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Anstnacr

The mineralogy of the feldspars in the Sudbury Igneous
Complex and overlying tuffs of the Onaping Formatiori
places constraints on the geological evolution of the Sud-
bury Basin in Ontario. In the gabbroic part of the com-
plex, the magrnatic plagioclase has become ordered, and
commonly albitized. Albitization becomes pervasive near
the top of the gabbro. The interstitial K-feldspar is well-
ordered microcline. Granophyre contains albite (An6 -
An), also the product of albitization of a plagioclase
richer in Ca. Microcline in the granophyre is partly disor-
dered. The Onaping tuffs are compositionally zoned, from
Na-rich at the base to potassic at the top; the zonation
reflects ion-exchange phenomena during cooling of the
ignimbritic sheet. Albite in the tuffs is almost pure and
ordered, and K-feldspar is poorly ordered microcline or
orthoclase, The metamorphic overprint was too mild to
remove these m€tastable phases. The entire suite (the com-
plex and the Onaping Formation) may have cooled as a
single unit. The thoroughness of the subsolidus changes in
the Onaping tuffs suggests that the Onaping melt was every-
where at or near saturation in water. This state would seem
to rule out an origin of these melts by meteoritic impact.

Keywords: Sudbury Igneous Complex, Onaping tuffs,
plagioclase, albitization, microcline, orthoclase, Al-Si
order, ion exchange, Ontario,

SOMMAIRE

La min6ralogie des feldspaths du complexe ign6 de Sud-
bury et de la nappe de tufs de la formation Onaping per-
rnet de preciser l'€volution g6ologique du bassin de Sud-
bury (Ontario). Dans la partie gabbroieue du complexe,
le plagioclase primaire est devenu ordonn6, et il est cou-
ramment albitisd. L'albitisation est rdpandue dans la par-
tie superieure du niveau gabbroique. Le feldspar potassi-
que interstitiel est un microcline ordonn6. Le granophyre
contienr une albite (Ano - An), produit de I'albitisation
d'un plagioclase plus riche en Ca. Le microcline est par-
tiellement d6sordonn6. Les tufs de la formation Onaoins
sont zon6s (sodiques d la base, potuiriqu.r uu h*r j; i;
section), ce qui refldterait un ph6nom0ne d'dchange d,ions
pendant le refroidissement de la nappe ignimbritique.
L'albite y est quasiment pure et ordonn6e, et le feldspath
potassique est un microcline relativement d6sordonn6 ou
une orthose. Le rdchauffement metamorphique postdrieur
a 6te trop faible pour dliminer ces phases mdtastables. La
suite au complet (e complexe de Sudbury et les tufs de la
formation Onaping) pounait avoir refroidi en m€me temps.
La portde des transformations dans les tufs fait penser que
le magma 6tait soit satur6 en eau, soit pr0s de son point

de saturation. Cette condition semble 6carter une origine
par impact m6t6oritique pour ce magma.

Mots-clds: complexe igpd de Sudbury, tufs de la formation
Onaping, plagioclase, albitisation' microcline, orthose'
degr6 d'ordre Al-Si,dchange d'ions, Ontario.
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Ftc. l. Stratigraphic column ofthe Sudbury Igneous Com-
plex, showing the various map-unils recogiized as com-
ponents of the norite and granophyre. Also shown are
the locations of tle specimens selected for study.
Abbreviations: SR South Range, NR North Range, QN
quartz norite, B-GN black - gxeen norite, UG upper
gabbro, SA salmon granophyre, G grey granophlre, G-
P granophyre relatively poor in granophyrically inter-
grown material, MN mafic norite, FN felsic norite, O-
RG oxide-rich gabbro. Thickness expressed in metres.
The sequence of samples (numbers in light type) is that
followed in Tables I and 4.
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INTRODUCTIoN

The geological evolution of the Sudbury Basin has
been the subject of debate (Guy-Bray 1972,Pye et
al. 1984). Whereas some of its features are well
described, the data base for others is not adequate.
We characterize here, in quantitative terms, the feld-
spar mineralogy of the Sudbury Igneous Complex
and of the overlying Onaping Formation. These data
provide constraints on the geological evolution of
the Sudbury Basin.

The Sudbury Igneous Complex, emplaced
approximately 1850 Ma ago (Krogh et al. 1982,
1984), occurs as an ENE-trending elliptical ring27
km wide and 60 km long. It consists of an inwardly
dipping composite sill of coeval norite and grano-
phyre. Vertically gradational units can be followed
around the Basin. Generalized stratigraphic sections
are presented for the South and North Ranges in
Figure l.

The Onaping Formation overlies and is intruded
by the Sudbury Igneous Complex. It was emplaced

TABLE I. LOCATION AND PflROGRAPHY OF THE SPECIMENS SEIECTEO FOR STUDY (LISTED IN STRATIGMPHIC SEQUENCE' FIGS. I' 6)

Black tuff

44-73A small frags, whlte
l ava  i n  b l  t f

44-738 silty bl tf mx

'13094-t 
thin Iens gy amyg' lava 

in b l  t f
16156-4 long lens gy spher.' lava 

in b l  t f
16155-3 bl  t f

16146-5C frag f l in ty gn "rhy"
(welded rhy t f )  in b l

13307-3 bl  t f

5  D t  ! t

5A bl  t f

10940-7 lens gy spher.  iava
in b l  t f

t0941- l  lava mx of  qte boul-
der lens in b l  t f

2-72 qte pebble in lava
mx in b l  t f

31-73 bl  t f

"t3}g2-2 long lens gy amJg
lava in b l  t f

Grey tuff

12-73 gy tf

28-72A qte pebble in gy tf

28-72R gy tf mx for ?8-724

19-72 lens banded f l in ty
gn "rhY" in gY tf

15477-5 lens banded flinty
gn "rhy" in gy tf

22-72 lens banded f l ln ty' gn "rhy" in gy tf .

26-72 frag Creighton gran
in lens gn t f  in  gy

15478-5 lens of  p lnk- f rag
albi t lzed gn t f

43-72 lens alb i t ized qte
at  base of  gY t f

33-72 qte block at base
of gy tf

2C "gy 0naplng"? or
upperinosl mpeg

2C i nc l .  a l t e red  g ran i t i c
i nc l us l on  i n  2C

c e n t r e E s i d e L l 0 ' C V ,
Capreol*  NR
sane as for 44-73A

sl . l * ,  L r ,  c  vI ,
Blezard SR
s E i , L 2 , C I ,
t{i sner NR
5 t i , L z , u r ,
WJsner NR
J 9 t i ,  L  t ,  u  i ,

l,ll sner NR
s l , J * , L 8 , c I v ,
Dowl ing NR
centre L 8, C IV, Dowl lng
same as for 5

N E l , L 9 , C V I ,
Snider SR
N E * , L 9 , C V I ,
Snider SR
N E t r , L I I , C I ,
Norman NR
E s i de ,  cen t re ,  L  l l ,
C I, Norman NR
s E * , L l , c v I ,
Blezard SR

c e n t r e E s i d e L S ' C V I ,
Capreol NR

s t , I * , L l 0 , c I I ,
Nonnan NR
same as for 28-72A

c e n t r e L l 0 , c I I ,
Norman NR

same as for  ]9 '72

same as for 19-72

same as for 19-72

same as for 19-72

N E } , L 8 , C V I ,
Capreol  NR
same as for 43-72

c e n t r e L S ' C I V '
Dowl ing NR
same as for 2C

v.f .g.  tabular  fs  (a l l  or thoclase:  TabIe 4) ;  f rag
qtz x ls i  metacryst lc  carbonate
pect  pum lap'  large shards,  f rags anyg lava'  chert '
b roke i  q t z  x l s ,  t i .  p l ,  mc  A ra ins '  a1 l  i n  f o l  f . g .  b1
mx c.p. small shardsi pum & shards carbonatlzed
m.g.  fe l ted laths,  mesostasjs r lch ln Kfs i  mlnor amyg
qtz,  scat tered chl ,  act in & bi
i . p .  sphe ru l i t es ,  sma l l  a reas  o f  v . v . f . g .  f s  f i b res  l n
larqer areas radia l  laths;  interspher.  chl '  amyg. qtz
pecl  pum lap,  shards,  broken qtz,  ab x ls a l l  in  b l
v . f . q ,  nx  c . p ,  sha rds .  Ch l  &  ac t j n  l n  pun
c .p . - ba re l y  i l i s t i ngu i shab le  sha rds  o f  v . f . g .  ab ;  sma l l
f rag swir ly  lava l lke 44-73A; f rags qtz x ls;  a lyq qtz
c.p.  pect  pum lap,  shards,  broken qtz x ls in b l  f .g.  mx
of 'v . i .g.  shardsi ,  pum & shards tabular ;  t r .  t i tani te
no th in sect lon
c.p.  pect  pum lap & shards in b1 mx; barely resolvable
shards;  p laty ab ln lap,  shards'  f rags qtz x ls '  chert
s i ng le  l a t h  &  bow- t i e  t o  sphe ru l i t i c  p l '  i n t .  gph r '
m .g . ;  q t z  amyg ;  ove ra l l  f . 9 .  b l
oval  f rags of  mosaic qte,  qtz f r lnged by qtz laths
af ter  t r ldyni te i  mx v.v. f .g.
qte in lava mxi qtz frags fringed by qtz laths after
t r ldymJtei  ln mx, p lumes of  ab f ibres
pect pun lap, shards" broken qtz xls' tr. rounded mc'
pl  & qtz '  lava f rags,  a l l  in  b l  mx
inosal i  qtz amyg in mx c.p.  spherul i tes of  b lades and
f ibres of  ab;  granular  ep,  f .9.  chl '  act ln b lades

v.c.p,  pect  pum lap & shards ln mx smal l  shards' - f rags
qtz i ls ;  pum & shards recryst  ab;  act in- '  chl - f i l led
"vesic les",  much act in ln groundnass
fractured x1s granular  qtz in f .g.  crush mx of  qtz &
ab
v.c.p.  pect  pum lap,  shards & f rags qtz x ls,  a l l  in
f .g.  mx c.p.  smal l  shardsi  pum & shards largely recryst
abi  nuch f .g.  actJn overal l
lent lc les & bands f .9.  fe l ted laths ab destroylng out-
l ' lnes of  v.c.p.  smal l  shardsi  f rags qtz x is i  qtz amyg;
v, f .g.  act in overal l i  welded rhy t f
v .c.p.  d lst lnguishabie shards of  needle abi  patches
plumbse fjbres ab; frags qtz xlsi amyg qtz; tr. euhe-
dral  ab,  act in overal l i  h lghly ' , {e lded rhy [ f
v . f .g.  ab in c.p.  d ist lnct  shards;  t r .  recryst  F ' lm. ]ap;
f r ag i  q t z  x l s ,  d t z  amyg ;  v . f . g .  ac t i n  ove ra l l ;  h i gh l y
welded rhy tf
s1 ' l gh t l y  c rushed  c .g .  ab ,  q t z ;  some  ab  chessboa rd ;
sonre patches Kfs,  t r ,  s t l lpnorc lane
c.p.  ! int ,  pect  purn lap ln mx f .g.  shards'  lap c.g.  ab
much of  i t  chessboard,  shards f .g.  ab;  wldespread
act in i  metacryst ic  hbl ,  t r .  t i tanl te in lap
mortared qtz & chessboard ab in mx of crushed ab'
mainly
plurnose fibre ab as mx & replacing frags of qte
frlnged by qtz laths after tridynite
no th in sect ion

no th in sect lon
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Granophyre, South Ranqe
'10949-l 

fol iated upper
grey 9ranophyre

z1 grey granophyre

r u y J J - r u  T e t s l c  s a l m o n
qranoDhvre

l0 l 7 l - ' l 9  f e l s i i  i a l non
granophyre

14697-4 mafic salmon gneissic
granopnyre

12  ova l  f . g .  f e l s i c
i nc l us i on

]9  pa t ch  o f  f . g .  f e l s i t e
! !  pa t ch  o f  f , g .  f e l s i t e
t 5  pa t ch  o f  f . q .  f e l s i t e
] 6  pa t ch  o f  f . 6 .  f e l s i t e
Granophyre, North Range
2B uppermost grey

granopnyre
2A uppernost grey

granophyre
6 grey granophyre

7 grey granophyre
I0 grey granophyre
47-72 grey granophyre

48-72 grey granophyre

east  L 3,  C I I I ,  porphyroclasts of  An5, adher ing f .g.  gphr,  f .g.
Creighton recry i t .  matr ix  of  q[2,  f fs( t ) ,  ut -  " '
centre,  L 7,  C IV,  Ble-  very cataclast ic ,  c iasts of-p i  An6, adher ing gphr,
igF, .  sgq n S 0naping cont .  f .g.  matr ix  of  q iz,  br
SEl,  L 10,  C V,  Snider,  c lear p l  An5 rep' laced by chessboard Anq, i tsel f
700 m N nor contact  rep' lac i :d by-Kfs,  c.g,  Sihr  (qtz + pl )
ryql ,  L 5,  C VI ,  Denison cataclast i t ,  chessb6ar i  An5 in sunbuist  gphr,  recryst .
200 m N nor contact  matr ix  r ich in qtz
L-I0, . ,C I I ,  cre jghton,  abundant sunbur i t  gphr on euhedral  p1 An5, chessboard
t5 m N nor contact An5 extensively replaced by Kfs
centre,  L 3,  C I ,  Rayside,  no th ln sect ion
close to upper gabbro

10171-24 upper gabbro

2 t L  
" n n o F  

n r h h r ^

228 sheared apl i te

23 upper gabbro
23Gr grani t ic  patch
?Q b lack  no r i t e

17 green nor i te

21 black-brown nor i te

19  amph ibo l i t e  i n  2 l
N o r i t e  a n d  o x i d e - r l c h  o a h h r n -

cen t re ,  L  5 ,  C  V I ,  Den i son ,
5 0 m s n o r - g y c o n t a c t
cen t re ,  L  5 ,  C  I I l ,  B l e -
zard, .400 m S nor-gy cont .
same as for 22A

same as for 22A
same as for 22A
SEt ,  L  5 ,  C  I I I ,  B l eza rd ,'1.3 

km N nor- f twl  contact
Slr l l ,  L l l ,  c  VI ,  McKim,
Hwy 144, 0.5 km N nor-ftwl
centre,  L 4,  C I I ,  Blezard,
Hwy 69,  near basal  contact
same as for 2l

Nnf ih  Renda

no th in sect ion
no th in sect ion
no th in sect ion , i l
mosaic qtz, pl .A46, some K-metasomatized, Tartan mc

; ;
recryst .  An5 + qtz in matr ix  of  An5 laths and f .9.
gphr; qtz after tridymit€' laths 

of  An1 in 'natr ix  of  stouter  An5, a l l  in  f .g.
gphri qtz after tridymite
no th in sect ion

no th in sect ion
p1 An5 in re lat ively f .g.  gphr;  xenocryst ic  qtz
long pl  laths An: in gphr;  chessboard ab is  K-meta-
somatized. Stilpnomelane noted
iong pI  laths Anr in gphr;  chessboard'ab is

p ]  m .9 . ,  s l .  zoned ,  Ana5 ,  i n t .  gph r  con ta i n i ng
K-netasonatized chessboard ab
pl  c.9. ,  a l tered,  An4s,  prominent ep,  abundant
gphr,  s l .  K-metasomat ized chessboard ab
pl  m.9. ,  Ans,  some normal and c lear,  some chess-
board and turbld
fresher p l  than in 22A, zoned, core An56, r im An55.
no th in sect lon
no th in sect ion

fresh pl ,  s t rongly zondd, core An65, r jm An29r no
gphr,  no mc, lnt .  qtz
f resh pl ,  zoned, core An65, r im An5e, int .  qtz,  mc,
no gphr: pyroxene fresh
minor p l  An6s + qtz + blue-green hbl

p l  f iner ,  more lath-shaped than in nor i te i  remnants
of  An32i  abundant gphr around pl
pl An6,q mostly fresh, gphr contains K-metasomatized
chessboard ab

p1 An5s m.9. ,  unal tered,  mjnor int .  gphr

pl  An56r 
' la ths 

lntensely a l tered,  f .g.  tar tan mci
gphr

sane as for 12
same as for ]2
same as for 12
same as for 12

centre,  L 8,  C IV,  Dowl ing,
contact  wl th onaping
same as for 28

NEI '  L  9 ,  C  IV ,  Dow l i ng ,
300 m NE onaping contact
same as for  6;  ra l lway cut
same as for 6
NE l , . L  7 ,  C  V I ,  Cap reo i ,
600 m NE onaping contact
sarne as for 47-72

8 l - 128

49-72
I:hi:"p.lt.h in salmon s L r0, c v, Dowlins, fi:l:tn:Tilf'ltz, rarran mc, pr An7, in partgranopnyre K-metasomitized

iilfi3ln * !5d'*rfl',3,"t1;,'!::i*'' :;dl;:tlg;ri:g 
around clear pr An1. chessboard

18168 - l  ox i de - r i chgabb ro

18173 -4  f e l s i c  no r i t e

1374]-4 maf ic i lor i te

C672572-1 mafic norite

C672572 -2  f e l s i c  i nc l us i on

S  t  5 ,  C  I I ,  B o w e l l ,
5 0 m N m p e g c o n t a c t
N E i ,  L  5 ,  C  I I ,  B o w e l l ,
125 m S nor- f twl  contact ,
base of Foy offset
L  2 ,  C  V -V I ,  Cap reo l ,  E
Capre L. ,  near f twl  contact
St | l } ,  L 10,  C I ,  Bowel l ,  at
very base of  maf ic nor i te
same as for C672572-1

Abbreviationsl L lot, C concession, bl tf black tuff, gy tf grey tuff, nor norite, gp granophyre, ftwl
footwal l ,  rhy rhyol i te,  v .  very,  f .g.  f ine-gralned,  m.g.  medium-grained,  c.g.  coarse-grained,  gn green,  t r .
t race,  sI .  s l ight ly '  in t .  Jnterst i t ia l ,  f rag f ragment,  inc l .  inc lusion,  x ls crystals,  recryst .  recrystal l ized,
pect  pect inate,  Iap lapi l l i ,  pum pumice,  ab alb i te,  act in act inol i te,  b i  b jot i te,  chl  chlor l te,  ep epidote,
fs. fe ldspar '  hbl  hornblende, Kfs K' fe ldspar,  mc nicrocl ine,  p l  p lagioclasen qte quartzJte,  gtz quartzn
spher.  spherul i t jc ,  cont .  contactn gphr granophyr ic intergro*th of  quartz and fe ldspar.  *  Name of  township.
Petrographic descriptlons of the 0naping Slack and grey tuff,s, lava fragments and welded tuffs focus on
texture of  the specimen and on habi t  of  the fe ldspar gralns,  which.are re levant  to the ident i f icat ion of
I l thoiogy in the Onaping.  Petrographic descr lpt ions of  the granophyre and nor i te specimens focus on the
state of  the K-r ich fe ldspar and textural  and composi t ional  propert ies of  p lagioclase;  the composi t ion of
the plagioclase is  inferred f rom the ext inct ion angle (Michel-Levy method).  The order fo l lowed in th is
l is t i r ig is  the same as adopted in.Figures I  and 6 and in Table4.  Eor convenience,  granophyre and nor i te
spec'Jrnens are l isted separately for the North .and South Ranges. j '
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explosively 1836 + 14 Ma ago (tftogh et al. 1984).
Its basal member, a quartzite breccia (Stevenson
l96l), is overlain by a lower grey tuff and an upper
black tuff member (Muir & Peredery 1984). Lenses
of pink-fragment-bearing green tuff occur near the
base of the grey tuff. The black tuff contains dis-
seminated carbonaceous material; the grey tuff lacks
this constituent. The green tuff is characterized by
widespreadn finely disseminated actinolite. The tuffs
contain 1) pumice lapilli and shards (Stevenson 1972)
and fragments of devitrified glass (Peredery 1972),
and 2) lithic fragments, rnainly quartzite and felsic
to mafic volcanic rocks similar to those encountered
in the footwall of the norite.

The rocks found in the North Range are less
deformed, less steeply tilted and more pristine than
South-Range equivalents, which were affected by the
Penokean (Brocoum & Dalziel 1914) or Hudsonian
orogeny, and later by the Grenville event (Card 1978,
p. 280).

Our objectives here are l) to characterize the feld-
spar assemblage of representative specimens (Table
l) and 2) to evaluate the implications of horizontal
and vertical gradients in the feldspar mineralogy of
these units. Unit-cell parameters of the feldsparr pro-
vide information on the cornposition and degree of
Al-Si order. Plagioclase compositions were routinely
determined using the Michel-L6vy method and
checked by electron microprobe in a few cases.

TEcnNreuns op Mlcnosaltpt-rNc AND
DETERMINATIoN oF THE CEI-T CoNsTeNTs

Millimetre-size grains of feldspar were hand-

J,f
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88 89 90
/ *

Frc.2. Plot of S* versus 1* (in degrees) of the plagioclase
in norite and mafic footwall. Two curyes are shown,
one for ordered structures (abeled OS),.the other for
disordered structures @S). The location of calcium-free
albite (OS and DS) is shown by an encircled star.
Representative An contents are shown along each curve.
An average error-bar is plotted in the lower left corner.
The full diagram is providedby Smith (1974,Fi9.7-u\

63.7

p*

63.5

-f-qo
hr
I
I

picked and X-rayed. Any xenolith or distinctive fea-
ture was sampled separately. Aphanitic specimens
were pulverized, and the whole rock was X-rayed.
The cell parameters were refined by least squares
using indexed diffraction-maxima [Guinier-Hiigg
focusing camera, CuKcrl radiation, sypthetic spinel
in ternal  s tandard (a:8.0833 A at  room
temperature)l and the program of Appleman &
Evans (1973). This approach provides information
on the dominant feldspar in the small (- I mm3)
sample.

FeLospAR MtNSRAI-ocv oF THE Bastc Rocrs

Previous work and petrographic detoils

Naldrett et al. (1970) stated that the composi-
tion of plagioclase in the norite varies cryptically as
a function of stratigraphic height. A progressive
decrease in An content, from An6s to .A11561 w€ts
found from the base toward the top of the noritic
layer in the North Range (electron-microprobe data;
maximum difference befween core and rim: 790 An).
In the South Range, a similar decrease occurs from
the quartz-rich norite (An52-An65) through the
interval of black norite to the upper gabbro
(Annr-An5e). The plagioclase changes abruptly to
An1-An, in the upper part of the oxide-rich gabbro
(North Range) and upper gabbro (South Range).
Davis & Slemmons (1962) described the plagioclase,
in the range An55 to An6r, as highly ordered, on the
basis of the l3l indicator (powder diffractometry).
Naldrett et al. (197 0) and Scribbins et al. (1984) pr o-
posed that the cryptic variation in the composition
of plagioclase (and the pyroxenes), as well as the
development of a cumulus texture near the base, con-
stitute diagnostic signs that fractional crystallization
occurred in a reservoir of basic magma.

Of the 17 specimens of mafic lithologies examined,
14 are samples of South- and North-Range norite
(Fig. l, Table 1). The suite shows signs of deuteric
alteration or metamorphic recrystallization to vary-
ing degrees. The most pristine specimens are black
mafic norite, as illustrated respectively by specimens
21, from the lower unit in the South f,ange, and
137414, from the base of the norite in the eastern
part of the North Range. The black norite consists
predominantly of zoned plagioclase, hypersthene,
inverted pigeonite and biotite. Small amounts of
interstitial granophyre and cross-hatched microcline
are present.

In the upper gabbro in the South Range and the
oxide-rich gabbro in the North Range, the plagioclase
is extensively saussuritized. The presence of dissemi-
nated epidote suggests an originally more calcic
plagioclase.

o$r
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The composition and degree of order
of the plogioclase

The plagioclase in norite typically is zoned.
Electron-microprobe data were obtained for a black
norite (21) from near the base of the section of
Blezard Township (South Range), and a green norite
(17) mllected roughly 150 m up the section in McKim
Township (South Range). The core of the plagioclase
in the black norite ranges from An* to An5a,
whereas the rim ranges from Anr3 to Ano,. The
composition of the core agrees well with the data
reported by Naldrett et al. (190, Fig. l8). Plagioclase
in the green norite has a core of similar composi-
tion (An56 to An5), but the rim reaches An2r, which
is considerably more sodic than the rim compositions
reported by Naldrett et al. (197 0). The transition in
color from areas of black norite to areas of envelop-
ing green norite reflects the appearance of amphi
bole + q\axlz at the expense of the primary pyrox-
enes. This transformation is accompanied by the
breakdown of the primary plagioclase to a more
sodic composition.

An approach based on X-ray diffraction necessar-
ily provides information on the dominant geometry
of the unit cell in a l-mm3 sample. This geometry
is a function of An content ond degree of order of
Al and Si. The 9* - ^y* plot is used to separate these
two variables in sodic plagioclase (Smith 1974).The
cell-dimension data are listed in Table 2, available
from the Depository of Unpublished Data, CISTI,
National Research Council, Ottawa, Ontario KIA
0s2.

In most samples, the plagioclase plots close to the
Iine marking the locus of ordered structures (Fig. 2).
This is to be expected of plagioclase in a plutonic
complex. Some samples are displaced along poorly
defined isopleths toward the locus of disordered
structures, expected in rapidly quenched systems.
The samples that seem the most disordered are 23, nQ 6
28,30, 13741-4 and 18173-4. Note that 28 and 30 uu'u

are taken from the footwall of the norite, and
18L73-4 and 137414 are felsic and mafic norite, B*respectively, all from the North Range. Some speci-
mens plot slightly beyond (above) the ordered
plagioclase curve, but not significantly in view ofthe
standard error in 0* (Fig. 2).

The plagioclase in the specimens ranges from
Anro to Ano (Fig. 2). Three specimens contain
plagioclase close to the original composition: 20 and
21 are black norite from the South Range (Blezard
section), and Z7 is mafic footwall from the North
Range. All other samples contain plagioclase that has
a "disturbed" composition. Six specimens out of the
17, from the upper part of the gabbroic unit and
from both flanks of the Basin, contain pure albite
as the dominant plagioclase, as expected in rocks
equilibrated in the greenschist facies. Although relics

of more calcic plagioclase can be recognized, the
abundance of chessboard albile and epidote indicates
extensive albitization.

Discussion

The compositional profiles of Naldrett e/ a/. (1970,
Figs. 16, 17A, B, l8A, B, 19) suggest that in the
noritic units, the plagioclase varies systematically
upward in composition, and is thus a reliable primary
phase on which to map the cryptic layering said to
characterize the complex. Our data are not quite as
reassuring: the noritic portion of the complex seems
considerably more variable than previously consi-
dered. The plagioclase has been transformed from
its primary composition in many cases; in 6 speci-
mens out of 17, all from the upper part of the gab-
broic unit, the reaction has gone to completion.
Whereas we do not dispute that cryptic layering exists
in the Sudbury Igneous Complex, we contend that
the evidence for this working hypothesis must rest
on the compositional variations in the orthopyrox-
ene and clinopyroxene; pertinent data on these
phases were provided by Naldrett et al. (1970).The
pyroxenes are known to be much less reactive than
plagioclase during the subsolidus evolution of a typi-
cal stratiform plutonic complex.

In the system Ab - An at low to moderate pres-
snres (e.9., Smith 1974, Moody et al. 1985), pure
albite is the plagioclase that stably coexists with a
catcic mineral like epidote below 4(OoC. A more cal-
cic plagioclase is metastable. The albitization reac-

89.5 s0.0 s0.5
ar*,

Frc.3. Plot of p* versus 7* (in degrees) of the plagioclase
in granophyre. This figure is an expanded version of
Figure 2; OS refers to the locus of ordered stnrctures.
An average error-bar is plotted along the left-hand side.
Ordered pure albite: encircled star.
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tion consums water; the distribution of water in the
noritic portion of the complex may have been vari-
able. The occurrence of microcline inferred to be well
ordered (in view of its coarse grid pattern of twinned
domains) as ar accessory interstitial mineral in norite
also suggests the impofiance of thorough subsolidus
transformations in the presence of a hydrous phase.

Whether or not large-scale zones exist where the
magmatic plagioclase has been completely converted
to pure albite, either because of a greater flux of fluid
at the deuteric stage or because of locally more
intense deformation during an episode of regional
metamorphism, cannot be answered yet. Distinctions
between North- and South-Range rocks also are
difficult to establish with confidence. There is a hint
that in the North Range, the plagioclase is more likely
to be compositionally transfgrmed, though less well
ordered, than in the South Range, where norites are
more likely to contain patches of well-ordered ande-
sine or labradorite. None of the samples of norite
selected for study contains the competely disordered
plagioclase that originally crystallized from the basic
magma.

Frc. 4. Plot of the cell edges b versus c for the K-feldspar
found in granophyre. The microcline data-points are
scattered rather than clustered near the low microcline
corner of the quadrilateral, indicating a significant
decree ofAl-Si disorder. An average error-bar is plot-
ted near the high sanidine corner. Symbols: LM Iow
microcline, HS high sanidine, HA high albite. The co-
ordinates of the end members are those of Kroll & Ribbe
(1983, Table 4).

FeLpspAR MII.IERALoGY oF TIIE Gnanqoprrrne

Previous work and petrographic details

Little has been done on the feldspar mineralogy
of the granophyre member. The modal differences
in the feldspars have been noted in general by Steven-
son & Colgrove (1968) and in detail by Peredery &
Naldrett (1975). The pattern of distribution noted
is not compatible with progxessive fractional crys-
tallization of the complex from a single basic magma.

In spite of the modal drfferences noted, the com-
position of the plagioclase is surprisingly homogene-
ous across the granophyre (ess than 490 An and 190
Or). Davis & Slemmons (1962) found seven samples
studied optically to contain Anr3 - An15 (North
Range) and An, - An33 (South Range). These
ranges uue significantly more calcic than those
reported by Naldrett and coworkers and by us. The
plagioclase in most samples appears to be structur-
ally intermediate (i.e., less well ordered than
plagioclase in the subjacent norite).

Plagioclase

The granophyre and its felsic inclusions contain
albite ranging from Ano to An2; 16 out of 20 data
points plot in this interval @ig. 3; Table 3, avula'
ble from the Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
'i<lA 

0S2). Nole that of the four samples containing
plagioclase more calcic than An, (maximum: An1),
three come from the North Range. Many data points
(Fie. 3) depart from the locus of ordered plagioclase
in the direction of decreasirg 0*, indicating the
presence of slight Al-Si disorder. Martin (1984)
documented such departures from t}le ordered curve'
apparently increasing with decreasing An content,
in albitized plagioclase from an ophiolitic complex
in the Western Alps. The disorder is considered
"residual"; it reflects the distribution of aluminum
in a more Ca- and Al-rich primary plagioclase. The
distribution of points thus supports the working
hypothesis of Naldrett et al, (1970), that the
plagioclase is now more sodic than it once was.

K-feldspar

Only 13 of the 20 samples from the granophyre
unit contain sufficient K-feldspar to allow unit-cell
refinement. In most samples, the K-feldspar is
microcline, but it generally is notwell ordered; there
is considerable sqltter.rmong samples (Table 3' Fig.
4), unlike the uniformity typical of plutonic rocks
of comparable age. The calculated value of ItO, the
proportion of Al in the r1O position, ranges from
0.85 to 1 (Table 4). In well-ordered microcline, ItO
equals I ; values of less lhan O .92 characte-rize struc-
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TABLE 4. INDICATOR5 OF COI,IPOSITION AI.ID DEGREE OF A'I-Sj ORDER FOR
FELDSPARS OF THE SUDBURY IGNEOUS COMPLEX AND THE ONAPING 'ruFFS

Ya A l3 l
90.377 1.027
9 0 . 3 6 4  1 . 1 2 3
90.307 1 . .145
90.436 1 .040
9 0 . 3 9 4  I . 1 1 0
90,386 1.074
90.480 t.038
90.390 1 .143
90.409 t .096
90.379 1 .  t40
90.378 1 .085
90.252 1.104

A.  P lag ioc lase

44-738 NR BT'13094-l sR BT lava'16155-3 
NR BT

16146-5C NR BT rhy incl.
13307-3 NR BT
5A NR BT
5 N R B T'10940-7 

SR BT lava
10941-l SR BT lava
2-72 NR BT qte
3I-73 NR BT
]3092-2 SR BT lava
.12-73 

NR GT
28-72A NR GT qte
28-728 NR GT natrix
19-72 NR GT rhy
15477-5 NR 0T rhy
22-72 NR GT rhy
26-72 NR GT granlte lncl.
15478-5A NR GT lapll l l'15478-58 

NR GT rim
15478-5C NR GT rln'15478-50 

NR GT lapil l i
43-72 NR GT qte
33-72 NR GT qte
2C NR GT or granophjre
2C NR felslc inclusion

]0949-l SR granophyre
24 SR granophyre
10933-10 SR granophyre'l0l7l-19 

SR granophyre'14697-4 
SR granophyre'12  

SR fe ls ic  inc lus ion'13  
SR ap l i te  inc lus ion'14 SR granophyre

15 SR ap l l te  inc lus lon
l6  SR ap l l te  lnc lus ion
28 NR granoph)re
2A NR granophyre
6 NR granophyre
7 NR granophyre
10 NR granophyre
47-72 NR granophyre
48-72 NR granophyre
8l-128 NR phenocryst
8l-128 NR matrlx
49-72 NR granophyre

63.540
63.549
63.541
63.417

63.43t
63 .41  8
63.541
63;472
63.437
6 3 . 5 1 4
63.455

90.388
90.41  5

90.341
90.276
90. I 52
90.350
90.41  9
90.398
90.362
90.395
90.393
90.399
89.910
90.390

2000

tn

1000

An
'I

2

0
2
0
0
2
0
0'I

3

- 44-73A,8

63.502
63.503
63.440
63.512
63.459
63.428
63.453

63,49r
63.462
63.51  5
63.430
63.499
63.486

63.453
63.383
63.421
63.494

63.465
63.427
63.446
63.498

63.455
63.483
63.448
63.450
63.494
63.51  1
63.454
63.480

63.M2
l0l7l-24 SR upper gabbro 63.533
22A 5R norlte 63.457
228 SR ap l i te  Jnc lus ion  63 .596
23 SR nor i te  63 .415
23 sR felsic inclusion 63.540
20 SR brom norite 63.696
17 sR green norite 63.630
2l sR broM norite 63,674
19 SR uph ibo l i te  63 .534
18168- l  NR ox ide- r l ch  gab.  63 .475
18173-4  NR fe ls ic  nor l te  63 .427
13741-4  NR naf lc  nor l te  63 .564
C672572 NR mfic norite 63.488
C672572-2 NR felsic incl. 63.460
27 NR nafic footwall 63.683
28 NR maflc footwall 63.508
30 NR mafic footwall 63.561

B. K-feldspar
44-73A NR BT lava
44-738 NR BT
13094-l SR BT lava
16156-4 NR BT lava
3]-73 NR BT
10933-10 sR granophyre
l0l7l-19 SR granophyre
14697-4 sR granophyre
13 SR ap l i te  inc lus lon
2C NR fe ls lc  inc lus ion
28 NR granophyre
2A NR granophyre
47-72 NR granophyre
48-72 NR granophyre
8 l -  l28  NR mt r ix
49-72 NR granophyre

t!192y^
/ ,  r o r c o - +

Jl.16155-3
J.tat+a-sc
_/r13307-3,5,5A-r10940-7 

,1094 t-1

=3 r -73- 13092-2
- 12-73- 28-724,8

,19 -72
J,15476-5
-< r 5477-5-<22-72
-1- 26-72'  

I  5478-5

_ 33-72,43-72- 2 C

90.385 1 .133
90.438 t .140
90.380 1 .  t36
90,397 I . l0 l
90.427 l. n8
90.058 '|.246

90,349 1 .1  48
90.387 1 .152
90.434 l .  l l 4
90.392 1. i l7
90 .256 1 .179
90.207 r . r70
90.380 1 .127
9 0 . 3 3 0  1 . 1 1 5
89,916 1 .27s
90.383 l .132
9 0 . 3 9 6  1 . 1 6 9
90.366 1 .142
90.372 1.121
90.357 r .137

90.347 r .131
90.303 1 .094
89.8 i l  1 .360
89.792 1,263
89.184 1 .548
88.670 1 .733
89.056 1 .627
88.743 1 .719
90.373 l .  l l  l
90.227 l . l7l
89 .  112 I .s44
88.274 r .9 r3
90.288 

',|.168

9 0 . 3 1 8  1 . 1 5 3
88.482 1.7B9
88.6 t5  1 .697
88.729 1.697

1 . 1 3 6
1.080
t . 1 3 0' I  

.131
't.235

1.142
1.  i l8
1 .  1 0 7
1 . 1 3 3'1. 

i 28'I 
. 123

1. ' t22
1 . 2 7 0
1 . 2 7 5

I
0
0
I
I
6
0
0'|
0
3
5
0
2
9
2
0
2
0
1
3
1'14

9
20
45
23
40
I
4'18

30
3
I

45

2A

Frc.5. Stratigraphic column for the Onaping Formation'
showing the map-units recognized, tleir thickness, and
locations of specimens selected for study.

turally intermediate microcline. The microcline in the
granophyre from the South Range is better ordered
than that from the North Range. In two samples of
grey granophyre from the North Range, the conver-
sion of orthoclase to microcline has not occurred.
The composition of the K-feldspar, inferred from
the D* and c* values and from unit-cell volume Z,
ranges from 94 to l00t/o or (Table 4). This range
is indicative of compositional re-equilibration of the
K-feldspar at a temperature below 300"C.

Discussion

Microcline and sodic plagioclase in granophyre
generally have re-equilibrated compositionally' but
some have failed to re-equilibrate structurally. In the
North Range, granophyre locally may still preserve
orthoclase. The scale of the erid pattern defined by

oi(r) 0r(r*c*) a(la) (o*yr) tr0

1 0 6 . 5  1 0 r . 9  0 . 8 1  0  0 . 4 0
96.8  103.4  0 .90  0  0 .4s
96.2  103.0  0 .91  0  0 .45

103.4  100.3  0 .82  0  0 .41
91.9  97  .3  0 .90  0  0 .45

96.7  t02 .0  0 .97  0 .92  0 .94
9 5 . 1  1 0 0 . 3  0 . 9 9  1 . 0 0  0 . 9 9
9 7 . 4  9 8 . 9  l . 0 l  0 . 9 9  1 . 0 0
95.7  97  .8  1 .02  0 .97  1 .00
94.3  95 .5  0 .96  0 .75  0 .85
99.4 102.4 0,93 0.85 0.89
9 0 . 5  9 8 . 5  l . 1 6  0 . 3 8  0 . 7 7'102.7  103.0  0 .9 i  0  0 .45
94.4 98.4 0.77 0 0.38
96.4 97.0 0.97 0.90 0.94
97.9  98 .5  0 .90  0 .80  0 .85

The raw data on whlch these ind' icators are based are reported Jn
T a b l e s  2  ( n o r i t e ) , 3  ( g r a n o p h y r e )  a n d  5  ( o n a p i n g  t u f f s ) .  D e f i n l -
t i o n s :  ^ l 3 l  : 2 0 ( l 3 l )  -  2 0 ( 1 3 1 ) '  C u x o r  r a d i a t l o n ;  0 r ( v )  i s  0 r  c o n -
t e n t  b a s e d  o n  u n l t - c e l l  v o l u n e  ( S t e u a f t  &  [ r i g h t  1 9 7 4 ) ;  o r ( b * c * )  i s
0r content based on co-ordlnates in the l r*  -  c* diagfam (Blasi  1977);
a( io) :  t rO + t1n; a(a*r*)  .  t ro -  t tn tcalculated accordJng to the
e x p r e s s i o n s  o f  B l a s i  ( 1 9 7 7 ) 1 ,  w h e n @  t r 0 ,  t h e  p f o p o r t l o n  o f  A l  s t a -
t i s t i c a l l y  o c c u p y i n g  t h e  ? r 0  p o s l t i o n .  U n l t s !  B * ,  r *  a n d  ̂ l 3 l  i n
d e q r e e s ,  A n ,  o r ( v )  a n d  o r ( r * c * )  l n  r c ] . 2 .  T h e  l o c a t i o n  a n d  p e t r o -
q r a p h l c  d e s c r i p t i o n  o f  t h e  s a m p l e s  a r e  p r o v l d e d  j n  T a b l e  1 .  A b b r e -
i iat ions: NR i lorth Range, sR south Ranqe, Bl black !ui f ,  Gl grey

0 ret
0nap i no

ORIIIOP1|YRT

t u f f ,  r h y  r h y o l r t e ,  i n c l .  l n c l u s i o n ,  g a b .  g a b b r o ,  q t e  q u a r t z l t e .  A n
content of plaqioclase is est inated frcm the B* -  y* plot .  Average
standard er ior-associated with B*: 0.0250 (b1ack tuf f) ,  0 '018'  (grey

t u f f ) '  0 . 0 2 0 "  ( g r a n o p h y r e ) , 0 . 0 2 1 "  ( n o r l t e ) ;  v l t h  1 * :  0 . 0 3 4 "  ( b l a c k

t u f f  ) ,  0 . 0 1 8 '  ( g r e y  t u f f ) ,  0 . 0 2 5 "  ( g r a n o p h y r e ) ,  0 . 0 3 2 "  ( n o r i t e ) ;  w l t h
^(ra) and ^(o*yi) :  0.02 ( lo).  The si lp les are l isted here in strat i -
graphlc order,  as in Table I  and Figures I  and 6.
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albite- and pericline-twinned domains is expected to
be submicroscapic in structurally intermediate
microcline. As much of the granophyre contains a
K-feldspar with visible grid-twinning, we consider
low microcline to be characteristic of most of the
unit. The two orthoclase-bearing samples do not con-
tain an anomalously calcic or disordered plagioclase.
This may indicate that in this part of the North
Range, changes in the plagisslase occurred above the
field of stability of microcline, i.e., above 400oC,
and that below this temperature, the conversion to
microcline was somehow impeded by abrupt cool-
ing, caused perhaps by rapid uplift and denudation.

Useful geothermometric information cannot be
extracted from the data presented on K-feldspar -
plagioclase assemblages, nor can an inference be
made concerning the nature of the original assem-
blage of feldspars. Sanidine has not survived. Some
primary plagioclase may occur in North-Range
granophyre that contains orthoclase or intermediate
microcline.

Fslospan MINERALocy oF THE ONapruc Turrs

Petrogrophic details

The grey Onaping tuff has been so extensively
recrystallized that in polarized light the pyroclastic
textures readily seen in the overlying black tuff (see
below) are scarcely recognizeable. However, in plane
light, these textures are readily seen. A distinctive
rim around most of the pumice fragments has been

likened (Stevensop 1972) to the pectinate rim of
quartz + albite that surrounds fragments of pumice
in ash-flow ruff (Smith 1960, Ross & Smith 196l).

In the black Onaping tuff, iapilli and pectinate rim
are well preserved and more conspicuous than in the
grey tuff. Devitrified pumice fragments generally
range in size between 3 and 5 mm, but some are much
larger; few are flattened. Relatively coarse quartz and
albite crystals fill vesicles in the unflattened pumice
fragments, as in young ash-flow tuffs subjected to
vapor-phase crystallization (Ross & Smith 1961).

Plogioclase

Data are reported for the pumice fragments, their
pectinate rims, for various'xenoliths and for the
aphanitic matrix of the tuffs. Figure 5 shows the
stratigraphic position of the samples, and Table 5
contains the results of tJre cell-parameter refinements
(available from the Depository of Unpublished Data,
CISTI, National Research Council, Ottawa, Ontario
KIA 0s2).

Samples of the Onaping tuff contain nearly pure
albite (star, Figs. 6,4', B). The data points define an
elongate array perpendicular to the locus of ordered
structures; the array intersects this line in the inter-
val An1 to An . The points below a F* value of
63.490" are attributed a slight Al-Si disorder; there
is no explanation at present for plagioclase that is
apparently better ordered than fully ordered albite
(f.e., values of B* greater than 63.490" for a 7* of
approximately 90.4'). The departure in the most
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Frc. 6. Plot of B* ver&ts / in plagioclase in the Onaping tuff. The dashed Iine OS

marks the locus of ordered structures; end-member ordered albite: encircled star.
The approximate location of Anlr and An5 is indicated. An average error-bar
is also plotted. A. Black Onaping tuff. All the samples plotted represent plagioclase
in the devitrified matrix. B. Grey Onaprng tuff (includes samples of green tuff;.
Symbols: p pectinate rim, d clast of devitrified pumice, I lithic clast, m matrix
of tuff. Points below the dashed line OS indicate slight Al-Si disorder. Points
above the dashed line €rnot be explained at present (see text).



aberrant samples is within twice the standard error
in B*. Such albite is found in clasts of devitrified
pumice and footwall rocks in the grey Onaping, and
in the aphanitic matrix in both grey and black
Onaping (Figs. 64', B). The plagioclase in these sub-
samples is of replacement or transformation origin.
Note, however, that as many data-points for
plagioclase of such an origin plot below the locus
of ordered structures as plot above it. Different sub-
samples of a single specimen may have different
values of B*. Albite having a B* exceeding 63.54'
has not been found in the few other suites examined
using the same technique.

No dependence of the degree of order with depth
in the l.8-km-thick unit was found, nor are there
differences between North- and South-Range speci-
mens. Compared to the analogous diagram for sam-
ples of norite (Fig. 2) and granophyre (Fig. 3), the
tuffs contain a sodic plagioclase that is closer to the
ordered, pure albite expected if equilibrium is
attained in the system Ab-An below 400"C. This is
attributed to l) the fine grain-size of the tuff, which
insures efficient interaction with a pore fluid, and
2) for samples of pectinate rims and pumice with
infilled vesicles, the volumetric importance of albite
deposited directly from a fluid phase and not
originating as a product of devitrification or
replacement.

Two samples of the black tuff member are devoid
of albite; 10090 of the feldspar is K-feldspar: 1)
44-734, a lens of milky lava found near the top of
the black tuff unit, and 2) 161564, a lens of spheru-
litic lava from 250 m above the base of the black tuff
member.

K-feldspar

K-feldspar was found in only two of the fifteen
samples of the grey tuff member. One, 22-72, from
a long lens of densely welded rhyolitic tuff near the
base of the grey tuff, contains intermediate
microcline (lro 0.63) volumetrically subordinate to
the albite; the other, 2C, a fragment of recrystallized
footwall rock, contains nearly equal quantities of
intermediate microcline (tro 0.85) and albite. The
microcline in both cases is relatively pure (Nor 0.96
and 0.94, respectively), which indicates equilibration
at a low temperature. Structurally, the microcline has
failed to convert to low microcline, presumably
because of abrupt seeling and mildness of the meta-
morphic overprints.

K-feldspar is relatively more prevalent in the black
Onaping tuff; 8 of the 12 samples contain K-feldspar
+ albite. In all, the K-feldspar is orthoclase (Fig.
7). The four K-feldspar-free samples are from the
lower fifth of the unit. As in the grey tuff, the
orthoclase in the black tuff contains approximately
96c/o Or (Table 4), which indicates compositional

/ ) )

equilibration with coexisting albite (where available)
and a fluid phase at a temperature less than 300oC.

Discussion

Tuffs of the Onaping Formation are mineralogi-
cally and chemically zoned. Much of the grey tuff
member is devoid of K-feldspat, whereas the reverse
is true of the upper half of the black tuff member.
As many of the specimens that define this vertical
zonation consist of devitrified glass, it is tempting
to attribute this pattern to a redistribution of the
alkalis upon devitrification. ,

The efficient separation of Na and K cannot be
considered to be due to crystal fractionation in a
magma chamber; Hildreth (1979) showed that there
might be complementary gradients in Na and K in
a magrna reservoir that would be reflected in inverse
fashion in the ignimbritic products of an eruption.
However, Hildreth's gradients are subtle, and
nowhere lead to K-feldspar- or albite-free rocks. We
contend, as did Scott (196Q and White & Martin
(1980), that it was during the cooling of the pile of
pyroclastic material that the major episode of alkali
mobilization occuned. In relative terms, the solu-
bility of K-feldspar is greater at high temperature,
whereas that of albite is greater at low tempereture
(Orville 1963). Given the upwardly decreasing tem-

a 0rth0rla80, Black 0|tapillu momisr
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Ftc.7. Plot of the cell edges D versus c for K-feldspar in
tuffs of the Onaping Formation. Symbols: LM low
microcline, HS high sanidine, HA high albite. An aver-
age error-bar is plotted, The relatively large errors prob-
ably reflect the lack of structural and compositional
homogeneity of K-feldspar in the tuffs.
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peratures in a thick pile of tuff in which H2O is
progressively liberated as the pumice fragments flat-
ten and as glass containing some dissolved water
devitrifies, sodium can be expected to concentrate
by ion exchange near the relatively hotter base, and
potassium near the relatively cooler top of the pile.
A large interval near the middle will contain subequal
concentrations of Na and K, but their ratio is likely
to have been disturbed during cooling. Ion-exchange
reactions of the type studied by Orville (1963) achieve
equilibrium very quickly.

The black Onaping tuff contains carbonaceous
material, shows signs of reworking in a sedimentary
basin, and grades into the overlying Onwatin slate.
One might propose that the upward enrichment in
K reflects an increasingly important K-feldspar-
bearing detrital component, shed by the surround-
ing basement rocks. The type of K-feldspar in the
country rocks is microcline (Gibbins & McNutt
1975), not orthoclase. In addition, it is unlikely that
K-feldspar would be shed in the sedimentary basin
to the exclusion of sodic plagioclase, also a major
constituent ofthe country rocks. The K-feldspar in
the tuff thus does not appear to be detrital in origin.

The presence of monoclinic K-feldspar in the black
Onaping is anomalous and indicates that conversion
to microcline below 400oC failed to occur, possibly
for kinetic reasons. The rate of cooling at the top
of the Onaping was simply too rapid through the
interval 400 - 200"C for this sluggish reaction to
occur. Compositional equilibrium, involving Na-for-
K exchange, was maintained as cooling occurred.
Below 2@oC, experimental studies show that the rate
of Al-Si ordering approaches zero. The persistence
of orthoclase in the black tuff also indicates that any
metamorphic overprint was not sufficiently intense
to promote the conversion of orthoclase to low
microcline. All but one of the localities of orthoclase
are on the northern flank of the Basin, where the
intensity of the metamorphic overprint is known to
have been weaker than on the South Range.

The proposal that the Onaping Formation is ver-
tically zoned is not new; it was first proposed by
Stevenson (1972) and documented more fully by
Muir & Peredery (1984). The base is not only more
sodic but also is more felsic than the top of the
sequence. Some of our samples of black Onaping
tuff are more K-enriched than those documented by
Muir & Peredery (1984). We contend that the zona-
tion in Na and K is not a primary feature, but one
that reflects metasomatic redistribution throughout
the pyroclastic blanket. Whether the phenomenon
is sufficiently regular that bulk K,/Na values could
be contoured remains to be tested. The hypothesis
imptes that the Onaping tuff presently contarns no
nrinerals with pristine compositions.

The subtle metasomatic changes here proposed
shed light on the mode of formation of a pectinate

rim, a texture characteristic of ash-flow tuffs that
has never been properly explained. Albitization of
K-feldspar near the base of the Onaping would cause
an 890 shrinkage owing to the relatively smaller unit-
cell volume of albite. A shrinkage of comparable
magnitude occurred concomitant with devitrifica-
tion. Owing to this volume reduqtion, which occurred
after the flauening of the pumice fragments' an open
space developed around each fragment undergoing
shrinkage, as it pulled back from the fine-grained
matrix of devitrified shards and pulverized lithic and
crystal fragments. Owing to their large relative
surface-area, the small shards would have devitri-
fied before the larger pumice fragments. The pec-
tinate rim thus develops as a product ofvapor-phase
crystallization around each fragnent of pumice.
Albite and quartz deposited heren as an infilling of
vesicles and as a cement in the porous matrix, will
skew the bulk composition of the Na-enriched por-
tions of the Onaping even further from the magma's
composition than would be expected by simple
exchange of Na for K in the feldspar structure.

A combination of ion-exchange and infiltration
metasomatism processes, with their attendant
changes in volume, is held responsible for the exten-
sive recrystallization and modification of the origi-
nal pyroclastic textures in the grey tuff. This textural
disturbance in the Onaping Formation is but one of
the many enigmatic features that confront the inves-
tigator of these controversial rocks (Stevenson
1984a).

GSNnRAI- D$cussloN

In theory, at least, many of the uncertainties con-
cerning the formation ofthe norite, granophyre and
Onaping tuffs could be removed if the feldspar
mineralogy ofthese rocks could be understood. Our
survey is of necessity cursory, but the data establish
an inieresting pattern of vertical zonation in the
degree of Al-Si order of K-feldspar. Well-ordered
microcline is an accessory in the norite. In the grano-
phyre, low microcline is widespread, but intermedi-
ate microcline and orthoclase also occur, Only rela-
tively disordered K-feldspar occurs near the top of
the black Onaping member. This suggests that all the
rocks cooled as a single unit.

The rocks no longer contain original magmatic
assemblages of feldspars. The data of Taylor (1968)

and Ding & Schwarcz (1984) on oxygen isotope
geochemistry are consistent with this observation'
Fristin. norite contains labradorite that has changed
from disordered to completely ordered. Although
such transitiohs may be diffusion-related and thus
may not involve water, we consider this unlikely' The
probabiliry of finding primary feldspar compositions
drops markedly as the upper gabbro is approached'
The changes are thorough in rocks containing a
granophyric intergrowth as, upon cooling, differen-



tial contraction of the component minerals causes
such rocks to become porous and permeable, and
thus prone to isotopic re-equilibration (Taylor 1968).
The results of Ding & Schwarcz (1984) are consis-
tent with the proposal that the disturbance is most
thorough in the Onaping Formation, probably a
reflection of porosity and permeability enhanced by
devitrification and thermal contraction.

Along with Na, K and Ca, other elements hosted
by the feldspars (e.9., Rb, Sr, Ba, a portion of the
rare earths) may also have been mobilized. On the
basis of rare-earth distributions, norite and grano-
phyre are considered genetically linked (Kuo &
Crocket 1979). The Onaping tuffs were considered
unrelated because they typically contain only half the
rare-earth-element content of the granophyre, and
because the indicators of magmatic evolution have
more primitive values than in the granophyre. But
the possibility exists that the rare earths were partly
mobilized with Na and K. In future programs of
geochemical sampling, the feldspar assemblage could
be used as a sensitive screen to evaluate which speci-
mens are least likely to have been intensely disturbed.

The rocks of the South Range are equilibrated to
a slightly greater degree than those of the North
Range, owing presumably to a stronger metamorphic
overprint. North-Range rocks axe at a subgreenschist
metamorphic grade, whereas South-Range assem-
blages indicate a low to middle greenschist grade
(Card 1978, p. nr. This difference is not a major
factor in explaining the observed feldspar mineral-
ogy of the Sudbury rocks; the mineral assemblage
in South-Range rocks shows signs of metastable
preservation of the high-temperature feldspars also.
The episodes of regional metamorphism recorded in
this area, if sufficiently intense to lead to greenschist-
grade assemblages, would be expected to have elimi-
nated the metastable feldspars documented here. The
persistence of partly converted high-temperature
feldspars suggests that the metamorphic events were
very mild, a principal conclusion of Masliwec & York
(1984) on the basis of 4oArl3eAr dating. Their data
indicate that the Grenville event was the most promi-
nent to affect this area.

Extensive conversion of the assemblage of mag-
matic feldspars to a subsolidus assemblage took place
as the complex cooled. The extensive development
of the new assemblages requires that a major role
be attributed to an interstitial, mobile aqueous fluid.
The pervasiveness of the transformations in the
upper part of the stratiform complex and in rocks
of the Onaping Formation suggests to us that the
water was largely of magmatic derivation and not
due to infiltration from outside the complex.

The question of the origin of the Onaping tuffs,
whether endogenic, the product of explosive volcan-
ism, or exogenic, consisting of fall-back material fol-
lowing a meteoritic impact, still is the subject of con-

t ) t

troversy (Muir & Peredery 1984, Peredery &
Morrison 1984, Stevenson 1984b). As an argument
in favor of an endogenic origin, there is no a priori
reason why a huge body of impact-generated melt
should be anryhere close to water saturation. The
zonation in Na and K in the Onaping tuffs developed
as the thick section cooled, and required ion-
exchange reactions involving a hot aqueous fluid.
The emplacement of ignimbritic material, by defi-
nition saturated with H2O upon emplacement
(Sparks et al. 1973), satisfies our requirements con-
cerning the widespread availability of water in iso-
topic equilibrium with the rocks as they cooled. To
propose that the observed changes in bulk composi-
tion and feldspar mineralogy occurred during the
qseling of an initially dry impact-generated melt
would raise serious conceptual difficulties concern-
ing the source of the'water and the mechanism to
introduce it throughout the l.8-km-thick pile in a
short interval of time. The top of the black Onaping
is intercalated with water-laid volcanogenic sedi-
ments, but the infiltration of the overlying column
of water cannot be responsible for the thorough and
pervasive subsolidus changes.

Ifthe coeval norite, granophyre and Onaping tuffs
are genetically linked products of fractional crystal-
lization of basic parental magma, the size of the sub-
jacent magma-reservoir must have been unusually
large. In fact, geophysical modeling indicates the
presence of high-density basic and ultrabasic rocks
beneath the Sudbury structure, at a depth of 2 to
6 km and over a significantly broader area than the
structure itself (Card et al. 1984, Gupta et al, 1984).
The evisceration of the H2O-saturated apical parts
of such a vast reservoir of differentiating magma
could have led to events of unusual violence. These
events may account for the development of the
shock-related material present in the area.
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