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ABSTRACT

Fe-Mg-Zn-Al alteration zones at the Linda deposit
are characterized by metamorphic assemblages that
include quartz, muscovite, pyrite, zincian staurolite,
kyanite, gahnite, biotite, chlorite and sphalerite. These
assemblages crystallized under amphibolite-facies condi-
tions during syn-D2 peak metamorphism. Analyses of
sulfide. silicate and oxide minerals in low-variance
assemblages were used to balance metamorphic reactions
in the sysrem Si-A1-Fe-Mg-Zn-K-H-F-O-S. Chemo-
graphic analysis of assemblages containing quartz'
muscovite and pyrite defines a log lS, - log lO2)
petrogenetic grid at fixed pressure, temperature, /(H2O)
and /(HF). The mineral assemblages can be represented
in the subsystem Mg-Zn-AI2. Reactions involving four
Mg-Zn-N2 minerals define univariant curves; equi-
librium compositions of coexisting minerals vary along
the curues. Assemblages containing chlorite - kyanite or
biotite - kyanite can be modeled in a Zn-absent subsystem
by isopleths of Fe end-member activity in continuous
sulfidation-oxidation reactions. Fluorine occurs in sig-
nificant amounts in biotite at the Linda deposit. As a
result of Fe-F avoidance, biotite is higher in
Mgl(Mg+Fe) than coexisting chlorite. The reversal in
Fe-Mg partitioning modifies reaction topology, and
biotite - kyanite is stable at higher /(S) than chlorite.
Sphalerite geobaromelry indicates a maximum pressure
during syn-D2 metamorphism of about 5 kbar' The
coexistence of Fe-rich staurolite + quartz and margarite
+ quanz constrains the temperature of peak metamor-
phism to about 550oC, consistent with the chlorite -

biotite - staurolite zone in pelitic metasedimentary rocks.
In the metamorphosed altered rocks, the assemblages
staurolite - anthophyllite and biotite - kyanite, which
would normally crystallize at higher grade, were stabilized
by Zn and F, respectively, The presence of Zn and F, and
the reversed Fe-Mg panitioning between biotite and
chlorite, invalidate the application of P-T grids derived
for pelitic bulk-rock compositions. Metamorphic isograds
in the Snow Lake region require a reinterpretation that
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SovnaelnE

Les zones d'altdration du gisement Linda, au lac Snow
(Manitoba), contiennent des assemblages m€tamorphi-
ques i quartz, muscovite, pyrite, staurotide zincifere,
kyanite, gahnite, biotite, chlorite et sphalerite' Ces
assemblages ont cristallis6 dans le facies amphibolite lors
du paroxysme m6tamorphique syn-Dr. Les r6sultats
d'analyses des sulfures, silicates et oxydes des assemblages
i faible variance ont 6t6 utilises pour balancer les rdactions
m6tamorphiques dans le systime Si-Al-Fe-Mg-Zn-K-H-
F-O-S. L'analyse chimiographique des assemblages it
quafiz, muscovite et pyrite d6finit une grille p6trogdn6ti-
que en termes de log lS) - log /(O2) ?r pression,
temp6rature, /(H2O) et IHF) constantes. On peut
repr6senter les assemblages de min6raux dans le sous-sys-
teme Mg-Zn-AI2. Les r6actions impliquant quatre
min6raux it Mg-Zn-Al2 d6finissent des courbes univa-
riantes; les compositions des min6raux ir l'dquilibre varient
le long des courbes. Les assemblages ?r chlorite - kyanite
ou d biotite - kyanite peuvent €tre reproduits dans un
sous-systCme sans Zn, par des courbes d'activite constante
du p6le ferrifbre dans les r6actions continues de
sulfuration et d'oxydation. Le fluor est present en
quantites importantes dans la biotite de ce gisement. Vue
l;instabilitd relative des liaisons Fe-F, la biotite est plus
riche en Mg/(Mg+Fe) que la chlorite coexistante.
L'inversion dans la distribution Fe-Mg modifie la
topologie rdactionnelle, et la paire biotite - kyanite est
stable ir une valeur de lS) plus 6lev6e que la chlorite.
La g6obarom6trie fond6e sur la sphal6rite indique une
pression maximale pendant le m6tamorphisme syn-D2
d'environ 5 kbar. La coexistence des paires staurotide
ferrifbre - quartz et margarite - quartz limite la
temp6rature maximale du m€tamorphisme d environ
5506C, ce qui concorde avec la zone d chlorite - biotite
- staurotide dans les roches p6litiques m€tas6dimentaires.
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Dans les roches alt6r6es mdtamorphisdes, les assemblages
staurotide - anthophyllire et biotite - kyanite, qui
apparaissent normalement i un niveau m6tamorphique
plus 6lev6, onr er6 stabilis6s par le Zn er le F,
respectivement. La pr6sence de Zn et F, et I'inversion
dans la distribution Fe-Mg entre la biotite et la chlorire,
rendent invalides l'application des grilles P-T d6riv6es ir
partir des roches ?r compositions p6litiques. Les isogrades
mdtamorphiques dans la rdgion du lac Snow exigent une
r6interpr6tation qui tient compte de la composition des
roches dont la composition a 6td modifi€e par une
alteration hydrothermale.

Mots-clds:. 6quilibres de sulfuration et d'oxydation,
staurotide zincif0re, gahnire, incompatibilitd Fe-F,
coefficient de distribution invers6, lac Snow.
Manitoba.

IurnooucrroN

The conceptual framework needed to model
metamorphic silicate - oxide - sulfide equilibria is
still evolving. In Fe-Mg minerals, progressive
sulfidation or oxidation of Fe end-members
produces progressively more magnesian composi-
tions (Bryndzia & Scott 1987, Froese 1911, 1977,
Mohr & Newton 1983, Nesbitt 1982, 1986a, b).
However, at the Linda deposit, the presence of Zn
and F in altered rocks results in more complex
phase-relations among the Fe-Mg phyllosilicates,
Fe-Zn-Mg-bearing staurolite and gahnite, and
Zn-Fe-bearing sphalerite.

In this contribution, we have taken into account
ternary Fe-Zn-Mg solutions in gahnite and
staurolite in the treatment of silicate - oxide -
sulfide assemblages. The approach is initially
empirical; we make use of electron-microprobe
data on the composition of minerals in low-
variance assemblages to balance reactions, and we
use chemographic analysis to develop petrogenetic
grids as functions of 52 and 02 fugacities, pressure
and temperature. Mineral abbreviations are from
Kretz (1983), with the following exceptions: Al-sil
for aluminosilicate, bi for biotite, ch for chlorite,
da for daphnite, gh for gahnite, hpo for hexagonal
pyrrhotite, il for ilmenite, mg for magnetite, mpo
for monoclinic pyrrhotite, ru for rutile, si for
sillimanite, sid for siderophyllite, and xn for
xenotime.

RrcroNer_ Gsorocy

The Linda deposit is located in the Snow Lake
region of the Flin Flon - Snow Lake volcanic belt
(Fig. l), in the Proterozoic Trans-Hudson Orogen.
The volcanic belt is flanked by the Kisseynew gneiss
belt to the north, and to the south, it is overlain
by Paleozoic sedimentary rocks. The following
brief summary of the regional geology of Snow

Lake (Fig. l) is based mainly on Froese & Moore
(1980).

Supracrustal rocks have been divided into two
groups, Amisk and Missi. The Amisk Group
encompasses a suite of intercalated mafic and felsic
metavolcanic rocks, and overlying metasedimen-
tary rocks, mainly greyrnackes and shales. Amisk
metasedimentary rocks (ornamented in Fig. l) have
pelitic bulk-compositions and commonly contain
mineral assemblages definitive of regional
metamorphic grade. The Missi Group, which was
deposited on Amisk Group rocks, consists mainly
of metamorphosed lithic arenites.

The Linda deposit is one of several volcanogenic
massive sulfide deposits in the Snow Lake region.
It is subeconomic and contains massive and
disseminated pyritic mineralization with minor
amounts of pyrrhotite, sphalerite and chalcopyrite.
Economic Cu-Zn deposits in the vicinity include
the mines at Anderson Lake, Stall Lake and Rod.
The deposits are hosted by Amisk felsic volcanic
rocks and are associaled with extensive zones of
synvolcanic hydrothermal alteration. The altered
rocks are characterized by assemblages of am-
phibolite-facies metamorphic minerals that resulted
from the regional dynamometamorphic overprint-
ing of altered protoliths (Bailes 1987, 1988, Froese
& Moore 1980. Walford & Franklin 1982. Zaleski
& Halden 1988).

Froese & Moore (1980) proposed three deforma-
tional events. D1 produced tight to isoclinal F,
folds. The Mcleod Road thrust faulr (Fig. l),
although locally showing evidence of late reactiva-
tion (Galley et al. 1988), is a probable pre-Dr or
syn-Dt fault. D2 produced northeasterly trending
flexural folds. D3 deformation was restricted to the
northern part of the Snow Lake region.

Metamorphic assemblages in the Flin Flon -
Snow Lake belt show a transition from a low-grade
metavolcanic terrane in the south, to the high-grade
Kisseynew gneiss belt in the north (Froese &
Gasparrini 1975, Froese & Moore 1980). In the
Snow Lake region, metamorphic isograds delineate
four metamorphic zones characterized by the
assemblages: chlorite - biotite, chlorite - biotite -
staurolite, biotite - staurolite - sillimanite and
biotite - sillimanite - almandine (Fig. l). Prograde
isograd reactions (listed in Fig. l) were inferred
from parageneses in Amisk pelitic rnetasedimentary
rocks.

The reaction assemblage for the biotite -
sillimanite isograd (chlorite - staurolite
aluminosilicate - biotite - muscovite) is present in
the altered rocks at the Anderson Lake and Stall
Lake mines. The parageneses in altered rocks
commonly resemble those of metapelites; hence the
biotite - sillimanite isograd was mapped on the
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Frc. l. Location (inset), regional metamorphic geology of Snow Lake, and isograd reactions (inset) based on Froese

& Moore (1980). Merapelites belonging tb the Amisli Group are ornamented. Stars mark the locations of assemblages

of lower grade in peliiic rocks north of the biotite - sillimanite isograd. The location of subsurface cross-section

C-C' of rhe Linda deposit (Fig. 2) is indicated by the bar.

basis of the first appearance of aluminosilicate,
irrespective of the protolith (Froese & Moore 1980).
Assemblages of lower grade (indicated by stars in
Fig. 1) are present in metapelites to the north of
the isograd. Chlorile in these assemblages was
regarded as a retrograde mineral by Froese &
Moore.

There is a dichotomy in the distribution of
aluminosilicate polymorphs in the region; kyanite
is present at Stall Lake, and both kyanite and
sillimanite at Anderson Lake, whereas sillimanite
is present in metapelites. The erosional surface was
interpreted to expose an isobaric prograde sequence
corresponding to the intersection of the biotite -

aluminosilicate isograd reaction with the kyanite -

sillimanite phase boundary (Froese & Moore 1980).

GEOLOCY OF THE LINPE ANEE

The pyritic mineralization of the Linda deposit
is hosted by felsic metavolcanic rocks that have

undergone synvolcanic Fe-Mg-Zn-Al alteration
(Fig. 2). The alteration is disposed in two discrete
zones, designated as "proximal" and "distal" with
reference to their relative distance from massive
sulfide mineralization, and without lithofacial
connotation (Zaleski 1989). The deposit is over-
turned, with the alteration zones overlying the
massive sulfide bodies.

The distal zone defines a relatively homogeneous
zone of Na and Ca depletion; the most common
rock-type is a feldspar-absent staurolite-banded
gneiss. It is enveloped by felsic rocks containing
calc-silicate minerals, mainly epidote. The proximal
zone is heterogeneous, encompassing graphitic and
margarite-bearing metasediments, sulfidic mus-
covite-rich metasediments, massive sulfide bodies
and altered felsic rocks. There is a single occurrence
of quartz - staurolite - anthophyllite - gahnite rock
in an enclave in the largest massive sulfide body
(Fig. 2, ll3l). Both the distal and proximal zones
have an irregular Zn-rich core characterized by
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muscovite schists with zincian staurolite and
gahnite.

In the Linda area, there is evidence of at least
two episodes of deformation (Zaleski 1989, Zaleski
& Halden l99l), and the planar tectonic fabrics,
S1 and 52, are pertinent to this study. S, is defined
by metamorphic segregation layering, flattening of
primary features (e.g., clasts, quartz phenocrysts),
mineral schistosity and trails of inclusions. S, is
most commonly a crenulation cleavage, but it also
is defined by the orientarion of (001) planes of
biotite. Porphyroblastic minerals are mainly syn-
kinematic with Dr. The observations indicating this
are: skeletal crystals with habits mimetic after .S,

THE CANADIAN MINERALOGIST

Ftc. 2. Cross-section C-C' of the Linda deposit looking southwest, with sample
locations. Sample ll31 lies in an adjacent cross-section and was projected onto
the C-C'plane. Horizontal and verrical scales are equal.

and S, cleavages but showing some misorientation
with respect to ,S2 in the matrix, and porphyroblasts
containing S, inclusion trails and showing crystal-
lographic orientation parallel to Sr. Garnet in
altered rocks shows dimensional orientation and
inclusion trails parallel to ,S1 cleavage, indicating
pre-D, and probably syn-D, growth of garnet.

Two generations of kyanite can be distinguished.
Syn-D, kyanite shows crystallographic and dimen-
sional orientation parallel to S, schistosity, and
transposition and strain related to development of
the 52 fabric. Syn-Dz kyanite occurs as skeletal
crystals mimetic after ,S, and S, fabrics, as
previously described for syn-D, porphyroblasts in



METAMORPHIC PETROLOGY OF THE LINDA DEPOSIT, MANITOBA 999

general. Syn-Dr kyanite is not associated with
biotite; syn-D, kyanite is associated with biotite,
typically a nearly colorless phlogopite.

The Linda deposit lies in the chlorite - biotite -
staurolite zone of regional metamorphism as based
on parageneses in metapelites (Fig. l). At the
deposit, parageneses in altered volcanic rocks
include muscovite - chlorite - biotite - garnet -

staurolite and muscovite - chlorite - staurolite -

biotite - kyanite; these are the reaction assemblages
for the biotite - staurolite and biotite - aluminosili
cate isograds, respectively. The assemblage
staurolite - anthophyllite, normally stable within
the biotite - staurolite - sillimanite zone (Froese &
Moore 1980), also is present. The relationship
between the altered rocks and regional metamor-
phism is one of the major questions addressed in
this study.

MINERAL CHEMISTRY

Method

The selection of samples for electron-microprobe

analysis was aimed at representing the variety of
low-variance silicate - oxide - sulfide assemblages
in altered rocks (Fig. 2, Table l). In particular,
staurolite-bearing parageneses were represented.
Mineral analyses were carried out on a JEOL
Superprobe 733 at the Mineral Sciences Division'
Canadian Museum of Nature' Ottawa. Mineral
compositions are reported here for staurolite,
gahnite, garnet, sphalerite, biotite, muscovite and
chlorite (Table 2).

Mineral compositions were determined by
wavelength-dispersion spectrometry (WDS) using
an accelerating potential of 15 kV' a beam current
of 20-25 nA, and a beam diameter of 10-16 pm.
A focused beam was used for some very fine
disseminated grains of sphalerite. Mineral stand-
ards were used, except for Zn in phyllosilicate
minerals, for which synthetic BaZnGeOa was used
as standard. For the analysis of phyllosilicates, the
following mineral standards were used: chlorite for
Si, Al a;d Mg, biotite for Ti, Fe and K, chromite
for Cr, willemite for Mn, diopside for Ca,
sanbornite for Ba, albite for Na, fluoriebeckite for
F, and tugtupite for Cl. For staurolite' gahnite,

TABLE 1. SUMMARY OF MINERAL ASSEMBLAGES

a. DISTAL ALTERATION ZONE

Saruple Assernblages Accessory Minerals

22-90r

22-957

22-996.5

34-799a

3+799b

qtz, ms] ch, \r, st' pyr sp.

qtz, ms, st, ch, pY.

qtz, ch, ms, st, mgr PY.

qtz, ms, glr, et, py, sp.

qtz, ms, ghr pyr ep.

pll ap, aln, tur, zrn, nrr ill

rnrg, grt, tur, spr ap, alnr mg, il, rut mnzr )<rl'

il, ap, aln.

tur, chl ap, ccp, sif m.

tur, ccp, nr, 
"hf

b. PROXIMAL AI,TERATION ZONE

Sample Assernblages Accessory lWnerals

22A-t625

22A-1638

22A-r752

228-1723

uc-L377

34C-1453

uc-I747.6

34-1500

24.1L31

qtz, ms, ch, st, grt, bit PY' sP.

qtz, ms, st, ky, PYr Bhr sp.

qtz, ms, PYt kyr ch, et, bi.

qtz, ms, st, py, gh' bit sP.

qtz, ms, *, py, kJ, bi, ch, sp.

qtz, ms, sfi, ghr py.

qtz, ms, \r, st, bir Pn hPo.

qtz, Brr ll5r, py, hpo' bit trre' sP.

qtz, st, edh, py, gh, mg, hPo.

*pof t*o aln, ap, zrnr ccpr ru.

tur, ap, zrn, Por ccPt ru.

pl, tur, ru, aPr ccP.

nrrg, ap, tux, znt, gnr ru' grn, 
"nf 

cal9

pl, tur, ap, zlnt ru, :cr, sil

rttpol nil 
"hf 

ap, zrn, aln, ru, il, xn, mnz.

"p, 
.npof 

"hfccp, 
ru.

*pof -"g, chf apy, ccp, tur.

pt, mpof ccp, bif apy, sil

I

3
Analyzed minerals in boldface.

Retrograde.

2 Inferred from altered pseudomorphs.
a Not part of the equilibrium assenrblage.
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METAMORPHIC PETROLOGY OF THE LINDA DEPOSIT' MANITOBA

TABLE 2b. BIOTITE COMPOSITIONS

l00l

Snmple 1625 (5) ' 1752 (2) 1723 (5) 1500 (6) 1377 (5) 1747.5 (6)

SiO: 37.87 (0.35)
Tioz 1.02 (0.05)
Alz og 19.19 (0.15)
FeO 10.75 (0.15)
l\dno 0.24 (0.01)
lvlsO 17.52 (0.15)
BaO 0.00 (0.00)
CaO 0.00 (0.00)
Na2O 0.41 (0.02)
KzO 9.24 (0.43)
F  1 .67  (0 .15)
HzOt 3.37 (0.08)

Total|  100.5? (0.72)

si 6.452 (A.O22)
rYAt 2.54s (0.022)
v rA l  o .zo9 (0 .011)
Ti 0.111 (0.004)
Fe 1.2e4 (0.022)
1\4n 0.029 (0.001)
I\& 3.760 (0.042)
site 5.903 (0.044)

38.40 (0.11)
1 .00  (0 .01)

18.92 (0.0?)
e.73 (0.14)
0.20 (0.01)

1e.34 (0.14)
o.oo (o.oo)
0.02 (0.02)
0.38 (0.02)
8.57 (0.38)
2.83 (0.08)
2.88 (0.05)

101.06  (0 .07)

5.460 (0.006)
2.540 (0.005)

0 .631 (0 .003)
0 .106 (0 .001)
1 .15? (0 .014)
0.023 (0.001)
4.0e8 (0.025)
6.016 (0.042)

o.oo0 (0.000)
o.oo3 (0.003)
0 .105 (0 .005)
1 .555 (o .o?o)
1 .662 (0 .080)

1 .273 (0 .037)
2.727 (0.037)

22.727

37.15 (0.61)
1.27 (0.08)

18.7e  (0 .12)
14.32 (0.15
0.17  (0 .03

15.61 (0.25
0.00 (0.00
0.03 (0.02
0.28 (0.07
8.72 (0.22
1.51 (0.09
3.39 (0.05

41.68  (0 .15)
0 .34  (0 .02)

L7.21 (O.25)
1.30 (0.08)
0.05 (0.04)

25.25 (0.15)
0 .16  (0 .01)
0 .01  (0 .02)
0.33 (0.02)
8.73 (0.47)
3.53 (0.13)
2.66 (0.05)

ee.76 (0.6e)

5 .766 (0 .016)
2.234 (0.016)

0.573 (0.037)
0 .035 (0 .002)
0 .151 (0 .010)
0.006 (o.oo5)
5.207 (0.022)
5 .971 (0 .018)

o .ooe (0 .001)
0.001 (0.002)
0 .087 (0 .005)
1.541 (0.078)
1 .639 (0 .082)

1.545 (0.054)
2.455 (0.054)

22.455

3e.82  (0 .06)
o .?2  (0 .01)

18.50 (0.08
9.04 (0.03
0.28 (0.02

19.75 (0.0E
0.00  (0 .00
0.00  (0 .00
0.41 (0.01
8.18 (0.21
2.18  (0 .15
3.23 (0.08

0.11  (0 .02
15.?2 (0.15
0.00  (0 .00
0.00 (0.00
o.4o (0.05
8.e7 (0.27
1.64  (0 .13
3.3S (0.07

87.34 (0.24)
1.18 (0.06)

18.6e  (0 .21)
13.79 (0.23)

Ba
Ca
Na
K
site

F
Ht
o

0.000 (0.000)
0.000 (0.000)
0.114 (0.006)
r .6e7 (0.071)
1.811 (0.075)

0.75e (o.o6e)
3.241 (0.06e)

23.24L

100.62  (0 .52)

5.423 (0.060)
2.577 (0.060)

0 .658 (0 .033)
0.13e (0.00e)
1.74e (0.024)
0 .021 (0 .003)
3.3e6 (0.070)
5.e63 (0.060)

0.000 (0.000)
o.oo5 (o.oo3)
o.o7e (0.01e)
1.624 (0.035)
1 .70e (0 .050)

0.6e5 (0.043)
3.305 (0.043)

23.305

101.17 (0.26)

5.606 (o.oo5)
2.394 (o.oo5)

0.676 (o.oo5)
0.076 (0.001)
1.064 (0.003)
0.033 (0.002)
4.143 (o.o2o)
5.ee2 (0.018)

0.000 (0.000)
0.000 (0.000)
0.112 (0.004)
1.46e (0.035)
1.581 (0.037)

0.e71 (0.070)
3.02e (0.070)

23.O29

100.4e (0.63)

5.453 (0.028)
2.547 (0.O28)

0 .670 (0 .028)
0 .130 (0 .006)
1 .684 (0 .025)
0 .013 (0 .002)
3 .420 (0 .041)
5 .e17 (0 .025)

o.ooo (o.ooo)
0.000 (0 .000)
0 .113 (0 .014)
1.671 (0.043)
1.784 (0.03E)

0.757 (0.062)
3.243 (0.062)

25.243

I Calculated frorn stoichiornetry. I Cl, Cr and Zn not detected.

garnet and kyanite, the following standards were
used: almandine for Si and Fe, titanite for Ti,
gehlenite for Al, nichromite for Cr, diopside for
Mg and Ca, tephroite for Mn, willemite for Zn,
and albite for Na. For sphalerite, the following
standards were used: sphalerite f.or Zn and S,
arsenopyrite for Fe, tephroite for Mn, cuprite for
Cu, and Cd-bearing apatite for Cd. Data were
processed with a conventional ZAF correction.

During calibration, counts on standards for
major elements were collected to a minimum lo
precision of 0.50V0. Counts on samples were
collected to a lo precision of 0.5090, or for
maximum counting times of 25-40 seconds. The
results of each analysis were recorded with the
cumulative lo standard deviation for both standard
and sample. Elements for which the standard
deviation of sample counts exceeded 25.5090
(relative error) were considered not detected. Cl was
not detected in any samples. Detection limits for F
were 0.3990 in chlorite, 0.44V0 in biotite and 0.4690

in muscovite. Detection limits for Zn were 0.160/o
in chlorite and less thar' 0.240/o in biotite.

Results of chlorite analyses tend to have slightly
high analytical totals; these average 101.26 t'o
102.00s/o after the addition of calculated H2O.
Biotite analyses also tend to have high sums, from
99.76 to l0l,l70/o. This is probably due to a
systematic error introduced during calibration on
the standards and may be related to either the
choice of standards or to inaecuracy in the reported
compositions. Chlorite and biotite standards were
used for major elements to minimize the differences
in matrix between the standards and the minerals
analyzed. The element(s) in which the systematic
error occurs cannot be definitely identified, and
this will contribute to the uncertainty of the
analyses. Interpretations relying on relative mag-
nitude should not be affected.

Recasting of analyses (except in the case of
staurolite) to structural formulae followed the
method of Deer et ql. (1966). The proportion of
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TABLE 2c. CHLORITE COMPOSITIONS

Sample e01 (6)' 1625 (4) 1762 (6) 1377 (5)

SiOz
TiOz
AlrOg
FeO
A/tnO
IvIgO
ZrO
Na2O
Kzo
F
rrz ot

25.30  (0 .40) 26.30
0.07

24.52
!4 .73

0.43
22.72

0.1  1
0.02
0.16
0.00

L2.25

1 0 1 . 2 6

26.2e (0.22)
o.o5 (0.03)

24.34 (0.28)
15.23 (0.46)
0.38 (0.02)

23.20 (0.2e)
o.o0 (0.00)
0.00 (0.00)
o.o2 (0.04)
0.36 (0.27)

12 .11  (0 .10 )

101 .82  (0 .50 )

5.135 (0.033)
2.865 (0.033)

26.59 (0.31
0.05 (0.03

24.46 (o.2L
13.01 (0.18
0.50 (0.01

24.5r (0.34
0.00 (0.00
0.00 (0.00
o.o3 (0.05)
o.3o (0.25)

L2.22 (0.r0)
101.54  (0 .74)

5 .157 (0 .028)
2 .843 (0 .028)

2.75t (O.025)
0.008 (0.004)
2.110 (0.035)
0.082 (0.002)
7.084 (0.041)
0.000 (0.000)
o.ooo (o.ooo)
0.006 (0 .013)

12.042 (o .oo6)

0 . 1 8 5  ( 0 . 1 5 1 )
1 5 . 8 1 5  ( 0 . 1 5 1 )

35.815

Total{ 102.00 (0.30)

0 .000
16.000

36.000

0.04 (0.03
24.44 (0.28
20.59 (0.16

0.30 (0.02
19.32 (0.21
0.00 (0.00
0.00 (0.00
0.01 (0.00
0.00 (0.00

12.00 (0.04

0.53)
0 . 0 1 )
0 .60)
0 . 1 8 )
0 . 0 1 )
0.43)
0 . 1 1 )
0 . 0 3 )
0 . 1 8 )

(0.00)
(0 .12 )
(0.e0)

s i  5 .055 (0.075)  5.156 (0.060)
rYAr 2.945 (o.o?5) 2.844 (0.060)
vrAt  2.BLo (o.o2z
Ti 0.006 (0.004
Fe 3.441 (0.035
Ltn 0.051 (0.004
I\& 5.?52 (0.058
Zr 0.000 (0.000
Na 0.000 (0.000
K 0.002 (0.000
site 12.062 (0.044

2 . 8 2 3  ( 0 . 1 1 6
0.010 (0 .001
2.415 (0 .044
0.072 (o .oo1
6.642 (0 .187
0 . 0 1 5  ( 0 . 0 1 6
0 . 0 0 7  ( 0 . 0 1 1
0.038 (0 .045

12.023 (0 .054

2.741 (0 .039
0.007 (0 .005
2.488 (0.074
0.063 (0 .003
6.753 (0 .087
0.000 (0 .000
0.000 (0 .000
0.00 i l  (0 .009

12.057 (0 .019

F
Ht
o

0.000
16.000
36.000

0.223 (0 .164)
15.777 (0.164)

35.777

t Calculated froru stoichiouletry.
* Cl, Cr, Ba and Ca trot detected.

H2O was back-calculated from stoichiometry, after
adjustment for F content. Staurolite formulae were
normalized to (Si + Al) = 25.53, after the
proposed scheme of Holdaway et al. (1986, 1988)
for staurolite that formed under reducing condi-
tions. Oxygen was assumed to total 48 atoms, and
excess anionic charges were balanced by H+. LirO
was not determined, and the weight Vo of HrO was
back-calculated from the charge balance. The
assignment of cations to structural sites, based on
Holdaway et al. (1986), includes 0.250 Fd+ at the
octahedral A(3A) sites, (Mn + Fe2+) : 0.250 at
the U(1) site, and Mg, Zn, Ti and the remaining
Fe at the tetrahedral (Fe) site. The weight percents
of Fe2O3 and adjusted FeO were back-calculated.
This method produces oxide totals averaging 97 .52
to 99.5890.

In general, the samples achieved equilibrium at
the thin section scale, as inferred from the lowJevel
random scatter of analytical values. Most analyses
are reported as within-sample means (1.e., within
thin section) with 1o standard deviations from the

mean (Table 2). ln most cases, mean values were
used in balancing model reactions. Staurolite and
gahnite show minor differences between core and
rim compositions. In cases of systematic variation,
average rim compositions were used. Garnet shows
strong Fe-Mn zoning, and rim compositions were
used to balance reactions. Sphalerite formulae were
normalized to S = I before calculating balanced
reactions.

Staurolite, gahnite and spholerite

Staurolite and gahnite compositions span a wide
range of Fe-Zn substitution, with minor variation
in Mg (Fie. 3). The Zn content of staurolite is partly
a function of bulk-rock composition; the composi-
tional gap (between samples 1453 and l72l) is
probably due to a gap in the bulk-rock composi-
tions of the sample suite. The Mg content of
staurolite and the Zn/Fe ratio of gahnite are mainly
functions of 52 and 02 fugacities, as inferred from
the coexisting Fe-Ti oxide and sulfide minerals.
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TABLE 2e. SPIIALERITE COMPOSITIONS

Sanple t625 (2)' 1638 (7) L728 (2) ?esb (2) ?eea Ls77

Fe
Iltr
Zn
cd
Cu
s
Total

Fe
I\ta
Zn
cd
Cu
site

s

7.?6 (0.0e)
0.41 (0.03)

57.88 (0.34)
0.24 (0.12)
o.o7 (0.04)

33.15 (0.2e)

ee.51 (0.45)

0.139 (0.002)
0.007 (0.001)
0.885 (0.005)
0.002 (0.001)
0.001 (0.00r)
1.035 (0.00e)

1.034 (0.009)

6.36 (0.2e)
0.03 (0.05)

60.59 (0.44)
0.00 (0.00)
0.02 (0.04)

3:t.27 (0.17)

100.27 (0.45)

0.1x4 (0.005)
0.001 (0.001)
0.927 (0.007)
0.000 (o.ooo)
0.000 (0.001)
1.042 (0.007)

1.038 (0.005)

8.36 (0.10)
0.15 (0.03)

57.58 (0.37)
0.47 (0.r5)
0.20 (0.04)

32.87 (0.38)

ee.63 (0.79)

0.150 (0.002)
0.003 (0.001)
0.881 (0.006)
0.004 (0.001)
0.003 (0.001)
1.040 (0.010)

1.025 (0.0r2)

7.26 (0.0e) 5.27 2.44
0.00 (0.00) 0.00 0.00

58.54 (0.34) 60.56 65.85
1.10 (0.08) 0.00 0.00
0.21 (0.04) 0.00 0.00

3.if.53 (0.34) U,32 31.75

100.64 (0.09) 100.06 100.04

0.130 (0.002) 0.094 0.044
0.000 (0.000) 0.000 0.000
0.896 (0.005) 0.926 1.00?
0.010 (0.001) 0.000 0.000
0.003 (0.001.)  0.000 0.000
r.038 (0.008) r .021 1.051

1.046 (0.001) 1.067 0.990

TABLE 2f. GAHMTE COMPOSITIONS

Sample 1638 (5) ' L72s (7) 799a (3) ?eeb (6)

sio2 0.02 (0.03)
AIzOg 5e.02 (0.70)
FeO 5.01 (0.14)
l\{nO 0.15 (0.01)
Ivlgo 2.3e (0.0e)
ZrO 32.67 (0.2E)

Total{ 99.26 (o.72)

0.03 (0.04)
58.62 (0.38)
7.27 (A30)
0.23 (0.02)
2.44 (0.20)

31.r3 (0.63)

99.72 (0.28)

0.001 (0.001)
2.023 (0.005)
2.024 (0.005)

0.178 (0.007)
0.006 (0.001)
0.106 (0.00e)
0.673 (0.016)
0.e63 (0.007)

4.000

0.25 (0.35)
58.71 (0.5r)
5.38 (0.13)
0.03 (0.04)
2.04 (0.10)

32.8E (0.13)

9e.2e (0.26)

0.007 (0.0r0)
2.033 (0.012)
2.040 (0.005)

0.132 (0.004)
0.001 (0.001)
0.089 (0.005)
0.713 (0.003)
0.e35 (0.009)

4.000

0.06 (0.0e)
58.31 (0.61)
5.10 (0.37)
0.00 (o.oo)
2.12 (0.33)

34.00 (0.e0)

ee.5e (0.3e)

0.002 (0.003)
2.025 (0.005)
2.027 (0.005)

0.126 (0.008)
0.000 (0.000)
0.0e3 (0.014)
0.740 (0.025)
0.e58 (0.008)

4.000

si
IY AI
site

0.000 (0.001)
2.040 (0.005)
2.040 (0.005)

Fe 0.123 (0.003)
I\4n 0.004 (0.000)
Mc 0.105 (0.004)
Zn 0.707 (0.010)
site 0.939 (0.00s)

o 4.000

t Ti and Cr not detected.

Staurolite in the assemblage staurolire - anthophyl-
lite - gahnite (ll3l) has a zincian composition.

Figure 3b focuses on the compositions of
coexisting staurolite and gahnite. The staurolite
compositions include only Fe2+ calculated at the
tetrahedral Fe-bearing site, using the structural
formula of Holdaway et ol. (L986, 1988). Reactions
(Table 3) involving staurolite were balanced usinp
(Fd+ + Fe3+; on all sites.

Figure 3b portrays cation exchange involving
only tetrahedral sites. The change in tieline
orientation correlates with Zn/F&+ in staurolite
and may reflect nonideal mixing at terrahedral sites.
Alz/MS in staurolite shows little variation through
a wide range of Zn/Fe (see Model mineral
reactions), which supports the proposal that Fe and
Mg are not completely exchangeable in staurolite
(Grambling 1983).
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primarily by Mn-Fe substitution. In coarse por-
phyroblasts in sample 1625, the propoltion of
spessartine and almandine end-members, respec-
tively, is 52.9 and 32.3 mola/o in the core, and 36.3
and 44.9 mol9o in the rim. Rim compositions were
assumed to have equilibrated with syn-D2 por-
phyroblasts.

Kyanite

Kyanite shows very slight deviation from ideal
end-member composition, involving minor sub-
stitution of Fe3+ for Al to a maximum of 1.290 of
the site.

Phy llosilicate minerals

Muscovite, margarite, chlorite and biotite are
present in altered rocks. Margarite has nearly
end-member composition (Table 2a, 1500 mrg).
Muscovite has a Na/(Na + K) of 0.08 to 0.26 and
contains a minor proportion of the celadonite
end-member. Biotite compositions are Mg-rich;
Mg/(Fq + Mg) ranges from 0.55 to 0.98 and, in
most cases, the mica can be classified as phlogopite.
The most magnesian composition occurs in
graphitic metasediment (1500), in which the mica
approaches end-member phlogopite. Chlorite com-
positions also are magnesian and range in Mg,z(Fe,
+ Mg) from 0.56 to 0.93. They correspond to
high-Mg ripidolite and sheridanite, using the
classification of Foster (1962),

Zn was detected sporadically in minor amounts
(less than or equal to 0.26t/o ZnO) in chlorite (in 3
samples) and in biotite (l sample). The values are
not significant with respect to within-sample
standard deviations at the 2o level. There is no
evidence of zincian chlorite, such as that described
at Franklin, New Jersey (up to 9.60V0 ZnQ,
Frondel & Ito 1975).

Biotite commonly contains F at the hydroxyl site,
from 0.86 to 3.77 wt.tlo F for biotite in the proximal
alteration zone (Table 2b). Phlogopite in a graphitic
metasediment (1500) contains the most F. Minor
amounts of F, close to the detection limit, were
detected in some cases in chlorite. F was not
detected in muscovite that coexists with F-bearing
biotite.

Fluorine and Fe-Mg portitioning

The F content of hydrous minerals generally
shows a strong positive correlation with Mg/(Mg
+ Fe) (Guidotti 1984, Gunow et al. 1980, Munoz
1984) as a consequence of "Fe-F" avoidance, an
electronic bonding phenomenon in transition me-
tats (Valley et al. 1982) that results in the coupled

METAMORPHIC PETROLOGY OF THE LINDA DEPOSIT, MANITOBA

Sample 1625 (3)* t625
rim core

SiO: 36.57
TiO2 0.00
AlzOs 2t .29
FeO 19.67
I\&O 15.90
1\&O 3.16
CaO 2.16
Naz O o.oo

(o.oe)
(o.oo)
(0 .12 )
(0 .17 )
(0.08)
(0.05)
(0 .10 )
(o.oo)

e8.80 (0.22)

5.e41 (o.o1o)
o .o5e (o .o1o)

2.672 (0.015)
2.L87 (0.013)
0.766 (o.ooe)
0.375 (0.015)
o.ooo (0.000)
6 .000  (0 .017 )

Total$

si
rY Ar

35.95
0 .17

2A.76
L4.46
22.84

L.7t
2.42
0.07

98.40

5.931
0.069

3.968
0.021
3.989

1.995
3.186
4.420
4.428
0.022
6.052

24.000

vr l . t  4 .019 (o.oro)
Ti o.o0o (o.ooo)
s i te  4 .019 (0 .010)

Fe
IVIn
Ms
Ca
Na
site

o 24.OOA

f Cr not detected.

The range of. Fe/Zn in sphalerite may reflect St
fugacity, but it is at least partly due to retrograde
exchange. Some very fine grains approach end-
member ZnS. In samples containing pyrrhotite, the
low-temperature monoclinic polymorph is present,
either with or without hexagonal pyrrhotite. The
most Fe-rich sphalerite (1723) contains 14.5 molqo
FeS and is associated with pyrite and syn-D2
porphyroblastic minerals. Although some
sphalerite compositions do not represent equi-
librium, in practice, reaction coefficients (Table 3)
are insensitive to sphalerite composition within the
range allowed by equilibration with S, in the pyrite
field.

Garnet

Strong compositional zoning in garnet is defined
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FIG. 3. Compositions of staurolite and gahnite. (a) Zn-Fer-Mg (molar proportions).
Each point represents 1-3 analyses; ornamented tielines link the compositional
fields for each sample. The dividing line separates assemblages coexisting with
pyrite (py) and either magnetite (mg) or ilmenite (il), from assemblages coexisting
',rith pyrile + rutile (ru) + sphalerite (sp). Pyrrhotite occurs in some samples
on both sides of the line. Fe, is total Fe. (b) Zn-tvFez+ -Mg (molar proportions)
in coexisting staurolite and gahnite, with ornamented tie-lines linking
compositions from within the same area. Only Fe2+ (calculated) at the
tetrahedral Fe-bearing site was included; Fe3+ and Fe2* at the Mn-bearing U(l)
site were omitted. Samples 1638, 1723 and 799 conlain sphalerite.

substitution, (Fe,OH) = (Mg,F). Munoz (1984)
derived F-intercept values [IV(F)bi] to compensate
for the compositional dependency and to allow the
expression of the degree of F enrichment as an
independent parameter. The F-intercept value for
biotite was formulated as: IV(F)61 = l.52Xun -r
0.42X^n + 0.20x,id - log Xo/Xon, in which ?1ou
is the mole fraction of Mg in the octahedral site,
Xunn is the mole fraction of annite [l - (XM" +
X;)1, and Xr,o is the mole fraction of siderophyllite
l(3 - Si/Al)/1.75(l-XMJl. At fixed temperarure,
IV(F)61 is proportional to log /(HrO)f(HF) in the
coexisting fluid [og f(H2O)/f(HF) = 2100/-t +

IV(F)bi; Gunow et al. l980lt thus, smaller values
of IV(F)6; correlate with greater degrees of F
enrichment.

Figure 4a shows the relationship between F and
Mgl(Mg + Fe) in biotite at the Linda deposit, and
Figure 4b shows the same data with F expressed as
F-intercept values. The inner scale (Fig. 4b) shows
values of log flH2O)/f(HF) in coexisting fluids
calculated at an assumed temperature of 550"C.
Biotite from the proximal zone of alteration
equilibrated with fluids of relatively low ratio of
H2OIHF fugacity; biotite that coexists with kyanite
invariably equilibrated with F-rich fluids.
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a- THE Si-Al-Fe-Mg-Zn-K-H-F-O-S SYSTEM

Sample Reactiou mL

1. 22-90L

2. 22A-16382

3. 22L-1752

4. 228-17232

5. 3L799a2

6. vc-r377

7. UC-r377

8. UC-L377

9. vc-L377

10. yc-1377

11. UC-L377

8.47 k y * 0.L4ch * 2.t4py * 0.27 a p + 0.55 fr 20 + L.27 O 2
r+ st * t.46qtz * 2.2852

st*5.4Isp*2. l7oz
;+ 8.83sb *7.llqtz * 0.96pv + t-71"H2O + t.7452

qtz -t 2.36ky + 0.74bi * A33py + 452H2O + 0.L7O2
+ 0.44ch * 0.84rns + 0.85"4.F + 0.33^52

s l *5 .50sp+2.L2O2
= 8.859h I7.6tqtz t lJ5py * L.\4HzO * 1.5852

st*5.42sp*2.4302
+ 8.989h * 7.48qtz * 0.85py * L.78EzO * 1.8652

qtz * 3.84ky + L.22bi * 0.32py * 6.76EzO + 0.L6O2
=r 0.68ch * 1.33rns + 1.06I/f' * 0.3252

1.66ch * 2.98rns * 1.15sp *0.L7pv +2.34HF +0.2502
= s, * 3.90qtz + 2.72bi + I4.56H2O + 0.32^92

8.62ky * 0.13ch * L.40py * 1.16sp + 0.55 H 20 + t.34O2
+ 5,, + L.67qtz + L9752

9.35ky + 0.24bi * L.46py * 1.15sp * L.87 E zO * L.36Oz
r= 5t + L.47qtz * 0.26ms + 0.23H F + 2.0452

436ch { 1.15sp * 8.23rns + 6.50.4.F * 0.3502
+ st * 15.10*s +7.53bi * 0.58pv *7.8lqtz + 4LJ'5H2O

5.87ch* 1.15sp * lL.1lrns + 8.83.4"F' * 0.6952
:=1 st + 23.46ky + 10.17bt * l.27py * 10.009t2 + 55.87 H2O

r.79

0.80

2.00

0.75

0.76

2.00

1.29

1.48

t.49

0

oo

b. THE Si-Al-Fe-Mg-Mu-Zn-K-H-F-O-S SYSTEM

Sample Reaction

12' 22A-1625 0'08srt * 3'22ms * 1'38ch * 0'69pv * 1'19sp + 1'99lrF * 1'00o2 1'28
= sf * 2.63bi + 4.68qtz + L2.6982O * l.28Sz

L rn,=logfs"/ logf6". ? Reaction solved by linear regression.

mL

Coexisting phyllosilicate minerals at the Linda
deposit show the normal sequence of F/OH
partitioning: muscovite
Magnesium number, Xyu : Mg/(Mg + Fe),
normally increases in pelitic rocks in the sequence:
biotite < chlorite (Thompson 1976).In aluminous
pelites, muscovite has been reported with Xlu,,u
nearly equal to that of biotite (Novak & Holdaway
1981) or with lower Xrn than biotite (Mengel &
Rivers 1988). In the F-rich altered rocks of the
Linda deposit, the Xlan sequence is muscovite <
chlorite < biotite , which thus matches the sequence
of F-OH partitioning. The Fe-Mg partitioning
coefficient between biotite and chlorite, Kp@i-ch),
shows a oositive correlation with the F content of

biotite (Fig. 5). As a result of Fe-F avoidance and
the preference of F for biotite, the normally
observed sequence of Xra* is reversed, and Fe-Mg
distribution is strongly composition-dependent.
This critical observation has ramifications bearing
on reaction topology.

MetauoRpHtc GRADE oF THE LlNpe Dspostr

The Linda deposit occupies a small volume with
respect to the scale of regional metamorphism. The
altered rocks in the sample suite represent an even
smaller volume. and it is reasonable to assume that
all the samples underwent the same tec-
tonometamorphic history.
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Ftc. 4. Biotite compositions showing the relationships between Mgl(Mg + Fe) and
F. In both figures, the solid line separates samples of the proximal zone of
alteration from calc-silicate rocks, and the dashed line separates proximal-zone
samples containing kyanite from those without kyanite. (a) F (per 4 OH sires)
as a function of Mgl(Mg + Fe). Note the positive correlarion, parricularly for
samples from the proximal zone of alteration. (b) F-intercept value, lV(F)61,
determined by the method of Munoz (1984), as a function of Mg,z(Mg + Fe).
Values of log f(H2O)/flHF) in coexisting fluids at an assumed remperature of
550oC are shown on the right-hand scale of the y axis.

Equilibrium ossemblages

Mineral assemblages considered to represent
equilibrium parageneses are summarized in Table
l; low-variance assemblages were used in balancing
reactions (Table 3). Accessory minerals allowed the

inference of supplementary information, for ex-
ample the distribution of rutile and ilmenite as
indicators of relative 52 and O, fugacities.

Microstructural relationships between por-
phyroblasts and tectonic fabrics show that most
porphyroblastic minerals crystallized during D2.

p rox ima l

a l t e ra t i on

z o n e

' t 500

A
kyan i te -bear ing  $

r\
u  1752

ca l c - s i l i ca te
r o c k s

ca l c - s i l i ca te
rock  s
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R:0.907
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F in biotita (per 4 OH-sites)

Frc. 5. Fe-Mg partitioning coefficient between biotite and
chlorite, Kp(bi-ch) = (Mg,/Fe)6/(Mg/Fe).1, as a
function of F in biotite. There is a strong positive
correlation, and the regression line passes through Kp
= 1.0 at F = 0,61. Samples with KD < I .0 were not
used in the construction of the grid in Figure 8.
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This includes the assemblages biotite - kyanite and
staurolite - anthophyllite, which represent the peak
metamorphic grade achieved at the Linda deposit.
Garnet and kyanite (without biotite) crystallized
before D, and probably during D1. Garnet rims
were assumed to have re-equilibrated during D2.

Chlorite and muscovite define Sr schistosity;
biotite and, less commonly, muscovite and chlorite
show textures indicating crystallization or recrys-
tallization during Dr. In general, where two textural
generations of the same phyllosilicate mineral occur
together, there was no systematic difference in their
compositions. Apparently, phyllosilicate minerals
showing textures typical of early crystallization
re-equilibrated at higher grade.

Disseminated pyrite is abundant in all samples.
Sphalerite, where present, varies from abundant to
trace amounts. In general, even where present in
small amounts, it has a wide distribution as fine

METAMORPHIC PETROLOGY OF THE LINDA DEPOSIT' MANITOBA
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Frc. 6. Schematic pressure - remperature - deformation path followed by the Linda deposit. The low-grade

kyanite-forming ieaction accounis for syn-D1 kyanite without biotite. Syn-D2 minerals crystallized in the.interval
bounded by thi stability limits of stauiolite'+ quartz and margarite + quartz. Reaction 2 was determined for

fixed bulk ire,zMg of intirmediate value (Hoschek 196?) and represents a naffow reaction-band. Sources of reaction

dara: I Kerrick (1968), 2 Hoschek (1967),3 Storre & Nitsche (19?4); stability fields of aluminosilicates: Holdaway
(r971).
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inclusions in syn-D2 porphyroblasts and dissemi-
nated grains in the phyllosilicate matrix.

Constraints on prcssure and temperature

Sphalerite geobarometry at the Linda deposit
gives a pressure of 5.0 kbar [using the calibration
function (standard error *0.30 kbar) of Hutchison
& Scott l98ll, using the most Fe-rich sphalerite
(Table 2e, 1123, 14.5 mol9o FeS) associated wirh
syn-D2 porphyroblasts. This sphalerite coexists only
with pyrite, and not with hexagonal pyrrhotite;
therefore, 5.0 kbar is a maximum limiting pressure.
Sphalerite inclusions in pre-D2 garnet por-
phyroblasts have 13.3 to 13.8 mol9o FeS (2
analyses), giving a pressure of 5.7 to 6.2 kbar,
within 2o error limits of 5 kbar. The matrix of this
sample (1625) contains pyrite and monoclinic
pyrrhotite. It is possible that the sphalerite
equilibrated with pyrite and hexagonal pyrrhotite
and was subsequently armored by garnet.

Syn-D, kyanite formed at low grade (Fig. 6). The
coexistence of Fe-Mg staurolite (0.020/o ZnO) and
quartz at the Linda deposit gives an approximate
lower limit for peak metamorphic grade, and the
coexistence of margarite (Table 2a, 1500mrg) and
quartz gives an upper limit. Syn-D2 peak metamor-
phism is bracketed by these two assemblages
(stippled reactions in Fig. 6) at a temperature of
about 550'C. The intersection of the two limiting
reactions gives a lower pressure limit of about 4.5
kbar. The minimum pressure is also constrained by
the kyanite - sillimanite phase boundary.

The role of bulk-rock and fluid compositions

The variety of syn-D2 parageneses at the Linda
deposit is a function of variation in bulk-rock
composition and metamorphic fluid composition,
and not of a gradient in metamorphic grade. The
temperature of about 550"C is reasonable for the
chlorite - biotite - staurolite zone of regional
metamorphism (Fig. l). Garnet persisted in associa-
tion with chlorite and muscovite by virtue of its
high spessartine content (Table 2g).

In zincian bulk-rock compositions, the stability
of staurolite is enhanced relative to binary Fe-Mg
silicates. Staurolite is unique among common
silicate minerals in that it has a tetrahedrally
coordinated Fe-bearing site into which Zn parti
tions in preference to the octahedrally coordinated
Fe-bearing sites of other Fe-Mg silicates (Holdaway
et al. 1986, 1988). The incorporation of Zn into
staurolite and gahnite allowed the assemblage
staurolite - anthophyllite - gahnite to crystallize at
the Linda deposit. Gahnite and staurolite in altered

rocks must be treated as ternary Fe-Zn-Mg
minerals.

The presence of F in biotite and amphibole
allows the stable persistence of these minerals in
granulite-facies terranes (Petersen er a/. 1982,
Yalley et al. 1982).In the case of the Linda deposit,
the incorporation of F into biotite allowed the
crystallization ofbiotite + kyanite at agrade lower
than that which would normally be expected in
pelitic rocks. The influence of F on phase equilibria
must be considered in prograde biotite-forming
reactions.

SllrcnrE - Oxrns - Sur-proe Eeurr-rgnre

Model mineral reactions

Mineral assemblages considered to have equi-
librated during D, peak metamorphism (Table 1)
were modeled in the ten-component system Si-Al-
Fe-Mg-Zn-K-H-F-O-S (Table 3a) using the
mineral compositions determined for chlorite,
biotite, muscovite, staurolite, gahnite and
sphalerite (Table 2). Table 3b involves Mn as an
additional component, and garnet as an additional
phase. The presence of Na in biotite and muscovite
was neglected.

At fixed temperature and pressure, samples
containing seven mineral phases in the ten-com-
ponent system will have a phase-rule variance of 3.
If/(HrO) andlHF) are fixed, the variance will be
l, and the assemblage defines a reaction. The
reaction can be balanced using the mineral
compositions determined; the slope in log lSr) -
log /(O) space is determined by the stoichiometry
of the reaction. The slope is tangential to the
reaction curve and applies to the particular mineral
compositions from which it was determined.

Sample 34C-1377 contains eight mineral phases;
thus, at fixed temperature, pressure, /(HrO) and

"f(HF), the assemblage has a phase-rule variance of
0. The assemblage can be used to balance the
bundle of univariant reactions radiating from the
invariant point (Table 3a, Reactions 6-9). Reac-
tions l0 and 11 conserve 52 and 02, respectively.

The reaction coefficients were determined exact-
ly (in an algebraic sense) by formulating the mineral
compositions as an array of linear mass-balance
equations (Spear el al. 1982). The significance of
the reaction coefficients was tested by the least-
squares method on subsets of the minerals, by
fitting the model to the composition of one mineral
chosen as a dependent variable (Greenwood 1968,
Spear el al. 1982). The procedure was iterated,
taking each analyzed mineral in turn as the
dependent variable. Residual values in excess of the
propagated 20 standard deviations, i,e., t/fD(coef-



ficient x 2o)21, associated with the analyses were
interpreted to indicate that the coefficients of the
reaction are significant. Errors on the independent
and dependent variables were taken into account
by summing the squared weighted 2o standard
deviations for each element from each mineral
analysis; we employed the regression coefficient of
the mineral as a weighting factor.

Figure 7 is a schematic illustration of the
principle, using Reaction 2 (Table 3a) as an
example. As solved exactly, gahnite decomposition
would occur in a three-phase triangle to sphalerite,
staurolite and a small amount of kyanite. As solved
by least squares in an algebraically overdetermined
system (omitting kyanite), if the residual vector (R)
does not exceed the 2o error envelope, then
decomposition in the three-phase triangle is indis-
tinguishable from degenerate decomposition on the
sohalerite - staurolite tie line. In the case of residual

l 0 l  I

vectors in excess of 2o errors, the coefficients of
all phases would be significant.

The evaluation of the significance of reaction
coefficients is critical in the case of reactions
involving the decomposition of gahnite (228-1723,
34-799, 22A-1638). The balanced reactions involve
kyanite or an Fe-Mg phyllosilicate mineral' with
relatively small coefficients. These coefficients are
not significant within the 2o errors, and the
degenerate reactions were balanced by linear
regression. The phase-rule variance of these
reactions is not increased; within error limits,
Alz/Mg in gahnite and staurolite has a constant
ratio and should be treated as one component.
Error evaluation shows that the coefficient of
chlorite in Reactions I and 8, and the coefficients
of biotite and muscovite in Reaction 9, are
significant in balancing the Mg component, and
the coeflicient of garnet in Reaction 12 is

METAMORPHIC PETROLOGY OF THE LINDA DEPOSIT, MANITOBA
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gahn i te  =  s tauro l i te  +  spha ler i te  +  kyan i te

Ftc. ?. Schematic illustration of the evaluation of the significance of reaction
coefficients with respect to analytical uncertainty at the 20 level. If the residual
vector associated with least-squares solution of the mass balance, sphalerite +
staurolite - gahnite = 0, lies within the 2o error envelope, the coefficient for
kyanite is not significant (a). If the residual vector exceeds the error envelope,
the coefficient for kyanite is significant (b)'
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uncertainty of about *0.05 (or about 390) to the
slopes of these reactions.

Log f(O) - log f(S) petrogenetic grid

The model reactions (Table 3) involve oxidation
and sulfidation, and each yields a reaction slope,
m, in logfiS) - log/(OJ coordinates. A
Schreinemakers analysis of the reactions and slopes
was used in the derivation of a petrogenetic grid in
log /(S) - log l(Or) coordinates, at fixed pressure
and temperature (Fig. 8). The grid is projected

significant in balancing the Mn component. This
also implies that the slopes of Reactions 8 and 9
are different.

Reactions I and 8 involve the same minerals, but
with different compositions and, thus, the coeffi-
cients of the balanced reactions are different. The
coefficients of 02 and 52 in these reactions were
tested by varying the mineral compositions within
their 2o ranges of uncertainty. This procedure
showed that the difference in the slopes, log
/(S)/lo5jf(p) (see next section), exceeds the
analytical error. Analytical error contributes an

\

A
,\,

po

l og  fg ,

Ftc. 8. Log f(O) - log/(S) petrogenetic grid derived by Schreinemakers analysis of the reactions in Table 3. The
insets are projections onto the Zn-Al2-Mg plane. Abbreviations: bi biotite, ch chlorite, gh gahnite, il ilmenite, ky
kyanite, ru rutile, sp sphalerite, st staurolite.
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through q\artz, pyrite, muscovite of the analyzed
composition, H2O and HF. It is based only on
samples showing a narrow range of log
f(HzO)/f(HF), from 4,0 to 4.3 (Fig. 4), in fluids
coexisting with biotite. In biotite-absent samples,
log f(H2O)/f(HF) in the fluid is unknown.

The mineral compositions can be projected onto
the Zn-Al2-Mg plane. The choice of elemental
components allows the projection of phase rela-
tions involving silicate, oxide and sulfide minerals.
Each nondegenerate univariant reaction involves
four phases in the subsystem Zn-Al2-Mg. As
previously discussed, gahnite compositions lie on
the staurolite - sphalerite tie line, and the
decomposition of gahnite is a degenerate reaction.

On Figure 8, the activity of FeO defines a family
of contours with slopes of 2, determined by the
stoichiometry of the reaction: (FeO)r1;"u," + 52 =
FeS2 + 0.502. The compositions of ternary
Fe-Mg-Zn minerals (and sphalerite) vary along the
univariant reactions; these reactions cross isopleths
of the activity of FeO and Fe end-member in each
mineral. The relative position of the sample points
(Fig. 8) was constrained by the requirement that
the analyzed silicate and oxide compositions
become progressively more Fe-rich at lower
fugacities of 52, The compositional constraints
define a unique solution of the phase relations for
the samples involved.

The sulfidation of chlorite to biotite and kyanite
occurs in a Zn-absent subsystem and provides a
link to petrogenetic grids that are limited to binary
Fe-Mg silicates (Nesbitt 1982, 1986a, b). The
reaction slope is fixed at 2, as required by the
stoichiometry of sulfidation, and the compositions
of biotite and chlorite are constant. The reaction
represents the intersection line of two continuous
reactions of slope 2, involving the sulfidation of
daphnite in chlorite [i.e., (da)"n + 52 : qtz + py
+ ky + 0.5Ozl and the sulfidation of annite in
biotite [i.e., (ann)6; + ky + 52 = qtz + py + ms
+ 0.5021. These continuous reactions define
isopleths of Fe end-member activity, which
decreases with increasing Sz fugacity in the pyrite
field. (Some isopleths of X1,1u are shown in Fig. 8,
for example X1,au in phlogopite of sample 1500.)
The discontinuous reaction limits the most Mg-rich
chlorite and the most Fe-rich biotite compositions
coexisting with kyanite. (Note the limiting X1,au
values represented by sample 1377 in Fig. 8.)

The significance of fluorine

The consequences of the reversed Fe-Mg par-
titioning between biotite and chlorite, due to the
presence of F, can be seen in reaction topology
(Fig. 8); biotite, as the more magnesian mineral, is

stable at higher 52 fugacity than chlorite. In low-F
or F-absent systems, the assemblage biotite +
kyanite is sulfidized to a more magnesian chlorite
(e.g., Fig. l1 in Nesbirt 1986b).

In the petrogenetic grid (Fig. 8), /(HzO) and

/(HF) are assumed to be constant. The range of
calculated \oe f(H2O)/f(HF) in fluids (Fig. 4) is
consistent with minor variation, but it does not
prove constant fugacities. Samples 1752 and 1377
contain chlorite - biotite - kyanite (Reactions 3 and
6, Table 3), with slightly different Xvu in
phyllosilicate minerals in each sample (Fie. 8). The
divariance of the reaction may be due to slightly
different los f(HzO)/f(HF) values, from about 4.0
in sample 1752 to 4.2 it 1377.

Sample 1747.5 contains kyanite + biotite' with
biotite compositions much more Fe-rich than the
limiting values in sample 1377 (Fie.4). The mean
composition in sample 1747.5 is 0.76 F (per 4 OH
sites), MglFe = 2.0 and corresponding log

^H2O)/f(HF) = 4.2. Figure 5 predicts- -".tol-?l"
Mglfe partitioning between chlorite and biotite for
less than 0.61 F in biotite (per 4 OH sites), and
MglFe below about 2.4. Log f(S), Mg/Fe, F and
Ko@i-ch) are all positively correlated; this suggests
rhat a reversal in Ko@i-ch) occurs in the
petrogenetic grid (Fie. 8) at relatively low values of

/(S) regardless of constant.f(HzO) and/(HF). Such
a reversal implies the possible reappearance of
biotite + kyanite at lower log /(SJ (and more
Fe-rich mineral compositions) and may account for
the assemblage in sample 1747.5. The chlorite-bear-
ing assemblages in samples 957 and 996.5 are
inconsistent with biotite + kyanite in 1747.5. This
problem is almost certainly related to variable

f(HtO) and /(HF); however, the available data do
not allow conclusive resolution of the grid at low

"f(sr.

PRESSURE - TEUPENATURE PETROCENETIC GRID

PON F-RICH PROTOLITH

The reversal in Fe-Mg partitioning between
biotite and chlorite has implications for the
topology of P-T reaction grids. In Figure 9, the
topology expected in pelitic rocks has been revised
assuming a sequence of Xr" in which biotite is more
magnesian than chlorite.- This topology is ap-
propriate for a F-rich protolith, such as the altered
rocks of the Linda deposit. The reaction of chlorite
+ staurolite to biotite + aluminosilicate, which is
the biotite - aluminosilicate isograd reaction at
Snow Lake (Fig. 1) and in pelitic rocks in general,
does not occur. In the AFM plane, chlorite lies on
the Fe-rich side of the biotite - aluminosilicate tie
line: a discontinuous aluminosilicate-producing
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System : SiO2-Al2Oa- FeO- MgO-K2O-H2O-HF
Projected through: muscovite

quartz

H2O & HF
Xyn sequence:  s t<  ch  <  b i  <  c rd

p l u s  Z n , S , O

Temperature 5500c

Ftc. 9. Pressure - temperature grid for F-rich protolith in which biotite is more magnesian than chlorite. The insets
are projections on to the AFM plane. The dashed line represents Reaction l0 (Table 3); the point labeled "Linda"
corresponds to the gahnite-absent invariant point in Figure 8 (labeled "1377").
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reaction would have to involve some more
magnesian mineral, for example cordierite.

At a higher grade in a F-rich protolith, the P-T
grid predicts chlorite decomposition within a
three-phase triangle to biotite, staurolite and
aluminosilicate. This four-phase assemblage is the
same as that which defines the biotite - aluminosili-
cate isograd. This is a common assemblage at the
Linda deposit, but with zincian staurolite present.
The reaction that accounts for this assemblage in
altered rocks involves the additional components
Zn, S and O, and the additional mineral phases
sphalerite and pyrite. Reactions l0 and ll (Table
3a) are balanced using mineral compositions in
sample 1377 and Reaction l0 is shown as a dashed
line in Figure 9; the point (labeled "Linda')
corresponds to the invariant point defined by this
assemblage in log lO2) - log l(SJ space in Figure
8 (labeled "1377"). In P-T space, the reaction is
divariant as a function of 02 and 52 fugacities. If
the activities of HrO or HF also are not constant,
the reaction is multivariant.

IMPLICATIONS FoR THE SNow Lare REGION

A temperature of about 550"C is reasonable for
the chlorite - biotite - staurolite zone of regional
metamorphism in pelitic rocks. The parageneses at
the Linda deposit are consistent with this grade.
Figure l0 compares the reactions in F-rich protolith
with reactions in pelitic rocks as a function of
grade. The left side of the figure is an isobaric
section of the P-T grid in Figure 9. The biotite -
aluminosilicate assemblage formed through dif-
ferent reactions in rocks of different bulk-composi-
tion, and these reactions occurred at different
grades. In the F-rich protolith, the reaction
occurred at lower temperature, within the stability
field of kyanite. In pelitic rocks, the reaction
occurred at higher grade, within the stability field
of sillimanite. The reaction in pelitic rocks (Fig. 10)
is the biotite - sillimanite isograd reaction proposed
by Froese & Moore (1980) at Snow Lake (Fig. 1).
The distribution of aluminosilicate polymorphs
observed at Snow Lake supports the difference in
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grade illustrated in Figure 10; biotite - sillimanite
occurs in pelites, and biotite - kyanite is more
common in altered rocks. The dashed reaction
involves the additional components Zn, S and O,
and is not definitive of grade if 52 and 02 fugacities
(or HF) vary.

Concentrations of halogens have not been
determined in micas from the Anderson Lake and
Stall Lake mines (Fig. l). The micas are likely to
contain significant amounts of F; in this case, the
biotite - aluminosilicate assemblage is not diagnos-
tic of metamorphic grade. If the isograd were based

Frc. 10. Comparison of mineral assemblages in AFM projection between F-rich
protolith and pelitic protolith, as a function of grade. The left side is an isobaric
section through Figure 9 at 5 kbar, taking into account the kyanite - sillimanite
transition at a grade slightly higher than that of the Linda deposit. Biotite -

aluminosilicate forms through different reactions in the two bulk-rock
compositions. The reactions occur at different grades, in the kyanite field in
F-riCh rocks, and in the sillimanite field in pelitic rocks. The biotite-sillimanite-
forming reactioS in pelitic protoliths corresponds to the isograd reaction at Snow
Lake (Reaction 2, Fig. 1).

Pelit ic protolith
(qtz, ms, HzO)

solely on parageneses observed in pelitic
metasedimentary rocks, it would lie further north
and coincide closely with the leading edge of the
Mcleod Road thrust fault. A possible relationship
between the fault and the isograd is being
investigated by further work in the Snow Lake
region.

CouclustoNs

Two major conclusions of general importance
emerge from this studY:
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1' With appropriate restrictions, and in particular
with a projection through pyrite, metamorphic
assemblages in mineralized altered rocks can be
projected into the subsystem Zn-Al2-Mg, Different
topologies are separated by reactions that form a
grid on a log/(O) - log/(Sj diagram. In contrast
to earlier work, gahnite and staurolite can be
treated as ternary Fe-Mg-Zn solutions, which is
critical to the interpretation of their phase relations.
2. Despite the superficial similarity in their
parageneses, P-T grids based on pelitic bulk-rock
compositions are not appropriate for altered rocks.
Direct comparison of assemblages in rocks of
different bulk-composition will result in an incor-
rect interpretation of isograds. The incorporation
of F into biotite expands the stability of biotite -
aluminosilicate to lower grades. In the case of
F-rich phlogopitic biotite, the biotite is more
magnesian than coexisting chlorite and, conse-
quently, the topology of reactions involving these
minerals is modified. Petrogenetic grids ap-
propriate for altered rocks can be developed; as
stated by Eskola (1915), mineral parageneses "stand
in definite relations to the chemical composition".
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