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Near Ompah Ontario, metasedlmentary and metavolcanlc
rocks of the Grenv111e Supergroup lie in a llnear belt .
between three large gne1551c granite plutons. Durlng
metamorphism and multlple deformatlon the rocks were folded
about northeast trendlng axes, and a metamorphlc gradient
1ncre351n§ from.southweso to northeast was imposed.

' .Uefdrmation was in three distinct phases, of which'
the first two formed major folds. Low plunging F folds
, are tlght to 1soc11nal and generally con31£Q:?bly flat-
tened The aSSOC1ated axial foliation [S ) and lineation
(L ) are penetratlve and W1despread Locally mylonite
Zones developed parallel to §q- Strain»during D, was
1nhomogeoeous£ and as shown by deformed.pebbles and
c ysﬁel aggregates varied from flattening to constygcfional
¢ 53" the latter prominent in the hinge area of e_éajor
fold. Maximum extension was parallel to F, fold axes
throughout the érea; The geometry og‘later folds, suggests
that F folds were oeiginally gently inclined to r/Eumbeni
Durlng D1 the grade of metamorphlsm varied from greenschist
to amphlbollte fac1es, and at any locality the end of D1
c01nC1ded with the metamorphlc cllmax |
' Fz folds, coaxial with Fl’ are low plunglng, upright

structures of varlable scale, which formed at or soon after

the metamorphic peak. They are generally isoclinal, but



e
[T

lees‘flattened'thgh F, folds. aThe aesociated S, foIiation
and L2 lineatiOn are not‘well developed over most of the
.area " Sporadically developed F3 folds are open, recumbent
structures with 11tt1e assoc1ated crystal alignmént,

Textures of mlneral assemblages. in pelitic rocks have
been used to 1nterpret possible mechanlsms for three @ro-
.grade metamorphlc reactlgns, staurolite breakdown in the
presence of quartz, the polymorphic transformation of T
_kyanlte to s1111man1te, and mu5COV1te breakdown 1n the
presence of‘guartz. The dlstrlbutlon of phases around the
reactant speeie53 toéether,wlth evidence of breakdown of
the reactants at lower grades than where the assumed pro-
ducts of thermal equlllbrlum reactions appear, suggests
modlflcatlon ‘of thermal reacxlons by localized activities
of elements such as K*, H* and Nat, and by the fuéaeity
of water. These activities may have been in pert'determi~
ned by recryetallization-of other ‘mineral sbecies nof di-
rectly involved in the prograde reactions.

Muscov1te crystals from a pelitic SChlst unit become
on_average larger and Qpre equant w1th increasing metamor-'
phlc grade the 51ze and shape varylng 1ndependent1y The
, varlatlon in shape may refleét a change in equilibrium
shape with temperature. Accompanying'tie_increase in size
end change in shape, the prefe;red‘orientation of thelmus-

covite crystals increases with grade of metamorphism.
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Evidently crystals oriéntated at high angles to the folia-

“tion were progressively eliminated. It i$ considered that

all the textural changes were achieved by recrystallization

as fexfurél eqﬁilibriuﬁ was moxe closely approach in rocks

of high metamorphic grade.
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Aerial photograph of the closure of the F
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= II\fTRODUCTION |

Location ane Rock Outcrop Y
The study area, near Ompah,’ Ontario (fig. 1) is covered
:by the Sharbot Lake, Mazinaw Lake and Clyde map sheets '(Nos.
31C/15, 318/14 and 31F/2‘respect1ve1y) of‘the Canadian

.National Topognaphic 1:50, , 000 series. It includes all’or parts
Iiof Clarendon, Palmerston Mlller, South Canonto and Lavant
townships in the counties of Frontenac and Lanark, southeastern
Ontario. Most of the area is covered by, two reglonal geolo-
gical compilations, map 2053 "Madoc Area™ df the Ontario Depart-
ment of Mlnes and paper 70-2 of the geology department of
Carleton Un1vers1ty, as- well as by the ‘detailed maps of B
Miller and Knight (1914) and Smlth (1958). Access to the
- region is gained by highway 506 from the west, and 509 from

the east and south; within the Tegion a network of tewnship

and logging roads permits easy travel.

The.areatis about 1000 feet above sea level, buty local
relief is generally less than 200 feet. Outcreps are typical-
ly small and much of. the bedrock 15 covered by glacial de-
posits and swamps. Road w1den1ng schemes durlng 1973 created ‘
. some new equsures ‘in.a few localities in the’ southwest part

of the area.
Geological Sett1ng and Prev1ous Work

Although the rocks of this part of the Grenville Province

(flg 2} have been studied fairly contlnuously for over a
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century, the overall straﬁjgraphy ef themreéion has only.-
recently emerged in some detail,,and still much remains ten-
tative. Geologists as eafl& as Logan (1863) necognized that
there was an important boundary within the Grenyllle PrOV1nce
between the so-called "fundamental gnelsses" (or "grey gnels-
ses") of the basement and the younger metasediments and meta- '///
volcanics, now collectively known as the Grenville Supeegroup, -//,
which stretigraphically overly them. Some of the grey gnels-

ses from near the ;orthern boundary of the Grenville Pro-

vince are reworked rocks of Archean and Aphebian ages

(Emslie 1970j;‘certain distinctive litho;ogies'have been tra-

ced from the Superior and Churchill Provinces:into the

‘Grenville Province, where the earlier trends are altered

' and truncated~by\§Pe penetrative nbrtheast trendlng structhral
elements characteristic of the Grenv 1le Province (Wynne—
Edwards 1972) Isotopic age datlng (Krogh and Davis 1969)

has confirmed an Aphebian age (1725 myr.) for soﬂe of these
rocks from well within the Grenville’ Prov1nce /

Over much 6f their outcrop the grey gpeig;;: are gently
dipping granitic and migmatitic rocks w1eP a stratiform
layering - they are considered to be basement to, and uncon-
.formably overlaln by the Grenvilile Supergroup (Wynne - ¢
Edwards 1972). The contact between the gneisses and the cover

- rocks is marked by a linear zone of nepheline bearing syenites

and associated'rocks.(eg. N.W. corner of fig. 2), but the

r
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‘nature of the contact is not obvious in the field. A recent

papér'by‘Appleyard (1974) has shown that the contact‘zqne
is the site of severél periods of intrusive activity, and has

.

undergone a complex tectono-metamorphic history, which'has

obscured Boundary relatidnships.
The overlylng Grenville Supergrgup consists of a series
of met§yolcan1cs from maffc to feislc in comp051t10n a varie-

ty of clastic rocks and con51derab1e carbonate. Apart from

' the 1ntru51ves, all the rocks in the Ompah area are a551gned

to this group. The rocks are Helikian ;n age, the oldest

dated volcanics from thé bottom of the sequence in ‘the Banéroft
reéion (where the contact with the basement is npt'ékposed)
being 1310 +15 myr. (Silver and Lumbers 1966). Lumbers (1967%a,
1967b) ha; proposed a comprehensive stratigraphy for.the
various formations of the Grenville Supergroup in the

Bancroft-Madoc area. Although much of the region has under-

. gone high grade metamorphism, a central poftion around Madoc

lies within the greenschist facies, and in this area it has

been possible to.interpret‘moré'fully the primary lithologies
and textures. Lumbers has subdivided the Gremville Suﬁer—

group into the Hermon Group, consisting mainly of metavolca-

.nics, and the Mayo Group consisting of metasediments. Depo-

sition of the two groups is thought to have Been in part con-

~temporaneous, and thus group bouﬂda:ies do not represent

isochronous lines. . Briefly the suggested Strati%;?phy is as



follows: a thick sequence of pillowed, basic volcanics gives
way upwards ‘and 1atera11y to felsic volcanics and sediments.
Erosion of the volcanic rﬁcks, especially the felsic.bnes,

gave rise to the siliceous clastic sediments, whilst basic

L -t

vulcanism continued spé?hq{cally. Much carbonate was pre-
cipitéted at the same tiﬁe. | T
Several_conglomeratéﬂ}enses occur within the Hermen and
'Mayo Groups, whiéh in the ﬁast~have been variably interpreted
as repfesenting either a major, structural unconformity, or
merely ﬁ facies.change and minor stratigfaphié break. = Lumbers
(1537§]Jpréferred the latter ;1ternative3 citing"evidehce
éhat;§é¥erél of the lenses ar; at d;fferentrétratigraphiq
leveis: However recent ‘work by Moore (1967), Sethuraman
tiQYO), Moore and Thompson (1@72), Thompson (1972) and .
Sethﬁraﬁan and Moore (1§73) has revised this interpretétion'
for rocks in the east of the Bancroft-Madoc region, an& a.
’ majornunconformity has been defined. The younger rocks above
the unconformity have been named the Flinton Group; after
the village of Flinton, 40 kilometres southwest of Ompah
(fig. 2). The unconformity sﬁrfacé is folded, and rocks of
thefFlinton Group outcfop in narrow, elongate, northeast tren-
ding synfgrms cross-cﬁtting earlier lithologic contacts.
Ientaiive cor;elation of these rocks over much of thp eastern

portion of the Bancroft-Madoc region has been documented (Moore .

and Thompson 1972). Near the vilfage pf.Flinton'(fig. 2),
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iOSOi-ZO M. YO . Intrusion of pegmafites,K-Ar dates

| ~"reset" at about ‘this time.

1125 £ 25 M.Y. Culmination of regional metamorphism

and'dégormatioﬁ;. ” |
Deposition of Flinton Group.

" " UNCONFORMITY

Intrusion of potassic granite and
quartz monzonite plutons*

Intrusion of gdbbroic, dioritic and

. _.syeniti?/ﬁrq§ons; '
1250% 25 M.Y. | Infrusion of trondhjemitic plutons.

Loy

grade;regional metamorphism and
deformati |

-1310 15 M.Y, Deposition. of Hermon and Mayo Groups.

" UNCONFORMITY
Basement gneisses reworked rocks of

._ﬁrchean and Aphebian age. -

L
-

'\\__,-'/ * %

Table 1 - Inferred chronological relationships between
deposition, plutonism and metamorphism/deformation in the

@ Bancroft-Madoc area (Modified from Lumbers 1967b, Moore and
-Thompson 1972), 1Isotopic dates are .from Krogh and Hurley
1968 and Silver and Lumbers 196§. = . :

Emplacehent of older potassic granite bodies is indica-
ted. .Other bodies are undeformed, indicating intrusion
after regional metamorphism and deformation.

*
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‘rocks ofAthe-Flinton Group rest unCOnfo;mably'on an erosion -
surEace»develepedlin intrueive rocks (the Elzevir-piuton) as

., well as in rocks of the Herman and Mayo.Groups. The litholo-
gies of the Flinton Group have been described in detail by
Moore and Thompson (1972) end Thompson (1972); they consist
essentially of a serles of metasedlments of clastlc .and che-
mical origin, interpreted as shallOw water marine and coe;l—-
nental depositse Volcanic rocks have not been recorded In
the Ompah area, Moore and Thompson (1972) consider that rocks
of the Flinton Grouploutcrop in the Fernleigh belt, the Ompah
synform,fand in smaller proportions in the Shawenegog Lake
antiform and the Pleﬁna synform (fig. ;).

Igneous intrusion in the Bancroft-Madoc region is comsi-

-dered ﬁo ‘have taken place in four distinct episodes,(Lumbers
19673, b). The earliest intrusions are those of trondhjemitic
;omposition, and ieclude the large Weslemkoon, Eizevir,

. Northbrook, Cross Lake and Hinchinbrooke plutons (fig. 2).

They are considered to be epi- or meso-zonal features (Lumbers

1967b}, and may have originated by mobilization and partial

differentiation of grey gneisses which are basement to the

Herman Group occur within the Elzev%r batholith), but older



than the dep051t10n of the zi}ntﬁﬁ§Group, which in-part'rests
-
unconformably upon them (Th pson 1972) Following 1ntru51on

of the trondhjemites, plutons of gabg}oﬁand related leIlth.

rocks_were emplaced, with which a also associated undersatu-
rated syenitic rocks of the regionmn.
diorite stocks are all that reprosent this group in ohe Ompah
area. Subsequent  to this; several 1arge masses and many-smal~
ler bodies of potassic granltgﬂ;;E\oﬁartz monzonlte were
intruded into the pile of plutonic and cover rocks. In the
Ompah area this group'is represented by the Abinger and
Lavant plutoné. Lumbers (1967b) suggests that these rocks (k;
were emplaced in the catazone before, during and after the
culmination of regional doformation and metamorphism. Depo-
sition of the Flinton Group post-dates the emplacemeﬂt of at
1east some of these bodies, as cobbles of potassic granlte
are recorded in the basal conglomerate of that group
{Thompson 1972). As regional metamorphism waned, pegmatite
dykes were intruded in areas of high and intermediate meta-
morphic grade. Thelgeneral age relationships between depo-
sition, plutonism and regional métamorphism are summarized
iq table 1.

Northeast trending fold axes are common throughout much
of the Bancroft-Madoc region, although in the northwest a

southeast trending lineation is prominent. Details of the

deformation and structural geometry are available from several



areas. Carmichael‘(lgﬁs),'area b fig. 2, Yenkitasubramanyan
(1969}, area B, qivi (1972), ares C and Thompson (1972),

- area A, all record evidence of two major phases of deforma-

: tlon, and a thlrd phase is noted by most of. these authors,'
whllst Appleyara (1974), worklng near the contact befween the
grey gneisses oﬁd the cover rocks of the Grenville Supergroup
about 50 km. northeast of Bancroft, gives evidence of at least
fivé Phases of deformation. F, folds-are typicigly isoclinal
and may be of large scale (Carmichael, Venkitasubramanyan, !
Thompson),.énd were:probably initiallylreCUmbent (Carmichael,
Venkisubramanyan, Divi). Fz folds, which also vary from .

: megascopic to mesoscopic in ;cale, are identified'aé northeast
tren&ing'upright structures by most authors, and genierally
low plunging except in the vicinityiof some plutonsf(Divi“B7i,
Divi and Fyson 19873); however Apoieiard considers F, folds

to be recumbent and southeast plunglng in his area. Struct*
res.of the third deformatlon are sp0rad1cally developed, and
may not ;;hconslsteot in orientation throughout the region-
however in areas C and_D of fig. 2 recumbent F3 folds have
been recorded. oThe dooinant structural features in area C
(fig.'Z) and in the area described by Appleyard are Fé foiés
and associated structural elements, but Thompson considers
thar D1 structural elements predominate in area A. Most au-

thors consider deformation and metamorphism were coeval, the _ .=

peak of metamorphism co}nciding with D2 deformation (Divi,
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fhompson). ,
. Two major metamorphic. culminations'a noted by - -Lumbers
(1967b), and Méore and Thompson (1972) glve evidence for both

pre - and postiifllnton Group metamorphlsm “The earlier
period (Ml), which took place at approximately 1310M.Y. ago
was generally of lower grade (greenschist facies) than the
later, M,, (greenscglst‘to upper amphibolite facies), which‘
yields K-Ar ‘dates of around 1125 M.Y. (Lumbers 1967b)., Howe-
ver elsewhere in the'Bancroff—Madoc’tegion, evidence of only
a single period of metamorphism,’ approx1mately cSntemporaneous
with Lumbers Mz, is recorded.

Studies by Carmichael (1968, 1969 and 1970) have given
clear eV1dence of a metamorphic gradient from greenschist to
~ amphibolite facies in area D, and'D1V1 has discussed the
position of the sillimanite isograd in area C.. Isograds in
‘the Fernleigh -_Oﬁpah area have been mapped by Moore (1967),
and mineral equiIibrié in those rocks‘described by‘Hounélow _
and Moore (1966). Thompson (197%5Hcontinued similar studies .
to the southwest as fdr as Madoc, and these results have been
comﬁiled by Mpore-and Thompson (1972). The mineralogical and
textural changes associated with metamorphism of the Cross
Lake gneiss hﬁve been desq;ibed by Chapman (1968) and Ehrlich
et al. (1972), and Sethuraman (1970) has mapped isograds in
metavolcanic rocksloutcropping within and to the west;of the

Cross Lake pluton.
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- Most of the Bancroft—Madoc regioﬁ is met%mor;hoséd to
the amphibolite facies.’ Kyaniteland'éillimgnite are tyfical-
ly stablé‘phases, indicating‘pressufes above the aluminium
silicate triple point. Sethuraman and Moore (1973) show thafl
the facies seriés is between ;he‘claésic Barrovian sequence

in Scotland, and the Abukuma series in Japan; it is closely

similar to the Idahoan series described by Heiténen (1967).
Scope of the Present Study

The objectives of this work are:
' -

. -
To investigate the structural geometry of the Ompah area
iy :

\

and to cqmpare ﬁhf structural history with that in nearby L.
areas in order to further define the régional tectonic hiss
tory of this part of the Grenville Province.

To examine, in the Ompah'area, the nature of the propo-
sed unconforﬁity at the base of the Flinton Gro&%.

To determine the tihe relations between deformation, me-
tamofphism and intrusi

To &etermine, from an examinéfion of crystal textures,
possible mechanism of prograde metamorphic reactions.

"To investigate some of the textural changes ehi?FZZEEET

y ,

‘pany proérade metamoiphism.
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LITHOLOGY AND STRATIGRAPHY

‘Intrgduéfion

The-éhtcrop pattern of the lithologic unité (fig. 1) is
essentlally 31mllar to Smith (1958), though the boundaries
and de51gnat10n of some units have been modlfled Broadly -
speaking the area comprises a northeast trendlng synform of;
metasedimentary and metavolcanic rocks lying between three
large plutonic bodies, the Abinger, Lavant an@'Cf&éS Lake’
gneisses. |

The w‘ﬁle area has been metamorphosed to the amphlbollte
facies, and durlng the accompanying recrystalllzatlon the
6;;g1na1 textures were extensively modified. As a result °
the origin of some lithologies is not certain. Evidence of
stratigraphic tops is rare, so the.ﬂ;mbering of the units\is
not necessarily in stratig;aphid order. Furthermore some‘

units recur at more than one structural level, and these

subdivisions have not been distinguished in fig. 1.
Petrography

Unit l'includes_mafic to intermediate rocks with am--
phibaole (hornblende) as the predominant mafic mineral.
Outcrops of this unit define largé folds around Plevna in
the west éﬁd Folger in the east of the map area; many smaller
bodiés also occur. Unit la is amphibolite and plagioclase-

hornblende gneiss, which occurs most commonly as small bodies

+
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'within marble. Unit 1b is-restricted'to a few outcrops-

immediately south of Plevna Lake; it is a metabasalt, whlch

'contalns relict phenocrysts of plag1oclase feldspar Unlt

lc contalns significant biotite as we¥l as: amphibole, Unit
14 resembles unit 2, except that 1t does not contaln 1nclu—
sions. It has been grouped in unit.l because of its asso-
c1at10n with rocks of this unit in the fold near Plevna,
where the boundary relationships have not, been mapped' in _
detail. Unit le, chlorltgzzﬁt;tﬂrfeldspar schist, has limi-
ted outcrop in the area An eaeily accessible outcrop occurs
on the road between Ompah and Sunday Lake, in the centre o?
the Ompah synform* The or1g1n of many of the rocks in
unit 1 is uncertain, Whllst unit lb which contains relict
phenocrysts, is 1ndub1tably a metavolcanlc, the mlneralogy
of other rocks may have been 51gn1f1cant1y_affected by -
neighbouring lithologies during metamorphien, eg; the com-
mon -presence of amphibolite layers within;marble may be due -
to the high partral pressure of €0, during metamorphism.
rendering hornblende rather than biotite the stable phase.
For an extensive discussion of the origins of mafic rocks
see Jennings '(1969).

Unit 2 is a q%ﬁrtzo-feldspath1C' hornblende, biotite

garnet gneiss, frequently with a fine layering (< 1 cm) and

* for the location of th1s and other structural features, see

figs. 3 and 5. The Ompah synform and the Fernleigh belt are
composed of rocks ascribed -to the Flinton Group (Moore and -
Thompson 1972) see p.5.
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with inclﬁqioﬂs of didritidcompos%fion less thén 1 m. in
diameter.  Rocks of_%ﬁis unit, gre festfictedito the Qrogs
"Lékf antiform. Sethufaman and:Modfé (1973) consider that the
lithology is that of a ffﬁgmental felsic rock. The 1aferihg,
where pfesent, is; tightly fbided and trénsppsed, so that its
origin (whether voléénic'or metgmofphic)Jié uricertain; pro-
bably it isfé.combinaiion of both. Minor interéalations of

pelitic and psammiticgrocks,.some alumino-silicate bearing,
v . . f/\) .

occur sporadically througho

Pebblesrare of quartzite (gengfally fine grained,

"buf‘A q'd;rk grey-in coioﬁf, the 1igh;er coloured varieties

v sémetimg§'po§sessing.a léyering, SO), granite, quartz (COafse
graiﬁed - véin quartz?), marble, biotite schist, and amphi-~
bolite (the latter two compositions are often difficult to
distinguish from the matrix'in unpoliShed specimens).. Granite

‘ pébbleé, though variable in composition, typ?cally contain
20 - 40% k. feldspar, and thus bear a cioser resemblance to
the Abinger and L;vant gneiéées’(unit 75)1£han to the Cross~
Lake gneiss (unit 7b). In ahy'one'outcrop a certain variety

of clast may be dominant; detailed mapping of the Ompah syn-

S T . .
- form indicates that marble pebbles are more common in the
. o ot

: s 2
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eastern part of the synform thah_the west, but no 6ther.

"consistent areal variations of pebble composition were noted.

The composition of the matrix in unit 3a is also variable, -

Where biotite is the predomlnant matrix mlnerhl the rock is.

_ schlstose, aﬁﬁ garnets are not uncommon. Hornblende predo-

minates over biotite in some parts, “so that the matrix resem-

bles unit lc (an indication that &1l .the rocks in unit 1 are

not volcanic in origin). Less’commonly the matrix is essen-
tially an impure quartzite,ﬂwith less than 20% mafic minerals.:
Beddiqg in this uﬂit is generally absent on thg scale of the
outcrop; howeveér pebble free bands are occasiona ly seen and
quartzite 1enses are not uncommon in-.the centré of the Ompah
synform. Thln lenses of marble are infrequent.

* Pebble content of unit. 3a varies’f¥omjaround 90% to zero
(pebble free layeqs). Pebble size is another variable_-fthe
longest dimension of most pebbles is less than 30 cm., but
in the Ompah synfofﬁ there are a few boulders with the lar-
gest dimensions >1 m. Small ﬁebbles»are difficult to reco- '
gnise in the field because de}ormation and reérystallization
render borders indistinct. Smith (1958) noted that there iﬁ
a general decrease in pebble size_fro west to east in the
Ompah synform. Two other genera1=opéirvations were made of
the conglomerate in thg Ompah 5;;§g£m: (a) the composition
of clasté-of bouidef sige is invériablf.of granite, and the

matrix is of biotite schist; and (b) that where clasts are
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predomlnantly of caIC1te, the matrlx is r1ch in hornblende.
A Un1t 3b- is a boulder conglomerate, found in mappable
units of limited extent only in the. Plevna Lake area, where

it is associated with unit 3a. It differs from unit 3a in

- fthat all the clasts in the rock are of boulder size,.where—

i}
J

;

as in unit Sa'where boulders occur;, a variety of smallec N
clast sizes is also present. The boulders are of granlte,
and the matrlx whlch comprises less than 20% of the rock,
is a pelitic 'schist, similar to unit 6b. Accdhélng to

Smith, Vogel and Spence (1969) the comp051tlon of the clasts
is-generally low in K. feldspar, and. thus different from the

underlying granite, though this was not verified.in the
. 3 . '

A}

- present study.

Unit 3c, a caroonate conglomerate, is present in toe
f?ernleigh belt as far east as the closure of the Ompah syn-
form where it grades into unit 3a, and on the . &outh limb
of the Plevna synform. The'matrlx is carbonate (predomlnately-'

calcite} with minor biotite, quartz, phlogopite and calc-sili-

.-cate minerals. The clasts are of calcite, dolomite, quartz

and calc—sii‘iate minerals, the latter generally being domi-
nant. Most pebbles are less thaﬁ 30 cm. greatest dimension;
bedding may be recognized in places as pebble-free loyers
(plate 1). | |
Unit-4a, buff to light grey'quartzite, is confined as a

mappable unit to the Omp'ahksynformT Some of the quartzites
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are cross-bedded 0(plgfe‘2)‘and havé_Bq;n used for top deter-
miﬁ;tions (see” also Smith 1958,11969)i¢othefs however érevtdo
deformed to be useful -for 'way up" criteria.’ Typically the
quartzite cdnta;psiless than 10% feldspar,‘and minor biotite
and muécﬁvitgz:fbutside the Ompah' synform impure quartzites,
containing mbre than 20% biotite, hornblende and calcite are
common, and unit 4a is gfadational with 6a, biotite-quartz
's&hist._ Unit 4b is calcﬁreous quartzite. Common in small
leﬂges throughout the area, it is mappable only in the centre
‘of the Plevpa synforﬁ and in the Clyde Forks region; Bounda-
ries between this unit and marble {unit 5) are often difficult
to locate in the field, but in several places they are defi-
ned as ridges on aerial photbgraphs.‘ ;

Marblg, unit 5, is the most widespread rock type in the
area. It,inéludes both calcitic and dolomitic variéties, the
former predominating. The rock varies in colour betweéh white

}

“blue, with pink and green shades being less

buff and.grey
common. Frequently a layering of a few centimetrés width is
present, caused by the segregation of silicate minerals such as
t?émolite, phlogopiteﬁ quartz, scapolite diopside and less
commonly actinolite.’ Other minerals such as graphite - .:.,
and pyrite are locally common, and also generally segregated
into'digcrete’layers. Recrysfallizdtion during metamorphism
and deformation has obliterated the original texture of the
rock, so it i.s notlknown whether the seg}epn layering
5

oL ,

. -
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is of metamorphic or sedimenta;y origin.

| .Unit‘ﬁ comprises schists and semischists considered to
be of sediﬁentary or tuffaceous origin. .6e, which eccurs as
large elongate bodies north of the‘Fernleigh belt, i§ a
biotite- quartz plagloclase feldspar rock, Wthh may contain
hornblende, calcite, mUSCOV1te, K feldspar and minor tour-
maline. Unit 6b is a pelltlc SChlSt occuring at the northern
eoundafy o£ the Feeeleigh belt, and on\ggezieuthern limb

of the Plevna synform-its distinctive appearance is of con-
siderable use in tfacing the stratigraphyeof the Fernleigh'l

- belt norteeastwerds in the Clyde Forks region, where the

- units become attenuated. It is frequently porphyroblastic.
‘The principal matrix mineral is muscovite, though typically-
some biotite is present.’ Other matrix minerals‘are'quartz,
plagioclase and a variety of opaque-oxides (magnetite, haema—
tite and ilmenite being the most common); tourmallne is
ubiquitous, though rarely exceeding 2% of the rock. A varie-
ty of porphyroblastic minerals may be present, some of which
serve as indicators of metamorphic grede-these include plagio-
clase,'biotite, staerelite, garnet, kyanite, sillimanite and
intergrowfhs of magnetite and ilmenite. At high grades of
‘metamorphism this unit is typically coarse grained, another
feeture which helps to distingqish it .from adjacent units.
Unit‘ﬁe is biotite-quertz-carbonate schist which outcrops in
fhe Fernleigh belt, Amphibole may replace biotite in places,

[
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and yhe rock possess a distinctive lamination in which biotite
and hornblende are segregatéd'from‘carcite and bther‘minor
felsic phases. Though the layering itself is probably of
sedimentary origin, it‘has been repeated by small scale intra-
folial folding, so that it is now a composite feature. IUnit
6d also occurs in the Fernleigh belt. It is a xggtite-quartz -
schist containing abundant pyrite, together with minor cal-
cite and plagioclase feldspér. A distinctive unit in the
southwest.of the area, it appears tog.die out northea;t of
Ardoch. |

Unit 7 consists of roéks'of granitic ( sensu lato) com-
position. 7a is ; p¥nk to white granite gneiss that occurs
over much of the"namfh

th and north? st parts of the map area.

The még;to the north is named e Abinger granite gneiss

after a township nearby,\in which it is the dominant rock

type. In the east it.is refgrred t; as the Lavant gneiss,
following Smith {1958). T two bodies are essenfially si-
milar in‘ﬁomposition,‘bein potassic granifes with a fairly
consistent -K. feldspar; plagioviase feldspér ratio of 2:1,
and a quartz content of 20 - 35%. B;?fite and muscovite
together average about 5%) and opaques (usually magnetite)

2 -.3% ffigureé are frqm modal analysgs by Smith, 1958). An_
indiétinct 1éyering caused by the segregation of biotite and
opaques is ¢ommonly present, which defines a foliation. The

grain s%zgjbf“the rock is variable, tho?gh generally in the

RN
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fine-medium range. Grain contacts show evidence of deforma-

¥

'tioh and recrystallization;.intér- and intragranular‘recrys-
tallizatioﬁ othuaxtz and feldspar has  taken place, and su-
tured boundaries_between crystals are common. The maréins of -
the Abinger body are frequently migmatitic (unit 7c), both
mgtasediﬁentary and metavolganic rocks being invaded by the-
granite. North of Palmerston and Canonto Lake# granite grades
through an intermediate, banded rock containing about 40% -
biotite,lamphibole, sphene and calcite to aﬂ amphibolé-bio+
tite gneiss. Feldspars are frequently corroded at the edges
and distérdea within, and some amphiboles have an alteration
zoning. _

Unit 7b is a grey to white massive rock-6f trondhjemitic
‘composition which outcraps in the Cross pake antiform. Typi-
cal mineralogy is plagioclase feldspar 50%, K. feldspar 5%,
quartz 25 - 30%, biotitello - 15%, with minor hornblende, mus-
covite, calcité and epidote.. Chapmaq (1968) has studied the
metahorphism of this unit, and reports that muscovite, calcite
and epidote present in the western part of the unit are
replaced by hornblende in the east. Plagioclase composition,
though variable (An18-36)’ is not an indicator of metamorphic
grade, being dependent upon bulk composition. At the north-
east end ﬁf the unit (high-metamorphic grade), the rock is
medium to coarse grained, ,and possesses a well developed 1i-

neation; towards the west, knots.of mafic minerals occur



where Chapman reports relics of an original 1gneous texture.

‘  7d. Coarse grained post tectonié granitie rocks with
an. obvious igneous texture.i Field examination shows that
these rocks vary considerablf&in composition, but they were
not'stqdied in thin section{t Most large outcrops are con-.
centrated north of Palmerstsn Lake, although small outcrops
dre common over much of the area. |

Unit 8 consists of gabbroic and dioritic rocks. These

rocks, whilst present as only two small bodies in the Ompah
area, outcrop as a large mass directly to-_the east of the map.
8a is metagabbro to meta-quartzlgabbro, consisting of pla-
gioclase and hornblende, with quartz, garnet, hypersthene
and biotite present in some specimens. Plagioclase composi-
tion is generally between An30_40, although Anﬁo was recorded
in some specimens by Smith (1958). Remnants of hypersthene\
crystals are typically mantled by hornblende, and a\ﬁub—ophi-
tic texture is discernable in‘the least deformed specimens:
In the central portion of the body situated in the axial
region of the Plevna synforﬁ, partial alignment of hornblende
and aggregates of feldspar produces a faint lineation in
some specimens. Towards the margins of the body, near the
contacts with amphibole-biotite gneiss (unit 1c)., hornblende
and biotite define a foliation in the gabbro, and it is in
places difficult to distinguish the gabbro from unit lc. Con—
tacts with unit 1lc are concordant on the map scale, but

>

within a single outcrop are typically irregular, with blocks
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of.strongly foliated; micgcqous rocks of unit 1c ccuring -

well iﬁside the gabbreoic dej; locally a bfecciat:;—ggggggfiEE‘ﬁﬁh\““*
is appareht. Unit 8b, diorite to granodiorite, is intermixed

with unit 8a in.many odtcrops; the gabbro of unit 8a .is gene-

rally the dominant rock type, with a variable degree of vei-

ning of ﬁiorite'and granodiorite: .Peach (1958) has-gescribed

a complete gradgtion'betweéﬁ gabbro and granodiorité to the

east of the study area (fig. 2).
Stratigraphy
Correlation with the Flinton'Group

The st}atigraphié columns drawn by Moore and Thompson
(1972) for rocks of the ‘:Flinton Group outcropping 'in the @
Flinton, Bishop Cornefs and Ompah synforms and thé Fernleigh
belt show'considerable vertical variation in lithology as weil
as lateral facies changes. The basal unit in each case”is,.
however, a metamorphosed quartz sgndstone:.conglomerate, oT
aluminaus shale. Metaconglomerate and pelitié schist occur
northwest of the Fernleigh Eelt in" the Plevna area (units
6b and 3c in the Plevna synform énd units 3a and'Sb‘in fhel
Shawenegog Lake antiform). These rocks are assigned to the
Flinton Group by Moore and Thompson (1972), but as canrﬁe
seen from thQ cross sections gfig. 4), there is no basi; for
assuming\fgﬁi fhese units are at'the same stratigraphic level

as the similar lithologies in the Fernleigh and Ompah belts —

the justification for any correlation is solely lithological. ©
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The iﬂte;ﬁ;etation made here suﬁﬁofts the conclusion of _
Lumbers-IlQGTa) that the conglomerateslare intrafofmational,
and do nof rest on an unconformity of regionﬁl significance.
Furthermore the‘Flinton Group as defined by Moore and
Thompsoﬁ containsJgnly‘;edimentﬁry rocks of fluvial, deltaic
or shallow mariné origin; no volcanics have been included.
However rocks of définite (unit Ib) and passible {units 1la,
lc and 1d).§01canic origin occur in the Shawenegog, Plevna
and Ompah fold closures -structurally and possibly stratigra-
phically abﬁ%e metasediments 6f the %1inton Group. Logicaliy,
therefore, it would appear that these lithologies should also
-.be assigned to the Flinton Group. If this is followed the |
Flinton Group may be very extensive, and the rocks difficult

to distinguish from the underlying Hermon and Mayo Groups. .

»

Possible Unconformity at the Base of the Flinton Group

Rocks assigned to the predominantly volcanic Hermon
Group by Moore and Thompson (1972) comprise most of the rocks
in unit 1l(fig. 1), whilst the large masses of marble (unit
5) and bioéite—quartz-feldspar schist-(unit 6a) may be part
of the sedimentary Mayo Group. It is of interest to coﬁ;are
the basal contact of Flinton Group rocks in.the Ompah area
with the same contact from the type locality. Near the vil-
lage of Flinton, granite pebbles from fhe basal congloﬁerate

of the Flinton Group have been correlated Wwith .the undeylying



' rocks,‘and 16 km. northeast of Flinton, rocks of éhe?Flinton
| Group cut across- earlier lithologic centacts at a high
angle (Sethuraman 1970, Thompson 1972). In the Ompéhlarea
the evidence is léss convinging. Smith (1969)‘statés that
relatively simply deformed rocks within thé Ompah synform
1over1y with angulgr unconformity more complexly deformed
rocks. However no evidence of either a contrasting deforma-
tional history Br an angular unconformity were found in the
present study. Contrasts in tectonic style are &ue to the
differencé in rheological properties of the rocks above and
below the baéé‘of the Flinton Group Esee Clifford and Rector,
1970, for a discussion of lithologic variation in strain
Tesponse), and there is nb evidence of earlier structugés in

the older ;ocks. ' -

-~
e,

An apparent truncation of.lithologic‘fantacts at the base
of the Flinton Group at the northeast end of Sunday Lake
(Smith 1958, 1969) has been mapped in detail; it appears to be
dué to the attenﬁ&tiﬂﬁfsf\qsifain units (3a, 6a.and 5) causing
a converéence of contacts. The apparent.cross-cutting con-
tacts of the rocks of the Fernleigh belt with older rocks in
the Clyde Forks area.(Smith 1958) is also not substantiated
(see fig. 1). Smith (1953) ‘additionally repotrted unconformable
contacts at the base of the Plevné.synform, which-againrafe
not apparent from detailed mapping.

The geology of the Shawenegog Lake antiform has been
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discussed by Smith, Vogel and Spence (1969). - At this loca-
lity granlte boulder conglomerate and polymlctlc conglomerate
overly a dome of granlte gnelss (unit 7a) . Although .there is
a superficial resemblance betwean boulders and underlying
granite, modal analyses by the authors indicate significant
mineralogical differences. Furthermore they p01nt out that
there is ve1n1ng in the metasedlments and a mlneraloglcally
distinct, border facies in the granlte, 1nd1cat1ng that the
granite was intruded into older sedlments

Thus there is no - direct evidence for an unconformlty
However it could be present, but obscured by the lack of
outcrop and by»parallellsm of llthologlc contacts imposed

by several: periods of coaxial deformation.
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STRUCTIRAL GEOLOGY -

Introdurtion

Struétural Summary ,

b

In the Ompsah aréa two major deformafional phase;*are /
recorded in the rocks, both of which produced a variety of
structural elements such as_foliations; lineations and folﬁs.
Evidence of a third, mino:xgpisodg is al§o_sporadicaily seen.
These have been distinguiéhed from each other on the basis
of character, orientation‘and inter-relationship, nol§ing1e
.‘criterion being adequate, table 2. )

The first deformation, D1, gave rise to an inclined to
sub-horizontal penetrative schistosity with accompanying
inclined to recumbent NE-SW trending folds and iineations.

A locally developed mylomitic layering may also have been
formed at this time. These D1 strﬁ;tureswere subsequently
“deformed during a second episode, D2, about vertical or
steeply SE dipﬁing axial Surfacestpro%ucing, folds with axés
horizontal or gently plunging NE-SW. Third phase structures
are sporadically developed, and do not occur in the majority

of outcrops.
leflcultles in Interpretation

In unravelllng the deformational history of metamorphlc

rocks, recognition of the nature of the folded surface is
fundamental In the area studled in which- penetratlve re-

crystalllzatlon was synchronous with the first deformatlon,

» see footnote p. 29
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the original charact@r of the folded surface is in places d1f~
flcult to ascertain, Interpretat1ons are also hampered by
transp051tlon of the folded surface into the axial surface
foliation. Addltlonally linear structures are not reedlly
assigned to the relevant phgse of deformatlon because. Fl, F2
and F3 folds are all coaxial.\ .Thus some 1nd1v1dual struc-_

tures remain enigmatic.

Analytical Technique T

- om

s
. ~
The structural map (fig. 3, in pocket) includes a repre-

sentative selectlon of the measueements made in the field:
The map has been divided into 51x structurally homogeneous )
domains. - Orlglnally nine such domains were dellneated all.
the rocks of the Flinton Group outcropping in the Fernlelgh
belt and the Ompah synform being separated from those that
might lie unconformably beneath them. - However stereograms

of Flinton Group rocks include structures that appear iden-
tical in orientation to those in the adjacent rocks, giving
no evidence for an angular unconformity; so the three domains
containing Flipton Group roéks were amalgamated with adjacent
domains. Several-large-scele fold closures, which are ap-
pa;ent‘on aerial photographs, have beeh isolated into sepa-

rate domains. The interprétation of the structural data is

summarized in fig. 5,

D1 Structures

First phase structures are the dominant and most pene-

trative in the area; folds(F1), an axial surface foliation
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ynoptic struétural;map of the Ompah area showing
folds,;and interpretation of stereonet data (see fig. 3).

V

axial traces of major
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(Sljfaand an axial lineation (Llj are present, the foliation

and- liheation occurring in most outcrops.

Distr;butio

and Orientation of F, Folds

The mpah synform, which comprises th gréatef part of
domain IV (fig. 3, in pocket) is defined the outcrop pat-
tern of conglomerate (unit 3a) and intercalated quartzite
tunit 4a) iayers. The.only large-scale Fl fold ‘that has been
positively recogniéed, it has a waveleﬁgth of 5-6 km. and
an amplitude of siﬁilar proportions (see cross-section, fig.
‘4, in pocket). Smith (1958) cénsi%g;ed the fold to be a
syncline from‘top determinationsr}nlcross~bedded quartzite
layers eg. plate 2; but detailéd mapping shows that the top .
determinations are ambiguous in some areas (Qeé fig. 3), and
. elsewhere Fross-beds'arg too deformed to be useful, so that
the structure is better considered as a synform than a
synﬁline; The detailed geometr? of the Ompah synform. is not
completely understood, since exposure is sparée in.crifical
areas. Overall the structure has a gentle R}unge to*ards‘
the northeast, and the axial surface is inclined steeply to
the southeast. However it, is apparent that there are several

minor or. parasitic folds (plate 3) superimposed on the main
synformal structure; furthermore bedding-cleavage relation-’
ships indicate that. portions of the southern limb are over-

turned. to the northwest
. b 58t

Immediaij}y southeast of the{Ompah~syn%ormnand a150552}¢\\*_

1" - B /
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of domain IV, there is another smaller synform in marble ]
-(unlt 5) and hanhhknddeb&mottte peeiss Gunit td) © Arhhoggh
exposure in this region is poor, it is concmudadtfrmmthhe‘
penetrative character of the axlal surface foliation that
this is also an F1 structure. Thus the intervening antlform
must be very tightly appressed as no ev1dence of a fold
closure was found. Northwest of the Ompah synform is a
narrow continuous linear feature defined by a distinctive.
series of hlthologles con51st1ng of polymlctlc conglomerate
(unit_3a,, gradlng southwest into carbonate conglomerate,
unit. 3¢), calcareous biotite SChlSt (unit 6c),‘;;?1tic schist’
(unit Gd, which dies out northéastwards), pelitig muscovite .
SChlStq(unlt 6b) and 1nterca1ated marbfz (unit 5] ' This
feature, called the Fernlelgh syncline by Moore and Thompson
(1972), is reffrred to-here as the Fernleigh belt. It hasd
been 1dent1f1e as a D1 syncllne about 30 km. southwest of
Ompah, where the metamorghac grade is in the chlnwritoid-stau-
rolite zone. At that locallty its bllateral symmetry is

evident, and the synclinal form is indicated by to determi-

nations in cross-bedded quartzites. However to the ﬁortheast
the bilateral- symmetry of the structure is lost, a d to -

account for the different metasedimentary sequernfcés on either

1limh, Moore and Thompson suggest that there isca series of

facies change'acrOSs the unexposed hinge region. An alter-

P ' . -
native explanation, considered more appropriate in view of

o
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the discontinuous nature of many of the small folds 'in the

region, is that the syncline dies out northeastwards, in theq |
_ Ompah area being replaced by a steeply southeast dlpplng, |
overturned sequence devoid of large-scale'structures ~ The
thinning of the outcrnpof the Fernleigh belt to the northeast
of Ompah may be in part related to this change of structure.
”Unfortqnately neither hypothesis can be satisfactorily verif
fied from the available field evidence.. )
Other large-scale F, folds arelﬁore obscure. For instance
the outcrpppattern of biotite schist (unit 6a) to the north
of 'the Fernleigh belt suggests Fq foldihg, bUt-bedding was
. not observed in the hinge region, and the plunge of L and
small scale F1 folds, whlch might be used to assess the
plunge of the major structure, is variable in thls unit (fig.
3}. In the quartzo feldspatic homhb&eﬂdevbﬁbtite EAiS8s
(unﬁt 2) on'the north ¥imb of the Cross Lake antiform, smalil
Fl‘telds ate‘present in many outrops, but it is not-clear
whether the unit, which_iacks mappeﬂbessﬁhnﬂiss,'has‘been
folded on a 1atge-scale or‘merely'flattened. And between
unit 2 and the conglomerate (unit 3a) of the Ompah synform
a northeasterly closing fold is indicated on aeteﬁf photo— )
 graphs. Marble (unit 5) and calcaneous quart21te ﬂ\nlt 4b),
with minor amphlbole gnelss (unlt lc) are exposed in thlS

region. The fold was traced with difficulty in the f£Y eld,

It is defined by iayers (So)‘of marble and calcareous quartzite

o~
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ﬂgér tﬁé Mississippi‘River. The shape of the'foldrto the
northeast, is not known. ’

Mesoscopic folds are common in the Ompah area, and some
of these can be pos1t1ve1y identified as F1 strucpqres, par-

ticually those 51tuated,1n the hinge zones of large F, folds,

2
* where the axial planes of the twé.sets of s%ructures‘are
divergent. -Small Intrafolial folds (wavelength less than

15 cm., amplitude léss EhanHSO'cmlJ lying in § are ﬁresent

in thinly layered rocks, for example hornblende-biotite gneiss,
althoﬁgh they are recognised only with difficulty in the )
field,.dﬁe to‘their.appressed form and to - the discoﬁfinuous

nature -of the layering (fig. 11}
Fl fold profiles

Small-scalg Fy folas aré génerally tigﬁt td'isoclinal,
with angular hinges in schistose rocks. In ductile marbles
the original layerlng has typlcally been completely trans-
posed into Sl. Folds in.€omgetent rocks such as quartzlte
have larger hinge areas, ;;;Rzkg hingeS'are rounded; never-
theless these folds too, "are isoclinal. The truye profile

et

of the Ompah synform, constructed from the map pattern of
the conglomerate (unit 3a) and quartzite {unit 4a), i§ de- )
picted in fig. 6. The foldgin cong}omerate iS of a class
3 type (though it closely approaéheé a class 2_gr similér
type), whilst that in quartzite is class lc (Raﬁsay 1967) . |

The percentage flattening of the quartzite (calculated by ;
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o
the method of Ramsay 1962) is also shown in fig. 6 In both
the conglomerate and quartzlte units the south &1mb is the
more deformed. | _

A Toad cut one aﬁd a half kilometres west of Avxdoch in
Jbiotite-carbonate schist (unit 6c) of the Fernleigh belt
reveals Fy foids which display a great va;iation inlfold
shape (fig. 7). An open antiforh in which 60, defiﬁed by
Vboth_compoeitional and grain size fariation;j\is the dominant
fol?ation, is flanked on both sides by rocks_in which Sy has
1been partly or comoletely transposed into Sl’ and where
folding in tight. 1In the central portion of the éently south-

west plunging antiformrtfié. 7B), bedding is cut by a fime
o cleavage Sl; the bedding planes are not disrupted,.
but thin layers of calcite parallel to bedding are crenulated
about the Sl surface. (In some layers S1 is marked by a’
. series of calcite~ f111ed tension cracks, but development of
these must have bEen after folding and cleavage formatlon)
' On the northerly limb (fig. 7A), S 0 15 rotated into S1 in
restricted zones between which it deflnes open, asymmetrical
fo}ds (class. 1B,. visual ‘estimate). Cleavage is penetratlve
throughout, ‘R611CS of S,0 are present in some zones where
S1 is dominant, but nor in others. On the south side of the
fold (fig. fC), the folos are of a smaller scale, isoclinal,

class 1C and considerably flattened ( 30%\»;atten1ng visual

differences in thickness and theology df the domlnant member

M PR . .- R - :
TR . R -] DaooLolting i

’

A

estimate). The variation in fold stylsﬁﬁg due in part to



Fig. 7 Sketch of a mesoscopic F1 fold in layered
biotiqg~quartz-carbonate schist (unit 6c) in a road
outcrop near Ardoch (AA in fig. 3). The style of
folding and degree of transposition of bedding into

S1 foliation is variable about the fold. (Drawn from
pﬁotographs). The numbers (AAl et .seq.) indicate

the locations of specimens used for strain measure-~
ments based on the shape of tremolite-quartz aggregates.

~. . . - ) : 2’
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durihg-folding and to the different scale of folding. Howe-
ver it illustfatls; that some parts of a structure may appear
con51derab1y less deformed than others, and indicates that

straln during D, was 1nhomogeneous, even over small distances

(see also estimates of strain from shapes of aggregates,
p. 70). |
S; foliation

Associated with the Fl folds‘is_an axial planar foliatiop

S, generally penetrative, which due to the isoclinal form of
most Fl folds is parallel to SO; except in hinge areas. The
comblned SO’ S1 foliation is defined by the crystallographlc
preferred orientation of mechanjg@hklly anisotropic minerals:
‘(mlcas, amphiboles) and by the platy shape of other minerals
with a less obvious mechanical anisotropy eg. quartz, feldspar,
calcite, opaques.

The character of S1 in the fold hinges varies considerebly
and is in part dependent on lithology. For example in the
Ompah synform, a stromg axial planar foliation is developed
‘n\\Pe schistose matrix of the conglomerate (unit 3a), whllsg

.1n quartz%te (unlt 4a) bedding (SO) is typically the only
foliation present In biotite-quartz-feldspar gneiss (unit
6a} to the north of thé'Ompah synform, 8, in reinforced by
the transposition of S0 in soﬁellocalities S0 layers varying
greatly in thlckness due to dlsruptlon (flg. 8). _VIn marble,

(unlt 5) develepment,of S1 is greatly 1nf1uenced by the

L] !
Ll
. e o— - 4
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Fig. 8 Disruption and transposition of
‘bedding into Sy foliation in bidtite-
quartz-feldspar-tourmaline gneiss (unit

6a). The dark layers are concentrations

of tourmaline. (Drawn from a hand specimen).

L]

In
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, presence of calc-silicate minerals; where these gie'present

a penetrative S1 ‘foliation is developed in .contrast .to the

massive nature of pure marble units. In the muscovite schist

(unit 6b),. the follatlon is a. well developed snh:suestty,
which generally obllterates all traces: of bedd1ng Measure~
ments of the orientation of muscovite crystals wlthln this
unit show that the preferred,orieﬁtation, and hence the
develophent-of‘the foliatién, increases with grade of meta-
morphism (see.Textural Variation with Metamorphic Erade).

An 1nterest1ng example of S1 follatlon, which casts light
on its mode of formatlon, is seen in the phenocrystlc meta~
basalt (unit-1b). The ;ock pessesses a fine scale, though
penetrative feliafion Sl;'which is enhanced by segregation

of the mafic and felsic components of the groundmass;(fig.fgj.

" Apparently there has beip considerable reorganization of

material-in the groﬁn ass of the rock as a result of defor-
mation. ‘However lath-Shape phenocrysts ef-plagioclese are
quite recognizable, a still exhibit a primary flow orienta-
tion ‘bpliQUe'tq él' In most p}aces‘the metamorphic layering
is undeflected by the éhenocrysts,'and these appear minimally
effected by deformation only a feﬁ exhibiting small.fractures'
and offsets. Spence (1968) reports, however, ‘that the pheno-
Tysts of plagioclase have’ been converted to a state of - %
equilibrium with the metamorphic conditions (ie. a reduction

in An.c%éfent) "without loss of haBit orlﬁqinnigg". Thus
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' Fig. 9 'kelict‘feldspar'phenocrysts and Sj

foliation in metabasalt. Phenocrystic meta-
basalt (unit 1b), in which a fine foliation
(51) is defined by alignment of biotite and
amphibole and by the segregation of mafic -.
and felsic components in the groundmass. The

Phenocrysts of feldspar exhibit a flow orienta-
 tion. oblique to Sé;_whigh_in,a few places is

slightly deflected around them. -

et
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despité the considerable rearrangement of material that has
“taken place the formation of  the foliation in ‘this rock
must have been a very delicate process, which did not cause
obV1ous small- -scale distortion. Yet an estimate of the
minimum amognf of shortening that will causé a foliation
visible to the naked eye is about 30% (Cloos, 1947), and Wood
(1974) shows that the penetrative cleavage in slates is ty-
plcally the result of 50 - 75% shortening perpendlcular to
the fqliation.

L1 1ineqtion{ n«

A lineation"Llu'parallel'to the F; fold axes is the domi-

‘nant linear feature in the Ompah area. It is present in all
8

the metasedimentay and metavolcanic units.of the }eglon,-

except the most massive and-“coarsely c;ys%&}}&ﬁéi In intru-
A} : -

sive igneous \rocks-it is well developed in the Cross Lake:

-

_gpeiss (unit‘ B), but only weakly devel n’fﬁgﬁﬁﬁxpger'
granitic gne';s (unit 9a). Throughout the area, the or)gnta-
tion of-Ll_is_ 2TY consistent-the plunge is gentle (< 30° ),
generally towards the northeast (fig. 3). L1 can be seen on °
S0 and S1 surfaces separately, and also on the combined

SO’ Sl_sﬁfféce; becauge of this and the variety of Tock types
if has mény‘merphological expressions. In amphibolite tunit
i%); L, is defined by the alignment of amphibole crystals

and felsic aggregates; individual amphibole crystals exhibit

a preferfed orientation, whilst feldspar and quartz crystals

N
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in the aggregates are typlcally equant in shape. In banded
quartz-b1ot1te gneiss (unlt 6a) Ly appears as-'a ridging or
as a colour bandlng caused by the 1ntersect10n ofkgooon S
Zurfaces In some SPBC1mens L1 is also accentusted ty a
mica edge 11neat10n on Sl’ this is due to the 1mperfect
allgnment of ‘micas along Sl’ resultlng in a part1a1 glrdle
of poles of (001) mica, the pole to -the glrdle c01nc1d1ng
with L Another expre551on of L1 is wvisible in thin sec-
tions of flne -grained specimens of thls lLithology. Small‘
porphyroblasts of biotite (imm oT less in dlameter) are
crystallogréphlcally randomly orientated, but morpholog1cally
are ellghtly flattened in the plane of Sl’ and elongate
parallel.to L, (plate 9). Thin feature will be discussed
further in the section on the analysis of strain.

L1 is also defined by porpliyroblasts ‘in some outcroPs of
h@mﬁbieﬁdebbiattte!gne;ss ﬁnntt t&) bbout 048 ﬁm ‘eughkwest
of the fold closure of "the conglomerate unlt in the Ompah
synform. These gannet crystals have typ1ca1 dimensions of
10:1.5:1. and are parallel to a weakly developed S /S

- intersection lineation seen elsewhere ‘in the outrepp. The
foliation is not obvious in hand specimen, but in thin sec-
tion it is defined by theppreferred orientation of small bio-

tite c;yetals; the garnets are poikiloblastic, overprinting

A}

the‘foliation. ‘

.In the pelitic muscovite .schist (unit 6b), as in the more



_ micéceoug%poftions_of the biqtita-quaftz-fgldSpar schistﬁ
'ﬁunit ﬁa); Li is‘aéfined by the alignmgnt of mica edges and‘l
also, sporadically, b} a'compositional cqiour banding on Sl'

These two'linear elements are generally'pafalqgl, but in 8

few cases they were seen -to diverge by as much 35.360. In

- these cases the SO/Si infersectibn lineation .causing thé
colour banding is the steeper lingation. The feason for
this divergence is not immediately clear;: However a pos;ible

iexplanation may be that,the éolour ‘banding ljineation haéﬂbeeﬁ

rotated 1nto a steeper orlentatlon durung proge551ve flatte-
n1ng of\ sma 1-scale mesoscoplc folds (Ramsay’ 1962), whilst
the micalettge lineation refléctg the plunge of the mgjor 
structure. Withip.unitfﬁd the mica edge lineation is less
we11 developed-af highefﬁgrades of metamorphism wﬁere the,
grain si}e is. coarses. This ob;ervqt;qn‘can be reconciléd
with meaéurements-of ﬁuscqvite crystals from this &itbology ot
(see Texturﬁl Vgriatidn with Metamorphic frade); with in~
creasing grade of metamo;phism the shaﬁe of muscovite (asd
biotite) crystals becomes progressi¥ely more equidimengional

'(fig. 43} which ‘may detract from fhé'mica edge lineatioﬁ;
Probably of greater'significance_ fhough, is-the measured
iﬁcrease in preferred orientation with grade of metamorphism

(fig.'Sﬁ). Since;the mica edge lineafion ié due to the
- spread of (001) m1ca d&ound the modal orlentatlon of S1 (gi~

ving rise to a part1a1 glrdle of (001) mica on a stereonet),

]
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- A striking Ll‘lineation.defined by elongate pebbles is -

. -46- :, . ) . . r

.

a reduction ‘in the spread of orientation (which tends to
cluster the points & a stereonet) will weaken the lineation.
' However at h1gh grades of metamorphlsm in this unit, a well

developed 11neat10n is frequently deflned by the preferred

" orientation of sillimanite and occasionally by tourmaline

érystals : Prismatic and f1brous 51111man1te (plate 8) occur
1n the follatlon allgned parallel to Ll, and fibrous sllllma—
nite also occurs in ellipsoidal 'pads 51mllarwto those illus-
trated by D1v1 (1972). These will be dlscussed'further in

a Pater section concerned with strain. Tdurmhline, though
ubggﬁitomsin-the muscovite schist unit at all grades of
metamorpﬁism, is visible in hand specimen only at high meta-
morphic grade. In thin sections of low grade rocks, small
tourmaline.ceystals can be seen to lie in the_plene of Sl’
but they are net preﬁerentially a;igned parallel toill ,
seen in the‘conglomerate‘of the Ompaﬂ and Plemea.snnﬁomms

and ‘the Fernleigh belt (plate 4). Details of the shapes of

+" the pebbles, and their implication for the type and amount

of strain will be discussed dlater. In the schistose matrix
Cy
of conglomerate (unlt 3a) in the Ompah synform, a strong

»

lineation is defined by biotite crystals, in places: ehhanedd

by the parallel alighment of amphiboles. These two lipeations -

in the conglomerate, when seen together, are always-coaxial,
N .

-and are considered. to parallel the plunge of ;ﬁe\gmpah syn- )

. =
-
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e
4
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form, ah.Fl fold. _

In the Cross Lake gneiss an L-§ fabric is developed, in-
which the linear element defined by the shape of aggregates
and large, 51ng1e crystals of quartz and feldspar, appears
to be dominant. Where biotite is prominent, a fol1at10n
is also VlSlble but the smafi size of many of the mica
-crystals compared with those of quarvz and feldspar, and
their physical separation from one another often render this
only a weakly developed feature.

The different morphologlcal expressions of L therefore

suggest that it is a combined intersection and extens1on

feature ("stregﬁh lineation").

$
Mylonites

About 0.5 km. north of the Fernleigh belt alonglthe.
-tsoothern boundary of domain I is'a zone of finé-grained
laminated, rocks outcropping for about 5 km., which is inter-
preted as a mylonite zon€ (fig. 3, in pocket). Although
moStT&ﬁgrouped in unit ba, the lithologies exhibiting the
layering vary along strike, suégesting-that it is not an
original sedimentary.feature The best outcrops are 1n a
~road cut between Plevna and -Fernleigh on highway 506, about
2 knm, northwest of the v111age of Ardoch There the litho-
logy is a thinly layered (( 1 mm. ) quartz blogtte calc1te—
plagloclase~muscov1te haematlte schist, with mrhor tourma- ,

11ne, the layering is @aused by the segregation of felsic

-

A

tew.
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and mafic‘components; and in particular‘oy the smearing
of-haematite and .concentration of tourmalinekciystals.in the‘
dark layers,olate 5. To the northeast of th&s.uutohop;uia a
marble with a fine (< 2 ‘mm. ) graphlte and calc~silicate
layerlng. Aithough segregatlon of graphlte and calc- SlllCate_‘
‘minerals 1ntollayers in marble 1s common throughout the area,
at this locality it is interpreted as being of mylonitio
origin because (a) the bandiog is on a much finer soale than -

is generally oaherved in marble, and (b) the grain size of

calcite-varies?f{ as much as an order of magnltude from

layer to layer (0.2 - 200mm.), be1ng flne gralned in the -
-»graphite and celc-silicate layers. Recrystallization and ‘
grain growth of calcate thus appear to have been impeded by
the flne grain 51ze of the graphite and calc-silicate phases.
. Further to the southwest along strlkef,arfroe 1ayer%ggﬂ\£££> .
plaeesalmost paper-thin, is seen in a Eeﬁiglpelitef as we;l
- as in_oﬁhe?-varieties of unit 6a. In all these examples,:
the rocks have recryezellizeq, and the mylonitie layering
has been redeformed during the second deformdtion into small-
scale upright fold%k : ! | A -
| Oehér outcoppejof'fmae;gﬁéihéd'ooéks~ocuur mQBhgenmimgna
synform and Shaweneéog Lake‘antiform,_and.these may also be
mylonitic. They are finely layered (< 2 mm.), and of se&eral
‘-different‘L?thoiogies.eg.-quafti—biotite-muscovite-tourmaline~

Rk

calcite;.quartzrfel&spar-biotite-muscoviteeopaque-tourmeline,
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. L . .
and frequently exhibit considerable variation in grain size

from 1ayer to layer (the layers without mafic phases belng

~the coarser grained), as in marblse.,

s !

Allothese rocks are blastomylonites, in whlch recrystal-

lization has obliterated much of the orlglnal texture

(ChrlSIle 1960). No porphyroblasts or relict grains were . \}§
identified, suggesting either that the rock was fine grainedh ‘

when mlenitization bccﬁrréd or that mylonitiiation was

very intense. The microstructure oﬂ\ﬁhe thlcker layers

1n thin sectlon is 51m11ar to- the phyllitic texture illus-
trated by Bell and Etherldge (1973 p. 344), which they
ascrlbe to the annealrng of fine-grained mylonite, and they
note that "there is still .some segregation with elbngate . ;.

pods or layers'alternately rich in biotite or muscovite', /
(p. 343), as i's seeﬁ in. the Ompaﬁ specimens. Characteristic

of some of the Ompah speéimens ié thefalignment of trains

of tourﬁgliné'crystals in the mafic layérs-these“may repre~

sent the remnants of larger crystals broken down du g my-

lonitization, whilst subsequent recrystallization and growth

Jhave allowed some crystals to develop euhedral outlines.

- 'y .o )
Attitude of.Dl Structures before Dz_peformation

-

F, folds are considéred to;have 'een geﬁtly_inclined to
recumbent before D, dgfdrmatioﬁf, .;all,scale recumbent -F;
folds are common in thinly layerégsiithologies in the hihge':
zones~of the Plevné ah;iform.and synform, whefe their attitudgl

-

-

P
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te ‘
is con51dered not havé*greatly changed during D2 and

subseguent deformations. | -
Furthermore “the present ettirude'of the rocks away £rom

the hinge region of the ﬁegescopic F2 folds also indicates

.the §;- was gently inclined to sub-horizontal.. The axial-

surfaces of_Fz folds are steep;y dipping, so on the aSsump—

tion that fhe,coaxial.Fﬁrfolding_is due to subhorizontally

directed lateral compreésidn, no folds would develop on S1

surfaces dipping more'steeply;thaﬁ 450.. The combined sym-

metrical arrangement of the Plevna antiform and synform sug- i
gest that S1 was subhorlzontal th?re -before D2’ whilst the ;?
asymmetry of the F, foldlng at CZﬁde Forks 1nd1cates a south~'

east dip for S, before D2 (see ckoss- sectlon fig. 4).

D, Structures
Distribution and orientation of F2 folds

The second deformation, though less penetrative on the

. . )
local scale than the first, influenced much of the outcrop

~pattern on the geoldgical map. Large-scale F2 folds are the

dominant features in.domaihs I V and'VI,‘whilst in domain
ITII the distribution of poles to SO’ él g&Sefsuggest55;”

F, folding (fig. 3, in pocket). Demain I 'includes the:Plevna
anriform and synform, both,etruEtures having a gentle (20 -
30%) northeast plunge, with bedding (84) and eleavage (51)
being folded about vertical to steeply southeast dipping

ax;alﬁsurfaces, S2 From the structural and synoptic maps
. fj ‘ ' =

P
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(flgs 3 & 5) it can be seen that the poles to the S0 and
Sl‘surfaces describe a common great circle, the pole (1c) of
which defines the axis of the major folds. Ty falh;w1th1n

the spread of the contoured measurements of the axes of
mesoscopic F folds. Thelaverage orlentatlon of the plane

qf SZ (044/78SE) also passes -through the spread of the con-
toured F2 measurements, éﬁd 7 lies close to‘thﬂs plane. ‘'Thus |
the mesoscopic F, folds are coaxial and coplanar to the nma- ’

jor structures.

\>- Southwest along strike from the axis of the‘Plémna.pnﬁ&vmm
‘is the Shawenégog Lake antiform, and thisL.tOo, is an:F
structure. The folded -surface is S S;» and the plunge of

the fold and the orientation of the axial surface are:strend

055°, plunge 150, and strike 0550, dlp 90° respectivély,

?very 51m11ar to .the Plevna. antxﬁnmm ‘mad syﬁﬁumm ¢o hkhe .anthh-
east. The core of the Shawenegog Lake antiform is occupied

by a granite body. The t&miﬁggoﬁqthEKiﬁnfasimﬁuwﬁihﬁrégﬁﬁét
tb'the formation of the fold'is.not cleaf; all contracts are
intrisivé and there is liﬁifed evidence, of a " contact auwveole
(Smlth Vogel and Spence 1969) ‘The Shaﬁenegog Lake antiform
plunges into the Plemna: s?ﬁﬁnmm &8ss hhan a mize -Addopgsstikke

to the northeast (see cross section A-A, fig. 4, in pocket).

The disharmonic pattern of the folding suggest that the in-

tervening lithology (predominantly marble) was very ductile

during the second deformation. Transposition of biotite-

4

L4
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hothbladde,gnéiss_(uhitfah);pntaleéltuo the ax&allsﬁﬁﬁaee'éf
the F, folds may also have been facilited by the ductility
of the marble. .

The Cross Lake antlform which occurs in domain V, has a
core of gneissic granite (the Cross Lake gnelss,:unlt 9b)
over which thg supercrustal rocks are deformed (fig. 3, cross
section B~B). Chapman (1968) considers the gﬁeiss to be a

"phac olith-like sheet" 1ntnuded into metavolcanic and meta-
sedimentary rocks. The whole §%quence, 1nc1ud1ng the region
to the south beyond the boundaries of the map, is folded
inEo an elongate dome, which plunges gently (10 - 150) north-
east in domain V. Bedding (SO) is rarely recbgnﬁzeéd,buut
it is apparent that the’ foliation (Sl) in unit 1 is folded
around the hinge of the fold (fig. 3). The ouf&ﬁpﬁﬁpateenn
of the boundary of unit 2 with marble 5 km. tp the southwest

is evidence of the infolding of these two lithologieé during

(flg 1, in pocket). Mesoscapic F, folds in this area

typlcally plunge parallel to the major sfﬁhcture, but some
have dlvergent (sfieeper) orlentatlons. No ;mall scale re-
folded fe&&écwezdlohserved. |

Domain VI chiefly comprises the Clyde Forks antiform and
.“\_synform in the northeast parf of the atea. The folding is
qugt clearly displayed by the amtcn@p pattern of iz . Eenﬁha;gh
belt which defines an asymmetrical S- shaped fold pa1r when

\
V1ewed;§own plunge._,The trend of this F, structure is more

A . ' . 2

\
\
N .
\.
N .
\ !
\
N .
‘\
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easterly than the ofhér large scale F, folds (trend 057°,
ﬁ1Unge 20°j. 'Parasitic mesos;op%c folds ane.quite common
dn. certain 1itholbgies, and some ﬂisﬁlay the same sense of
asymmetry as the major structure. This asymmetry is taken
to indicate that the SO’ Sy surface Nad a southeaéterly com-
ponent of di? before D,. :

In contrast to elsewhere, few mesoscopic and microscopic
folds were recognizéd }nf&omains iI and III. In domain III
the variable dips of»SI/indicate that .[F, or later folds are
open and of a scale greater than the outcrop, but usually
less than that which shows up on-@he map. By contrast, in
domain .II S1 generally dips steeply; sma}l foldS occur in
calc-silicate layers in marblé (unit 5), but the nature of
the folded surface could not be determined with assurance.
Fold vergence is typically not consistent over distances of
more than a single‘ou%crbp. The lack of mesoscopic folding
.elsgwhere may be'exﬁlaiﬁed‘by thg massive nature of the coar-

sély crystélline marble which occupies much of these domains.
F2 fold profiles

As the map pattern and the cross-sections show, F, folds
are generally more open than Fl' Using the map pattern

(slightly modified see fig. 10) of the hornblende-biotite

-
\

gneiss (unit 1c) of the F2 Plevna synform-ﬁé an example, cal-
culations of the amount of flattening of the folded unit yield

values of the order of 10 - 15% at most (no estimate can be
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Fig. 10 Down plunge profile of the mip pattern of hornblende-
b10§1te gneiss (unit 1lc)} in the F; Plevna synform,.with graphs
of t against o (Ramsay 1967) for north and south limbs (NL
.and SL). The 'percentage flattening is given at the right

of the graph. For calculations of flattening the seﬁtum on
the south limb of the fold was ignored (see dotted line).
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Fig. 11 Sketch of a specimen containing both F, and F, struc-
tures in biotite—quartz-feldspatiiTphibole gnei%s (unit 6a).
In thin section the F1 fold (A) ; seen to affect a composi-
tional layering (Sg), defined by a high concentration -of
amphiboles which are aligned parallel to the axial surface.

In the F; fold the $; surface is £6lded. Locality 3.5 km.
west of Ardoch. o » o .

i

+



made for thehﬁorth limb,*ﬁhich inbreases in thickness away
from the{hinge le, is class 1A). Folding is fherefore nearly'
of the parallel.Cclass 1B) iype: ‘K-simllar low péféentage
"of flaFteningfis indicated fy the near,pnifﬁrm thickness of -'.”
map units around éther‘F2 folds eg;'fhe Clyde Forks antiform,
,but the irregular boﬁnéﬁries'of other large scale-F2 folds
do not permlt even rough estlmates of flattenlng l -
. Compaxlsons of the. amount “of flattenlng of dlfferent folds
can be-maQé if foldlng was 1n1t1311y parallel (class 1B)

——

(Ramsay, 1967). Foldlng of quar;21te "Is_generally of this
type, so it is of interest to compare-the profiles of the
quartzite unit of the F; Ompah synform with t::\;;?n lénde—
bigtite gneiss of the F, Plevna synfo;m. Whllst a éf;étt
quantitative comparison is not valid because of the differeng'_
lithologies employed for the measu;E?ents; the estiﬁaté&of
10 - 15% flattening of the Fz fold is in marked contrast to
the 25 - 30% flattening of the F1 structure (fig. 6). In
hand specimen F, fblds are also less flattened than Fq folds
(flg 11, plate 8). '

S2 follatlon ‘ X '
S, is not commonly expressed as a well defined foliation

in the Ompah area. Mesoscopic Fi folds are generally open
warps and crenulations, .the axial planar fabric being poorl}
if at all developed (many'of the S, measurements shown on the

stereonets (fig. 3) are the orientations_of the axial surfa-
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ces . of F2 folds) ‘In the hinge of the Plenna'sﬁﬁﬁonm.a

‘widely spaced (1 - 2 m. ) open fracture cleavage‘occurs 1n‘

unit lc, but the folded surface, Sl’ i$ the dominant folia-

tion. 1In quartzo-feldspathic gneiss (unit 1d) in’'the hinge
afea of the F, Ple a_antfﬁomm,imeeeeoopic?Ezzﬁmlds défomm

the comblned SO’ Sy surface S2 is here more penetrative,

.and is enhanced by ‘quartz segregatlon lenses (fig. 12).

Away from the hinge regions of F, folds, S§, is subparallel

to So'and Sl, and thus difficult to identify. Several exam-

pIes of fractures interpreted as S2 cut S1 at an acute angle.
Some of these are filled w1th quartz or c31C1te, presumably
a later effect. .In the mylonite zones F, folds are tlghter
than elsewhere, 3, is more penetrative and partly defined

by aligned biotite crystals (plate 5). In.the fold limbs

-u

there is also segregation of opaque minerals al?ng the S,

- foliation. The stronger development of 82 ii these rocks,

with more pronounced crystalsorientation, may be due to a
larger amount of straln energy having been avallable for

recrystalllzatlon rﬁsultlng from the intense straln during

+

‘Dl mylonltlzatlon, since it is known that the amount of

!
stra1n can greatly influence recrystalllzatlon rates, (Griggs,

«Paterson, Heard and.Turner,.lgﬁo). In marble and calc 5111-

cate rocks (unlt 5} S2 13 variably developed; within a single -
thin section some P2 nicrof60dd:  have an assoc1ated axial

planar fabr1c whilst others do not (f1g 13).
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Fig. 13 Sketch showing variable dewglopment of
S, in a calcite-tremolite rock: (unitl\5). In A, -
. . small tremolite crystals are aligned parallel to
: - 83, the folded surface. Some calcitecrystals
(larger grains) are dligned in S1 and some in S5,
the axial surface foliation of the F, fold. In B,
S2 is defined by thin layers of tremolite as well
as by inequant grains of calcite. Drawn from:.

thin sections. L ki\ |
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\

-~ leo-

L
Lz 1iﬁeation.' o _ o o
.As a coﬁsequen;e'of‘éhe weak deve}opmenf of §, in-mo§£
rocks, L, is not a c@ﬁmon feature. It has Iitth minera-
1qgiﬁal exp;ession, but rathe? is definéd fy.fhé}éxes of Fz‘

microfolds on the comﬁiqqd Sy» Sp surface. In fig. 3 L,

h

Interference Patterns -

P 1

Mesoscopic scalé®nterference patterns between F, and Fzﬂﬂ—fh\g '
- : . : -

\\iolds are not .common. In the hinge‘zones of thesupright F,

'
v

core of this structure is of

layer of biotite §Ehist fornms aqﬁfeumbent

Plevra antiform and synfdrm,Jsmall Ei folds with subhorizontal

4 . .
axial surfaces are quite cdmmon in the more, thinly layered

units,; but there are no éssociated small F2 fol&s. Folds w .
,, : s )

23 »

ég,a sinng”hand specimen are iliustrated
A Tod.

of two generations

in fig. 11. The F pld wa's- pot apparent until after cutting

the-sPﬁfihén. Transpdgition'éf the originai layefing (Sd)
during:D, has.obécgfed fllhinge areas; hence refolded Struc-
tures’ may have -been missed, in the field. In plate 6 a mesos-
éopié'regoided%folﬁ in marble (pnit 5) outEropping between -
the Ompah s&nform and the Fefnlbigh beltuig illustrated. The
Qgrble,,arcdﬂi which £”thin |
. fold. Fé crinkles

-

about steeply SE-dipﬁi}gaaxial surfaces;gre superimposed on

_ this, F, and ?2 being subparallel. wéz'is expressed in the, &

marble*ag\? fracture cleavgget 'Calcfsilicate-layers in the
S T . . .

core of thé sfrucfure-arili;:egulan, and do not defidé a

-
el

) v ' F
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me mobility of calcite and calc- 5111cate phases during de-

formatlon.

FS folds

L4

F o

. Dy~Structures

~

A set of fold structures, sporadlcally developed partl—'

cually around Plevna Lake and the V1llages of Ompah and

Donaldson,

is d15t1ngu1shed from D2 structures primarily on

the basig of orlentatlon In contragst to Szgax1al surfaces

\

of similar NE strlke, the axial surfaces dip less steeply

than the folded surface, $,. F; folds typically die out

Iapldly along strlke, near Plevna Lake conglomerate clasts

flattened in S are 51gm01dally folded about an S5 axial

surface, bu

t the fold.'pers1sts;only for about 0.5 m. (fig.

14). A larger scale open récumbent fold in the Fernleigh_'

belt, which is apparent fn cross-section C-C~ffig. 4}, may S

also be an

F; structyre. Apart from this, all identified

,F3 folds are small (wavelength less than 1 m.). A crenula-

tion’ sporad

cially pe11

1ca11y developed in sdhlstose L;thologles (espe—

tic sch1st, unit 6c) throughout the area may®also

be a D3 structure. The typically steeply dipping foliation °

4

penetrative

. \\

(class 1B)

-

@h folded abdut subhorizontal axial surfaces into open, non-

a8

microfolds.
z folds haye'rounded‘hinges, and are of the paf?llelu

type. However the folded clasts in'oonglomerate

3
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1 ' .
" \,t_“\
N < AXIAL -
—~——— SURFACE
' OF F3 FOLD

s

Fig. 14 F, folds.in conglomerate nea}'Pievn;
Lake. A gFanite pebble is folded, and consi-
derably thickened in the hinge zone, but the

folds.die out within 1 m.. Drawn from a field
kezch. Lo »
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) | . } . :
at Plevna”Lakeéshow"some thickening in the-ﬁinge region
(fig. 14). :

No F3 folds were found super1mposed ‘on F folds ‘of g )
similar scale, so the age relatlonshlp between the folds is
not‘definite. However sporadically developed, non-penetra—
tive recumbent structures are a common late feature of-many
metamorphic terrains, includidg elSeWhere in the region, eg.

Divi (1972). S §
N - ,-4/‘ .
S; fracture cleavage _ | < . A
4 . . .
Chlorite-filled ffactures,'eg in:hiotitejquartz—feldspar
gnelss (unlt 6a) near Plevna Lake, are parallel to the axial
A
surfaces of F3 folds. In competent Tocks 51m11ar fractures
appear to be the sole expreSS1on of D deformatlon Growhh
of chlorite may be a retrograde effect post-dating the

formation of the cleavage.

Qtrain Analysis of Pebbles,

Aggregates and Porphyroblasts

In the study area several indicatérs of strain exist , and
_these have been used both quantltatlvely and qualitatively
to obtain information about the local strain component of

deformation. . .
Pebbles v

As already mentioned clasts 1n conglomerate (unit 3a) of
‘ the Ompah synform and the Fernlelgh belt are highly deformed

and define a low plunglng axial lineation. Mostacommoﬁly'

I
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the intermedjate and”majot.axes‘of_the¥pebbles lie in the
S1 foliat%?n plane, with the ‘shortest axes perpendicular
(the intermediate and minor dxes may show some vafiability

in this respeet see plate 4).

\u

Visual assessment of the shapes of clasts.in the.conglé-, .

‘merate unit of- the Ompah synform at a large number ofhldcali—”

ties did not indicatd any-systematic‘chénge of pebble shape

with location on the fold, or with'distance ‘along str1ke

o - o

(1e. grade of metamor hism). " Such a varlety&of ax1a1 ratios
exists at a- 51ngle loiﬁllty that areal changes are effecti-
.vely masked.. The deformed shapes reflect the var1ab1e -
"nature of the sedlhent (Mehnert 1939),’and contributing fac-
| tors include: (1) composition of -the matrix, (2) composition
of*the clast and (3) pfoportion of clast to matrix. (1) and
(2) centrpl the relative aﬂctilities_of the mat:ix and clast,
"and where Claets vary in lithology, the strain calculated
from the shapes also varies. ) -

Because ef-tﬂe‘highly variable nature of tﬁe conglomerate
unit, measurement of representative samples of the total
population of clasts was not attempted(‘ Instead in order to
determine the range and ty % of strain in the varlops conglo-
meratevbodies of the Oapahgaiea, meaeurements were confined.
to restricted types of pebbles in va ioﬁs“matrix.mateiials
Wlth dlfferent proportlons of clastgf- In the Ompah synfﬁrm
and the Shawenegog Lake antlform measurements were mage on

/f\- 1 ’ ' -
-
. ’ ) o '

T

P
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quartzite and granite pebbles (which possess similar
axial ratiosl;‘whilst in da&honatedcnngdnmerame‘ofvthePPdmvna
synform the pebbles measured were of calc-silicate composi-

tion.

F]

Tﬁg type of strain was'obtainednfbd&oﬁingl¢her§mdnpipies

. of Flinn (1956) and Wood™(1974); and the amount of straén'by

calculating the natural octahedral shear (Nadai 1950, 1963,
in Hossack 1968)csee Appendix I.

Type of strain{ In the F1 Ompah synform, the type of.

strain ranges frpm constrictiPnal;gthrough approximatgly
plane‘stnain to-fiattgpigg (fig. 15). In typical sgmgles of \
constricted iasts eg:lOSi,-OSZ, thé X axis is elonga;ed'b} :
10d - 300% 0f d (d is the diameter of a sphere of'yhé'samé

4

volume as the ellipsoid-see Appeéﬁix 1), and the Y and Z

axes are reduced by 10 - 30% of d and 50 - 60% offd Tespecti- N

\

1. The most pronounced,constriktional strain.is seen in

vely
the quartzite conglomerate with a contact fabric (pSS), where
the X axis is elongated by about 500% of d, with Y and Z re-

duced by 40% and 75% of d. It is interesting to néte that the

highest constrictional strain (0S8, 0S;) is from the hinge

» »

1 These figures assume no volume change in the ellipsoid
during deformation, and an initially sperical pebble shape.
On the basis of density and other considerations, Ramsay and.
Wood (1973) shggest that vollme loss during deformation does
not exceed 10%\in slates, and this may be quaiitazivedryy .
extended.to the conglomerate of the present study; and Ramsay
(1967) argues that ﬁér.large.amounts'of strain the initial
pebble 'shape is of little significance. « T
. P AR

-~
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' 1

area of the fol (flg 3), and that the X axes of the clasts ‘
are_parallei to the Fl fold axls '
Elsewhere in the Ompah synform, the pebbles tend towa;ds
an oblate shape. 1In 0S, the Z axis ia reduced bf about 60%
~of d, whilst the Y and X axes are increased by about SOS,and
15% of d respectively. The shape of quartzité‘pebbles in
conglomerife with an isolate fabric was not determined stg-
tistiCally;”buh:sevenai'aebarate measurements of typical
axial ratios made in the fleli,;ndlcate that dlstortlon may
approximate plane .strain (0S). ‘ v . C f:{
The samples from the F2 Shawenegog Lake antiform- (SLAl)
and FZ Plevna synfeam({P§1)iﬁre‘bomhff;agaeagﬁ,_almostt50rﬁbe -
.exclu51on of a linear element no i;neatlon was observed in
the conglomerate at Shawenegog Lake. 1In PS' and SLA the X
and Y axes of the ellipsoid are increased between 50% and _
100% of d, the assumed or1g1nal dlameter of the clast (flg 15).

The sample at Shawenegog Lake comes from the hinge zonegof

R the F, fold, and the clasts lie in the plane of the folded

surface (S; ) at a high angle to §, Ev1dently local strain
associated with FZ foldlng was insignificant. Aﬁfh&_ls in
accord w1thtthe'fold proflles which are of the parallel type

(fig. 10), and in marked contrast to the constrictional

’

strain in the hinge area of the F, Ompah synform. Th% Plevna

synform specimen (PSl) is' from a 1imb: of the fold, where S1

N and the axial surface (S ) are subparallel. As to be expected

- ¥
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if F2 foldlng has not affected the local strain, the flat-
ktenlng element on an FZ limb" is 51m11arlxo that of SLA1
from an Fz hinge zone. :’ . | ?

In addition to the position on an Fq folé,.the composition
of the matrix may have an influence on the type of strain

(table 3). The samples with the greatest constrictional

element have a quartzose matrix, whilst these more flattened

come from specimens with schistose matrices.

Amount of strain. As a general rule from visual estimates,

+ the mest deformed clasts are of carbonate‘cempdsié}on, follo-
wed by schist, then quartziteland grafiite and figelly crys-
tall;ne (veln?) quartz. The resultsof the calculations of

50 t;he total dlstort16ﬁ of the measured clasts, are sum-

:xvmarlzed in table\ 3. Most values fall between KU::I.Z - 2.0,

with_the.quartzite pebbles in a eonta&tt fabric (053) at

- Yo =2.50 and estima;es-of an‘iéolafg'fabric (osg) at X0=9‘90’
falling outside this range. The two specimens from the hinge
zone of the Ompah synform (OS and 053) which show the most

wppronounced constr1ct10nal element are also the two which
have suffered the greatest total distortion (table 3). Howe-
ver the flattened specimeﬁ from Shaweﬁegog Lake antiform
(SLA;) is only slightly less distorted ehen.bsi, S0 conetric-

tional and flattening strains, though variable, appear to

.

have been of the. same order of magnitude througholit.

. : A



‘Aggregates

In the Fl antiform at.Ardoch_(AA on fig. 3), small ( 2 -u
7 mﬁ. d;ameter) iight coloured crystal aggregates which are
present in certain layers, appear elliptical in shape on
surfaces perpendicular to the fold axis. These aggregates‘
are composed pr1nc1pa11y of tremolite and quartz, with mlnqr
calcite, \Vhllst-theﬁdarker matr1x’con51sts predomlnantly of
biotite- caIC1te -quartz (plate 7). The S1 follatlon defined
by the preferred oriéntation of biotite. 1n the matrlx,is
"deflected around the aggregates The 1atter are c0n51dered
~to represent a recrystalllzed sedlmentary feature, possibly
sand ./ - pellets, and thus they might’ be expected to jave
.approximeted a spherical shape before defermation.

1A total of 260 axial ratios of the aggregates were medfsu-
red from fire specimens, on several surfaces cu -parallel
" and perpendicular to thelfold axis (for "location pf specipens
-_on ?Bld‘see fig. 7j. Most heasuremenrs were maderin thin
Beetion, and whilsh some aggregates have raggedaedges which

impede accurate measurement, the boundaries of the majority\\

can be readily defined. Measurementswere plotted as before.

»

Type of Strain. All five samples lie in the field of

flattening strain;‘thdugh'hone diverges greatly from piige ~

strain (maximﬁm increase of the Y axis is 12% of d) fig. 16.
The Z axis is reduced'by 15 - 40% of 4, whilst the X axis is

1ncreased ‘between 15 - 55% of d. The samples fall into_ two

e
T . L

.
. B
. . . R X
) . .
. i . . Yo .
\r \ .. . . j .
\_l ‘ B ’ . H -



- Fig, 16 Strain plot for deformed: aggregates
. from Ardoch ‘antiform ® y hinge region, e -
\  limbs. For location ofaspecimens on fold
-..see fig. 7. - o 3

¢

i8-8 . 1\
‘xga'l 20 -\ -
\““—'*ngj- _ )

Fig. 47 Strain,plot for defdrmedmbiptite and sillij-~

‘manite porphyroblasts. Spec. 56 is from-biotite-
‘quartz gfieiss (unit 6a) in the axial region of the
Plevna antiform. Other specimens, -from which both
biotite and sillimanite porphyroblasts were méasured,

are from pelitic schist (unit 6b) 'of the Fernleigh

1

- belt,’ For exact locations 5ee fig. 3.

“
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groups representlng "the-1imb and hlnge zones of the fold.
D1vergence from ﬁTané”sxraln 1s apparently not related to
p051tlon on the fold, as the spec1mens which most closely
app{gﬁlmate Riane strﬁgn AAZ and AAS, are from the llmb i
and hinge- zone respectlvely

Amount’ of strain. Xh values for all 5 spec1mens are

(
given in table 4;.all are consfderably lower than those for

the conglomerate pebbles Values from the llmbs (AAl and
JAA ) are greater than those from the fold h1nge (AA- = AAS),
as can be qualltatlvely obsgrved in fig. "16. Thls 1s in '
agreement with assessements of straln based on - the varlable

development of §, cleavage ‘and minor folds, which are less

' p nounced in the hinge area o£ the fold (flg 7). ' ///

Porﬁhyroblasts

Sdge porphyroblaé?s are useful in

1nfor9atlon on the tfpg of straln (see dlscu551on\3£~LT£\

and the factors j}ich caused thei"e111p501da1 shape (defor-

matlon or growth under deviatoric s resses] cannot be distin-
‘_gu15hed.A Rﬂndomly\orlentated_porphyroblasts of«brptrte and

pods of sirlimandte-(considered to have: grown during D, -see

1
-Time Relatlons) have been. measured fromfsawn hand spec1mens

“and thln sectlons cut R§§\}le1 and perpendicular to Lj~  Four

spec1mens§?lth b10t1te erphyroblasts and-: 51111man1te pd%s ‘

=

ot present befOre‘deformation

’ .

5
. ‘4~
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*

'(plate 8) from pelltlc schist (unit 6b) are from the Fernleigh
'belt ~whilst a- 51ng1e specimen w1th blOtlte porphyroblasts
(plate 9} is from biotite- quartz—feldspar SChlSt (unit 6a).

i )

in the ‘axial region of the E, Plévna;anti&orﬁ{(forldocatipn

v

‘of specimens see fig. 3). A
Type of Strain. The ty;;/;;f2¥raln for all four speC1mens' '

of pelitic schist (un1t 6b), whether measured from b10t1te

'porphyroblasts or 51111man1te pods, falls in the flattenlng
figld (flg. 17) Sllllmanlte pods in specimen 243B- define
the Ly llneaqlon in hand specimen, demonStrntﬁngaasddorthe
Hconélémeratq'pebblgs, that extension sufficient to gieh\zigﬁ/;
to-a lineation Vis}ble to the naked eye may occur in the
flattenlng field. - s | .

The biotite porphyroblasts from the specimen of unit 6a
.Plot in the field of constr;ctional strain. As with the con-
glome;ate pebﬁles, therefore, there is an element of exten-
sion pafallel to fold‘axes, though in this case the major
adja;ent fpld is an Féfétructure. Ho%evér’strain measurements
elsewhere eg. Shawenegog Laké gntiform, Ardoch antiform,
E'Ompah synform, 1nd1cate that straln was predomlnantly 1mposed
durlng Dl’ so it is probable that the same was the case in
this area- too, with coaxial Fz fé%&s being a later, super-~

imposed effect. - ' L -~

0. T J .
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Déscéésion
Variation in Strain

Fig. 18Ais a dgférmation plot in which the different;
tectonite‘classes are:shown (after Flinﬁ 1965),-£ﬁd it is
apparent “that almost the complete range of classes is re~
presented by the deformed clasts, aggregatesnand porphyro-
blasts in the Ompah area. Mogk examples:‘however,-l}e in or
near the fields of‘flatteniﬁg or plane strain. Comparison
of ¥ o values fér the_clésts and aggregates (tablés 3 and 4);
also indicate a cohsiderable_rangefdfutofal distortion, A
similar range of straigigype.énd mﬁgn?;ide.is noted by

Venkité;ubramanyan(lgﬁg,*areé B, fig. Cne explanation

for this is that strain during D, was inhompgeneous both in
type and magnitude, and that the second deformation .did not
contribute greatly‘to the measured strain. - This is éupporte

by the correlation of strain with the intensity of develop-
- —N

ment of D, structures iﬁktgggii:qch antiform (fig. 7), and the
flattening at high anglé to n the nose of the F2 Shawenegog .

2
Lake antiform, whlch 11ke other F, folds is of the parallel?

;ype with little 1mposed flattening, p.53).

A second p0551b111ty is that during Dlvdeformation;strdin
was of the flattening type throughout the region; subsequen=
tly duéing D, deformation, strain was also of a flattening

type, but orientated at a high angle to Sl’ causing extension

Earallel to L&, the liné of intersection of S1 and 82‘



rh,

i~ K=0
-
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B. A
Ko 0
{ 2 L
o e .
Fig. 18 A. Deformation ‘plot showing tectonite classes for deformed’ &«
~ pebbles (4), aggregates (8}, and porphyroblasts (m) from the »
Ompah area. - :

B Comparison of thé strain fidig—characteristic of slate
belts (contoured area - taken from Wood 1974) with that observed
in the Bancroft-Madoc region (area enclosed by dashed line).

. Y- .
- - . : v
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Reéently~documehtatioﬁ;of tﬁis effect, in a conglomerate
. in the_Alﬁs, has ‘been ﬁade by'Thaku}-(197i). ~In his case
" the resﬁltant:;ypé.of strain recordedﬁﬁy the pebbles is cth{'
trictional, but presumably many other mo@ifications of an
initial strain type (S L for example) are possible eg.
S))L to S>L or S})L to S?L,-(see fig. 18Aj so that the resui—
Fant st:ain does ndt necessafily fall in the éonstrictional
field. |
In the Ompah areal‘sinée‘Fl and F2 are coaxial, and the
long axes of strain markers are parallel to fold axes,
- the sﬁperpositibn theory is feasible. Tﬁé constricfional
strain iﬁdi¢ated by some of the clasts iﬁ‘the ;onglome;ate
(N, at Ompah (081 and Ossfwcould be analogous to.the results‘of
Thakur (1974), with other D1 strain types being modified by
an amount insufficient to move them from the flattening
~field. §:z:fver ;everaI lines of evideneevindiﬁizg that the
first h hesis is the more likely in the Ompah area. Cal-
culations of the amount of flattening of quartzite (unit 4a)
.in the F1 Ompah synform (25 - 35%) (fig. ﬁ)hare less | |
~ than the estimates from the Z axes of typical clasts in the
adjacent cong;ggerate (shoft@ned 45 - 70%) (fig. 15); and
pfbbabiyc?ggiect the ductility contrast during,deformatigﬁj
Both values could represent the:combined effects of D, and <
D, strain. However n% evidence of S, was &ound in the conglo-

. merate (ﬁnit 3a), quartzite (unit 4a) or hornblende-biotite



gnéiQS'(uhfkilg) of the Qmﬁah'§ynform. ~The lack of S, %nd'
the absence bf‘folded pebbles suggest that strain was pri-
marlly accompllshed durlng a 51ngle phase of deformatlon(Dﬂ
In the Flinton belt, 30 km. southwest of the study area
_(figT 2), F, folds are at én oblique angle to Fy gnd thg.
effects of the two deforﬁations are moré easily‘sgparated.
Elongate pebbles in conglomerate lie in the Sl foliation'
surface, and plot within ‘the field of constr1ct10nal‘§tra1n
(Thompson 1972). A comparison of Thompson s stereographlc
plots of the orientations of the L, strgtch lineations and
the Fz_fqld\binges shows that the former have the steeper
plunge; and so it seems unlikely that the comstrictional
strain and pebble elongation is due to the intersection of
Sl with,Sz. In facf Thompson remarks that in the area whgre

: \
there is most evidence of D,, the-pebbles have been flattetfied

it

to "pancakes"‘and do not define a lineation at all .the reverse ’

of what one would expect if the superp051t10n of two flatte-

ning strains had comblned to ;erm a 'pronounced constr1ct10na1

strain.
Comparison of Dy and D, Peformations -

The information presented indicates that D, deformation
{
consisted of “fulding and the formation of a penetrative low
dipﬁing foliation, accompanied.by distortion which on a small
scale, though variable both in type and magnitude, ff?ElEE?

in axial extension and a stretbh lineation, especially in the
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“hinge region of F, folds (fih? 15). In contrast, whilst-
“the secﬁnd deformation rotated the F, folds éﬁﬁ*produced some
‘1arge scale ﬁpright‘F2 foids in comﬁetent lithologies, it
;as predomlnantly a deform#tion by translatlon and rotatlon
of large masses of rock as relatively r1g1d bOdlBS dlstor~
tion was not penetrative on the crystalline (qr pebble) scale.
For example_unit lc,which is félded by the Fz Plevn; synform,
shows little evidence of internal D2 deformation (ie. it
typically lacks a foliation S,, and a lineation, L, over
much.of its outcrop), its profile ig only slightly flattened
(fig. 10), yet the 1imb§“hre.isoclinal (fig. 4). Folding
such as this must have been accomplished at the expense of
considerable, localized strain in the interveﬁing tocks,
especially marble, for which there is nosvidence due to

subsequent pervasive recrystallization.

Regional Cof%élations

~
™

The study by Thompson (1972) of Fllnton Group rocks 40 km.
. southwest ‘of the Ompah area (fig. 2) provides an obV1ous
-source for comparison with the present work. Broadly speaking
the two ‘structural sequences are compatible, though some
minor differences emerge.
Deeply infolded keels of Flinton Grqup.rocks trend NNE

-"in the area around Flinton, mpared to the NE trend at

Omﬁah. In both areas thg/ﬁéé?s are Fl'features which display

remarkable continuity for their narrow width. 1In the Ompak’
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area this is-easily understood, since F,; folds and L; linea-

tions (defined by 80/81 intersectiops and é%ongation)lare
ertly-plunging to sub-horizontal. In the Flinton area,.
however, L, axial linehtions (intersections "of .S, and Sl)
vary .from hgrizontal to almost vertical, and Thompson (1972,
p. 67) records ﬁpat."the elongation lineation is paréllel to
the hinge lines of the first phase folds ile...... ..the Black
Rive}.area tnéar Madoc-seé fig. 2), but over ghe-rest of the
study area the eLoﬂgatidn'direction commoﬁly plunges more
steeply than the folds".. Thompson intérprets.thé spread of
the qrientétion of Fi fold axes and-Sb/S1 intersection le
lineations ag due to inhomogeneous strain during Dy, ;ausing
a variable degree of rotation of Fl hinge lines (Ramsay
1962 Whilst‘this‘explanatien is plausible, it is difficult
to reconcile the steep plunges of the L1 11neat10ns with

the narrow, but continuous outcrop of rocks in the Fllnton
syncline, unless the small- scale folds are now not parallel
to major folﬁs. Folloq&ng Thompson's assumption that the ?
elongation lineation was parallel fo the SO/S1 intersectiog

before additional strain, it is apparent that extension,

‘Besides in the Flinton area wﬁere cqnstrictiohal strain
has been measured (Thompsbn 1972), linear fabrics in conglo-
merate have been reported by Carmichael (1968) and Divi

(1972) in the Bancroft-Madoc reglon. These authors note

5

L

'

e

'initially parallel to Fy fold axes, is common to both regions.
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{in areas D .and C respectively in £ig. 2) that .the longest
axes of deformed pebbles are'paréllei'to‘Fl fold axeés), and
they consider this to be the result of extension during Dy
(whether strain was constrictional or fiattening is not known,
since neither éuthpr includes "Flinn plots" Qf‘their data).
Venkitasubfamanyan {(1969) also notes that the long axes of

- deformed ﬁebblés are parﬁllel to fold axes in area B (fig. 2),
but-he does not indicate whether the folds are F, or F,.
However the steep, reclined orientation of the long axes of
the p?bbles is parallel tﬁ that recorded by Tkompson (1973)

15 km. further west, where extension is parallel to ﬁl; so a
similar relationship appears likely. Extension parallel to

?1 folé axes is therefore a characteristic of the D, defor-
mation in this region of the Grenville Province. Constric-
ticnal strain, however, may be restricted to the hinge regions
1

Although axial extension is common, the scale and orien-

of F; folds. 4

fation of F, folds are not coﬁstant from area-to area. In the
Actinblite4Kaladar area (B in fig. 2) 1ar§e—scdle low plun-
ging Fl foids have-been tecorded by Venkitasnbramanyan
(1969), who considers them to have been originally nbrthwes;
trending, and in éhe Whetstone Lgke area (D in fig. 2)..
Carmichael (1968) recognizes large-scaie Fy folding with
originaily moderatelf plunging northeast trending axes.

North and west of Bancroft apnortheast trending&structural“
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lineament . SQpa:ateS<Grénvi11e Supetgiéupf rocks érom‘
basement gneisses. Work in the GfenviiléﬁSU§ergroup rocks
by Divi (1972 aréa-C, fig. 2), and in b#sément*gneisses.bf
~App1eyérd (1974 50 km. NE of Bancroft) and Francoeur (1975
_40 km. west of Bancroff) has revealed mesoscopic, detached
F, fold hinges, which may hafe ha&’a northeast original trend
(Francoeur.1975), but no:large scale F; folds were identified.

Despite thé varied orientation of Fi fold axes in the
region, all the authors referred to except Thompsbn, coné}der
that the Sl axial surface ﬁas originally gently dipping to
horizontall, and this is in accord with the present iﬁterpre-
tation in the Ompah area. In the Flinton area, however,
Thompson (1973) considers that S1 was sfee ,befére D2, and
that its atéitude was not greatly altered Egéing D, defor-
'mation. It is not immediately clear what caused this diver-
gent, steep orientation; possibly the presence of the large
bodies of the Elzevir and Northbrook plutons andgfhe extre-
mely narrow outcroﬁ of the Flinton belt are significant in
this respect. |

lFolds of the second generation in the Ompah and Flinton

areas are mutually parallel, being coaxial to Fl in the

Ompah region and oblique to Fl around Flinton. In contrast

Recent mapping in the Clare River area (directly east of
area B, fig. 2) has also indicated a subhorizontal attitude
for S;—J.F. Chappell (oral communication 1975). '

e
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restricted to the mesoscopic scale or smaller; the lack of

'megascopic_folding may also be attributable to-the presence

of the.Elzevir and Northbrookn plutons. Large scale north~

east trendlng F folds have been recorded in area B (fig.: 2)

in both metasedlmentary/metavolcanlc sequences and in pluto-

nic rocks intru51ve 1nt0 them (Venkltasubramamyan 1969).
Carmlchael (1968) observes that F2 folds iare coaxial

with Fl folds in area QL‘flg 2, and a 51m113r conclusion

is tentatively drawn by Divi (1972) near Bancroqu In both

areas F2 folds are northeasterly trending, and the &xial

surfaces generally have a steep southeast dip, as in th;\\%\“‘\\\\\E

v

Ompah area. It appehrs that S, is a more penetrative feature !

around Bancroft (Divi 1972) than in the Ompah and Flinton

areas !

Divi (1972) and Divi -and Fyson (h973) note that Fz fold

axes become progressively steeper as a syntectonlc granite

pluton is approached. Furthermore they show that there is a

direct correlation between the plunge of the Fz fold axes
and the profiles of the folds, with the steeper plunging
folds nea? the pluton Being more flattened than thosp\with
more mederate plunges away from the intnﬁsion»(flatteni g
calculations by the méthod of Ramsay 1962). A similar 4n-
crease in plunge of minor folds towards a pluton.is also
quaglitatively recorded by Heidecker (1963) 50 km. st(/)f

. | _
Bancroft. Divi and Fyson (1973) suggest that the steep
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plunges and flattened proflles near the margins of the plu-
ton are best explalnad by assuming that extension parallel
to F, fold axes took place during rotation and flattenlng

of the folds, in a manner dlscussed theoretlcally by Ramsax///
' (1962). |

,o ) R

Fs-folda are northeast trending, recumbent structures in
areas C and D (fig. 2) as in the Ompsah area; but around
Fllnton Thompson (1972) recognlzes northwest trendlng, ver-
t1ca1 Fg folds. In basement gneisses northeast and west

- of Bancroft -Fg folds, whlch may be of very different age
to. those in the cover rocks, are upright, open structures with
subhorizontal,-generally'northeast trending axes (Appleyard .

1974, Fra_nc‘ar 1975).
- -.-“ A o q
Speculations - . : ~

Generalizing frgm the studies of deform®tion in cover
,ftGre@ville Supergroup) rocks in the Bancroft—Madoc region
(fig.“2), it is apparent that the flTSt phase folds were

N

generally subhorizontal to recumbent, and were associated .

wath a penetrdtive axial p;aaar fabrlc, whilst "in the.sgcohd
deformation folds were upright, and associated with a fabric
wh1ch 1ncreased in™ tensitf towards basement gneisses.

Within the basement greisses Fq folds are recumbent, and F,y
folds may be either r cumbent (Appleyard 1974) or with gently
S.E. diﬁping axial syrfaces (Francoeur 1975), with the

earlier structures peing largely ob{iterated.

{ A ) . =, _\_
i % N



The ofieugation of‘latéfifolds in cover rocks ié not
con51stent throughout the reg on, but recumbent northeast ¢
trendlng structures- are~common to several areas. In basement
gneisses large scale open folds and warps Wlth uprlght ax1&1
" surfaces and low plunglgg axes are typical.

Marked differences in attitude of structures of différent
deformational episodes has.ueén observed in other younger
regional metamorphlc terralns, and may be characterlstlc
of "different structural levels Aduring deformatlon Zwart
(1964a, 1964b)hand Fyson (1971) have shown that the, orlenta-
tion of folds may change radically in a'coutlnuous‘structural
succession upwards from the "infrastructure" to. the "“"super-
structure”. The infrastructure is characterized by fecumbent
folds, which gradually die out upwards and are rePIaced-by.
upright folds in the superstructure. Fyson (1971) notes that
.folding at the two levels is genefully not contemporaneous,
and early recumbent struggu;es in the infrastructure may be
refolded by wupright s(;uctures that are more promlnent in
the superstructure as éhe locus of folding mlgrates upwards.
The upper levels of the superstructuresare characteristically
unaffected by the recumbent Fl folds, hence these rocks must
have been eroded away in the Bancroft-Madoc region, exposing
the level where the two sets of discordant surucﬂures are
superimposed. In basement,gneisses, where a deepe: section

is exposed, both Fl and F2 folds are recumbent, zi}h F. folds

N
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being qdmparable in attitude to F, in. cover rocks.
‘The recumbent attitude'of the early folds is considered
to be a result of horizontal exten51on (folds are typlcally
[/flattened), whllst during later upniight folding, bulk exten-
sion has a large vertlcal component (Fyson 1971) In the
Bancroft-Madoc area, the flattened proflles of recumbent Fl
folds are a reflection of horizontal exten51on whlch 15 es- .
pecially prominent parallel to F1 fold axes, whllst the
results of Divi and Fyson (1973) suggest that vertical
extension is at least locally associated with u%r;ght F,
folding. The orientation of the recumbent F3 folds in cover
rocks does not fit this pattern, and the reason for their .
attitude is not obvious. However it could be related to the.
upward push of nearby plutons. |
The presence of an element of extension'parallel to F1
fold axes may be characteristic of deep 1eve1 tectonics.
.Re;éntly Wood (1974) has assembled a la;ge number of strain
measurements made in Paiaeozoic slate bélts, where defa}ma—
tion style_ié c afacteristic of the subéfstructure. Plotting
all the méasure ents onla strain graph (similar to fig. 15)
and contouring the result, shows that most slates plot in
the S}L to Si}L fields, and have a fairly restricted range
of strain magnitude (flgn i&B}th@hp sn&étlveig,smdlm fhnge of both

type and magnitude of straln may be due to. ventlcal bulk

extens1on being generally feasible in these terrains,
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" In contrast, the wider range of Both type and magnitude

1

of strain in the Bancroft Madoc reglom (£fig. 18A)qsugg§sts

that stress rellef was. varlable, at least durlng D1

matlon .~Th15 may be due 1n part to the dlfferent llthologles

defor'r

a

O

used for measurement, but the. -presence of large plutonlc
1.3

bodlqg:durlng deformatlon is also‘%robably significant. These
may both locally reorientate stress directions and influence
s%rain response. Thus in terrains where .the infrastructure
is'exposed, meéamorphic grade is higi and plutonic activify

is in part prg;tgctonic, variable strain types and magnitudes
may be typical; reflecting a more complex pattern of bhlk

1

~ extension directions during -deep level deformation.
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\ Introdﬁction

‘Grade of Metamorphism . v

o
A\t
e k

A general increase in metamofﬁhid‘grade northeastwards
in_the Ompah area was noted by Sﬁ}th' 1858), but details-awai-~
ted the work of Moore (1967). Oﬁ thegbasis- of mineral assem-
blages in pelltes (prlnC1pa11y conf1 d.to the Fernleigh belt),
Moore deflned three metamorphlc zones J'all within the amphi-
bolite fac1es, characterlzed by the 1ndex minerals (A) chlo-
ritoid - staurollte, (B) staurollte - kyanite and (C) silli-
manite (flg. 19)., Xyanite is also present in the loWest
grade rocks (zone A). Tﬂeie 1s no separate kyanite zone,
since the appearanee of sillimanite coincides with the \if5§
pearance of ‘staurolite. 'Garnet is not a useful mineral as a
zone indicator;. as it is present along the length of the belt;
probably it*hes been derived in a variety of differeﬁt meta-

’ mofphie feactions. In the present study the position of the
isograd between #he staurolite - kyanite and sillimanite zones
- (Moore 1967) in ﬁelitic schist (unit 65) has -been confirmed,
and the position of another isograd representing thelreplace-
ment of muscoviee and quartz by the pair sillimanite - potash.

feldsbar has been tentatively defined (fig. 19).
Composition’ of Pelites in the Fernleigh Belt

There is some variation in bulk composition of-the pelitic

-
-



-METAMORPHIC ZONES. -

2

A. CHLORITOID - STAUROLITE.
B. sTAUROLITE-KYANITE.

C. siLLivaniTE.

-

0 . 20 D. siLLIMANITE-K.FELDSPAR]

KILOMETRES

Fig. 19 Distribution of isograds in pelitic schist (unit 6b) of the
Fernleigh belt (stippled), after Moore (1967) and this work. The
locations of samples used for metamorphic and textural analysis are

‘shown. '
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schist (unit 6b) in the Fernleigh belt, as is shown in fig.

20, ﬁhich.is taken from'Hounsiow and Moore (1967), In the

AFM diagram it is‘apparent that the aluminium content, as well

as the Fe : Mg ratio, shows considerable variatian. Elsewhére

in the same paper, Hounslow and Moore describe considerable . -

- differences in thé rock oxidation state in. sub-units of the

pelitic schist (not shown in fig. ZOj. In the area under
T .
study the most magnesium rich assemblages (ie. chlorite-kyanite
. {
and chlorite-biqtite) were not obsérved, any chlorite present

being considéred retrograde.
Reaction Mechanism

In order to understand the origin of isograd surfaces,
it is necessary fQ have a knowledge of thé mechanism of rele;
vant_metamogphic reactions. 'Mapy reactions have been concei-
ved as isochemical changes, but in recent Yearslthe"importance
of a fluid phase carrying ionic as well as neutra1 species has

been emphasized by some authors (Helgeson 1967, Eugster 1970).

"Eugster has distinguished between thermal and ignic equilibria,

LY

the former being isochemical excéptffor the lo or gain of a
neutral gas Species such as H,0 or.COZ, whilst tH latter are
determined by local activities of mobile iomic components.
Carmichael £1969) has shown from a study of rock textures
that ceftain common prograde reactions, which on a gross scale
havé generally been regarded as thermal equilibria, may in

fact represent a series of interrelated ionic equilibria at
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Kyunit'l
Sillimanite
staurolite . ‘ | . B
' .
L
‘ Gamat <---~Chlorite
\\\\\ FeO * ' ' Mg0
¥ Biatite I

Assemblages include quartz,
muscovite and oligoclase.

Fig. 20 (modified from Hounslow and Moore
1967). AFM diagram of pelitic assemblages. in
the Fernleigh belt considered in this work,
represented on the AFM face of the AFMK
tetrahedron by projection through muscovite.
The magnesian assemblages noted by Hounslow
and Moore (1967) were not encountered.
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the;crystalline scale. E5:>

In the seqtigns which fbilow, thé"emﬁirical method of
Carmichael, together with tﬁe thegrétical‘background of
Eugster and Helgeson.and others are used to draw up ﬁbss}ble

reaction = mechanisms at isograd surfaces in the study area.

Reactions to .be considered

. Three thermal equilibrium reactions will be considered,
. P

and their applicability to the textures of the pelitic schist

tunit 6b) iﬁ'the Fernleigh bélt are evaluated. The reactions
are (a) staurolite breakdown in the presencé of Quértz, (b)

-

the-polymorphic transformation kyanite to sillimanite and (c)
muscovite bréakdown in the.presence of qu;;tz. |

n the discussion which follows, the reactions are ba-
lancad for the following idealized mineral compositions.
Qu%E:L 8i0, | Biotite K(MgFe)4A1Si40,,(0H),

Albite NaAlSiz0y Garnet  (MgFe);A1,5i;0,,

f‘Muscovite KA12A1513010(0H)2 Staurolite (Mg,Fe)A14Sizolo(0H)2

Kyanite o
_ A1281q§

K. Feldpsar KA151,0

Sillimanite

8



Staurolite Breakdown Reaction

The reaction at this isograd has commonly been conside-

N

red to 1nvolve the thermal equlllbrlum

3 staurollte-+2 q&artz-v_agarneta-SAl silicate +3 water...l
However thl{nreactlon, as well as requlrlng Fe™ to enter and
Mght to leave the system to balance the stoichiometric requires.

?

ments of these elemefits 1 arnet and staurollte, also in-

\.

volves a substantial decreasg in volume-assuming all water
1 2

is lost (17 - 2 %*dépending u; Al. siiicate), which may
render it a somgegat improbable phenpmenon. Possible evidence
of this reaction, in which cryséals of aluminium silicate and
garnet occur.adjacent tor crystalsiofuquartznands: emba?ed stauro-
lite, was found only once in the textures of the Fernlelgh
belt and apparently elsewhere it is not common, since Chinner
(1965) writes ""the frequency of its invocation seems to bel
due more to the elegance of its simplicit& than to any indi-
cation of its actual occurrence". The sole example from

the Fernleigh belt is illustrated in'fig. 21. This too, is
somewhat equivocal on two counts. Firstly the aluminium
silicate producf of the reaction, sillimanite, is extremely
fine, such that its optical properties cannot be detarmined
accurately. The second reason is that apart from this ques=
tionable occurrence of sillimanite, the specimen wae conside-
fed :to-- be from the kyanite -.;taurollte zone, albeit close

to the isograd. However desplte these drawbacks,-. the rela-

y
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Fig. 21 Drawing of a texture illustrating evidence for stau-
rolite breakdown to garnet and sillimanite. (A) A euhedral
porphyroblast of garnet (heavy outline, close stipple) is
contiguous with a porphyroblast of staurolite (1ight stipple)
which is rounded and embayed in the area of the contact.
Adjacent.is a large crystal of biotite {(widely spaced
cleavage); which encloses small elongate crystals of muscovite
(closely spaced cleavage). The contact between garnet and
staurolite is enlarged in (B), where many small needles of
sillimanite in quartz (blank) and staurolite are seen. Drawn
from specimen 43B,



tive volumes of sillimanite nd garnet in the texture, c.
1:100, clearly indicateltgat eaction 1, if it.took place,
could no% have been isochemical on the scale of the tekture,
since the amdunt of sillimanite producéd by the equilibrium,
reaction .(1) would have been greatly in excess of that“bbser-
ved in the rock.Whilst the possibility éxists that some of the
garnet was present before .the reaction began, the limited’
amount of sjillimanite present in this rock suggests that in
any casé this was not an important staurolite breakdown reaé~
tion. It is to be noted, however, that intergrowths of

garnet and sillimanite are common in the sillimanite zone

-

and higher grades, though whether these are replacements
after staurolite is not known.
Hounslow and Moore (1567) and Carmichael (1969) instead

proposed the reaction i
Staurolite + muscovite + quUartz ——

atgarnet + Al. silicate + biotite +water............. 2
Since solid solution in staurolite is known to be iimited,
and since the Mg/Fe ratio of staurolite is intermediate
between coexisting biotite and garnet, this reactiAn might
be expected to take place over quite a limited range of tem--
peratu;éxand pressure. The occurrence of the six phase
assemblage quartz-staurolite-muscovite-garnet-Al. silicate-

biotite can therefore be used to demarcate the isograd.

Carmichael reports that the occurrence of the sik phase
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assemblage 'in the Whetstone LaRe area (area D on fig. 2)

1

actually occurs over a distance of some 2 km » indicating

e .
"

‘that restricted element partition between the phases probably :
does take Place. 1In the Fernlelgh belt the six phase assem—
blage occurs over a ‘distance of about 7.5 km (between loca- S
lities 207 and 269 see fig. 19), w1th either kyanlte and/or ..
51111man1te as the aluminium s111cate present. However the
1ower grade occurrences'ef this assemblage. (loca}ity 207)\\
may not be in equlllbrlum Hounslow ‘and Moore (1967) suggest
z(for their locallty 7, which appears to be ~coincident with
207 in this. study) that-the garnet may be an "extra" phase
stabilized by manganese. 1In the thin sections examined in
the present study kyanite appears to be the unstable phase.
The kyanite crystals are 51tuated close to a small quartz
vein, and show con51dereb1e ev1dence of resorption. If this
locality is omifted, tb;nother occurrences of the six phase
assemblage (43, 271 and 269) span a distance of about 3.8 km
(0ddly no specimens containing"the six phase assemblage were
found in.either of localities 89'or'36{ despite extensive
sampling -~ this is presumably a bulk comwosition effect).

The centre of the isograd zome so defined is c01nc1dent with
the boundary between the staurolite- kyanlte and the 51111ma~
" nite zones, as drawn by Moore (1967) - fig. 19. Up grade
~from 269 the six phase assemblage is aiéo found #n lecéll-
tles 87 156 312 (not situated on the Fernlelgh belt) and

suprlslngly at 243, the hfghest grade locallty _However in
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these,é%aurolite is-preseﬁt only as finy‘founded inclusions
inside porphyroblasts of plagiocldse feldspar - this texture,
whilst clearly a relic of a lower grade of metamorphlsm,
must bé considered in dlsequlllbrlum tﬁz staurollte being
shleldgd from reaction by the plagloclase.

It:is therefore efident that at close inspectioA in the
fielg\the isograd, when defined by.a sing}g;thermal eqhili-
brium reaction, is not a clearly marked line. -

| Alpossible mechanisﬁ for the reaction in rocks containing
the six phase assemblage staurollte-muscov1te quartz-Al §ili-
cate-garnet- -biotite has been dlscussed in defail by Carmichael
(1969). This will be briefly reviewed here, as it is probable
that it is pertinent to at'leaSt some of the six phase assem-
blages in'the Fernleigh belt. Carm1chae1 notes the mutual
separation of staurolite and garnet and staurollte and
sillimanite. Instead staurolite is replaced by oligoclase - °
~.And biotite (reaction ¢, fig. 22). Sillimanite commonly
't%ccurs as intergrowths with biotite and muscovite, and this
fassemblage is considered to grow at the expénse of dligéclase‘
(reaction D, fig. 22). Similénfy‘ the textures indicate that
garnet grows from oligeclase ;;d biotite (reaction A, fig. 22).
Finally reaction B (fig. 22) has been written so that the
system‘is closed on the scale of the thin sectiom, except -

to water. Carmichael states (1969, p. 262 - 4) "The justifi-
cation for linking the partial reactions to one another, and

adding them together'ta get the net reaction, is the assump-

L
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£ cibite—=
{75l + B biot
+IMUSC

+Yqlz

Fig. 22 (faken ffom.CarmiEhael'IQGQJ.

Model of a possible reaction mechanism at the
sillimanite~garnet-biotite isograd. If reac-
tions at A, B, C and D go from left to right,
the net change taking place in the system SN

is: ) staurolite + muscovite + 5 quartz {L——A
17 sillimanite + 2 garnet + biotite +9 water
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tion that the system is'cloéed except to the escape, of
water. The partlal reactlons cannot proceed 1ndependently
without approprlate changes in the bulk comp051t10n of the
rock". |

Carmlchael's -explanation would appear- to be a Plausible
mechanlsm“for the reactions whlch took place 1n the equili-
brlum (6 phase) assemblages. ﬁ0wever in the Fernleigh belt
it has been- observed~thet in stgurolite—myscovite-quartz
bearing aseemblages; ih which staurolite is showing unmista-
" kable signs of resorption end/or replacemeqt, either andalu-
minium silicate Or garnet occur with biotite much meore. com-
‘monly than the three phases occur together., It therefore
appears that either stauroliig\gieakdewn was frequently not
by a reaction such as 2, or fhat sgme of :he products have
diffused out of - the locaf\system, ie\that the bulk composi-
tion of the rock must have'changed.\\géme of these textures
will now be discussed in detail, in an effort towdlscover
somethlng oﬁgthe mechanism for these reactions. |

At leEallty 207 (see fig. 19} in the staurolite-kyanite
zone, specimen 207C consists of the assemblage muscovite-quartz-
staurolite- plag1oclaserkyan1te tbiotite- tourmalnnehhaematlte-
magnetlte and ilmenite, Staurollte crystals are p01k110—-
blastic, w;th inclusions of quartz and fine opaque ores,
and in 6n; example the porphyroblast is clearly being repla-
ced by the pair kyanite-biotite (fig. 23); :tarne{ is not

present in the thin section or hand specimen., The -reaction



staurolixXe (stippled) is
partially replated by an intergrowth of
kyanite (slanted cros atch) and biotite
(widely spated cleavgge). The matrix
consists ¢f quart:z lank), muscovite and

~ opaques (Black). awn from specimen 207A.

porphyroblast o

Figf/gg Drawifg of a texture in which a
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which may describe this texture is: o

[

: 3'staurplite+kduaitz +8H++K+'§-k;wn:rn Chistite  3AL

Caa 4 k)aa,\nite+biotite-.+31_\,l'++++ 6H, 00 it 3.

This equation satisfies the observation that replacement
was esééntially at constant volume, and that the products,
kyanite and biotite, are formed”iﬁ'hbo”t equal proportions.

- p ' . .
The reaction, when proceedingmirom left to right, produces
excess aluminium, which must leave the local reaction sys-

"l

tem. In nature the Fe: Mg ratio of biotite is lower than

that-of coexisting staurolite (Thompson 1857, Chinner 1965
. b

and Hounslow and Moore 1967). This could be achieved by an

exchange reaction between newly formed biotite and unreacted
staurolité\whilst'somp of the latter still remains, but‘

(if the reaction“gdes to completion it will be necessary for
some Fe'* to leave and /or Mg*" to enter the local reaction
system. Th; exceés_aluminﬁum on the right hand side‘of the
equation may go tp_p?oducé muscovite or additipngl kyanite
outside the area of thé texture. As to the origin of the H'
and KT in thisland-other eqﬁations, Wintsch (1975a) has X

suggested that the recrystallization of muscovite can signi~-

ficantly alter the activities of these elements in the inter-

A - v a.- oyl ) - - .. .

oy o .

* Morey (1957) has produced experimental evidence

Si(OH)4. = However formation of hydrous aluminium complexes
is not well known, so in this work aluminium will be consi-
dered to migrate .as ions in the intergranular solution. An

aluminium hydroxyl complex though, if formed, woul%/ﬁbt
significantly alter the results.

-

of the solu-
bility of silica in water, probably in the form~of a complex
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Fig. 24 Drawing of a texture in which
-staurolite and quartz are replaced by
oligocldse, biotite and muscovite.

Rounded remnants of staurolite (close
stipple) are surrounded by small crystals"
of biotite (widely spaced cleavage).

and muscovite (closely spaced cleavage) -
the whole texture is.included in a 4 cm.
long porphyroblast of plagioclase feldspar
(oligoclase - open stipple), in which
there are many inclusions of quartz {blank)
and opaques (black). Drawn from specimen
89A. . :

A



-+ -103-
granuldr- solution.. As new (001) surfaces of the mica are
expoéed by growth or deformatidn, the ak+/aH+.ratid may  S
fl&ctuate as instantaneOQS‘sufface exchange reactions takél
place, in which H' ephemerally replaceé K+”in the muscovite
lattice. As a result th? K" ions may be available for reac-
tions such as 3. The ﬁ+ may also originate from the disso-
ciation of water produced by dehydration reactions during
prograde metamorphism.. ﬁélloﬁing this line of reasoning
an endogenous‘source of ions in avaiiable;'so large scale
metasomatism ie. change in bulk composition, is ﬁot necessa-
rily inferred when ionic reactions are postulated.

At locality 89, within the 3.8 kn wide isograd zone,
evideﬁce of staurolite replacement by oligoclase’, biotite
and muscovite is found in a ﬁuartz-muscovite-oligoclasg~
biofite-staurolite-ﬁagnetite-ﬁéematite rock,lspecimen S%A.
This rock contains.large (up to 4 .cm long) pqrphyrobla#fs of
plagioélase feldspér,'and within one of these the.femains
of a staurolite crystal, associated with biotite and musco-
vite is found, fig. 24. - Staurolite occurs only as inclusions
in the porphyroblasts, and not as a matrix mineral. The
- plagioclase, ;hich elsewhere contains abundant inclusions of
‘qﬁartz, is free of inclusions in the region of the staurolite,
attesting to the involvement of quartz in the reactién, 50
that | _ *
3 stau@plites+ 9 quartz +2K'+3Na'+10HT <> pioT Lt

Musr-3-Albite + biotite srmuscavite + SA1T™ 4 6 water...... .4

4
3
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may explain thiexféxture. ‘The-amOUnt of A1H+wwhich leaves

and N“ wvhich enters the reactlon site may ‘both be slightly

reduced from the proportions.indicatéd in equatlon 4, since ’

oligoclase is more alumlnous than the ideal albite composi-
tion used As before, some magne51um may enter the system
to accomodate the lower Fe: Mg ratio of biotite than stau-

-

rolite, or excess Fe't may crystalllze 4s an opaghe phase by

altering slightly the magnetite: haematite ratio, wor may

leave the system. This reaction-may have been qQuite a com-

mon one during prograde metamorphism in the Fernleigh belt,

'since inclusions of staurollte (¥ biotite and muscovite) are

found looelly in plagloclase porphyroblasts throughout the
sillimanite and sillimanite - K, feldspar zomnes.

In another specimen from the same locallty (89I), the
mineralogy of which consists of quartz-garnet-staurolite-
muscovite-biotite-oligoclase4ilmenite-magnetite-tourma1ine,
staurolite is replaced by garnet dnd quartz in the immediate
region of the texture (fig. 29). Mineralogically this rock
differs from those considered previously in that the amount
of biotite is much greater than muscovite (ratlo €. 9:1).
Plag1oclase is common as a matrix mineral, (plag1oc1asef>
quartz in some parts of the section), but it does not attain
porphyroblast; size. Both plagioclase and staurollte occur‘
as rounded 1nclu51ons in garnet, suggesting that a reaction

such as

v
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Fig. 25 Drawing of a texture illustrating
the production of'garnet and quartz at the
expense of oligoclase and staurolite. A
eunhedral porphyroblast of garnet (heavy
outline, close stipple) has partially
replaced a porphyroblast of staurolite (in-
termediate stipple)~- staurolite also occurs
as smaller anhedral -remnants. Biotite
(widely spaced cleavage), oligoclase (light
stipple) and quartz (blank) occur in the
foliation. Drawn from spec. 89I.
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staurollte + alblte + ZMgFe Y 6H+‘ —

garnet-+2 quartz +4 water +Natt Attt ).}............5
ﬁgyfhave taken place. In this rquplpn staurolite, which
has approx1mately the some‘molarl;élume as garnet, may be
;replaced at constant volume by that m1nera1 (see fig. 25).
:The reactlon could have been wrltten W1thout involving as
much transport of the ferromagn951an elements in the inter-
granular fluid. Hoﬁever this would broduce a considerably
greater excess of—AIH* on the right hand side of the equa-
tion?:so‘considering the high proportion of biotite in the
rocf;;reaction's'is preferred. The excess aluminium and.
sodium on the rfﬁht hand side of the reaction may combine
to form muscovite outside the immediate region of the

+
texture. In several cases muscovite crystals were observed

orientated at high angles to the foliation, suggesting late

-\:l .

growth possibly associated with the staurolite reaction.
The above examples‘}eﬁrééent only three of the more
common staurolite breakdown textures in the Fernleigh belt.
Other reactions, such as staurolite replacement by muscovite
(Guidotti 1968) have been documented, and can be tweated

in a similar manner.

Polymorphic Transformation of

Kyanite to Sillimanite

regional scale, the polymorphic aluminium sili-

cate transformation
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‘pected that the textu
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-rkyanife — sillimanite...r...:..;....,....:.;..ﬁ
describes this iéograd; In th¢ §érn1eigh belt: assemblages
with both k?anité and Siilimaniteloccur over.a distance of’
5.7 km.(localitie§ 43; 36, 244, 271, 270, 269 3§d 87). if
we omit the egntrovérsial-occUrrence of“sillimaﬂite at
1oca1ity 43, described previously, this distance is reduced
to-3.5 km.

If the polymorphic transformation (reaction 6) actually

took place during prograde metamorphism, it would be ex-

s would recoxd the partially compie-

ted reaction of sillimani on earlier kyanite crys-

tals; and also that evidence of replacement of kyanite be \
limited to the 3.5 km.wide isograd zone where the two poly-
‘morphs .oécur togbther. In fact, in the Fernleigh belf neither
iﬁ the case. On the outcrop scale Moore 1967, p. 332,'n0teé |
fof locality 36),"some_1ayers contain kyaﬁite, some sillima-
nite", whilst in the thin sections examined in the present
study in which the:itwaspalymorphs bathioccur;;sillimanite.n~
hasLneuatrbeén:observetha_bésgrowing'direqtiyﬂat-;ugti_?at
the expense of kyanite. - This observation has been made
by others eg. Tozer (1955), Chinner (1961) and is probably
of general significance. The textures of the specimens )
containing both the aluminium silicate polymorphs will be
considered f&rst.‘ |

" .

Kyanite and sillimanite were found together in seven
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‘ byt .
thin sections (36;”:. 68,1368 Q71C, 270C, ‘269 and: 87A). AALL
of these sﬁpéimenﬁ alsolcontain-staﬁrolite, but differ in
other ways such 4% fhé muscovite:t biotite rﬁﬁid and thé

: presqﬁcp or absené% of garnet. The texture of a typic;i
_examﬁié'(36qql is shown in fig. 26. The mineral;gy of this
‘specimen is: quarti—muscofite-biotite~siliimanitefﬁyanite-
magnetite-haematite and tbﬁrmaline. The kyanite in the ;ection
is skelétal énd embayed with quartz, but still retains some |
rational crystallographic forms. A knot of fibrous silli-
manite* is situated some 8:5 mm, away, and is separated from
the kyanite by quartz and small crystals of an opaque phase.
On the other s%delof fhe gyanite crystal are situsféd small,
anhedral blebs of staurolite, which also show signs of re-
placeﬁént. The aluminium for the.sillimanite-may therefore

Be derived from both kyanite and staurolite.' In all the
seyen‘examples, quartz is typically the dominant mineral
replacing kyénite, with muscovite and biotite also being
pfesent in some of the textures. TheiAlx Si ratio of kyanite
is higher than the ratios in the equivalent volume of quartz,

muscovite and biotite or combinations of them, so it is neces-
Yy S, -

N

\

* Elsewhere in the same thin section the sillimanite is
prismatic, and intergrown with opaque phases. No regular
pattern to the distribution of fibrolite (disordered structure)
and prismatic sillimanite with metamorphic grade was dis-
cernable. :



Fig. 26 Drawing of a specimen containing both kyanite
and sillimanite. A skeletal kyanite crystal (slanted
crosshatch) is separated by about 0.5 mm. from a knot
of fibrous sillimanite (sillimanite is prismatic in
top right of diagram). ,Kyanite replacement is mainly
.by quartz (blank). Anhedral blebs of staurolite

. (stippled) occur in the lower half of the diagram.
Mica present is almost entirely biotite (widely spaced
cleavage}. Drawn from spec. 36Q.
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sary either to involve.silica'(equations 7 and 8) or to

remove the excess aluminium (equation 8) from the reaction
L ! . .

-

_site. _ | |
‘3 kyanite + 3. quartz + 3 water + 2K7 <——méﬁédmuSquime + ;Hfr..Y
2 kysnite + quartz + K™+ 2H' <> vioscovite + AT, ... .8
Equation_? is efter WintscthQ?SUU} |

For ‘the te£§ﬁre illusrrated'in‘fig.IZGJ eqﬁation 8 isf
preferred:since rr'prevides'alﬁminiﬁmlfor the grewth of silf
limanite, and it'invelves a»smeLler‘increase in volume on
the product side"than'eeuation"74' In order that quartz~be :
the dom1nant mlneral rep1;c1ng kyanlte as - in fig. 26, it
is necessary to 1ntroduce quartz from outslde the TGglOE\:.
of the texture, probably in the form of. an Sl(OH)4 eeﬁflex

in another,of the speC1mens conta1n1ng both kyanlte .H
and 51111man1te (87A), droﬂets of kyanlte are completely
enclosed by porphyroblasts of mUSCOV1te A simitar texture ;;
hxe been 111ustrated by Chlnner (1961), and equaij%n~¥/ﬁg;_”
represent this reactlon ' ' '. | -

However textures 1ndieative of kyanite ﬁreakddwn withbet
the'cencomitantt‘production of sillimanite:ere"also‘qdlte
common. Once agaln quartz muscovite -and quartz blotlte
textures are seen, generally the phy1105111cate .being the T
dominant .phase by volume. In 89E,. a quartz-muscovite- |
plagioclase-biotite-kyanite-ﬁagﬂetitewhaematite rodk} kyapite
crystals are broken and shew';ignsﬁofrneplaeement*byfhioﬁifé'

I

PRI IS S



Fig. 27 Drawing ofatexture in which kyanite
is replaced by oligoclase. Isolated remnants
of kyanité in optical continuity-are included
in a porphyroblast of oligoclase feldspar
(stippled background). Other “inclusions

are of quartz (blank) and opaques (Hack)

and muscovite Eclosely spaced cleavage).
Drawn from specimen 89H. : .

.
* El

3
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and quartz. An equation such as 7 or 8, but also involving
++

. N . .
" the introduction of FeMg to the reaction site would'pro-j

vide .a plausible mechanésm forlthq formation of such a te%—
tu:é. o - | -

A different texture is seen in 89 H,'in which kyaﬁité~
crystals occur as porphyroblasts in a quartz-muécovité-
opaque: ores matrix, andlalso as inclusions in large porphy-
.foblasts (2 cm.lpng)‘of plagioclase feldspar. Evidence of
replacement of kyanite by plagioclase.is shown in fig., 27,
in which several irregularly shaped kyanite cryétals of the
same-optical ‘orientation are separated by the feldspaf. The?r
are apparently remnants of a larger crystal, thehlong axis
of which was lying in the plane of the foliation. Quartz
is present abundanply as inclusions in the feldspar, so that
a reaction such as | |
kyanite + 5 quartz + water + 2Na* «——— 2 albite 2HV......... 9
may déscribe.this texture. The kyaﬁite crystals in the
matrix show signs of replacement by biotite; as de;cribed
for specimen 89E. This would suggest tﬁat the porphyroblast

and the matrix reacted as separate subsystems in this rock.
Muscovite Breakdown Reaction

.Ihé thermal equilibrium
muscovite + quartz v——mﬁsillimaniteq-K; feldspar +water..«...10
has been investigated experimentally by Evans (1965) and

. . ¥
others, and the breakdown of muscovite in the presence of



/]

~113-

quartz has been successful;y dupllcated in the laboratory
On this basis, therefore, the occurrence of the four phase'

&
assemblage mUSCOVIte quartz-sillimanite-K feldspar can be

used to dellneate the 1sograd In the Fernlelgh belt only
one occurrence of this assemblage was found (at locallty 293).
To the north-east of 293, muscovite, quartz and 51111man1te

are again seen to coexist in the absence of K feldspar

- However well down-grade from 293, there is abundant evidenJ

ce in thin: section of sillimanite growth at the expence
of muscovite. Some\of thesestextures will now be discussed'
ih detail.

:. Textures of the four phase assemblage muscovite- quartz-

sillimanite-X feldspar, other mineral phases present in

.spec1men 293A are garnet-biotite-oligoclase-tourmaline. In

this rock, whilst both K. feldspar ane sillimanite indivi-
dually are‘seen‘lﬁ jhxtaposition ﬁlth.muscovite and quartz,
the palr is not- seen together, ladicating that reaction 19,
if it‘2ccurréd,did not take place as a direct replacement of
the reactants by the products. Potash feldspar crystals

are anhedral, and some contain rounded inclusions of quartz
together with muscovite and biotite, whilst others are es-
sentially inclusion-free. Some‘muscovite crystals in contact
with K. feldspar have ragged and sculpted‘booﬁdaries,'sug~
gesting that muscovite has reacted to produce K. feldspar

in situ. Accordingly a reaction such as

4 LJ

4 micrpcling

e
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-.muSCdV1te+ 3 quartz-+K++2H f——wez Ke;ﬁe}dspar-rAI %2, water; .1l
'may represent this texture Wlntsch (1975b) has however

M

.suggested that the reactlon

muscovites+§ quartz + 2K N 3 R'sﬁﬂ}dspﬂr-FZH 'gvn--o----lz

may also occutr. - e : ’ Y

"Sillimanite occurs ag needles'or irreéularly shaped
grains or grain aggregates within.or protrdding from quartz
grains,- indicating contemporaneous growth of these two -t
minerals. Assumzng that the aluminium- comes from a reaction
such as+11, the equation |
C2AT % 5 dhartijg water «—4 quartz +sillimanite-+6H+..!....1$
may represent the_mechanism:by which a quartz-sillimanite
intergrowth in the approximate volume ratio 1.5:1 could
have formed It is to be noted that quartz is present on
both 51des of the reactlon and that much of it therefore,
is essentlally recrystalllzlng ;_

Less commonly -sillimanite occurs w1th1n crystals of
muscov1te f1g 28. The sillimanite 1nc1u51ons are not
parallel to the cleavage in the muscov1te,'and the muscov1te
"1att1ce is only sllghtly distorted by the 51111man1te sug-
gestlng that this too, is an 1ntergrowth texture (é . | |
Ashworth 1975).; It is likely that the muscovite retryStal-
lized from previously existing crystals (with the appropriate
changes in mincr element chemistry, see appendix 2), so that -

equation 14 may represent the reaction which gave riseotohthe

-
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Fig. 28 Drawing of a texture in which a
porphyroblast of muscovite (closely spaced
cleavage) includes a train of sillimanite
L crystals parallel to Sy, a.small garnet
ca, ' (heavy outline, stippled), and quartz
Vo (blank). Biotite crystals(widely spaced
cleavage) lie parallel to Sy. Drawn from
specimen 293A. ”
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. ++b ™~
muscovite 4+ quartz +2A1° 4+ 3 water v——— .
.- . .
muscovite+sillimanite+6H Y ... ... ... ........ .. " 14
™~
. ' +4t . S
Since both 13 and-14 consume Al when proceeding from left e
:hjp right, they‘qublne better with equation 11 than 12, and \5\\

movement of aluminium can be limited to intermnal migration
on the scale of the thin sectlon In both 13 and 14 the
volume of the product assemblage is greatef:ghan that of the
reaetants. It is possible that the 'excess" material can
noéw be foend_in qﬁartz-and quaftz-sillimanite veins which
are common in the high grade rocks. By thus providing an
endogenous origin for this material, the problems of long
distance transport are circumvented (c.f. Yardley 1975).
Muscovite replacement by sillimanite without the
concomitant.preduction-of potash feldspar is widespread in
.the sillimanite and sillimanite-K.feldspar zones. Sillima-
nite fibres and needles penetrate and distort the muscovite
crystal ‘lattice, the phyllosilicate layers being pried
apart, and birefringence colours being iowered neer the | ’
sillimanite. This texture is considered to be distinct
from that in fig. 28 for the three reasons. In flg 28,
(a) the sillimanite 1nc1u51on5 are not parallel to the

-
cleavage-gf the "host mineral, (b) the muscovite lattice

l

appears little dlstorted, and (c) the 51111man1te is pris-

matic in form, all suggestlng an 1ntergrowth texture. In
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this case, however, it appears that the sillimanite has

been derived directly from the muscovite, so. that a reaction
such as that suggested by Wintsch (1975b) may represent the
texture: 5 |

2 muscovite + 2H '« 3 sillimanite + 3 qua}t24-2K++ 3 water...15

Thé-p&%ducts of this reaction occupy about 20% less

volume that the reactants, so silica may be introduced to

the site of the reaction as the products-are formed, giving
H;fse'to the qumon quartz-sillimanite intergrowths in pro-
portibns typically seen in nature eg. quartz : sillimanite

about 3:1.

"Evidence of Contemporaneous

Recrystallization™®

Data suggesting that muscovite ;ecrystaliized during
brogfade metamorphism, based on crystal size distributions
and crystal chemistry is given elsewhere (see Textural Va-.
riation with Metamorphic Grade and Appendix 2). Itlis’
' likely that biotite followed a similar trend. On the
basis of composition, recrystallization of plégioclase is
known to take place with incfeasiﬁ grade of metamorphism
{(Turner 1968) There is also ind Zendent evidence in the
Fernlelgh belt of the recrystallrjétlon of staurolite and

kyanite'during prograde metamorphism. In the upper part of

the staurolite-kyanite zone, crystals of staurolite and

*

Recrystallization refers to the reconstitution of an
existing phase, and may involve nucleation and growth
processes Spry 1969, p. 114 .
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kyanite-attain considerable.eize (staurolite up to 2 cm.
”across, kyanite crfstalsoccasionally being over 15 cn. in
length, eg locality 89). Upgrade from this locality the
two minerals persist locally for some 8 km., yet their
Crystal size progessively diminishes. In some cases the
total volume of the minernl may not be lessthan at locality
89, but instead of one or two lerge porphyroblaSQ?, many
small crystals are present in the matrix. lWhilst some of
these may be physically separated remnants of a single large
porphyroblast: (in the case of kyanite in'particular fragmen-
tation 'of porphyroblasts appears to have been common), the
optical orientation of others, as well as their wide distri-
bution in the matrix of_the-rock, suggests that thisjiisnpot
always the case. For these, recrystallization from larger
‘crystals appearsllkely, exen.though on the larger -scale of
the metamorphic belt thesz\ainenaESwweve:belng@destroyed
and replaced by others. 1In minerals. in which eome'solid
solution is possible, recfystallization may have involved
exchange reactlons among coexisting phases eg equations
3 and 4 etc. | However for phases of essentially constant
composition, recrystallization can be considered as isoche~.
mical! |

ﬁhether OT not recrystallization of reactant phases is

a general phenomenon during progessive metamorphism is not

known. Atherton (1975), whilst noting that matrix minerals’
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recrystallize continously throughout met?morphlsm jites the
chemical zonatlon common in pérphyroblasts as ev1denfe that
the latter may femaln as metastable remnants unless destroyed
by penetrative deformation or high f HZO' Parameters such a
these might be.expected to vary areally and temporally

during metamorphism, so the degree of recrystallization of

porphyroblastic phases may vary significantly within and

between metamorphic terrains.
| Discussion

All of the equations pgﬁﬁforward to. describe the reac-
tions in rocks of the Fernleigh belt have been ionic equi-
1i5ria, and almost all have involved water as a fluid or
intergranular phase, indicating that £ H,0 was an important
variable during these reactions. The actf%ities of elements
in solution, particually those of K*, HT, Na™ and AI™7, as
well as the transport of neutral complexes such as Si(OH)h
are thus con51dered to have been crucial in determining in
detail the mechanism of crystalllzatlon and recrystallization
reactions. For the staurolite breakdown reactions, the
effects of some of the postulated activities on staurolite
stability are not well known; eg. f HZO’ AK* and pH in equations
3, 4 and 5; and must await @hefmodynamié data. It is likély,
though, that the effect of pH may be important. Eugster
(1970) notes that the pH will droﬁ when any hydrﬁus phase

A Crystallizes, unless there is an external soute of OH' ions.



-120-

Hydrous phases may therefore tend to b? more stable in
high pH environments. Xwak. (1974) has compared staurolite:
breakdown textures from several metamorphié terrains, and
he too concludes that reactions'were ionic equilibria
invelving transport of some elements on at least the scale
of the thin section. Whilst some of the textures described
by Kwak are similar to those presented here, none are )
identical, suggesting that staurolite breakdown may follow
a variety of different patterns. Indeed, the several
possible reactions put forward in thié worK’attgst to the
provinciality of subsystems during metamorphism. Staurolite
stability is also governed to a_limitéd extent by the oxi
dation ratio in the rock (Hounslow and Moore 1967); and as
a consequence in rocks containing a variety of iron-bearing
opaque oxides, aFeﬂ,may be a critical factor. Fﬁrth Tmore
Kwak (1974) notes that staurolite contains a significant
proportion of zinc, so that dg 4+ MAY also be a detérminant
factor. The stability of staurolite is therefore likely
to be sensitive to the activities of a number of elements,
. »
and these activities may have exhibited considerable varia-
tion, both areally due to initial concentration differences,
and temporally as a result of other ionic reactions taking
place during progessive”metamorphism. The result of these

factors in combination is not known, but it is to be expec-

ted that their effects will Tot be simply additive. Simi-
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larly the presence of other ions in the fluid phase, such
as Titt+, Fe**!Ma*T, Mg™, or of any phase that is congy-
uently dissolv€d cannot be easily predicted.
Ionic equilibria between muscovite, aluminium silicate

and potash feldspar have been considered by Eugster (1970)

- and some of”these are appropriate to the kyanite replacement

textures in the Fernleigh belt. For instance Eugster shows
that fhe reaction in which an aluminium silicate is replaced
by muscofite, eg. equations 7 and’ 8§, méy be achieved by a
drop in temperature, or an increase in f HZO’ ag+ or pH,
(fig. 29). Kwak (1971b) has calculated that the sequence of
conversion of aluminium Qilicate to muscovite 1s kyanite,
andalusite and finally sillimanite, and he considers ays4 to
be crucial. The recrystallization of kyanite from larg;
porphyroblasts to small matrix crystals in the Fernléigh
belt ma& therefore be due to temporal variation in Ay
The replacement of muscovite by sillimanite (equatibn 15)
may also bé treated in a similar manner, and can be achieved
by a rise in temperature, or a decrease in f HZO’ pH or

ags (Fig. 29). -

If, as suggested previously, variation of the aK+/aH+
ratio is controlled in part by the deformation and recrys-
tallization of mica (Wintsch 1975a), a form of chain réac-
ti¥on may be ‘initiated with the original impetus derived

from crystal deformation. During muscovite deformation,

N
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Fig. 29 (taken from Eugster 1970). Phase relations
between muscovite, K. feldspar and aluminium silicate
at pH of 7 and 8. Quartz and fluid are everywhere
present. Solid lines are for fH,0= 1000 bars;

fH,0 =100, 10 and 1 bar are represented by dashed
lines. The potassium concentrations indicated on

the right are approximate. The common replacement

of muscovite by sillimanite (see text) may be
achieved by a reduction in fH,0 (e moves from the
muscovite to the sillimanite %ield as fH20 drops

from 1000 to 100 bars), or by a lowering of pH (x
moves from muscovite to sillimanite fields as

pH drops from 8 to 7). The reaction is also sen-
sitive to temperature-and‘aK+. :
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eK+incfeases as new<0(')1 S_u;rjue: of the crystal - . are
exposed (an instantaneous surface exchange reaction 1n which
K*is replaced by H*), so that kyanlte may become unstable
and dissolve in the intergranular fluid, with the solid
phase boundary moving into the muscovite field. However
muscovite recrystaili%ation, 4 rate controlled phenomepon,
will gradually lower the dx+, so that kyanite may again
become the equilibrium solid phase. By a mechanism sudah
as this, recrystalllzatlon of both muscovite and kyanlte
is possible, without prior deformatlon of each kyanite
Crystal being ai}equ151te. The location'bf the new nuclei
will be controlled pPrincipally by lotal stress heterogeneities
and the rates and flux of ionic transport. As Previously
mentioned, the recrystallization of muscovite ;2 drous
phase, will cause a reduction in.the PH of the 1ﬁf€>granular
fiuid, as OH' ions are bonded onto the crystal lattlce
Thls change in comp051t10n of the fluid could equally be 4
capable of altering mineral assemblages should the stability
limits of solid phases have been reached, and may be per-
tinent to the replacement of muscovite by sillimanite below
the potash feldspar isograd. -

Likewise replacement of muscovite b& potash feldspar
can be achieved by both thermal and ionic reactlons Whether

the occurrence of the four phase assemblage muscovite-quartz-

sillimanite-K. feldspar represents a thermal equlllbrlum
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over a localized "hot spot" is not known. The isolated
'nature of the occurrénce, however, would §uggest that a
local ionic equilibrium is more likely, due to either

increased ag+ Or pH or decreased f H,0. £ HZO may have
been high in the Fernleigh belt, permitting the stability

of muscovite at the highest grades, whilsY{ the comparative

H;rety of K. feldspar suggests that 84 Was generally low.
k\\ Conclusions

The fugacity of water and the activities of the various
elements cited as poteﬁtial variables in ionic reactions
are not expected to vary systematically with grade of me-
tamorphism, so such reactions should not strictly be
considered '"prograde" ie. due to increasing temperature and
pressure. Intersecting isograds‘have been mapped utilizing
similaﬁfgginciples (Carﬁichael 1870), indicating'that these
are rather iso-reactions lines than isograds. However the
patta{grof metamorphic zonation on the gross scale in the
Fernleigh belt is such as to suggest that temperature and
pressure were the dominant factors in their distriblution.
Therefore a combination of thermal and ionic equilibria
appears realistic, in which the regipnalndistribution of
isograds is determined by the former, but localézed mineral
breakdqwn reactions are more usefully considered in terms
of the latter. This conclusion is in accord with Carmichael -.

(1969), Bugster (1970) and Kwak (1971a).
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thermal stability of staurolite in the presence of quartz,
and the aluminium silicate t*ansformation kyanite «>sijli-

manite appear not to have been greatly affected by~local

N

activity gradients. However ionic breakdown of staurolite
and kyanite may have resulted in the smearing out of the
isograd which is apparent on detailed examination. The
‘isolated occurrence of thqﬁg&ir K. feldspar and sillimanite
may be due to a locally high activity of K+, whilst the
common replacement of muscovite by sillimanite, aktheugh mot
delineating an iéograd, is consideréd to be due tfo a lowe-
ring of the pH or £ Hzo aftef the crystallization of mus-

covite.

-~

In the Fernleigh belt, the isograds defining the \\_;;—J

e
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TIME RELATIONS BETWEEN DEFORMATION AND METAMORPHISM '
Introduction‘

Varlatlons in the growth rates of matrix®and porphyro-
blast phases, and in the relatlve rates of growth and strain
may allow a variety of textures to develop simultaneously
during syntectonic metamorphism. A re-examinétion of some of
the usual assumptlons in textural interpretation, especially

those concerned\uifh syntectonic mineral growth is therefore

due.
Assumptions in Textural Analysis .

The textural criteria used for the separation qf periods
of mineral growth are well known, and havélbee; reviewed at
length by Spry (1969). The development of a foliation surface
“is con51dered to be syntectonic, though it mayﬁbe enhanced
by post-tectonic growth; and the timing of the growth of
porphyroblasts is ascertained by reference to é foliation
surface associated w1th a known deformation event. Wrapping
of the follatlon around a porphyroblast is wonsidered evidence
of pre-tectonic porphyroblast growth {(fig. 30a), in conptrast
to growth post-tectonically, where no such deflection occurs
(fig. 30b). The textures generally cited as indicative of
syntectonic growth of porphyroblasts are relatively uncommon,
despite the fact that many authors consider that deformation

and mineral growth were essentially coeval in many metamorphic

belts (eg. Spry 1969). The most frequently encountered

N



e

- - .
.t e | o == =
=z2277 o azd = = =
"
Pe] -
-y N . .
.

Fig. 30 Criteria for establishment of time relations
between deformation and crystal growth. (a) Pretectonic
growth of porphyroblasts, (b) post-tectonic growth afl.-
porphyroblasts, (c) syntectonic growth of porphyroblasts
(snowball ‘structure}; and (d) syntectonic growth of
porphyroblasts (paracrystalline microboudinage). 1In

(d) a pretectonic crystal is pulled apart during defor-
mation, and the spaces.between the segments are filled
by oriented syntectonic growth of fibres of another
mineral. a - c after Spry (1969),d after Misch (1969).

4



eg Spry 1963, and paracrystalllne microboudinage

(Mlsch 1969) (figs. 30c and d).

' Vélidity oflAssnmptidns

* " e

The criteria for the timingkof'pOrph§roblast‘growth _

have recentl} been discussed by Misch (1971) and Ferguson and
Harte (1975). Ferguson and Harte nEEe that the ahsence of
deformatlon effects in porphyroblasts is not’ def1n1te ev1dence

l
of post tectonlc growth, After detailed ekamlnatlon of a

'schlst contalnlng porphyroblasts of garnet and staurollte'

&

which possess an 1nternal foliation (S t) and around Wthh
the matrix fpllatlon (Sext) is typ1ca11y»truncated and/or._ ﬂggl
31ightly déflected' they donclude that'truncation or.defleé;
tdon of S by a porphyroblast," espec1ally if 1t does not
conta1n S fffﬁag 30b) is insufficient eV1dence for post

or syntecton1c growth.'_Fufthermore they discuss cases in
which two distinct deﬁormdtion events_produce-foliation sur--
faces of similar orientation such that it is difficult to
distinguish their effects on porphyroblast gfowth, and they
note that poét—tectonic annealing and grain grdwth can further

hindef interpreration Finally they observe that dlfferent

“ré{e§ of strain may also affect the texture; for instance

deferent rates of rotation of porphyroblasts during growth,
or of flattening of the fOliation around porphyroblasts

during growth may determine whether 1nclu51on trails (Slnt)
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Zme str ight or curved - Jones and Galwey (1962) ﬁete that

iable rates of nucleation and growth of the. porphyroblast

phase may dlso be significant in thls respect, and additional-
" ly that the nature of the porphyroblast -forming reaction may
. | largely determine the presence, size and orientation and type
of minerals inciuded‘within porﬁhyroblasts. It is apparent,
therefore, that the current definition of syntectonic textures
is too narrow; many crystals taken to be Pre- or post- tectonlc

may in fact be syntectonic. -

Textures and Deformation

In the Ompah area a varlety of textures from dlfferent
lithologies *can be comblned/lo indicate a relatlvely simple
ﬁphlstory of metamorphism and deformatlon"\whlch two major
deformatlon events, D1 and D,, took place during a sangﬂe
extended period of- metamorphiem (fig. 32). Deformation was
thus broadly syn-metamorphic, in eommon with most orogenic
belts. 1In detail there is evidence to suggest that Dl V¥

started at a low grade of metamorphism, but continued till

the metamorphic climax. D2 occurred at the metamorphic

climax or soon afterwards. ' . ///F\\‘__‘hﬁ

"' -
During the study, in which over 200 thin sections were

€xamined, it was apparent that some lithologies contained
much more textural information than others,rthoee with -
porphyroblastic phases be%%é‘parficually useful. Thus the

descriptions are limited to four rock types only; marble

R
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'(unlt 5), pelitic schist (unit 4b),“gmph1bole gnelsses

(unlt 1c) and biotite SChlStS (unlt Ga), of which the latter
two are considered together. .Amongst them these Ixthologles-
‘show a variety of textures whlch.%re considered representative
of the rocks in the area. The tyﬁe of evidence and the

assumed time relations between crystal growth, deformation

phases and metamorphic grade are summarized in fig. 31.

Muscovite Schist

Although limited in areal extent, the muscovite schist

(unit 6b) is particually suitable for textural studies be-

Lo

cause many minerals within it are porphyroblastic.

Foliation, Formlng Minerals. q& the foliation forming minerals-
KN ' .
muscovitgr is typically predominant., The crystals have a

preferred orientation—in the Sl foliation, and there is no
evidence of. their exggtkﬁce prior to D, . Growth wag? thus
syntecionic. Quite cémmonly porphyroblasts‘qf plag{oggase
‘contain inclusions of}muécovite.(sint), which also exhibit

.é preferred orientation (plate 10). In some examples the
inclusiofis are limited to the cehtrai'pBTtions of the pqrﬁhy-
roblast, where they are of very.fine grain size. The shape
of the included crystals suggests that they grew at a low.
metamorphic grade, probably greenséhisthfacies (fig. 43). ——
The fine grain size may aISO'be:indicativé %f %rowth at low
grade, whilst the much larger size of crystals in the external

foliation (Sext) suggests that, recrystalllzatlon (reductlon

o
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'



=132~ .

in numbers and increase in size of remaining cryitals) hés
taken place there.” .Biotite crystals present in Seit have
simildr textures to muscovitet‘although no finé grained
crystals were seen included in;ﬁorphyrobiasts, so evidence
of the crystallization of biptite at low grade is lacking.
In the hinges of F, folds, mica crystals generally follow the
outline of thé foldedsurfacetsl) (fig. 11, plate 8) but in
the majority of cases the micas are not themselves bent,
indicating subsequent récrystallization. Micas are typically .
bent aroﬁnd small F; crenulations hoﬁever, with no zubsequent
- annealing. .

Othér matrix ﬁinerals of the muscovite schist are quartz, .
feldspar and opaques. Some of these have a piaty shape
parallel to Sl’ but equant-grains; possibly ihdicéﬁive of
recrystall]ization after deformation are more common. Fiﬁé
grained, elongate crystals of AUartz and opaques, as well as
muscovite, éefine Sint in porphyroblasts of plagioclﬁse
feldspar, and so by analogy with muscovite, it_is,assumed
that they started growth at a low metémorphic gréie.

R

Porphyroblast Minerals. . Some of theé most conspicuous por-

phy}oblasts which occur at all'ﬁetamorphic grades are those
of plagioclase feldspar. Théﬁe may b?'up to 4 cm. in length,
and they generally lie with their greétesi and ipgermédiate’
dimensions in the plane of S,, the least diménsioﬁ-beipg ‘
perpendicular (that the porphyroblaéts‘lié in Sy anganot S,

has been determined where S1 and S2
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are not subparallel eg. Clyde Forks region). Typically the
porphyroblasts include a foliation (Sint)’ whilst Sext is

variably deflected around them. 8§ is generally parallel

int
to Sext away from the porphyroblast (plate 10), but in a
minority of examples it is obliqué, indicating that rotation
between Sint and Sext has occurred. "In these latter cases

_ the sense and amount of rotafion is typically:constant

within a single specimen, thougﬁ variable between specimens.ﬁ”
1

Sint 15 thus considered to represent an early stage of S

prior to porphyroblast growth,

Not uncommonly the larger feidspar porphyroblasts have -
lattice deformities éausing undulatory extinction, and in'one
section k}nked crystals were observed. Elsewhere, however,
evidence of late overgrowth of the coarse Sy foliation can
be';een (plate 10). It is not easy  to relate these phenome-
na difectly to particular phases of deformation and mineral
growtﬁ, and théy are grouped here as post D1 features.

Porphyroblasts of kyanite, staurolite and biotite occur
throuéﬁéut ?he stadrolite—kyanite zone, where they generally
exhiﬁit s?milar textural relations. Typically Si is deflected
around the porphyroblasts and, as in feldspars, some contain
. | Because 5. is most commonly parai—

t)' int
lel to the Sl foliation outside the porphyroblast, it 1is

inclusion trails (Sin

taken to be S1 included near the end of D1 deformation.

Porphyroblasts of kyanite and staurolite may be inclusion--

-
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zoned:ie‘ they contain inclusiéns in the centré not at -the
periphery (plates 10 and 11), whilst in other specimens
porphyroblasts of kyanite, staurolite and biotite are poiki-
loblastic, and overprint the Sy foliation. Thg_larger kyanite (
porphyroblasts are orientated with their 1oﬁg axes in the
foliation (though they are random in that plane), but as with
staurolite porphyroblasts, smaller kyanite porphyroblasts

may 1ié.athwart the. foliation. Porphyfohlasfa of biotite,
though having a random crystallographic orientation, general-

ly exhibit a morphological preferred orientation with their

greatest dimension lying in the plane of S;- As with felds-

par, there is evidence)\of deformation of some porph&roblasts,
S ' ‘

especially those of’ﬁi?tl
phyroblast of kyanite-has bden bent through about 20°%, but

and kyanite; in plate 10 a por-

subsequent annealing has resitored optical continuity throuéh-
out the crystal. |

Thése texfureﬁ are taken to indicate growth during Dl’
commencing dfter the early formation .of S1 ét low metamor-
phic grade. The end of growth is difficult 'to fix with regard
to later deforﬁatiqnwﬁfénts, but the overprinting of a course .
foliation suggests thagtigowth contiﬂué& after Dl; and pos-
sibly during D2 in some cases (recrystallization of muscovite
around fold hinges indicates that the temperature was still

high at that time).

Garnet occurs throughout the muscovite schist (unipJﬁb)_
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where the buik'composition is appropriate; and suprisingly,
considering the numbef of reactions in which it may be in-
volved (see Metamorphism), the textural relations remain
‘much the same throughout. Though euhedral outlines may be more

grnia- .
common at low metamorphic,, the textures aremgeneraily'similar

&

to the other porphyroblast iphases described above, with S xt
deflected around the porphyroblast, and S ¢ generally paral-
lel to S £ Where the two are not parallel (plate 12)

visual estimates suggest that the angle between S and S,

is greater in the low gtade rocks. This may be due to the

near spherical shape of euhedral porphyroblasts attlow grades
facilitating,rotation (c.f. Ferguson and Harte 1975), whilst

at higher grades porphyroblasts are typically inequant, lying .

in Sl' In some high grade specimens §S. is coarser at the

int
edges of the porphyroblast than in the centre, which suggests

overprinting of a eeafse foliation. Thus garnet_érowthfis.conside;—
red to have started during D;» and to have outlasted that
event but chronology relattve to later deformation events
is not firmly established. |
Sillimanite occurs in flattened and elongate pods with
or without qqastz (plate 8,>see also Divi 1972), around which
the S1 foliation is defletted.' Elsewhere it occurs as a
matrix mineral in the foliatienritself, and it is not uncommon

to see sillimanite in the foliation deflected around a pod

of the same mineral. Sillimanite intergrowths with garnet,

1
T .

st
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muséovite, tourmaline and oﬁaques are also seen, and indicate
contemporaneous crystaliization of these‘phases. Sillimanite
growth is therefore considered to have Started during Dl’
'but in common with other minerals, to have outlasted that
event.

Porphyroblasts of muscovite occur in the siliimanite and
sillimanite-potash feldspar zones. These may include the S1
‘foliation, in places defined by trains of sillimanite needles
(fig. 28). As with biotite, the porphyroblasts exhibit a

morphological preferred orientation parallel to S{. These

textures suggest growth during D1 deformation.
Marble ‘ ’

In some specimens of marble, particually thoée containing
minerals such as phlogopite, tremolite and quartz, the effects
of Dl are well developed. The Si foliation is defined by
the morphological preferred orientation of calcite crystalg
and by the crystallographic preferred orientation of phlogo-
pite and tremolite, and L1 by thé long axes of tremolite
crystals. It is therefore assumed that these minerals grew
duriﬁg D, def&rmation. The imprint 6f.D2, which is generally J
less evident, may also be seen in some thinly layered litholo-
gies where it gives risegto grain elongation of calcite and
preferred orientation of tremolite pi:allel to S, (fig. 13).

In other examples tremolite crystals lying in S1 were bent

during D2’ and were not later recrystallized. Other hand-
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speC1mens of small scale F2 folds dlsplay complex textures in -
thln sectlon, in Wthh ne1ther S1 not S, are eV1dent Calc1te-
crystals have a range of- graln 51ze Cgenerally'<2 mm.}, and

the varlously shaped crystals have serrate& and indented
boundarles with multlple sets of twln lamellae frequehtly
;be1ng developed 1n a s1ngle crystal. Calc 5111cate phases are

generally fine gra1ned, and exh1b1t local preferred orienta-

R
»

tion patterns which are neither parallel to‘S1 nor the
axial surface of F, folds as seen in hand soecimen. These
are evidently disequilibrium éextures, anq are considered to
be the result of D2 or later strain superimposed on an S,
fabric. In outcrops of marble which are massive or possess a
widely spaced layering; calcite crystals are typically equant,
and calc-silicate phases are disoersed throughout the rock
and randomly orientated. In these more homogeneous lithologies,
evidence of structural elements are hard to find, and so the
timing of crystal growth'cannothbe related to deformation.
Evidence to sooport.growth of . calcite and;calc-s%licate
phases during D,, and in places during D2 is thereforé pre-
sent. Timing of mineral growth with respeot to D3 has not

been established.
Amphibole Gneisses and Biotite Schists

Foliation Forming Minerals. 1In amphibole gneisses (unit 1c)

and biotite schists. (unit 6a) the foliation, Sl’ and the

lineation, Li?)are defined by the preferred orientation of
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biotite and amphibole crystals, indicating,that growth of

r ) h

these minerals was essentially during Dl. Feldspar, quartz
and calcite also crystallized at this time, as.deduced from
their inequant shape parallel to S5 in some sections. These -

- dJ-Lnr\s
e - ! - -
EQ\r\nlnerals were deformedADz, as in a few examples bent and

ffﬁEtured crystals_lying'parallel to S1 were seen. However
in the majority of cases undeformed crystals lie parallel

to S;, suggesting recrystallization during or after DZ' In
fine grained mylonitic rocks an axial planar foliation (Sz)

defined by biotite crystals was developed (plate 5).

Porphyroblast:-Minerals. Some amphiboles and biotite occur as

porphyroblasts. in amphibole gneisses and biotite schists.
Hornblende porphyroblasts are typically almost equant, random-
ly orientated and poikiloblastic, with very little deflection
df the foliation around the crystal; whilst those of actinolite,
present in mafic pods and lenses of unit lc within marble,
occur as radiating, apparently undeformed, aggregates. Growth
of porphyroblasts 6f hornblende is therefore considered to
have taken placé dﬁring and . .after Dl’ whilst those of actino-
lite may be all post D, - '
Biotite porphyroblasts generally exhibit a morphological
preferred orientation (plate 9)},-in the same manner as in
pelitic schist (unit 6b). They are typically slightly poiki-
.loblastic, with the external foliation (Sl) deflected around

the porphyroblast, indicating, as in unit 6b, growth during
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and after D,. Porphyfoblésts of‘diopside are commonfin
some of ;he'more calcareous lithologies. Equant _
poikiloblastic crystals; around which the folia-
tion is slightly deflected, probablx grew during and after
D1, in common with thoseeof hornblende and biotite. _
Porphyroblasts of garnet are common in these lithologies,
and they display a varieﬁy of textures. Some are zoned
with respect to the presence or absence of inclusions; gene-
rally the central portions contain inclusions, whilst «the
peripheries afe inclusion-free. In other examples, garnet
porphyroblasts include the Sl foliation throughout the crystal >~
the outer inclusions haV1ng a larger grain size, suggesting
late overprinting of a coarse foliation. The shape of the
porphyroblasts is frequently inequant, and in extreme examples
the garnets define the L1 lineation (see p.44 ). The degree
of deflection of the foliation around the porphyroblasts is
highly variable between specimene, though approximately cons-
tant'#ithip a singie specimen. This variatioh'does not appear
to be related to grade of metamorphism, but may.beldependent
pon litholggy, as a trend was observed for the deflectionsto
be more pronounced in schistose lithologies containing a high
proportion of biotite and quartz.- The inciuded Sl fabric is
taken to indicate that garnet porphyrobiasts grew during Dl’
and. the overprinting of a coarse foliation/jsuggests late D1 or

post Dl growth, but the timing with respect to D2 and later
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deformations has not” been-established with certainty. The

inclusion’ zoning in some porphyroblasts may 1nd1cate that the

garnet formlng reaction changed during prograde metamorphlsm

Ly,

v Defotmation.and Metamorphic Grade
From the minerals and textures déscribed.and summarized
in fig. 31, it is possible to infer time reiations between
~deformation and metam&rphic grade (fig. 32). During D, defor-
mation, S1 foliation started forming at low metamorphic gradé
in pelitic schist (unit 6b), and though evidence is lacking,
it is assumed that a similar fabric developed in the other
rocks. As the métamorphic grade increased variably across
the area, the S1 foliation coarsened.br recrystallization
of matrix minerals, and frequently became included in por-
phyroblasts of varlety of mlneral spec1es Thus the highest
grade "index" m1neral in any specimen overprints the foliation.
Because straight segments of the 51 foliation are included
by mdst porphyroblasts, either S, was not rotated durlng
gr&%th of the porphyroblasts or growth was fast relative to
rotation. Later during Dl’ flattening of the foliation around
the porphyroblasts occurred; at the same time some porphy-
Toblasts suffered rotation relative to the foliation, and
others were detormed into ellipsoidal §hapes;

F2 folding apparently occurred at or slightly after the
metamorphic climax, but because superposed F, folds lack

a penetrative 82 foliation, the metamorphic grade at this time

is not precisely known. Minerals defining the S, foliation
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were bent and roken, with the subsequent recrystalllzatlon
of some, but ndt all crystals during and after F, folding.
Syntectonic overprlntlng of the Sl follatlon by, some porphy-
roblasts eg. plagloclase feldspar, staurollte garnet, silli-
manite etc, in pelitic schiSt garnet, biotite and amphlbole
in amphibole gnelsses and blotltzschlsts, may have occurred
but in the absence of a penetratlve S, fol:atlon possible’
fabrics are’ 1ndlst1ngu1shable from those c0n51dered to indi--

cate syn-or- post D1 growth " Marble. was ductlle durlng D,
{see Structural Geology), so the typical lack of 4 foliation
defined by 1nequant minerals may -be taken a evidence of recrys—
tallization after D2 strain. The experlmenta§.eV1dence of
Griggs, Paterson, Heard and Turner (1960) r\dlcates that an-
nealing recrystalllzatlon of calcite is strongly dependent

upon the amount of-straln induced in the rock before annealiﬁg;
for instance anneallng recrystallizatlon of marble stralned\\\
20% at room temperature begins at 500° C, whilst 40% straln \\\ -:
at room temperature results in major recrystalllzatlon at the '\\;'
same- 500° ¢ temperature In the Ompah area temperatures\of

J
at least 500° C are indicated by the mineral assemblages, and

- local areas of high strain exceeding 40% have been measured

eg. fig. 15; thus extensive anneaiing of marble is likely to
have taken plate, |
. i :
The grade of metamorphism'during D3 is not known prec1se1y

Muscovite crystals in pelitic SChlSt bent by F; folds are not



(Morey 1957).

a - —143_ N

L

annealégt?suggesting that temperatures were lower than during
D

5+ The thickening ofw%he hinge area of some FS folds eg,
fig. 14, indicates that quartz was mobile during D3, but this

is possible at low temperafure§ in a hydrous-environment

4
*

The tiﬁe_relatiohs between deformation and metamorphism:
are summarized'in fig. 32. From the textural evidence it is
not possible to tell whether there were significant time gaps
beﬁween Dl’ D2 and DS’ or whether the three deformatious were
esseﬁ%ially part of a single process, as havéubéen suggasted

for d rmation sequences in other areas, eg. Fyson 1970
The Timing of Plutonism with' Respect to Deformation’

In the northern‘part of the area the boundary between
the Abinger granite gneiss and the metasedimentary and meta-
volcanic rocks is migmatitic.. The migmatites possess a pened
trative foliation similar to S1 elsewhere in the area, so it

is probable that intrusion predated the end of the first

. deformation. Within the main body of the Abinger granite

gneilss, though, a foliation i1s only weakly developed, hence

relationship are not combletely clear.

The Cross Lake gneiss possesses a strong linear fabrie
correlated with L1 elsewhere in the area, thus, as for %fs-
Abinger Dbody, intrusion predated at least the end Qf D1 e~
formation. : )

. - _ .
Two gabbroic stocks,-possibly connected at depth to the

13

3}4m «. & -
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1arge mass 5 kms. east of. Clyde Forks (flg 2) occupy axial
reglon of the F, Plevna _synform and another F2 synform fo the .
northeast (flg 3): Contacts w1th the Surrounding rocks are
brecciated. in places, and a poorly developed foliation and
11neat10n are present in the,central pertions. of ‘the bodies.
Whether orlnot these features ¥orrelate wiFﬁ D1 or D, struc:
tures in the surrounding rocks is not i;mediately evident.
_Hogevd; tlie presence of a lineation may be indicative of D,
‘deformation, .as L, is well developed throughout the area. If
so, emplacement would be Effore'thé‘end of D, deformation,
and“in any case the fabrics ce:taiﬁly indicate emplacement
before the end of D, deformation. The presence oflthe stocks |
may hhve influenced fold deveﬂopﬁenf‘during DZ’ hencg‘fheir
locations in the hinge areas of F, folds.

- .
. The larger pegmatlte intrusions in the Ompah area are all

\\\\___szt tectonic (ie. post D,-their relationship to D3 has not
- een established), although many smaller, locally derived
-granipig{veiﬁg were probably fogmed during deformation and

high grade metamorphism.
Comparison with Other Areas
Deformation and Metamorphic Grade

Wit@;n the Grenville Province of eastern Ontario, infor-
mation concerning time relations between deformé;ddn and meta-

morphism is available in several areas. It is to be noted,

however, that when deformational events in different areas are

f“\\\\ - . - q

I'4 .
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compared, no inference is made that these were synchronous.
As remarked in the 1ntroduct10n Lumbers (1967b) and Moore
and Thompson (1972) consider that there were two metamorphic
culminaf@ons in the BancroftjMadoc region. |?extures in the
Ompah area prdvide -evidence of a single prograde metamorphic-
event, whioh"is correlated to the later (Mé) metamorpnism of
Lumbers. However‘if the early metamorphism (Ml) attained
only greenschist facies, as suggested by Lumbers, its imprint

may well have been lost during the subsequent, higher grade

.' D)
A
.§

and metamorphlsm in the following paragraphs are all concer-

event. The detal

f the time relatlons between deformatlon

\LJ .

ned with metamorphlsm correlated with the later [Mz) episode.
In the Flinton area, Thompson (1972) considers that
metamorphlc grade during D was varlable, and that D2 took
place at the metamorphlc culmlnatlon the time relations are
thus the same as those inferred for the Ompah area.. D3 arooég
Flinton, dlthough of dlfferent orlentatlon and attitude to.
.st in the Ompah area, is also considered to be a.retrograde
(greenschist) feature. Carmiohael (1968) and Divi (1972),
refetrring to,arees D agﬂ C ffig. 2), both consider that D,
was entirely a low-grade phenomenon, with the metamorphic
grade-rieing between D1 and bz,'with D2 being synch;onous
with the metamorphic culmination. D3 is~considered to be-a re-

trograde feature by both these authors. Thus the time rela-

tions between’ deformatlon and metamorphism, although margi-

4
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nally dlfferent to thoserln the Ompah and Fllnton areas to _'
the east depict a similar overall pattern, which may be
characterlstlc of thlS region of the Grenville Pr0v1ncet
- Outagde the Grenv111e.Ppov1nce, the pattern of low to
medium grade metamorphism during récumbent folding, followed
by uﬁright'folding at the metamorﬁhié culmination may be \>§ _
quite common. Johnson (1963) feports such a pattern from the ‘
Caledonides in Scotland, and Zwart (1960) from.the HeIcynian x,h
of western Europe. '

In the section on structural geolog} it was suggested
that early recumbent folds may be characterlstlc of the
infrastructure of a ‘tectonic p11e with later uprlghtrfolding
predom1nat1ng at higher levels. Assuming this modei is : ?
correct, and‘considering that Dl was initiated at low meta-
morphic grade,idt would appear that there is no direct cor-
Telation between metaﬁorphic grade and structural level, as:
the metamdrphic front must have beén imposed on tgé rocks
after they had dgscendg to the infrastrﬁcture. In t
Fyson (1871) notes thatqéaveral other tectonolmetambrphic
sequences have also been reéo;ded, so it is unlikely that
there is a direct link between style af folding and grade of

e
1

metamorphism.

Deformation and Plutonism i>

4

Lumbers (1967b) considers that(ﬁg;t of the plutonic rocks

in the Bancroft-Madoc region were empléced before the culmi-

#
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nation-of.regionalxmgﬁamoiphism and deformation, although he
observeslthat some ébtaésic‘granites may be'syn-ané post-
deformational features (table 1). In area C (fig. 2) (Di%i
1972), the earliest intrusive recognized_is of gabbroic cop-~
position, emplacement being pre-D,, which is in accord wit

the p0551b1e time relations of gabbro bodies in the Ompah

area Granite plutons were. 1ntruded syn- and post P(\defor-

mation. Granite emplacement in area D (fig. 2) was after F1

and Beﬁdre F, falding (Carmichael 1968). More~ complex his-
tories’have beendrecorded in the basement gneisses 50. km.
northeast and 40 km. west of Bancroft (Appleyard 1874,
Francoeur 1975). Francoeur, for instance, &ecognlzeS\flve
distinct granitic phases whose age decreases southeastwards
as the cover rocks are approached. 5

The sequence of plutonism and regional metamorphis; in
the Ompah area is‘fhué in accord with the general scheme .of

Lumbers (196?b),”(tab1e 1}, but details "are at variance with
g .
. .
thgse from other areas. This is to be expected: in a region
where basement cover relations may have been an important

factor during deformation, and plutonism' took place 'in several

stages over an extended period of time.

~



S - - N
+ ] . RO )

-148-

’

TEXTIRAL VAR IATION WITH METAMORPHIC GRADE

Introduction
Apart from the use of textures fdr determining time
relations between deformation and metaporphism (see previous
section), it has long been recognized that .textural studies

can yield much information about the ¢ formation and meta-

morphic procésses themselveé. Recenfly there has been a ‘
trend Fowafds baéing descriptions on statistical analyses of-
some of the more easily mgésured;texturél~parameters;3thi§.
approach, as well as reducing subjective bias and facilitating
compérisonhWith other results-similarly obtained, "rendersia
wider range of data available, and may allow discrimination
between several possible theo£6§ical models.

The texture of a crystalline rock can be charactgrited by
the-inter—relationéhip oﬁ_four variables- (a) si%e, (b) shape,
(c) orientation and (d) spatial distribution of the consti-
tueﬁt mineral grains. Variation of any or all df these para-
meter; with metamorphic grade may provide information on the
direction of textural changes.'during prograde metamorphism.
Sych changes, whilst taking place at lower energy thresholds
than chemical reactions in which a new mineral species is t
crystallized, may nevertheless betsignificént:1n'ﬂ¢uetmi=i'“
ning the course of metamorphic reactions because of their
~

/%ﬁfluence on reaction 'kinetics.

Quantitative studies of crystal textures by DeVore

T2
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(1956, 1959), .Galwey and Jones .(1963, 1966),Jones and Galwey
(1964, 1966) and Kretz (1966a, 1966b) have yielded much
informatidn on mgtamo}phic processes. ngeter only recently
has an attempt been made to relqte_suchlgtudies to a meta-
morphic gradient. Ehrlich et al. (1972) examined t_hé shape
of feldspar crystals from a piutphic body which exhibits a
metamorphic gradient across it (the Cross Lake gneiss, fig.
2); and Jones and Gglwey\(lﬁ?Z) measured the shape of biotite
crytals from four Bérrovién Zoqsg in Glén Clova, Scotland.
In this work, variation in the siée and shape of mus -~
covite crystals with metamgjphic g;ade is analysed, and the
reswlts are examined with regard to the equilibrium shape
hypothesis. 'The data are also use& to test certain nuclea-
tion and growth models suggested by Kretz (1974). Anélyses
of measurements of crystéi orientation were also performed.
Orientation measurements,.when iinked to the si;é éndEShape
of individual crystals yield new information about the pPro-
cess of cleavagg or foliation formation in medium grade rocks.
In order that rpcés from a wide range of metamorphic
grade could be sampled, the study area was éxtended to the
southwest to the village of Bishop Corners (fig;.lg); thus
from low 'to high the metamorphic grade varieé from the
-chloritoid-staufdlite Zone, thrdugh the staurolite-kyanite
IZOne and the sillimanite zone to the sillimanite-potash

feldspar zone.\ The isdgnads are at high angles to the litho-
\ SR P ‘ E\n'—'/.‘
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logic boundarles CMoore 1967), and thus it is possible to

follow the same 'unit through all the metamorghlc zones.

Procedure ) ™~

~

Sampling.  Oriented samples were collected along the
length of thé Fernleigh belt from the ﬁ;litic schisf qnit
(6b). The sampling interval varied between 1 and 4 kﬁ;
(see fig. 19). Biotite sample localities for two specimens
from the Cross Lake gneiss (unit 7b) aréaélﬁo indicated in
fig. 19. A third specimen is from south-west Quebec, near

JOtter Lake, some 110 km. to* the north-east, where the meta-
. morphic grade has reached the siliiﬁ;nite—K. feldspar. zone

(R. Kretz, personal communication).

Measurement. The maximum length (L) and thickness (T)

of the crystais were measured in thin section; for the mus-
qovite crystals the following procedure was setAup in an at-
fempt to standardise the measurements. :

(a) Over the greatér part of theAFernleigh belt, the Ll mica
edge lineation on the S1 foliation surface is horizontal.
Vertical sections were cut perpendicular to this lineation

(fig. 33). When informa?ﬁdn from the third dimension was

(b) All measurements were made with a universdl stage, allo-
wing rotdtion of the (001) face of the crystal parallel to

thi microscope tube. The thickness recorded is therefore the
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Fig. 33 Sectioning and measurement procedure in textural
analysis. Vertical and horizontal sections were cut per-
pendicular and parallel to the Ly lineation. The shape
ratio was calculated from the maximum measured dimensions
of the muscovite crystals. ] : '
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true c-axis dimension of tﬁe cfystal. The length, however,
is not a rational crysté&lographic plane, but an arbitfary'
(hk0) section through the crystal; it may be less:than.the
true length by a variabte amount, since the crystal may not
have been sectioned'througﬁ its greatest diaméter.u Howevér
since this "cut effect" is considered to affect all'poﬁhla—
tipns.of'measufements equélly, a quantitative allowance was
ﬁeemed unnecessary.

(¢) Stréight-line traverses were made-across thin sections.

: : '

Only crystals with distinct boundaries were measured. The
.ﬁ-étage greatly aids resolution, bqt frequently where two or more
mica crfstéls, with their cleavages parallel, are in éontact,
it was difficult to separate them, and no measurements were
made. With this proviso, which in effect restricts measure-
ménts';o the quaftz—mica domains, all muscovite crystals en-
‘countered on trdversgs were measured. The spacing betWeen‘
.traverses was dépendent upon crystal size, being arranged’ so
that no crystal was measured more than Ence. ‘In both the
traverse method and in the sectioning of the rock, another
.form'of bias 1is introduced{‘némely that the 1arger crystals
are more iikely to be traversed or cut than the smaller ones.
However, the effeét of this is thought to be small, especial-
1ly where there is only a small raﬁge of grain size in the
specimen, so h9 allowance Tég‘made." -

(d) Within the pelitic schist unit there is some variation
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in composition, méinly-expressed‘by the proportions of the
mineralg'prgsent. This variable ﬁas minimized as a factor
affecfing the results by using samples of Similar mineralogy.
Approximate mineral propoftioﬁs are given below:- Muscovite
40-60%; quartz 40-60%; mggnetite/haeﬁatite/ilmenite 2-8%;

plagioclase 3-10%; biotite 5-20%; tourmaline less than 1%;

 kyanite, sillimanite, staurolite, garnet and chloritoid 0-10%.

(e) Minimum sample size was obtained by sample splitting of
a population of 200 measurements. The results sugggst'that
100 measurements is{sufficiént to roughly characterise the
population (table 5). !

Sample variation at a single locality must. be known
befoie\comparisons between localities c&n be made. Table 5

shows the measured and calculated parameters of four specimens

* from the same locality (sillimanite grade). Variation begween

specimens renders a single sample of\fDO measurements- inade-
quate to properly characterize the locality, but. it is felt

that coﬁbined results of the 500 measurements provide a gobd
estimate.

A method of incorporating local variation without at the
same time involving 500 measurementé at each locality was
therefore sought. A suitable method is a moving average tech- a
nique, in which the results of measurements from adjacent lo-
calities are-compiieddinto a single estimate. The measure-

ments from each locality are ised more than once, as the
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Specimen no.. WN ° .-:Mean T Mean L Mean L/T Mean LxT
| Cm) CEm) )
14341 ; 100 © 0.15 . 0.73 5.89 0.126
143A2 _ 100 0.26 0.93 5.09 0.347
143A1, 143A2 200 0.20 0.83 5.49 0.237
143C. 100 0.17  0.81  5.79 0.162°
143F 100 0.20 1.22  7.58 0.303 "
143E 100 0.18 0.78 '5.09 0.180

143A1, 143A2,

. 143C, 143F, 500 ° 0.19  0.90  5.89 0.224
" 143E- o
Table 5. Determination of sample size by sample splitting,

and the assessment of sample variability at a single locality,
(location 143, sillimanite grade). The first two rows show
the results of splitting a sample of 200 measurements; in the
third these have been combined. The remaining three rows

are a comparison of muscovite statistics from four different
rocks at the same specimen locality. The combined means

for all 500 measurements are given in the last row.

1
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central point of the estimate moves alonﬁ the belt) fig. 34..
In this work 47 small samp{eg of 100 measuremenfs each were >
compiled into 13 moving average estimaté; of 500 measurementsf
(f) Horizontal. sections. Six sets of 100 measurements.eaéh
were made on horidzontal sections. After this, since a consis-}
tent relationstrp with measurements from the vertical 2
sections was ogtained (dimensions in horizontal secﬁibns"J
being about 10% greaterythan those in vertical se;tionsjg a'
further two samples were calculated on a propoftional basis
using mean data froﬁ the corresponding vertical sections.

3 L

Due to the low sample density, ‘measurements from the horizon- .

-

tal sections cannot be incorporated into moving average

populations. However, their similarity to measurements from
the vertical sections suggest that they represent an acéebtar
ble approximation of the population at that localify. ”
(g) Biotite. Tdo samples of 100 measurementéleach wefe ﬁade
on biotite from the éross Lake gneiss. .The measureménts are
intended primarily for comparative use; and the sampling
and_sampie size procedure were not rigorously applied. The
greater homogeneityugf the~gnei555'ﬂb§€ver,fsuggests, that -
the effects of compositional variation woulé be less than

in the pelitic schist. These results will be considered
separately, after_ﬁhbée fot mascovite. ” !
(h).Crystal orientation. Six samples of similar composition,

-

but varying hetamdrphic grade, were selected for analysis.

L
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MOVING "AVERAGE TECHNIQUE, -

LY

: j‘A-,'.B,C— adjacent speéiineh [qc-dlit_ies.‘ progressing up grdde._
» 1,2, = samplenumbers. . e
| LOCATION . e
specimen: A, B ¢ " P . E
‘estimate: - I = . Il\ " oo m v .
- \. ' r % K. ' é _.}.-I
n, \. ¢ . "
. o N i ) . :’ l' o
MOVING . . AZBIBZCICI. |.CZDIDLEEL.
AVERAGE AI,AZ,BLBZ. B2}, cz D1 D2. Dz Er EZFTF2.

Flg 34 ‘Moving average method of sample comblnatlon L :
. Bach'moving average: estimate of 500 méasurements (400 3 ‘=

-at each end of the belt).incorporates samples of 100 =~ .= . .
measurements from several adjagent localities. 1In cases -
where only one of the two samp was required from a |
single 10callty an arbltrﬁry's ction was made. »
N ;

. 3
2
. * !
% ) T
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a ; The speEimens were ‘sectioned as previouélyidestribed @ﬁig. 33).

Vertical sections only were used. 'The orientation of (003)
. - 'muscovite was measured, utilising two rotation axes of the
universal stage. ZOP measurements were-made on eeeh-sample,

~and.traverses were regularly spaced across the thin sections,

Lo

all crystals 'traversed being measured. Readings were_plot-

ted and contoured by cemputer.
8-

- U 1
For evaluatlon of the effect of crystal size and shape

4
ﬁi&e on specxmens from different metamorghic grades (one from

the staurplite-kyaniteezone, the other f he sillimanite
e . a i
. X ! o ) R .
zone). Measurements were -again confined t Re quartz-mica

b B
%%domains.‘ The. reading yere subd1V1ded into three, groupg\

’) ‘ on the basie:bf size &gbr- both.{he T and L parameters),-and

for shepe (L/T ratio)y each group of readings was then plot-

“‘ted.on a weparate stereonet..

“<

Anaixeie. A steﬂdarﬁ¢statistical.approach, mﬁch of

which is already 1n use in palaeontology (Imbrie 1956), was

l

employed for anau§51s of the data. 1In both the samples and

LY !

the populations, all meaguremente}were processed by computer

-
Y in the following'manner After conver51on”B£\T and L into

m1111metres the shape r1t1o (L/T)‘hnd the atea of the cut
‘face of the crystal (LxT) were calculated. The mean.,’, stan-

#
dard error of the mean, standarq dev1af10n and range of T, L,

' L/T, an& LxT were then complfﬁa Follow1ng‘thls; a corre-

. ..
- . . 2} ]

T T Fe . s .o
“ . [ - -
- . -7 . » L)
. . .
f

R

on preferred orlentatlon two sets of 200 measurements were ’

B
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lation table was calculated and each correlation tested for
S - . .

'a significant difference from zero. If a correlation was
. . ) ] N * 4 Ll
established, the following statistical parameters were com--

puted:-correlation coefficient, signifieance of correlation
coefficient, gradient of ‘the reduced major axls, constant of
the reduced major axls,*error of‘slope of the reduced ma]or
axis and the relative end absolute dispersion about the re-
duced major axis. Subsequently giephs.were plotted of each
variable against each other (six graphs in ali), aud histo-
grems compiled for all four variables.‘ This. information is
’sufficient both to describe a single populatien’aud to de-

- monstrate differences between populations.

Estlmates of crystal volume were made by comblnlng mea-
suredents from horizontal sections with those fyom vertlcal
.sections. Calculations were based on rectangu} r shapes,
and mean.sample values were» used. The.rectanéular éhapes,'
"whilst not a realistic analogue, produces no bias towards -
any darticular size or(shape‘group and is easily calculated v

S o) -

from the measured parageters. - The use of mean values is

.

. considered justified if the measured parameters have unimodal .
distributions. Surface area calculations were also based on
sizﬁlar assumptions.

=y  For evaluation of the degree of preferred orientation,

\contourlng was done by the usual Schmldt equal area method,

TN \

and also by a stat15t1ca1 method suggested by Kamb (1959)

In this latter technique'in which the area of the counter is

Siks
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. not conetant but varies agcording to the number of readlngs;
the dlsgr\butlon is COﬂPared statlstlcally'{? that of a "
similar number of randomly distributed p01nt;, the cdﬁpours
in standard deviations therefore estimate the degree of"
deviation from e random d15tr1but10n. The contoured results
on an equal area ner?projettiqn are more useful'than the con-
tours of'the Schmidt metﬁod io that the area enclosed by a
con_tour,_ as well as its concentration, is té%@ro account.
Thus when semple size regﬁhe,same, a direct numErioal com-
parison of the maxima, im,terme'of standard deviagions; gives

a valid comparison of the-dietrioutions. The data may then

" be plotted“graohically to facilitate oomparison'between sam-

- o v

ples.
‘Where sample sizes are not” the same (eg. in the evalua-

tion of the‘effecr of crystal size and shape on preferred

orientation), a qualitative estimate of the degree-of

. preferred”orientation is madé by measuring the spréad &f points

about the modal value- (contoured by the Schmidt method) for

each group;'. ' ' : »

. Crystal Size andiShaoe
Indivi@ual‘Samp'les—Muscovife'T {}
The results obfhioed from the large enh*smail samples
show esseotiailf the .same: trends. The correlation coeffi-
c1ents establlshed between varlables for the moving average

results are glven in tdble 6. Desplte the spread of L/T

AN
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Thickness Thickness Length Thickness Length Shape

high grade (13).
the 99.5% significance level.

correlation.

- Number against. against against .against against sgainst

. Length Shape "Shape - Area Area ‘Mrea

(L/T) (LxT)

13 0.63 -0.37  0.25 0.86 0.81  N.S

1§ “0.67 -0.27 0.36 0.89 .83 N.S.

11 0.68 -0.27 0.34 0.89 0.83 N.§

1o . 0.64 -0.29 0.38 0.87 0.84 N.S

9 0,65 £0.37  0.26 0.89 0.80  N.S:

8 0.53 ~0.40 0.25 0.85 <0.73 -0.18 N

7 0.66 -0.40 N.S 0.86  10.78 -0.23

6 0.68 -0.30 0.40 . 0.89 i0.84 N.S.

5 0.54 -0.45 0.36 0.83 0.81 N.S.

4 0.63 -O.jﬁ N.S 0.85 0.84 N.S.

3 0.57 -0.39° " 0.21 0ﬁ89 0.65  N.S.

2 0.54 -0.46  0.33-  0.89 0.77  N.S.

1 0.56 : -0.40 0.32 0.92 0.64 ] N.S.
Table 6. Correlation table for moving afefage.dataifor
muscovite. Populations are numbered from low grade (1) to

All correlations given are significant at

N.S. =z no significant linear

Y,
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ratios in large samﬁles (figs. 35 énd'36) correlation betweéen
T and L is consistént with%n a narrow range; correlation
coefficient§:0.53-0.68 (meanjo:ﬁl); a{closely simiiar hean
correlation coefficient, but a wider range .is obtained from !
tﬁe samples .of 100 taken individually. Absolute &ispersion
(the spread of the data about the reduced major axis) is
lower in the low gEade Sampleg, reflecting the smaller size
of the crystals. 'Relative.&ispersion however, which is in-
‘dependent  of size, is‘apprpkimately the samébi& all samplés.
Correlatibn between T and L/T (ie._siie versus shépe)
is lower than between T and L ttable 6) the range of-corre—
1ation~coeffi;ients ;n larée samples beigg 0.27-0.46 (mean
0.37). However 40% of-the small samples of 100 measurements
from the high grade rocks (sillimanife‘grade and above)
showed no signifiéant correldtion betwééﬁ T and L/T. An

examination-of this‘plot'graphically (fig. 37) suggests that

a - . /.*’\\
the scatter of points defines an area rather than a curve, ;
o \
which would explain the low and insignificant correlation \ 7
. : N )
) . . L
coefficients. , R

~ - L

Consistent high correlafioﬁs.gférecé?de& between area
LxT against both T and L. Ar a:LxT versﬁs shape L/T shows -
no significant linear cqrrelagﬁph in small samples. A simi: .
lar lack of correlation exists in all but two of'the large
sample distributions (table 6). |

'Histdgrams of T, L, L/T and LxT are typically unimgga;4

PN
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2

though minor'secondary modes are quite common; especially
in small samples (figs. 35 and 36).- Most histograms are
positively skewed, the mean being slightly greater than the
mode. Cumuiative distributions of'bdth large and small
samples have a similar form. In fig. 38 cumulative histo-
grams ¥or five samples, in which all measurements were made
from small volumes of rock, have been compiled into a single
diagram. The different slopes of the curves are considered
to be due essentiallx/to the different size ranges of the
crystals involvéd. An enlargement of the left-hand jportion
of the diagram has been ma&e (fig. 38 inset); the irréegulari-
ties in the curves of the Eigh grade speciﬁens (143 and 243)
are probably due to low representation in the sample, and
are not thought te have any particular significaﬁce. These
data Qill be used later for the discussion of nucleation
models. 7 ‘. ' ' _' '
When plotted.on_probability paper, cumulatiVe'distri—f‘
butions are approximately log-normal, fig. 390 and;46;‘ Cumu-
1% ive size distributions, given by thickness T, are»}ess
regular than those for shape L/T, tﬁé 1at§er consistently
-defining two intersécping lines of different grad%eﬂt. The

reason for this is not known. L -

&)

Variation Between Samples - Muscovite. ’ .

There is a large increase in crfstal size (T) with‘grade

of metamorphism (fig. 41); mean ijfom the -highest graae



99.9 -

ol )
98f
95 -
90

PERCENT 80

70 -
SMALLER

. 50'-
40 -
30

20 -

THAN

10 -
5

2-

0.1~ >

] i ll‘l]ll L 1] llllill—l
0.01 002 0-05 04 02 0.5 1.0

THICKNESS (MM}

Fig.‘39'_Cumulative size distribution plotted on Lég“
probability paper, for four moving average samples (1
grade, 13 - high grade). . :

{

;

1.2

-~ Tow



898+ -

99 1
88

" g5
90-

PERCENT 807
' 70-

60+
50~
40-
30-

. 207

SMALLER

THAN

Y

14 ©

_ 3
| 0-1/ Q_\
A 14 : L} ] " LR il R 1 ' ‘ﬁ A
2

.5 10 20 50

ty

« Y1 ratiO —~

. ) : o

Fig. 40 Cumulative 4hape distributiors lotted-on log.
probability paper, for four moving average samples

a - 1?w grade, 13. - high grade). h



-169-

. "“4{‘1 -
samples being approxlmately nlneteen times that from low

grade (0.326 mm. -and 0.017 mm. respectlvgly)z Correspondlng
increase of L and LxT also accur.

It is of interest to known if there an aSSOC1ated chg&;_/f
ge in the kurt051s of the hlstograms with grade of metamor-
phism. However ghis cannot be measured directly because of
‘the great range in size Along the‘métamorphic belt'necessi-
tates changing the hisfogram.interval. qIlius'a s;atistic‘w;s
sought which wdulé\chéracterize_the sﬁrpad of ﬁhe population.
It was. found thét the'§F§2§§?@ d?Viat%PH/mean'enables a »
useful comparison to be drawn bétween sémﬁiesm Quantitativély
“for any giben'mean, ﬁhe greéter the value of SijD'/M the more
leatykurtic'the distributions. Thus if ‘Sm’/M-fémains ap- .
proximately constant as the mean incfeases, the spread of \\,/J/
the distributions must have inc;eased proportionately (kur-
tosis decreased). Similarly greéte: SD/M values associated
with increasing means iﬁ%ﬁcates é greater spread as the mean
increaseé; whilst decreasing S-—]j/M values as the mean increa—t
ses may indicate either that the spreaé is th® same oY is |
 decreasing. . . ) oo

SD/M for the & paramete£ shows no systematic trend with'
metamorphic g;ade (increasing size, thgrefbre increasing M),
s0 1t is concluded'that the rtosis increases :proportiona-
tely with the mean —‘tabi .".HoweVEr for L there .is a trend
towards more 1eptok%3tic @istributiog;_at low metamorphic

1 Fl
L . T .
' - .
" .

grades. _ I . )
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Population No. Thlckness (T) .Leﬁgth'[L) Shape (L/T)

_————-——n_-.———--_———q_uu‘--—-————————--—----.-.._-—--—-._——

13 0.86 0.72 0.62
g ~ HIGH GRADE:
12 0.75 0.74 0.60 large crystals
: - - ' ‘ : withvlowrshape
11 0.81 0.76 0.55 ratios.
.10 077 0.73 0.52
9 ©0.81° 0.64 0.57
8 1.07 T 0.68 0.72
7 1,29 0.70 0.64
6 . 0.64 0.47 0.48
5 0.65 0.55 0.52
4 0.78 - 0.67 0.60
3 0.96 0.60 0.55 .
: . ~ LOW GRADE:
22 0.73 - 0.44 0.43 small crystals
T with. large. -
1 0.76 0.47 0.43 shape ratios.
3 ' R COR S TC R
Table 7. Standard deV1at1On/Mean values for moving average

samples D/M used as a measure of the kurtosis of the dis-

tributions; for fuller explanation see text.

?’-
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. As expected from the'increase in T and L, the everage
volume of muscov1te increases with ascend1ng grade of meta-
morphlsm. ‘The rate of increase, fig. 42, is rapid
up to the top of the sillimanite zene, at which grade it
declines quite abruptly.

Average crystal surfaEe area also increaees.rapid;yL;g,_
with metamorphic grade, Fig. 42. - However the rate of
increase with metemOrphit grade~is less, and the declining rate
starts lower in-the sillimanite zone than fof volume.

A systematlc change in muscovite 'shape ratio L/T occurs
along the Fernleigh belt figs. 4% and B. At the lowest
grade of metamorphism the modal shape ratio is 11:1 (mean
13: 1) changing to 3:1 (mean 5:1) at the high grade end. fmoving
average datag It can be seen that the change in 'shape is a
gradual one. At the high grade end of the metamorphié belt

it appears that a plateau has been reached, with the five AN

end samples all having the same modal shape ratio. 1In fig,

44, the histograms for shape ratio (moving average results)

have been compiled into a single diagram. It is evident
g . ‘ - .

that the histograms become increasingly leptokurtic at-the

.higher grades of metamorphism, reflecting a narrower spread

of shape ratios in the high grade rocks., SD/M values for .

crystels shape (table 7) are approximately the same at all

e

grades, indicating that the spread of the distributions in-

creases as the mean L/T increases (ie. ‘as metamorphig grade -

¢
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decreases). Thiglislgpparent viﬁually in fig. 44.°

The cumulative dﬁfyes for cryStal‘shapelgfig.'do),
whichiconsistently'ddfine two intersec;ing log-normal lines,
show that the skewness of the histograms is consistent

Jﬁthroﬁghoﬁt‘tﬁe-metamorphic gradiént examined. The-point of
§¥jﬁntersection of the two lines occurs at progréssively lower
L/T ratios as the metamorphic grade incréases, but does'not
coincide with the modes of the histograms..

Fig.ggﬁ, in which the shape ratio of muscovife crystals
‘(used as ; méasure of metamorphic grade) is plotted against
the mean surface area/volume ratio, shows that the SA/VOL
ratio is much reduced for crystals at high grade (low grade
is 17 times high grade). )

Some intereéfing results were obtained from the compa-
rison of measurements of muscovite c;}stals enclosed in
pdiphyrbblaﬁts dfpplggioclaée feldsparww1thtthese{f:mm.cgys-
tals outside the porphyroblasts. Whilst the results do not
have the statistical sighificance of those reported earlier,
1‘the trends are apparent. In the low grade rocks (chloritoid-
-staurolite and staﬁrolite-kyanite zones) the inclusions are
present only in the'central portions of the porphyroblasts.
These enclosed crystals possess modal L/T ratios which cor-
respond approximateiy to the chloritoid-staurclite zone

figs., 46A anduB, The other specimens measured (C and D of

: /
fig. 46), in which the included crystals are dispersed ‘i~



o

. o

-177- e

1809 B f

- ' ~ lowgrade |

- 1407

SURFACE AREA -
VOLUME?‘

RAaTto 1097

60~

20- high gradffz’,,/’

~*
— > 4 & 8 10 £ ~
. Yy RaTio | g

Fig. 45 Mean shape ratio of muscovite crystals of various

mezgmorphic grades-plotted against their surface area/volume
ratios.
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throughout the porphyroblasts, come from the sillimanite

zone. In D the shapes of the incluqed'crystgls'cannot be
distinguished from those in the foliation outside the porph}-’
roblﬁ@t' whiist‘in C a range of shapes is seen, possibly -

representlng an intermediate step between B and D.

It is evident from fig. 47 that the mean size of the crystals

: enclosed in the porphyroblasts is less than the mean for

those in the foliation. - This is particually marked in the

highest. grade sample (D of fig. 46), where the mean T (folia-

‘tion mica)is five times mean T (included mica), yet thelr

shape ratios are indistinguishable. It is concluded, there-
fore, that crystal shape and size are independent varlables
In:flg. 48 information from the plots of T agalnst L

for the lowest and highest grades of metamorphism (moving

'average data) have been compiled into a single gtaph. The‘
: &

large difference in the ranges of the two distributions is

apparent. The gradient of the reduced major axes are also

"signif¥cantly different, refiecting the different modal shape

ratios of the muscovite crystals at each end of the metamor-

"phic belt. The constants of the reduced major axes (ie. the

intercepts with the y-axis) are consistently slightly negéf/im\

tive (average —-0.1).
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Fig. 46 Uomparison of histograms for shape ratio of muscovite
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porphyroblasts. Metamorphic grade increases from A to D. N

(foliation mica) = 100; N(included mica) =50 in each case.
Mi : ‘mean (included mica); Mf = mean (foliation mica).
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~graphs of T agglnst L for -the highest and lowest
grade moving average samples.



Thickness Thickness Length Thickness - Length Shape

Vs - vs . VS vs . Vs
Length = . Shape ‘Shape Area Area Area
 TTTTmmmmemmsmme s ommmmmmmmees i 2iiaiuininieh e

0.92 -0.86 -0.73 0.96 0.93 -0.73 -
Table 8. Correlation table based on mean T and mean o
L statistics from 47 samples of 100 measurements each, T

_taken from along the length of the metamorphic belt. )
“All correlations are 51gn1f1cant at -the. 99.5% signit'vu
ficance level. : ; ]
: . N
Table 8 is a correlation table based on the mean L and
T values for the'47_smail samples from slong the 1en§th of
//////Qhe Fernleigh belt. When compared with table 6 several
differences are apparent dorrelation between T and L is’
higher than in the 1nd1v1dual samples and populatlons. Howe-
ver more 51gn1f1c4nt1y a strong correlatlon exists between
the measures of crystal si;e ie. T, L,'Lth'and crystal
shape L/T, in marked'centrest to the samples and populations
from a single metamorphié'grade. In fig. 49'th;s data for
the moving average results has’been plotted using ‘thickness
as the indicator of size.‘ Similer_dietributions of points
occur in the graphs of L and LxT against L/T. The line '
joining the points frem low grade to high grade defines the
"prograde growth trend" for muscovite. Low grade crystals
are characterized by their small size and tabular shape,
whilst at high’metamorphic grades crystals are oe average

larger and more equidimensional in form.

Mt
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Fig. 49 Mean size (thickness) of muscovite plotted

against mean shape ratio (moving average data). The
distribution of points from low grade to high grade

defines theJ"prograde growth trend'.
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Fig. 50 - . A
- A- Estimated number of crystals per unit volume of rock
(assumptions stated in text) plotted against grade of metamorphism.

B Estimated total surface area of muscovite crystals per
~unit volume of rock plotted against grade of metamorphism.
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Ny Utilising the estimates of -average volume per crystal at

different gradés of metaﬁbrpﬂism”(fig{~42),‘the;numbér“of"ﬂ”“”"” T

‘crystals per unit vqlumé of‘rﬁhk may be’ calculated ‘(fig. é
this calculatibh is.based on the assumption that the rock
"contains éO%ImusCovite by vélume).rwa this value is then
combined -with that for the mean surface area per crystal,
wé‘arrive at an.estimate of the total surface area.qf.musc
vite per unit volume of rock; fﬁié has -been plotted in fi
50B, and it is apparenp‘that there is.a substantial reduct
in total suwrface area/unit volume of ;ock with increasing
metamorphic grade. Thus the rock as a whole, with regard

muscovite, shows a similar, but enhanced trend to that of

indiviﬂuai crystal.

Crystal Size Distributiom.
el

Combining the estlmates of the total numbers of musco-
vite crystals per unit volume of rock (fig. 50A) with the
data from the cumulative—histograms.for crystal size (fig.
an estimate of the actual number of crystafs in each 51ze
range in a glven volume of rock can be’mage: This data is
presented graphieally in figure 51. éonsidering the 'solid

portions of the curves, the rate of'increase in numbers of

crystals in each successively larger size range appears to

0A,

o=

g.

ion

to

the

38),

lessen sllghtly with decreasing metamorphlc grade (although

’

the actual numbers of crystals involved in the low grade

. . :I’\ . ‘
specimens iS'greater'3§ several orders or magnitude)}. All

N '
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Fig. 51 Estimated number of muscovite crystals per cubic

centimetre of rock at different metamorphic grades.
‘mates are derived from the data on crystal volume and from
the crystal size distributions.
the curves are interpreted from the cumulative histograms.

The .dotted portions of

Esti--
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curves flatten out towards thg right-hand side, reflecting

the relatively small numbers of cnytais in the larger size

ranges of each sample. The dotted ﬁortions of the curves

are‘interpreted fromwthe‘cumulative histogram curves (fig. 38);
curves 243 ahd 143 suggest that the rate of increase of num~-
bers of crystals with increasing size 'is greatly reduced at
the small size ranges of the populatlons. -\ . '

However despite the variation in size ranges of the
crystals from different-metamorphic gradesﬂ the shape of the
distributions is essentially the same. The moving average
results, fig. 39, when plotted on log-probability paper, do
however show spmé variabilityt Whilst this may be partly-
due to the method of plotting the data, it appears that this
is not the complete explanétion siqge no systématic trend
could be founq. N
Biotite.

The results for the size and_shéﬁe of biotite from the
gﬁeisses are summarized in table form (table 9). Correlation
values (table 8A) are similar to those for muscovite‘(table
6), although no correlation W;Q established between tthkHESS
and shape for any of the biotite samples. Hlstograms (not
included) are unimodal, and slightly positivély‘skewed as for
muscovite. The mean values for crystal shape (L/T) (table 9B)
show a similar, though iégs marked decrease with increasing

metamorphic grade to those of muscovite. Biotite size, howe-



i TSN .

-188-

Specimen Thickness Thickness Length Thickness Length Shape

Number Vs Vs vs - Vs Vs Vs
o Length Shape Shape Area Area Area
865-72 0.67 N.S. 0.38 0.88 0.89 N.S.
124 (V) 0.68 N.S. - N.S. 0.86,: 0.89 N.S.
101A(V)  0.65 N.S. N.S.  0.82  0.91  N.S.
Table 9A. " Correlation table for biotite measurements. All

correlations given are significant at the 99.5% significance
lavel. N.§.- no signific¢ant linear correlation.

Specimen N2. Mean T Mean L Mean L/T . Mean. LxT

e e e R i e e T T e S S S

$65-72 C 011 0.34  3.45 0.04
124(V) ' 0.09. 0.28 3.58 0.03
101A(V) - 0.28 . 1.0z  4.02 .  0.35
Table 93. i Mean values for biotite measurement§.

100 measurements per sample., Results are arranged
in order of descending metamorphic grade.

N
s A
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ver, shows no consistent treénd with grade of métﬁmorphism;
the lowest grade“spec%:i:/péb the largest mean size, a re-
sui% in marked contrast to those for muscovite. '
Interpretation.

Crystal size. A general correlation between crystal

size and metamorphic.g;ade has been known for a long tiﬁe
eg. Leith 1905. Turner and Verhoogen'(lgéo), who discuss
the problem in some detail state: ''coarse grain is favoured
by high femperature of metamorphism and probably also by
protraction of the period over which the metamorphic tempe-
ratures are maintained, evén when the latter are relatively
low" (p. 597). Althoth én the Fefnleigh belt nmuscovite
size varies regularly with grade of metamorphism,fcrystal
size is thought not to be a universally suitablg indicator
of metamorphic grade due to the possibility of protracted
growth at low temperatu&es,‘as indicated by Turner and’
Verhoogen, and also due to the possibility of reduction of
crystal size during subsequent deformation events. The re-
sults for biotite, in which the largest crystals come from
the\lowest metamorphic grade (table 9B) support thisAinter—
pretation. ' -

The rate of increase of‘crystal-volume with metamorphic
grade, rapid at low grades, slows down iﬁ the sillima-
_nite zone, suggesting thé%'aﬂ optimum size raﬁée has been

reached, (fig. 42). Although theoretically crystal size

™
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could increase without limit during metamorphism, fhis is not
generally observed to be fhe case. There appears to be an |
upper limit ébove which single large cryétals are replaced
by aggregates of smaller crystals of equivaleht volume. For
muscovite in the study area, the optimum thickness appears

to be between 0.2-0.4 mm. (fig. 41). ‘

*

Crystal shape. It has long"been known theoretically
that fﬁe shape of'g crystal may be influenced by the extensive
variables of its physical environment, and this has led to
the concept of an "equilibriﬁ; shape" of a c¢rystal. The .
subject has been considered by Herring (1953) and others,
ané"the geological application discussed by Kretz (1966@).'
The equilibrium shape of a crystal is defined as ‘that shape‘
which possesses a minimum sum total of the interfacial free
energies* for a given volume (Curie 1885). Wulff (1901 - in
Buckley 1951, p. 107) added a rider to Curie's hypothesis.
He showed that the distances from the centre of the crystal to the

Crystal faces are proportional to thé relative rates of-growth of the

* The interfacial free energy is the difference between the
energy of the atoms at the surface and those in the interior
of the crystal. It is the work required to form a unit area
of surface by a reversible isothermal process, and is a func-
tion of the viscosity of the system. Interfacial free energy
values are about 1/3 those of surface energy, Spry 1969, p.
25-36. ' ¥

!
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crystai facesf Then, on the assumptioﬁ that the ratgs-BfA
- growth 6f each face are proportional to their interfacial
energY/surface area ratios, it follows that the distance of
a crystal face to the centre of the crystal is pfoportional
to its interfacial free energ&. Thus if the equilibrium . | .
shape of the crystal is known,. it is.possiblé to calculate
the relative free energies of the crystal faces (Wulff
Theorem).

In the light of the equilibfium shape hypotesis, several
interpretations for the data from the Ompah area appear
possible. In all the histograms for shape ratio, a spread
of shapes is recorded (eg. figs. 35, 36). Kretz (lgﬁka),
who obtained a similar distribution from khe measurements
of 615 phlogopite}grains extracted from a marble considered
that either (1) oﬁly'the'smallest crystals in the popula-
tion achieved a near equilibrium shape or (2) that none of the -
crystals possessed an equilibrium shape, or if any &@d it was
fortuitous. |

However another interpretation, which places more im-
. bortance on the modal peaks of the histograms is also possible.
The assumption is made that these rebresent the equilibrium
- shape of the crystals, deviations from the equilibrisﬁ shape
being due to sluggish reaction rates (such relics woulh have
shape rat%gs greater than the mode) or to other physical factors
which will be considered later.

The results for muscovite from the Ompah area suggest
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that the third possihility- is the more likely in view of
the evident significaﬁce of the modes of the histoér&msxwhich
vary systematically, both in position. and kurtosis, with
metamorphic grade (fig. 44). ‘Thus, if the modes of the histo-
grams represent the equilibrium shapes, it is apparent that
a greater proportion of crystals achieved equilibrium shapes
-at high grade than at low; or in other words, that a w1der
range of shapes is tolerated at lower grades of metamorﬁhlsm

Deviations’ from equilibrium shape are caused by factors
which influence the relative 1nterfaC1al energles of the
bounding faces of the crystal Such factors 1nclude = (a)
species and oriemtation of nelghbourlng crystals, (b) crystal

composition, (c) pressure, (d) adsorption effects and (e) tem-

perature. The influence of these factors in controlling the
shape of muscovi Crystals in the Fernleigh belt will now be
considefed. LQ\\\ | - ' —
(a) The effect of the orientation and species of the
neighbouring crystal has -been discussed by Herring (1953),
Kretz (1966&) and Vernon (1968). Kretz noted that the ab111ty
to form a crystal face varies significantly both between
Crystal species (the Becke crystallographlc serles) and also
for different crystallegraphic orientations of the same |
species. However in the case of muscovite from the Fernleigh
belt, neighbouring crystal species and orie%tation is not

considered to be a significant factor, due to the common ob-
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servation that muscovite, regardless of its crystallographic

"~ orientation, imposqs its form on both quartz and féldSpar.

against which it was generélly méasured. This‘situation is
therefore equivalent to growth in an isotropic medium (Kretz
1966a). | ' ‘
(b) Composition as a factor affecting-crystal shape has
been discussed by Swalin (1962) and Kretz'(lgﬁﬁa);‘ Kretz
notes that the common forms of different species of garnet
may be correlated to their comp051t10n, and a comp051t10na1
effect on shape ratlo is known in the pyroxene group
(Helmstaedt 1976, personal communlcatlon)..ign order to
determine the influence of this variable on crystal shape,
the compositions of several muscovite.crystals of. varying
shaﬁe ratio from eaéhiof seven specimens from different
metamorphic grades were analysed by.means of an electron

microprobe. The analyses are.included in appendix 2. The

results indicate that whilst there are regular changes in

.muscovite composition with metamorphic grade, there are no

systematic changes within a single sample which can be rela-
ted to crystal shape. It is concluded, therefore, that
muscovite composition does not affect the.shape of the crystal:
(c) Theoretical considerations indicate that the inter-
facial energy and hence the equilibrium shape, is pressure
dependent - Swalin (1962, p. 180 et seq.). However the re-
sults of Jones and Galwey (197éj sﬁggest that mica shape is

not pressure sensitive since they report a change in shape
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across botﬁ regidnal and thermal metamorphic gradients,

which might be expected to have had very different pressure-
réglmes Inathe.Fernlelgh belt_no evidence was found to
indicate a systematic pressure gradient along the lehgthcy‘
of the belt, and so it is concluded tﬁgt préssure‘differen*
ces, if operative, were not dominant in detérmining mﬁscbvite
shape. | '

| (d) Adsorption of a different chemical_species onto the
surfaée'of the crystal may have a significant effect on the
interfacial energy, and hence the'equilibfium shape; Ex-
perlmental results show that the surface energy of (001)
muscovite in high vacuum is much greater that in air, which
is greater again than in water (Herring 1953}.. Water is
generally assumed to be prééent on grain boundéries,in meta-
morphic rocks as an adsorbed phase, possibly also penetrating
the outer layers of the crystal lattice (Laffite 1957, p.
204). With increasing grade of metamorphism an overall de-
crease in ﬁhe amount of water in the rock is anticipétéd.
However the amount of wafer present per unit area of grain
boundary may not decreasé'as rapidly as the total water in
the rock, as there isia‘general trend towards reduction of
grain boundary area with increasing metamorphic grade. eg.
fig. 42. Unfortunately the role of adsorption in metamorphic
processes, whilst understood in principle? is nof easy to
investigate in the rocks themselves; ané,in thg Fernleigh

belt in particular its influence on crystal shape must remain
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(e) Temperature dependence of surface tengion was -
predicted by Cirie (1855), and by the Wulff theorem. It
has been discussed more recently by Herring (1953) and Kretz
(1966a). Herring constructed a plot ef crystal orientation
against surface tension, 'known as the g-plot, fig. 52. 1In
~ this ﬁiot the downward poiﬁting cusp represents a stable low
'energy face surrounded by two relatively higher energy faces.
With increesing tempefature the long range order of the
atoms on the hig& energy surface is disrupted (it assumes
some of.the'properties of a liquid), and the surface free
energy is reduced. However disruption of.tye sxeble low
energy faces may faii te take place below.the melting point.
Thus the relative difference in surface free energies decli-
nes, and the equilibrium shape of the‘crystal will change.
Kretz (1966a) notes that the results of experimental work
show that for some solids the surface'f;ee energy is.sensiti-
ve to temperature, whilst for others it is practically insen-
sitive. The Wulff theorem (in Buckley 19851) predicts that
cryézgz—shepe should'be constant at a given temperature. In
the Fernleigh belt'the unimodal histograms for muscovite
shape have been interpretea as inéicating that an approach
to constancy of shape was attained at any given metamorphic

: ;

grade (a closer approach atsﬁigh grade than at low). Thus

it follows that the shifting position of the mode is due to
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hkt 001 hkt

Crystal Orientation 8™

Fig. 52 * The y -plot, after Herring (1953). The’

. surface tension of a crystal face .is plotted against
crystallographic-orientation. The downward pointing
Cusp represents a relatively low energy crystal face; -

. eg, (OOIIsin micas, surrounded by two higher energy

. faces, eg. (hkl) in micas.

- Tcz critical temperature.
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.Systematic temperature variation along the belt. The spread

. of the histograms about the modal values may be due to the

influence of some or all of the other variables affecting
e§uilibfium shape mentioned.earlier.

Utilizing the principles of the Wulff theorem, and fol-
lowing the procedure outlined by Kretz (1966a, p. 84), the
total surface free energy (Fs) at equilibrium will be 3
minimum when

L/T= fhk0/£001
(f is the spe;ific interfacial free energy asséciated with
the hk0 and 001 faces of the crystal). There is,‘}herefore,
a relative change of interfacial free energies between hkoO
and 001 from 11:1 at low grade to 3:1 at high grade respec-
tively (é.f. fig. 43). 'Associatgd with this there is a
change in the surface area propo;tions of hk0:001, due to the
change in crystal shape. Using rectangular analogues for the
shape of muscovite crystals, calculations’shOWrthét the pro-
portion of the area of the hk0 faces to total surface area
increases from about 15%.at low grade to 363 at high grade,
fig. 53. 001 is the staﬁfe, low energy crystallogfaphic
orientation for micas. Proportional increase in the surface
area of the relatively high energy hk0 faces must therefore
become progressively more favourable at higher ﬁetamorphic
grades. Thus the observed changes in mﬁ%covite shape with

grade of metamorphism fit the theoretical model of Herring

Al

~
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PERCENT SURFACE AREA OF hk0 FACES:

15-4 */s ' 36 Y.

Fig. 53 Relative dimensions of rectangular analogues of
muscovite crystals from low and high grades of metamorphism.
The relative percentages of the total surface area contrl-
buted by the (hk0) faces have been calculated
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, as 1illustrated by,fhe y-plot; _ o
5 ' ¥

(1953)
71t is therefore|concluded that the systematic variation

in mica shape along the Fernleigh belt is primarily due to

change in tempevatur The shape change is explained by

-postulating that thel001 and hk0 faces of muscovite have

different temperature coefficients; and the.g—plot suggests
that the hk0 faces w'fl‘be the more temperature sensitive
and therefore more responsive to a metamorphic gradient.

The declining/gﬁrface area to volumghxatio with increa-
ging metamorphic/grade (fig. 45) is of interest in this
context. In isometric crystals, a reduction’ in the SA/VOL

ratio will reduce the total surface free energy for the same

) J .

e ! . - . .
crystai volume. However the mica group is not isometric,
: 1

ar |

and as indicated by Herring (1953) interfacial energy diffe-

i

rences between crystal faces may be considerable. It is

.. {

therefore of some suprise to see a similar trend to that pre-

dicted for isometric crystals. It appears though, that.
reducaéon in the surface area/volume ratio is a significant
driving force during textural rearrangement, as can be ascer--
tained from a comparison with clays, the presuﬁed sedimentar?
parent. An aggregate of clay particles 10—4 cm acrosg has a
mz/Cms of sediment (Spry |
1969, p. 23); this is gréater by 2-3 orders of magnitude than

rocks from the chloritoid-staurolite zone in the study area.

A corodollary of the equilibrium shapé model is that’
_ ©a
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" crystal shape is not necessarily related to crystal size; ie.

that at a.given temperature and pressure, a crystal will
have a certain shapé regardless of its size. Thislcan be |
fested with the datﬁ.from the Fernleigh belt. Although |
along the length of the belt the increasg in.muscovite size
is.accompaniéa by a reduction in shape ratio, the data for
biotite (table 9) and for the muscovite inclusions in feld-
spar porphyroblasts (fig. 47) show that. the two trends are
not directly interdeppndent. Detailed analyses of single
populations leads to similar conclusions. Correlations
between shape'L/T and area LxT (a measure of siie) are ge-
perasdli not significant (table 6, col. 6), whilst those of
thickness (T) (another méasure of size) and shape (L/T) are
low (table g, col. 2). As already mentioned, the distribu-
tions of points on the graphs of thickness against shape in
fig. 37 define areas rather than curves and similar distri-
butions are obtained from samples of 100 measurements from

a single rock. Whilst part of-tﬁgﬁgcatter of the distribu-
tions is undoubtedly éue to the cut effect (see p.152), it is
felt éhat this does not account for all of the observed '
spread (consideration of the graphs shows that for a plot to,
define a curve rather than an area on the graph, the thinner
crystals wouid have to have been selectively shortened by the
cut effect by a greater amount than the thicker:ones). The

distributions therefore do reflect real characteristics of the

P

~/
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Fig. 54 Schematic diagram of possible growth paths’
of muscovite crystals at various metamorphic grades.
Dotted lines a-e represent growth at constant meta-

morphic grade. Curves 1 and 2 represent cumulative
growth paths after prograde metamorphism (1 - nuclea-
tion at low grade, 2 - nucleation at intermediate

- grade). '

~N
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popuiation: and indicate that, in the high grade caseu§%r
large crystéls. Thus whilst there is 'a tendency for the
shape ratio to be sﬁaller\asAcrystal size increases, the
converse {(ie. that smaller crystals have 1arger'shape fatios)
is not necessarily true. |

It appears therefore that the trends of incréasing size
and reduction in shape ratio - the trends of prograde meta-
morphism - are not both followed by indiQidual populatip%g//
growing at a specific metamorphic grade. Rather, in accord
with the equilibrium shape model and tﬁe Wulff theorem, a‘
particular shape is attained regardléss of size, Possibie
growth paths at different metamorphic grades are shown in
fig. 54. 'Deviations from modal shapeg are ascribed either
to the slow rate of metamorphic transformations, or to fac-
tors such as adsorption of foreign mineral species.onto‘the

crystal surface.
Discussion and Comparison with Other Results.

Jones and Galwey (1972) show a similar trend for the
variation in shape of biotite with metamorphic grade to
those presented here for muscovite and biotite. Possibly a ca-
librated scale might be set up whereby mica ghape ratios could
be used to give an assessment of metamorphic -grade. However
more work is necessary to establish whefher shape ratios from

different metamorphic terrains can be correlated. It is
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apparent from é comparison of the trends in fig. 55 that
the rangecipnshape.variation for biotite is less than that
for muscovite,‘suggesting”;hat any such attempt must restrict
comparison to a single mine£31 species. |

At the present time 'the main application of the method
is that, in the absence of index minerals, it degicts the
trend of prograde metamorphism. Since minerals of the mica
group are widespread in metamorphic rocks, and the index
minerals genefally have a more restricted compositional fange,
there may be terrains where this is the only readily availa-.
ble indicator of metamorphic grade.

Another advantage which is apparent in fig. 43 is thét
the zones which appear mineralogically homogeneous when map-
ped as isograds (for example the staurolite-kyanite and the
sillimanite zones of the Fernleigh belt) are seen to be re-
‘gions in which there is continuous change in the shape of
muscovite. The muscovite is therefore a more satisfactory
"indicator of continuous change than the isograds. Also
frequently the spacing between the isograds is irregular,
and the metamorphic zones vary greatly in areal extent. In
these cases trends may be apparent from muscovite shapes
which are not evident from isograd maps.

Drawbacks to the use of mica shape are also apparent
from fig. 43, in which it c¢an be seen that the mean shape

ratio does not change between the upper part of the sillima-

nite zone and the sillimanite - K. feldspér zone. The 3:1 |

DL
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Fig. 55 Tentative calibration between shape ratio

of mica and grade of metamorphism. A - muscovite

(this study); B - biotite (this study); C -~ biotite

{Jones and Galwey 1972, Barrovian zones of Glen
~Clova, Scotland). Temperatures are estimated

from the metamorphic reactions, and are necessarily

approximate; data from Turner 1968.
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shape ratio appears‘to be stable over a ré;ge of témperature;
A similar problem exists at the low grade end of the belt,
where the‘ll:l-mo&al shape ratio alsé‘spans an iéograd. Thus
the changéﬁin shape. 1s only apparent over‘a range correspon-
ding approximately to the amphibolite facies.

Jones and Galwey (1972) offered a different inter-
pretation concerning the growth paths of crystals to that
suggested here. From their data they concluded that the
growth path followed by crysfals nucleating at high grade was
the same as that for thoée which nucleated at low grade - ie.
all crystals followed what has been termed the prograde
growth path, from small tabulate crystals to larger, relative-
ly equidimensional érystals. This led them to consider
kinetic controls on cf?étal growth; more specifically'that
the rate of advance of different crystal faces was not the
same, so that the shape change could occur at a variety of
temperatures. This differs from the interpretation put
forward in this work, in which the rates of advance of diffe-
rent crystal faces, wﬁilsf not the same, remain in constant
proportions at a given grade of metamorphism. The cbangé in
crystal shape is thus related to metamorphic grade, and can
be expressed as the temperature coefficient of growth of the

crystal face.

N )

-

Nucleation and Growth

The kinetics of nucleation and growth of new mineral
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species in a rock has been discussed by Galwey and jones
(1963), Jones and Galwey (1964, 1966)*and‘Kretz (1966D,

1973 and 1974). -Iﬁ these papérs several poésible models are
suggested, and these can be tested with the musco#ite data.
Kretz (1974) put forward three models for crystal growth and
four fér nucleation. " The grow;h models are: (a) constant
rate of linear growth, (B) constant rate of increment of area
and (c) constant rate of increment”of volume per crystal. A
method for distinguishing between these models is described
for which it is necessary to gather information on the che-
mical profiles of compositionally zoned crystals of different
sizes. This has not been done in the present study, so one

of the growth models has been arbitrarily choseg. A constant
rate of increment of area of muscovite crystals along the
metamorphic belt is not considered probable in fhe present
study since the surface area/volume ratio (fig. 45) and the -
hk0/001 ratio (fig. 53) both change'with grade of metamorphisn.
Kretz's (1974) data show that the growth rate for garnet in

a small specimen of schist from Yellowknife ;;s somewhere bet-
ween rates (a) and (b) above. for this study a constant rate \\j)
of linear growth (with respect to the T dimension) will be
assumed; and this will be used to derive information about the
nucleation rate of muscovite in the pelitic schist.

Kretz (1966bi&points out that if an assumption of cons-

/
tant linear growth is made, the time taken for %jiiii/;#



-207-

proportional to crys al'size, Thﬁs.with a time scale based
pn a dimeﬁsion (i is case garnet diameter) of the largest
crystal in his populafion of ﬁeasurements,_the'fate of pro-

- duction of new crystals, . the ﬁucleation rate, can be expres-
sed gfaphically in terms of crystal size, and if necessary
the equafionsg to fit the curve may be derived. (It is of
interest to ‘fe that the curve obtained is éctuallxlan
upside-down ;grsion of the cumulative histogramsof the crystal.
dimension). The curveg'obtained by Kretz (1966b and 1973)

and by Jones and Galwey,(1966).indicate.that nucleation Bégaﬁ
slowly, 1increased exponentially andxthen declined in a simi-
lar manner, It is the aim of this section ef the study to
~compare the characteristics of populations of measurements-
from different grades of metamorphism in an attempt to deter--

mine the effect of a metamorphic gradient on the nucleation

rate.
In discussions of nucleation and growth of crystals,
models are constrained to small volumes gf rock - -thus the
moving average technique is not applicabie. The five éets
of ﬁeasurements used in this studyiwere all obtained ffom
thin sections of small volﬁmeskof‘rock from different meta-
morphic grades (fig. 38). Furthermore previous work on this
subject (cited above) was concerned with crystalé physically
isolated from each other in the rock eg. garnet crystals in

a schist or gneiss, phlogopite crystals in marble etc.. As a
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result the-theories invoked to exblain the results have
“assumed that nuéleation was random (that is that the position
of a nucleus wésﬂnot affected by its neighpours) and that
there was no interaction between crysEals during growth.
These constraints may not be applicable to the present study,

where interaction between crystals during growth is to be

expected. .
Nucleation Models

Two nucleation models will be considered assuming a
conétant rate of linear growth of individuals.

Model A. Using the data in ‘fig. 51, and following the
reasonin f- retz_t1966a), a time scale has been set up in
terms of th of the 1argést crystal (which in this case
occurs in the sample from the highest metamorphic grade).
Assuming that the linear rate of growth is constant at all
grades; the rate of production of other, smaller crystals
(the nucleation rate) is proportional to cryétal size (fig.
56). It is apparent from fhié model, in which size (thick-
ness) reflects the time elapsed, f&at the duration of meta-
morphism at low grade was a fraction of thaf at high grade.

Model B. Utilizipg the same data, the duration of meta-
morphism is considered to have been~the same for all metamor;
phic grades, but the growth 'rates diffe;é&r The rate of
crystal growth at a single metamorphié grade remained constant,

but varied with grade of metamorphism. 4n this model the

N\
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Fig. 56. Nucleation model assuming a constant rate of linear
growth at all metamorphic grades.
with respect to the largest crystal present, and the duration

of crystal growth is proportional to size.

The time scale is set up-

Largest crystal -

starts growing at T1l, smallest crystal stops growing at T2.

" A - low grade, E - high grade

1oca11ty, see fig. 109.

Numbers refer to sample
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Fig. 57 Nucleation model assuming that the duration of meta-

~morphism is the same at all metzmorphic grades. The rate of
m

linear growth within a single sample is constant, but the
rates between samples are different. A - low grade, E -

‘hlgh grade.

Tl - largest crystal in each sample starts to grow.
- T2 - smallest crystal in' each sample stops grow1ng
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dlsparlty in theqrates of nucleatlon between the hlgh and low .
. ' .

~ grade spec1mens is reduced

_Discussion,

Models A and B represent only two end members of a spec-
trum of possibilities, and there are reasons to believe tha't

nelther represents thé actual history of the rocks. Indirect

eV1dence suggests that the 11near growth rates (1ncrease of

the T dlmen51on) wlll be dlfferent at different metamorphic

& -

grades If an assumptlon is made that the rate of recrys-
%

© .. tallization (per;volume of muscov1te recrystallised) 15 the

same at different grades of metamorphlsm, it becomes apparent
that the average crystal at hlgh grade, with a low L/T
ratlo, will increase 1tS'T dlmen51on relatively fastr than
the average crystal at low grade (high L/T ratlo), due - to the
different crystal shapes, and 1rrespect1ve of 51ze Thus it -
is ‘probable that model A is mot directly appropriate.’ Geolo-~
gical con51derat10ns suggest that model B also is not a RTO-
bable analogue since the duration of metamorphlsm at hlgh
grades was probably longer than that at. low grades Thus ah
1ntermed1ate model 1nv01v1ng different duratlons of metamor—
phism and varylng rates of crystal growth at dlfferent grades
appears 11ke1y

However neither model explains. how the. large number of
small crystals at low grade is transformed into the much

smaller number of larger crysals at hlgh grade, assumlng,

4
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a& the textural évidence_suggests, that ‘metamorphism was

~

_; progressive, -and that sach a‘transformation has actually

.occurred. The original size distributions of muscovite 'were

probably determined early in‘the metamorphic history of the
}ock, perhaps during zeolite facies conditions “(Winkler 1967).
Howévgr during sﬁﬁﬁequent prograde metamorphism, it is likely
that\muscbvite was involved in a varigty‘of reactions (see
Metamorphism). The original sizeﬁdistributions determined

by the relative rateé of nucleation and growth may have been
considerably altered during these reacti;ns, particulerly if
small crystals were preferentiaily selected for réaétions-

in which muscovi;e waslinvolved (because of thgir higher

surface energy/volume ratio). Nucleation of the muscovite

later in the reactions may have been facilitated on existing

_muscovite gfystals, thus gradually reducing the numbers and

" increasing the sizé of the remaining crystals. Small changes

in muscovite composition occurré&ddutiggttﬁisppnoéess(ﬁéppan~
dix 2). |

| . Another process which almost certainly affected-thé
cryst%l size disﬁ“bution is deformation. Metamorphism in
the.Fernleigh belt is considered to be syntectonic (see Time
Relations), so feformationtodnthé chystal -taitises wemld ~id.
have occurred du;ing metamorphism. _It i;'possible that the

strained crystals may also have been.preferentially selected

fof‘reaction, because their higher strain energy would lower-

reaction thresholds. .Deformation, however, is generally con-
.

P
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.'sidered to reduce crystal‘size, so it must be cbupled.with a
mechanism by whicﬂ growth is concentrated at prégressivély
fewer sites. Annealing or anﬁealing recrystallization would
provide such a me;hanism.' Spry (1969, p._jl).stateé "annea-
ling and similar répryétallizafibn is driven first by the
strain energies in the o?iginal strained aggregate,.and then_
by the interfacial surface energies..... if involves the mo-
vement qf grain boundaries such that some crystals increase
in size at the expense of other;”. The ﬁrocesses of'annea-
ling in metals have been given extensive study eg. Burke and
Turnbull 1952,.and the behaviour of carbonates (Griggs et
alla 1960) and silitases.. (Vernon 1968) are thought to be
similar. The annealing temperature is about half the/meltlng
point in degrees Kelvin (Spry 1969, p. 116), condltlo cerzo.
tainly fulfllled during amphibolite grade metamorphism of a
pelitic rock.
Recently mica deformation and subsequent recrystalliza-

tion have been examihe& experimentally in some detail

théridge Hobbs and Paterson 1973 Etheridge and Hobbs 1973).
In the latter paper the results of electron microprobe .
analyses of mica crystals %efore and after recrystallization
were reported. These showed small but consistent changes in
minor eleﬁent conceﬁtrations. This led the authors todsta e;
"strain energy contributes to the procesé (re§rystailizat‘on),
but another energy source is necessary. Thi§ energy sourkte

‘can be found in the changes in the chemical composition which

eCOmany TCoTY o " ) - R

. . | )
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1§c pany rec:ystallizationﬂ (Etheridge and Hobbs 1973, p.
L21). Since these changes involve transfer of elements into
or out of the system, and since there is in&ependent evidence
that such transfer ﬁay have taken place during prograde
metamorphic reactions' (see Metamorphism), such a hypothesis
$@ems likely. Thus it appears probable fhét the original
éifé distributions of muscovite have been considerably modi-
fied by recrystallization, the énergy for which was derived/j

primarily from strain energy, surface energy and the free

energy of -reaction.
~ Crystal Orientation

The development of a preferred orientation of phyllo-
siiTtaif_minerals in slates and schists has been the subject
of débate for over a century, see Siddans 1972 and Wood 1974
for reviews of the literature. The debate has centred around
two principal issues: (a) the relation of the principal axeé
of stress and strain to the plane of schistosity of c;eavage,
gnd (b) the mechanism by which the phyllosilicate minerals
become preferentially orientated in that plane. In recent
years (a) appears to have been satisfactorily answered, and
it is generally agreed that the plane of cleavage'or schist-
osity devélops normal to‘the directiqn of the maximum princi-
pal compressive stress (Oj): and that it is normal to the
minimum. principal strain axis (tg) - and that it is a pléne of

flattening. The second question, however, is still éontro-
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versial. Evidence fof the rotation of pfe-existing grains
during "'dewatering" of the sediment has been given by Maxwell
(1962), Clarke (1970a, 1970b), Powell (1972) and Alterman |
(1973); rotation of mica grains may also take plate at low
metamorphic grades, fahilitgﬁed by pressure solution of quartz,
Williams (1972). The field evidence of Groschong (1972) and
Carrara (1972}, and the experimental evidence of Means and
Williams (19?4) support this as a feasible mechanism.
"Recrysfallization-as the mechanism giving rise %6 a
preferred orientation (by which nucleation and growth is res-
tricted to favourably orientated crystals, those unfavourably
orientated being eliminated) has been considered by Kamb'
(1959), Brace (1960):and recently by Wood (1974), Ethefidge
et al. (1974), Etheridge and Hobbs (1973) and Etheridge and
Lee (1975). ‘It appears probable that the final answer will
be a coﬁbinatioﬁ of several processes. For instance Helm
and Siddans (1971 p. 258) state: '"a mofe realistic model of-
slaty cleavage must allow for solution, diffusion, nucleation
and growth of minerals in a primary anisotropic fabric subject
to successive non-coaxial strain increments, together with
the rotation of existing grains and the effects of mimetic
retrystallization". Meench (1966), for example, favours a

. 1
combination of rotation during dewatering with subsequent

i WA

mimetic recrystallization. -

It is the object of this section of the stydy to try to
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Fig. 58 Variation in the degree of preferred
orientation of muscovite (001) with metamorphic
grade. The degree of preferred orientation for
six specimens (for each N =200) is estimated

by the Kamb methed (1959), and is expressed as
the maximum difference, in standard deviations,
of the population distributions from the dis-
tribution produced by random sampling of a
population with no preferred orientation.
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distinguish between the models ﬁresented briefly above, and
to.hé;ide which of them is apﬁlicablé_to the schistosity as
dev%loped in the pelitic schist unit .of the Fernleigh belt.
Thegorientation of muscovite, will be considered in relation

to metamorphic grade, and also to the shape and size of the

¢rystals themselves.
Results:

Orientation and metamorphic grade. In the six samples

measured there is a clear trend of increasing preferred
orientation from the staurolite-kyanite to the sillimanite
zones (fig. 38). Within the sillimanite zone the degree of
preferred orientatioﬁ may remain approximately constant. It
is.interesting to note that the maxima of the Schmidt con-
touring method do not show a similar trend, but rather a scat-
ter (data not included). |

Orientation and crystal size. No correlation between

thickness (T) and orientation was found in either of the
samples (fig. 59), or between 1ength and orientation in the
specimen from the sillimanite zone (fig. 60B). However in
the specimen from the staurolite—kyénite zone the longer
crystals are less scattered in orientation than the shgrfer
ones (fig. 60A). a

Orientation and crystal shape. A weak correlation bet-

ween muscovite orientation and shape ratio is seen (fig. 61),

in that the crystals with the high L/T ratios tend to have a

-
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A. SPEC.N®:2628 STAUROLITE—KYANITE ZONE -~

THICKNESS < 0.016MM 0.016 - 0.04 MM > 0.04 MM

B. SPEC.112L SILLIMANITE ZONE

THICKNESS <0-056 MM 0056 - 0-140 MM : >0.140 MM

Fig. 59 The orientation of muscovite crystals in two samples
(for each N =200) from different metamorphic grades, subdi-
vided on the basis of thickness (T) into three groups each.
(Lowgr hemisphg;e equal area projection, contqurs by the
Schmidt methodfﬁﬁcontour interval 1%, 10% and 20%'per 1% 'area).

-
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"A. SPEC.No: 262B STAUROLITE-KYANITE ZONE t

ar

&

LENGTH < 016 MM _ ' 0.16-0.4 MM > 0.4 MM

B. SPEC.N%:112L " SULIMANITE ZONE

LENGTH <0.28MM : 0.28 —112 MM ’ >112MM

Fig. 60 The orientation of muscovite crystals in two
samples (for each N=200) from different metamorphic
grades, subdivided on the basis of length (L) into 3
groups each. (Lower hemisphere equal area projection,
contours by the Schmidt method;..contour interval 1%,
10% and 20% per 1% area). '

.
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A. SPEC.ND: 262B STAUROLITE KYANITE ZONE

B8

L RATIO <5

510 ' ' >10

Fig. 61 The orientation of muscovite crystals in two

samples (for each N = 200) from different metamorphic

grades, subdivided on the basis of shape (L/T) into 2
3 groups each. (Lower hemisphere equal area projection,

contours by the Schmidt method; .contour interval 1%, 103

and 20% per 1% area).
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less écattered orientation than ‘those with iow ratios. The
effect is more markea in the Sﬁecimen from the staurolite-
kyani{e zone. However the small number of measurements with an
L/T ra;fb*oﬁ;greater than 10 from the sillimanite zone speci-

men renders the results inconclusive in this sample.
Discussion. .

The higher degree of preferred 6rientation with increa-
sing grade of metamorphism (fig. 58) was not anticipated.
Qualitative assessments in the past have tended to suggest
that the opposite is the case; eg. "It is a matter of common
observation that there is some tendenby for the degree of
preferred orientation to leséen with increasing grade",

(Jones and -Galwey 1973, p. 237). Whether the trend of fig. 58
is generally valid must await measurements from other areas.
The previous common observations have been qualitative assess-
ments of average orientations that are inherently inaccurate
for,chparative purposes unless in each case the field of
view contains approximately the same number of crystals. 1In
this case, where the ﬁean area LXT per crystal at therhigh_.
grade end of the belt is 150x-that at the low grade end, the
field of view should vary accordingly. It is therefore a
problem of scale, and previous assessments-may not be meaning-
ful.

This result, when considered in combiﬁatiqn with the

related trends of increase in size and reduction in numbers
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of crystals (figs. 41 and 50A respectively) is considered
to support a recrystallization hypothesis for the development
of schistosity'in the Fernleigh be}t. It is apparent that
at higher grades, as the total number of crystals decreases,
the number orientated at high angles to the schistosity de-
_Creases by a proportionately greater amount, The.mést
stable (minimum energy) orientation for muscovite is with
(001) peipendicular to ¢y, the greatest principal stress di-
rection, normal to the foliation. The stable position has
therefore been approached to a greater degree in the high
grade rocks. Evidence that recrystailization was a conti-
nﬁous process during metamorphism has been given from argu-
ments based both on chemical grounds, and“on the results of
the crystal size distribution. It therefore seems most pro-
bable that the elimination of unfavourably orientated crys-
- tals was ﬁy a process of recrystallization. The conFlusioni
of this prdcess;is expected ‘to be more néarly attained at
high metamorphic grades than at low because of the higher
temperature and probably longer time available for recrys-
tallization. , . ol
The implications of this result éuggest that the conclu-
- sions of Tullis and Wood (1975) may be somewhat precipitate.
In several specimens of slate from the Cambrian slate-belt
of Wales, they calculated the stfain from the shape of defor-
med reduction bodies and correléted this'to the degree of

preferred orientation.of the constituent muscovite crystals
.

o
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(measured by x-ray goniometry}. They found, that "there is
a one-to-one relationship-Betwee§/3h3/s ape of the stréin

ellipsoid and the‘p;eferréﬁ%g;ggntation predicted By the

March model" (March 1932 has shown mathemétically how the

-

degree of preferred orientation by rotation of prétéxisting '
grains caﬁ be correlated with strain). Thus Tullis and Wood
‘considered that the degree of preferred orientation-could

be usedﬁas a measure of.strain. However, as apparent from

‘ ‘ and slrain moasurzmands ({5 I3)
the structural configuration (fig. 3), there is no evidence

to suggest that strain varied systemélically along the length
6f the Fernleigh belt, so variation in strain is not consi-
dered a probable cause of the variation in preferred oriént;-
tion. Rather the degree of preferred orientation is in part
determined‘by the grade of metamorphism.. Hence use of the
degree of preferred orientatiﬁn to predict strain may only be
applicable to rocks of the same ﬁetamorphic grade.

The correlations between length and orientation and
shape and orientétion at intérmediate metamorphic grade
(staurolite-kyanite are: zone) (figs. 60A and 61A) show that
crystals orientated at high angleé to the foliation.grd ganérally .
those with a shorter more equidimensional form. Oertel.
(1970) has shown how during post-tectonic growth mica crygtals
orientated parallel to a plane of schistosity maf grow longer
than th;se at high angles to that plane, as impingement of

growth at crystal boundaries stops more crystals of the latter

than the former orientation (fig. 62). If this principle is

! ' .o



‘Fig. 62 (Taken from Oertel 1970).
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nhancement
of a preferred orientation by peost-tectonic

- growth of mica crystals. - Central black portion
- of crystals, which have a preferred orientation, -

have an L/T ratio of 8. During growth to

twice the original size (outlined), impingement
stops more crystals that deviate strongly from
the plane of preferred orientation than crystals

‘that are nearly parallel to it, thus the degree

of preferred orientation is enhanced.

""""

,,,,,
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extended to syntectonlc growth “the effect may be more, mar-
ked as: crystals orlentated at hrgh angles to the foliation
will be preferentlally stralned The accumulatlon of stress’
and straln energy in these crystals is an energy source for

recrystalllzatlon, during Wthh process stralned crystals

will either assume a more favourable orlentatlon parallel to'

the schistosity or be e11m1nated Thls,proeess must haye
occurred in the High grade.Specimen, where'there are-fewer
crystals at high angles to'the schistosity (figs. 60B and 61R).
Etheridge (1972) has pointed'out'that many schistose
rocks are 1nhomogeneous, con51st1ng of quartz rlch and mlca-"
rich domalns From linked measurements of mica (blotlte)
shape ‘and orientation from each of the two domalns, he showed E
that crystals in the mica-rich domalns tend to have. atsmronger
preferred orientation and a higher shape ratro'(they areamore
elongate) than those from the-quartzArich'domalns. Etherddge
therefore concluded that 11thology and orlentatlon are signi-
ficant factors determlnlng mica shape ngher shape ratlos
in the mlca-rlch domains were also observed in the present
study; however in this case'neasurements were'confined'fo a
single 11thology (1e quartz -rich domalns), and although the
more elongate crystals have a stronger preferred or1entat10n :
within the staurollte kyanlte zone, this relatlonshlp has \p
not been: demonstrated within the;51111man1te_zone (flg.-ﬁﬂ).-
This observatiogi:fpgether with the association of the low

. . a
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L/T ratio crYStals and better deveiépéd preferred orieﬁtation

s

‘ at high grade indicate that‘mlca shape was ‘not prlmarlly de-
/////:;;;:i;;\E; orientation in the Fernlelgﬂmgéii """""""""""""""""" :

The development of the schistosity in the Fernleigh belt

is therefore considered to be primérilx-a result of recrystél-
lyzation. However in this study all rocks examined ﬁossessed
a well developed metamorphic fabric, and whether or not the
initial cleavage formation at low grade was due to rotation,
eg. Moench (1966) is not Elear:' Recent wsrk of Qertel and
I!Phakey (1972) and theridge and Lee (1975) suggests that (%e]
cfystallization'can bé>a significant meéhanism even-at low
grades of metamo;phism; The recrystallization mechanifms of
E?Zeridge et al. (1974) and Ethéridge and- Lee (1975) are
considered compatlble with the present results if combined

with a mechanlsm %y which unfavourably orlentated crystals

‘are eliminated by :ec;thallization, as outlined above.

. Summary

[}

Muscovite crystals exhibit the following textural changes
along the Fernleigh belt, which are considered to be a result
of the metamorphi; gradienq: A ///’\\“

(1) The crystal size increases, and the sufféce area/vo- ,
lume ratio decreases with increasingtmet;ﬁorphic
= grade, . |
(2) The ¢rystal shape razéé (L/T) decreases, and the

form of the histogram distfibutiop becomes more
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leptokurtic (less dispersed) with increasing meta-

" morphic grade. This is interpreted as indicdating

(3)

(4)

(5)

(6)

that proportienately more crxetals achieved the’
N . f ' T
equilibrium shape at high grade thanm at low.

¢

The crystal growth paths at different metamerphic .

G

-

grades are not the same; this is a function of the
changing equi;;prium shape with grade of metamorphism
(essentially tembereture).
The distributions of crystal sizes rgtain a similar
form along Ihe length of the metamorphic belt. Ho-
weéer the number of crystals per unit volume of -
rockxﬁe Teduced by abouf{S ogeers of ﬁegnitude at
high ?;rade . ) | |
The preferred e;ientat;pn of muscovite crystais in-
creasés with increasing grade of metamorphism.

’ »
In medium grade rocks crystals that are longer and,
with higher shape ratios tend to have a ﬁore'pre?efred

orientation. At high grades fewer crystals at high

angles to thé foliation are present. N s

Taken individually it has been'argued that these changes

Ly

have taken place in order to reduce the free energy of the
crystal towards a minimum for a given metamorphic environ-
ment. Taken together, and alsc considering theosmali, Bﬁt
systemetic changes in minor element composition'of'muscovite

(Appendix ), the total.free energy of the rock is reduced,
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and a minimum free energy condition of-textura% equilibrium
is approached. . Combining the results listed above indicates
that a closer approach to textural equilibrium has been

attained in the high grade rocks, where processes of annea-.

ling and recrystallization were more effective than at low

grade,
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CONCLUSIONS
. &
In the Ompah area plutonlc bod1es surround a northeast

"~ trending synform of metasedlmentary and metavolcanlc rocks.

These rocks have- undergone three phases of deformatlon which
may be of reglonal 51gn1f1cance Flrst phase folds,. whlch are
of varlable scale and are assoc1ated with a penetrative atlal_
foliation and llneatlon, are northeast trending, tight to
isoclinal structures. Profllgs of F; folds areqflat;ened,
and there 1§,typ1cally  maximumI extension parallel to Fl fold
axes. The attitude of later F, folds suggéﬁis that F; and
'S1 were originally recumbent. Similar structures have been
reported by Divi (1972), (area d, fig.aZJ and Carmichael
1968), (area D, fig. 2) west and southwest of thé Ompéh area,
- where they are alsc considered to have been orlglnally recum-
bent.

Later F2 folds, also variable in scéle, are low plunging,
uprighf sfructureé with northeast trending axes, and include
the large, map-scale Plevna antiform and synform.. They are
less flattened than F1 folds, and the assoﬁiated axial linea-
tions and foliations are not well ag;eloped in the Ompah area.
F, folds of similar orientation and style, but limited to
outcrdp scale, aré described by Thompson (1972) (area A flg
2) 40 km. west of Ompah but further west D2 structures -

though of 51m11ar attitude, are more penetrative and obllterate

‘most 51gns of Dy deformation (Divi 1972):
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Sporadlcally developed F folds in gﬂE'Ompah area are
open crenulatlons and warps about northeast trending, low-
;dipping_a;ial plapes;-axiai lineations and foliations have
no mineralogical expression. Similar structures are reported
-by Divi and Carmichael west and southwest of Ompah.

The shape and s}zézof'inclhsions-of=muscovite and other
m1nerals 1n porphyroblasts of plagioclase feldspar suggests
that Dy deformatlon began at low grade metamorphism in the
Ompah area, and continued till the metamorphic c¢limax. D2
deformation occurred at or soon after the metamorphic péak,
and D3 is considered to have been a later, retrograde éheqo-
menon. Similar relative sequences are reported by Carmichael
(1968), Divi, (1972), and Thompson (1972) from west of the’
study area.

Plutonism in the Ompah area predated regional metamorphism
and deforﬁation, a pattern considered typical of the region
by Lumbers (1967b); |

Metam;rphism reached amphibolite facies grade throughout
tﬁe area. The grade rises from southwest, and the area has
been subdiviéed into three metamorphic zones characterised, inJ
pelitic assemblages, by the index minerals staurolite and
kyanite, sillimanite and sillimanite - K. feldspar.

Textures of mineral assemblages in pelitic rocks suggest-
that the mechanism of prograde metamorphic reactions may

frequently involve phases present on both sides of the isograd

[

—t
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defining the metamorphlc Jeaction. Ionicetransfer of
elements and neutral solutions between reactlng phases may
permit the breakdown of muscovite in.the presence of quart:z
at a lower temperature than the thermal stability 1imit mar-
ked by the first appearance of the paif sillimanite - K.
feldspar. Staurolite stability and the kyanite to sillimani-
te transformation may also be ionically controlled. Further-
more, the discevery of the pair sillimanite - K. feidspar

. at a single._locality only suggests that the appearance of K.
feldspar ma;\ke influenced by the ionic concentraesz\of K+
in the fluid ﬁhase.‘ The concentration of elements in the
fluid phase may be controlled by in situ recrystallization
of matrix.ﬁhases such as muscovite, the rate of which is de-
termined by deformation. Support for these as feasiﬁle me-
chanisms' for prograde reactions is found in the work of
Eugster (1970), Carmichael (1968, 1970), Wintsch (1975b)

and others. -

Textures of,muscovite crystals in é\pelitic schist show
~several systematic trends with gra&e of.ﬁetamorphism. Crystals
become on average larger and more eeuant with-increasing
metamorphic- grade. However crystal size and shape are not
dependent variables, as crystal - shape is primarily determlned
by the temperathre of metamorphism, which controls the equili-

brium shape. Preferred orientation of muscovite crystals is

enhanced with increasing grade of metamorphism, as crystals
9

N\

—
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orientated at high angles to ‘the schistosity are progressifely
. eliminated. Thus the develoﬁment of a schistosity may be
influencéﬁ by grade of_metamorﬁhism. Recrystéllization pro-
cesses have allowed a closer approach to the minimum énergy
condition of textural.equilibrium in h;gh‘grade than in 16w

grade rocks.

T -

Suggestions for Future Work

Detailed.investigation of the area east of Clyde Forks,
including the gabbroic pluton in Dalhousie and 'Lanark .
.towpships, wéuld shed additional light on the time of empla-
cement of the pluton and the tectonic history of this ﬁhrt
of the Grenville Province. The Robertson Lake shear zome
(Sﬁith 1958) is located at .the western margin of this body
and may be related either to pluton emplacemént or to later
deformation.w

Mapping northeast of Clyde Forks will establish whether
the Fernleigh belt extends further in that direction, and
also whether the metamorphic grade continues to rise north-
eastwards. The location of éssemblages containing‘the mineral
pair sillimanite - K. feldspar will be of p;rticular iqterest
in this regard.

Strain measurements from several areas within the
Bancroft-Madoc region® indicate that flattening strain with

maximum extension parallel to Fl fold axes is characteristic

of this region of the Grenville Province. With the recent

a'l
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publication (Wood 1974) of possible associations between
tectonié“environments and the type and amount of strain,

it would be of interest to establish staf@stically a generall
strain pattern for ‘the region.

Finally, and oﬁ”é more general level, further work eva-
luating the variation of crystal textures with metamorphic
grade-will be useful. Such techniques may yiéld valuable

information on the mechanism of recrysfallization'and grain

growth in metamorphic rocks.
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Plate 1.

Plate 2.

Facing. page 249
»V\“

Bedding, Sg, in carbonate congiomerate

(unit 3c) defined by wvariations in matrix

composition and pebble content. §4
foliation is oblique to Sj.

Locality: 4 km. southeast of Plevna on
highway 506. :

" Cross- -bedding in quartzite (unit 4a).

The sedimentaryTis to the left of the

- photograph, and”the unit is overturned

Locality: 3.2 km. south, éuu{peaﬁt of
Ompah, in the Ompah’ synform.

T
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Plate 3A.

e

- Plate 3B.

Facing page 250

i

‘ Fy . _
Recumbent mesoscopic,fold in quartzite
(unit 4a).. ‘ :

-

4

%

-Close up of the hinge region showing §3
.. foliation in more wicaceous layers. 1In
‘the top left of the photograph some

layers are cross-bedded.

- ba

Locality: 3.4 km. south of Ompah, in
: the Ompah synform. A
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.‘Faﬁing page 251

- -~Plate 4A.: Deformed pebbles in a8 loose block of
' - conglomerate, viewed perpendicular to
the foliation Sy, and the lineation L.

H
_ Plate 4B. viewed parallel to Ly ‘
. N .. ' ..' . 1
' Locality: Mississippi River, 3.8 kmhl gy
T o south:of Ompah, in the.
Ompah_gynform; i
o N - .
3 ;
[ L 1 \
- L3 . — Y
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Facing page 252.

- N Y
& .
s
Mylonitic Rocks ‘ "
© " .. ' . ) - ‘ :
Plate SA. Mylonitic layering lin quartz-biotite- -y v \\\\
: calcite-opaque-rocki (unit 6a), - . -
showing possible at enuated Fy) fold
hinges. Scalé bar iépresents 5 mm.
T . . A ﬁ. ." » '
Plate 5B, My;thtic layéring‘aéfin A, folded by . -
- Fz folds. Micas,are aligned in Sg. .
Scale bar represents 5 mm.
i .
\
b 0 _A“ \
' I\. n “
: 1 v
T
. : : o .
Plate 5C.  MesoScopic F; folds 'in marble mylpnité/
’ : (unit 5). » o
. . E .
e
Plate 5D, Same as C; close-up showing nature of
\ folded mylonitic {iyeringﬁ 3 ‘
| e R *
' l ¢ ¥ )
. l‘ e ' .
Locality: 2.2-2.5 kn. nbﬁtheast of
éb - "-A  Ardoch on highﬁay'SOG. .
/] : II | L }
L R |
ot - 1
P U
LT -~ Y 1
o y ! |
-j i
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Facing page.253

\

L
— w ’(

. : L
a\ Plate 6. Recimbent mesoscopic F, fold with super-
o - " imppsed upright E; folds and S, fracture °
BN ' 7 cleavage. The core of the Fj-fold is of '
. ' marble, around which a thin layer of

biogtite schist is folded. _

Lojcality: 2.9 km. south 6f~0mpah, in
marble (unit 3) between
Ompah synform and Fernleigh
belt, ' ' :

-
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‘Facing page 254 : )

. Plate 7A. Deformed tremolife—quartz aggregates in
biotite~quartz-carbonate schist (unit .
6c). Section cut parallel to Ly, per-

_ pendicular  to Sj. Scale bar represents
L 5 mm. ‘

1

o

L]

/ T L . _
Plate 7B. As above, section cut perpendicular “to-
‘2, ' Lp and 8;. Scale bar represents 5 mm.
\ K . .

Y

. \\ | ‘ I\e

{
Locality: 1.5 km. west of R?Ho-h.
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"Plate 8.

Faping‘page 255 o

Sillimanite pod (dark grey) aligned

in coarse-grained Sy folia
is deformed by F» folds.
have annealed after Do def

Section perpendicular to IR

Scale bar represents 5 mm.
is from pelitic schist (un
the Fernleigh belt, 1.7 km
Folger. .

»

i

tion, which
Most micas
ormation:
and S1. .
Specimen
it 6b) “of

. west of

-
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"Plate 9A.

Plate 9B.

Facing page 256

Deformed b1ot1te porphyroblasts 1n
biotite-quartz schist (unit 6a):

. Section perpendicular to Ly :and 51

Scale bar represents ‘5 mm.

As above, section cut parallel to
perpendicular to S;. Scale .bar
represents 5 mm.

“DIocality: 1.3 km. west of Plevna.
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.Textural relations around ¥

LN

blast: of plagioglase feldspar in

" pelitic schist (unjit 6b). . Part of 8 -

large porphyroblast of plagioclase

feldspar, which contains fine grained

inclusiqns‘csinf)“of’quhrtz;_opaques
and some\muscovite, as well as larger
crystals of opaques and kyanite. .~

. Other porphyroblast phases are kyanite
and biotite; the 1atter being mor-
. phological aligned in S1. 87 folia-

tion (Sext),~principally defined
by muscovite, is deflected.around
all-porphyroblastsJ-and Sint is paral-

.lel to Sgx¢ away from the porphyro-

blasts. Section cut perpendicular
to Ly and S;. Scgale'bar represents,

Smmt
. Je. .

4

Enlargement of part 10A.showing the

oriented inclusions in pPlagioclase,
which are of larger size at the

periphery -of the porphyroblast.
The porphyroblast of kyanite, which
is inclusion zoned, has been bent
dnd subsequently annealed. . Scale
bar represents 2 mm.

r
1]

Locality: 0.6 km. northeast.of “
Fernleigh, under hydro
lines,‘

{
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Facing ?ageQZSS o ) >
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\ o Plate 1l1. extural relations around a porphyror
: - blast of staurolite in pelitic schist
G : (unit 6b). The porphyroblast includes
’ - smaller porphyroblasts.of plagioclase
\“ﬁnd opaque$ ;morphologically aligned ,
~in 83, as well as orientated fine
s "9 : grained inclusions (Sint)} of quartz
' ‘ and opaques. Sjipt is also present o o
' i a in the plagioclase, where it is paral-.
' lel to, but of finer grain size than
. that in 'staurolite. Staurolite is
. ‘inclusion zoned, and Sjnt, which is
. - coa¥ser at the edge of the porphyroblast,
. . . -+ -is continuous with the external folia-
tion (S1)- defined- by muscovite crystals.
Section perpendicular'to Ly and Sj.
Scale bar represents 5 mm)w.

-

P
Cald '
[

o ‘Locality: 0.6 km. northeast of S
] : - Fernleigh, under hydro
. T ' lines.

)
.‘. . ['
. .

) . , s "\ -, .
‘Plate 12. Textural relations of garnet porphyre- .
-Rlasts in peli icfsihist'(ugit SB%. 4 :

coarse grained foliation S, define ' ' .
by biotite, s&llimanite,,qua%tz and . \\\““EN
pinor muscoyite, is deflected around V\\\ .
porphyroblasts of garnet.- The gafrnets :
contain fine' grained plandr ipclusion * . =

n

“\

~

trails (Sjp¢) which are not*(parallel <
to S outSige the porphyroblast. .
Section perpendicular to Ly -and Sj.
Scale bar fepresents S mm. |
Lobaiﬁty:‘ 7.2 km. north .of Clyde Forks. E
o . 7-_' | "f—, , o ' , ' ) -
- \ . ] " . ‘ - . -
+ - \.‘ . | ".’ ; ';
" . _% ” . .~
H ' . . /r,_’“ . ~
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- APPENDIX I

Measurement of-Strain

y +

The measurement of strain can be subdivided into two.
-parts, one concerned with the typel_of strain, 'the other with:
the magnitude of strain. |

Type of strain

The deformation ellipsoi&uig défined as having three
orthogonal axes, x)‘Y>~Z the type of strain belng a function
" of the relative lengths of these axes. "A method of deplctlng
thé‘three-dimensional type of 'strain graphically in two di-
mensiops was described by Flinn (1956)2 The three axes of
~the deformation elprsdid defihe_the'three principal finite
strains t(1+ e;), (1+e,) and (1 +eg), where el)\ .ezy\es-‘ are

the three. principal extensions; e is related to the axjal

ratios of the pebble el_—ﬁ—ii- , where d is the diameter
PG
~ of a sphere of the same volume as the e111p501d The ratio
Tof{.“(]""er)-',::a is plotted as the ordinate (_ X' in terms of
: _TT:ﬁ;;T v . Y ,
the axial ratios of the pebble); and ( 4.e2) =b is plotted as

.C1-+§3)‘ .

the absciésa_,(b:= Y ).L Flinn then defined K as the ratio //5
. —— .

o
Kall
§
¢

1 Type of sthain refers to the shape of the deformatlon el-
lipsoid, and h2s been referred to as the symmetry PAin

by Flinn (1956), Hossack (1968). However the preSent nomen-
clature is preferred, as it avoids confusien the symmetry
- of the tectonite fabric, as ‘described by Turner and Weiss (1963).

P

’ -
."k'

1
.



.b;?”I_ T (1~+92) (e, - e3)
"that the line k; 1 stectS'the‘g;gﬁh-with a gradient of
'i.S.' Any point plotting on the ling'K;:l has ugdergone
plane strain, in which there is mno change in the Y dimension
of the ellipsoid compared with the.diaﬁeter of a sphere of

the same volume during deformation. Points plotting above

‘and to the left of the line K= 1 are constricted.or-proiate

ellipsoids, whilst points falling beneath and to the right of

the line have undergoné‘extension of the Y dimension during
.deformation, and are flattened of oblate éllipsoids.

.Recently Wood (1973, i974) has suggested that a logarith-
mic version bf tﬁis plot is advantageous, sinéq all. lines
representing equal changes in 1ength‘afe straight. Further-
more the data show a greater spread if log I (rather than log
Y) is plotted as the abscissa; 'accordinglthhese adaptations
grq followed in this.work; | | )

Amﬁunf.of str;in*

The Flinn plot ailows an assessment of the amount of
strain that has occurred in a clasf parallel to the thrée
principal axes of strain ‘ellipsoid, but it does not eqable
the totai,amount of strain in the clast to be calculated

- (except in a qualitative way in that the greater the strain,

-the further away the ﬁoints plot from the origin)z Nadai
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r
(1950,'1953, in Hossack 1968) has shown how a quantitative
‘estinnte pf‘thehamount of strain can be ma&e,'irrespective of
the type of strain. Thus~t;e'method is suitable for a com-
parison of the straln in oblate and prolate e111p501ds
The strain un1t used 15 that of logarithmic or natural
strain (&), where e,l>\62>\ €. € i$ related to e by the
~Telation Q,:floge (1+-e): The values fgr‘the_natural'strain

ratios of thé {Iipsoid are then combined in the equation

yo=) [ -ep? +(e2-63) +(e3-el) I%

0,15 the natural octohedral shear 50 is an absolute

measure of the total distortional or strain component of
deforma ion, proportional.‘to the amount of work necessary
to prod'ce the distortion, and hence is useful for comparlson

of the mngnltude of. strain in oblate and prolate elllpSOIdS

° -

&
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Muscq?ite:Analyses

{hn'the éﬁapter“entitied "Textural Variation with
'1_Me£aﬁ5rphic Gréde" it .was shown that the shape of muscovite

crystals varies syétematicallywith'gngﬁe of metamorghism,

énd some of the fac;o¥s which méy‘havétcontributed to this

-variation were briefly discussed.. Amongst these was the

" chemical composition of the muscovite itself, and it was with
this in mind that the followingpegsurementswere,attempted.‘

Several crystals of different shapg.ratio were analysed in

e L

each of seven thin sections taken from across the metamorphic’

zonation examined in the study ie. chloritoid-staurolite,
. . . ) s\
sbqurolite-kyanite, sillimanite and sillimanite- K. feldspar
, | ST e ;
zones, so that the compositional variation within and between

-samples céuld be assessed. Specimen’locati9§s are show@ in
fig.al, o e '

A compreheﬁSiQe study of>the varigtiﬁn‘of mﬁsgovité‘tom~.
position.as a function-ofésé%mblage (ie; bulk comﬁosition)
and gradé ofimetamorphism'wéé made Ef Guidqtti (19?3) in
sémpl §=from N.W. Maine, U.S.A., and this provides a véry
sfzggble source for comparison of the data. Guidotti noted

o

hat the role of the assemblage was important in controlling
/ .

/ mu;coﬁite composition (c.f. Butler 1967, Rambaldi 1970) and
\\4ﬁsefu1 comparisons between specimens from different rocks

could only be made in "limiting assemblages"*. In the context

¥ A limiting assemblage 1is one in which the number of phases
present equals the number of components required to describe
those phases. Hence phase compositions will be a function of
temperature and pressure (Guidotti 1973).
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METAMQORPHIC ZONES.

¢, A, CHLORITOID - STAUROLITE.
B. STAUROLITE -KYANTE.

| C. sILLIMANITE.
0 o .20 D: SILLIMANITE-K.FELDSPAR

. ‘ ]
KILOME TREy

" Fig, A-1 Metamorphic zonation in the Ompah area. The Fernleigh belt |
-is stippled, and numbers refer to the location of.s mples in pelitic
: SChlSt (unlt 6b) used for muscovite ana1y51s / )

L b
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264~
ef hlS study, such assemblages were termed "high aluminium -
assemblages", 51nce they contain an aluminous phase such as
kyanite, sllllmanlte or'§;;erellte. ~Accordingly in this
stﬁdy all analyses werélperformed on high alumlnlum assem-

blages, S0 that any consistent- varletlon observed between

samples may be cohsidered a result of the metamorphlc enV1ron-r

The'bulk coeposition of the‘rocks considered in this
study is represented on the triangular A-K-Na dlagrem fig.a-2.
t should be’ pointed out here that the highest™ grade specimen
although northeast of the sillimanite - X. feldspar

1sograd does not 1tself contain K. feldspar (see Metamerphlsm)

.and that the aluminous phase present in thé lowest grade

specimen (263) is .staurolite, in contrast to an aluminium
silicate in the others. No-"paragonite eas encountered in enm
of the specimens, and no true phengites were “found  (phengites
have an Si:Al ratio of, greater than 3:1,‘Deer, Howie and
Zussman 1969). All assemblages can therefore be represented

in the same segment of the triangular dlagram, so the effects

‘of bulk comp051t10n on crystal chemlstry are mlnlmized

Analytical Methods

Muscovite analyses. were performed with an electron micro-

A
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“UKYANITE
- silLIMANITE

MUSCOVITE /&7

P

Y AT
- . K.FEL

DSPAR ALBITE

Fig.A-2 (after Guidotti 1973).
A~K-Na diagram showing approxi-
" mate composition of assemblages
. analysed (@). Lowest grade spe-
~cimen (263) coexists with stauro-
. lite (neither aluminium silicate
= : is present). Movement of tie
~ lines about pojnt Q allows mus-
covite composition to change -
‘see text. ] - ‘

&

-
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:prQbe*, the”results being procesSéd u#;ng the Bence.énd Albge~
¥ (1968) correction factors. Unfortunateiy, due to inexﬁerience.
with the machine, standérds-ﬁere not Analysed sufficiently
often, énd some.drift occurred between measureﬁents, so that
"énalys;s totalg did not sum to 100%. However'fhe'errof ig
?roporfional, and.éan be lérgely offset if it is assumed that
all analyses contain the‘same'amount‘of-WAter. Accordingly
a8 value of 4.65% H,0 was adopted, this value being the mean
of that reported in several musqbvite énalyses culled at

random from the literature. The results sare thus .comparable

within themselves, .and the trends may be rega:dedras Teal.

Results:

Results of the analyses are presented in table 1 on

the following pages

)

7

* An A.R.L.-AMX energy dispersive unit at Queen's University
Kingston was used for the'agglyées; samples were run . for 10
elements. Operating conditions were 100 s amps specimen
current, 15 kv. accelerating potential and a -1-3 4w beam size,
with a 120 second.counting time. Two analyses per crystal
were made in the coarser grained rocks (ie. all specimens
except 263, 258 and 209), four.crystals per specimen being
analysed. In the fine grained rocks measurements were made
on eight different crystals. From the duplicated results on
single crystals it is estimated that the results are repro-
ducible within at most 5% (3% for the majority of analyses).
for Si, Al and K. For elements present in low concentrations
eg. Na, Mg, the limits of precision of the machine are almost
-Teached, and accuracy may be somewhat reduced. Nevertheless
“for these elements too, the results show a high degree of
consistency between crystals of the same specimen, and are
generally reproducible 2/10% ‘for Na, 3/10% for Mg in crystals.
on which more than one analysis was performed.l‘

¢
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Spacimén.25565~

l. Al

Assemblape o '
Quarfz.—muscovi te-biotite- stauronte opnque-phgioclusc-chlori te- {retrograde).

Muscovite Ananlyses

) e
0 1°;) XKy
Analysis Nop I 2 3 4 5 6 -7 . B ) L
L ratio { 4.5 1.10 10 4 10 . '8 5 -7 z %
T 8 |8
5102 47,40 147,32 147,00 147.20 ] 4B.28 {50,901 5053 5. 25 47.45 15220
TH0, 0.35| 0.31 | o.40 | o.s9( 0.34 | o.00{ o0.27| 0.31] 0.40 0.29
AL,0 33.96 | 35.18 [34.37 |34.47 | 34.45 |32.45 | 32.75] 20.24)}34.49 | 31.48
Fe(total) | 2.42| 1.78 | 2.03 | 2.14| 1.64 | 1,70 | 74| 1.40}] 2.00| 1.65
Mno - 0.00 [ 0.00 | 0.00 | 0o.00| o0.00 | 0.00| aloo| o.00{[ 0.00] o.00
Mg o 0.55 [ 0.41.{ 0.46 | 0.43]| 0.47 | 0.56 | 0.31] o0.36|| 0.46| 0.41
Cag 0.00| ©0.00 | 0.63 | 0.00| o0.00 | 0.00 | 0.00| 0.00[| 0.00 | 0.00
Na 0 1.05| 0.91 | 0.66 | 0.95| 0.77°| o0.82 | o.79| o0.73|] 0.87] 0.78
X,0 9.56 | 9.41 | 9.71 | o.53| 9.35 ) .79 s.95] 7.92|| 9.51| s.s5
Cry0, 0.00 [ 0.00 | 0.00 | 0o.00{ 0.00 | o.00| o0.00| 0.00| 0.00| 0.00
Anhydrous [95.32 | 05,52 [O5 32 {95, 31 | 9530 95,32 [ UST3I [ U5.30 '
total = : .
Formula based on 22 oxygens
- gidv 6.30{ 6.24 | 6.26 | 6.27] 6.36 | 6.67 | 6.63| 7.14(6.28-| 6.51
ad 1.70| 1.76 | 1.74| 1.73) 1,64 | 1.33 ) 1.37) 0a.86f 1.71 | 1.19
b 8.00| 8.00 | 8.00| s.00}- s:00'] 8.00 | 8.00] s.00 s.00 [ 8.00
avi 3.63) 3.71 | s.65| 3.67) 3.72 | 5.68 | 3.69] 3.600 3.68 | 3.66
T 0.04) 0.03 | 0.04] 0.06} 0.04 | 0.00 | 0.03] 0.03] 0.04 | 0.02
**Fe 0.27} 0.20 |~0.23} 0.24| 0.18 | 0.19 | 0.19 | 0.16| -0.22 | 0.18
Mg 0.11} 0.127 | 0.09| 0.08| 0.09 | 0.11 | 0.06| 0.07{ o0.11 | c.08
s 4.05| 4.11 | 4.01] 4.05) 4.05 | 3.98 | 3.07| 376 4.05 | 3.04
Na ~0.27f 0.23 | 0.17) o0.24] o0.20 | 0.21 | .20 o0.28) 0.22{ 0.20
K 1.63|] 1.59 | 1.64) 1.61[ 1.57 | 1.50 | 1.49| 1.30( 1.61 | 1.43
S 1.90] 1.82 | 1.81| 1.85| 1.77 | 1.71 | 1.69 ] 1.48 1.e3 | 1.63
5 Al 5.33| 5.47 | 5.39| 5.40( 5.36 | 5.01-| 5.06| 4.46 ] .5.39 | 4.84
ZMg+Fe | 0.38] 0.37 | 0.32] o0.32| 0.27 | 0.30 | 0.25| o0.23f 0.33 | 0.26
Nafnatikron 14.2| 12.6 | 9.4 | 13.0| 11.3 Lazas | 12| pzc2ffrizaa | o1ies
By v
M2 lug+Fdram| 28.9 45,9 { 28.1] 25.0] 33.3 | 36.7 | 24.0f 30,4} 32.2 | 30.9

* The means

(sec toxt)

for analyses 6-8 are given scparately, because of thair
higher silica content and generally somewhat 'different charactor:stics

e Totui Fe 05 FoO in this and other anolyses

Table A

differeht metamerphic grades.

1 Analyses of muscovito crystals of vaTious shapo.rntios from
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Table A=Y (eom*d) . . ' \
L - Specimen 258A -
As:ambla e ‘ : .
quarEz-mscovite-biotite-kyanite-plagiochse [
Nuscovite Analyses
’ ' B
Analysis Ng -1 2 3 4 5 6 1 8 .1 :
L ratio P~ 8 5 15 4 15 10 9 6 o
Y e M 3
sio, "47.42| 48.11 |47.34[46.42 § 47.40 | 46.60 | 47.98 (48,91 {47.52
Tio, 0.40{ o0.00 | o0.34]o0.86 | o0.41| o.00} o0.26| 0.29 || 0.32
AL,04 34.83| 34.87 F35.10(54.41 | 35.06 | 36.84 | 34.62[34.08 ||34.97
Fe(total) 2.19) 1,99 | z.1z2|3.04 | 2,041 1.97} 2,07} 1.86 ] 2.16
Mno 0.00| o0.00 | 0.00f0.00 | o0.00 | 0.00] 0.00( 0.00 || 0.00
Ng0 0:46] 0.57 | 0.65]0.61 | 0.28 | 0.41| 0.52] 0.25 | 0.44
a0 0.00| o0.00] 0.00|0.00 | 0.00| 0.00] 0.00]| 0.00 || 0.00
Na,0 1.53| 1.45 | 1.52|1.45.] 1.69 | 1.29 | 1.67| 1.65 || 1.53
X0 §.49| 5.53 | B.24|8.49 | .44 | 8.21| 8,20 8.28 || 8.36
Cry05 0.00] 0.00 ] 0.00|0.00 | 0.00 | 0.00} 0.00] ¢.00 {| 0.00
ﬂ,/‘ hydrous’ 95.32| 95.52 | 95.31 [95.3% | 95. 32 | 95.32 | 95.52 {95.32
;‘)rmula based on 22\oxygens
fiiv ;
si 6.271 &.34°| 6.24 | 6.18| 6.26 | 6,24 | 6.32| 6.435] 6.27
aly 1.73| 1.66 | 1.76 | 1.827| 1.74 | 1.86 | 1.68 | 1.57 ] 1.75°
S 's.00| 8.00 | s.00] s.00| s.00 | 8.00 | s.00! s.00f s.00
avi 3.691 3.76 | 3.70 ) 3.58| 3.72 { 3.86 | 3.70 | 3.71 | 3.72
Ti 0.04| o0.00 ) 0.03| 0.69] o0.04 { 0.00 | 0.03] 0.03] o.03
*+Fe 0.24] 0.22 [ 0.23) 0.3 0.235 | 0.22 | 0.25 | 0.20{ o0.24
Mg 0.09| o0.08 | 0.23] ©0.12{ 0.05 | 0.08 | 0.11 | 0.05} 0©.09
2> 4.06| 4.06 | 4.00| 4.13| 4.04 | 4.16 | 4.07 | 3.99 | 4.08
Na 0.35 o0.38{ 0.39| o0.38| o.4a | 0.33 | 0.42| 0.42] 0.39
K 1.44| 1.43 | 1.39| 1.45| 1.42 | 1.37 | 1.37| 1.39] 1.41
2. 1.83 1" 1.81 | 1.78| 1.83) 1.86 | 1.70 | 1.79 ] 1.81 ] 1.80
ST AL s.42| 5.42 | s.46| s5.40].5.46 | 5.72 | 5.38 | s.28{ 5.44
S Mg+Fe | 0.33] 0.30 | 0.36| 0.46 ¢.28 | 0.30 | 0.34| o0.25( o0.33
N2 fyaedarnd| 21.3) 21,0 | 21.9] 2o0.8) 23.7 | 16.3 | 23.5] 23.2 21.8
¥efugrrdxan 27.3| 26.6 | 36.1| 26.1 17.9 | 26.6 | 32.4{ 20.0] 26.6
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imen 2090

5

Assembla o '
Quartz-muscovrte biotite kyanite staurolite-plagioclnse opaque

Nuscovitc nalyses

Analyslis No 1 2 3 [ 5 8 i 8
%’. . ratio | )15 5 7 2 1 %10 f10 | w0 4 3
: . - : _ 5
sio, 47,40 |47.64 |47.54 1 47.38 |47.57 |47.34 |46.81{ a7.72{[47.42
Ti0, 0.23} 0.37 b.44| 0.32)0.22 0.43 1 0.39}. 0.37| 034
Al 0, 35.30|35.34 . |35.03 | 35.53[35.22 |35.12 | 34,81 | 35.25(35.20
Fo(total) | z,12] 2.17 | 2.07| 1.79] 2.3 | 2.17.] 2.61| 1.87 2.11
Mno 0.00} 0.00 0.00{ 0.00f 0.00 0.00 | 0.00| o.00/ 0.00
MNg0 0.49) 0.33 0.34 | 0.52] 0.44 0.56 | 0.54] 0.44| 0.45
]
€a0 ~0.00] 0.00 0.00 | ©.00] 0.00 0.00 | o.00| o.vofl 0.00
Na,0 1.89] 1,79 2.04| 2.06] 2.01 1.98 | 2.27| 1.91[1.99
. %
X,0 7.90] 7.68 7.85[ 7,731 7.75 7,71 | 7.871 1.76| 7.78
er,0, 0.00] 0.00 0.00{ 0.00| 0.00 0.00 | 0.00| 0.00| o0.00
' ¢
{drous 95.33 [95.32 195,31 | 95.32 [35.31 |95.31 |95.30 | 95.32 °
Formula based on ‘22 oxygehs 4\\\ N }
iV . e ' ‘ ' .
sit ) 6.25| 6.26 | 6.27176.25\.6.26 | 6.25 { 6.21 | 6.28 || 6.25"
mlv 1.75) 1.74 {1.73} 1,77 | 1.74 | 1.75 | 1.79 ) 1,72 { 1.75
5 8.00{ 8.00 | 8.00| 8.00| 8.00 | 8.00 | 8.00 | 8.00 s8.00
avi 3.73|.3.74 3,7iW 3.74| 3.73 | 3.72 | 3.65{ 3.75| 3.72
Ti 0.02| o0.04 | 0.05} 0.05| 0.02 | 0.02 |.0.04 | c.04 || 0.03
; .
. **Fe 0.23| 0.24 | 0.23} 0.20{ *0.23 { 0.24 | 0.29 | 0.20[f 0.23
Mg 0.10{ 0.07 | 0.07] 0.10] 0.09 | 0.11 | 0.11{ 0.08 || 0.09
> 4.08] 4.09 | 4.06] 4,07} 4.07 | 4.09 \\4.09 | 407 4.08
Na 0.48 [ 0.45 | 0.53] 0.55| 0.51 | 0.51 | 0.58 |.0.48 || 0.52
X 1,33] 1.30 | 1.31} 1.30| 1.30 | 1.30 | 1.34 | 1.30 | 1.3
2 1.81) 1.75 | 1.84 | 1.83| 1.81 | 1.81 | 1.92 | 1,78 1.82
T Al 5.48] S5.48 | 5.44 | 5.511 -5.47 | 5.47 | 5.44 | s.47 [ 5.47
> Mg+ Fe | 0.33] 0.31 | 0.30f 0.30] 0.32 |} 0.35 { 0.40 | 0.28 §§ 0.32
Nafnasikio0 26.5| 25.7 | 28.8{ 29.0| 28.3 | 28.2 | 30.2 | 27.0 | "28.0
"34Mg+Funn 30.3 | -22.6 | 23.3} 33.3| 28.1 | 31.4 27.5 | 28.6{ 23.1

t e
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~Table A-1:(contd) . . T T ‘ - :

e 7 specimén N -
Assemhla e . ' Y .
T Quartz- muscovite-biotite-kyanite plagioclase tourmaline-opaquc -

Huscovito Analyses

: : T
Analysis Nd 1A | 18 . | 2a o | osa |ss ] aa 45 : T -
Y1is | y1s ry 4 6 | 6 | >is|. Das i B
| o s B N 3 S

a7.22 | 63.05 |47.07 | 47.28 | 47.79 [47.64 [32.21 | 47.80] 47.43
0.28| 0.37 | 0.40| 0,50| 0.37 ] 0.42 | 0.31] -0.00f 0.33

34.36‘_30.56 54.28 | 34,56 | 35.02 [34.88 |34.12 | 34,27 .34.50

Fo (total) | 2.72| 1.86 | 2.60 | 2.42| 2.01 | 2.12 | 2.611 2.30§ 2.40
. . . B
~ Mno 0.001 0.0b 0.00:4 0.00 0.00 | 9.00 | 0.00 | 0.00f 0.00
a ¥g0 0,68 | 0.72 | 0.79 | 0.65| 0.41 | 0.43 | 0.84 | 0.57\ 0.63

Cao . 9001 0.00 | 0.00] 0.00] 0,00 | 0.00 | 0.00] o.00l 0.00
Na,0 1.75| 1.42 | 1.78 | 1.66| 1.48-] 1.76 | 1.76 1‘1.81r 1.71
X0 §.50| 7.24 | B.40 | 8.24 | 8.23 | 8:08 | 8.46 | s.s8l 8.33
Cr,0; 0.00| 0.00 { 0,00 | 0.00| 0.00 | 0.00 |\0.00 | 0.00) 0.00
Anbydreus |95.32 | 85,32 [05.32 [95.31 05.31 |95.33 |95:31 | 95.33

OLA i .

.~ ‘L\ ﬁ

Formula based on 22 oxygens ' ST
sit¥ 26 | 7.06 16.25 | 6.26 | 6.29 | 6.28 | 6.27 | 6.3% 628
adY o 1.7l 0.9 |1.7s {1074 | 171 f1.72 [ 1.73 | 367 § 1.72

s .00 | s.00 |s.00| s.00| s.00 {s.00 | 8.00 | 8.00 s*‘

: L I .\‘\

m¥t | 363 s.91 |5.61 | 3.65 [ 3.73 |3.70 | 3.61 |'5.68 | 3.¢8 \Q
i 0.03 | 0.04 |0.04 | v.05| 0.04 |o0.0947] 0.03 | 0.00 § 0.03
etfe | 0.30| 0.22 Jo.20 | 0.27 | 0.22 [0.23 | 0.29 0.26 §| 0.27 -
Mg 1 0.1a] 0.14 | 0.6 ] 0.13} 0.08 |o0.08" | 0.17 | 0.11 | 0.12 .

2 0.44 | 0.36 |0.45 | 0.40 | 0.30 {0.31 | 0.56 | 0.37 || 0.40
Na | o.46.1 0.37 | 0.46 | 0.42 | 0.38 | 0.45 | 0.46 | 0,47 | 0.44
K 1.40 | 1.23 |1.43 | 1.39| 1.39 [1.36 | 1.43 | 1.24 ) 1.41 .

3 1.86 | 1.60 1.;3§ 1.81 | 1.77 |1.81 [ 1.89 | 1.91 | 1.85

N 1 .

s AL s 37 ] 4.87 |s5.36| 5.39 ] 5.44 |s.42 | 5.34 | 5.35 }| 5.38 .
s Mg+Fe | 0.44 | 0.36 | 0.45 | 0.40 | 0.30 | 0.31 §0.56- 0.37 |t 0.40
NafyasRioo 24.7 | 23.1 |24.3 ] 23.2) 21.5 24.9 | 24.3 | 24.6 [*23.9
Welgergain) 31.8 | 38.9 |s5.6 | 52.5 | 26.7 [25.8 | 30.4-] 29.7 ) 5.8 ’

* excluding analysis '1B. ' : Lo B
. ‘)\ M
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Table A-1 (con'd) T A .

Assenblage : o "l : L o o .
o artz-muscoviteo-plagioclase-sillimanite~tourmaline Co

Muscoyite Analyses

Analysis Nd 1A | 18 ' { 2a | 2B 3A 3B | 4A 4B N
*\%$ ratio |- 4 | 4 1.75 | 1.75 9 9 1 1 ; L Lt
\\‘ . .- . N *
A . = | N | ‘ é
Si0,, 7 [ 47.20| 45.26 |47.11| 46.95| 47.04.|47.20 | 47.45) &7.29] 47.17 | -
T10,' 0.53| 0.357| 0.48| 0.38] 075 /‘n*if 0.45( 0.28|| 0.38
Al0y 1 3s.ss) 33.08 |33.377] 33.48] 33.9 35.5@ 33.43} $3.55|| 33.54°
Fe(total) Z.85| S.86 | 2.95| 3.21] 2.96 *i;SF 2,65 3.00|| 2.95
MnO 1 v.00] 0.00] 0.00| 0.00] 0.00.| 0.00] 0.00 q.007 0.00
Mg0 0.69] 1.07 | 0.89| 0.94| 0.77 | 0,9t ] 0.82]| 0.5 0.81
Cag | o.o0/ ©0.00| 0.00| 0.00} 0.00] 0.00| 0.00] 0.00] 0.00
Na,0 1.10| 1.14 | 1.17| 1.08} 0.93] 0.99] 1.12{ 1.23 1.09
. K0 |79736| 8.567| 9.36| 9.29| 9.45 | 9.31| 9.40| 9.3§| 9.36 ST
Lot
cr_0, 0.00} 0.00 ] 0.00] 0.00] 0.00| 0.00]<gao0| 0.00] 0.00
2 / ' ' " .
Anbydrous | 95.31| 95.32 | 95.31 | 95,32| 95.51 | 95.32 | 95.30 95.31
total \

Formula based on 22 oxygens

. iv N R '3 : -
- si* 6.29| 6.12 | 6.29| 6,27 6.27 | 6.29 | 6.32] .31 6.29°
iv : :
Al 1.71] 1.88 |-1.71 ] 1.73] 1.73, 1 1.71 | 1.68| 1.89| 1.71 _
'fi 8.00] 8.00 [ 8.00] s.00 /sT/o 8.00 | s.00| s.00 ".8.00
. aq Vi . . ’ : ‘
AVt 3.57) 3.40 | 3.54| 3.54 3,60 | 3.57 | 3.57| 3.59{ 3.57
Ti 0.05| ©0.04 | 0.05.] o.04{ 0.03 | 0.03 | o0.04| o0.03 o0.04
g 0.32| 0.64 | 0.33} 0.36] 0.33 | 0.34 | 0.30 0.34] o0.33
Mg . 0.14 0.22,] 0.18| 0.194 o0.15 | 0.18 | 0.16] 0.12] o.1s
PR 4.08)] 4.33 | 4.10 4.11‘ 4.11 | 4.12 | 4.07.} 4.08( 4.10
Na -] o0.29] ©0.29 { 0.31| o0.28| 0.24 | 0.26 | 0.29}| 0.32]| o0.28
K 1.59| 1.47 | 1.59| i.s9| 1.60 | 1.59 | 1.60| 1.60] 1.59 oo -
PR 1.88| 1.76 | 1.90] 1.87) 1.84 | 1.85) 1.89] 1.92{ 1.88 &
z Al 5.28 | 5.28 | s.25| s5.27| s5.33 | 5.28.] s5.25] s5.280 s.28
S. Mg + Fe 0.46| -0.89 | 0.51{—&~55{ 0.48 | 0.52 | 0.46|..0.46) 0.49
N - ' ‘
a{Na+@xluo 15.4| 16.5 | 16.3{ 15.0( 13.0 | 14.1 ) 15.3| 16.7 0 "15.1
M34H3+F4xnm 30.4 24.7 | 35.3] 34.6| 31.3 ]| 34.6 ] 34.8| 26.1[| 32.4

* "excluding analysis 1B.
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' Muscovite Qnalysés

.Assemblage * ‘ _ : - ‘ SRR
o Quarfz-muscovlte-sl11imnnite-plagioclasq-opague-tou:mulino

' Analysis Nd 1A | 1B 24| 23 3a | 5B aA 4B -
L ratio 3 |3 E S 5 5 3.5 | 8.5 =
. Lo . _ ‘
b ‘ =
Si0, 15.55 |47.29 |47.17] 47.50| 47.2) |47.58 | 47.35| 47.29]47.47
Ti0, . .34 | 0.00 | 0,65| 0.59] 0.61 | 0.41| 0.88 0.47[ 0.AF
AL,9; $3775 |33.88 | 34.04] 35.76] 33.19 | 35.40 | 35.25| WA7[IIT.
. Fe(total) | 2.85 | 2.77 | 2.48] z.68| 2.92 | 2.78] 2.90) 2.3 2.78
R ~ ‘
. ~ "Mno 5.00 | 0.00 | 0.00| 0.06| 0.00 | 0.00] 0-00[ 0-000.T0
. Mgo 565 | T80 | 0.84| 035|007 | 0B TOEN U
¢a0 | 0.00 | 0.00 | o.oo] o.bp| o.00| 0.00| o.00| o.0Qf 0.0D
" Na,0 1.04-| 1.04 | 0.97]| o.76] o0.92) 0.91} 0.90{ ©.BY 0.85
L e -
K;0 9.19 [.9.45 [ 9.18] 9.38) 9.54| 9139} 9.46] 9.38] 9.37
' 4 T — N .
Cra0, 9.00 | 0.00 -] 0.00] 0.00] o.00| 0.00 g€ 0.00[ O-0Q[ 0.00
Aphydrous |95.35 95,33 | 95.32] 95.33] 95.31 95.32 | 95.31| 95.32
total : :
an : '
. Formula basedfdﬁq}zhg§ygcns RS {
: stV - o | 6.30 | 6.27 | 6.31] 6.30 | 6.53 | 6.31] 630 6.32:
aiv 1.59 1070 { 273 1.69] 1.70 | 1.67 { 1.69| 1.70] 1.68
: EE?;_\\ g.00| 8.00 | 8.00] s.00| 8.00 | 8.00 | 8.00| 8.e0f 8.00
L : ﬁ ) . :
av 3.61| 3.62 | 3.60| 3,60 3.52 | 3.57 | '3.54| 3.56] 3.58
Ti 905 0.00 | 0.07 | (0.04| 0.06 | 0.04 | 0.06| 0.05} 0.04
-~ . \ s
**Fe onal 0.353 | o.27| o.30) o0.33 ] 0.32] 0.32] 0.33§ 0.31
Mg 0.1>40.18 { 0.17] 0.17| o0.18 | 0.17 | 0.17 | 0.18] 0.17
2 4.04| 4.11 | 4.11| a.11| 4.00 | 4.00 | 4.09| 4.12] 4.10
i~ -
Na 0.27| o0.28 | 0.24| o0.20{ o0.24 | 0.23 ] 0.23] 0.23[ 0.24
; L X 1.55| -1.60 | 1.85| 1.60( 1.62 | 1.60| 1.60] 1.60{ 1.59
2 1.82| 1.88 | 1079 1.s0] 1.86 | 1.83 | 1383 | 1.83} 1.83
Ay ’
e Z AL s.20| s.32 | s.33| s.29|-5.22 | 5.24 | 5.23| 5.26} 5.26
S Mg+Fe | 0.40| o0.49 | 0.44| o0.47} o0.51 | 0.48 [ 0.45| 0.51 ]| 0.47
Nodyasrool 14.8| 14.9 | 13.4| 13,1} 12097} 12.6 | 12.6] 12.6 13.2
‘Mg{yg+F§mMD‘ 30.0] 26.7 | 38.6( 36.2| 35.3 | 35.4 | 34.7| 35.3| 35.3%
a . )
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" Table A-1 . : .

E .- 243¢C .
Assemblage . :
Qunrt.z-muscovit'e—hiotita-sinimanitgéplagiocl’nsojopaqua

b g : : Muscovite Analyses

Analysis No 1A 1B A | 2 | sa | 3B sA | aB
L ‘ratio 10 10 ()2 6 6 | & 4
b oo R
si0, 47.39 [ 46.91 [47.46 | 47,35 [47.55 [47.35 |47.93 | 46.88 || 47.35
‘1'5.02J o | vor| o.67 [o.60 | 0.4 0.77 Joi7s |0.ss | 0.77| 0.74
Al,0¢ ' [33.12 |33.74 [34.11 [34.39 |33.66 [54.27 |33.51 |33.79| 33.82
Fe (total).['2.51 | 2.72 | 2.56 | 2.08 | 2.40 | 2.37 | 2.38 | 2.71| 2.46
Mn0 0.00 ] 0.00 | 0.00 | 0.00-| €.00 | 0.00 | 0.00 | 0.00] 6.00
Mg0 0.81 | 0.67 {-0.59 ] 0.79:| 0.8 | 0.57 | 0.48 | o0.906] o0.72
hY
Ca0, 0.00§ ©0.00 | 0.00 [ 0.00 ] 0.00 | 6.00 | 0.00 [~ 0.00{ o0.00
Nz,0 - 1.54') .21 | 1.16 | 1.18 | 1,00 [o0.95 | 0.97 | 1.27] 1.13
K0 - | 916 9.41 | 5.85 ) 5.04 | 9.24 | v.07 | 5.16 | 8.94|| 9.09
Ciy04 0.00{ 0.00 { n00 | 0.00] 0.00 | 0.00 | 0.00 | o.00| 0.00.
T Rubydrous |95.34 | 95,35 ]95.31 |95.32 |05 31 95.31 |95.32 |95.32
[ ta T - . .

Formula based on 22 oxygens o T ‘ -
si' 1631 6.75 16.507 6.27 ] 6.51 | 6.28 | 6.35 | 6.24 | 6.2
“aly 01,69 1.75 | 1.70 | 2.73 ] 1.69 | 1.72 |'1.65 ] 1.796 % 1.71
b 8.00 | s8.00 | 8.00( s.00| s.00 | s.00 [ s.00) s.00 s.00
AL | 351 3.56 | 3.64 | 3.64 | 3.58 | 3.66 | 3.59 | 3.54 | 3.59
T4 _ 0.10{ 0.07 | 0.06 | 0.05s | o0.08-| 0.07 | 0.09 | 0.08 [ o 0s
: *eFe 0.28 | 0.31 | 0.28 {~0.23| 0.27 | 0.27 | 0.27 |-0.31.( 0.28
Mg 0.16 | 0.13 § 0.11 | 0.16 |.0.26 | 0.311 | 0.10 | 0.19 | o0.14
p 4.05| 4.07 {4.00] 4.08! 4.00 |4.00 | 4.05 4.12 || 4.08
Na -1 0.35] 0.32 | 0.30| 0.30| 0.26 | 0.24 | 0.24 | 0.34 || 0.29
X 1.56 ) 1.60 | 1.49| 1.53{ 1.55 | 1.53 | 1.55 | 1.52 ] 1.54
. 2. 1.00 | 1.9z | 1.79 | 1.83 1.81 | 1.77 | 1.79 | 1.86 || 1.84
5 Al 5.20) s5.31 | s.34{ 5.37) 5.27 | 5.36 | 5.24 | 5.30 {| 5.30
S-Mg+Fe | 0.44 | 0.44 | 0.39| 0.33] 0.43 | 0.38 | 0.37 | 0.50 || o.42

* .

Nalyask100 18.3 | 16.7 | 16.8 | 16.4 | 14.4 13.6 | 13.4 | 18.3 16.00
"g/@{gme)um 36.4 { 20.6 | 28.2) 41.0| 37.2 | 20.0 | 27.0 | 38.0 [ 33.3
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Discussion of the dota L ' _ ' : N

‘With the excepilon of three analyses 6, 7 and 8) in .
263G and one each in 36N (analysis 1B) and 1830 {analysis
. 1B), the‘data appear to be comparable within themselves, |
and soifoble for a study of compositional changes associated
with crystal shape and metamorohit‘gradient. The anomaious f
| analyses from the low grade specimen (QGSGi may bé'the result
of an increase in phengité cogtent by which some Al is\re;
placed by Si, though the Mg and Fe contents, Wthh are gene-
rally higher in phengites do not reflect this. It is probable N
that the analyses 1B from 36N and 183C are faulty measurements, .
since in both cases'they béar little relation to 1A;'the.
higher Fe ‘content of one of them may be the result of the beam
being focused on a minute 1nc1u51on of an opaque iron oxlde,
of which -there are many in these rocks. These anomalous data
" have therefore ngn oﬁzttéd-from tho calculatlons of the means,
since for oompﬁratiVe purposes they are not considered repre-
'seﬁtatiVE. VV o | o
No consistent relatIonshipéxwerejobtained between the

composition and the shape of the crystals in the measurements

from a single locality, indicating that, in the case of mus-

%

T covite, Chemistry is not a significant factor in determining

crystal morphology Howover between specimens some trends do
emerge. Some-. of these are depicted graphlcally in figs. A—Bnu

and A<4thcOf.the magornelements ;théo Sl Varand | All -contents 2

\
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‘
of muscovite show only minor variation across the-mefam .
_gradiant éxamined; when piottéd agninst each ophér the nnints
fall'nnha line, although not in order of metamorphic grade . J

(fig. A-4c). ~A1v? decreaseé with increasing mefamorphic grade,J

at least between the staurolite- kyaﬁite and sillimanite zones ‘

'(flg A-3d). Total alkalls,' Na+ K, remain approximately
constant.(fig,,A-Sa)3 and graphs.for Na and K are inverselx
proportional refléctiné the substitution of one element for | <::::
the other. The ratio Na/Nai-Knﬁ increases from the chloritoid-
staurolite zoéne to the staurolite-kyanite zone, and thereafter
declines gradually (fig. A- 3d). In fig. A-4a Na is plotted
H_against K, and all specimens fall on a 11ne, with the
staurolite-kynnite zone specimens grouping at the top left
nnd speciméhs from higher and lower zones clusteningnat lie
bottom right. Fe+ Mg and Ti both,increase”with grnde 0

lVl

metamorphism (fig. A-3c) in a trend which appears to com- '
pensate for the reduction in A F/J

in the higher grade
zones (figs. A-3d and A-4d). The ratio MQAMg+—Fe 4 is
lowest in the staurolite-kyanite zone, but increases only
slightly to the'sillimanité-K. feldsparﬂzone. Fig. A-44,
in Ehinh Mg is .plotted aé;inst Fe; shows that both elements
incfease with grade of metamorphism, as the high .grade

. samples are gronned in the top right of the graph. This
nsuggests that substitution of one element for the other

may be limited, so some of the Fe presentfmay be Fe"’3
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xComparison'wiph Other Datﬁ

e
v

The data of Guidotti (1973) on the compositional varia-

tion of muscovite with\grade of metamorphism provide an excel- .

~ lent source for comparison. However it should be born in

mind that (a) the pressure in the Maine examples is infer-

red to be somewhat lower than in the Ompah area, ie. below

‘the alumlnlum silicate trlple point (Guidotti 1970), and

(b) the range of metamorphlc grade sampled from the stauro-
lite to upper 51111man1te zones is slightly less than in
this study; in particular, the lowest E;_de in the Ompah

Area, the chloritoid-staurolite zone, or €

ivalent, i$

In general the analyses frqm the two dre;: are very
simiiar, théugh the Maine specimens seem to be slightly
lower in Si and higher in Al than the Ompah ones’, This
may be a function of the lower pressure gﬁvironment, since
Guidotti (1975) also includes for comparison some high
pressure eqdivalent of his Maine specimens froﬁ Vermont and
St,Paul Island Nova Scotia, which both contain a higher
phengite content. Furthermore, sillimanite zone specimens
from the northeast Dalradians of Sdotland: inferred to have

coexlsted at lower temperature with andalusite, possess

' 5111ca and alumina contents comparable to those in the Maine

examples (Ashworth 1975).

(

e
N
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Over the metamofphic grade studigd, and in the.high,

aluminium assemblages, Guidotti (1973) reports the follbwinﬁ

' -
i

L . : . el 8, ‘ A .
trends in muscovitle composition with grade of metamorphism:

"(a) the sum of Fe {Mg inCreases}'as does Ti; (b) Na decrea-

-ses and K increases, so thaé the fatio g%ﬁTK dqcreases, and
(c)-thére is a poSsible,-Eat rather uncertain-suggeétion that
Al, espeéialiy in the.ocfahedral sites,ldecreases. There is

| also a .similar suggeétion for Si". . '

If the staurplité ione of Guidottia(19733_is taken as
fthe equivaleﬁt,of the staurolite-kyanite zone in the Ompéh
area,_ce;tain‘similarities apﬁear'betweqn the two séts of
analyses.' Most cpnspicubusly the declining Na/Na+K $.ratio
with increasing metamorphic grade is common to both groups
sf samplés in the ﬁediuﬁ and higher metamorphic zones.

" Interestingly, though, this trend reverses. in the lowest
gfaQe spécimens from the Ompah whiéh have;pb metamorphic
equivalent'from.yaine for ;ompdbefgpf;ﬂofherrtrends common
to the two sets of anglyses are the iqcrease in Mg+ Fe and
Ti, and the decrkase in A1V! with incregsing grade of meta;
.mbrphism. However no systemqtic tr d in re&uction 'of\Allv
and Silv, as tentafively reported by\Guidotti (1973) ﬁas'_
apparent in the Ompah examples. o sy
| Variation of the Na/Na+ K ratio in limiting assemblages
is partly éoﬁtrolled by the composition of coexistiﬁg pla~

gioclase. As can be spen'from fig; A-2, any change in the

. ‘.- “e - - +

-
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composition of plagioclase.willibe reflected by reciprocal
small changes in the comfosition of:mus;ofite by movement

of the tie line geometryuaround‘inntlQ CGuidotti 1973). ~
Thus. muscovite. variation may be dae,.at'lsast in part, to

changes in plagloclase comp051t10n during progressive meta-

- morphlsm. ‘However the reversal in trend of the Na/Na4-K e

ratio evident in the Ompah analyses‘ﬁfig. Abe) is more
difficult to explain, since the Na content of plagioclase
is not known to peak in the staurplfte zone,

In the muscovite specimens from the Ompah area the’
decrease in Al'' is approximately balanced by the increass
in Mg, Fe and Ti (fig. A-3d): A 51m11ar situation was

observed in analyses of muscov1tes from Maine by Guidotti

{1973), who suggests that the following substltutlon:mayu

take place: "the increase in ZMg4Fe is not fully balanced

by increase of Si and decrease in Al = that is an increase

of the phengite contént....... G e e e e o CN

. Instead some of the decrease of Al1v that should

Tresult frdm increase of Z (Mg+Fe) in the octahedral sites

seems to be offset by (Ti*%), requiring substitution of

(Al+ 3) v for (S'+4)iv". Whether a similar network of

" substitutions occurred in the Ompah specimens is not known-—

how%ver as already mentzoned the Si'V content does not

ﬁary systematically with metamorphic grade, so it appears

. (unllkely that it is greatly affected by the ZMg+ Fe, as

{ suggested by Guidotti.

-
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N
=

Conclusions
In limiting assemblages tl).musqovite crystaig\ﬁ;pm-g

N

single specimen show only a-small variation in composition;-
and composition is not a factor that determines crystal shaps

in muscovite.

-

(2) With increasing grade of mne-
tamorphlsm Mg, Fe and Ti in muscov1te 1ncrease, and AlVl may

tend to decrease.

T

. _ . ' (3) The rétio Na ' ‘increases:
" Na+ K ' /

to the staurolite-kyanite zone, then decreases, and so may !

1 ra

be a usefil indicator of meétamorphil grade).

' . (4) Phengite-Content\shows slight,

but unsystematic varia;ion acrosg\the metahprp l

examinkd. All specimens are higher in_Sf and Fe and lower
. in “_than those of Guidotti (1973) and Ashworfh (1975),

\\; wever, whose measUremen;s‘a;e from rocks inferred to have

come from lower pressure regimes. Phengite content there-

for,

ears to be more éenéitive to the pressure that to
he temperature of the metamorphic enviéonment.
The observed variations in muscovite composition with
grade of metamorphlsm are in general agreement with those of’
’

Guldottl (19713, however the W1der range of metamorphic grade

examlned in this study s enabled the conclusions to be ex-

tended to lower grad¥s where the trends are somewhat different.
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SYMBOLS

e b e ——— e T e e e
Road,

Hydro line.

Outcrop.including areas of semi-continuous outcrop.
Geological boundary. ’

Geologicdl boundary (inferred).

Line of section. ]

SCALE

KILOMETRES.




P Ll S S e

_‘7n ' Pink pomssic grnnite nnd granite gneiss esp Abmge‘r nnd 2
7 Lavant plutons. <[

-3 -Grey grqnodlontlc to trﬁndhjerriitic _ §h_eiss' .esp, Cross leke.
bedy. . . . . ; o ‘ ,
o ‘ 7¢ © Migmatite' R :‘-::\' S .
‘Ar 7d° -Pasgmatite. '

-

6a Biotite - quartz 7 plagioclase feldspar, hornblende, calcite, K.
feldspar  schist/gneiss.

".(ex?:gsure} 6b  Pelitic {muscovite-quartz-opaques- plagioclase feldSpur} schist.
6c Biotite- qemrtz carbonate schist.

6d Blotitenquurtz-pyrite schist. S \

i
1
wn
v
1

,._Cnlcmc und doiomttnc mnrblengrnphl-ta pyrite .quartz, dmps;de
tremolne phlogopnte scapolite; includas some interlayered \\

Y
amphibolite. ‘ !

. ’ \ . (
' " 4a  Quartzite ‘ . ' '
‘ _ ' .

. Lb Calcareous quartzite.

3aq Conglomerate — pebbles of quartz,quartzite, granite ,marble

ond biotite schist in a schistose matrix of biatite, quart z,

amphibole, plagioclase fcldé'pur + calcite.

3b Conglomerate — boulders ot granite in a pelitic schist matrix.
3c Conglomerate — pebbles of calc-silicate in a carbonate
matrix - )
: 2 Quartzotetdspathic hornblende-biotite gneiss, frequently layered

and containing inclusions of diorite; includes thin interbeds
ot pelitic and psammitic schist.

Zones]  ta Amphibolite and plagigelase feldspar , amphibole gneiss. .
Ry | /4
R 1b Me tabasalt with religt plagioclase feldspar phenocrysts., '

1¢c Amphibole - biotite gneis and biotite-amphibole schist,

1d Quartzoteldspathic biotite fneiss , typi‘cally with a coarse
grained quartz phase; associated with 1c.

e Chlorite schigts oo
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,3:_1. Conglo;n_'rnte- ebbles of quurtz.qunrtzne grumte rnarblew'
i ‘ &

: nnd blotnte schl t |n n Schutose rna.tn‘x"

f- hsotite qunrtz.
urnp/mbole plng:_jclnu feldspar colclti ' R

__-,‘. V.
-

~3b - Conglomerute - éhtd’ers"ﬁ ot g, un'i Cin-a. peuhe sehlst mutrnx

3¢ CO_nglomernt.e_--g ebbles of _c‘!c-sd':' ié’ nn a corboncne >

hornblende b ‘me gnels A frequently lo.yered

~ tnd containing mclus:ons .of diorite; includes thin interbeds
of pelitic _.u_nd_‘pse.mmltlc schist. '

matrix -

-

2 Ouurtzofeldspnthlc

1a Amphibolite and plagioclase feldSpar amphibole gneiss:

Me tabasalt w:th relict plo.gloelnse teldspnr Phenoerysts.

1c  Amphibole - biotite gnetss and blo.ute-qmphibole\_‘ schist,

Td Quartzoteldspathic biotite gneiss , typically with a coarse
grained quartz phase: associated with. 1c,

le _Cl:\lorite' schist.

Nlb"‘- Units not numbered in stratigraphic order.

o
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“Foliation s, . . o .

. 3 :
| fodp
MAP SYMEoLs.
Li_tholog_ic bound_ur'v 7
Lithologic boundory tmfcrred} -
Domain boundnr,y ) o L o '
'Beddmg (So} - top; unkho;vn e B ~-

'Bcdding (Sol- fucmg m durcctmn ot dlp

aeddmg {SOI fcu:mg n d:rect:on ot _‘obp';.,bvérturn‘e&.
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" LOCATION OF ‘SR

" . 80S1—0S4 Deformed pebbles. tr
.. 4 PS1 be(orri’\eq'-pebbl‘es tr
. BAA: - Detormed aggregate:
RN B 717 W -Deformed po cph yrob!
S ® ., © " Flattening strain —eqt
T R




EASUREME NTS

npah synfdrﬂ) 'ﬁ

”"umts 'only nre md

>

tcuted...

v -sTéB EONET SYMBOLS:

Pole to 50
Poke g 51
L1 uhd .-F1'
Pole to 52
Lz and Fz

~

.

thhologues numbered u‘s oh geologncql mup -mujor
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