofganizcd as follows:

Series
Snow Lak!
SL-xx N
14-xx£
16-xxx
7-xxx
6-xxx
17-xxx
19-xxx
24-xxx
72-xxx
26-xxx
78-xxx
182-xxx
30-xxx
Spruce Point
115-xxx
67-xxx
32-xxx
94-xx
Centennial
l7exxx"
iOFxxx
20-W - xxx

’

Location

Surface Sample .
Sub-su.rface Sample, 1425 Level, Anderson Mine
Sub-surface Sample, 1600 Level, Anaerson Mine
Drill Hole 7, xxx feet, 1600 Level, Anderson Mine
Drill Hole 6. xxx feet, 1600 Level. Anderson Mine
Sub-surface Sample, 1750 Level, Anderson Mine
Sub-surface Sample, 1950 Level, Anderson Mine

Sub-surface Sample, 2474 Level, Anderson Mine

- Drill Hole 72, xxx feet, 2475 Level, Anderson Mine

Sub-surface Sample, 2650 Level, Anderson Mine

- Drill Hole 78, xxx feet, 2475 Level, Anderson Mine

Drill Hole 182, xxx feet, 2475 Level, Anderson Mine

‘Sub-surface Sample, 3000 Level, Anderson Mine

Drill Hole 115, xxx feet

Drill Hole 67, xxx feet

Drill Hole 32, xxx feet
Subsurface Sample, 94 meter level
Drill Hole 17, xxx feet.

Dm’ll Hole 20, xxx feet_

wedge from Drill Hole 20, xxx feet
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RT

Ch

Bt

Po
Cp
Sp
Ti

To

The abbreviations used in this section are as follows:

Rock Type
1 =chlorite zone
2 = muscovite zone-|
3 =gradational zone
4 = muscovite zone- 11
5 =felsic metavolcanics
6=mafic metavolcanics
7=metasedimentary -
8 =Tonalite
Chlorite
Biotite

wMuscovite
Garnet
Alumino-silicate (sillimanite, kyanite, andalusite)
Stgurolite |
Zoisite
Hornblende
Quartz
Plagioclase Feldspar
Magnetite
Hmenite
Rutile
Pyrite
Pyrrhotite
Chalcopyrite
'S‘f)halerite

: Titanité (Sphene)

Tourmaline
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Mineral Assemblages

No. RT Ch Bt Ms Gt As St Zo Hb Qz Fs Mt Im Ru Py Po Cp Sp Ti To

Snow Lake area:

SL-S 3 x  x  x  x X X X X X x

SI.-6 3 x x x «x X X X X X

SL-6A 3 x x x x X X X X X X

SL-8 6

SL-9 6

SL.-10 6

SI.-11 S

SI.-13 S

SL-14 1

SL-17 5

SL-18 5

SL-21 6
6
5
6
5
5
5
7
3
3
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> e e
>4

SL-22
SL-24
SL-25
SL-26
SL-27
SL-28
SL-29
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SL-31
SL-33
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SL-35
SL-36
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Anderson Lake Mine:

1475 Level
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Ru
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18N

Hb Qr

St Zo
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Bt

RT Ch

No

7500 1 evel

-,

03
03

o

2475 level

[

0s

e,

08

09
10

13

4

4
Drill Hole AS 72

-05

-33

[an}

(o}

-35

65
- 70

[ag)

-220
-295
-330

A

4
4

Drill Hole AS 78

-243
-238
-186
-178
-68
-51

(g}

3
3

-30

2650 Level
-10
-06

X

-02

Drill Hole AS 182

-35

A
A

D —~ O —~

-95

-17%8
<233
-270
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-520
-620
-715
-785
--920
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No RT Ch Bt M« Gu Ay St Zo Hb Q7 By Mitim Ru Pv Po Cp Sp Ty

Spruce Point-
Dol Hole SP 32

-4() 3 A Y X A
-55 30 0x PO A A
-80) I A A A X A \ A A A
-85 I A X 1 A \
- 182 3 0x X X by A x A \
205 LY \

A A iy
210 3 A Y x \ by A \
232 30 Ao A A S S S R U
Dnll Hole 67
S702 03 . A A
752 3 A by Y A
-76% K x \ \ A
-797 O x Y A Ao
-920 5 Ao X X X
Drill Hole 115
-235 S PR 3 X a
2325 6 A A oA x A
1061 3 4 A X Y XA A
1367 1 o oax x X oy 2 XA
132302 02 v v Aox oA x X
-1394 6 X A X x

Ap = Arscnopyrite; Cd = Chloritoid: Mg = Margarite; Gh =Gahnite
Ce =Calcite

> > e

Cd

Ce

y Mg

Mg
21Myg



Composition of Minerals from Anderson Lake

Biotite

24-04 - 24-13  24-09 24-07 24-08 24-01 72-05 72-33 72-70 72-113
Si0 3557 35.56 36.40 37.24 3680 3656 3642 3597 3690 37.12
AlLO, 18.15 18.77 1847 18.47. 2011 18.16 1817 1838 1929 T9o4
MgO 1200 11.68 1212 1538 11.69 13.76 1271 1224 1290 14.03
FeO 16.05 1655 1689 1224 1410 1339 1590 1641 1524 12.63
TiO, 1.55 1.44 1.31 1.10 1.37 1.61 1.63 1.46 1.06 1.14
MnO 0.08 0.00 0.00 0.11 0.08 0.00 0.36 0.00 0.00 0.0
K:;O 9.06 8.91 9.32 9.44 8.92 9.25 9.47 9.09 8.83 8.88
Na,O 0.46 0.52 0.82 0.56 0.36 0.23 0.43 0.62 0.44 0.62

Total 9294 9345 9532 9463 9350 93.00 9516 9421 9466 9383

No of Cauons Based on 22 Oxygen

Si .5.47 5.44 5.47 5.52 5.53 5.53 5.47 5.46 5.50 5.52
Al 3.29 3.38 3.27 3.22 3.56 3.24 322 - 329 3.39 3.40
Mg 2.75 2.66 2.12 3.40 2.62 3.10 2.85 2.7 2.87 3.1
Fe 2.06 2.12 2.12 1.52 1.77 1.69 2.00 2.08 1.90 1.57
Ti 0.18 0.17 0.15 0.12 0.15 0.18 0.18 0.17 0.12 0.1
Mn 0.01 0.00 0.00 0.01 0.01 0.00 0.05 0.00 0.00 0.0
K 1.78 1.74 1.79 1.78 1.77 1.79 1.82 1.76 1.68 1.6

+ Na 0.14 0.16 0.24 0.16 0.10 0.07 0.12 0.18 0.13 0.1%
72-220 72-295 72-330 30-06 30-07 30-11 30-80 16-07 16-05 16-03

FeO 12.71 - 16,90 1690 1525 16.66 1566 16.76 19.58 17.66 13.8%
TiO, 1.03 1.59 1.46 1.44 1.47 1.55 1.75 1.56 1.59 1.46
MnO 0.00 0.00 0.00 0.08 0.00 0.00 0.20 0.06 0.08 0.16
K,O - 8.59 9.04 9.06 9.49 8.93 9.19 9.55 9.15 9.11 8.6%
Na,O 0.62 0.49 0.65 0.28. 0.5 0.70 0.43 0.30 0.35 0.23

Total 9379 95.59 95.64 9569 9406 9560 9611 9535 9478 93.35

No of Cations based on 22 Oxygen

Si 5.54 5.46 5.43 5.47 5.45 5.47 5.47. 5.43 5.41 5.63
Al 3.33 3.36 3.37 3.32 3.33 3.29  3.30 3.30 3.35 2.93
Mg 320 . 2.64 2.68 2.92 2.72 28 2.64 2.69 2.61 3.39
Fe 1.59 211 211 1.89 211 195 2.09 2.21 2.24 1.75
Ti 0.12 0.18 0.16 0.16 0.17 047 0.20 0.18 018 0.17
Mn 0.00 0.00 000 001 . 000 000 002 0.01 0.01 0.02
K 1.63 1.72 173 - 1.79 1.73 1.74 1.81 1.76 1.77 1.67
Na 0.18 014 019 0.08 0.13 020 0.12 0.09 0.10 0.07
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Si0, 36.19  37.87 36.75 38.03 3835 3854 3592 37.24 3685 36.13
ALO 1824 18.68 18.67 18.68 1879 1799 1840 1931 17.17 17.59
MgO 1277 12,67 13.14 1262 1281 1355 13.78 1291 13.24 11.87
FeO 1526 168 1487 1530 1531 1453 1528 1575 16.49 16.90
TiO 1.36 1.53 1.54 2.13 1.91 1.99 1.55 1.67 1.46 1.82
MnO 0.12 0.00 0.10 0.00 0.00 0.09 0.00 0.29 0.00 0.18
K.O 9.65 9.54 937 10.16 933  10.03 9.08 8.49 9.78 9.46
Na,O 0.00 0.69 0.87 0.24 0.88 0.33 0.30 0.17 0.31 0.29
Total 9365 9786 9521 97.16 97.37 97.04 9421 9582 95.31 9428

No of Cations Based on 22 Oxygen *

N
Si 5.50 5.52 5.46 5.53 557 ° 5.60 5.41 5.48 5.52 5.50
Al 327 3.21 327 3.20 3.22 3.08 3.27 3.35 3.03. 316
Mg 2.89 2.76 2.91] 2.74 2.77 2.93 3.09 2.83 2.96 2.70
Fe 1.94 2.06 1.85 1.86 1.86 1.77 192~ 194 2.07 2.15
Ti ~0.16 0.17 0.17 0.23 0.21 0.22 0.18 0.19 0.16 0.24.
Mn 0.02 0.00 0.01 0.00 000 . 001+ 0.00 0.04 0.00 0.02
K 1.87 1.76 1.78 1.86 1.73 1.86 ~ 1.75 1.60 1.87 1.84
Na 0.00 0.20 0.20 0.06 0.25 0.11 .9.09 0.05 0.09 0.09
'Y
16-4 182-175 182-235 182-270 182-320 182-425 182-620 182-785 182-1040
.................................. T
SiO, 37.13  36.83 36.12 3640 36.29 36.73 . 35.57 36.28 34.80
AlLO, 18.08 18.58 18.89 18.30 AB.44 17.98 1863 16.63 17.22
“MgO 833 1319 11.92 14.48 1272 1222 1045 11.64 474
FeO 12.88 1458 1692 1511 1516 17.73. 1930 1947 27.19
TiO, 151 176 167 169 170 @ '1.59  1.58. 281
MnO 008 000 000 000 000 008 000 0.0 000
K,O 9.08 9.25 905 9.01 88 871 . 895 . 8.89 9.34
Na,0. 037 092 08 074 08 000 000 0.00 0.00
Total 95.16 9512 9539 9474 9405 9501 94.69 9449 96.13
a -No\ of Cations Based on 22 Oxygen
Si 554 548 °545 545 —547. 552 543 556  5.47
Al 308 326 332 323 328 316 335 3.00 3164
Mg 293 293 268 . 301 28 274 242 266 11197
Fe 197 181 213 1.89 191 223 246 249 3.57
Ti 017 020 019 01% 019 019 018 0.18 0.3
Mn 0.01 0.00. 000 0.00 000 000 000 0.0 (.00
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78-51 78-68 78-175 78-238 26-10 SL-14 SL-28 SL-35 SL-37
SiO, 37.20 36.86 . 37.15 36.66 3697 3511 34.78 35.22 36.26
Al O, 1949 1831 1891 19.28 1847 19.17 1854 1890 19.60
MgO 11.80 12.14 1228 1250 1228 15.69 8.97 5.18 9.50
FecO 16.86 16.79 16.55 16.01 17.13 11.24 21.02 2429 18.43
TiO, 1.70 1.35 1.34 1.66 143 1.35 1.69 2.05 2.14
MnO 0.00 0.00 0.00 0.00 0.18 0.00 0.00 0.30 0700
K.,0 9.02 9.02 9.22 9.19 8.77 3.63 9.46 8.69
Na,O 0.82 0.91 0.82 + 0.57 0.70 0.67 0.34 0.00 0.00
Total 97.04° 9547 96.06 02 9634 9498 9498 -9540 94.63 -
No of Cations Based on 22 Oxygen
.. Si a 5.47 5.53 5.51 5.43 5.49 5.55 5.38 5.49 5.48
Al 3.37 3.23 %30 . 337 3.23 3.29 3.38 347 3.49
Mg ~  2.58 2.71 271 -2.76 2.72 3.40 2.07 1.20 2.14
Fa '2.07 2.10 205 198 2.13 1.37 2.72 3.16 2.33
T 0.19 0.15 0.15 0.19 0.16 0.15  0.20 0.24 0.24
Mn £ 0.00 0.00 0.00 0.00 0.02. 0.00 0.00 0.04 0.00
K 1.712 - 1.72 1.70 1.74 1.74 1.63 1.90 1.88 1.68
»Na . 0.23 0.26 0.24 0.16 0.20 0.19 0.10 0.00 -0.00
7
SL-17 SL-18 SL-13 SL-10 SL-22 SL-24
SiO, .. 3546 3575 3482 -734.67 3540 35.88
AlLO, -~ 16,10 16.12 1865 16.68 16.66 18.59
~ MgO . 951 1181 591 - 715 913 . 7.25 °
© FeO . 2140 1928 25127,2559 22.18 23.89 '
TiQ, - 338 - 3.07 1.23 2,48 2.717 . 213, . ! ‘
MnO~ - 001 000 020  0.00 010 004 L
: K;0 . 8.83 . 829-- 973 831 913 . 9.29 * :
"~ 7"Na,0 - 002  0:05 0.00 - 0.31 0.07. 0.00 .
Total . 9471 94.37 9566 9519 9544 97.07. ) L
- .~ ‘No. of Cations Based on 22 Oxygen |
Si.. 549 0547 545 544 546 546
Al--f 0 291 - 288 340-..3.05- 3.00 . 3.30
Mg 2,19 2,69 138 167 210 164 N
Fe - 2712470 3290 336 2.86° 3.04
Ti ~039.-035 - 014 029 032 024 -
N 1000 0.00 0.03 000 001 0.01
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Staurolite

MgO 242 0.2.77 2.75 2.00 1.94 1.77 2.63 3.00 3.24 3.46
AlLO, 4794 5238 5280 52.28 S2.28 51.66 5231 54.87 55.01 54.62
Si0, 31.64 2782 2675 2697 2664 2646, 27.00 27.18 2797 27.60
TiO, 0.48 0.55 0.50 0.57 0.38 0.43 0.42 0.48 0.25 0.41
MnO 0.18 0.29 0.37 0.53 0.38 0.38 0.32  0.220 0.24 0.25
FeO 12.33  13.37 1382 11.88 1247 13.18 1385 13.24 11.36 11.85
Zn0 0.09 0.14 0.07 0.37 0.22 0.44- 0.00 0.52 1.34,  0.70

Total 95.08 97.32 97.04 9459 9429 9430 96.53 9949 99.39 98.90

Mg 0.51 0.57 0.58 0.43 0.41 0.38 0.55 0.61 0.66 0.71
Al 7.98 8.58 8.75 8.80 8.85 8.79 8.68 8.83 8.82 8.80
Si 4.47 3.87 3.76 3.85 3.83 3.82 3.80 3. 3.80 377
Ti 0.05 0.06 0.05 0.06 0.04 0.05 0.04 0.05 0.03 0.04
Mn - 0.02 0.03 . 0.04 0.06 0.05 0.05 0.04 0.02 0.03 0.03
Fe 1.46 1.55 1.63 1.42 1.50 1.59 1.63 1.51 1.29 1.35
Zn 0.01 0.01 0.01 0.04 0.02 0.05 0.00 0.05 . 0.13 0.07

B
.....................................................................................

MgO 2.90 2.72 269 274 210 1.01 1.59 1.75 1.84
Al,0, 53.6] 5351 5454 5427 52.76 54.80 55.23 51.73  53.35
SiO, 2715  27.29 2753 2740 2729 28.84 27.52 29.33 28.19
~ TiO, - 048 ~ 042 0.51 0.42 - 0.46 0.3 046 049  0.46
MnO - 035 0.39 /(X.63 - 0.45 0.84 022 013 029 0.23
FeO 13.79 © 14.09 1182 -.13.80 13707 12.63 13.67 13.15 14.18
Zn0O 022 020 159 058 . 032 0.85 0.20 0.00 0.26

. Total  98.47 98.62 9931 99.66 96.85 98.71 98.80 96.84 98.49
No. of Cations Based on 23 Oxygen

Mg

059 056 055 056 044 0.2 0.38
Al 874 873 881 - 877 874 884 894 8.69
Si 1375 378 371 - 3767 384 395 3.78 13,89
Ti 005 0.4 ° 0.05 D04 . .005 = 0.04 0.5 ©0.05
Mn . 0.04 005 007 ‘005 010 002 0.1 ©0:03
"Fe - 159 163 135 152 154 .. 145 157 1.64

.

\
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MgO 3.00 3.05 3.03 3.19 268 2.74 191 2.00 221
ALO, 5326 52.56 53.76 53.03 5417 5520 54.28 53.32 52.42
SiO, 29.16 2746 2856 28.76 2892 2729 27.70 27.01 27.719
TiO, 0.49 0.52 0.52 0.41 0.61 0.57 0.43 0.54 0.57
MnO 0.16 0.73 0.31 0.40 0.19 0.21 0.40 0.53 0.51
FeO 13.85 13.02 11.89 13.27 10.80 11.13 11.29 13.73 13.60
Zn0 0.00 0.57 0.82 0.12 1.39 1.19 2.88 1.18 0.98
Total 99.09 97.89 9889 99.18 98.75 98.33 9889 98.22 98.07

o No. of Cations based on 23 Oxygen

Mg 0.60 0.63 0.62 0.65 0.54 0.56 0.39 0.42 0.46
Al 8.48 8.61 8.64 8.51 8.70 8.93 8.82 8.77 8.62
Si 3.94 3.81 3.89 3.92 394 3.5 382 .3.77 3.88
Ti 0.05 0.05 0.05 0.04 0.06 0.06 0.04 0.11 0.12
Mn 0.02 0.09 0.04 0.05 0.02 " 0.02 0.05 0.13 0.12
Fe 1.57 1.51 1.36 1.51 1.23 1.28 1.30 1.60 1.59
Zn 0.00 0.06 0.08 0.01 0.14 0.12 0.29 0.12 0.10
............................. e e e e e eaaeaeaiae oo
182-95 182-175 182-235 182-270 182-320 78-51 78-68 78-175 74-238  26-10
MgO 290 294 2.98 3.06 3.4 2.69 2.64 2.57 2.93 2.79
Al O, 52.07 5290 53.76 53.07 52.25 5443 5310 53.13 53.71 52.69
Si0, 27.03 2741 27.15 27.08 26.82 2744 2685 27.13 26.87 271.72
TiO, 056 0.38 0.58 0.43 0.53 0.53 0.48 0.38 0.57 0.50
- MnO 0.45 . 0.35 0.11 .041 .0.25 0.47 0.16 0.35 0.53 0.81
FeO 13.19 1216 1450 1275 13.30 13.74 9.89  13.32 13.01 1299
Zn0O 0.32 0.81 0.15 0.40 0.10 0.23 5.78 1.11 0.17 1.31

Total 96.52 9695 9923 9720 96.66 9963 98.74 97.99 97.89  98.81

" No. of Cations Based on 23 Oxygen

Mg - 0.61 0.61 0.6  0.64 0.72  .0.55 055 0.53 0.61 0.58
Al 8.66 872 873  8.74 8.67 8.76  8.73 8.74 8.80 .8.60
Si 3.81 3.83 3.74 3.8 3.78. 375 - 3,74 3.78 3.74 3.84
Ti 006 004 006 004 006 005 0.05 004 0.06 6.05
Mn 005 004 012 005 003 0.05 0.02 004 006 0.09
Fe 1.56 1.42 1.67 1.49 1.57 1.57 1.15 1.55 1.52 1.50
Zn *0.03 0.08 0.02 0.04 0.01 0.02 -  0.59 0.11 0.02 0.13

.....................................................................................



141

Garnet
SL-5 SL-6A SL-13 SL-10 SL-17 SL-18 SL-22 SI-37
Core Rim  Core Rim
MgO 3.04 3.10 1.04 1.33 1.03 1.27 2.89 3.89 2.44 235
Al O, 21.01 2116 21.26 2140 2133 2149 2087 2131 21.09 229
Si0O, 39.40 3790 37.44 3731 3786 37.78 3761 3798 3781 3749
CaO 2.25 0.92 7.66 5.76 7.35 5.84 5.33 499 5.26 2.28
MnO 4.67 4.00 5.19 3.85 6.26 494 2.21 2.70 301 274
FeO 31.47 3238 28,60 3144 2761 29.77 3151 29.83 31.54 3341
Total 101.84 99.46 100.42 100.05 101.44 101.09 100.42 100.70 101.15 100.06
-
Cations Based on 12 Oxygen *
Mg 0.35 0.37 0.12 0.16 0.12 0.15 0.34 0.46 0.29 }J.ZS
Al 1.94 2.00 1.98 200 -2.00 2.00 1.94 1.96 1.96 2.01
Si 3.09. 3.05 298 298 3.00 3.01 3.00 3.00 3.00 3.04
Ca 0.19 0.08 0.65 0.49 0.63 0:50 0.46 0.42 0.45 0.20
Mn 0.31 0.27 0.35 0.26 0.42 0.33 0.15 0.18 0.20 0.19-
Fe 2.06 2.18 1.91 2.10 1.83 1.98 2.10 1.97 2.10 2.24
2
SL-24 182-235 182-425 182-620 182-785 182-35
Core Rim  Core. Rim  Core Rim - - Core Rim
MgO 1.28 1.28 3.78 4.16 3.02 4.11 | 3.11 2.11 2.7 3.26
ALO, 2190. 2194 21.70 21.71 21.92 22.15 2096 20.82 20.79° 21.66
SiO, 38.38 38,51 3773 3745 38.07- 38.13 37.40 37.43 37.44  37.56
Cao 8.08 10.39  2.96 2.23 2.73 2.07 2.34 5.09 -3.88 2.73
MnO 3.26 2.24 1.30 . 0.42 5.04 2.25 3.19 6.04 340 1.52
FeO 29.24  28.58 3355 34.12 30.48 32.27 33.20 28.80 31.78 33.84

Total 102.14 102.94 101.02 100.09 101.26 100.98 100.20 100.29 100.06 100.57

Mg 0.1s° 015 045 049 036 - 048 037 025 033 039
Al 202 199 202 202 204 203 196 1.95 1.95  2.01
Si - 3.01 299 298 298 3.00 3.00 300 300 3.01 2.99
Ca 068 0.8 025 019 023 017 020 044 033 023
Mn .02 015 009 003 034 015 022 041 0.23. 0.10.
Fe =191 -~ 18 222 227 201 . 212 223 193 2M4 225
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MgO 2047 1690 17.16 18.67 1847 1786 1674 17.79
AL O, 2291 2234 2250 2300 2358 2373 2378 23.03
Si0, 2509 2375 2394 2496 25.16 2478 2496 2491
MnO 0.22 0.10 0.00 0.51 0.00 0.18 0.23 0.36
FeO 16.70  19.57 18.83 1945 1892 2098 = 2251 2097

Mg 6.32 5.48 5.56 5.1 5.69 5.49 5.14 5.51
Al 5.59 5.73 5.76 5.62 5.74 5.71 5.1 5.64
Si 5.20 5.17 5.20 5.18 5.20 5.11 5.14 5.17
Mn 0.04 0.01 0.00 0.09 0.66 0.03 0.04 3.64
Fe 2.89 3.56 3.42 3.37 327 3.62 3.88 0.06

Na,0 8.22 7.81 7.25 4.32 6.04 5.42 7.76 7.31 5.93
AlLO, 2339 2575 2642 3091 29.01 2965 2566 2490 28.56
SiO, 63.51 60.04 5891 52,75 57.87 55.63 58.21 58.20 56.87
CaO 5.56 6.68 7.74 1334 10.27 - 11.25 7.25 6.68 9.95

\
Na 0.70  0.67 0.63 0.38 .. 0.51 0.46 0.66 0.65 0.53
Al 1.30 - 1.35 1.39 1.63 1.49 1.54 1.37 1.34 1.47
Si 2.71 2.66 2.62 2.36 2.52 2.46 2.63 2.66 2.52
Ca 0.29 0.32 0.37 0.64 0.48 0.53 0.35 0.33 0.46

......................................................................................
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k]
Muscovite
7-25 7-140 24-10 24-13 72-295 182-320 30-11
Na,O 1.50 1.18 1.11 1.06 1.14 1.50 1.13
MgO 1.34 1.10 1.13 1.12 1.16 1.15 1.18
Al,O 34.47 35.17 35.22 3555 3555 3525 3499
Si0, 46.50 4478 46.19 4585 46.03 4523 4544
K,O 9.15 9.49 9.87 9.22 9.23 8.88 9.87
FeO 2.01 2.18 291 2.52 2.61 2.03 2.74
TiO, 0.00 1.0] 0.18 0.41 0.50 0.49 0.43°
Total 9347 9373 9550 9467 9508 93.03 94.65
Cations Based on 22 Oxygen
Na 039 031 02 027 029 089 027
Mg 0.27 0.22 0.22 0.22 0.23 0.23 0.23 -
Al 5.42 5.56 5.49 5.56 5.53 5.58 5.48
Si 6.02 6.01 6.11 6.08 6.08 6.06 6.04
K 1.56 1.63 1.66 1.56 1.55 1.52 1.67
Fe 0.22 0.25 0.32 0.28 0.29 0.23 0.30
Ti 0.00 0.10 0.02 0.04 0.05 0.05 0.04
e S e = = mm e e e e e e o e e e e m e e mm e mmmm e mm e e e e e m e e am e mmemmmmmm e emem
Compositien of Minerals from Spruce Point
Biotites " .
...... e e P
115-920%15-1323115-1307115-1303 67-702  94-08 -
Si0, 34.67 3563 36.51 36.80 38.60 38.15
AlLO, 1734 1946 19.88 18.42 17.32 16.83
FeO 23.69 17.35 17.63 10.87 12.14 1391
MgO 6.18 11.75 12.61 16.23 1543 1499
K,O 9.32 9.49 9.00 9.17 9.30 9.49
TiO, 2.52 1.48 0.73 1.13 1.66 1:58.
Na,O 0.16 0.40 0.19 0.60 0.13 0.27
MnO 0.70 0.00 0.08 0.00. 0.00 0.00

Si 47 536 540 549 568  5.64
Al 0322 345. 347 324 300 293
Fe 312 208 218 136 149 172 i
Mg - 145 263 278 361 338 33l
K 187 182 170 1747 175 179
Ti 030 017 , 008 013 0.8 0.8
Na 005 012 ~005 017 004 0.08
009 000 001 000 000 0.00

Mn






Chlorites ,
67-702 67-768 67-797 115-1303 94-0%

Si0, 26.58 2427 20687 2574 27.14
Al O, 22,52 2251 2371 2320 21.64
MgO 21.29 1097 2452 2120 21.49
FeO 1497 2962 1163 1502 16.75
K.,O 0.16 0.18 0.00 0.00 0.00
TiO, 0.12 0.00 0.00 0.00 0.00
Total 85.54 87.55 8673 §5.16 87.02

Cations Based on 28 Oxygen /
Si 5.42 5.24 5.30 5.28 5.48
Al 5.41 5.73 5.52 . 5.6l 5.15
Mg 6.47 3.53 7.21 6.48 6.47
Fe [ 2.52 5.35 1.92 2.58 2.83
K 10.04 0.05 0.00 0.00 0.00
Ti 0.02 0.00 -0.00 0.00 0.00
Muscovite and Plagioclase

115-1323 115-1307

Musc Plag  Musc Plag
SiO, 4493 56.43 46.22 54.67
AlLQ, 3434 2773 36.41 29.33
K,O 10.23 9.93
FeO 3.55 2.20
TiO, 0.93 0.00
MgO 1.19 ) 1.06 ° .
Na.O 0.98 6.25 ° 0.83 5.93
Ca0o 9.46 11.30

99.87 96.65 101.23

Total 96.15

Cations Based on 22 or 8 Oxygen

Si 6.02
Al 5.42
K 1.75
Fe - 0.40 -
Ti 0.09
Mg 0.24
Na 0.25

2.53
1.47

6.08 2.44

5.64 1.54

1.66

0.24

0.00

0.21

0.21 0.45
' 0.54
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