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introduction

Chromian spinel occurs as a ubiquitous phase in mafic—
ﬂitramaﬁn inclusions within the Sudbury Igenous Complex

(SIC), Ontario, Canada. Although there is only sparse informa-
tsan available (Pattison 1979; Naldrett et al. E%%—if Scribbins
et al. 1984 iarz‘ezi et al. 1994; Lightfoot et al.° 1994, 1995;
Moore et al. 1995), the inclusions can potentially provide
imp@r&agi new insights info the petrogenesis of the SIC.
Chromian spinels are sensitive minerals for deducing the
ambient conditions during magma crystallization (Irvine
1867; Dick and Bullen 1984; Rseasf‘ and Reynolds 1991;
Zhou and Kerrich 1992). The wide compositional range of
chromian spirel is a function of parental magma composi-
tions and geological environment. Prior to this study, there
were only sparse analytical data on chromian spinels from
the Sublayer matrix and inclusions of the SIC (Naldrett et al.
1984). We have carried out a detailed study of the texture
and cs*rpxssi?ian of chromian spinels in mafic—ultramafic
inclusions in the Sublayer of the SIC as well as in basal
mafic —ultramafic complexes in the immediate footwall of
the Sublayer. These new data allow us to place important
constraints on the petrogenesis of the SIC.

Geological background and petrography

The basic geology of the Sudbury Structure has been exten-
sively documented in the literature (see references in Pye
et al. 1984; Lightfoot and Naldrett 1994). The Sudbury
Structure includes (1) the SIC, (2} the Whitewater Group,
and (3) the shocked footwall rocks and footwall breccias.
The structure is located at the contact between Archean
gneisses of the Superior Province to the north and the Pro-
terozoic Huronian Supergroup of the Southern Province to
the south. The Grenville Front, a major Proterozoic tectonic
deformation zone marking the E‘f{mﬁdary between the Grenville
Provinee and Southern Provi ince, is only 10 km southeast of
the Sudbury Structure. The SIC outcrops as an elliptical ring
(Fig. 1) and includes, from the outside inwards, {1) con-
centric and radial offset dykes, (2) a discontinuous zone of
Sublayer, (3) quartz-rich norite on the South E%a 1ige and
orthopyroxene pmi{nmc melanorite (mafic norite) on the
North Range, (4) felsic norite, (3) transition zone quartz
gabbro, and l’fﬁ oumpbz re. AEF of the units except the off-
sets and Sublayer have been grouped into the Main Mass
of the complex.

The distribution of the Sublayer is controlled by the shape of
the basal contact, with the greatest thicknesses being observed
in kilometre-sized radial depressions called ‘‘troughs”
(Morrison 1984). It is composed of a fine- to medium-
grained norite with low rméai quartz content and abundant
pyroxenes. The Sublayer is characterized by abundant inclu-
sions of footwall gneiss md wafic —ultramafic rocks (Pattison
1879}, E,,“Ph ages of new zircons from the Main Mass,
the Sublayer, the immediate footwall Levack gneisses, and
i‘i%ﬁ:kéé zircons from the Onaping Formation of the White-

* P.C. Lightfoot, R.R. Keays, G.G. Morrison, A. Byte, and
E\ P. Farrell. Geochemical relationships in the matrix and
usions of the Sublayer Norite, Sudbury Igneous Complex:
a case study of the Whistle Nfim@ embayment. Submitted

for publication.
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water Group indicate an age of 1.85 Ga for the Sudbur
event that produced the Sudbury Structure (Krogh et al
1984; Corfu and Lightfoot 1996).

Magnetite and ilmenite occur throughout the SIC (Gasparrini
and Naldrett 1972), but chromian spinel is only observed in
the Sublayer environment and footwall ultramafic complex
Sublayer samples investigated in this study are from d
core from the Craig mine and open pit samples from ¢
Whistle mine (North Range) and the new Gerirude mine
(South Range). We also present data of chromian spinel
from ultramafic complexes in the footwall country rocks
the Fraser and Levack mines {FES 1). Both the inclusic
and footwall complexes consist f ‘if’§3“i€}§i§8 ﬂymxeﬁ'
harzburgite, melatroctolite, and dun
Farrell et al. 1994; Lightfoot et al.’ }v The inclusions are
in a noritic matrix with disseminated sulfides. These rocks
are all typically igneous textured, and are coarse- to medium-
grained ;eiﬁ;paﬁém rocks with variable contents of oliv
orthopyroxene, and clinopyroxene. Accessory phases include
chromite, zircon, and apatite. Much of the olivine is serpen-.
tinized, and secondary magnetite is abundant. In less altered
samples, olivine is generally rounded and enclosed in eithe
orthopyroxene (Fig. 2a), clinopyroxene (Fig. 2b), or plagio
clase (Fig. 2¢). Crystal aggregates of olivine are also enclose
in these minerals (Figs. 2b~24d), suggesting a disequilibriu
texture indicating that the olivine and pnﬂlming mine
formed from different magmas. These inclusions are
commonly impregnated by fine-grained aggregates of plag
clase and quartz that are interstitial to large olivine gr
(Figs. 2Ze, 2f}. The felsic aggregate contains dissemin
dunite’’ is intruded by sulfide v

P

sulfides, while the host
{Fig. Zj;.
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Sccurrence of the chromian spine!

Chromian spinel in the mafic—ultramafic rocks of the SIC
occurs as euhedral o subhedral inclusions in olivine of
orthopyroxene (Fig. 2a) and rarely in biotite, and ranges in
size from 10 to 150 pm. Some grains are clearly eroded, with
highly irregular shape. Many grains contain submicrcmeﬁr& @
a few micrometres wide ilmenite exsolution lamellae (Fig. 3a)
that may have formed by relatively high temperature exsolution
along the (111) octahedral planes (Haggerty 1976).

Some chromian spinel grains contain inclusions of olivine,
Cr-bearing diopside, orthopyroxene, plagioclase, biotite.
zircon, and (or) sulfide (Figs. 35, 3¢). Olivine and diopsid
are the dominant inclusion types. Both biotite and plagiocla
occur together in a chiromian spinel grain (Fig. 3b). Assoct
ated with these two phases is a tiny sulfide grain (Fig. 3!
Some of the inclusions probably represent the crystalliza
product of melts ?r&g}g@d during chromian spinel crystallizati

Zircon grains in association with chromian spinel werg
observed in sa g,ﬂ G3MLM34, a melatroctolite from the
Fraser mine. "E’ his association is included in a large
tite grain that we ¥gg est formed by "pia&mprt of ol
as refict olivine and serpentine grains occur in biotite (Fig.
Chromian spinel is altered along the margin to magn
Magnetite also occurs along the cleavage of biotite. B

zircon and chromian Sp%nei are closely p“”kﬁi and f
boundaries of the zircon grains are smooth. The top grain b
a euhedral outline and the whole grain seems strongly erod
This relationship suggests that the zircon grains within
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sological map of the SIC showing sample locations at the Whistle, Fraser, Levack, and Craig mines of the North-Range and
ide:mine of the South Range (after Pye et al. 1984).
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~were distributed by assuming an R2*
the chromian w§1§‘€i and b;ﬁascwg RO

in I gfaiﬁs exhibit a zonation in ‘ﬁhz@‘ . ootom f the sp,ﬁé prior tG {izse final eméﬁ
vian spinel core is mantled by ferrochromite, = ‘ §§§?i$ on eaab g were anaiyzed
rimmed by magnetite (Fig. 3¢). The origin® ¢ ‘
aﬁ%e ntefysi é a3 a replacement process, -

tamorphism (cf. Bliss and Maclean 1975).
10t e%}served i'i e?hwf 3‘%&,3;3 from ’zh‘, SIC,

sysiem 0S¢ >

Due to the ‘size of the sions,; S 1 um elec-
-tron beam: Operating conditions were a 15 kV clerating
- voltage and a 20 nA beam current. Analy se

i enes; biotite, and zircon inchusions

3r siven in Table 2.

ﬁsﬁ T\fimsszrsf Qi’ ?\I{}ﬁ;ﬁsm S:&mi@@ﬂﬁﬁt éﬂd
f mwaccelerating voltage of 20kV, a 35 A
da 5 pm electron hs&?ﬁ were used. Syn-
G%’i‘&ﬂ s‘g}zﬁtiﬂ a%eg‘a ﬁ\sb 35 S{aﬁdd;ﬁs

iﬁéiyﬁﬁai results

sgscﬂw%y
o ‘a,E ﬁzgmgmbe analyses. Chromian spinel core-to-rim systematics

were ge{ﬁ‘}fmcé on standard chromian spinel to No significant .core-to-rim compositional variations were
e the quality of calibration and analytical error. observed in most analyzed grains. é microprobe traverse

cal results of major and trace elements are betier across a zoned chr omian spinel grain in sample 94PCL8675
. and those for Ni and Zn are better than 5%. is shown in Fig. 4. It would appear that there is a major
was- determined as total iron (Fe©,) and Fe’® and chemical discontinuity between the chromife core, inmter-

© 1997 NRC Canada
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F‘g 2 Photomicrographs showing reaction textures in mafic —ultramafic inclusions in the sublayers. (@) Harzburgite, rounded olivine
and euhedral chromite grains in orthopyroxene; sample 16413, Frood mine. (b} Dunite showing olivine grains enclosed in
roxene, which is in turn impregnated by felsic melt (on the left bottom); note also euhedral chromian spinel in clinopyroxene;
sample 170332, Frood mine. {¢} Rounded olivine grains in plagi ¢ ite; sample 92PCL28, Whistle mine. () Dunite impregnated
i ?5}33‘2, Fmo{i mine. melt represented by interstitial plagioclase; sample
granophyre and by sulfide melt; sample 93PCL32
ns: Cpx, clinopyroxene; Ol, olivine; Opx, orthopyroxene; P

s

similar to those of the chromite core, but higher MnO
TiO; and lower Cr,O5 and AlO; contents (Fig. 4).
Overall compositional variations of chromian spinel
Chromian spinels from both the North Range and Soutll

Range environments of the SIC have the same trends betw



ZITCON.

AlLO;, and FeO, (Fig. 5). On the Cr,O; versus MgQO
ersus MgO diagrams, samples from the Gertrude
d out, as they have higher Cr,O; and significantly
hromian spinels from the ultramafic complexes,
the Fraser and Levack mines have compositions
those in Su layer inclusions from both the W‘h tle
iz mines (Fig. 5). Overall, Cr,O5 covaries positively
é}g aﬁé ‘\Jiﬁi} whefeas xi* re are negative correla-
as FeQ, and Cr04

s from the Gertrude mine have
hromian spinels, afthough
g. 6). The chromian sp; els from
in Mg# than chromian spinels from
ic ridge basalt (MORB) A“;S from stratiform com-
hou ﬁh they are similar in Cr# to chromian sp
*m%;e; of mafic volcanic aﬁé atrusive rocks (Fi
: ~{Pﬁ3+ 2Tiy—Cr triangular diagram, all
nels from the SIC form a continuum in composi

nels
6).
hro-

io
k=3
cn

7
s

; ghmpé
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1!1{:53513 1 in chromian sg}‘nei sample 9?MLR’§32‘ Fraser mine. (d) A zamd cz:mmian smsmg grain v vzti‘s z&mﬁm f om a
94PCL8675, Gertrude mine. Mineral abbreviations:

Bi, biotite;

and they define a trend crosscutting the normal fields of
spinel compositions (Fig. 7). Although there is a composi-
tional break between the Gertrude samples and the remainder
of the samples, it is possible that this will be filled in as more
samples become available. Again, chromian spinels from
other mafic rocks are plotted in this diagram for comparison.

Those in komatiites from Western Australia are character-
ized by higher Cr contents. Some of the chromian g@ s
from i%f S:L seem similar fo {%iﬂ E;SKJ ms&kg S’i‘é&?

Eh‘, S§€ Légﬁa n spinels %5‘%& ;ﬁ,ﬁ%’ ”&G« conten és
ing from 0.5 to 15 wt. % (Table 1). Some M«igrpmﬁiy lo
high values may be due to ilmenite exsolution lame

Allen et al. (1988) reported 2 strong negafive correlat
ctween T and Al in MORB chromian spinels. The T g%?h
contents of the SIC chromian spinel do not covary with any
of Al, Cr, ‘Ea Mn, or Ni. In a Fe# (100Fe?*/(Fe*™ + Al +
© 1997 NRC Canada
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Fig. 4. Compositional profiles across a zoned chromian spinel grain in sample 94PCL8675. Oxide plotted against the distance. The
zonation is shown in microphoto Fig. 3d. Note the log scale for TiO,.
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Cr)) versus TiO, diagram (Fig. 8), the Gertrude mine chro-
mian spinels have lower Fe# than the other chromian sp_;ﬁs
although they have similar Ti0,. The lack of the pesmv
correlation contrasts with chromian spinels in Hawaiian
basalts in which there is a positive correlation between Fe’™
and Ti (Fig. 8). The SIC chromian spinels exhibit Ti0,
confents similar to those of their equivalents from other
mafic volcanic and intrusive rocks.

All the chromian spinels have similar trace element abun-
dances (Table 1, Fig. 9). NiO contents range from 0.1 to
0.45 wt. %. Most chromian spinels have significant amounts
of V,04 (0.02—~0.46 wt. %), and those from the Whistle mine
have even higher V,0, contents (0.36—1.0 wt.%). The
MnO contents of the SIC chromian spinels range from 0.02 to
1.5 wt. %, with some magnetite having up to 4.7 wt. % MnO.
Zn0O "(}ﬁ?%ﬁis are fiwécam in the fa'z,ce of C.00—-0.35 wt. %
(Table 1). The high-V chromian spinels and magnetites are
so high in Zn (up to 1.36 wt.% Zn0) (Fig. 9).
Chemical compositions of silicate inclusions
Olivine inclusions in the chromian spinels have Fo values of
85—50, higher than those of olivine in the inclusion matrix
{Table 2). Thﬁs can be:iattributed to subsolidus Fe—Mg
exchange bety silicates and chromites (Lehmann i? }
They hév higher CryO; contents (0.29—0.57 wt. %)
does the inclusion matrix olivi "iﬁ‘ Biopside contains C.
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r
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t.% Cr,04; orthopyoxene aiso has considerable chro-
m‘geme (\J{«O‘x = {} 3”7 0. 17 wt. ,5) {Tdﬁ‘ﬁ 2).
1862},
z g 1S mciusmns in the SH? a,hfomim spinel
all jgh‘empéte‘ ey have Mg/(Fe, + Mg) ratios (Fe,, t«
Fe as Fe’t) of G 85 0.91 and high Cr contents (Cr,O5
0.33—1.49 wt.%). They also have higher K,O (6.
8.74 wt. %) than Na,O (0.19—1.10 wt. %) contents (Table
These phologopite inclusions are different from those in th
inclusion matrix in having relatively high MgO contents.
A few points were analyzed for each of the two zircon
grains in the chromian spinel (Fig. 3¢); they do not show
compositional zoning. They have much higher FeO contents
(0.86—1.76 wt. %) than those of zircons {?30 <020 wt. %}
in the inclusion matrix and in the Sublayer norites. Besides,
both types of zircon have different Si, Hf, and Y conter
although Zr contents are basically indistinguishable (1T Table 2

Discussion

s

Relations of the mafic—ultramafic inchusio
complexes to the sublayer matrix

Many inclusions in the Sublayer were derived from the ac

cent wall rocks. For example, inclusions of gneissic s GQE\

the Sublayer of the North Range are believed to be eq

lents of the Archean gneisses of the Superior Province:

ons and
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s inclusions of Huronian sedimentary rocks are only
5 the Sublayer of the South Range overlying the
1 Supergroup.
other hand, there is no obvious source of the ultra-
ions, which are uniformily distributed in the
in the footwall rocks of the SIC. While mafic
s occur in the pre-Sudbury event rocks, ultramafic
rare. The East Bull Lake suite of 2.45 Ga Early
¢ intrusions is dominated by leucogabbros with
inor pyroxenites and harzburgites (James and
85). While the 2.25 Ga Nipissing Diabases are simi-
nany respects to diabase inclusions in the Sublayer
0ot et al.* 1993), no ultramafic rocks are associated
¢ Nipissing Diabases. Finally, Corfu and Lightfoot
ve demonstrated that the ultramafic inclusions at
= mine have ages of 1.85 Ga. While the age of the
s may have been reset by the SIC event, these ages
port a pre-Sudbury event age for the inclusions.
n spinels in these rocks are unique enough to

origin of the Main Mass and Offset Dykes. Submitted
ation.

Orjgcﬁg (Wt.%)

-
S
-
(0w

or oxide relationship of chromian spinels within the SIC: ALO, versus Cr,05;, MgO versus Cr,05, FeO, (as total iron) versus

8.00

FeO, (wt.%)

00 8.00

H

1at they were xenoliths inher-
ited from the basement. The similar trace elemental abun-
dances of all the chromian spinels in the inclusions and the
footwall ultramafic complexes suggest that they are comag-
matic; for example, they all contain appreciable TiO, and
many have ilmenite lamellae. All the spinels form a con-
tinuum in the Al—(Fe3* + 2Ti)—Cr triangular diagram and
define a trend crosscutting the normal fields of spinel compo-
sitions (Fig. 7); this continuum in compositions extends from
the (Ti-)Cr- and Al-rich spinels in the mafic—ultramafic
inclusions and footwall complexes through to chromian mag-
netite in the Sublayer matrix. It further compliments whole-
rock trace element geochemistry, which indicates that the
Sublayer matrix norites and the mafic —ultramafic inclusions
were derived from compositionally similar magmas {Farrell
et al. 1994; Lightfoot et al.> 1994, 1995).

further exclude the possibility th

Significance of crustal contamination

Mineral inclusions such as ‘phlogopite, pargasite, olivine,
orthopyroxene, and clinopyroxene have been described in
chromian spinel from ophiolites (Yohan et al. 1983; forand
and Cottin 1989: McElduff and Stumpfl 1991) and layered
intrusions (McDonald 1965; Irvine 1975; Lorand and Cottin
1989). Albite inclusions in chromian spinel are also known
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Fig. 6. 100Cr/(Cr + Al) versus 100Mg/(Mg + Fe’™) of chromian spinels within the SIC. Reference data of chromian spinels from

other mafic volcanic and intrusive rocks are based on Lightfoot and Naldrett (1983) and Cawthorn et al. (1991) (Insizwa Complex,
g p
), Yang et al. (1994) (Jinchuan

ol

South Africa), Pedersen (1985) (Disko, Greenland), Czamanske et al. (1995) (Noril'sk intrusion, Rus
intrusion, China), and Groves et al. (1977) (sulfi da bearing volcanic rocks from Western Australia)
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Fig. 7. Triangular diagram of Al—(Fe®" + 2T1)—Cr of chromian spinels within the SIC. See Fig. 6 for reference data.
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in layered intrusions (Irvine 1975) and komatiites (Zhou and Fig. 3¢ is either also an ear z} -formed mineral in such a
Kerrich 1992}, but zircon grains have not previously been magma or a xenolith trapped during crystallization of chro-
p{sﬁc@ as inclusions in chromian spinel. Irvine (1975) mian spi inel. The latter expédhgﬁ on is more likely, beca
interpreted the albite as representing droplets of contaminant zircon is a stable mineral in magmas saturated or near!
gmfg; ic mf:i%‘ that were trapped in the chromian spinel at saturated with silica, but would crystallize at a later stz
Various § ages of mixing two magmas. from a mafic magma (Butterman and Fo oster 1967, Wats
Givs_g hat chromian spinel is an early-formed magmatic 1979). All zircon separates from the SHE E‘aélﬁﬂ those
mineral in mafic —ultramafic magmas, the zircon grain in ultramafic inclusions, have yielded ages f . 1.85 ¢
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et al. 1984; Corfu and Lightfoot 1996). The two
orains reported in this study were likely derived from
ic melt and therefore suggest a magma mixing process,
viously proposed for chromite in the Muskox intrusion
£ 1975)
cuhedral biotite inclusions are different from post-
tically entrapped inclusions, which tend to be spherical
ance (McDonald 1965; Lorand and Cottin 19893,
Supgests that the biotite had a magmatic origin, which
irn demands that the magma from which they formed be
Another possibility is that all of the Sublayer rocks,
ng both mafic —ultramafic inclusions and the Sublayer
x. were invaded by either hydrous fluids or melts that
uced H,O and other components into the Sublayer.
Scenario would require recrystallization of the chromite.

q
e plagiolase inclusion would again indicate a mixing
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process involving a plagioclase-saturated felsic melt-and a
high-Mg magma. This felsic magma- is presumably crust-
ally derived and hydrous. It would be the source of the
zircon and plagioclase inclusions and water required for
the igneous biotite. ‘

Because magmas contain trace Cr and major Al crystalli-
zation of chromian spinel alone would deplete Cr-far more
rapidly than Al. The positive relationship between these two
elements in the SIC chromian spinels (Figs 5) might suggest
a coprecipitation of chromian spinel and plagioclase.-This
ceprecipitation would again support a mixing process between
mantle-derived; Cr-rich magma and crust-derived, plagioclase-
saturated felsic melt. The crustal melt would have contained
more Fe than the mantle-derived magma and was presumably
more oxidized than the high-Mg magma. The mixing of these
two melts increases the mafic magma in Fe and Ti, and as
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a result, chromian spinels therefore become depieted in both
Cr and Al, forming a continuous chemical trend in the trian-
gular diagram Al—(Fe’* + 2Ti)~Cr (Fig. 7).

The SIC chromian spinels have considerably more Fe-rich
compositions than those that would normally coexist with
Fogy—Fogg olivine at magmatic temperatures. This might be
caused by (1) reaction with residual liguid and (or) post-

ion (Roeder and Campbell 1985; Scowen
and (2} subsolidus reequilibration (Irvine 1967
Lehmann 1983). The Fe enrichment of the SIC spinels may
suggest that {he p nels have interacted with Fe-rich magmas

reeq

sa

and extensi ﬂlbm{ﬁ@ wﬁh fekn magmas. ShCh
e%u%h%jmi‘
E}Guiﬁ‘g (Irvine 965; R«ﬂsaﬁ ;?82. Re‘”sr and ngp%ii

1985). Rapidly cooled extrusive rocks, such as the Disko
E}asaita and pzmt@sf Greeﬁiaﬁé {Pedersen 19853), the Hawaiian
basalts (Scowen et al. 1991), and MORB (Allen et al. 1988),
have relatively *vcﬁ MS« c%‘éfam‘av spinels. In Sudbury, the
Sublayer was intruded by felsic veinlets derived from the
basement melting, allowing more extensive Mg—Fe ion
exchange between spinels and felsic magmas than other
known intrusions.

Chromian spinel crystallization may have been induced by
mixing of the mantle-derived magma with the crustal melt,
leading to chrome oversaturation and chromian spinel crys-
tallization (Irvine 1975, 1977), because such contamination
would increase fu, and Si contents of the magma and there-
fore decrease the Cr solubility, as experimentally documented
by several workers (Barnes 1986; Murck and Campbell
1986; Rosder and Reynolds 1991).

Nature of the parental magma

Chromian spinels from different tectonic environments have
distinctive Cr#’s, which reflect differences in magma com-
position. Chromian spinels from the SIC have Cr#'s (5570}
%’ are higher than those of MORRB (Cr# = 20—34) (Allen
I. 1988}, but lower than those of layered intrusions such

as Sﬁshveid and ¢ &ima&:r (Cif = 70—85) (Irvine 1987)

f'p)
s

5 id thos ‘f boninites (Cr# = 80—90) (e.g., Roeder and
Reyno é 991). The SIC chromian spinels have Cr# simi-
lar to Eai of em‘a}méan spinels from the Hawaiian basalts

(Cr# = 60~70) (Scowen et al. 1991), the gabbro—picrites
of the Insizwa Complex, South Africa (Cr# = 57-80)
Lightfoot and Naldrett 1983; Cawthorn et al. 1991), the
basalts from Disko Island, West Greenland (Pedersen 1985),
and the intrusions of the Noril’sk region, Russia (Czamanske
et al. 1995). This similarity of the Cr#’s suggests that the
SIC chromian spinel may have formed from a magma with
basaltic composition.

The TiO; contents of chromian spinel from the SIC are
high compared with those of chromian spine! from layered
intrusions such as Bushveld and Stillwater. Low Ti values
{Ti0, = 0.16—0.85 wt. %) were reported in chromian spinel
from MORB (Dick and Bullen 1984; Allen et al. 1988).
Chromian spinels from the Di skﬁ basalts, the Noril’sk intru-
sion, and the Insizwa Complex have similarly high TiO,
contents as the SIC chromian spinel (Fig. 8). Gther close

aécgibs of the SIC chromian spinels are the Ti-chromian
spinel with 7.8—-15.1 wt.% TiO, from the Snake River
Plain basalts ﬁa; were thought to be derived from an iron-
and aikali-rich basaltic magma (Thompson 1973). Titanium-

Can. J. Earth Sci. Vol. 34, 1897

bearing chromian spinels (Ti0, = 6.7—15.7 wt. %) fror
the Insizwa Complex were interpreted to indicate an extremely

high-Ti parental magma, distinct from typical wmmenmz
basaltic melts (Cawthorn et al. 1991), although this is arguable
(Lightfoot et al. 1987). The Insizwa, Disko, and Noril's}
intrusions have been interpreted as having formed from a
mantle-derived magma contaminated by crustal materials.
The high TiO, contents of the SIC chromian spinels are
consistent with their formation from crustally contaminated
magmas; hence, although the mafic—ultramafic inclusio
are believed to have f{}:’meé from a mantle-derived magm
this magma must have been subject to crustal contamination,
supporting the previous view of Kuo and Crocket (1979

Naldrett and ifevnns (1984), Naldrett et al. (I ¢

et al. (1991), and Chai and Eckstrand {1

Petrogenetic implication for the SIC
It is now generally accepted that the Sudbury Structure was
produced by a major meteorite impact at ca. 1.85 Ga (Dietz

1664; Peredery and Morrison 1984; Grieve et al. 19
Associated with the meteorite impact was an igneous acti
that produced the SIC, although the sources of the magmas
remain poorly understood (see references in Pye et al. 1984;
Lightfoot and Naldrett 1994).

Lightfoot et al. (1995) have recently argued that it is
necessary to invoke the introduction of a mantle-derived
high-Mg melt to account for the generation of the sulfide
ore bodies, because the impacted Armbaﬁ and Proterozoic
country rocks contain isufficient Ni, Cu, and platinum-
group elements (PGE) to prm’“d# all of the metals in the ores.
The presence of the mafic —ultramafic inclusions and foot-
wall bodies together with the chromian spinels within these
rocks gives powerful evidence that the mantle-derived magma
was high-Mg in composition, possibly a picrite. Such a
magma would have been § ardemamm{ed a primary requi
ment for the formation of major Ni—~Cu—PGE sulph
deposits (Keays 1995}, as well as me source of the Cr in
spiﬁeés and the base and precious metals in the sulphide o

deposits. We concur with other workers (e.g., Grieve et
§9§‘E Golightly 1994) that a crustal melt bhﬁt‘ generated b
meteorite impact played a major role in the formation of
Main Mass. In addition, the gross geochemical similariti
between the Main Mass and the Sublayer norite matrix indi
cate that a component of the Main Mass magma was present
in the hybrid magma that formed the Sublayer (Lightfoot
et al.*). We suggest that subsequent to meteorite impact and.
generation of a crustal melt sheet, a mantle-derived high-Mg
magma entered the magma chamber.

The high-Mg mafic magma mixed vigorously witl ,
crustal melt, prompting S saturation of the previously
S-undersaturated and Ni—Cu—PGE-rich high-Mg magma.
This led to gm&mn*n of immiscible 5U§§h§33 droplet
which, because of their high density, settled to the floo
of the chamber. The resultant hybrid magma formed
Main Mass of the SIC as well as the offset dykes. In ot
it of the hggq Mg magma settled dire CEiy to
ihe chaﬂhtr where it underwent variable degrees
wiﬁz the fs!sy‘ C“ug‘g” melt. fz is azsb possible

menzs “%E‘ re sheg {Grmeé Eﬁ@ mmxx&d mahc~§§tzam;
s, such as those at Fraser and Levack mines.
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_an impact site, the bottom of the magma chamber
4 have been hot enough to continue melting the base-
ocks, forming granitic droplets (‘F*c 2f). The felsic
ent rocks would have contained residual heat from the
ite impact; additional heat was provided by the super-
4 crustal melt and by the high-Mg magma. The basement-
d partial melts may have per rcolated upwards through
h-Mg magma and mixed with it, thereby causing chro-
m igé}ﬂ The early-formed rocks (inclusions) were
ed by interaction with imprﬁm ted felsic melt.
Si;bl yer inclusions and matrix would have {sm}s{i
xing of various proportions of a high-Mg magma
¢ melt. This led to locally different wi @EP—;GCE{
ns, and also caused the difference of chromian
from different embayments {ﬁ;s 5).
—ultramafic inclusions in the Sub ayer are spa-
ssociated with sulfide ores. Both these QE ons and
. melts might have been deposited ée:}\wvva rds ‘§ 1 the
agma b‘v gravity and (or) convection current to
mside the amush@ of the Sublayer environment
onietal. 1994). The Sublayer would represent an
‘tion zone through which the basement continuously
granitic melts to the magma chamber. This inter-
n zone is also the hottest and last-solidified part of the
. impact melt sheet. Chilled margins would not be
in this interaction zone.

lications for the SIC sulfide §§§€;§§§§

e irace elements (Ni, Zn, Mn, V) in chromian spinel are

tobe Sc‘witwe during the formation of suifide ores
69, Ewe: t al. 1976: Czamanske et al. 1976;

”%3 "\r&e g,mtegas (N0 = 0.1—

are mubh lower than

ei {i%«’,issn ;982} Ehe release st ;‘h ifﬁm silic atss
erpentinization and incorporation of Ni in magnetite
esult in an enrichment of Ni in the secondary magnetite
zoned chromian spmeé grains (Bliss and MacLean
believed that the low Ni contents of the SIC
n spinels are not due fo alteration. The range of
ient between olivine and chromian spinel
2.27 (Stosch 1981); much higher par tition coetll
-an be expected between sulfide ‘and chromian spiﬁei.
ower Ni contents of the SIC chromian spinel may re i
sence. of sulfide melts, which, in turn, may indicate
ation of the magma during or before chromian spmel
llization. This seems consistent with the presence of
¢ inclusions in the chromian spinel (Fig. 3).
omian Spmeib formed in sulfide melts are rich in Cr
¢ in ‘Al and Mg, and have high Zn, V, and Mn con-
Czamanske 1976; Ewers et al. 1976; Groves etal. 1977,
). AS noted by Ewers et al. (1976}, spinels thought to
CIyst allized from a sulfide melt are chemically distinct
e m ﬁ‘e §’0i_1\5 that host the massive sulfide bodies.
¢ Kambalda sulfide ores have rela-
0.53-2.92 wt. %) {Groves et al.
1983). Pesteﬁen '}§ § also reported high-Zn chro-
spinet (ZnO = >08w t.%) of sulfide deposits in the
labelt, meané ” Chroman sgsmeé from the Thompson
Ickel Belt is rich in Zn (up to 0.98 wt. %) (Paktunc an id Cabri
Bushveld chromian spinel in the sulfide upper zone

1-

b
o

ect
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has 6500 ppm Zn, while that in the lower chromitite layers
of the lower zone has 3900 ppm Zn (Paktunc and Cabri
1995). Anomalously high Zn contents ( =>0.5'wt. %) of chro-
mian spinel are thought to be a useful indicator of Ni—Cu~—
PGE-bearing rocks (Groves et al. 1977; Peltonen 1995).
The Zn contents of the SIC chromian spinel are unusually
low (ZnO = 0.00—0.35 wt. %) compared with chromian
spinels from other sulfide-bearing bodies. Although high Zn
contents in some chromian spinels may be caused by post-
magmatic alteration (Wylie etal. 19R7), the high Zn contenis
of chromian spinel associated with Ni—Cu~— PGE--sulfide
ores are believed to be due to crustal contamination {(Groves
et al. 1977, 1983; Peltonen 1995). In the case of komatiite-
associated Ni—Cu—PGE sulfide ores such as ,those at
Kambalda and the Thompson nickel belt, it %a:s long been
thought that the Zn in chromian spinels was derived from
sulfidic sediments assimilated by high-Mg magmas. Th& low
Zn values of the SIC 3§}me§s may suggest a paucity of Znin

the contaminants in the basement rocks.

Conclusions

. Chromian spmeks in mafic —ultramafic inclusions in the
Subiayt.r as well as in mahc —qultramafic bodies in the foot-
wall to the Sublayer and in the Sublayer noritic matrzx
exhibit a continuum in the composition from chromite to
chromian magnetite.

2. The compositional variations in the piiﬁeis suggest that the
mafic—ultramafic inclusions and footwall bodies are gﬁﬁs&»
cally linked to-the magnia éw; ?{}rmsé the Sublayer matrix
3. The silicate inclusions {zircon; plagioclase, and biotite}
and compositional variations in the spinels, pamgahr;}
the covariation of Al and Cr, ‘were caused by mixing a
plagioclase-saturated, ?‘P rich, oxidized x,‘TiS{al melt wuh
a Cr-rich, mantle-derived, high-Mg melt.

4. Contamination of the Eﬁgh»\fig magma by 3‘;& resident
felsic crustal melt may have occurred as the high-Mg melt
entered the magma chamber and settled to the floor of the
chamber. Partial melts generated from.the basement rocks
percolated upwards ii‘mdeh the high-Mg zﬁ@ma and were
variably mixed with it.

5. High-Mg melt mixed vigorously with shc felsic crustal
melt, Eeaﬁmg fo § saturation {3? the hybrid and generation of
immiscible dmpieis of Ni-Cu—PGE sulfides, which settled
to the floor of the magma chamber and later formed the
ore deposits.
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