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ABSTRACT

Unusual V, Zn and Cr concentrations in hercynite
(1.30-5.72 wt.% V,0;, 3.32-17.07 wt.% ZnO and
5.05-25.71 wt.% Cr,0;) are reported in a metamor-
phosed, tholeiitic basalt-hosted, cordierite-gedrite-bearing
alteration zone associated with Fe-As-Zn-Cu-Au-Ag
mineralization in the Atik Lake area, Manitoba. The grains
of hercynite are very small (<25 pm) and generally sub-
hedral. In transmitted light, they have a translucent honey-
brown color and are isotropic; in reflected light, they show
a low-intensity, pale grey reflectance. Single grains show
relatively uniform'compositions. Cr and V concentrations
in the altered basalts were increased by up to 30 % as a
result of mass loss due to leaching of mobile cations dur-
ing hydrothermal alteration; these elements thus were rela-
tively immobile, along with Al, Zr, Ti and Nb. The
vanadiferous zincian-chromian hercynite formed during an
amphibolite-facies regional metamorphism (550°C, 2.5
kbars) under low f{O,) and high f(S,) conditions.

Keywords: hercynite, vanadiferous, zincian, chromian,
hydrothermal alteration, metamorphism, cordierite-
gedrite, Atik Lake, Manitoba, electron-microprobe
data, gold mineralization, arsenopyrite, 16llingite, coul-
sonite.

SOMMAIRE

Des concentrations anomales en V, Zn, et Cr
(1.30-5.72% par poids de V5,03, 3.32-17.07 % de ZnO et
5.05-25.71% de Cr,O3) caractérisent la hercynite des
roches & cordiérite-gédrite d’une zone d’altération méta-
morphisée dans un basalte tholéiitique, associée & une mingé-
ralisation de Fe-As-Zn-Cu~-Au-Ag dans la région du lac
Atik, au Manitoba. Les grains d’hercynite sont trés petits
(<25 um) et généralement sub-idiomorphes. En lumitre
transmise, ils ont une couleur brun-miel et sont isotropes,
tandis qu’en lumigre réfléchie, ils ont une réflectance gris
péle. Chaque grain posséde une composition relativement
uniforme. Les concentrations de V et Cr dans les basaltes
altérés ont augmenté jusqu’a environ 30%, par la perte de
masse due au lessivage des cations mobiles, V et Cr étant
particulierement immobiles durant le processus d’altération
hydrothermale, tout comme Al, Zr, Ti et Nb. La forma-
tion de I’hercynite vanadifére zincifére et chromifére est liée
au métamorphisme régional dans le facies amphibolite
(550°C, 2.5 kbars) sous des conditions de faible {O,) et
de f(S,) relativement élevée.

Mots-clés: hercynite, vanadifere, zincifére, chromifére, alté-
ration hydrothermale, métamorphisme, cordiérite-
gédrite, lac Atik, Manitoba, données de microsonde
électronique, minéralisation aurifére, arsenopyrite, 161-
lingite, coulsonite.

INTRODUCTION

Vanadiferous zincian-chromian hercynite has only
rarely been reported as an accessory phase in
metamorphosed hydrothermally mafic and ultra-
mafic altered rocks, sulfide ores and associated
metasediments, as well as in some unaltered ultra-
mafic rocks (Table 1). Zincian-chromian spinel has
more commonly been reported without data on the
vanadium content (Table 1). This paper reports a
new occurrence of such spinel in which the hercynite
has the highest vanadium content ever reported.
Small grains (<25 pm) of vanadiferous zincian-
chromian hercynite (up to-5.72 wt.% V,0; and up
to 17 wt.% ZnO) were found in cordierite-gedrite
rocks in a metamorphosed alteration pipe in the foot-
wall basalt of an auriferous chert and associated
quartz-grunerite-magnetite banded iron-formation
(BIF) at Atik Lake, Manitoba.

The origin of the reported range of spinel com-
position is assessed through a study of bulk rock
chemical changes related to premetamorphic
hydrothermal alteration, and an estimate of the
P-T-f(0,)-f(S,) conditions of a regional episode of
lower amphibolite metamorphism.

PREVIOUS WORK

From previous work, occurrences of vanadiferous
zincian—-chromian spinel and zincian-chromian spinel
in mafic and ultramafic rocks can be grouped into
two broad categories: those in metamorphosed
altered rocks associated with sulfide mineralization,
and adjacent metasediments, and those in unminer-
alized ultramafic rocks (Table 1).

Mineralized areas

Vanadiferous zincian-aluminian chromite in
cordierite-bearing niccolite ores at Mélaga, Spain,
is considered to have crystallized from a segregated
oxide liquid having unusually high V and Zn con-
centrations (Oen 1973). Groves et al. (1977) envi-
sioned direct crystallization of zincian-aluminian
chromite from a sulfide-oxide liquid enriched in Al,
Ti, Cr, Zn and Mn, to explain the presence of such
spinels in Fe-Ni massive sulfide ores, Western Aus-
tralia.

Zoned spinel grains in mineralized ultramafic
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TABLE 1, OCCURRENCES OF (VANADIFEROUS) ZINCIAN-CHROMIAN SPINEL IN MINERALIZED AREAS

AREA HOST ROCKS ZNOo vao3 Cr/R+3 AL/R+3 ZONING  FACIES ORIGIN AUTHORS
(wt.%) (wt.X) :
Sykesville District Qtz-Mt chemical 0.88-19.09 ---~-- 0.36-0.54 0.00-0.52 Intense us ME Wylie et al.
Marylend. sediment. c:Al-2n to €1987)
(close to ore: Metasomatized (n=20) raMt. LA
fFe, Cu, 2n) Peridotite.
Fe-Ni deposits, Mineralized UM 0.26-5.62  --~-- 0.54-0.90 0.01-0.30 c:2n-rich A MA Groves et al.
Western Australia. Altered peri- riMt. ME 1977)
dotite. (n=20)
Klerksdorp Gold- Detrital chro- 0.50-4.71  ~-~-- 0.58-0.71 0.20-0.43 no zoning LG ME? Utter (1978)
field, Witwatersrand, mite in cglt.
South Africa. (n=8)
Cr-Ni-(Cu-As) mine- Crd Rocks 0.60-1.00 1.80-2,90  w~wvee  cocer nenen ua MA? Oen (1973)
ralization, Mdlaga, and associated LA ME
Spain. Alpine UM. (n=?7)
Cu-Co-Zn deposit, Sulfide ore and  0.95-14.35 0.18-1.76 0.31-0.98 0.02-0.58 c:Cr-Fe UA ME Thayer et al.
Outokumpu, Finland. metasediments. 0.50-12.00 1.00-3.00 rsZn-Al MET €1964)
(n=14) Intense Weiser (1967)
Crd.-Ath. rocks 0.95-26.94 0.52-1.06 0.05-0.62 0.33-0.95 Treloar (1987)
in stockwork zone (n=24) Treloar
et al. (1981)
Ni-Fe Thompson Selvage between 5.00-15.00  ----- 0.20-0.50 0.45-0.85 ----- UA ME ? Rimsaite &
deposit, Manitoba. Ore and UM host to MET? Lachance
rocks. (n=2) GR (1981)
Fe-As-Au-Ag-(Zn-Cu)  Altered tholei- 2.72-17.20 1.03-5.72 0.06-0.35 0.57-0.92 Weak LA ME This study.
prospects, Atik itic basalt r:Zn,Al>c MET
Lake, Manitoba. (crd-ath rock) (n=66)
OCCURRENCES of (VANADIFEROUS) ZINCIAN-CHROMIAN SPINEL IN UNMINERALIZED AREAS
Helgeland area, Ultramafic rocks 0.13-2.69 T 0.36-0.80 0.01-0.23 <---e-  eemee ece-e Seelinger &
Norway (n=8) Mucke (1969)
Moore (1977)
Plan d'Albard, Arfvedsonite- 0.06-8.74 moe- 0.87 0.06  eecee cecen MA Wagner &
Italy. bearing Minette. (n=3) Velde (1985)
Twin Sisters Dunite, Alpine UM 0.03-0.27 0.11-0.21 0.57-0.67 0.20-0.39 c:ferrit- UGS ME Onyeagocha
Washington. (n=9) chromite €1974)

Note: UM: Ultramafic, cglt: conglomerate, Crd.-Ath.: cordierite-anthophyllite, n: number of analyses, c: core, r: rim,
UGs upper greenshcist, LA: lower amphibolite, A: amphibolite, UA: upper arﬁhlbolite, GR: granulite, ME: metasomatism,

MA: magmatism, MET: metamorphism.

rocks, Western Australia, have a zincian-aluminian
chromite core and a magnetite rim, and have lower
Xy than chromite from layered ultramafic com-
plexes. These zoned grains of spinel did not crystal-
lize directly from a highly magnesian komatiitic
parent magma, but have been affected by meta-
morphism (Groves et al. 1977). Complex zoning is
also present in zincian chromite in metamorphosed
mineralized ultramafic rocks from Sykesville,

Maryland (Wylie ef al. 1987), and in vanadiferous
zincian-chromian spinel in a stockwork zone and
adjacent metasediments, serpentinites and Cu-Co-
Zn ores, Outokumpu, Finland (Treloar ef al. 1981,
Treloar 1987). According to Groves ef al. (1977), the
complexity of the zoning increases with metamorphic
grade. It appears that in these two areas, the origi-
nal chromite chemistry was modified by meta-
somatism either during sea-floor hydrothermal alter-
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ation or during an overprinted regional metamorphic
event. Treloar (1987) interpreted the high levels of
Cr, V and Ni in the stockworks to result from their
redistribution by hydrothermal ore-forming fluids.

Rimsaite & Lachance (1971) reported an occurence
of zincian—chromian hercynite in the chloritized sel-
vage zone between ore and ultramafic rocks at the
Thompson Ni-Fe deposit, Manitoba, but did not dis-
cuss its origin.

The zincian-aluminian chromite reported in the
MBS zone below the Vaal Reef of the Klerksdorp
Goldfield, Witwatersrand, was interpreted to be
detrital and derived from the ultramafic rocks in the
Archean greenstones (Utter 1978).

Unmineralized areas

Vanadiferous zincian—-chromian spinel grains in
unmineralized ultramafic rocks (Table 1), such as in
the Helgeland area, Norway (Moore 1977), Western
Australia (Groves et al. 1977), and Twin Sisters
dunite complex (Onyeagocha 1974), usually have less
than 1 wt.% ZnO and V,0;. Zinc generally is con-
sidered to be inherited from the magmatic stage, as
it tends to concentrate in the silicate liquid and par-
tition into the oxide phase (Groves et al. 1977).
Anomalous zincian-chromian spinel (up to 8.74
wt.% ZnO) has been reported in minette at Plan
D’Albard, Italy; it occurs in altered zones possibly
derived from olivine, and also as inclusions in
phlogopite grains (Wagner & Velde 1985). T he ori-
gin of that zincian-chromian spinel is not known;
the primary magmatic spinel could have been modi-
fied during a metasomatic process indicated by the
presence of altered olivine.

ANALYTICAL TECHNIQUE

Electron-microprobe data were obtained with a
Cameca Microbeam MB-1 instrument using
wavelength dispersion. The analyses were conducted
at a voltage of 15 kV, a current beam of 8 nA and
counting times on standards and samples of 25
seconds. For ilmenite, V and Ti were determined
using a PET (pentaerythritol) crystal and VKB and
TiKo peaks, respectively, to avoid an overlap of the
VKo and TiK peaks. This problem was not encoun-
tered for the spinel grains, as the Ti concentrations
are negligible. The following standards were used:
kyanite (Al, Si), magnetite (Fe), willemite (Zn), diop-
side (Mg), Cr,0; (Cr), spessartine (Mn), rutile (Ti),
and vanadinite (V).

X-ray element mapping was done using a JEOL
100 CX TEMSCAN scanning-transmission micros-
cope in conjunction with an energy-dispersion sys-
tem (PGT System 4). An accelerating voltage of 25
kV and a current of 8 nA were used during X-ray
mapping.
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GEOLOGICAL SETTING

The Atik Lake greenstone belt is located in the
Sachigo Subprovince in the Superior Province (Fig.
1) and extends for 35 km along an east-west trend
with a maximum width of 10 km. A south-facing,
subvertical, homoclinal sequence of volcanosedimen-
tary units characterizes the belt. Breaks in mafic vol-
canism were marked by deposition of clastic and
chemical sediments (BIF and auriferous chert).
Periods of quiescence allowed development of
hydrothermal systems (Bernier & MacLean 1989).

Small-scale alteration pipes and associated strati-
form alteration developed in a tholeiitic basalt unit,
footwall to a horizon of auriferous chert with related
graphitic argillite and silicate-oxide BIF. Cordierite-
gedrite rocks formed during the metamorphism of
primary alteration assemblages in the alteration
pipes. One of those pipes is well exposed; a detailed
map of it (Fig. 2A) also shows the occurrences of
the vanadiferous zincian-chromian hercynite.

MINERALOGY OF UNALTERED
AND ALTERED BASALTS

The least-altered basalt is characterized by a meta-
morphic assemblage of hornblende and plagioclase
(Ang) with a minor amount of quartz and titanite.
Details on the mineralogy of the metamorphosed
altered basalts and their chemistry are presented in
Bernier & MacLean (1989). The metamorphism of
the altered tholeiitic basalts in the pipe (Fig. 2A) led
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Fic. 1. Location map of the Atik Lake area, Manitoba.
Symbols: FF: Flin Flon, LL:, Lynn Lake, LR: Leaf
Rapids, T: Thompson.
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B. Contour map showing chromium concentrations in the alteration
pipe. Symbols: triangles: location of samples containing vanadiferous zincian-chromian hercynite.

to the development of variable proportions of cor-
dierite, gedrite, garnet, chlorite, biotite, andalusite,
staurolite, quartz and plagioclase (An,-Ang,). The
main oxide observed in the cordierite-gedrite rocks

is a vanadiferous ilmenite (up to 1.76 wt.% V,04:
Table 2) with minor vanadiferous zincian—chromian
hercynite (Table 3), rare rutile and extremely scarce
magnetite rich in the coulsonite (FevV,0,) end-
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TABLE 2. CHEMICAL COMPOSITIONS” OF ILMENITE AND MAGNETITE IN THE
ALTERED BASALT, ATIK LAKE

TLMENLTE: MAGNETITE

(Wt.%) USA  Ul2C U120 UI2F UI7A UI17C  UI7E  UI2A  UleC
TiO, B1.80 50.78 51.81 50.70 §0.58 51.27 51.57 0.82 0.86
AL, e mmen e e e e e 238 2.30
Cr0 014 0.18 0.13 0.11 0.6 0.13 0.08 6.8 7.01
VO, 118 176 0.43 1.23 1.00 1.43 0.73 16.64 17.12

L

Fe0 0.00 1.27 0.8 1.45 1.85 1.25 0.50 39.41 38.62
FeO  44.685 45.51 45.08 45.38 45.20 45.72 45.95 31.91 31.84

Mg0 0.32 0.03 0.17 0,08 0,11 === ==m-
Ma0) 0.4 0.28 0.34 0.43 0.02 0.04
Zn0 e e 0,13 0.10

Total €8.36 89.75 ©8.30 ©8.14 88.11 100,23 99.23 £8.35 87.81

Ti:” 1.9 1.84 1.88 1.84 1.84 1.84 1.8 0.02 0.02
Ala‘ mmemmmee e ssee emee e eeee (0,110 0,10
0.00 0.00 0.060 0.00 0.00 0.00 0.00 0.21 0.21

208 0.08 0.07 0.02 0.05 0.04 0.068 0.03 0.51 0.52
Fe' 0.03 0.05 0.03 0.05 0.07 0.08 0,02 1.13 1.11
Fe 1.81 1,83 1,86 1.83 1,83 1,83 1.88 1.02 1.02
Mg 0.00 0.00 0.00 90.00 0.00 0.00 0.00 0.00 0.00
Mn 0.02 0.010 0.01 0.01 0.02 0.02 0.03 0.00 0.00
Total 4,00 4.00 4.00 3.88 4.00 4.00 4.00 3.00 3.00

Calculations of stoichiometry made on the basis of 4 (megnetite) and 6
(1lmenite) atoms of oxygen respectively. -----:not detected. * Fezos

calculated from Fe** determined by stoichiometry. ¢ as determined by
microprobe analyses.

member (Table 2). Traces of V and Cr (<1 wt.%)
also are present in garnet and staurolite. The
cordierite-gedrite rocks contain less than 5 vol.% sul-
fides (pyrrhotite, arsenopyrite, I6llingite, chal-
copyrite, sphalerite).

TABLE 3. CHEMICAL COMPOSITIONS® OF HERCYNITE IN ATIK LAKE ALTERED BASALT

UsC _Ul2a  UL7D UI7H

(we.%) Uloa UIOB _UlOM _ UsA _ U4k _UsA _IBC UL2A
s10, 0,03 0.08 0.08 0.03 0,06 0.13 0.08 0.07 0.03 0.08
T10, ~m- === -~ 0.0 0.04 0.02 0.08 0.10 0.10 0.08
ALO 45.84 31.68 43.69 44.88 54.44 41.68 36.43 3W.74 20.85 33.53

Cr O 13.82 23.87 14.70 13.43 5.05 16.18 18.72 16.13 25.71 22.42

V.0, 1.66 4.84 1.82 1.58 1,79 1.30 §6.72 2.88 2.89 2.02
l-‘eQO; 0.00 2.08 1.07 0.00 0.00 1.28 2.00 4.14 4.35 3.88

FeO 27.15 29.26 28.18 24.88 19.83 27.06 28.61 33,61 32.14 31.01
¥g0 1.38 0,74 1.82 1.25 208 1.3¢ 078 0.8 0.51 0.80
Mn0 6,10 -— 6.10 - 0.01  ~-— - - = Lot

2n0 9.83 8,15 8.8 12.84 17.07 10.02 7.18 3.32 3.82 5.5

Total 99,51 88,31 §9.52 £8.34 100.44 99.02 ©8.60 99.83 ©9.41 99.25
o Atomic Proportions (Oxygen basis 32)
S!“ 0.01 0.02 0.01 0.03 001 O 0.02 0.02 0.01 0.02
T - — - 0,02 0.01 0,00 0.02 0,02 0.02 0.02
Al: 13.17 8.74 12.658 13.05 18.00 12.26 11.00 11.45 8,23 10.20
Cr, 2.63 4. 2.88 0.93 3.18 3,38 3,20 5.32 4.58
v 0.30 0.88 0.30 0.34 0.28 1,18 0.53 0.58 0.42
Fe® 0.00 0.41 0.20 c.00 0.24 0.38 0.78 0.8 0.77
Fe §.84 8.41 B8.78 3,00 6.85 8,38 7.06 7.03 86.70
Mg 0.80 0.20 0.58 0.71 0,80 0.28 0,32 0.20 0.23
Mn 0.02  w-- 0.02 0.00 -~ —-— - — g
Zn .77 1,19 1.58 2,85 1.85 1.3 0.81 0.78 1.08
Total 23.94 23,95 23.88 23.97 23.88 23.99 23.88 23.88 23.99 23.88

End-member Proportions
0

Ulvo., 0.00 0.00 0.00 O. 0.12  0.00 .25 0.25 0.25 0.28
Spin. B8.21 3.8 7.41 5.78 8.72 8,27 3.63 4,01 2.50 2.88
Gala. 0.25 0.00 0.25 0.00 0.00 0.00 0,00 0.00 0.00 0.00
Chro. 16.34 31.31 17.86 16.30 5.71 20.00 21.19 20,03 33.25 28.83
Gahn. 21.88 13.43 18.03 20.38 38.22 23.20 17.060 7.51 9.44 13.19
Herc. §3.35 42,87 B2.20 46.41 47.15 47.40 48.13 60.01 45.88 47.83
Magn. 0.06 0.85 0.88 0,00 0.00 1.50 2.44 4.78 B5.31 4.78
Coul. 1.8 6.02 1.88 1,84 2.08 .83 7.38 3.32 3.50 2.63
Fram, 0.00 1.88 0.57 0.00 0.00. 0.00 0.00 0.13 0.06 0.08

The location of the hercynite-beering samples in the plpe is shown in Figure
22 by the first three digits of the sample number. * Feloa calculated from

the Fe** content determined by (Al+Cr+V) deficlencies on the octahedral
sites. + as determined by electron-microprobe anmalysis. ~-— not detected.
Ulvo.: ulvospinel, Spin.: spinel, Gale.: galaxite, Chro.: chromite, Gahn.:
gebnite, Herc.: hercynite, Magn.: magnetite, Coul.: coulsonite, Fran.:
franklinite.

C o

FiG. 3. Bulk-rock compositions plotted onto an ACF diagram. A: Al;O; + Fe,04 i
- NayO - K,0, C: CaO - 3.3 P,0s, F: FeO + MgO + MnO. Filled circle: fresh i
basalt, open circle: altered basalt. And: andalusite, St: staurolite, Crd: cordierite,

Alm: almandine, Ged: gedrite, Ath: anthophyllite, Dio: diopside, Hbl: hornblende,
PI: plagioclase. Inset: Trend A: loss of Ca during premetamorphic hydrothermal
alteration; trend B: losses of Fe+ Mg during hydrothermal alteration.
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FiG. 4. Plots of element concentrations in rock from pipe 1 (major elements plotted as oxides, expressed in wt.% A.
AlLO; - TiO,, B. TiO, - Zr, C. Cr - TiO, (the numbers indicate the hercynite-bearing samples of altered basalt),
D. V-Zr. Solid lines through data points are derived by linear regression, and the curves reflect a 95% confidence
interval. Filled circle: fresh basalt, open circle: altered basalt.

CHEMISTRY OF UNALTERED
AND ALTERED BASALTS

At Atik Lake, unaltered basalt has a tholeiitic
affinity, with trace-element concentrations typical of
ocean-floor basalt (Bernier & MacLean 1989). The
absence of titanite in the altered rocks can be
explained by a loss of Ca during hydrothermal alter-
ation at vent sites. This loss of Ca is well depicted
on an ACF diagram (Fig. 3), assuming isochemical

TABLE 4. CORRELATION MATRIX FOR

PEARSON
IMMOBILE ELEMENTS IN THE PIPE

(n=15) Al 20:’ ’l.’il)z 2r v Cp
Alaoa 1.00

'l‘iOa 0.88 1.00

2Zr 0.79 0.824 1.00

v 6.71 0.77 0.83 1.00

Cr 0.3 0.93 0.768 0.87 1.00

Correlation coefficients are calculated
for 18 rock samples from the alteration
pipe. Analyses are presented in Table 3
of Bernier & MacLean (in press).

metamorphism of the greenschist alteration-
assemblages (apart from losses in volatiles). Leach-
ing of Ca at relatively constant A-F values during
alteration appears to be the main trend (A in Fig.
3). Andalusite-rich patches in the pipe (Fig. 2A) can
be explained by extreme losses of Fe+ Mg, as shown
by trend B (Fig. 3), which terminates near the
plagioclase-andalusite line. Silicification is respon-
sible for a mass increase of up to 15% in these
andalusite patches, thus inducing a dilution of the
immobile elements, including Cr and V (Fig. 4). The
loss of the more mobile cations, mainly Si, Ca, Na,
Mg and Fe, is largely responsible for a total loss of
up to 30% of the original mass (Bernier & MacLean
1989); this leaching led to enrichment in immobile
components such as Al, and thus favored the appear-
ance of assemblages of aluminous minerals during
metamorphism.

Figures 4A to D show the effect of alteration on
the behavior of the less mobile elements in the altered
basalts at Atik Lake. Paired immobile elements have
a high correlation-coefficient and plot along an alter-
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ation trend passing through the composition of the
precursor and origin, which is defined by an increase
(mass loss) or a decrease (mass gain) of the immo-
bile elements (MacLean & Kranidiotis 1987).
Vanadium and chromium behaved as relatively
immobile elements during the alteration of the Atik
Lake basalt (Table 4, Figs. 4C, D). Additional evi-
dence for the immobility of V and Cr comes from
a study by Seyfried & Mottl (1982), who showed that
V and Cr are the most immobile elements among the
transition metals during experimental seawater-
basalt interaction at 300°C. Furthermore, Howard
& Fisk (1988) showed that an alteration crust con-
taining aluminum-rich clays enriched in Ti, V and
Cr formed by residual weathering during hydrother-
mal alteration of basalt on the Gorda Ridge. I have
calculated a total mass-lossof up to 75% in the alter-
ation crust from Gorda Ridge, using Al,O, as the
immobile component. This mass loss induced an
increase in Cr concentration from 411 ppm in the
basaltic glass to up to 1060 ppm in the alteration
crust. At Atik Lake, background values of 270 ppm
Cr and 315 ppm V in the least-altered tholeiite
increased by a factor of up to 30% in the cordierite-
gedrite rocks. The presence of vanadiferous zincian-
chromian hercynite in the altered rocks is the miner-
alogical expression of these high-Cr and high-V zones
in the alteration pipe (Figs. 2A, B). Such spinel grains
have been observed only in the metamorphosed
altered rocks, and no “‘primary’’ igneous chromite
is found in the least-altered tholeiitic basalt. The
spinel is also absent in the auriferous chert and
grunerite-magnetite BIF overlying the alteration
zones. The low concentrations of Cr (1-208 ppm)
and V (1-128 ppm) in these chemical sediments indi-
cate that Cr and V were not added extensively as
hydrothermal components, which suggests that they
were relatively immobile during hydrothermal alter-
ation.

CRYSTAL-CHEMISTRY CONSIDERATIONS

Spinels of the TM,0, type have one tetrahedrally
(7 and two octahedrally (M) coordinated sites; these
sites can accomodate a large number of cations of
different valences 2+, 3+, 4+), allowing complex
solid-solutions to occur in nature (O’Neill &
Navrotsky 1984). Some elements, such as Fe, V and
Mn, may have more than one oxidation state, con-
tributing to possible electron-exchange reactions. A
crystal-chemistry study of natural Fe-Mg-rich chro-
mian spinel (0.15 = Cr < 1.07 atoms per formula
unit) by Della Giusta et al. (1986) shows that: Cr sub-
stitutes on both octahedral (M) sites, along with Al
and some Mg; on the basis of strong site-preference
energies, Cr only occupies octahedral (M) sites. Della
Giusta ef al. assigned Si** exclusively to the T site,
and Ni**and Ti** only to the M sites. The higher

the Cr content, the greater the ordering of Mg in the
T site and Al in the M sites. Zinc has a strong site-
preference energy for tetrahedral coordination.
Jacob (1976) and Bruckmann-Benke ef al. (1988)
found that the tetrahedrally coordinated site of a
binary solid-solution of the type Zn(AlCr),0, is
almost entirely occupied by Zn, with very small
amounts of Al. Vanadium has a strong octahedral
site-preference energy and is assigned (both V3* and
V47 to the M sites (O°Neill & Navrotsky 1984).

For the Atik Lake spinel, I have assumed that all
Mn is divalent and that all V is trivalent. Fe** has
been calculated from atomic proportions based on
32 oxygen atoms (24 cations) and was obtained as
the difference between the sum of the octahedrally
coordinated cations (Al + Cr+ V3*) and 16.00. End-
member proportions were computed with an
algorithm for which all Ti, Cr, V, Mn and Mg were
used to form, respectively, ulvispinel, chromite,
coulsonite, galaxite, and spinel. Zn was-combined
with excess Fe** after the formation of magnetite
to form franklinite. Any remaining Zn was combined
with Al to form gahnite, and the leftover Fe and Al
were attributed to hercynite (Table 3).

Elements having a strong negative correlation
(Table 5) are inferred to substitute for each other in
a given site (e.g., Al-Cr, Mg-Cr on the M sites;
Fe2*-Zn, Fe2"-Mg on the T site). Those having a
strong positive correlation involve T- and M-type
cations (e.g., Zn-Al, Fe2*-Cr, F&*-Fe3™), a reflec-
tion of specific end-members. Treloar (1987) found
negative correlations between Zn and Cr, and
between Fe and Al for spinel at Outokumpu, indicat-
ing an inverse relationship between the
FeCr,0,-ZnAl,0, components.

CHARACTERISTICS OF THE HERCYNITE
Optical properties

The vanadiferous zincian-chromian hercynite
occurs as small subhedral grains (<25 uym) having
a honey-brown to dark olive color, strong relief, and
low (R% = 12) reflectance (grey). The hercynite com-
monly is found close to garnet porphyroblasts, rarely
as inclusions, and usually in a matrix of quartz,

TABLE 5. PEARSON CORRELATION MATRIX FOR CONCENTRATION
OF CATIONS IN HERCYNITE FROM ATIK LAKE

(n=68) Al cr v Fe* Fe¥ Mg zn

Al 1.00

cr  -0.87 1.00

v -0.48 0.41  1.00

Fe2* -0.75 0.89 0.18 1.0

Fe** -0.87 0.78 0.42 0.81 1.00

Mg 0.91 -0.85 -0.45 -0.78 -0.87  1.00

zn 0.3 -0.76 -0.41 -0.78 ~-0.88 0.81  1.00

Correlation coefficlents calculated by linear regression

on B8 hercynite grains in cordierite-gedrite rocks in the pipe.
The complete data-set 1s available upon request to the author.
Representative hercynite compositions are. shown in Table 3.
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F1G. 5. SEM image of a grain of vanadiferous zincian-chromian hercynite. Others: X-ray element maps; Al, Cr, Fe
[white spot corresponds to an inclusion of pyrrhotlte (Po)l, Zn, Mn, V, Ca (Cal: calcite inclusion beside the sulfide
inclusion), Si (Qtz : large quartz inclusion in the hercynite). Bar scale: 10 pm.

plagioclase or cordierite. The hercynite grains may
have micrometer-size inclusions of quartz, sulfide
and carbonate (Fig. 5).

Chemistry

Electron-microprobe data representative
of the compositional range observed are
presented in Table 3. The following structural
formula expresses the results of 66 microprobe ana-
lyses:  (Fedlg, 9ozno 02-0. 37Mg0 02-0.06M1 < 9.05)
(Al 15-1.87CT0.12-0.69F€3.00-0.13 V3.03-0.13)O4-

X-ray element mapping shows that single grains
of spinel are relatively homogeneous (Fig. 5), but
slight increases in Al and Zn from core to rim were
detected in some samples. A wide range of spinel
compositions is observed within the alteration pipe
(Fig. 2) and also at the thin-section scale (Figs. 6,
7). Compositional variations occur among different
samples, but also in different grains in the same
sample.

When compared to most other occurrences in
mineralized areas, the range of spinel compositions
at Atik Lake (Table 1, Fig. 6) fills a gap in previ-
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FIG. 6. Al-Cr-Fe3* diagram showing compositional range of (vanadiferous) zincian
spinels. Optical characteristics presented on the side of the diagram are compiled
from the literature; underlined is the color in reflected light; along Al-Cr and
Cr-Fe3* sides are shown color and internal reflection in transmitted light. Dashed
line: empirical miscibility gap of Loferski & Lipin (1983). Open circles: Fe-Ni
deposit of Western Australia, filled triangles: Fe-Zn-Cu-Co deposits, Sykesville,
Maryland, open squares: Thompson mine, Manitoba, filled squares: Klerksdorp
Goldfield, Witwatersrand, filled circles: Cu-Co-Zn Outokumpu deposits, Fin-
land. Compositions from Atik Lake: hatched field, represents 36 compositions
from U10A, U4, U8, small circle with cross-line: U10B, small open circle with
arrow: U17, black dots: U12. Details on location, compositions and references

are given in Table 1.

ously reported data for zincian-chromian spinel. The
spinel has higher AI/R?* (R*+* =Al+Cr+V3+ +
Fe**) and lower Cr/R3** values than spinel in
metamorphosed altered ultramafic rocks. This state-
ment is also valid for compositions of spinel in ultra-
mafic rocks in unmineralized areas (Onyeagocha
1974, Moore 1977, Wagner & Velde 1985; Table 1).
A spinel from the selvage zone between Ni-ore and
its ultramafic host at the Thompson mine, Manitoba
(Rimsaite & Lachance 1971), falls within the com-
positional range observed at Atik Lake. Core com-
positions of spinel in the cordierite-anthophyllite
rocks from the Outokumpu deposit have much
higher Cr/R*" values than their rim, which is more
aluminous and falls within the Atik Lake composi-
tional field (Fig. 6; Treloar et al. 1981, Treloar 1987).
Another striking characteristic of the spinel at Atik
Lake is its general lack of intense compositional zon-
ing, as was reported elsewhere for grains of zincian-
chromian spinel that reach up to 700 um across

(Weiser 1967, Groves et al. 1977, Treloar 1987, Wylie
et al. 1987).

A continuum of compositions in natural chro-
mium-rich spinel exists between chromian magnetite
and ““ferritchromit’’ through Fe’*-poor, low-
aluminum chromite through chromian hercynite to
pure hercynite, as discussed by Evans & Frost (1975).
The zincian-chromian hercynite compositions com-
piled from the literature also show this continuum
(Fig. 6) and plot next to an empirically determined
miscibility gap, outlined by Loferski & Lipin (1983).

Interestingly, a euhedral crystal of magnetite con-
taining ~2.5 wt. % ALO;, ~7% Cr,0; and ~17%
V,0, was found to coexist with the vanadiferous
zincian-chromian hercynite in sample U12 (Tables
2, 3). The slightly low analytical totals for the
magnetite (Table 4) could result from the presence
of V4*, as all the vanadium was taken to be V3* in
the calculations. If this is so, the presence of V4*
would lead to overestimation of Fe™ as a conse-
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FiG. 7. Binary diagrams showing compositional ranges of hercynite from Atik Lake.
Symbols: half-filled circle: U10A, small circle with cross-line: U10B, open circle:
U4, filled circle: U8, small dots: U12, open circle with arrow: U17. Correlation
coefficients as in Table 5. Concentrations in number of cations.

quence of an electron-exchange reaction such as
Fe* + V3* = Fe?* + V4" (Wakihara ef al. 1971).

The hercynite grains in sample U12 have high cal-
culated concentrations of Fe’* (Table 3) and plot
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of thermodynamic data as indicated in the text.

close to one limb of the proposed miscibility gap,
whereas the magnetite crystals plot near the oppo-
site limb (Fig. 6). For the vanadiferous spinel, a
fourth component has to be considered; the composi-
tional fields and tie line are projected from that
fourth component onto the Fe**-Al-Cr plane. The
effect on the solvus of adding V to the system is not
known. No evidence of exsolution was found in the
Atik Lake spinel. Slightly higher f(O,) conditions in
this part of the alteration pipe (Fig. 2A) led to the
formation of the coexisting spinel in local areas of
appropriate bulk-compositions. A rare case of
unmixing in primary igneous chromite (Loferski &
Lipin 1983) was attributed to metamorphic re-
equilibration at temperatures around 600°C. As no
primary igneous spinel has been identified in the
unaltered basalt at Atik Lake, a metamorphic ori-
gin for these coexisting spinels is indicated.

CONDITIONS OF METAMORPHISM

Peak conditions of metamorphism at Atik Lake
are estimated to have been 7 = 550°C and P < 3.0
kbars (Bernier & MacLean 1989). The pressure is not
as well constrained as the temperature. The garnet-
hornblende geothermometer of Graham & Powell
(1984) gives core and rim temperatures of 557°C and

531°C for sample U2C within the pipe. The garnet-
hornblende geobarometer of Kohn & Spear (1989)
provides core and rim pressures of 3.3 and 2.8 kbars
for sample U2C using the activities for the Mg end-
members. The core compositions of coexisting
garnet-cordierite pairs in the alteration pipe indicates
maximum pressures ranging from 2.5 to 3 kbars at
the condition P = P(H,O) using Figure 10 of
Aranovich & Podlesskii (1983). The presence of the
assemblage cordierite~chlorite-biotite-muscovite in
sample U4 indicates a minimum pressure between
1 kbar if X(H,0) = 1 and 2.5 kbar if X(H,0) =
0 at T = 550°C using the mineral compositions and
the thermodynamic data of Berman (1988). With
these pressure considerations and in the absence of
a precise estimate of the mole fraction of H,0, a
peak pressure of 2.5 kbars is chosen. The stability
field of the vanadiferous zincian—-chromian hercynite
compositions can be located in f(S,)-f(O,) space
using buffering assemblages and the composition of
pyrrhotite in spinel-bearing samples (Table 6). The
different phase-boundaries plotted in a log A(S,)-
log f(O,) diagram (Fig. 8) were calculated using the
thermodynamic data of Clark (1966), Froese & Gun-
ter (1976), Barton & Skinner (1979), Berman &
Brown (1985), Sharp et al. (1985) and Berman (1988).
Different f(S,)-f(O,) buffer assemblages observed in
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TABLE 8. AVERAGE COMPUSITIONS OF HERCYNITE FROM ATIK LAKE AND
f(Oz)-t(Sz) BUFFERING ASSEMBLAGES

0

Sample () ¥ X, F™ V% RN Log £(8))
ua (18) o0.12 0.88 o 0.04 0.34 apy-lo-po-ilm-rt —
UI0A (13) o0.18 0.78 [ 0.04 0.22 apy-lo-po~ilm —
UioB (12) o0.28 0.70 [} 0.08 0.17 apy-lo-po-ilm 4.2
us (8) o.21 0.74 0.02 0.08 0.21 \ilm-po-rt ———
uiz  (8) 0.20 0.71 0,08 0.08 0.07 {ilm-po-mt -3.9
u17 (12} 0.31 0.81 0.10 0.05 0.11 {lm-po -3.5

(n) = number of hercynite grains smalyzed. _* calculated at T = BS0°C and
P = 2.8 kbar from pyrrhotite compositions NP° = 0,8421, 0.8388, 0.9352 for

sample U10B, Ul2 and U17 respectlvely using equat!ons of Froese & Gunter
(1978). -~~~ not anal py: arsenopyrite, lo: 181lingite, po:
pyrrhotite, ilm: ilmenite, rt rutile nt: magnetite. X nCr/(Al'rCr-l-V#l-‘ea’),

X 9A1/(Al+Cr+V+Fem) X BZn/(Fe*Mgl-Nh*Zn)

the Atik Lake cordierite-gedrite rocks include
arsenopyrite- lollingite~pyrrhotite-ilmenite + rutile,
pyrrhotite-ilmenite-rutile and pyrrhotite-ilmenite-
magnetite (Table 6). The magnetite-bearing sample
(U12) has a high average Xer
[Cr/(Cr+ Al+ V3* +Fe**)] and Fe*" content, and
the lowest X, [Zn/(Fe+ Mg+ Mn+ Zn)]. Calcu-
lated log f(S,) values based on compositions of the
pyrrhotite (method of Froese & Gunter 1976) are
shown in Table 6. Sample U4 has the highest X5,
and lowest X, values and appears to have been
buffered at the lowest values of f(S,) and fO,),
represented in Figure 8 by the intersection of the
arsenopyrite-l6llingite-pyrrhotite and ilmenite-
pyrrhotite-rutile boundaries. Samples U10A and B
were buffered at a similar value of log AS,) (=
—6.2) as sample U4, but at a higher fO,), along
the arsenopyrite-16llingite-pyrrhotite boundary
within the pyrrhotite-ilmenite field, as indicated by
the absence of rutile. A calculated value of X£%=
0.9247 was obtained by solving reactions (1) (Froese
& Gunter 1976) and (2) (Barton & Skinner 1979) by
iterations, until the two equations are satisfied by
a common value of XE%:

(1) OS(in pyrrhotite) = %Sz (in vapor)
(2) 2FeAs, + 2FeS + S, = 4FeAsS

For reaction (2), the composition of arsenopyrite was
used (37.1 As atom%) to calculate an activity aFeAsS
= 0.8859, and aFeAs, was taken to be unity. The
calculated value of X}.—’es contrasts with the measured
value X£% = 0.8905 in sample U10B, which leads
to a value of log f(S,) = —4.12, which is 2 log units
higher than that expected from the position of
the arsenopyrite-16llingite-pyrrhotite boundary.
Although all three minerals are observed within the
same thin section, only 16llingite-arsenopyrite and
pyrrhotite-arsenopyrite pairs are observed in con-
tact. If the pyrrhotite-arsenopyrite boundary is con-
sidered instead, a pyrrhotite composition of XEg =
0.8986 is calculated (3).

(3) 2FeAsS + S,

= 2FeS + 2(As,S) liquid
(4) ZFCASZ + S2 =

2FeAsS + 2As

This value of XE% (0. 8986) is much closer to the
measured one (0.8905) in sample U10B. The
l61lingite-arsenopyrite boundary (4) is calculated to
occur at log f(Sy) = —5.30. If the maximum uncer-
tainty of § kcal on AG (Barton & Skinner 1979) is
applied, the boundary may occur anywhere between
—6.4 and —3.9 log f(S,), a range that overlaps
both reaction (2) and (3) boundaries. This suggests
that the rare pyrrhotite grains (15 gm) observed in
contact with arsenopyrite in sample U10B were in
local equilibrium and that reactions 3 and 4 are
indicative of the f{S,) condition rather than reaction
2. The estimated range of f{O,)-f(S,) values under
which the vanadiferous zincian-chromian hercynite
formed in the cordierite-gedrite rocks in the Atik
Lake alteration zone is indicated by the shaded area
in Figure 8. In summary, the assemblage
arsenopyrite-l6llingite-pyrrhotite-ilmenite fixed the
SS,) during metamorphism, but allowed variations
of up to 2.5 log units in f(O,) within the
pyrrhotite-ilmenite field. The assemblage ilmenite-
pyrrhotite-rutile in sample U8 does not allow a pre-
cise estimate of f{S,)-f(0O,), but in view of the spinel
compositions, it probably has values within the field
outlined in Figure 8. The spinel samples having the
highest contents of chromite and magnetite compo-
nents and lowest level of the gahnite component
appear to be those buffered at the highest f(S,)-
SO, values. Other factors that can influence spinel
compositions are: modal amount of spinel formed
in the rock and bulk composition of the rock (Fig.
4C).

The AO,)-f(S,) conditions prevailing during
metamorphism in the alteration pipe contrast with
those in the adjacent BIF (magnetite field; Fig. 8),
auriferous chert (arsenopyrite-pyrite-pyrrhotite-
ilmenite; Fig. 8) and associated graphitic argillite
(pyrite-pyrrhotite-graphite-rutile; Fig. 8). None of
these sedimentary horizons contain vanadiferous
zincian-chromian hercynite.

DISCUSSION AND CONCLUSIONS
Genesis of the Atik Lake hercynite

Vanadiferous zincian-chromian hercynite occurs
in metamorphosed altered basalt (cordierite-gedrite
rocks) in an alteration pipe. The alteration zone is
overlain by auriferous chert and associated graphitic
argillite, and by grunerite-magnetite-bearing BIF
(Bernier & MacLean 1989). Primary igneous spinel
has not been observed in the fresh tholeiitic basalt.

Primary igneous chromian spinel compositions
from deep-sea basalts, as reported by Haggerty
(1981), are generally aluminous (up to 49 wt.%
AL0,), Mg-rich (up to 19 wt.% MgO) and may be
Fei*-rich (up to 11 wt.% Fe,0,). The reported
compositions do not show even traces of vanadium
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and zinc. Spinel in deep-sea basalt occurs as inclu-
sions in plagioclase, pyroxene, olivine and glass and
may show complex zoning as a result of interaction
between early-formed crystals and liquid owing to
a temperature decrease (Haggerty 1981). The
Cr/R** values found in basalt-hosted spinel are
similar to those in Atik Lake metamorphosed altered
basalt, and this can readily be attributed to a bulk-
composition effect.

At Atik Lake, a premetamorphic stage of
hydrothermal alteration enhanced Cr-V concentra-
tions in altered basalts as a result of mass loss (Ber-
nier & MacLean 1989). Cr and V behaved as rela-
tively immobile elements. Cr3* and V3* can
substitute for Fe3* and AI** because of their simi-
lar ionic radius; they may have been concentrated
in aluminous clays (Howard & Fisk 1988) and chlo-
rite when these minerals formed during the
hydrothermal alteration of the basalt. Concentration
of Cr in sediment via the clay fraction is common
(Burns & Burns 1975, Treloar 1987). Regional
amphibolite-facies metamorphism induced break-
down of the greenschist-facies assemblages to
produce cordierite-gedrite rocks. The grains of
vanadiferous zincian-chromian hercynite nucleated
under relatively low f{O,) and high AS,) conditions,
at sites of available Cr-V-Al-Zn released by break-
down of precursor phases. Apart from the hercynite,
which contains 2 major concentration of Cr, traces
of Cr also were found in ilmenite, garnet and stauro-
lite, and it is an important component in magnetite,
which is scarce. Vanadium was detected in ilmenite,
but is a major component (coulsonite) in magnetite
(Table 4). The presence of V and Cr in other minerals
of the Atik Lake alteration zone reflects the bulk
composition of the rocks, acquired during hydrother-
mal alteration. The absence of pronounced composi-
tional zoning in these spinel grains could be due to
their very small size or may indicate that efficient
diffusion occurred at the peak conditions of
metamorphism.

Spinel having such unusual compositions in
metamorphosed mafic and ultramafic rocks can pro-
vide a useful guide for potential mineralization of
the Outokumpu type (Cu-Co-Zn), Thompson type
(Fe-Ni) or Atik Lake type (Fe-As-Zn-Cu-Au-Ag).
Furthermore, the spinel grains are resistant to
weathering and can be incorporated into the
sedimentary cycle and thus provide useful regional
indicators of mineralization.
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