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ABSTRACT fonc6 ou pargasite ferreuse bleu-vert fonc6 + cumming-
tonite; epidote et actinote sont absentes a toutes fins pra-

Systematic study ofthe Sudbury Igneous Complex (SIC) tiques, et un grenat proche du pdle almandin caract6rise
indicates a low-pressure (or low- to medium-pressure) pro- les compositions plus fractionn6es (diorite quartzifbre).
grade metamorphic overprint that climaxed at medium-
grade conditions immediately to the south of the Irruptrve (Traduit par la R6daction)
and faded northward. Metabasite assemblages of the Sbfih
Range and adjacent offsets are consistent with a zonal pat- Mots-cl6s: complexe ign6 de Sudbury, m€tamorphisme pro-
tern of metamorphism equivalent to that of adjacent ind grade, assemblages de m€tabasites, amphiboles calci-
enclosing Southern Province rocks. Thus the zonal Southern ques, Ontario.
Province metamorphism is established as post-Irruptive and
probably Penokean in age. The composition of calcic INrnopucttoN
amphibole is the most important indicator of metamorphic
grade in the sIC' The o-nset,of middle- and upper- Theextensivealterationof thenoriticrocksof thegreenschist facies is marked by the appearance of actino- E;;;'S;h R";;;;'f ,i; i"iilr.y'1-*!.r, C"-_lite and the disequilibrium assemblage actinohre ., :
+actinolitic hornblende + hornblende _-edenite. .Ih; plex (SIC, Fig. l) is usually attributed to deuteric
epidote-amphibolite facies is characterized by eirher coex- alteration (e.g., Naldrett et al. 1970) and not to a
isting actinolitic hornblende and tschermakitic hornblende regional metamorphic overprint. The quartz diorite
or blue-green hornblende alone, The low-amphibolite facies host-rock at the Frood mine has been metamor-
is characterized by either dark blue-green tschermakitic phosed to amphibolite-facies conditions (Fleet & Bar-
hornblende or dark blue-green ferroan paragasite + cum- nett tfA;. Thomson el a/.(19g5) documinted a tran-
3:91T':i,:t'9^"i: and actinolite are essentiallv absent, ;i"fu g*".r.rtiri:"mptriuotiie facies overprint inand almandine garnet is present only in the more fraction- tfri So"t[ n*g. at firtiooa. Abo, Dressleritsg+u)ated qualtz diorite compositions' 

noted that thJsouth Range has been affected by a
Keywords: Sudbury trgneous Complex, Ontario, prograde strong regionalmetamorphic overprint. The present

metamorphism, metabasite assimblages, calcic amphi- paper extends these findings, and documents a pro-
boles. grade regional metamorphic overprint to the Sud-

bury Igaeous Complex through comprehensive study
of the associated metabasite assemblages.

SoMMAIRE Footwall rocks are Archean graniteshd migma-
tites of the Superior Province to the north and east,

. Une 6tude syst6matique du complexe ign€ de Sudbury and Early proterozoic metasedimentary and metaba_
indique la superposition d'un €v6nement prograde A basse site rocki of the Huronian Supergroui to the south.pression (ou d pression de basse A. moyenne). Cet 6v6ne- Migmatites oi- tfr" Srrp"rior province have beenment a atteint son point culminant (i un degr€ de m6ta- _l::--::;-:_'.;:'-,
morphisme moyen) immediatemenr au sud du .o.pt"*ii 1.liT"?l::e-{ !o 

tne ahandine-amphibolite facies'
son influence a diminu6 vers le nord. Les assemblagis des and locally to the granulite facies (the kvack Gneiss
mdtabasites du flanc sud du complexe et des d6crochiments Complex, Dressler 1984b)' and are probably late
voisinsconcordentaveclazonationdansledegr€dem€ta- Archean in age (Card et al. 1984), The Early Pro-
morphisme des roches encaissantes de la province du Sud. terozoic sedimentary and volcanic rocks and the
on 6tablit donc que cet dv€nement est post6rieur d la mise generally concordant Nipissing diabase to the south
en place du complexe, et probablement d'6ge p6nok6en. have been metamorphosed io at least the low-
La composition de I'amphibole calcique constirue l,ind! amphibolite facies in a localized zonal (nodal) pat.
cateur Ie plus fiable du deer6 de m€tamorphisme. L'amorce tern lcard 1964, l97ga, b). This metamorphism ofdu facies schistes-verts moyen et sup6rieur se voit par la ^;_--:;;: --: ', ;
formation de I'acrinote et de I'assem'blage 

"" 
aeseq,iiritil ]lle !9:rthern,Province 

occurred in the Middle Pro-
actinote + hornblendeactinolitique +h6rnblendeou6de- terozoic,-prob_ably during the Penokean orogeny
nite. Le facies amphibolite i epidote est marqu€ soit par (James 1955, Cannon 1973). Contact-metamorphic
la coexistence de hornblende actinolitique et hornblende features due to the emplacement of the Irruptive are
tschermakitique, soit par la pr6sence de hornblende bleu- preserved in the North Range footwall but have been
vert seule. Les m€tabasites dans le facies amphibolite inf€- all but obliterated in the South Range footwall
rieur contiennent hornblende tschermakitique bleu-vert (Dressler l9g4a).
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Ftc. 1. Metamorphic geology of the Sudbury area. a) Metamorphic zones of Card (1978a, Fig. 3)' which include pre-

Imrptive metamorphic zones in southern Province footwatl (A, low- to middle-creenschist facies; B' middle- to upper-
greenschist facies; C, almandine-amphibolite facies) and post-Irruptive (post-Irr) zonc in Sudbury Basin (sub A,

iubgreenschist tacles; a, low- to middle-greenschist facies). b) Metamorphic zones from present study of-the Sud-

buri lgneous Complex, associated footwall, and.Whitewater Group: A1, low-gtreenschist facies; A2' middle- and

upper-greenschist facies; B, epidote-amphibolite facies; C1, low-amphibolite facies; Ki, Kirkwood; Cr, Creighton.
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Card (1978a) and Brocoum & Dalziel (1974) rccog-
nized that sedimentary and volcanic rocks of the
Whitewater Group in the Sudbury basin have been
metamorphosed to the greenschist facies, the grade
decreasing progressively northward from the upper-
greenschist facies in South Range hanging-wall rocks
to lower-greenschist or subgreenschist facies along
the northern rim of the basin. However, Card
(1978a) and Brocoum & Dalziel (1974) disagreed on
the timing of the post-Nipissing diabase metamor-
phism and deformation events in the Sudbury area.
Card (1978a) considered the metamorphism of the
Southern Province rocks adjacent to the Irruptive
to be pre-Imrptive (and Penokean) in age, and noted,
in particular, that the characteristic structural ele-
ments and assemblages of metamorphic minerals in
these Southern Province rocks are not found in rocks
of the Sudbury structure. Deformation and
metamorphism of the Sudbury basin occurred in
post-Irruptive times (about 1.6-1.7 Ga) and are
associated with a proposed separate (Hudsonian)
orogeny. Card's Penokean and Hudsonian meta-
morphic zones in the Sudbury area are summarized
in Figure la. In contrast, Brocoum &Dalziel (1974)
argued that metamorphism of the rocks of both the
Southern Province and the Sudbury structure
occurred in a single (albeit protracted) post-Imrptive,
Penokean orogenic event; they noted, in particular,
that the penetralive foliation due to flattening is
observed in both the Sudbury basin and the Southern
Province. No attempt has been made to distinguish
between a Penokean orogeny and a Hudsonian
orogeny in Michigan, but rather "Penokean" is used

to refer to all Pre-Keweenawan diastrophism affect-
ing Late and Middle Proterozoic rocks (Cannon
r973).

The metabasite assemblages at the Frood mine
(Fleet & Barnett 1978) and at Kirkwood (Thomson
et al. 1985) are consistent with a post-Irruptive, pro-
grade metamorphic overprint in the Sudbury area'
which appears to have climaxed at medium-grade
conditions to the south of the Irruptive and faded
northward. The present study on both Irruptive and
offset rocks of the SIC shows that the zonal nature
of this overprint is consistent with the zonal pattern
of the metamorphism of the Southern Province foot-
wall rocks (Fig. 1), and thereby establishes that the
Penokean orogeny is post-Irruptive in age in the Sud-
bury area.

PETROGRAP}IY AND MINERAL CHEMISTRY

Rock samples of the Sudbury Igneous Complex
(SIC) were obtained from a variety of sources, but
principally from the study of Morris (1982). They
were investigated by transmitted- and reflectedJight
microscopy (Fig. 2) and electron-microprobe analy-
sis of selected mineral grains. Microprobe analyti-
cal procedures and specifications €ue similar to those
reported in Fteet & Barnett (1978). Representative
compositional data for amphiboles are reported in
Table 1. The proportion ofFes* is calculated by the
procedure of Papike et ql. (1974). Amphibole clas-
sification follows Leake (1978) and Hawthorne
(1983).

An abridged description of the metabasite assem-

1ABLE I. REPRLSEIITATIVE COI.IPOSITIOIIS OF CALCIC AIIPHIBOLE FROI'I ftT SUDBURY ICNEOUS COI1PLEI

A n a l y s i s t z 3 4 5
Nunber

Local i  ty I ' lacl  ennan

6 1 8 9 1 0 1 1

Strathcona Frood Kirkf,ood area

12 13  14  15  16  l7  t8  l9

copper cl i ff !9M!919! cre-bll.llon -lgy-

5 i  0 ,
t i  0 ,
A l r 0 r
Fe20 r *
fe0
l'ln0
1490
Ca0
Nd r0
K,O
Tota I

54.44 52.87
0 . 0 3  0 . 5 3
1 . 5 1  3 . 4 0
0 . 3 7  1 . 7 8

18.71  B.2B
0 . 7 3  0 . 0 6

18.25  1B.46
3 , 2 0  1 1 . 6 2
0 . 2 5  1 . 1 9
c . 0 3  0 . 3 3

97.52 98.52

7.A7 1 .47
0 . 1 3  0 .  s 3
0 . 1 2  0 . 0 3
0.00  0 .06
0.04  0 .19
2 . 2 6  0 . 9 8
3.93  3 .B9
0 . 0 9  0 . 0 1
0 . 5 0  1 . 7 6
0 . 0 7  0 . 3 3
0 . 0 1  0 . 0 6

s i  7 .BB 7 .87  7  .40  7  .46  1  ,52
lvA l  0 . r2  0 .13  0 .60  0 .54  0 .48
v lA l  0 .  I  I  0 .02  0 .05  0 .06  0 .29
T i  0 .01  0 .02  0 .06  0 .04  0 .01
F e 3 1 *  0 . 0 2  0 . 1 1  0 . 2 9  0 . 3 2  0 . 1 2
F e ? '  2 . l l  2 . 3 9  1 . 7 6  3 . 0 1  3 . 0 8
M q  3 . 6 0  2 . 8 1  3 . 0  I  1 . 8 9  I . 5  I
un  0 .OB i  0 .05  0 .04  0 .04  0 .06
C a  1 . 0 2  1 . 5 2  l . 6 8  1 . 5 1  1 . 8 9
Nd 0 .05  0 .  13  0 .31  0 .28  0 .09
K  0 . 0 1  0 . 0 1  0 . 0 5  0 . 0 5  0 . 0 7

Structurdl  Fomulae 0n The Basis of 23 oxygens

7 . 1 1
0.89
0 . 1 4
0.05

1.85

0.05
? . 0 0
0 . 1 9
0 . 1 0

6 . 5 0  6 . 2 9  6 . 4 5  6 . 4 1  6 . 0 7
1 . 5 0  1 . 7 1  1 . 5 5  1 . 5 9  1 . 9 3
0 . 6 2  l . 0 l  0 . 9 8  0 . 8 9  0 . 4 0
0.07  0 .03  0 .04  0 .05  0 .09
0 . 4 6  0 . 2 1  0 . 1 0  0 . 1 7  0 . 5 3
2 . 2 2  2 . 5 0  2 . r 2  2 . 2 5  3 . 0 4
1 . 6 6  r . 2 6  1 . 7 5  1 . 6 4  0 . 9 5
0 . 0 3  0 . 0 2  0 . 0 3  0 . 0 3  0 . 0 1
1 . 8 5  1 . 9 1  1 , . 9 2  t . 9 4  1 . 9 6
0.24  0 .38  0 .38  0 .44  0 .46
0 . 1 8  0 . 1 4  0 . 1 0  0 . 0 7  0 . 4 0

55.11  53 .72  50 .44  48 .64  49 .70
0 . 0 9  0 . 1 5  0 . 5 4  0 . 3 2  0 . 0 4
1.36  0 .B9 3 .77  3 .30  4 .30
0 . 2 1  1 . 0 1  2 , 6 5  2 . B 1  1 . 0 4

17.64  19 .54  14 .39  23 ,50  24 .33
0 . 6 3  0 . 4 2  0 . 3 2  0 . 3 4  0 . 4 7

16.9 t  12 .86  13 .75  8 .26  6 .69
6.6B 9 .66  10 .68  9 .20  11 .68
0 . 1 9  0 . 4 7  1 . 0 8  0 . 9 5  0 . 2 9
0.03  0 .06  0 .26  0 .27  0 .36

98.85  98 .78  97 .BB 97.59  98 .90

48.7 '1  39 .32  41 .13  41 .01
0 . 7 3  0 . 1 3  0 . 2 7  l . 8 6
5.44  17 .58  16 .66  13 .67
2.45  3 .3B 2 .97  3 ,82

10.98 21.87 20.7r 20.48
0 . 1 6  0 . 2 0  0 . 3 5  0 . 4 3

14.70  2 .88  4 .22  5 .05
1 1 . 2 7  1 0 . 9 9  1 1 . 1 1  1 0 . 4 3
1 . 4 5  1 . 5 9  1 . 4 0  1 . 7 1
0 . 7 1  0 . 4 7  0 . 5 6  0 . 4 6

96.66  98 .41  99 .38  98 .92

7 .  l 8  6 . 0 2  6 . 1 8  6 . 2 3
0 . 8 2  l . 9 8  l . A 2  1 . 7 7
0 . 1 3  1 . 2 0  1 . 1 4  0 , 6 8
0 . 0 8  0 . 0 2  0 . 0 3  0 . 2 1
0.2 '1  0 .39  0 .34  0 .44
1.35  2 .80  2 .60  2 .60
3 . 2 3  0 , 6 6  0 . 9 5  1 . 1 4
0 . 0 2  0 . 0 3  0 . 0 4  0 , 0 6
1 . 7 8  1 . 8 0  1 . 7 9  1 . 7 0
0 . 4 1  0 . 4 1  0 . 4 1  0 . 5 0
0 .  1 3  0 . 0 9  0 , 1 1  0 . 0 9

47.59 43.21 41.32
0 . 4 8  0 . 6 3  0 . 3 0
5.83  11 .94  15 .21
3.08  4 .09  1 .87

11.83  17 .64  19 .63
0 . 4 3  0 . 2 6  0 .  l B

1 1 . 4 5  7 . 3 8  5 . 5 6
12.49  11 ,50  11 .71
0.66  0 .B3 1 .28
0 . 5 3  0 . 9 3  0 . 7 1

97 .37  98 .41  97 .77

42.7r  42 .67  38 .21  47 .91  51 .36
0 . 3 8  0 . 4 0  0 . 7 7  1 . 5 4  0 . 7 6

14.23  V.Ar  12 .46  6 .41  4 .96
0 . 9 1  1 . 4 8  4 . 4 2  2 . 8 0  2 , 9 1

16.76  17 .94  22 .B4 12 .00  11 .36
0 . 2 7  0 . 2 5  0 . 0 9  0 . 1 7  0 . 2 0
7 . 1 6  7 . 3 2  4 . 0 1  1 4 . 2 0  1 4 . 7 0

1 1 . 8 4  1 2 . 0 5  1 1 . 4 9  1 1 . 1 3  l l . l 3
t . 3 2  1 . 5 1  1 . 5 1  1 . 8 4  l . l B
0 . 5 0  0 . 3 4  1 . 9 5  0 . 9 8  0 . 4 8

96.68  97 .97  97 .75  98 .98  99 .04

6 . 9 6  7 . 3 4
r .04  0 .66
0.06  0 .  tB
0 .  I  7  0 . 0 8
0 . 3 1  0 . 3 1
1 . 4 6  1 . 3 6
3 . 0 7  3 .  l 3
0 . 0 2  0 . 0 2
1 . 7 3  1 . 7 1
0 . 5 2  0 . 3 3
0 .  t B  0 . 0 9

r Ferric iron estin'ted 6ine 'hidpoint' 
31-s:t3: 3{-i3it i: 3l-3]'olt?li l", 7, FF25ci 8, FF12rBi e, rD2it"TEl'rUfi i5i 'r i: 3l;31i,l 'r l l  sxr-51; 13, csxrl5Ai 14, csxrrsrr-is, niuii- ir i ro, ri l :e-er rz, Hni-z:

18.  BsZ l99A;  19 .  Bsz l99A
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blages is included in this section; more complete
descriptions are given with sample numbers and loca-
tions in the Appendix, which is available at nomi-
nal charge from the Depository of Unpublished
Data, CISTI, National Research Council of Canada,
Ottawa, Ontario KIA 0S2. Sample localities (Fig.
lb) are organized on the basis ofthe two lithologi-
cally distinct units: the Imrptive, and the offset dykes
and sublayer (with associated Southern Province
footwall rocks). Alteration assemblages of the
Whitewater Group are included to permit extrapo-
lation of isograds of the SIC to the Sudbury basin.
The primary petrographic features of the lrruptive,
sublayer, and offset dykes have been described by,
respectively, Naldrett et al. (1970), Pattison (1979)
and Souch et al. (1969). Other aspects of Sudbury
area geology are discussed in Guy-Bray (1972) and
Pye et al. (1984).

The composition of plagioclase in altered rocks
of the SIC is not particularly useful as an indepen-
dent estimate of metamorphic grade and, therefore,
little emphasis is placed on documenting it. Thom-
son et al. (1985) reported that primary plagioclase
only participates in limited reaction in the alteration
of norite at Kirkwood except in sheared and foliated
rocks. Even in largely recrystallized medium-grade
offset rocks in the South Range footwall, a vestige
of diffusion-related compositional zoning is retained
in plagioclase laths. The composition of plagioclase
in these rocks is andesine, and is essentially
unchanged from that of the primary quartz diorite
and fractionated quartz diorite. Under low-grade
conditions, primary plagioclase tends to react out
with excess fluid to yield an alteration assemblage
in which the sodic plagioclase component is too fine
grained and intimately related with the other reac-
tion products for analysis by the electron-microprobe
technique.

SIC rocks are complicated, and interpretation of
the postmagmatic alteration, with recognition of
minerals and mineral assemblages sensitive to meta-
morphic grade, is made more difficult by the broad
variation in the pervasiveness of the metamorphic
alteration, witl frequent retention of primary charac-
teristics. Careful documentation of petrographic fea-
tures, as presented in the Appendix, is essential for
meaningful correlation from one locality to another.
Most Irruptive rocks and some of the North Range
offset rocks appear on superficial examination to be
unmetamorphosed. However, South Range offset
rocks that are unquestionably SIC in origin are also
unquestionably now metamorphic amphibolites and
epidote amphibolites.

IRRUPTIVE ROCKS

South Range: Kirkwood mine

Metamorphic minerals in green norite include

amphibole, epidote, scapolite, biotite, chlorite,
titanite, sodic plagioclase and recrystallized quafia
The amphibole assemblage consists of aggregates of
colorless actinolite or pale blue-green actinolitic
hornblende, after hypersthene and augite, with a rim
of dark blue-green magnesio-hornblende (Fig. 3c;
Thomson et ql, 1985, Table 1). Plagioclase is incom-
pletely reacted, except within local shear-zones.
Analogous mineral assemblages (blue-green tscher-
makitic hornblende with a minor green-brown horn-
blende core + epidote +qrartz + titanite +
plagioclase) characterize the Elsie Mountain green-
stone footwall rocks.

East Range: MqcLennan

Although primary textures are generally preserved,
the mineral grains themselves are extensively altered.
Only quartz and apatite have a fresh appearance.
Plagioclase is very largely altered to a mixture of seri-
cite, fine-grained epidote and a fine-grained green
amphibole (which appears to be actinolitic horn-
blende). Relict unreplaced areas have a patchy
inhomogeneity that may reflect incomplete recrystal-
lization during metamorphism. Hypersthene com-
monly is entirely replaced by a low-Al amphibole
(Fig. 3b) and talc, analogous to the alteration of
hypersthene in black norite at Kirkwood (Thomson
et al. 1985) and in norite from the Strathcona sec-
tion. Much of the lo.vr-Al amphibole in hypersthene
pseudomorphs at Maclennan has a fibrous or feath-
ery habit and appears to be a two-phase intergrowth
of cummingtonite and actinolite (column l, Table
l). Clinopyroxene is replaced by colorless to pale
green actinolite and darker blue-green actinolitic
hornblende in gabbroic rocks and by the correspond-
ing varieties in overlying rocks (columns 2to 4,TabLe
l) .

Primary hornblende-edenite has a slightly
bleached (incipiently reacted) appearance and is
partly replaced or overgrown by actinolitic amphi-
bole (actinolite - actinolitic hornblende - ferro-
actinolite - ferro-actinolitic hornblende; Fig. 2a, b;
column 5, Table l; Fig. 3b). Actinolitic amphibole
has a complex textural relationship with hornblende
in Maclennan Irruptive rocks. Where actinolitic
amphibole is associated with clinopyroxene, green-
brown primary hornblende forms a patchy, discon-
tinuous rim to pale blue-green actinolitic amphibole
(Fig. 2a). The textural relationship of Figure 2a is
fairly typical of complex clinopyroxene-amphibole
intergrowths: actinolitic amphibole appears to have
replaced both clinopyroxene and primary horn-
blende.

Detailed electron-microprobe analysis of the
amphiboles in the Maclennan Irruptive rocks, espe-
cially of the dark blue-green grains, r'eveals a com-
plete absence of an aluminous phase (Table I, Fig.
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3b). Intensity of the blue-green color is associated
with Fe-enrichment as well as Al-enrichment. All
grains of fine-grained dark blue-green amphibole
analyzed are ferro-actinolitic hornblende. Thus, the
aluminous blue-green hornblende of the offset rocks
to the south of the SIC and of the South Range is
not present at Maclennan. Whereas a low-Al calcic
amphibole + horqblende assemblage is present, we
feel that the textural evidence favors a primary (late
magmatic) origin for the latter phase, perhaps with
some compositional readjustment during metamor-
phism.

Chlorite and secondary biotite are present only in
minor amounts in felsic norite and oxide-rich gab-
bro, but chlorite with epidote grains are dominant
over amphibole and clinopyroxene in the grano-
phyre.

North Range: Strothcona
In a pyroxenite exotic inclusion, clinopyroxene and

plagioclase are relatively fresh, but bronzite is veined
with talc (Fig. 2c). Minor interstitial pale blue-green
amphibole, which is present as both optically con-
tinuous and fibrous, matted grains, is actinolite and
actinolitic hornblende (Fig. 3b).

Plagioclase is relatively fresh in the felsic norite
at Strathcona, but Naldrett et al. (1970) noted that
sericite alteration is pervasive in the oxide-rich gab-
bro and alteration to epidote is fairly extensive in
the upper part of the oxide-rich gabbro and extreme
lower part of the granophyre. Hypersthene grains
are largely altered to talc (Fig. 2d) or, less commonly,
to a mixture of ialc and fibrous amphibole, which
appears to be a two-phase mixture of cummingtonite
and actinoliie (column 6, Table l). Ophitic augite
appears fresh and unaltered. However, it does have
a discontinuous rim of pale blue-green amphibole
that is optically continuous at grain margins and
forms a blotchy intergrowth with the augite toward
the grain interiors. The optically continuous pale
blue-green amphibole associated with augite and
hypersthene grains and interstitial to pyroxene and
plagioclase in the Strathcona norite appears to be a
late magmatic product based on textural observa-
tions. However, its composition varies from actino-
lite, to actinolitic hornblende, to hornblende
(columns 7 and 8, Table l; Fig. 3b); the broad rim
on hypersthene of Figure 2e, for example, is actino-
litic hornblende. Thus most of the optically continu-
ous pale blue-green amphibole grains in the Strath-
cona felsic norite have compositions consistent with
low-grade metamorphism and appear to have deve-
loped by replacement of pre-existing brown horn-
blende and edenite. This conclusion is consistent with

whereas actino[te and actinolitic hornblende associated
with clinoplroxene and hornblende-edenite is optically
continuous.
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Frc. 3. Variation of total Fe cations (Fe2+ + Fe3+; with
IvAl in amphiboles from altered rocks of the Sudbury
Igneous Complex. Data fo! Kirkwood and Frood are
selected compositions for individual rocks; other data-
points grouped together are individual compositions
from microprobe spot-analyses for one or more rocks
from selected sample locations and rock types: l, 3, 6,
etc., sample sites of Morris (1982); EMG, Elsie Moun-
tain greeirstone, Worthinglon offset; ND, Nipising dia-
base, Copper Cliff and Worthington offsets; Act,
actinolite; Act Hbl, actinolitic hornblende; Hbl, horn-
blende; Edn, edenite; Tsch Hbl, tschermakitic horn-
blende; Tsch, tschermakite; Parg, pargasite. In 2a) and
2b), actinolite (or actinolite-cummingtonite intergrowth)
replacing hypersthene commonly has a fibrous habit,
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the presence of apparent late-magmatic brown
amphibole at Maclennan, Ministic Lake and Foy.
Occasional twinned or fibrous blue-green actinolite
,and actinolitic hornblende probably developed by
progressive alteration of hypersthene. Interstitial
brown biotite, with 3.5-4.0 W.9oTiO2 and inter-
preted as being late magmatic in origin, is partly
replaced by a green biotite (0.5-1.0 wt.9o TiO) in
optical continuity with it. Minor amounts of chlo-
riterare pr€sent in all samples.

Oppssr Dvrss AND SUBLAYER

Frood-Stopie offset

Frood mine rocks are amphibole-biotite-
plagioclase-quartz rocks with minor (retrograde)
chlorite; actinolite and epidote are absent. Blue-green
ferroan pargasite @eet & Barnett 1978, Table 1; Fig.
3c) is present as a broad continuous rim on green
hornblende and on aggregates of medium-scale
ragged cummingtonite, and as ragged poikiloblas-
tic grains CIig. 2f). Amphibole compositions €re sum-
marized in Figure 3c.

The felsic (quartz-feldspar) component of the
original quartz diorite is largely recrystallized. An
interstitial micrographic intergrowth, which charac-
terizes quartz diorite at a lower grade as a relict
primary texture, is absent. Plagioclase laths are com-
monly overgrown by large grains of quartz and have
a diffuse zonation to a more calcic core. The com-
position of plagioclase is An36-35.

An exotic inclusion of quartz diorite (FD2) from
the vicinity of the 12 stope is significant because iL
contains almandine garnet. FD2 is a fractionated
quartz diorite rock in which plagioclase and amphi-
bole are, respectively, subordinate to quartz and bio-
tite. The'amphibole assemblage is now dark blue-
green ferro-pargasite (column 9, Table l; Fig. 3c)
with minor cummingtonite. Almandine garnet
accounts for 2-5t/o of the rock. It occurs as scattered
porphyroblasts that are idioblastic against biotite and
have ragged outlines against qvartz, and are com-
monly in the form of a complex replacementJike
intergrowth with later Ni-Cu sulfides (Fig. 2g). In
the Frood mine, almandine garnel is pale pink in
plane-polarized l ight, and its composition
(almanding6rossularr;pyropeospessartiner) is con-
sistent with almandine-zone garnet.

Dyke rock in the Kirkwood area

In the Kirkwood area there is a small late-stage
SIC dyke complex, which is generally concordant to
the strike of the Irruptive but appears in outcrop to
cross-cut both Irruptive and adjacent offset rocks.

The dyke rock has a fractionated quartz diorite
composition and has been extensively recrystallized
and deformed. The present assemblagB of minerals

is amphibole + biotite + garnet + plagioclase +
quartz with minor chlorite, epidote and Fuscovite.
The amphibole has a pronounced preferred olien-
tation and consists of prismatic and acicular grains
of dark blue-ereen ferro-pargasite (colurnn 10, Table
l) with an apparently relict light brown ferro-
pargasite core (column ll, Table l; Fig. 3b).
The garnet has the approximate .composition
(almandineT69rossularrpyropetrspessartinee) and
occurs as rounded and commonly ragged porphyro-
blasts in augen-type structures (Fig. 2h). It is more
inhomogeneous and slightly less almandine-rich than
the almandine in the Frood mine..The recrystallized
gr.oundmass plagioclase has a composition of about
An:0.

Thus the small dyke-Iike feature in the Kirkwood
area is a strongly foliated, almost schistose, alman-
dine garnet amphibolite. Like the exotic inclusion
of fractionated quartz diorite from the Frood mine,
it is Fe-rich, and the important grade-indication
assemblage is ferro-pargasite + almandine garnet.

Copper Cliff olfset

All of the offset rocks at Copper Cliff are
recrystallized quartz diorite. They exhibit a marked
variation in grain size from coarse to fine, which
correlates with increasing proximity to the footwall
contact (Morris 1982). Interestingly, they exhibit a
progressive increase in the grade of metamorphism
with increasing distance from the Irruptive. Many
of these rocks are completely recrystallized, and the
remainder are largely recrystallized to the extent that
primary relict textural features are limited to
plagioclase laths, micrographic intergrowth and
organization of amphibole grains into millimetre-
sized patchy and elongated zones (which presuma-
bly represent pre-edsting fbrromagnesian phases).
Relict plagioclase laths are irregularly zoned in the
manner of South Range green norite (Thomson el
al. 1985) and have sutured grain-boundaries'.The
micrographic intergrowth is largely altered to a sieve-
textured intergrowth.

Samples closest to the Irruptive are biotite -

amphibole - epidote - plagioclase - quafiz- titanite
rocks with minor chlorite. The proportion of brown
biotite to amphibole varies markedly: in general, bio-
tite is more abundant than (and even locally
dominant over) amphibole closest to the Irruptive
and becomes subordinate with increasing distance
away from it. Epidote is present in abundance as
scattered idioblastic grains, making up more than
25t/o of many rocks. The amphibole assemblage is
blue-green low-Al hornblende and colorless to pale
blue-green actinolite or actinolitic hornblende (Fig.
3c). Blue-green hornblende (column 12, Table l) is
present as medium-sized irregular and prismatic
grains and as irregular aggregates of these grains. In
coarser-grained rocks it is also poikiloblastic' All tex'
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tural varieties may have a narrow selvage of dark
blue-green aluminous hornblende.

Copper Cliff samples farthest away from the
Irruptive are amphibole - biotite - plagioclase -
quartz - titanite rocks, with occasional chlorite. Epi-
dote is essentially absent, and their overall appear-
ance is similar to some of the Frood-Stobie offset
rocks. The amphibole assemblage is now blue-green
hornblende with a broad dark blue-green tscher-
makitic hornblende rim (columns 13 and 14, Table
l; Figs. 2i,3c).

Nipissing diabase footwall rocks from location
CXl5 (Morris 1982, Fig. 5), which is remote from
the Irruptive, are coarse-grained actinolite-
plagioclase rocks, with minor clinozoisite along
plagioclase grain-boundaries, and muscovite. Actino-
lite compositions are summatized in Figure 3c. Many
actinolite grains are complexly twinned in the man-
ner of altered hypersthene in South Range green
norite (Thomso\ et al. 1985), and others are opti-
cally continuous, with a single {10} twin in the man-
ner of altered clinopyroxene. Thus the pre-existing
rocks appear to have been gabbro-pyroxenite. The
Sudbury dyke rocks at Copper Cliff are fresh oli-
vine gabbros and olivine diabases ( e.g., Palmer et
al. 1977), Postmagmatic alteration is restricted to
narrow veins of green saponite and sporadic replace-
ment of olivine grains by a smectite-illite inter-
growth.

Worthington offset
Rocks of the Worthington offset emphasize the

local nature of the metamorphic alteration of SIC
rocks to the south of the lrruptive. A sample from
site 6 of Morris (1982, Fig. 6) is a muscovite - epi-
dote - chlorite - biotite - quartz rock (e.s. , Fie. 2j).
In marked contrast, offset rocks from sites 7 and l0
of Morris (1982, Fig. 6) are very similar to the
highest-grade rocks from the Copper Cliff offset,
having the assemblage amphibole + biotite +
plagioclase + quartz with minor titanite; epidote and
actinolite are absent. The amphibole is blue-green
tschermakitic hornblende (column 15, Table l; Fig.
3c); low-Al hornblende and actinolitic hornblende
are present only in very minor amounts. Recrystal-
Iized plagioclase is An r_ro.

A sample of Nipissing diabase footwall contact
rock is virtually identical to equivalent rocks from
the Copper Cliff offset. Two other samples of the
footwall-contact rocks from site 5 (Momis 1982, Fig.
6) are Elsie Mountain greenstone. These amphibo-
lites arevery similar to the footwall Elsie Mountain
greenstone at the Kirkwood mine (Thomson el a/.
1985), except that they are more uniformly and
extensively metamorphosed, The amphibole assem-
blage is now single-phase blue-green ferro-
tschermakitic hornblende (column 16, Table l; Fig.
3c); low-Al calcic amphibole and ordinary horn-
blende are absent.

Creighton mine sublayer
Dark blue-green ferro-pargasite (column 17 , TabIe

l) forms a continuous narrow rim on small rounded
grains of augite and a discontinuous patchy margi
nal replacement on green hornblende. It is also
present as small prismatic inclusions throughout the
felsic (quartz-feldspar) component. A few grains of
augite are altered to actinolite. The amphibole
chemistry is summarized in Figure 3c. Epidote is
generally absent, although a few scattered grains are
present in some of the rocks, and almandine garnet
has not been observed. Smaller plagioclase grains are
about Anro.

Ministic Loke offset

The postmagmatic alteration is superficially simi-
lar to that of Foy offset rocks. Plagioclase laths are
replaced by a very fine-grained mixture of epidote
and sericite. Presumed primary hypersthene grains
have been replaced by fibrous actinolite and fibrous,
matted two-phase cummingtonite + actinolite, and,
occasionally, by patches of talc. Subhedral primary-
textured amphibole grains now consist of a core of
brown edenite that grades through green hornblende
to a discontinuous blue-green actinolitic hornblende
rim. This textural association clearly indicates that
the two-phase actinolitic hornblende + hornblende-
edenite intergrowth in SIC rocks is not an
equilibrium assemblage. Green-brown and green low-
Al hornblende and blue-green actinolitic hornblende
form by the progressive incomplete replacement of
pre-existing primary brown edenite. Pale green chlo-
rite is present interstitial to the replaced plagioclase
laths. In an annealed exotic inclusion, the original
low-Al pale hornblende is partly replaced by opti-
cally continuous, fibrous and matted actinolite and
actinolitic hornblende @ig. 3a).

Foy offset

Quartz diorite is extensively or completely
recrystallized to epidote - biotite - chlorite - amphi-
bole - albite - quartz - calcite rocks. Hypersthene
may be entirely replaced by fibrous pale green actino-
lite (Fig. 3a). Subhedral and partly skeletal brown
edenite (column 18, Table l) is partly replaced by
optically continuous blue-green actinolite @igs. 2k,
l; column 19, Table l).

Wnmpweten GnouP

In rhe Onaping tuff from the type locality in Dowl-
ing Township, the alteration assemblage is actino-
lite + chlorite + quartz + feldspar with minor
titanite and sericite after plagioclase. Actinolite
occurs in radiating acicular masses. Onwatin slate
from a locality south of Larchwood consists of mus-
covite, chlorite and quartz, with minor clinozoisite.



PROGRADE METAMORPHISM oF THE SUDBURY IG;.IEOUS COMPLEX

The sheet silicat_e minerals are very fine grained, and
the rock has recrystallized without losing its slaty
characteristic. Chelmsford grit from east of Larch-
wood and east-central Dowling Township is an
incipiently to moderately deformed gritstone, with
the characteristic alteration-assemblage muscovite -r
chlorite + calcite. Chlorite commonly forms a com-
plex lamellar intergrowth with muscovite and with
a second mica phase, which appears to be biotite.

DISCUSSION

Amphibole chemistry

The variation in the composition of calcic amphi-
bole in altered rocks of the Sudbury Igneous Com-
plex (SIC) is reported with a plot of total Fe cations
versus tv Al for greenschist-facies assemblages in
Figures 3a, b and for epidote-amphibolite and low-
amphibolite-facies assemblages in Figure 3c. This
plotting procedure is analogous (but not identical)
to the [(R3++R2*) + Mg] versus IvAl plot of
Graqgs & Graham (1978, Fig. 3A,) and, along with
the (vIAl + Fe3+ + Ti) versus IvAl plot of Figure
4, permits comparison of octahedral (M site (M =
Mg,Fd+, Al, Fe3+,Ti) and tetrahedral (Z) site (Z
: Si,AI) substitutions; the small amount of Fd+ in
the M(4) site is ignored. Figure 3c reveals a charac-
teristic trend of increasing total Fe cations (decreas-
ing Mg) with increasing lvAl. This is consistent with
the reported increase in Fd*,/Mg and vIAl with
metamorphic grade (Wiseman 1934, Robinson et a/.
1982). In the Sudbury Igneous Complex, this trend
is less well defined if either Fd* or Mg alone is
used, which suggests either a hastingsite or a ferri-
tschermakite component in the calcic amphibole sub-
stitution.

The variation in total Fe cations among calcic
amphiboles from different localities and rock types
largely reflects the variation in whole-rock Fel(Fe
+ Mg) value: Figure 4 shows that the effect of vari-
ation in (vIAl + Fe3+ + Ti) with locality and rock
type is minor. Since the metabasites of the SIC
exhibit an unusually wide range in primary compo-
sition (ultrabasic, basic, intermediate, acidic), the
variation due to whole rock Fe,/(Fe + Mg) ratio
would naturally tend to obscure the systematic
increase in total Fe cations with lvAl if data for
individual epidote amphibolites had not been iden-
tified in Figure 3c.

Within individual greenschist-facia rocks, there
is a tendency for fibrous actinolite, which has
replaced pre-existing hypersthene, to have a higher
total Fe content than coexisting actinolite and actino-
litic hornblende, which has replaced pre-edsting
clinopyrbxene and hornblende - edenite @igs. 3a,
b). This behavior seems to reflect differences in the
compositions of the primary minerals: hypersthene
is systematically more Fe-rich than coexisting augite

2.o t 8or

o.o o.5 t.o t.5 2.O
IVAI

Frc. 4. Comparison of (v\AJ + Fe3+ + Ti) versas IvAl in
amphiboles of the Sudbury Igneous Complex, with data
for reference metamorphic teranes of Laird & Albee
(1981, Fig. 8): SIC data are from Table I, Fleet & Bar-
nett (1978, Table l) and Thomson et al. (1985,Table
1): Glau, glaucophane: Bar, barroisite; other abbrevi
ations as in Figure 3.

in the Sudbury Igneous Complex (e.g., Naldrett e/
al. 1970).

Magnesio-hornblende - ferro-edenite in these
greenschist-facies rocks is interpreted as an incom-
pletely reacted relict primary phase. The composi-
tion of hornblende - edenite changes progressively
with pervasiveness of alteration toward actinolitic
hornblende in low-grade rocks and toward tscher-
makite - pargasite in medium-grade rocks. Com-
monly, a "relict" core is present, even in the essen-
tially completely recrystallized low-amphibolite-
facies rocks of the Frood mine and the dyke in the
Kirkwood area.

In the Strathcona norite, the pale blue-green opti-
cally continuous calcic amphibole appears to have
the appropriate color and composition for low-grade
alteration, yet its textural relations could be inter-
preted as magmatic or late magmatic. Our observa-
tions suggest that the pale blue-green amphibole is
a pseudomorph of pre-existing magmatic brown
amphibole. The amphibole fextures and composi-
tions of Foy and Ministic Lake rocks are particu-
larly significant in this regard, because they show
incomplete replacement of magmatic brown edenite
by optically continuous blue-green actinolite @ig.
2k). With a slightly higher grade and more perva-
sive metamorphism, this replacement would have
gone to completion.

In greenschist-facies rocks of the Sudbury Igne-
ous Complex, the color of optically continuous cal-
cic amphibole changes progressively with replace-
ment: from brown to green-brown to gr.een to pale
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blue-green. Ti and Fe contents appear to be impor-
tant factors in color development, which suggests
that Fd+ - Tia* charge transfer might be more
important than Fd+-Fe3* charge transfer (cl,
Hawthorne 1981), at least in brown calcic amphibole.
In the Kirkwood area dyke-rock, the core and mar-
gin of calcic amphibole grains have similar overall
compositions (e.g., Fig. 3c), but the relict brown core
has about 2,0t/o TiO2and the broad dark blue-green
margin has only about 0.290 TiO2. There seems to
be a threshold of Ti content below which the color
of calcic amphibole is green-brown or green.

The data for individual rocks in the epidote-
amphibolite facies exhibit an almost complete vari-
ation in IvAl content across the proposed calcic
amphibole miscibility-gap (e.9., Grapes & Graham
1978, Robinsonet al. 1982, Maruyama et al. 1983),
The data for Copper Cliff, in particular, relate to
the same bulk composition and P-T conditions. The
more Mg-rich calcic amphiboles from Kirkwood do
tend to have a bimodal composition, but even here
many individual spots analyzed by microprobe have
intermediate compositions [Thomson e/a/. 1985, Fig.
4; note that the caption to this figure incorrectly
refers to the reference line as the edenite substitu-
tion. It is, in fact, the pargasite substitution:
tl(Mg)Siz :Na(vIADIvAl)1. However, we recog-
nize that the presence and cgmpositional range of
the calcic amphibole solvus (or transition loop) are
expected to be dependent on variation in bulk com-

position and P-T conditions among samples (e.9.,
Maruyama et ol. 19.83).

Met ab asi t e osse m b lages

The overall purpose of the present paper is to com-
pare the postmagmatic alteration of the Sudbury
Igneous Complex with the Penokean metamorphism
ofthe Southern Province footwall, and thus estab-
lish the Sudbury area as a prograde metamorphic ter-
rane. This requires identification of assemblages of
metamorphic minerals and qualitative comparison
with metabasites from established metamorphic ter-
ranes. A quantitative analysis of the metamorphic
processes in terms of mineral reactions, P-T condi
tions and paths, fluid/rock ratios, etc. (e,g.,Laord
&Albee 1981, Robinsonet al, 1982, Ferry 1985) will
be attempted in a subsequent study. We recognize
that rock composition affects the stability of
amphibolites, and note that the present qualitative
estimates of P-T conditions refer to the "common
assemblage" (cf. Robinson et al.1982).

The metabasite assemblages in altered rocks of the
Sudbury Igneous Complex are summarized in Figure
5. The lower-greenschist-facies (At zone) assem-
blage is characterized by epidote +chlorite + bio-
tite (green/brown) + calcite + (albite) + quurtz;
actinolite is absent. This assemblage is restricted in
the present investigation to the Foy offset and to the
Worthington offset, site 6.
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FIc. 5. Metabasite.assernblages in the Sudbury Igneous Complex.
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The onset of the middle- and upper-greenschist
facies (d zone) is marked by the appearance of
actinolite and the disequilibriurn calcic amphibole
assemblage actinolite + actinolitic hornblende -
magnesio-hornblende - ferro-edenite, along with bio-
tite + epidote + chlorite + sericite + cumming-
tonite + (sodic plagioclase) + quartz.This complex
alteration assemblage is found at Foy, Ministic Lake,
Strathcona, Maclennan, and in the Whitewater
Group.

The epidote-amphibolite facies (B zone) assem-
blage is characterized by either coexisting actinolitic
hornblende and tschermakitic hornblende or blue-
green hornblende alone, along with epidote + bio-
tite + chlorite.+ titanite + (oligoclase-andesine)
+ quartz. It is found at Kirkwood, Copper Cliff,
sites 1, 3 and 6, and Creighton. At Copper Cliff loca-
tions close to the Irruptive (sites I and 3), calcic
amphibole is subordinate to biotite.

Lower-amphibolite-facies (C, zone) assemblages
are characterizedby either dark blue-green tscher-
makitic hornblende or ferroan pargasite :t cum-
mingtonite + biotite + andesine + quartz. Actino-
lite - actinolitic hornblende is absent, except in
Mg-rich whole-rock compositions, epidote is either
absent or present in minor amounts, and almandine
garnet is present in the more fractionated quartz
diorite (Fe-rich) compositions. This assemblage is
found at Copper Cliff, site 16, Worthington, sites
7 and 10, Frood-Stobie and the Kirkwood area.

The composition of calcic amphibole is the most
important indicator of metamorphic grade in altered
rocks of the Sudbury Igneous Complex. We have
noted above that the composition of plagioclase is
not as useful in this regard as in more extensively
reacted metabasite assemblages (e.9., Spear 1980,
l98la) because of the incomplete reaction of
plagioclase feldspar at many localities. Thomson el
al. (1985) discussed the grade implication of the
presence of blue-green calcic amphibole in metaba-
site terranes and reviewed supporting chemical,
petrographic and experimental studies (e.9., Wise-
rnanl934, Shido&Miyashiro 1959, Binns 1965, Gra-
harn1974, Laird 1980, Laird&Albee 1981, Liouet
al. 1974, Spear 1981b, Robinson et al, 1982, Moody
et al. 1983, Apted & Liou 1983). It was concluded
that coexisting actinolitic hornblende and aluminous
hornblende correspond to the epidote-amphibolite
facies and that aluminous blue-green calcic amphi-
bole alone indicates the onset of medium-grade con-
ditions. A similar but more elaborate subdivision of
assemblages characteristic of the transition between
greenschist and amphibolite facies has resulted from
detailed study of the low P-T progressive metamor-
phism of basaltic rocks in the Yap islands, western
Pacific, and in Kasuga, Japan (Maruyarna et al.
1983). It is clear from the present study (e.9., Fig.
3) and from Thomson et al. (1985) thatthe color of
calcic amphibole alone is a misleading indicator of

metamorphic grade, without supporting composi-
tional data..Blue-green calcic amphibole first appears
.in the A2 zone of the greenschist facies (Fig. 5) and
persists through the C1 zone of the amphibolite
facies. However, in the A2 zone this amphibole is
actinolite and actinolitic hornblende, and in the C'
zone it is tschermakitic hornblende or ferroan par-
gasite.

The composition of plagioclase (andesine) in the
C1 zone amphibolites of the South Range footwall
and the general absence of high-pressure phases sug-
gest that the SIC metabasites were formed under low-
pressure conditions (cl, Robinson et al. 1982). This
is consistent with the absence of a strong pervasive
deformation in Irruptive rocks and by the general
preservation of primary structures and tefiures in
the rocks, However, from a comparative study of
the VIAI content of calcic amphiboles, Fleet & Bar-
nett (1978) concluded that the quartz diorite host
rock at the Frood mine had been metamorphosed
at "high" pressure. This pressure estimate is equiva-
lent to the medium-pressure (barrovian) conditions
of Laird & Albee (1981): the vIAl,IvAl contents of
aluminous calcic amphiboles from the Frood mine
are similar to those of "hornblende" from the Hast-
ings region, Ontario (Sampson & Fawcett 1977).
Using the more elaborate (vIAl + Fe3+ + Ti)
versus tvAJ plot of Laird & Albee (1981) (Fig. 4),
the calcic amphiboles of the Sudbury Igneous Com-
plex are clearly more aluminous than calcic amphi-
boles from the low-pressure Abukuma terrane (Shido
1958, Shido & Miyashiro 1959). They have compo-
sitions similar to those of calcic amphiboles from the
medium-presSure Haast River terrane (Cooper &
Lovering 1970), but have significantly lower (vIAl
+ Fe3+ + Ti) contents than calcic amphiboles
from the Dalradian (Graham 1974). We conclude,
provisionally, that ambient pressures for SIC
metabasites were either low or in the low to medium
range.

The progressive mineral zonation presently recog-
nized in rnetabasite assemblages of the Sudbury Igne-
ous Complex is generally similar to that of low-
pressure metabasite terranes, particularly those of
the Shiojiri area and the central Abukuma plateau
of Japan (Miyashiro 1973); northern Michigan
(James 1955) and the Yap islands, western Pacific
and Kasuga, Japan (Maruyamaet al. 1983). Closest
agreement exists with the Shiojiri area, if the mineral
zones reported by Miyashiro (1973, Figs. 3, 4) are
compared with those of Figure 5 in the following
manner: Ia of Shiojiri with At of the SIC, Ib with
Ar, Ic and IIa with B, and IIb with Ct.

The deduction of corresponding mineral-zones in
metapelites is more difficult. In northern Michigan,
the biotite zone overlaps the boundary between the
greenschist and epidote-amphibolite facies, and the
almandine'zone, which is largely in the epidote-
amphibolite facies, extends into the amphibolite
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facies (James 1955, Miyashiro 1973). Since stauro-
lite has been reported in xenolithic fragments within
the Frood-Stobie offset (Pattison 1980), the Cr
zone (low-amphibolite facies) of the present study
presumably corresponds to the upper almandine zone
- lower staurolite zone of metapelites of the Southern
Province. It is emphasized that the present observa-
tions suggest that the control of whole-rock compo-
sition on assemblages of metamorphic minerals in
the SIC is extremely local: xenolithic inclusions are
not extensively metasomatized.

Thomson e/ a/. (1985) emphasized that the perva-
siveness of the metamorphism of mafic rocks is very
much dependent on rock permeability. Because the
development of hydrous mineral assemblages
requires fluid access, large, massive gabbroic bod-
ies may exhibit only a very local response to low-
and medium-grade conditions. This is particularly
true where the metamorphism has occurred at a high
level in the crust. Therefore, evidence of a low-
pressure regional metamorphic overprint on large-
volume bodies of mafic rock is easily overlooked.
Pervasiveness of metamorphism clearly correlates
with rock volume in the Sudbury Igneous Complex.
The relatively small offset-dyke bodies in both the
North and South Range footwall are more perva-
sively altered than adjacent Irruptive rocks.

Regional metamorphism
of the Sudbury Igneous Complex

The Penokean metamorphism of northern Michi-
gan (James 1955) and of the Southern Province in
the Sudbury-Manitoulin area (Card 1978a, b) is
characteristically of low-pressure type, associated
with little deformation, such that primary structures
and textures in the rocks are commonly preserved,
and almandine garnet is absent in the almandine zone
except in the more Fe-rich rocks. We have observed
the same general characteristics in the postmagmatic
alteration of the Sudbury Igneous Complex.

The regional distribution of metamorphic grade
deduced from the metabasite assemblages of the Sud-
bury Igneous Complex is given in Figure lb and com-
pared with the metamorphic map of Card (1978a,
Fig. 3) for pre- and post-Irruptive metamorphic
zones in the Sudbury area. Recognizing that the
upper-greenschist facies ofCard (1978a, b) approx-
imately corresponds to the epidote-amphibolite
facies, and the almandine-amphibolite facies of Card
corresponds to the present Cr-zone low-amphibolite
facies, there exists a close agreement belween the
regional distribution of metamorphism of the Sud-
bury Igneous Complex and that of the Southern
Province footwall rocks. The metamorphic zones of
the Sudbury Igneous Complex are simply a mappa-
ble continuation of the nodal pattern in the Southern
Province footwall.

It is clear from the present study, from that of
Thomson et al. (1985) and from the distribution of

green norite in the South Range that the isograd
between the greenschist facies and the epidote:
amphibolite facies must cross the Irruptive approx-
imately in the manner indicated in Figure lb. The
isograd between the epidote-amphibolite facies and
the amphibolite facies crosses the Copper Cliff off-
set and encloses offset rocks in the footwall at
Frood-Stobie and in the Kirkwood area, and gener-
ally lies within the nodal almandine-amphibolite-
facies zone of Card (1978a). This isograd also crosses
the Worthinglon offset, in agreement with the out-
crop of the almandine-amphibolite-facies zone to the
southwest of the Imrptive. There appear to be abrupt
local fluctuations in metamorphic grade within rocks
of the Sudbury Igneous Complex adjacent to the
South Range footwall contact. Since footwall
metabasites indicate the same metamorphic grade as
adjacent Sudbury Igneous Complex rocks at the
Kirkwood mine and at the Copper Cliff and Wor-
thington offsets, it seems most probable that simi-
lar fluctuations in grade exist in the associated
metamorphosed sediments.

We have not observed subgreenschist-facies assem-
blages in the Sudbury Basin and, therefore, suggest
that the greenschist facies extends out into the
Superior Province. However, the Onwatin slate and
Chelmsford grit samples examined have been
metamorphosed to the chlorite zone only. Hence,
there appears to be an A1 greenschist facies - A,
greenschist facies isograd within the Whitewater
Group.

The present study confirms that the Sudbury Igne-
ous Complex has been overprinted by an episode of
low-pressure (or low- to medium- pressure) prograde
metamorphism that climaxed at medium-grade con-
ditions (low-amphibolite facies) immediately to the
south of the Irruptive and faded northward. The
characteristics of this metamorphism are fully con-
sistent with those of the Penokean metamorphism
ofthe Southern Province (Card 1978a, b) and north-
ern Michigan (James 1955). Moreover, the distribu-
tion of metamorphic zones of the South Range and
adjacent offsets is essentially identical to that of the
Southern Province country rocks. Therefore, this
study supports the conclusion of Brocoum & Dal-
ziel (1974) that the metamorphism of both the
Southern Province and the Sudbury Structure
occurred in a single post-Irruptive, Penokean oro-
genic event. It is emphasized that the studies of Card
(1978a, b) and Brocoum & Dalziel (1974) were res-
tricted to rocks stratigraphically below and above the
Irruptive. The Sudbury Igneous Complex itself was
not examined for a regional metamorphic or defor'
mational imprint.

We suggest that the metamorphism of the Sudbury
Igneous Complex occurred shortly after its emplace-
ment. This would be consistent with the age of the
Sudbury Igneous Complex (1.84 Ga, Kro.gh & Davis
1914: | .88 Ga, Hurst & Farhat 1977) , the range of



ages usually associated with the penokean orogeny
(1,7-1.9 Ga, Cannon 1973), and the deduced age of
the Penokean orogeny in the Sudbury area (l .7 -l ,7 s
Ga, Hurst &Farhat 1977).

Thus the time of the metamorphism and defor-
mation of the Southern Province footwall is estab-
lished as post-Irruptive. This naturally places con-
straints on hypotheses of origin of the Sudbury
Structure. Fleet (1979, 1980) reported that the coni-
cal fractures in the Southern Province footwall rocks,
which had been identified by previous workers as
shatter cones, were later than the main deformation
(argued as post-Irruptive on the basis of the study
of Fleet & Barnett 1978) and thus could not be
associated with the hypothesized astrobleme evenr.
f4tison (1980) attempted to rebut this claim by argu-
ing that the available evidence favored apre-Imrptive
age for the metamorphism and deformation ol the
Southern Province footwall. Hopefully, the present
study will bring rhis phase of the debate to in end.
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