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All specimens rsferred to in this thesis are catalogued
in the museunm of the devartment of UGeology of the University
of Adelaide. The specimen numbers are prefixed by the
numerals 4 185= ., The eatalogued information includes the
name 0f tie roek, the ecatalogue number and the approximate
location. The exact location of each speeimen ig glven as
& national grid reference as drawn on the Cambral 1:63,360

8heot (1940) (Fig. 2) and reproduced on Plate 1.
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The ctructure and petrology of 50 sguere miles of folded
ard netamorphosed early Palaeozolc sediments on the eastern
edge of the Mount Iofty Ranpes, 40 mlles eastenorth-east of
Adelalde, BSouthk Australia, heve been studled in detail, The
purpose of this investligation has veen to ascertaln the
charactor of the metamorplilsm and the time relation of meta-
morphisn to defursmilion in the eactern: portion of the Hount
Lofty fzuce metanorphic belt. The rock unlts, showlng a wide
range o7 chemical varieby, lLave beer fsnonstratsad to cross
the motamornhic zones from ths bictite zone to the sillimanite-
potasgh Telposr zone.

o5

A vavlieby of sedimertatlion structuras have Deeh 1PeCOg-

nised within tlhe rock sequence.

Zunation of the webamorphisi twse becr achieved throngh
the establishment of metamorphic winsrcel faclss boundaries,
The metamorphisn 1s ol the low to iatersdeiiale prussure
andalasite-staurnlite~cordierite-sillimanits Lype. The appear-
ance of kyanite along witn andalasibe and ¢iilimacite in the
alumincus pelitie schists on the wezlern edge of the area, and
the apparent repression of a number oi metamorphle reactlions
releasing volatile couwonents in the azzociated rocks, suggests
that pressures were nigher in the wastewvn part of the area

-

during metamorphism. The progressive metamoryhisn of quartzo-
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felspatiic schilsts, pelitic sechists, aluminous peiitic schists,
cordierite and anthophyliite schists, marbles and cale-gili-
cate rocizs 18 described and various metamorphle mlneral
reactions are discussed, An optieal study has bean conducted
on the plagloclase=spldote equilibriuwn relations in cale-silic-

ate rocks.

Metanorphlc segregatlion veins are common throughout the

whole area.

A nunber of rocks of metasomatic origin bhave been des-
eribed. Of these, fine=grained quartze-albite rocks replacing
quartzo-elspathlic selsts, marbles and cale-silicate rocks
are the most abundant. ¥arrow zones of quartz-potesh felsrar
rocks on the western edge ¢f the aree are closely assoecliated
with potash deficlient schists containing anthophgllite,
chlorite ard ailvor muscovite in place of the bilotite and

potash falspar of the noraal gquartzcelelspathic schiliste

ty

A variety of intrneive rocks in the form of small widely
distributed bodies includs dclerites, dicrites, svenltes and
granodiorites. Swarns of anlite and pepmatlits dykes appear to

have been derived from tre granndlorites.

Mo phagaes of ifoldiag are rscognized,; bthe sarller having
slaty cleavage as axisl surface and the later cropudatlion
cleavare as axial surface. Two apparently cosval cronulation

cleavages of @irferinyg orisntation are fournd in ¢ifferant
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parts of the area. FPetrolabric studies were conducted on

quartz, caleite, mica and courdlerite.

A study of porphyroblast growth hes indicated that metae
morphisn occurred thronzghout, and outlasted, the two phases

of folding.

In the dylng stages of metamorphism a compound fault
system displaced the metamorphic mineral isograds. The
recently active Hilendella Fault is considered to have a com-

plex history commencing in Palaeozolc tlmes.
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Thies thesls containg no materisl which has bsen accepted for
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the thesis.
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INTRODUCTICH.

Purcvoss and Ailms of the Pregent Study.

The Mount Lofty Ranges near Adelaide, South Australia,
expose an upper Precambrian to lower Palaeozole geosynclinal
sequencs forming portion of the Adelaide Ceosynecline (Figz. 1).
The eastern portion of the Hount Lofty Ranges hus been mneta-
morshosed, the highest zrade parts reaching the upper amphie
bolite facles adjacant to nodes of granitie paragneiss. The
purpose of the present study 1s to elucidate some of the
metamorphie and structural history of the Mount Lofty Range
metamorphie belt through the detailed Investigation of a
small representative area. A previously unmapped area of
approximately 50 square nmiles on the eastern edge of the
ranges, situated west of the town of Cambral (Cambrai 1:063,360
Military Sheet) and 39 miles eastenorthw-east of Adelalds, was
chosen because of the good exposure of & varlety of rock types
displaylang & econsiderable range of metamorphiec grade. The
aims of the investigaution have been to construct, with the
ald of serial photographs and field mapping, a detailed geo=
logical map; to eollect and compile data on sedimentation
and tectonic structural features; and to conduct & contem-
poransous laboratory study of the metamorphlc and structural

petroliogy.

flelation of the Cambrai Area to the Geological Patbtern of the

Mount Iofty Ranges.

The location of the area mapped in this study is indicated
in Flgs. £ and 3. ¥ig. 2 also shows the ma jor stratigraphle
subdivisions of the Mount Lofty Ranges. Several older Pre-

cambrian basement inliers are exposed in the core of the



FIG. 1,

Geological map of South Australia,

(Courtesy of the Geological Survey of South Australia).
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FIG. 2,

Generalized geological map of the Mt. Lofty Ranges

(base data from Plate A, "Geology of South Australia,

1958 - slightly modified),

Grid indicates locations of 1:63,360 sheets
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The situations of various towns

- Eudunda
- Truro

- Gawler
- Cambrai

Adelaide

Mannum

7 = Echunga

8 - Mobilong

9 - Yankalilla
10 - Milang ,
11 - Jervis

12 - Encounter

and localities

mentioned in the text are also indicated,

A Adelaide MB Murrsy Bridge S Springton
An Angaston Mc Macclesfield Se Sedan
As Ashbourne MC Mt. Crawford SH Sellick Hill
BH Black Hill MM Mt, Magnificent St Strathalbyn
Cambrai Mo Monarto T Truro
Gumeracha N Nairne TC Tanunda Creek
H Harrogate Oakbank Tu Tungkillo
TH Inman Hill P Palmer VH Vietor Harbour
K Kanmantoo Rockleigh W Williamstown
M Milendella RC Reedy Creek
Ma Mannum RG Rocky Gully

study is outlined,

The location of the ares mapped for the present
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FI1G. 3,

Portion of Cambrai 1:63,360 Military Sheet embracing

the limits of the mapped area,
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ranges. These inliers consist of strongly metamorphosed
schists and gneisses showing considerable retrogressive meta-
morpnism associated with phyllonitization, which partially
pre~dated and partially accompanied the deposition and defor-
mation of the overlying upper Precambrian sediments of the
Adelaide Geosyncline (Talbot, 1962). The basement rocks have
been named "Houghtonian® (Howchin, 1926), "Barossian® (Wool-
nough, 1908) and "Houghton Complex" (Talbot, 1963), and have
besen considered to be "Archaean® (David, 1922), although there
are no age datings in support of this.

The basement rocks are overlain with strong unconformity by
upper Precambrian geosynelinal sediments which are only weakly
metamorphosed near Adelalde, where they preserve ample evi-
dence for a shallow water facies (Sprigg, 1852). These sedi-
ments bave been referred to as. the "idelaide Seriles™ (David,
1922), the MAdelalde System™ (Torrensian, Sturtlan and Marinomm
Series) (Mawson and Sprigg, 1950), and as the "Adelaide Super-
group" (Torrens, Sturt and HMarino Groups) (Daily, 1963).
Regional mapping of the Adelailde Geosyncline, especially in
the Flinders Ranges, has lead officers of the State Geological
Survey to propose a new stratigraphie subdivision (Thomson et
al., 1964).

South of Adelaide, in the Sellick Hill reglon (and in the
Flinders Ranges) the upper Precambrian sequence passes upward
without merked unconforamity into rocks containing a lower Cam-

brian fauna. In the Delamere region, south of Sellick Hill,
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the fossiliferous Gambrian sequencs has been found to pass up=-
ward conformably into & thick non-fossiliferous sequence of
greywackes and impure arkoses of the Kanmantoo Group (Daily,
1963). The Cambrian-Precambrian boundary in the sastern Nount
Lofty Ranges has been discussed by Borwitz, Thouson and Webb
(195¢). The Kanmentoo Group (Sprigeg and Campana, 1953) con-
sistes of a thlck monotonous deep-water sequence of flysch
facies rociis, belleved to be deposited in & rapldly sinking
trough~like basin in Cambro-Ordovician time (Sprigeg, 1652).
The metasediments mapped in the present study are correlated

with the basal portion of the Kanmantoo Sroup.

Metamorohiem, Orogenesls and Are.

The older Precambrian basement rocks were folded, strongly
metamorphosed and partlally phyllonitized prior to the deposi-
tion of the overlying upper Precambrian sediments. The aze of
this metamorphlsm and orogeny 1s not yst known. Regional age
studies supgest a middle Proterozolc age (1500 @.y. (?) = Wile
son et al., 1960). Thomas (1924) obtained an age of 1000 m.y.
for monasite 1n & pegmatite at Normanville., Bilotite from a
pegmatite at liypongs has yielded a Rb/Sr age of 500 MeY., &
K/4 of 565 m.y. and associated uraninite has yielded a U/Pb
age ol 520 me.y. (Wilson et al., 1260).

The younger Prascambrian sedinents are believsd to ba of
upper Proterozoic age (PDavid, 1932) because they pass upward
into a fossiliferous Cambrian sequence. Recent Rb/Sr age

determinations by Dr. W. Compston at Australian ¥ational
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University, Canberra (Compston, in press) suggest that the
upper Precambrlan sedlments of the Adelalde Geosyneline may be
600~1300 7,5y, 01ld., Dr, Compston has also glven a Cambrian
Rb/Sr agze to spllitic volcanic rocks at the base of the Kan-

mantoo Group near Truro.

Although there 1s some evidence of middle Cambrian orogenic
activity on Kangaroo Island, the maln conformable folding of
the upper Precambrian, Cambrlan and Kannantoo sequences oc-
curred during an early Palasozolc orogeny, This orogeny was
accompanied by metamorphism and ignsous activity in the eastem
HMount Lorfty Ranges, and was probably largely extinct befors
the intruslion of the bathylithic granites outcropping In an
arcuate bslt on the sastern margin of the ranges (Fig. 2).
These granites have been given an Ordoviclan age (457 m.y.,
K/A on biotite, Victor Harbour granite, Evernden and Riechards,
1962: 420 m.y. and 440 m.y., Victor Harbour and Colé and Vet
granites, U/Pb on zircons, Fander, 19613 460 m.¥., Palmer and

Anabama granites, Rb/Sr, Compsten, in press).

Although remalining a zone of positive uplift throughout the
Palasozolc and Mesozoic (Campanra, 1255), the Mount Zofty
Ranges have been strongly uplifted in Tertiary tec Recent times.
Tertlary seas overlapped onto the bedrock on the western and
eastern sides of the ranges bub the central portiocn has re-

mained emergent throughout the Tertiary perlod (Glaessner,

1953).
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The Kanmantoo Group.

The metasediments of the present area lle within the Kan~
mantoo fGroup as defined by the State Geologlcal Survey.
Recent manping by the Survey has delineated the extent of the
Kanmantoo Uroup (Fig. 2)., Stratigraphic correlations (Hor-
witz, Thomson and Webb, 1959, Daily, 1¢63) and a recent age
deternination on the Truro Volecanics (Compston, in vress) has
indicated that ths Fanmantoo Group rocks are of Cambrian age

or younger.

Tate {1897) gave & Silurian age to rocks of ths Hount Lofty
Ranges and considered that the rocls on the eastern slde of
the rangss were the youngest. Brown (1288) produced ths first
geological map of South Australis, which showed the rocks of
the western iHount Lofty Ranges as & single sequence of Sllurian
age. In 12835 Tate considered that the rocks were Precambrian
rather than S$illurlan, and rensrked on the anowmaly of the
younger rocks to the east being more metamorpheosed than the

older rocks to the west.
With the discovery of a Cambrian faune at Sellick Kill (How-
ehin, 1297), Howchin (1906) proposed that the rocks of the

Mount Lofty Ranges should be divided into two sequences, &

Mower Csambrilan” sequence overlylng the mebamorphosed Pracam-

brian bagement complex occurring as inliers in the core of the

rangss. Woolnough (1908) considersd that the rocks on the

sastern side of the ranges, beinz highly metamorphosed, were



6.

also part of the Precambrian basement. Ie proposed the term
"Barcssizn® or "Baroasian Series" for these rocks. PBenson
(1809), discussing the petrology of varicus metamorphosed
rocks in the Hount Lofty Rangss, used the term Farossian Comn-
plex to ambrace both Woclnough's Barosslan Serles and the

rocks of the basement inliers forming the core of the ranges.

Howchin (1926) showad that Woolrnough's "Barossian® was the
metamorphosed equivalent of his "Canmbrian® sequence on the
western side of the ranges. He emphasized the older character
of the rocks at Houghton, which he tarmed the "Houghtonian®,
"ipchaean" or "Fundamental Complex™. Howehin (1929) cone
sidered that the Barossian Complex Xanmuntoo Group was &

deep=water facies of the Precambrian idelaide Series (David,

1922), which overlay the Fundamental Complex at Houghton.
Hossfeld (1935) after a reconnaissance geologleal investiga-
tion of the northern Hount Lofty Ranges rejected Howchin's
(1823) ldeas and followed Woolnoughts thesis that the Baros-
slan on the eastsrn side of the ranges, and Howchin's Yough-

tonlan were the same ssries.

The term Kanmantoo Group was first used in mapplng the

Adelaide 1 mile sheet (Sprigg, Whittle and Campana, 1951). In
mapping the Gawler 1 mile sheet Campana (1951) dlsagreed with
Lossfeld, and considered the Barosgsa Hanges to be composed
partially of Adelaide System rocks and partlally kanmantoo

Group rocksS.
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Sprige (1952) showed that sedimentation in the Adelalde
Geosyncline took the form of a continental terrace outgrowth
from the Yestern Australian shleld, and that sedimentation
continued during the eavrly Paiaeazoic, in the Kenmantoo
trouch, after ceasing slsewhere. Sprigg and Campara (1953)
formally defined the Kanmantoo Group for that monotonous
sequence of nen=fossiliferous evenly bedded phyllites, silt-
stones and impure arlkoses, more than 30,000 feet thick, on
the eastern slde of the Mount Lofty Ranges. They showed that
this ssguence conformably overlay the fossiliferous lower
Cambrian cf the Sellick Kill reglon, but was separated from
the Adelaide System on the eastern side of the ranges by a
fault (the Nairne fault), which has since been partilally dis-
credited. Campana and Horwitz (1855) considered that the Xan-
mantoo Group was transgressive over the Adelalde System sedl-
ments, ths Nalrne fault belng regurded as an overlap with
some local movement. XKleeman and Skinner (1959), working in
the Strathalbyn-Harrogats reglon proposed that the bass of the
Kanmantoo Group be placed at the buase of the Nairne Fyritie
horizon, which the State CGeological Survey considered to lie
within the Kanmantoo sequence. Horwitz, Thomson and Webb
(1959) hav? sunimarized the present position of the Survey re-

garding the base of the Kanmantoo Group.

Previous investigations in the Frssent Area.

Brown {(1908) has recorded the sarly asctivitias of the thres

most important mining ventures in thils area. Between 1849-188)
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and 1850-1863 the NHorth Rhine Mine was worked for copper.
Twenty tons of 20% copper ore (azurite and malachite) were
sent to #Hngland, but later more extensive operations at depth
proved thig fleld to bs unecononic. Retwesn 1830-21 the Mount
Rhine Silver lMining Company operated the Paint Mine for silver
and traces of gold in galena, some ochre also belng raised,
The Karappa Kine was operated intermittently between 1367 and
1902, some 400-500 tons of copper ore being removed. 4 small
parcel of azurite was recently obtained by & loecual prospector
from 2 recently exposed copper show south of the Xanappa ¥Mine,

discoverad during the present mapping programrme.

Hossfeld (1935) included portion of the present area In his
reglonal geologlecal map of the northern Mount Lofty Ranges.
In 1951 a number of Honours students (Markham, Rowley, Haras,
Kaewbaidhoon) attached to the Departument of Zeoncmle Geology,
undertook brlef mapping projects using aerial photogruphs, in-
cluding vortions of ths presont area. Jack (1925) and Johns
(1263) have commented on the economic potential of merbles in
the Canbrail area. The Cambrai 1 mile geological shest, on
which the present area is situated, has not yet been published
by the Geclogical Survey. Chinner (1955) and White (1956)
have carried out extenslive petroloplical studles to the sounth

and west of the present area.

Physlography and Geography.

The eastorn side of the bedrock exposure 1s bounded by the

Mllendells fault, an old Palaeozolc fault rejuvenated during
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Tertiary to Recent movements, which, by analogy with eastern
Australisa, have been attributed to the Koscluskan Orogeny
(Howchin, 1929; David and Prowne, 1$50). Prior to the recent
uplift the Mount Lofty Ranges had reached a state of pene-
planation, so that the bedrock physiography of the present
area is that of a heavily dlssected uplifted plateau. Rem=-
nants of the plateau 1lis at 12-1400 feet in the mapped area,
1000~1200 feet above the general level of the pre-Tertiary
surface east of the Hllendella Fault. The eastern side of the
area 1s dominuted by a strongly eroded scarp topography, with
numerous steeply graded subsequent watsrcourses of endorelc
character, These streams are most effective a3 erosive agents
during sharp summer thunderstorms or heavy winter rains when
loose bedrock material - is scoured from their channels, the
bulk being discharged on pediment fans at the base of the
scarp, and the water with suspended matter ending in alluvial
pans a few mlles east of the scarp. The larger weakly graded
antecedent streams (Marne itilver, Somue River, Saunders Creek)
effectively dArain the higher rainfall areas to the west.
Because bottom erosicn in these streams kept pace with the
Tertlary uplift, deop meandering gorges have besn cut through
rocks resistant to erosion by subsequent streams. These
larger streams are also seasonal, but during the high rain-
fall winter months they may discharge thelr waters into the
River-Murray.

The climate 1s essentially mediterranean, with cool rainy



FIG. U,

General view to the south-east across the mapped
area from the western side (location 154-145) looking
towards Saunders Creek., The Murray Plains near Mannum
are seen in the far distance. Area in the foreground
and levelled hill-tops in the middle distance outline
the old Tertiary peneplained surface at about 1250'

. above present sea level, Small monadnock in right
distance reaches 1350'. Blocky outcrops of well-bedded

meta-arkose formation in foreground.

FiG. 5.

General view of youthful erosional topography on the
eastern scarp south of Saunders Creek, looking south
from 198,080, Smooth barren hills with sparse grass
and occasional stunted sheoaks, and gently graded
larger watercourses lined with gum trees are typical

features of the eastern side of the area.
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winters and hot dry summers, the npattern being broken only by
rare sunmner thunderstorms of monsoonal origin. The mean
annual rainfall varles from 25 lnches on the western side of
the area to 15 inches at the base of the scarp tc 12 inches at
Sedan, a suall town In the rain shadow on the plains east of
the scarp. (Jessup, 1948).

In the more eroded sastern porticn of the area the bedrock
exposure 1s excellent. The more maturs topography to the west
harbours numerous areas of shallow alluvium overlyling softer
bedrock units.

Most of the mapped arsa is open savannah woodland (Jessup,
1948). 1In the skeletal solls, sparse sheoaks (Casuarina
stricta) dot rolling hills of open grassland. Stands of red
gum (Bucalyptus camaldulensis) and blue gum (Eucalyptus
leucoxylon) are limited to the more permanent watercourses and

springs and to the hilghser rainfall arsas to the west.
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SECTION A, « SEDTHENTATION.

In the metamorphosed rocks of the Cambral arca, sedimentary

graing and textures and sedimentation structures may be pre-

b

served, or persist ir & modified form, iIn schlsts and gnelsses
of high metamorphic grade. The style and course cf tectonic
deformatlion differs in rocks of dissimllar lithologles. The
importance of original lithology in determining the relative
response of a sediment to both metamorphlism and tectenism has
beon emphasized by Reed (1962). The purpose of this prelimin-
ary section 1s to outline those features of the stratigsraphic
segquence in the Cambral ares which have a bearing on the szub-

seoquent discussilons of metamorphism and tectonle activity.
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CHAPTER 1.

STRATIGRAPHY AND SEDIGENTATION.

{a) The Stratigraphic Sequesnce.

The majority of sedimentary rocks in the area under cone
slderation are monotonous fine-grained grey quartz-felspar-
bilotlte sandstones with prominent blotite bedding laminations.
Within the thick strongly folded sequence, several minor peli-
tic beds, numerous thin calcareous pelites and a calcitic
limestone, now metamorphosed in varying degrees to phyllites,
schists, gnelsses, cale-schists, cale~slilicate rocks and
marbles, serve as stratigraphic marker units. A general out-
line of the atratigraphlc sequence is presented In Table 1,
and in the legend of Plate 1. The table also presents esti-
mates of the thicknesses of varicus stratigraphle unitse in
four portions of the mupped area which are not greatly compli-
cated by fold closures. The results indicate & large variation
in the thickness of some units. %he maximum total thickness
of the sxposed seguence 1s estimated at 22,300', but this
figure 1s probably excesslive.

The overall effect of deformatlon on the stratigraphle
thickness has not been determined. Observations on the dls-
tortion of sedimentation structures in folded beds has indi-
cated that the distortion of bed thicknesses by pure shear and
compressive effects may be consliderable. Thess tectonle

effects scause & thinning of the bads within the fold limbs,



TABLE 1.

STRATIGRAPHIC SUCCESSION -~ CAUBRAT AREA.

Roek %tyoe (1) (2) (3) (4)
YOUHIGEST
Guartzo~elspathic
schists and gnelsses = 3730 - -
Cross=bedded meta-arkose
(Prohable equlvalent
of Inman Hi1ll Forma-
tion) - 3040! 6510' plus. -
7670'  G6510' plus
Micaceous schists 2801 808" g -
Quartzo=Lelspathie
schists 1090¢ 1100° 32801 8001
Calcesilicate bed = 40° 134¢ 647
Quartzo-feISpathicl
schlsts 5601t £1s¢ 26301 -
1910°¢ 2670° 63201
Impure iarble - - 190¢ -
Quartzo=-felspathic
schists with minor
greywacke pebble beds
and calcesilicate
lenses - - - 2110
Quartzo=-felspathlc
schiists with numerous
calec~silicate beds - - - BR5C
Calcareous schists - - - 1950 plus
QLDEST
9500 plus
(1) Section in north~west corner of mapped area.
(2) Bection in southewest corner of mapped area.
(3) 8Section in central portion of mapped area.
(4) Section on east side of mapped area.
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and & thickening within the fold closures. Thus, the thick-
ness of & measured sequsnce willl depend on its position with-~
in the major fold structure. The apparent thickness of a
sequence in which the badding planes generally lie at an
appreclable angle to the axlal planc cleavage {2.g. Col. (3),
Table 1), will be expected to be grsater than those sequences
in which the angle between the bedding planes and the axlal
plane cleavage is not appreclable (Cols. (1), (2), (4), Table
1), The sequence indicated in colum (3), in which the sec-
tion line may lie closer to the eircular section of the
deformation ellipsoid in the areu, may be conslidered to be &
better estimate of the original stratigraphic thickness than
those of columns (1), (2) and (4), which wera taken from the
extrems limb structures. Iowever, the thickness varlations
obtained are not considerod to ve entirely due fto tectonic

effects; some original sedimentary variations may be present.

It should be noted that some beds, for example; thin calc-
siliecate marker units, are remarkable for thelr continuity
and uniformity of thickness over lonz distances; beds less
then one foot thick have been traced along strike for many
hundreds of yards. Visible facies changes and rapid changes

in bedding thickness are rarely observed.

(b) Correlation of the Cambrai stratigraphy with other

portions of the Ht. Lofty Rengeg.

Rezional mapping by the South Australian Cecloglcal Survay

has indicated that the metae-sediments of the present area lle
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within, and near the base, of the Kanmantoo Group &s currently

defined by the Survey., The thick meta-arkose unit and the
marble horizon have recently been mapped on the Truro l-mile
shest (Coats and Thomson, 1959). The marble was mapped by
White (1956) in 1ts continuation south of the present area to
Milendella, and was considered at that time to be & possible
equivalent of the 4ngaston, Tungkillo and Macclesfield marbles,
which were tentatively equated with the Archasccyatha lime-
stones of the Sellick H1ll reglon; on the unmetamorphosed
western side of the Mt, Lofty Ranges., Recent mapping by the
Survey in the Maccleafleld=Ashbourne=iit. Magnificent region
has led to a more detalled correlation of the Cambrian-Precam-
brian boundary relationships on the eastern side eof the Mt.
Lofty Ranges (Horwitz, Thomson and Webb, 1¢59)., A black phos-
phatic and pyritic shale, traced intermittently on the eastern
side of the ranges, has been equated with the fossiliferous
phosphatic Heatherdale Shales at Sellick Hill. The top of
this shale is now deflred as the base of the Kanmantoo Group.
This has placed the ilacclesfield mearble within the basal por-
tion of the Kanmantoo sequence. The marble unit mapped in the
prasent ares 1ls considered to be approximately egquivalent to
the Hacclesfield marble and the sequence above and below this
marble are considered to belong to the ¥Yanmanteco Group. In
the S000' sequence below the marble in the Cawmbral area no
dark phosphatic phyllites have been observed which alght

indicate that the base ol the Kanmantoo Group had been reachad.
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The bedded acld volcanices now recosnised a few miles north of
thie area; and extending rorthwards onto the Truro sheet,
situsted at or near the base of the Kaunmantoe CGroup, have not
been chserved in the present area. The thick meta-arkose,
with 1ts characteristic cross-bedded and foreset glump struc-
tures, has been found to be a thlek and persistent unit near
the base of the Kanmantoo Group throuzhout the eastern Mt,
Lofty Ranges, and can be satisfactorily correlated witb the

Inman ¥1ll FPormation (Forbes, 1857).

Klesman and White {1956) have published 8 genocral succes-
sion for the Kanmantoo fGroup in the metamorphosed FulmereTung-
killo=FHarrogate area. The stratigraphy of the present area

may be correlated with thelr units 1-5.

(c) Sedimentation Structurcs in the Cambral Succession.

Several kinds of sedimentary structures have been observed
through the sequence, and becausé they are preserved in a
modified form in the deformed and metamorphosed rocks, they
must be distinguished from structures produced sclely by mela-
morphic or tectonic activity. It is not always possible to
determine an unequivocal origin for certaln structures. All
sedimentation structures have been modlified to some degree by
imposed tectonle strzing, and in many cases metanorphic
recrystallization has caused sedimentary structures to become

more or less obvious than in the original sediment,
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(1) Bedding and bedding lamination.

The majority of quartzo-felspathic schists are
well=-bedded and show weak micaceous separation planes
whilch cause platy weathering on exposure. Indlvidual
beds may vary conslderably in thickness, the thicker
beds belng generally coarser grained. Although some
bedding units wmay be massive, the majority are sub-
divlided by numerous thin biotite laminae. In the
finer grained rocks these laamlnations amay be very
closely spaced and show remarkable continuity throughe

out a rock exposure.

The marble unit 1s an impure calecite marble,
generally containing no mors than 80% calecite, which
possesses a strong lamination or layering at all meta-
morphic grades. In the low grade marbles the layering
consists of fine=grained phyllitic laminae ol undoub-

ted sedimentary origin.

(2) Heavy mineral lamiration.

In thin sections heavy minerals are often seen to
be concentrated in the biotite lamirae. Rare layers
exceptionally rich In bilotite and heavy minerals up to
6" in thickness have been observed within the more
arkosic rocks. In some instances the hsavy mineral
tands have clearly filled washecut structures cut into
underlying laminated arkose (Fig. 7), while in other

instances long continuous layers of heavy niinerals



FIG, 6.

Uniform lamination and compositional banding in
laminated quaftzo-felspathic schist below thick calc-
silicate bed (Marker 2). Location 169.217. Coin

diameter 2.8 cnm,

FIiG. 7.

Biotite bearing heavy mineral bands (artificially
outlined by pencil) filling wash-out structure in
laminated quartz~felspar-biotite meta-arkose. A
second heavy mineral band occurs in bottom right-hand
corner. Note small-scale digplacements on joints in
bottom half of picture. Location 187.170. Coin

diameter 2.8 cm,



FlG. 7
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occur as topsets to coarse cross-bedded units. In
hend specimens these bands are black, heavy and
slightly radioactive. An analysis of & typlcal heavy
mineral band is presented in Table 2. Zircon is a
common constituent as rounded clear to cloudy grains.
Rounded to angular pale yellow monazite lends the rock
1ts radicactivity. The concentration of blotite in
these bands suggests that blotite or 1ts precursor was
an original sedilmentary constituent. There 1s no
indication that this biotite was formerly amphibole or
pyroxene. Blotite bands have been observed in ncn~

metamorphosed sediments by Tucker (1960).

(3) Cross=bedding.

There are two types of cross-bedding in rocks of

the Cambral area.

(a) In the finer grained rocks & small scale
eross-lamination is seen to be closely assoclated
with asymmetric ripple marking. Beds up to
gseveral feet thick may exhibit festoons of small
scale cross=bedding associasted with successive

layers of ripple marks.

(b) In the coarse-grained arkoses cross~bedding
on a mecium to large sczle is ubliquitous, and 1s

especially notable in the excellent exposures of

the Marne Gorge. Foreset units up to 3-4 fzet



TARLE 2,

MECHTANICAL ANALYSYS OF HEAVY MINURAL BAND FROM ARKOSE

Yeight of sample before treatment vee 513 grm.
Welght after crushing and washing ees 440 grm.

Percentage welght loss ... 16%

Composition. Weight percent

Hematite 769
Blotits 9.0
Magnetite 5.4
Zircon 4.2
Muscovite 1.1
Honazite 0.9
Xenotime 0.3
Quartsz 0.2

100.0



FIG. 8.
Micro-cross-bedding in quartz-felspar-biotite
arkosic schist, viewed in longitudinal section.

Location 162,155, Coin diameter 2.8 cm,

FIG, 9,
Large scale cross-bedding in cliff outcrop of
meta-arkose in Marne River gorge at 200,176,

Scale is 1-foot (30 cm.) rule. Note tapering out

of bottom sets,






thick are not uncosmon. Occasionally broad
trough or festoon bedding appears where the fors-
set unlts are not senarate? by bedding surfaces.
Common to all coarse cross-bedded arkoses 1s
the occaslonal appeurance of & cross=-bedded unit
whose foresets appear to have slumped forward
down the foreset slope, producing, in cross-gsec-
tion, a resemblance to plastic folding (Fig.11).
This type of overturned cross-bedding has been
recorded by numerous workers, keth in o0ld and
recent sediments (e.z. Harms, Mackenzie and
McCubblin, 1962, and Prentice, 1960), excellent
examples have been figured by Wilson (1958) and
Potter ard Pettl jobtn (1963, Pl 6R), arnd similar
structures have been produced experimentally by
McKee, Roynolds and RBaker (1962)., The presence
of the thin biotite laminae in the Cambral
examples may have encouragsd the formation of
these structures. A4s the tops of ths overturned
foresets bave usually been eroded, or transeccted
by an overlying laver; they mav have the appesar-
ance of sheared out (transposed) folds. In the
low grade rocks there is no doubt that these
structures are of sedimentary origin. In the
higher grade portions of the area some tectoni-

cally transposed folds have beon ohserved, and



FIG. 10,

Coarsely cross-bedded arkose overlain by thin
tapering non-laminated greywacke layer, a thin bed
with micro-cross-bedding, a second thin unsorted
greywacke and laminated arkose. Location 203.177.

Coin diameter 2.8 cm.

FIG. 11,
Slumped cross-bedding in arkose. Note especially
the slurring of the lamination in the slumped pertion.
Bottom parts of the fore-set slopes appear undisturbed,

Location 181.243. Coin diameter 2.8 em.
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and the distinction between sedimentary cross-
bedding and tectonic transposition is often in-
definite. On the Mannum sheet White (1956) found
many apparently crosse-hedded structures which hs
attributed to transposition in folding. The abun-
dance of overturned crossebedding in the lower
grade parts of the present area sugpests that
many of the apparent transposed folds in the high
gréde rocks may also be of sedimentary origin.
Sinilar structures have beean recorded by Horwitz,
Thomson and Webb (1959) from the Inman Hill Fore
mation In the southern part of the ranges.

(4) Ripple marking.

In many of the finer grained sandstones, asym-
metric ripprle marking 1s a commonly observed feature.
The ripple crests are usually parallel snd show 1little
bifurcatlion. Assoclated cross=-bedding structures indi-
cate that these ripples are of the transverse type.
The less deformed ripples show sufficient asymmetry to
demonstrate a current senss. The importance of pure
and simple shear in the deformation of f{ine=-grained
ripple marked rocks is relflected in the considerable
distortion of the ripple mark profiles. In the more
recrystallized rocks, where the small scale cross-
iamination may be destroyed, the distinction of

ripples from pseudo~ripples (Ingerson, 1040) is



FIG. 12
Top surface of g;gpie marked bed. Current sense
from bottom to top df outerop, initially west to east.

Location 211.181., Coin diameter 2,8 cm.

FIG. 13,
Outcrop of intraformational pebble bed. Quartzo-
felspathic pebbles in unsorted quartz-felspar-biotite

matrix. Location 222,141. Coin diameter 2.8 cm.
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difficult, especlally as the ripple crests are
orlented in a northesouth direction sube=parallel to
the tectonic axes. However, 1t is suspected that most
of the Adlstorted tectonlc looking rucking structures
in the high grade rocks ars, in fact, distorted ripple
maricing. Ripples of the synmetric type have not been

cheserved.

(5) Other miscellaneous structures.

Several other less common sedimentatlion struce
tures have bsan observed. Occasgional small=scale wash-
out structures have been noted in the couarser arkoses,
Cenvolute bedding bhas been seen In several fine-
grained sandstone beds. Lozd cast features are not
ancommon where [lne-grained sarndstones overlle more
pelitic units. BSeveral minor lenticular greywacke
pebble beds cceur intermlitbently below the limestons
unit. Some of these have allochthonous pebbles, while
others are intraformational conglomerates produced by
currents tirring up pre-existing sedimentary layers.
Pige. 14 shows sedimentary brsccla fragments of pelitie
schist in ths base of the massive meba~arkose unit.
These fragments were derived from the pelltic beds

lying immedlately below the arkose.

(d). Palaeocurrent Data.

While mapping the arkoses of the Harne gorge, an opportun=-

i1ty was taken to measure some of the excellent exposures of



FIG. 14
Outcrop near base of uniform well-laminated meta-
arkose formation stratigraphically overlying mica
schist beds (Marker 1). Note fragments of mica

schist caught up in the arkose. Location 182,241,

Coin diameter 2.8 cm,

FIG. 15,
Well laminated arkose showing scour structures

filled with unsorted greywacke, Location 203.177.

Coin diameter 2.8 cm,
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both topset and foreset planes of cross-bedded units in order
to obtain some preliminary data on the palaeocurrents in this
portion of the Kanmantoo Trough. Little work of this type has
yet been attempted elthier in the Kanmantoo Trough or in the
Adelalde (sosyncline as a whole, althouzh there 1s an abun-

dance of field material for this line of research.

In this area of closely appresssd plunging folds it is
necessary both to un~plunge and un~-tilt the bedding before the
palaeoccurrent directions can be estimated. At sach station
the dip and strike of the foresets, bedding, cleavage and fold
plunge are required. A4 stereographic metbod similar to that
of Ramsay (1962) was used for unfolding the data. The ¢leave
age, belng always steep (70-80°), was assumed to be vertical,
8o that the fold plunge (usually lese than 40°) was brought to
the horigzontal in a vertiecal plane. This assumption simpli-
fied the analytical procedure, and was found to have very
11ttle sffect on the final azimuth. Having un-plunged the
structures the bedding was then brought to ths horizontal and
the current direction determined. 4 similar method was
adopted in ripple mark reconstruction. This method assumes
8lmple flexural folding, which may have bsen approximated in
the coarse arkosic units from which the data was collected.
However, both pure and siuple shear have also baszn effective
in theses rocks. Because of the uncertainties involved {(Ram-
say, 1962), the quantitative effect of these forms of defore-

mation on the sedimentary structures has not been determined.
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One hundred cross-boedding sets were neasured in each of
five sub-areas (Fig. 16), and 113 ripple axes were moasured
in & c¢liff face at 211,182, The results are presented in
flgure 17 where a remarkable consistency of data is evident.
Both the cross~bedding and ripple marking data iadicats a
strong westeeast current trend, with & current sense from west
to east. A4llowing for the approximations maeds in unfolding
the beds, there is no appreciable variation in current trend
in the five subeareas and over at least 8000!' of stratigraphic
section. The average reconstructed icreset dips in subearecas
1-5 are 17.32, 16.29, 16.07, 17.26 and 18,65 respectively.
With respect to the major synclinal structure in the area from
which the data were taken, 453 west limb readings yielded an
average reconstructed foreset dip of 16.82%, and 42 east 1limb
readings £0.38° (wlth some individual reading up to 55°), fThe
difference between these two values gives some indication of
the effects of shear folding on the cross~bedding sets. As
the foresets are predominantly east dipping the larger angle

on the eastern synclinsl limb is to be expected (Fig. 16).

Conclusions.

The ultimate ob jeet of sedimentation structure studies is
to reveal something of the originel environment of sedimentary
deposltion. The continulty and evenness of bedding of the
ma Jority of the Cambrail rocks suggests sedimentation ln a
gently inclined smocth bottomed submarine trough. The absence

of guartzites, pure arkoses and other sorted rock types



FIG, 16,
A. Location of sub-areas in which palaeocurrent
data was collected,
Sub~-areas 1-5: Cross-bedding data,

Sub-area 6: Current ripple data.

B, Distortion of cross-bedding fore-—sets in a
syncline under the influence of flexural bedding
plane slip.

Original cross-bedding (dotted) distorted to new

orientation (solid lines),

(After Pettijohn, 1957, p.169).
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FIG, 17,

Rose diagrams of palaeocurrents determined in the

Cambrai area,

" Diagram numbers correspond to respective sub-areas
of Fig. 16,

Di;grams 1-5. Palaeocurrents determined from
reconstituted cross-bedding fore-sets.

Diagram 6., Palaeocurrents determined from
reconstituted current ripple mark axes.,

Each diagram contains 100 current directions, In
diagrams 1-5 the length of each arm of the rose is
proportional to the number of readings within a ten
degree compass interval (length of scale below
diagram 5 is equivalent to 10 readings). In diagram
6 the arms were initially drawn at 5° intervals

(length of scale below diagram 6 is equivalent to
20 readings).



FIG. 17
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indicates deposition below the depth of influence of surface
wave action. The ecurrent ripples and cross-bedded structures
could have been produced by submarine currents at considerable
depths. The presence of convoluts and slumped bedding struc-
tures sugzest a slopling sea floor. Rare greyvackes,; intra-~
formational conglomerates and sedimentary brecciation may be
attributed to turbidity currents and severe current abrasion.
The cross-bedded arkoses Indicate sedimentation nf the coarser
material by traction currents, while the finer grained rocks
containing abundant and often very delicate laminations are
best considered as & result of settling of sediment in a rela-
tively stlll environment from sodiment carrying currents at

higher levels in the ocean.

In thas coarsely cross~bedded rocks a general sedimentary
cycle can often be recognised. These cycles apparcently besin
with severe current abrasion causing washe-out structures in
wellelaninated arkose. The wash-out structures way be covered
with a layer of heavy minerals or filled and overlsin by a
totally unsorted arkosic greywacke. This massive greywacke
passes upward into coarsely cross-bedded arkose, apparently
produced under moderate currents with ample sediment supply.
Above the cross=bedded units the sediment becomes {iner
gralned and coarse crossebedding gives way to cross-lamination
and current ripplinz. At this stage the currents have appa-
rently become gentle and the sediment supply weak. The top of

the cycls is represented by evenly laminated micaceous silts
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and arkoses apparently sedimented under quiescent conditions

by settling out of sediment from higher level currents. Thes

next c¢ycle way then comuence with washeout stmctures and the
sequence is repeated. The thicknesz of each eyele unit is

variable and may averaze about 1017,

A brief examination of the sedimentation structures has
revealed the necessity to distingulsh slump folds and ripele
axes from tramsposition folds an@ tectonic rucking. The prob-
lem 1s made especlally acute in this area because the axes of
8lump folds and ripple crests are orisnted northesouth and

sub=-parallel to the tectonic axes.
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SEGTION B. « HETANORPHISM.

In the vast area cccupled by the idelaide Geosyncline, per-
haps 70-100 thousand sjuare miles, there are only a few small
areas in which rocks have reached a grade of mstaworphism
equivalent to the blotite zone. The largest of these is the
Mt. Lofty Range metamorphic belt, & north-south elonpate zone
in which the metamorphism reaches ths sillimanite grade.

Other smaller areas of biotite zone metamorphism, resulting in
lustrous phyllites, scapollte and tremolite dolomltes and
sehists, are known at ané near the base of the Adelaide System
rocks adjacent to crystalline older Precambrian basement in
the Hit. Painter and Olary districts (Mawson and Dallwite, 1945;
Talbot, 1262). Elsewhsre in the geosyncline pelitic rocks
have undergone only slight dynamothermal metamorphisw with the

formation of pencil shales and fissile slates.

Rocks of the biotite zone and ssmphibolite faclies metamor-
phisn In the eastern Mt. Lofty Ranges oeccupy an sxposed arsa
of about 5000 square miles, and extend below the Tertiary
sediments of the Hurray Basin south-east of the ranges.
Biotite sone rocks outerop from Kapunda in the north, to Kanga-
roo Island iIn the south, a distance of about 200 miles. Fig,
18 indlcates arsas of bilotite zone metamorphism in the ¥t.
Lofty Ranges. The western portlons of the Rangss, including
Mawson and Sprigg's (1950) type sections of the Adelaide Sys-

tem near Adslalde, and the Cambrisn sequence at Sellick Hill,



FIG, 13.

Generalized map of the Mt, Lofty Range metamorphiec
belt, showing the location of the area studied in
relation to regional metamorphic zonation,

The major geological outlines are taken from

Pig, 2,
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are reiatively unmetamorphosed.

The centrai portion of the ¥Mt. Lofty Range metamorphic belt
1s occupled by amphibolite facies metamorphic rocks. These
higher grade rocks occupy & northesscuth elongate area extend-
ing from Tanunda in the north, southward through Tungkillo,
Palmer, Anckleigh, Rocky Gully, ard extend below Tertiary
cover east of Strathalbyn (¥Fig. 18). “The core oi this Lelt of
high grade metamorphism 1s occupled by granitized gnelsses:
the Tanunda Creek gnelss (Hossfeld, 1925; Chinner, 1955), the
Rathgen gneiss (Rattigan and Wegener, 1851; White, 1958}, the
Summerficld gnelsses (Eando, 1955; lHopkins 1651) and the
Monarto granite gnelss (Kruger and Johtns, 1949). These gneis~
sic areas are surrounded by a “zone of veins" consisting of

migmatitic gnelsses containing both intruded and exuded veins.

The present contribution is a metamorphie and structural
study of a smuall portion, approximately 50 square mlles, of
the eastern flank of the lit. Lofty Range metamorphic belt.
Withln this area & wide range of rock types and metamorphic
grades has enabled a detalled reconstruction of the metamor-
puic character of the eastern flank of this recrystallized
belt. Previous detalled investipgations of the eastern iit.
Lofty Range metamorphlsm have been curried osut by Chinner
(1958) in the Tanunda Ureek region, 10 miles to the northewest,
and by White {1956) on the Mannum onsemile sheet to the south
and south~east of the present area., These studies were con-

centrated on the amphibolite facles granitized grelsses forming
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the cors of the metamorphic belt. The present investigation
examines the metamorphle reconstitution in various rock types
under progressive metamorphism from the biotite zone to the

migmatite zone adjacent to the granitized pneisses.,

In studles of progressive metaworphism it has often been
found convenient to map mineral i1sograds, based on the first
appearance of certaln index minerals; which glve an indication
of the grude of metamorphism reached in various portions of an
arsa, Tnls method of mapping metamornbic zones was first used
successfully by Rarrow (1893), and later Tilley (12£5), in thke
Scottish Highlands. Although this method has met with sons
Justified criticlisn, mainly {roa experimentalists in the Tield
of metamorphic petrology (e.g. Yoder, 1952; Greenwood, 1862),
it still remains the most satisfactory and convenlent means of
zonal napping, especially in preliaminary work (Sreen, 1963
Billings, 19563 Lyons, 1955)., The mineral isograd method has
been adopted here becsuss it 1s readily adaptable tec both
fleld and laboratory study. Turnerts facies clasalification
(Fyfe, Turner and Verhoogen, 16533 Turner and Verhoogen, 1960},
although having a stricter theoretical basis than mineral zona-
tion, is not sufflclerntly general encugh to make allowance for
regional andalusite«staurolite metamorphlism, and it has been
found difflcult to conzlder the *unusual?! metamorphlc assem-
blages in the Cambrai area, in terms of the exlsting facles

concepts.

In the metamorphism of the Cambral area a numbsr of useful
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mineral lsograds have beend efined. These ars 1llustrated in

Plate & where the effects of the poct-metamorphic faulting in

the central part of the map has bean ignored.

It 1s desirable that isograds should be as Irec as possibls
from the elffects ol intonsive variables other than total prese
sure and tomperature. The slllimanite isograd, based on the
polymorphic phase transformation andalusite (kyunite)
siliimanite, depends only on total prsssure and temperature,
assuming that foreign lcns (e.2s ¥n in andalusite) have a negli-
gible effect, and that the kilnetlcs of transition allow the
phase changs to proceed as soon as the sillimanite fisld of
stability 1s entered. Isograds dependent only on tot2l P and
T are rars. Isograds based on discontinuocus reactions releage
ing one volatile (e.ge water) are subjeet not only to total P
and 7, but to the partial pressure of the volatile component
{e.ge the first appearance of andalusite or staurclite and the
sillimanite-potash felspar isograd}. In mapping such isograds
i¢ must be assumed elther that the partial pressure of water
vapour 1lg constant, or varies rezulariy across the area, as
might P and T. Isograds based on discontinuous reactions re-
leasing more than one volatile (e.z. reactions in calcareous
rocks), are even more subject to unknown quantities (Green=
wood, 1862), althouzh, when used in conjunction with other
isograds, they may yield waluable information regarding vari-
ations In the fugacities »f the volatile comvonents. Iso-
grads based on continuous reactions (e.g. composition of

i
1
1
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plagloclase in equilibrium with epidote) have besen used with
success in some metamorphlic areas, although, as pointed out
by Kretz (1963), the egquilibrium resction should be precisely
defined, so that the effects of intersive variables other
than total P and T may be determined.
The most useful lsograds in definingz the metamorphic grade
at Cambral are -
(1) the first appearance of andalusite and staurolite
(probably almost coincident)
(2) the first appearancs of sillimanite in rocks having
an excess of Al.
(3) the sillimanite=potash felspar isograd (based on the
decounposition of muscovite).
Using these lsngrads the metamorphlic sequence has besn sub-
divided for subssquent discussions into -

(1) Biotite zone.

(2) Andalusite-staurolite zone.

(3) Sillimanlitee~umscovite zone.

(4} Sillimanite-potash felspur zong.

Reference is also made to an andaluslte-staurclite-kyanite

zone forsing & narrow weldge at the buse of the sillimanites
muscovite zone in the northewest corner of the area, and to &

blotite~andalusite zone on the eastern sglde of the ares where

andalusite has been observed to appear before staurcllite.
Althouzgh sparse garnehts ocecur in the biotite zone, & ssparate

garnet zons hag not been reccgnized because of the difflculty
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of delfining a carnet lsograd.

Variation in the metamorphic character of the sastern and
western portions of the area, in rock types where metamorphlc
reactions are strongly dependent on pressure, hsas lead to &
sub-division of these rocks into eastern and western meta-
morphic sequences, the division beins defined by the prominent
post-metamorphic thrust~wrench fault (Plate 3).
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CHAPTER 2,

QUARTZO-FELSPATIIC SCHISTS.

Introduction.

The term gquartzo-felspathlc schist has been used by White
(1956) to fescribe the ubiquitous guartzefelspar rish rocks
from the ifannum sheet area, and will be adopted here, with
slight modification. Whersas White has used the tera to cover
both semiearkoslc and semlepelitic quartz=-felspar bearing
schists, the present suthor prefers to define quartzo-fels-
pathle schists as irncluding only those roeks with less than
20% mica minerals. Rocks with 20-50% miea minerals are con-
sldered as semi-pelitic schists, and those with more than 507
mica as pslitlc. As approximately 70-80% of the rocks out-
cropping 1n the present area lle within the quartzo-felspathice
schist category, as defined here, it has been found particu-~
larly convenient to traat thesc rocks separately from the
semi-pelitic and pelitic schists whiczh are of lesser impor-
tance in the mebtamorphic sequence, and usually contain in
addition sucihh minerals as garnseit, staurolite or the alumino-

silicates.

(a) Appearance and Structure.

The quartzoefelspathic schists are flne-grained light
coloured rocks of seml-arkosic appearance in which bedding is
well preseprved as fine laminations rich in blotitse. Tven in

the highest metamorphle grades thess rocks have & grain-size



less than 0.5 mm., and the individual quartz and felspar
grains are only seen with 4ifficulty with the naked oya.
Altnougt the sedimentary grain texbures are still well pra~
served In the lower grade rocks, there are no larger gralns of
quartz or felspar such asg those cowmonly found 1n shallow
water arkoses. Llkewlse conglomerate beds are absent, ale
though rare layers of greywacke aspect, containing hetero-
gensous pshbles have been found. Pure quartzites are absent
and guartz-felspar rich rocks lacking mica are rarec, The
macro=sedimentary structures preserved in these rocks have
already heen treated in the previcus section. ‘The most impor=-
tant sedimentation structure affecting the metamocrphism of
thess rocks 1s the mlcaceous lamirntion. In some rocks these
laminations are faint or absent whille in others they are ex-
tremely well developed. Examirvation ¢f the lower grade rocks
suzgesbs that these laminatione are of two kinds. Some lami-
nations are characterizad not only by an abundance of biotite,
but also heavy mineral concentrates. Other laminations are
units ol graded bedding; large quartz and Telspar grains near
the base of the laminue, grade upward into Tiner quartz and
felspar grains with a progressive increase in interstitial
mica to the top of ths laminae, where there is an enrichment
of mics, sspecially bilotlite. Those mice laminations act as
planes oI weakness, causlng laminated arkoses to have a platy

form of outerop.

A moderate to proncunced schistoslity has pervaded all rocks



FIG. 19.

Outerop of meta-arkose (quartzo-felspathic schist)
in the Marne River gorge, Many of these exposures
display well preserved coarse scale cross—bedding.

Location 200,176,



FIG. /9
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irrespective of metamornhic grede. The mica elements have
been moderately to strongly oriented within this imposed
foliation. Where the schistosity 12 seen to cut the sedimenw
tary laminatlons at a moderate to high angle, there is 1little
tendency for the mica plates to 1lie parallel to the lamina-
tions. The intersection of the bedding planes and the
8chlstosity has resulted in a pronsunced lineation, especially

where these planes are at hizh anples.

Ca =

The quartz-felspar-blotite granulites of the lolne Series
(Read, 1631, p.87) are apparently similar to ttose quartzo-
felspathiic schists described here,although the Molne granulites

generally contain epidota,

{b) Mineralogy and “insral Asssmblaces.

The mineralogy of thase rocks is relatively simple. The
ma jor minerals are quartz, plagloclase, potash felspar, bio-
tite, muscovite, sillimenite and chlorite, and the lesser con-
stituents zircon, monazite, apatite, iron ore, tourmaline,
xenotime and rarely sphene or »utils. The following mineral

assemblages have besn observed.

(1) Quartz-plagioclese~blotite-muscovite-chlorite

(2) GQuartz-plaglioclase~potash felspar-biotite-muscovite
(3) Quartz-plagloclase-potash felspar-muscovite

(4) Quartzeplagloclase-blotltee-muscovite

(5) Guartgzeplagioclase~bilotite-muscovite-siliimenite=

potash felspar.
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Asseumblage (1) i1s confined to blotite zone rocks, assemblage

(56) to sillimanite-potash felspar zone rocks.

Thirteen mlerometric analyses of quartzo-felspathic schists,
&8 deiined above, &are given by White (1956)., These micromnetric
analyses indicate the following variatlon in composition in
the quartzo-felspathic schists; gquartz 30-50%, plagloclase
25=60%L, potash felspar 0~257, blotite C-20% and muscovite
C=10%, the major accessories being magnetite and apatite.
Flg. 20, determlned from White's micrometric data, exXpresses
the composition of the guartzo-felsputhic schists in terms of
quartz-fzlspare-others and quartzsplagioclase-potash Pelspar
variation. It is interesting to note the composition range of
these rocks, in particular their approximation to the composi-
tion of granodiorites (Bowen and Tuttle, 19858). Although no
micrometrlic analyses were made on ths quartzo-rfelspathic
schists of the present area, it is apparent from thin section
study that these rocks also fall within the composition range

deteruined by White.

(¢) Progressive lietauorphism of Quartzo-felspathic Schists.

Introduction. The changes observed within these rocks

with increasing progressive metamorphisam is largely textural,
The only mineralogical reaction occurs in the highest grads
rocks, where muscavite has begun teo Aeccmpose to sillimanite
and potash felspar. The response to metaxnorphism (Heed, 10262)

is very low in these rocirs. The original sedimentary felspars



FIG. 20,

Mineralogical composition of quartzo-felspathic
schists expressed in terms of Quartz-Felspar-Others
and Quartz-Plagioclase-Potash felspar variation

(after micrometric analyses of White, 1956),
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are not entirely destroyed until the sillimanite zone 1is
reached., Toe low metamorphic response in these rocks zay be
related to a lack of metamorphlic dehydration reactions which
might supply additlonal water to the fluild phase to aid re-
erystallization.

(1) Biotite zone.,

The arkoses of this grade have a clastic texture
in which the origlinal matrix between the quartz and
Telspar gralns has recrystallized to micas. The newly
formed mlcas weave and mold around relic clastle
quartz and felspar graing in striving for parallelism
within the tectonlc follation, The quartz and felspar
grains have irregular grain contacts, in particular
the felspar in which the degree of lrregularity in-
ereases as the grains recrystallize to new metamorphile
felspar granules, at the 0ld grain boundarizss, wlth
increasing metamorphism. In these low grade rocks the
quartz and felspar grains range in sizs to 0.4 mm.,
while the blotites and muscovites or the matrix
betwsen these gralns seldom exceed 0,1 mm. This rela-
tionship 1s reversed in the completely recrystallized
rocks, where the micas exceed the quaritz and felspar

in grain sigze.

The quartz gralns are generally clear. xenoblas-
tic to granblastic and weally strained. The relativsly

weak strain effects showr by quartz grains, in



contrast to the felspars, coupled with the development
of planar graln contacts and triple points between ad~
Jacent quartsz grains, suggests that the original
clastlc quartz has a greater tendency to polygonize
after deformation than to sustain a high strain and
then underge recrystallization {see also Voll, 1960,

:p - 5}.’7-519 ) »

Plagioclase, the most abundant felspar, is

characterized by a strong show of albite twinning.

The grains are undulose and the twins are strongly
bont &rd twisted. Chess~board and disruptsd twins are
common In the more deformed grains. Hach grain is
tlouded by numerous minute inclusions of sericite, aud
a fine-grained high relief mineral, probebly clino-
zolzite. The grain rims ere clear of inclusions, the
thickness of these rims increasing with the metamor-
phlec grade. The composition determined by the five
axls method (Wmmons, 1959), ranged from 4n 0-10, with
considerable varlations from grain to grain. Suech
variations could be the result of (a) reaction rates
balng too 8low Tor adjustaent to metamorphic sguili-

brium, allowins scme original plagloeclase to persist,

the scale of & thin section.

As pointed out by White (1338), potash felspar is

partlicularly irregular in 1ts occurrence within the
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quartzo-felspathic schists, being abundant in some
rocks and almost absent in others. The potash felspar
grains In the blotite zone rocks are clouded, and show
poorly developed cross-hatched twinning. Host of the
grains are relic perthites, the included albite blebs
making up 505 of some grains. With increase metamor-
phism the albite migrates to the margins of the grains,

and eventually forms separute a2lbite granules.

Biotite and muscovite form a matrix betwsen the
relic elastic guartz and felsvar grains. The biotite
is pleochroic greeneblack to pale lemon in the lowest
grade rocks, the colour approaching mustard brown with
increasing grade. The small stumpy biotlte flakes

have a tendency to clot.

In the lowest grade rocks a green chlorite wmay e
present in association with biotite. This nineral dis-

appears wlthin the upper part of the blotite zone.

Muscovite was present in most of the rocks examined,
A few large hirhly bent flalkes are scattered between
the quartz ani felspar grains in most of the low grade
rocks. These, like the felspars, have evidently sur-
vived from the original sediment. Their corroded
grain edges sugrests some dlsequilibrium with the fine
flakes of newly [ormed blotite and muscovite in which

they lie. Thase relic flakes are quite distinct from



the none-strained disoriented webtamorphic muscovite

xenoblasts found in some of the higher zrade quartzo-
felspathic schists. Small sericitic muscovite flakes
of metamorphic origin are intergrown with blotite in

toe micaceous natrix of the biotite zone rocks.

(2) Andalusite-staurolite zone.

The quartzo~felspathic schists of this zone have
a similar appearence and mirerslogy tc those of the
biotite zone, chlorite now bteing absent. At this
grade remeins of the original gquartz, felspar and
suscovite graing are stlll present, and in no rocks
could the textures be considered indicative of come
plete metamorphic equilibrium. The degree of recrys-
tailization in these rocks, considering destruction of
the original clastic texturass, varies from about 30%
near the base of this zone, to about 60 near the
top. The grain size is variable due to imeomplete
recrystalllzation. Quartz is generally preserved as
larger gralns than the newly formed gpranules of re~
crystallized felgspar. Within the andalusite-stauro-
lite zone the blotite iIncreszses in graln size until it
exceads that of the quertz and felspar. Ths relic
clastic plagloclase is characterized by an abundance
of albite twins, although the small inclusions of
aericlte and epidote common in the low grade rocks

have disappearasd. The potash {elspar gralins still
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contain some of their orizinal perthisic albite
stringers. The large strained relic muscovites are
8t11l present in most rocks, while the newly formed
metamorphic flakes interprown with bilotite have in-
creased slightly in grain size. The blotite of this
zone 1is notably darker than that of the biutite;zone,
beling ?1eochr9ic brown~black to pale lemon. The. poor
degree of recrystallization in these intermediate
grade rocks suggest that diffusion during metemor-
phism was very limited. These rocks may have been
largely clesed to Hp0 migration during metamorphism
{ Thompson, 1955).

(3) The sillimanite-muscovits zone.

The quartzo-felspathic rocks have almost lost all
traces of their original clastic texture before the
upper part of the sillimanite~muscovite zone is
reached. S1llimanite does not appear within the
guartzo-felsnvathle schists of the sillimanite-musco-
vite zone, and muscovite is stable with blotite and
potash felspar. The biotite and muscovite bave furthew
increased in grainesize, and are now well oriented
within the tectonic foliation. The metamorphic quarts
and felspar grains show & smull, thougbk variable,
grain-size (0,02 = 0,05 um.) within the lower part of
this zone, but rapidly develop an even grained texturs

at higher grades. In the absence of calc-minerals



FIG. 214,

Photomicrograph of low grade (biotite zone) guartzo-
felspathic schist. ‘

Rock A185-5. Location 186,238, Crossed polars,

Slightly undulose quartz, cloudy plagioclase with
some simple twinning and rarer potash felspar grains
in an interstitial matrix of fine-grained biotite and
muscovite, There are rare deformed relic sedimentary
muscovite flakes (arrow). The rock has a moderate

imposed tectonic foliation (NW to SE).

FIG. 21B.

Photomicrograph of high grade (sillimanite-
muscovite zone) quartzo-felspathic schist.

Rock A185-79O(1). Location 170,078, Crossed polars.

This rock has suffered complete recrystallization
and is approaching an equilibrium metamorphic texture,
The slide shows slightly undulose quartz, well twinned
blagioclase, and potash felspar with cross-hatched
twinning. Biotite and rarer muscovite flakes are

weakly oriented,

FIGS. 21A and 24B illustrate the degree of recrys-—
tallisation in the metamorphism of arkosic rocks from

the biotite zone to the sillimanite-muscovite ZONE
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the plagloclase compositicn is near pure albite.

In the upper part of the sillimanite-muscovite
zone the quartzo-felspathic schists have an equilie-
brium crystalloblastic texbure. The quartz, potash
felspar and plagloclase are even grained at about
0«3 mm. Large 1 mm.blotite and muscovits flakes are
well oriented In the schiistosity. The potash felspar
has taken up some alblite moliecule which hus exsolved
on cooling with the formation of a fine hair rerthlte
structure. Cross~hatched twinaning is Ineipiently
developed in all grains. The plagioclase has a COMED-
s8ition of an 10«12, and twinning is rare and aimples.
4 faint reverse zoning of the plagioclase suggests
that albite from the plagisclase gralns has been &i-
sorbed by the potash felspar at the higher tempera~
tures of the upper part of the sillimaﬁite-muscsvite

aons.

{4) The sillimanite-potash felspar zone.

Within the sillimanite~potash felspar zone the
muscovits beglins to decompose to sillimanite and pote
ash felspar (the second sillimanite isograd of Heald,
1950), 4s pointed out by Guldotti (1963) the decompo-
eition of muscovite 1s probably not discontinuous, but
may Involve an equllibrium reaction betwesn mascovite,

votash felspar, sillimanite and plagioclase. The
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reaction may be written

[quartz + muscovite + plagloclase =——
sillimanite + soda rich potash falspar + more

calcie plagloclase +—water;]

This reaction depends not cnly on total pressure and
temperature, but also the activity of water vapour and
the anorthite content of the plagioclase. Guidotti
has devised the above reaction to explaln the perthitic
component of the potash felapar. It must be polnted
out, however, that not all potash felspar iIs formed
through the decomposition of muscovite, and original
potash felspar may absort albite from the plagioclase
vrior to the decomposition of muscovite, as in the

present area.

Near the %anappa Mine both bilotite and muscovite
are present as large f{lakes wilthin the quartzo«fels-
pathic schists. Sillimanite fibres are present in
most muscovite flakes and & few flakes have been cofe
pletely replaced by fibrolite. Sililmanite does not
replace blotite in these rocks. This observation con-
trasts with the commonly obhserved replacament of
hiotite by slllimanite, arlsing from the decomposition
cf former aluminosilicates, within ths more aluminous
pelitic schists. Chinner {1961} has consldered that

the apparent replacement of blotite by siliimanite in



such rocks may be & result of nucleation of newly
formed sillimanlte within s structurally favourable
mica host. The stability of blotite depends strongly
on 1ts composition, iron rich varieties decomposing
before magnesium rick ones (Yoder and Hugster, 1054
Bugster and Wones, 1958), In the Cambrai quartzo-
Telspathic schists no svidence has been fsund for the

decomposliilion of biotite prior to muscovite.

In tbe'Kanéppa ¥ine region & reversal of the re-
action bringing about a decomposition of muscovite
seens to have occurred at a late stage in the meta-
morpulsm, for a small amount of secondary muscovite
has epltaxlcally replaced the rims of some Slotite

fliakes.

The potash felspar in these rock: has well devew
loped hair perthlte structure but no distinct cross-
hatched twinning. A wavy extinction ix many grains,
sspecially about quartz inclusions, suggests that sub-
microscople twinning may be present. Plegioclase has

a composition near An 12 and 1s rarely twgnned.

Muscovite wlll commnence to decomposs smeh earlier
in & "dry" metamorphic enviromment, whers the aectivity
of water is low. The well developed sillimenite-pot-
ash felspar zone scuth of the Kanappa Hine suggests

that the activity of water in metamorphism was lower
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there than in the south-west corner of the area, where
the decomposltlion of muscovite ig only rarely observed
even in rocks which are decidedly migmatitic. The
watter.conditions of metamorphism indicated by the
higher gradc westorn rocks, is also supported by tex-
tural &nd minsralogical evidence from the pelitic and

calcesiliceous rocks.

{5) Mipmatites.

In the southe-west corner of the area the quartzo-
felspathlic schlsts take on & migmatitic aspect (the
“zone of veina® of White, 1856). The original biotite
laminae have bhecome accentuated while the quartz-
felspar rich layers increase notably in grainesize, and
comnence to segregate into veins. These velns, at
first, lle strictly parallel tc the bedding laminations,
but with incrsased mobilization they may become dis-
cordant. In the most highly migmatized rocks the
biotite iz segreguated inte lrregular shlieren border-
inz broad zones of quartzoe-felspathic muterial. These
rocks have an appearance which suggests that they had
become partially molten. The sexpsrimental werk of
Winkler and von Platen (136la and b) suggests that
migmatites are 8 result of partial liguification of
the cuaartz-felspar fractlon of the rock (see also
Folmquist, 19203 Sudovikov, 1955). In the present

area partial melting may have been ailded by the late
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synmetamorphle intrusion of numerocus smsll bodles of

granodiorite accompanled by veins of aplite.

Muscovlie oceurs in most of the algmatitic rocks
in the south-west corner of ths mapped area., In soume
muscovite flakes fibres of sillimanite have appearsad,
suggeating that the sillimunite~-potash felspar zone
has been barely reuched herc. The absente of a

gillimaniteepotash felspar zone under conditions of

~

igh water vapour activity ls readily seen from Fig,
Z&e The experlmental curves Ior the stability of muse
covite In the present cf quartz at Py = Frga0 (Segnit
and Kennedy, 1861), and for the minimum melting rela-
tions of wet granlites {Tuittle and Dowen, 1488) cross
cach other at about 2000 vars and 700°C. Thus, under
maxinum aﬁgﬁ conditlons a mebumernphle rock with a
granitic composition in the 3illimanite zone woulé Le
largely molten before muscovite couls dszompose to
s1ilimanlite and potash felspar in the pressace of

cuartz. nder condltlons of ¥y 0 < Py the muscovite

Hg
+ gquartz stabllity curve becomes a divariant band
openlng out towards lower temperatures with decreasing
partial pressurs of water vapour (Yeder, 1853). Once
muascovite enters the P-T reglicon covered by this bang
it begzins to dacompose, and continues to Alsintepgrate

with increasing temperature, until the curve for



FIG. 22

Stability relationships of muscovite. Curves 1 and 3 for the reaction
[quartz + muscovite —= potash felspar + sillimanite + H20.1

Curve 1: Curve for the commencement of muscovite decomposition at PH20 <
Ptotale

Curve 2: Minimum melting curve for wet granites (Tuttle and Bowen, 1958).

Curve 3: Stability curve for muscovite in the presence of quartz at
PH,0 = Ptotal (Segnit and Kennedy, 1961).

Area between curves 1 and 3 represents a divariant band in the P-T field
over which muscovite decomposes at PHo0 < Piotale

Shaded area: P-T range over which muscovite decomposes before the

commencement of melting in rocks of granitic composition.,
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muscovite +quartz stability for maximunm ?HEO is
reached, where the muscovite disappears entirely.
Within the P~T field indicated by the band the assem~
blage muscovite-quartzepotash felspar-sillimanite 1s
gtable, The width of the band gives some quantitative
estimate of the degree of water deficlency. Under
water deflclent conditions the curve of minimum melt-
ing of a rock remains fixed, but the proportion of
liquid to crystals at any temperature above this curve
iz considerably decreased (Yoder, Stewart and Smith,
1957), and migmatites may not become prominently
developred untll later in thse metamorphic sequence (see
also diseussion by Schreyer, Fullerud and Ramdohr,
1264). At a suffielently low activity of water vapour
& P=-T regior becomes available in which muscovite
begins to decompose before the rock comwences to melt.
L zone of nonemigmatitie rocks in which sillimenite
and potash felspar are stsble 1s then vossible. In
the Kanappe liine regicon sillimanite and potash felspar
are stable in non-migmatlzed rocks. FKowever, south of
the Kanappa Mlre the rocks eventually become migmatie-
tic and presumibly the curve for minimum melting of
granite has been passed., The formation of socme
sillimanite flibres In muscovite within the highest
grade migmatlites of the wouth-west corner of the area

indicates that under higher Py, conditions the
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|
s8illimanite-potash felspar zone may have just been

reached, but within the P-T fleld of partial melting.

{&) Abnormal quartzo=-felspathic schists.

- White (1u56) has described potash deficient
scbista, wihich appear to have replaced normal potash
bearing quartzo=felspathic schists, In the Rockleish
areu, south eust of Palmer. He concluded that these
rocks, with their high sods content, have probably
suffered metasomatism involving a removal of potash,
Soue of the Hockleigh schists contain anthophyllite,
while biotite is rather rars. Similar rocks heve been
described by Chinner (1255) from the Tanunde Creek

arsa, and by Kruger and Johns (1948) from Rocky Gully.

Sinmilar rocks occur in the present arsza. Here
they replace the normal meta-arkosle quartzo-felspa-~
thic schists on the western margin of the mapped area,

n the lower portion of the sillimanite-muscovite

Z0ne.

These rocks sre light coloured fine even grained,
usually non-laminated, quartzo~felspathic schists,
having & moderate to strong foliation outlined by
muszovite or chlorite orientation. Like the normal

vartzo~felpathlc schists near the base of the
sillimanites~muscovite zone, the guartzefelspar matrix

bas not reached an egquilibrium metamorvhiec texturs,



FIG. 234,

Photomicrograph of potash deficient schist
(sillimanite-muscovite zone).

Roek A185-715. TLocation 151.199. Crossed polars,

Well oriented texture outlined by muscovite and
chlorite flakes and shape orientation of quartz ahd
felspar grains., Matrix of quartz and twinned
plagioclase has recrystallized but has irregular

grain-size.,

FIG. 23B.
Photomicrograph of heavy mineral bands in arkose,
Rock A-185-366. Location 188,156, Ordinary light.
Layers of opague iron ores with accessory zircon,
monazite and apatite associated with layers enriched

in biotite. Matrix consists of quartz and felspar,



FIG. 238
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and some rellc clastic plaglioclase grains are still
nresent. In &ll rocks examlned the plagloclase had a
composition near pure alblte. Biotite is usually ab-
sent, althoush a few pale-coloured flakes are present
in some rocks. In place of bictite most rocks have
large mederately orlented chlorite flakes which tend
to aggregate into clumps, The chlorite has a
birefringence near 0,006 and 1s optically positive.
Thin oriented muscovite flakes are not uncommon in
some rocks. Anthophylilte, &ltsring to chlorite, may
also occur, taling the place of ehlorite or blotite,
These rocks have & very low potagh content, and with
the stratigraphic sevidence Indicating that they have
replaced the normal blotiteenotash felspar hesarinc
arkosss, 1t must be concludad that votazh has, by some

maeans, hasen removed dnring motamorphism,

While apatlite and zircon are comuon accessories,
tourmmaline is very rare, Ilmenite and pyrite have beesn
observed in scme rocks bubt In cthers red rutile apra-~
rently takes the place of ilmenite. Rutilo has not
been found among the accessory minerals of the normal
metaearkoses., It must be assumed, in some cases at
least, that iron oxlde has also bsen effectively
removed; magnesinm and titaniwm, In ckleorite, antho-
phyllite and rutile, being left bshind.

The genesis of these rocks renains a mvstery,
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although 1t is evident that allochsmlcal metamorphisa
has played some part in thelr formation. Further con-
siderations on the genesis of these rocks will be

cutlingd in Chapter 10,



CHAPTER 3.

SEMI-PELITIC AND PBLITIC SCHISTS.

The semiepelitic and pelitic schists of the Cambral area
may be conveniently subedivided Intso three sepurate groups
based on their mineralogy and bulk chuemistry. Felitic procks
malntaining an excess of alumina, and distinguished by the
presenco of the aluminosilicate minerals staurolite, andalu-
site, kyanite or sillimmnite, are described in Chapter 4.
Schists high In aluwmina and magnesia,; and characterized by the
occurience of chlorite, cordierite and anthophyllite, and
treated sepuarately in Chapter 5. The remaining micaceous and
garnetiferous pelitic schlsts are consldered in ths present

chapter.

{8) HMinerals and lineral Assemblages.

The following major mineral assemblages have been observed.

Asgsemblaces below the sillimanite-potash felspar zone.

(1) Quartzeplaglocluse~biotite~muscovite-chlorite
(lowest grades only)

(2) Quartz-biotite-graphite~-potash felspar (rars)

(3) Quartzeplagloclase~bilotite~muscovite~potash fel-~
spar (and all quartzebictite bearing sube
assemblages)

(4) Quartze-plagioclase-bictiteemuscoviis=garnet (and

all quartz=~biotite bearing sub-assemblages)



(5) Quartzeplasioclase-hiotlteemuscovits-notash
felepar snpessartite

Assemblages transitlonal to sillimanite-potash felspar

Zone.

{6) Quartze-plagioclase-biotite-muscovite~sillimanite-
potash feispar (and quartz-biotite bearing sub-
assemblages)

(7} Quartz-biolite-sillimanite~garnet

Agsgubluges within the siliimanlite~potash felspar zone

(&) Quartz-plagicclase~biotite-potash felspar~

sub-assexmblages).

b) ilcaceous pelitic schisis.

(L} Biotits zons.

The lowesi grade

e

elitic rocks in the present
area are grey micaceous phyllites. hess rocks have
been conpletely reconstituted in metasorphism, and
consist of well oriented {(O.1 mm.) flakss of pale
brown blotite, muscovite and lesser pale green chulor-
ite, embedded in a fine~grained (0.05 mm.) guartz-
plagioclase matrix. Bedding lamination, il originally
vresent, hus been totally destroyed by the superposi-

tion of the strong tectonic follation.

The seml-pellitic sechists show features intermedi-
ate between thoss of the prelomlnantly clastic arkoses
and the completely recrystalliged phyllites. In some

eocks clear strained relic sedimentary quartz grains



5.

are set in an interstitial metanorvhic matrix of
viotite, plaglocliase and potash felspar. The potash
felepar, readily identified by 1ts tartan twinning,
has a tendency to develop poikiloblastic crystals
witleh enclose the stumpy blotite flakes and saall

twinned plagloclase gralng of the matrix.

(2) andalusite-staurolites zons.

Through thls zone the graln size of the pelitic
schists 1s progressively enlarged., Chlerite Is no
longer a stable couponent. The intergrown biotite and
muscovite micas, while still maintaining an orienta-
tion within the achistosity, tend to become more
clumped together as the finer interatitial guartz and
plagloclase grains disappear with the enlargemsnt of

&ad jacent grains lavoured o survival,

$) Siliimanite-muscovite zone.

Before this zone is reached the semiepelitic
rocks have undergons complete recrystallization to an
even crystalloblastie bexturs, although sedimentatlion
structures, such as micro-cross~-bedding and biotite
lamination may be well preserved. Well oriented
orange~brown biotite, with prominent black pleochwroic
halos, 1s set in an even grained (0.1 ma.) granoblas-
tic guartzelelspar matrix. The metamorvtic plazis-
clase 1s rarely twinned., The smooth equilibrium

contacts between the guartz snd felopar grains is



largely responsible for the sandy nature of the

weathered rocks.

Within the slllimanite zone the grain size of the
more pelitic schists continues to inereass. In the
mica rieh schists the Intimetely intergrown biotite
and muscovite flakes beconme nore elongate and groupad
tegether, while the quartz and plagloclase greins have
increased to 0.5 mm. Muscovite 1s stable through the

slllimanlite-muscovite zone and sillirmanite is absent.

Thas seniepeilitic rocks generally show & greater
abundance of tiotite than muscovite, Some bictites
have & dark green-black to pale yellow pleochroism
while others have & deep red Z-axial colour. The muse-
covite, occurring as large, clear, somewhalt stuupy
flakes, is widely dispersed, Within this zone the
grain size ol the pelitic schists (0.3 nm.) exceeds
that of the more guartzo-felespathic semiepelitic

2

schists (0«2 mne.).

{4) S1llimanite-potash felspar zone.

The appearance of thin sillimanite fibress within
thie muscovite plates marks the commencement of musco=~
vite break-down and the entrance of the sillimanite-
potash felspar zone. The deconposition of muscovite
iz rather erratic in its oceurrence; nuscovites in

some parts of & thin slice are more strongly attacked



than others suggesting local 4isequilibrium on the
scale of a thin section (see also Phinney, 1963). A
sinilar irregularity in the fibrolitization of miea
minerals has often been noted {e.gz. Chinner, 1961).

Ls the muscovite hecomes replaced by flbrous sillimen-
1te, spears of sillimanite penetrate into adjacent
quurtz,plagloclase and blotite. Ilowever, there 1z no
indication of the instability of adjucent biotite, or

of nucleation of sillimanite within this wica.

In the high zrade pelltic schists of the silliman-
ite-potash felspar zone south of the Kanuppa Mine,
lens shaped eyes of flbrous sillimanite oriented with-
in the strong rock schistosity, seem to have replaced
former muscovite megacrysts. This fibrolite has been
strongly replaced at a later stape by skeletal musco-
vite.

In the migmatite zone In the south-west corner
of the area the pelitic gneisses bhave begun to develop
& more follate structure, suggestive of partial melt-
ing and the separation of the micaceous slements into
schlieren. Large muscovites, 1«3 mm. 1n length,
cither intergrown with blotite or having a stumpy dis-
oriented form, contain a few sillimenite fibres indi-
cative of the commencenment of muscovite decomposition.
A8 with the quartzoe-felspathic schists, muscovite

appears to bs stable within the south-western
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migmatite zone, while undergoing complete decomposi-
tion a 1llttle prior to the daevelopment of really mig=
matitic rocks in the southeeustern portion of the arsa.
This again suggests slightly higher sza conditions in
the westsern rocks durlng metamorphism, thus enabling
tre preservatlon of muscovite to higher temperature
conditions above the minimum melting curve of granites

(Bowen and Tuttle, 1958; Fyfe, Turner and Verhoogen,

1058},

{c) _Poryhyroblastlc #ica Schists.

Pelitic and semlepelitic schists containing large silvery
muscovite porphyroblasts, generally dlsoriented and transect-
ing the rock sehlatosity in diverse directions, are well dis-
played in parts of the sastern Mt. Lofty Ranges. In the
present are2 these rocks have & wide distribution, but are
particularly common within the pelitic and aluminous pelitic
schists. The muscovits porphyroblasts are usually large
(1-3 ma,) randomly-oriented parallelesided crystals. Althoucsh
containing some quartz and plagloclase inelusions, much of the
quartz and plagioclase, and all of the biotite of the original
matrix now occupied by the porphyroblast, has been replaced,
Only the larger flakes show slight'fnrcing aside of the matrix
in a manmer similar to that produced sxperimentally by Schuil-
ing and Wensink (1262) during the static growth of copper
sulphate In sand. This porphyroblastic muscovite 1s con-

sidered to be of metasomatic origin and will be considered
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farther in Chapter 10.

{(d) Graphitic Schists.

Graphitic schists occur within the low grads pelitic
sequence below the marbls horizon several miles north of Pine
Hut. In the present area few graphitic schists have been
found. The rarity of graphitic schists iIn the Canbral area
may be a result of slight sedimertary facles changes, or to
oxidation of the graphits in metamorphism. 4 small area of
unusually fine grained grey rocks at 200.187 contain graphite.
Thegse rocks sre composed predominantly of fine-grained (0,015
mm.) potash felgpar, with lesser quartz and stunpy greins of
orange-brown blotite. Pine dust-lilke graphite occurs as
inclusions within the potesh felspar grains and 1s particular-

ly ahundan®t at the grain contacts.

{e) Garnetifersus Schists.

Garnet appears to be stable in rocks of widely varylng bulk
composition. Hinute garnets are found scattered through low
and intsraediate grade pelitic schists, and are particularly
comzuon ir the more aluninous pelitic schists to be discussed
in the following chapter.

(1} Almandinew-mica schists.

It has not been found possible to map & garnel

isograd in thls area, altbough garne. bsaring pelitic
pocks are not uncommonly found in the blotite zons
velow the lsograd marking the first appsarance of

andalusite ard staurolite in the aluminous pelitie
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schiists. QGarnets occurring in the bletits zone rocks
are rare, scabitered and of miaube size, often less
than 0.2 wn. in diameter. These garrnets show a sube-
idiloblastic to idloblastic form, and have minute
guartz Inclusions near their cores. The biotite and
muscovite flakes immediately &djacent to the garnet
erystals show little or no deflection from their well
sriented courss, suggesting that at least the greater
part of the garnet crystals were formed after the
orientation of the mica folize. In the sami-pelitic
gehiets parnets gensrally have a more irregular xeno-

3

Llastle crystal form, and ars confined to the hiotite

fi

v lamingtions. A closer exanination of the low

grade vhyllisis schists over a wider arasi mzy evenbu-

5‘1

211y lead to the location of a garnet lsograd.

Within the sillimanite zone medluwa~-gruined guarte-
biotite-muscovite schists may contaln up to 204 garnet
as ecrystals tc 1 mm, acress. Eome of these garnets
have a texbtural relationshipy with thelr saclosing matbt-
7ix suzgestive of postetecltonlic raplacensnt; while
cbthers show distinctive intasrnal signoidal rotation
Isatures, signiflyling growth synbectonic to the dsvalop-
mant of hhe slaty cleavare, anld post-tsctonlc outer
idiomorphic rilams. SBmall gquartz and 1lron ove inclusions
are common, Within the eilliimanite-potash felspar

gone the assamblapge quartze-blotite-sillimanite~pctash



alepar-almandine has been ohserved.

Although garnet 1s plentiful in the high grade
pelitic schlsts and gnelsses of the Kanappe lilne
reglon, only one garnet locality (152,11¢&) is known
from the migmatite zone in the soubthewest corner of
the area., Here a small outcrop contains numerous
large 5-7 cme garnst dodecahedra embedded in a blotite
rich matrix. Read (1931, p.lll) has described sirilar
sparse occurrences of large garnets in the inner part
of the "zone of veins™ ir the Loch Choire injection

complex of Gentrsl Sutherland.

{(2) S8pessartitee-nica schista.

Just below and within the sillimanite-nuscoviie
zone on the western side o the area a number of
localities of spessartite schists have been observed
{ees 164,155, 157.213), Trase rocks are chiefly
recognized in the field by & distinetive black mane
ranese oxide coating on Joint surfaces, and the pre-
sence within the rocks of layera of filne~grained
brownishe-pink garnets. These layers, which ars of

variable thickness up to 1 em., and may contain up o

o

805G garnet, are sometimes strongly folded and deformed.
Thz spessartits crystals are ususlly very small, sel-

dom greater than 0.1 mm. even in the sillimanite zone,
aad contain very minute inclusions indicative of early

growth in progreszive mebamorphisa (Tilley, 1923,
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Miyashiro, 1953). The matrix may contain quartz,
plazioclase, blotite and potush felspar., In some
rocks spessartite is stable with potash felsvar below
the sillimarits isograd. This felspar forne abundant
granules In ths matrix, and has inciplent microcline
twimming. HMHuscovite may occur either as oriented .
flakes intergrown with the blotite or as stumpy cross-
cutting porphyroblasts., Tho blotite usually has a

dark sepla to black Z-axial colour.

Spessartite garnets in netzmorphic rocks are
usually very fine-grained, even when the rocks are of
high netamorphic grade (e.g. the spessartite sande
gtones of Bproken Hill, Stillwell, 1983, ».617), al-
though in pegmatites spessartites may grow to & larse
size. The small slze of manganese garnets in compari-
son to adjacent almandine garnets has been commented
upon by Chinner (1960). Chinner suggests that the
spessartites may nucleate more readily, thus preserv-
Ing a fine grain-size. An alternative possibility is
that the spessartite garnets have grown at a much
earlier stags of the metamorphism, indicated by the
mueh finer internal Inclusions, and that oncoe feormed,
there may be ne tendency for the crystals te further
enlarge at any gzreater rats than the recrystallization
of the rock matrix as & whole. Almandines, however,

growling at a later stage of metamorphism under



FIG. 24A,
Photomicrograph of spessartite-mica schist.
Rock A185-361, Location 164,155, Ordinary light.,
Portion of sharply folded layer of fine spessartite
crystals intermingled with biotite and rarer muscovite
in quartz-felspar matrix. Note very fine inclusions

in spessartite,

FIG. 24B.

Photomicrograph of porphyroblastic felspar schist,
Kanappa Mine,

Rock A185-428b, Location 216.135. Ordimry light.

Porphyroblasts of plagioclase (clear with rare
simple twinning) and potash felspar (with fine hair
perthite) containing small oriented inelusions of
biotite and rarer muscovite. Between the porphyro-

blasts the biotite is strongly clustered,
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conditions of wore extensive migration, wey have op~-

portanity te grow much larger porphyrshlasts.

{£) ZForphyroblastic Felspar Schists oi the Zanappa Uine

Xenoblasts ol potash felspar and albite-oligoclase are com-
mon In certain of the mors pelitic rocks of the Kanappa Mine
region. Individual porphyroblasts seldom sxceed 5 mnm. in
dlameter. These felspars are often grouped into layers parval-
lel to the foliation, and ave surrounded by an scenmulation of

‘rejected’ mavtrix componants, especilally bilotite

2. ‘M™ers is

little iundication that these rocks havs formed through the
metasomailc Introduction of alkalles since optical examination
has indicated that noneporphyroblustic vocks of similar compo-
sition muy occur In adjucent layerz. Tven on the scale of a
singie hand specimen a rapld, but gradationsl, change from
normel non-porpngroblastic schists to a ccarsely porphyroblas-
tie roci may be obssrved. dimilar variations are commonly
encountered In the rleld across strike. Zones of porphyro-
blastlc roclks may be traced for many hundreds of yards along
the tread of the schlstosity. These narrow zones appear to

be more closaly relatsed to the tecionic foliation than to the
origlansl bedding. OCralin size varisticns across zones of
porphyrcblastic schlsts suggests that Intense local graln
growth has occurred within the zones. :Variations in the &uti—f

vity of water vapour, perhaps caused by local inlfluxes of

agueous fluids soaking along ths tectenic foliation, might
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account for the observed effects. The growth of ihe felspar
porphyroblasts does not seem to have affected the metamorphic
gtatus of these rocks, for north of the Kanappa iiine muscovite
is stable within both normal and porphyroblastlic schists,
while further south, on entering the sillimanlite-notash

felspar zone, muscovite has commencsd to decompose in both

rocks,

Both potash felspar and plagioclase porphyroblasts may
occur together 1In these rocks, although potash felspar is by
far the more abundant. Some porphyroblastic rocks contain up
tc 80% potash felspar porphyroblasts. The potash Ielspar
xenoblasts are grey coloured in haud specimen, and are filled
with small rounded quartz and plagloclase and oriented biotite
and musecovite incluslons. The continuity of the oriented
micas inside and outsiie the porphyroblasts is indicative of
static postetectonic crystal growth. In 8 few roeks a later
deformatlon, causing broad crenulations within the micaceous
rock matriz, has bodily rotated the porphyroblasts up to 30°.
Evidently this phase of moveméﬁt cceurrsed after the main peak
of metamorphie recrystallization and grain growth, but before
the growth of secondary muscovite occurring &s & raplacement
of sillimanite. Exsolution featurss are comonly obsepved
within the potash felspar, although the amount of albite exw
solved is small. Exsolution has resulted in the formation of

halr perthltes, veln psrtuite being very rare. These hair
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perthiltes consist of fine closely spaced parallel bhalrs of
albite aligned along the a-axzls ol the potash felspar lattice,
corresponding to the interssetlion of the {010} and {eoi}
clsavage planes. A perthitic felspar crystal with halr like
exaoluticn, simllar to that observel hers has recently been
figured by Scharbert (1964, Pl. 8, Fig. B). The Cambrai pot-
ash felspar porphyroblasts have 2Vx values ranging from 65-72°,
microcline twinning beirng incipiently developed, and largely
sur-nicroscopic., Hyriekite and guartz-biotlte symplektite
have been rarely observed. Within the sillimanite~-pobtash
felspar zone sillimanite spindles may appes&r enclosed within
the potash felspar porphyroblasts. This sillimanite has pre-
sumably replaced former suscovite inclusions which are not un-
common in the lower grude rocks, Ouldottl (1963) nas des-
eribed similar perthitic microclire megacrysts from the pelitic

rocks of the Bryant Pord Quadrangle, laine.

The rarer plagloclase porphyroblasts are clear, sharply
twinned snd havs a composition bebtweesn An 7 and An 28, Slizht
reverse zoning 1s observed in some gralns, and borders agalnst

L

the perthitic potash Telspar have & narrow albite rim.

Small garnet porphyroblasts are also present in some rocks
and the garnet-sillimanite-potash felspar asssmblage 1s known
from the higher grade rocks. However the sillimuniie-manger-

ite subfacies as defined by de Waard (1963) has not been

attained.
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The matrlz between the felspar povphyroblasts conslets of
granotlastlc guartz and plagioclmss and orientsd razdebrow
biotite with numerous dark halos. Primary muscovite may be
present in the lower grade rocks (sillimanite~-muscovite zone).

Secondary muscovite is common &s & weplacement product of

fivrolite in the hizher grade rocks.



CHAPTER 4.

ALUMINOUS PELITIC SCHISTS.

e aluminous pelitic schists are particularly important
becanse they furnish the aluminosilicate marker minerals used
in grading the metamorphism of this area, Because of the ap-
pearance of kyanite 1n the western saluminous pelitic schilsts,
pocks Trom the eastern and western portions of the area are

treated scparately.

Ao Aluminous Pelitic Schists from the mastern Portion of

the Area.

(a) WMinerals and Mineral Assemblages.

The ma jor minerals observed in these schists are quartz,
plagioclase, biotite, mascovite, chlorite, garnet, epidote,
staurolite, andalusite; sillimanite., Acceasory minerals are
iron ore, zircon, apatite, sphene, tourmaline, morazite and
rutile. As 8ll rocks examlined conteined quartz, biotite and
plagloclase, these minerals will be essumed to occur in all
assemblages quoted below.

Bipgtite zone.

(1) Musceovite=chlorlte(porrhyroblasts}-garnet
epldote

(2} Muscovise-blot ite(porphyroblasts)

(3) Garnet-blotite(porphyroblasts)

Andalusite~staurolite zone.

(4) Muscovite-chlorite(porphyroblasts)-andaluslite-
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garnet (and various subeszssemblages)

(5) Muscovitewchlorite(porphyroblasts)-staurolite~
garnet

(86) Muscovite~muscovite(porphyroblastas)=chlorite (por-
rhyroblasgts)

(7) Muscovite-andalusite-staurolite

Sillimanlteeruscovite zone.

(5) sStaurolite

{2} Muscovite~andaluslte~sillimanite (and sub-assen-
blages)

S811limanite-notagsh felspar zone

(10) Sillimanito

(b} Biotite zone

When andalusite and staurolite schists ars traced into the
biotlite zone they are scen to grade into fine-grained strongly
follated phyllitic schists containing swall white kaots of
albits and muscovife, and numerous small (< 1.0 mm.}) disori-
ented clircular plates of deopegrecn chlorite. The white knots
becomes nore abundunt as the andalusit~ isograd is approached,
and it Is within these knots that andalusite is first ot served.
Unlike the arkoses or the semlepslitic schists these low grade
phyllitic scrnists contaln no sedinmentary grain rslics, and
generally there is little evidence for bedding lamiration, ex-
cept {o1r occaslonal lavers of hsavy minerals. 4 strong
schistorslty 1s expressed by the orlentation of abundant small

(< 0.1 mm.,) blotite and muscovite flakes. The biotits flakes
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tend to show & stumpler form than the muscovite; and show a
variety of Zeaxial colours ranglng from pale-brown to sepia to
very dark brown. Very fine (< 0,056 mm.) quartz and albite
(An le2) gralns are abundant between the individual miea
flakes., 3Small skeletal garnets, often < 0,1 rm., are sparssly
distributed through many of the chlerite porphyroblast bearing
rocks. “These garnets ars comaonly concentrated within iron
ore bearing heavy mineral bands, and may occur as Inclusions
within ths chlorite megacrysts, Ccormpared with the fine grain
gize of the metrix the c¢hlorite porphyroblasts are large. The
chlorites have a stumpy form althcugh the basal crystal faces
are ofton developed. Several individual flakes may be aggrs-
gated into a single clump. The chloritses have & random orien=-
tation withln the rock matrix. Postetectonic erystal growth
is indlcated by the rresence of parazlilel trains of inclusions
which pass uninterrupted into the strongly aligned schistose
matrizx. The chlorite 1s plecochrolc from pale yellow to pale
green, bas numerous plsochroic halos and small iron ore

inclusions, and shows multiple twinning.

A cloae scrutiny of these rocks for chloritoid falled to
reveal thwe presence of this mlneral., Chloritoid has not yet
been recordsd Irom ths Mb. Lofty Ranges. Green {1963) con-
siders that ehloritold may be more characteristic of kyanlte-
slllimanite metamorphism. The optical properties of a number
of chlorite porphyroblasts from the present area are summarized

in Table 3 and Fig. 25. The 8 refractive Index varies from
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TABLE 5.

OF CHLOAITES.

Vo B
Rocl Ho.

Location.

Chlorite rroperties

Optic

A R.I. Sien Biref. Alteration

Chlorite in vughs. (no thin sections)

57 Pine Hut 1.530 + Tefle Frash.

576 253 4240 1.630 + n.d. Fresh.

558 238,243 14580 + ned. fresh.
Chlorite norohyroblasts in schists.

o84 227 J25G 1603 + e 004=5 Presh.

588 B32.252 1.652 + J01-2 AL edges 1.
(579 BOG 227 1.647 - high Biobite.)

581 2535.226 1,633 + +005m4 Presh, .

50 23%2.215 1.636 + <300 At edges. 3.

617 1589.2186 1,831 -+ «004 Frosh.

825 194.202 LeB + 202 Freah.

625 197.197 1.832 + «C02-3 AL edges. 4,

027 1968.186 1.554 == D0 At edges. B

A o S SO SR SO W e S TLS O D e B N e e U AN A i WO et T B G e R A URD M S G e A AL WA NS N SO AR Sl N W e W K A MME W AR AW Wiy SR M NOE e W MO A WS

1.
2.

Alteration

Plenehroic

haloes - onter

te ~ ve, birefringerce D21 {bictite ?).

rime isotropic

Inner portion ~ve, birsl, .00%.
3. Alteration to - ve, birefrinrence low.
4, alberation to - ve.
S5e Alteration %o ~ we, bireiringence high.



FIG. 25,

Composition variation of chlorites from low
grade aluminous pelitic schists, Cambrai,
Refractive index-birefringence data plotted on
diagram from page 151, Deer, Howie and Zussman,

1963, Vol. 3.
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1.651-1.5636, the minersl is optically positive and the bire-

frinzence varles from 0,200 fto 0,005, According to Deer,

Howle and Zusesman, (1963, vol., 3, p.151) these chlorites are

J

ripidoclites with Fe total/Fe total+l i, of 0,08-0,80., Fig. 25
11lustrates this composition range. Identical echlorite por-
phyrcblasts have been deseribed from Vermont by Woodland

(1oc3).

In many of the fine~-grained phyllitic and calece=phyllitie
schlists near Plne Mut amell tension (?) gashes ars Tilled with
coarsgse chlonrite, muscovite, quartz, calcite, pyita, ste., oo
exposure the calcite is raeadily removed leaving vugh=like
openings coated with enhedral chlorits ceystals., 4s Table 3
shows, these chlorites differ 1ittle in optieal properties

from the chlorite porphyroblasts in the schists.

At one location I{rock 579, 238.2%87) small bronzswcoloursd
porphyroblaosts of similar hablt to the green ehlorits porphyro-
blasts, wers found to consist of golden-brown sistite
(B8 1.647). Thls bictite appears to buve been formed during a
late alteration of tha original chlorite porphyreblasts (such
aiteratinn has been ohserved at the =dges of some chlorilie
porphyroblasts in other rocks), and is guite distinet from the
sepla=brown orlented blotite of the mubrix

ol

Smail {0.% mm.) knots consisting of albite, disoriented mus-

L3 y

covite and lssser quarts are scattered throush the matrixz of
™ L

some pocks. Well oriented muscovits is strongly concentrated



FIG. 26,
Tension (?) cracks filled with quartz, calcite,
chlorite and muscovite and surrounded by albite rich
rims in fine-grained guartzo-felspathic schist.

Location 234,239, Largest cracks 5 em. in length,

FIG. 27,
Outerop of andalusite-staurolite-biotite schist,
Location 221.147. Coin diameter 2.8 cm,.

Note relic sedimentary lamination outlired by

layers richer in biotite,
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ad jacent o bthess knote, and is seen to swasep around the mots

in a ayn=tectonic fazbion, althouph there 13 no =vidence thet

ths kmotes Lthengelves huave beern robtated.

(c) andslusite-Staurolifte Zone.

A48 the andalusite zone 1s entered the white albite-muscovite
knots seen in the lower grude rocks talze on more distinctive
prismatic forms which weather out on sxposed rock surflacss.

In thin zection these prisas are sezn %o be still largsly

made up of albite, muscovite and legssr quartz, althoush rare
relic granules ol andalusite have been coserved ancased 1ln soune
gquartz grains. Bvidently the reactlon forming the flrst anda-
lusite prisas revarsed slizhitly after the metamorphlc peak

had been exceeded, causing the andalusite tc be psevdcucrphed

by its reactants.

In most areas in which andalusite or kyanite schlets have
been cbserved, the preachion by which these minerals iirst ap=-
peer remeins a mystery. It has generally been concluded that
pyroph7llits or varagonite are thie wost likely reuctants in-
volve?d 1n the formation of the aluminosilicates; but this has
beon seldon verified. The naturs of the ‘'muscovita' in the
low grade aluminous schists in the preossent arca hus not yet
been invsstlgated, but the abundance of alblte in assoclation
with the esarly andalusite crystals does sugsgest thes break-down
of paragonite in tha presence of quwriz as ons pessibility for

the orizin of andalusite. However, fsceanfeld (1ui&] considers

[ {ad
€5
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that paragonite decomposes in the sillimanlte zone. A reac-
tion involving muscovite and quartz with the formatlon of
andalusite and potash felspar (furner and Verhoogen, 1951,

P+447), although occurring in some low pressure contuct

aureoles, is not tenable here.

It has not been possible to determine whether andalusite or
staurolite first becomss stable within the metamorphlc sequence.
In some arsas of andalusite~staurolite metamorphism, the
staurslite has been observed to appear slightly before the
ardalusite (e.g. Hietunen, 19563 Green, 1963; 2wart, 1963},
while in others andslusite and staurolite appear in the meta-
morphic sequence at about the same tlme. The problem of rala~
tive andalusite and staurolite stability is, however, not so
imporbtant as the stabllity of bydrous versus anhjydrous
aluminosilicate phases. In & dry environment, andalusite, and
perhups staurolite, are stabls under atmospheric P-T condi-
tions (B2ll, 1963). The first appearance of andaluslte and
stauroiite within the metamorpvhic seguence is more closely
relutsd to dehydration during progressive metamorphism than an

entrance into the stability fields of these minerals,

Staurolite is apparently limited %o rocks of a certain
range of bulk compésition. ™is mineral has been considered
tp form from chloritold (Harker, 193¢, 2nd Ed., p.225%
Halferdanl, 1981), but this has been seldom observed. The

first staurolite at Cawbral appears witbin rocks which also
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contain chloarite porphyroblusts. 4 direct replacement of the
chlorite by staurolite is nevsr okssrved, although at slizhtly
higher grades staurolite becomes cuite abundant in some rocks,
and the chlorite porphyroblasts have entirely dlsanpeared.
With the disuppearance of the chleritey the white mics of the
matrix also becomes less abundant, BSomns staurclites are sur-
rounded by a biotits poor corona. These changes are sugges-
tive of a rzaction such as

[guscsvite + chlorite + biotite 1 + quartz ——

gtourolite + blotlite 2 4—{garﬂet}~+'water]

Defore tie sillimanite isograd both andalusite and staurc-
lite become prominent constlituents ¢f some pelitic schists.
Both minerals stick cut on the exposed and weathsred rock sur-
faces, the xenoblastic andalusite forming rounded te irregular
white knots, the staurolite, prismatic golden brown 1dioblasts.
Except for minor post=tsctonlc outgrowths the andalusite sel-
dom shows its erystal form, preferring to grow as large
irregulur poikiloblasts sieved with small matelx Inelusions.
These skeletal erystals may reach 1-2 em. in sige. In rocks
which bave suffered & mild second deformation resulting in
erennlation of the rock schistosity, the andalusites may fom
large rambling skeletons showing truse helieitlc structure,
indicative of crystal growth after the second deformation.
Small iron ore inclusions are comwon within the andalusites

but absent from the blotlte bearings rock matrix.

Staurollte may occur separately or with andaluslite,
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although there is no indication of the replacoment of stauro-
lite by andalusite (sez Akaad, 19586). Staurolite has a strong
tendency to present an idioblastic osutline, althourh, like
andalusite; the erystals are always sieved with cuartz and ivon
ore inclusions., These inclusions often outline internal
Seplenes which may show simple sigmoidal, planar or more com-
plex irregular helicitic forms, The staurslite porphyroblasts
seldom atialn e size cowmparable with the andalusite erystals,

although crystals up to 3«4 mm. are not uncommon.

The badded nature ol andulusite and staurolite rocks is
clearly seen In those rocks whore the porphyroblasts are con~
centrated within folded bands of laminde representing the
original bedding. A late stepe altesratlion of andalusite to
shimmsr aggregates (Darrow, 1803) and staurolite to pinitic
chlorite-nuscovite knots has been occasleonally observed.

These knots preserve the internal S-nlsnes seen within the un-
alterad crystals, However, the majority of schists are free

of such alteration eflfectsa.

Rars isolated garnebs may occur wikthin the andalusite and
staurclite schists. As in the bictits zone, thesze are zmall
(generally < 0.2 mm,) and may have & spongy, rounded or
idioblastic form. Garnets ars sometimes inclunded within
andalnsite or stauralits, which econfirus the’r esrller growth
within progressive metamorphism,. Hoth biotite uand muscovite

are well orianted within the quartz-plazioclase rock matrix.



FIG. 28A,
Outerop of staurolite schist showing growth of
staurolite crystals in bedding laminations,

Location 147,.247. Pen 15 cm, (6"),

FIG. 28B.
Photomicrograph of staurolite-mica schist.
Rock A185-740. Location 155.221. Ordinary light.
Equidimensional crystals of garnet and large
xenoblasts of staurolite, both with oriented

inclusions, in matrix of biotite and quartz.
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With the growth of andaluslite and staurclite the matrix miner-
als havs increased thelr grailne-size to abeout 0,1-0,15 mm,
Post~deforuation segregution veins of all sizes are observed
within these recks. These will be considered In gragter

detail in Chapter C.

(4) Sillimenitee-muscovite Zone (¥First sillimanite isograd

of Billings, 1956).

In the lower part of the sillimenite zone the andalusite
and staurolite have reached thelr maxisnua developasnt. The
sillicanite isograd 1Is defined by the first appearance of
tufts ol fibrous sillimanite adjacent io t he andalusite or
staurolite erystalas. Advancing to higher metamorphic grades
the andalusite and staurocllte &re progressively repluced by
sillimenite, until this is the only romaining aluminosilicate
mineral, In the mors magnesian rocksg the staurclits and
andalusite may be replaced by cordierite as described in Chap-
ter 5, reen (1963, pP.l003) has {ound thait staurclits decom-
posed before the andaluaite~siilimenite transition In Wew
Hamnshire. Thie relationship dees not hold in ths present
arsa, sycept where staurolite is replaced by cordlerite by s
reaction coumencing just before the sillimanite zous is

reached,

In the lower part of the sillimuanits zone large andalusite
xenoblasts nay reach 23 cm. across. Guartz and plazioclase

inclnsions Increase in size progressively from cores to rlis
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indicating growth of the andalusits durlng a considerable
period of grain growth wlthin the roek matrixz. These larcs
crystals wmay also show a variation in internal strueture from
cores to rims, preserving a record ¢f time relatlons between
erystal srowth and deformation {ses Chapter 14). Some crys-
tals have algo been hodily rotated in thair rock matrix after

erystal pgrowth ceased.

Within the sillimaeniteemuscovite zone the matrixz has in-
creased 1ts gralnesize to 0.1-0.3 mi. The quartz and plasisoe
clase are grancblastlc, ths felspur being rarely twinned,
while the blotite, usually & red-brown colour, is less orlen-
ted then in the lower metamorphic grades. Blotite may e
slightly concentreted near the margins of some andalusite
erystails. In & few rocks large (o £ wm.) irrsgular well
twinned plagloclase xenoblaste are intergrown with the margine
of skeletal andalusltes in a diablastic texture (Harker, 1532,

p¢40} .

Pibrolitic sillimanite Tirst apprars as minute tufts nucls-
ated in bhiotite adjacent to andalusite crystals. There is no
indlcatlon that bilotite has broken down with the formation of
firolite away from the andalusite norphyroblasts. Although
the fibrous sillimanite has clearly formed at a later stage
in the progressive metamorphism than the andalusite, there is
no evidence for & widespread formation of Tibrolite through-

out these pelitic rocks (c.f, Watson, 1948). The limitation
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of the fibrous slillimanite to the andalusite borders indlcates
that the P-T conditiocns have entered the stability field of
sillimanite, and that the andalusibe margins are beginning to
dissolve, with the nucleation of newly formed sillimanite
nearby. 3Some of the larper andalusite porphyroblasts arse
surrounded by vague concentric shells. The andalusite with
its numerosus quartz &nd plagloclase inclusions 1s imuediately
surrounded by a shell of bilotite, plagioclase, quartz and
secondary muscovite. This ls succeeded by a zons of coarss
plagiocclase~blotite, and then & quuriz ricu shell in which
fibrous sillimanite crowds the quarts in fine streazs padisl

to the margins of the andalusite crystal,

Once andalusite has cleerly bescoms unstable and fibrous
sillimanits has appeared in some guantity at its borders,
stout sillimanite prisms apvear within the andalusite. These
prisas have an idlioblastic form and are aligned parallel to
the intersecting andaluslte cleavages, As each andalusite has
a different orisntation, the prisas, also vary their orienba~
tion accordingly. £ direct transformation of andalusite to
8illimanite 1s avident. IThis transformation ig furbther dis-

cussed in the succesding chapter,

Highner in the sillimanite-muscovits zone andalusite and
staurolite are completely destroyed, although the former pre-
sence of andalusite 1ls indicated by the bunches of oriented

sillimanite prisms surrounded by, and intergrown witt,
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fibrolite., A few andalusite or staurolite relics may remain
as inclusions within quartz. In somas rocke these sillimanite
knots have undergone considerable alteration to shimmer agsre-

g;a‘ba.

{e} Sillimanitewpotash Felspar Zone.

In this zone the aluminous oelites are represented by
knotted slllimanlitse schists. Within thls zone muscovite be-
comes unstable and breaks down yielding further flbrous silli-

manite and a 1little potash felspar.

Be Aluminous Pelitic Schists from the Western Portion of

the Area.

{a) HMinerals end iilneral Agsssmblages.

The minerals observed in these schists are aiznlliar to those
of the eastern gide of the area, excent thalt kyanite may ap~
pear Ir the intermedlate metamorphic grades. The following
mineral assenblages have been observed, Quartz, nlagioelase
and biotlte were vresent in all rocks examined, and are to be

assumed present In 811 the asssmblages quoted below.

Andelusite=staurslite zongc.

(1) Chloriteeztourolite-nuscovite
2) Muscovite-andalusite-staurolite
{3} Muscovitee~gstaurolite=-zurnet

Sitlimanite-muscovite zone.

{4) ¥Yuscovite-andalusite-sillimanite (and all sube

agsemdlazes)
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(5) Muscovite-andalusite~kyanite-sillimanite-
staurolite {(and various sub-assemblages)

(6) Andalusite~kyanite-sillimanite~staurolite-garnet

{(7) Muscovite~andalusiteesillimanite-garnet

Sillimanitespotash felspar zone.
(8) Sillimanite

{b) Bilotite Zone.

The blotite zone aluminous schists are represented by
chlorite porphyroblastic phyllites, which are similar in all
respects to thoss described from the sastern portion of the

ared.,

(c) Andalusite-staurolite zone.

The andalusite=gtaurclite schists are simllar in nost rew
spects to those on the eastern side of the area. Large anda-
lusite and staurcolite and gsmaller garnet and chlorite
porphyroblasts are developed in a flnewgrained schlistose
biotite-muscovite=quartz-felspar matrixz. The quartz and
felapar granoblasts of the matrix progressively Increase in
size from 0.,02 to 0.2 mm. between ths andalusite and the sill-

manite lsograds.

The relation between deformation a&nd crystal growth in
these schists is interesting. Some rocks have & simple planar
foliation with evenly spaced well oriented micas. Many rocks
have been affected to varying degrees by a second deformation

resulting iIn crenulation cleavage. In sowme rocks the
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crenulation cleavage has coupletely transposed the older
schistosity into & new {oliation in which the matrix micas are
agaln well orlented. Complete transposition is indicated by
an uneven mica distribution in the mabrix, by the ‘tectonic
segregationt of minerals into lenses pérallel tc the new
foliation, and by the preservation of %true helicitic crenula-
tions, outlined by traces of inclusions, in the saluminosili-
cate porphyroblasts. As In the eastern rocks bath the
andalusite and staurolite porphyroblasts are ususally highly
sieved with matrix inclusions, inecluding iron ors grannles,
the staurslite tending 4o fora gmaller crystals with a more
1dioblastlic shape. Interpenetration twinning is commonly

observad within the staurolite porphyroblasts.,
P

Small garnets are present in many of the andalusite and
stavrolite schists, some being ilncluded within the alumino-
silicate minerals. Chlorite appears to be a primary constitu-
ent in several staurolite schists. The chlorite may occur
either as flakes orierted parallel to the adjacent blotites of
the matrix or stumpy porphyroblasts cross-~cutting the matrix
foliation.

{(¢) Siilimanite-muscovite Zone.

In the western side of the Cambral area the sillimanite
isograd has been accurately defined by a large number of
samples. Sillimanite first appears as stunpy tufts of filbro-
lite nucleated within biotite adjacent to andalusite and
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staurolite porphyroblasts, Althoupgh andalusité and staurclite
may be pressnt well into the sillimanite zons, fibrolite
appeares in all aluminesilicate bearing schists as soon as the
sillimanite isograd is crossed. The growth of sillimanite
depoends only on the intenslve variables, total pressure and
temperature and independent of partial fluild pressures. Thus,
even though the kinetics of transformation may be such as to
prevent a rapid growth of sillimanite from the metastable
aluminosilicates, some sillimanite may commence growling as
soon &s the P totaleY conditions enter the field of sillimanite
stability. The sillimanite isograd is, therefore, one of the
most definitive P-T markaers in the metamorphism of pelitic

schists.

In the northewest corner of the arss kyanite appears in
stable sguilibrium with andalusite, staurolite, sillimanite
and garnet. IHere the F-T conditions at the peak of metamor-
phism wers apparently close to those of the tripls point of
the aluminosilicate equilibrium curves (P 8000 bars, T 350°C),
The small xenoblasts of kyanite, gensrally< 0.5 mmn., distine=
tive because of thelr high reliefl and birefringence &nd pro-
minont cleavages, occur in stabls aasociation with andalusite
and staurolite, There is no textural evidence suggestive of
replacement between these minerals. Flbrolite in the matrix
apparently appeared at the peak of metamorphlism when the P.T
conditions temporarily antered the sillimanite stahllity field.

Although kyanite is relatively rare within these schists,



FIG. 294,
Photomicrograph of andalusite-~kyanite-sillimanite
schist.
Rock A185,750. Location 147.237. Ordinary light.
Strongly cleaved kyanite at edge of andalusite
Xenoblast in quartz-felspar-biotite schist. Some
Tibrous sillimanite near andslusite and outlining

small fold in south-west corner of field of view,

FIG. 29B,

Photomicrograph of staurolite-andaslusite—sillimanite
schist,

Rock A185-716a. Location 152,212, Ordinary light.

Portions of large porphyroblasts of staurolite
(1eft) and andalusite (right) with small aggregate of
fibrolite (centre) in gquartz-plagioclase-biotite
matrix, Iron ore inclusions in staurolite outline
simple internal structure, Skeletal form of
andalusite xenoblast preserves an earlier crenulation

cleavage not preserved in coarse-grained matrix,






large blue blades of Lkyanite are well developed withln associ-
ated segregation velns together with andalusite and silliman-
ite (ses chapter 9). The presence of kyanite in ths western
rocks suggests that a higher pressure of mstamorphism was

reachned in the western portlon of the area than in the eastason.

A8 1n the eastern rocks,the andalusite pérphyrnblasts reach
their maxinum growth on entering the sillimenite-muscovite
zone. They may show complex internal and external textural
relations. ifuch of the andalusite has grown during the early
stages oi crenulation cleavage development associated with a
second phase of deformuation. This 1s indicated by the éreser-
vation of well developed crenulations, sutlined by traing of
matrix Inciusions. Botu staurolite and andalusite are pro-
gressively replaced by both fibrouszs and prismatic sillimanite

within the sillimsnite~mugcovits zorns.

(¢} S8illimanite~Potash Felspar Zone.

Within the sillimanite-potash felspar zone sillimanite is
the only aluminosilicate present in the aluminous pelitie

schists,
Ce. Discussion.

(a) The Status of Sillimenite as an Index lineral of Pro-

gregsive Metamorphlsm.

The close assoclation of sillimanite with zones of . injec-
tion and grenitizatior has given rise to two main schools of

thought fagarding the status of sillimsnite as an index mineral
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of progressive metamorphism.

Some workers (e.gz. Watson, 1248; Wychoff, 1952} have con-
sidered that sillimanite is a metastable phase formed during
the introduction of late stage pegmatitic solutions expelled
from zones of intrusion and rranitization. The ma jor points
in fuvour of this thsory are

(1) the late stage textural relationships which silliman-
lte often displays in high grade pslitic rocks,

A{2) the Tormation of sillimanite in the inner asureoles of
granite intrusions,

(3) the occurrencs of sillimanite In pegmatite and aplits
veins in the 'zone of veins'! surrounding some injection com-

plexes.

Korikovskzii (1983) bhas described the growth of fibrolits
during ths granitization and migmatization of granulitic
gnelsszs in the Stanov Mountaln ranza. He considered that
fibrolitization oceccurred in rocks not already having an excess
of alumina, by a process of acld lixivation connected with the
passage of hot acidle fluldal waves, having a low activity of
potash, through rocks borderins gnelssose granite areas.

These sclutions are considered capable of leaching alkalies
out of biotite, plagiceclase and microcline, and precipltating
Al and 81 1rn the form of sillimanite and quartz. Korilkovskil
concludes that the value of sillimanite as an index mineral

of prograssive metamosrphism has been exageerated.
pPIroz i e
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Otharimetamorphic petrologists (e.g. Welss, 194¢; Sanders,
1954) have concluded that sillimanite is a purely metamorphic
mineral. This conclusion 1s supported by
(1) the existence of mappable sillimanite isograds crosse
cutting tactonle zones which might be supposed to be favour-
able for the influx of solutions,

{(2) %hs great width of some sillimanite zones in areas of

hizh grade regional metamorphism.

The thesis that sillimanite 1s only stable wilthin a particular
P-T fizld 1s supported by rscent experimental work on the
aluninosilicate minerais (Clark, Rchertszon and Birch, 1957
Clark, 192613y 3ell, 1963; KXhltarov et.al., 1963}, These ex~
perinents have Indicated the slugplshness of transformation of
these minerals, also sugzested by pstrographic study, and have
shown that aluminosilicate minerals may persist metastably
outside of their respective flelds of stabllity., However, the
possibility of the formstion of an aluminosilicute mineral out-
side of its own sbability field, must be considered with

extrens cauntion.

Korikovskil (1963) states that in many rocks biotite is
“replaced with sheaf-like needles oif' Tibrolite; the process
begins at the edge of the crystals, then along the cleavages,
and, at last, only yellow pleocchroic remmants of biotite
remain within the fibrolite aggregate® (p.1687). 4 similar
replacement of bilotite 1s described by Tozer (1958) from

gneisses adjacent to the Maln Donepal Granite, and by Chinner
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(1961). Chinner bas ulso considered the possibility of
nucleation of sililimanite within bictite as & favourable host,
In the Cambral area rocks not having an excess of alumina
show a replacement of wmuscovite by sillimanite in the highest
grade rocike, This fibrollite may penatrate into adjacent
grains, inciuding blotits, but there & no evidence to suggest
that biotite has commenced to break down to form fibrolite.

In rocks having an excess of alumina, fibrous siliimanite
first appears as tufts and sheaves of needles embedded within
blotite a2 jacent to aluminosilicate porphyroblasts. Such
rocks ars bounded from sillimenite fres andalusite and stauro-
lite schists by & sharply defined sillimenite isoprad. Within
the sillimanite zone thers 1sg no indication of the fibroliti-
zation cof biotite well away from the andalusite and staurolite
porphyrciblasts. ‘The Ilibrolitization of blotite in the present
area is best considered as & nucleation of sillimanite within
biotite once the rocks having an excess of alumina entered

the F-T sbabllity fleld of sillimanlite.

The formation of coarse sillimanite prisms within endalu-
site porphyroblasts, by the transiforzation of andalusite to
8illimanite within the smpped sillimanite zone, is further
evidencs that the sillimanite zone rocke of Cambrai have, in
fact, entered the P«T stability Tield of silllimunlte, and that

fibrolits is not formed here as &4 metastable phase.

It may be noted here that coarse sillimanite crystals have
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been observed in some of the highly differentiated pegmatitic
aplite Intrusions within sillimanite zone rocks north of the
Kanappa iilne (see Chapter 1l1), but there 1s no indication of
the development of fibrous sillimanite adjacent to these
veins. Sillimanite In metemorphic segregation veins i1s also
confined to the slllimanite zone as defined by the first
appearance of sillimanite within the aluminous pelitic schists,

{b) P-T Conditions indicated by the Aluminosilicate phases.

Until the recent experimental determination of the P=T
stablility flelds of the aluminosilicates andalusite, silliman-
ite and kyanite (Bell, 1963; Khitarov et.al., 1963), a number
of P-T diagrams had been produced based on thermodynamlic and
petrographic principles (Miyashiro, 1543%; Thormson, 1953;
Hietanen, 19563 Schulling, 1957; Sehuiling, lo62). The
temperature values were determlined from exlsting experimental
data on a number of metamorphle reactions, and pressure values
were bused on estlmates of the astratigrephlc depths of burial
during mnetanorphism. Limlted thermodynamlc data on the alu-~
minosiliente minerals has lead Skinner, Clark and Appleman
(1961) to estimate the slopes of the phase boundaries separate
ing the three phases. The experimentally determlined slope of
the kyanite-sillimanite curve 13.2 bars/°C (Clerk, 1961), is
considerably smaller then that predicted, 21.2 bars/°C, thus
indicating the necessity to ennsider horizontal P and T gradi-
ente in progressive metamorphism (Clark, Robertscn and Birch,

1957, 1938) to explain the commonly observed kyunite-sillimanite
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succession in many metamorphlc belts. This a derarture from
the geothermal gradient concept advecated by some mebamorphic
petrologists to explaln progressive metamorphic zeonatlion

{e.ce Schulling, 1958). One of the most startling revelations
of the new sexperimental work is the high pressures necessary
for the Tormation of kyanite. The triple point of the alumino-
silicate diacram lies near T 350°C and P 8.5 Kb. Thus, at
least 8 ¥b., equivalent to about 30 Kn. depth of burial or
100,000 Test of stratizraphic thickness, 1s necessary for
kyanite to forwm at &ll. These pressures are far in excess of
those egtimated from fleld data (e.vs Schulling, 19573 Haller,
1962). Read (1962) has pointed ouit that sctual depths of 30
Em. Tor the Tormatlion of kyunite sre unacceptable, and bas

emphasizsd the lmportance of "geological depth".

Clarlk (1udl) has considered the possibllity of tectonie
overpressures, that is, pressurcs exerted during rock defor-
mation, tos help explain the excessive pressures necessary for
the formebion of kyenite., OClark's calculations suggest the
possibility of an overpressure of abcut 1 Eb. (epproximately
4 Km. overburden) in rocks under a btotal prsssure of about
10 Kb, The presence of postebtectonic kyanite and kyanite in
veing 1n soas kyanite vearing arsas, including the present one,
suggests that tectouic overpressurss do not offer & satisfac-
tory solution in all capes. The exporimental work has also

demenstrated that stearing stress iz not necessary in the



formation of kyenite (Clark, Robertson and Birch, 1957).

The alumincsilicates, being anhydrous polymorphs of & one-
component system, have phase fields which are defined only by
total pressure and temperature and are not affected by partial
fluid pressures, except in =0 far as these limit the stability
of tho anhydrous phases at low temperatures. The total prese
sure may be considered to be made up of three componentss
load pressure, tectonic overpressure and fluid pressure. It
seems likely thaet fluid pressures in metamorphism are nuch
higher than have gensrally been corsidered, and that these
have made & conslderable contributlon to the total pressure of

metarnorphisa,

From the aluminosilicate diagranm it can be seen that the
lowest temsperature at whiceh siilimanite can form will be at
the P-T conditlons of the triple polant (T 350°C and P 8.5 Kb.).
The occurvence of the three polymorphs in ths northewestern
portion ol the mapped area, indlcates that the F«T conditlons
of the iriple polnt were reached here. It 1s interesting to
note that the plagicclase lun equlililbrium with epildote In calc-
silicate rocks adjacent to these andalusite~kyanite-sillimanite
besaring scehkists has & composltion of An 27, If this value is
applied to Ramberg's (1549) plagicelace~spldote equilibriuw
curve & temperaturs of 350°C is indieated, in remsrkable,
although, perhaps fortuitous, agreement with the tenperature

of the triple polnt.
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As the sillimanite lsoprad is followed away fpom the northe
west corner of the arei kyanite becomes progressively less
stable, until only andaluslte and sillimanlte are pressent in
the eastern portion of the area, A4ccording to the steep nega-
tive slope of the andalusite-sillimanite curve in the eguili-
brium diagrau, the sililmanite lsograd In the eastern part of
the aree indicates a tamperature in excess of 350°, perhaps
400°C, and sressures less than 8.5 Eb. perhaps 7«8 Kb.

Becauss of the small size of the area &nd the lack of evidence
for mcore than one major pulse of webamorphism, it is unlikely
that the lower total pressures indlcated by the andalusite-
81llimanite mebtamorphinm on the sastern side of the area can
be attributed to lsassar dspths of hurial, or sm&ller tectonic
overpressures. It 1s coreluded that fluid pressure variation
must explain the increasing total prassure towards the western
side of tue area. This conclusion is also supporied by the
nmarked suppression of reactions releasing volatiles 1n passing

from the eastern to the western rocks. (See Chapters 6 and 7).

{c) Hotastable Aluminosilicate Poases.

Theoretically two aluminosilicate mlnerals should not co-
exist excert at the P-T conditions of the phase boundaries.
The comunon oveservation of two aluminocsilicates iIn association
over & wlde portion of the metamorpulc sequence In the present
area, is by no means unigue, and has been noted by numerous
workers in other metamorphic belts. The slugglisitness of the

polymorphic transformaticns is well documented by the
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experimentalists (Clark et al., 19573 Bell, 1963). Chilnner
(1961) has consldered that this sluggishness is related to a
band of indifference, induced by the low free energles of
phase chunge in these minerals, in which one polymorph may
persist metastably within the stability field of another.

The presence of two phases in association may also he ailded
by the presence of certaln foreign lons, such as in In andalu-
s8ite. In ths present area andalusits and stauroclite may per-
sist well into the sillimanite zone, especlally if these

minerals are protectively enclosed within quartz or felspar.

The occurrence of ths three aluninosilicates, kyanlte,
andalusite and sillimanlte, together with staurolite, in the
aluminous schists in the north-west corner of the present area
must a8lsc indicate a certain degrees of metastability under
P-T conditions close £0 the triple point. Similar assemblages
have been described by Hietanen (1854, 1961) from Idaho,
Chakravarty (1960) from Indla, and Wocdland (1963) from the

Burke area, Vermont.

(d) Comparison with Other Areas of Andalusite-staurolite

Metamorchism.

A number of close simllarities between ths metamorphism of
the aluminous schists at Cambrai and some other andalusite-
staurclite=sillimenite metamorphic belts, emphasizss the
necessity to consider andalusite-staurslite-sillimanite meta-

morphism as a unique metamorphic facles serles (the low
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pressure Intermedlate type o7 Mivashire, 10¢61). Weodland
(1262} bas deseribed the almmincus eohiphe of the Burke ares,
Vermont, The presenes of ehlorlte rvorphyroblasts In the low
grade mocks, the partilsl inversion of andalusite to priematic

siliimenite, with the rrowth of flbrelite In nearby bintite

(which Wosdland attribtntes to bhistite decompositien), the
poor dszyee of grain srowth in the mstrix uvntil the o11limar-
1te zone {althoush the metamorphic minerels appear to demonw
strate arprozimate equilihrltum), the assoelation of granitoid
Sptrusione witl motamorvhiasm, end tha development aff the neto.
morphic dlimex during and afiter 8 second deformation phese,

are Toabuiven eoqamon ko bokh the Vavmont and Cambral areas.

s recornition of various Pacles series bazed on varying
=) X oy

total nressures during matanorphiam (Myashiro, 186 1) hasg dis-
couraged the strict sab=divislon of metanorphism inss "con-
tact" and "regional® types | qrn;ﬁ and Verhooren, 1661, 1680).
Regional sequences of andaluslte-sillimanite and andalusite-
steurolite metamorphism, known as the Bucran Typa (Rsad, 1652)
or thas asbukume Type {¥Migashiro, 129€l), ave now wecogrlsed
throusbout the world., Reziopal andaluslite-siliimapite wmeba-~
morphism le described from the Abukanma Plateau, Tapan
(Miyashiro, 1958, Shido, 1953}; Cooma, Yew Zouth Wales
(Joplin, 1942); albury-ilelong~Wantabadgery-Tuaburumbs region
of Wew 2outh Wales {Vallunece, 1053): Celebes (HMiyashiro, 1861);

and southern Califorria. 4 3lichtly hisher pressurs apdalu-

gite-=stavrolite mstamorphism e vesornised ir

22}

cotland (Read;
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1923, 1952); Finlend (iskola, 1927); Xorea {Yamaguchi, 1951;;
Jupan (Ishioka and Suwa, 1956); New lngland (Green, 1963;
James, 1955; Woodland 1963; ete.); Pyrenees (Zwart, 1963)
and the 0Olary Province, South Australia (Campana and King,

19358).

The eastern side of the lit., Lofty Ranges as exsmplified by
the present area, has been metamorphosed under P-T conditions
typical of andalusite~staurolite-cordierite-sillimanite Buchan
Type mstamorphism. We have seen that kyanite appears in the
alumincus schists on the westaern zide of the Cawubral area,
indicatinz increasing total pressures to the west. West of
the nresent mapped area, the cenbral axis of the Mt. Lofty
Rance metamorphic helt is occupled by sillimanlte grade
gneisses and zones of granitization. On the western Flanks
of the metasorphic balt in the Willlamstown reglon the pra-
sence of andalusite has not been authenticated, and the meta-
morphism appeara to be of the kyanite~slllimanite type
(Alderman, 19423 Mills, 196%). At least two cther metamor-
phic bhelts (Wew Bngland and the Scotbtish Highlandg) are known
to show cradations hetween the andalusite~staurolite~siliinan~
ite seguence and the kyanite-sillimanite sequence (Chinpner,

1962).
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CHAPTER B

BYTHOPHYLLITE AUD CORDIERITE SCHISTS,
Introluction.

Anthophyllite is & widespread mebtamerphic mineral through-
out the bigher grade portions of the Ht. Lofty metamorphic
belt. Extensive occurrences of anthophyllite bsaring rocks
have besn recorded by Chinner (1¢58) in the Tanunda Creek
area, and by White (1956) on the Munnum one-mile sheet (White
an? Thatcher, 1957). Anthophyllite schists are also common
in the foeky Gully-Monurto area west of lurray Bridge (Johns

and Kruger, 1949).

Judging from the literature cordierite is of much more rz-
stricted occurreace in the it. Lofty Runges. Cordlerite
bearing eocks have not been recorded Trom the central or
western vorbions of the metamorphlc belt, and seem to be con-
fined to a narrow zoneé uuzging the sastern side of the ranges,
extending from the present area throuzh Palmer, Reedy Creek

and Rocky Gully.

Enotted cordierite and andalusite schists &re well devel-
oped in bands within hornfelsed quartz-blotite schists ad jaw
cent to the Victor Harbour-~Encounter Bay granlite (Srowne,
1920; Howes, 1954). Away from the granite contact the
country rocks, mainly feolded guartz-felspar-blotite schists,
belons to the biotite zone of regional metamorphism. Closer

to the granite contacts these rocks have been recrystallized
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to a more decussate hornfelsic texture, and contain local
bands of cordierite, andalusite, alblte and chlorite bearing
rocks. DBowes {1954, p. 199) considers that these rocks have
resulted from the overprinting of the reglonally metamorphosed
schists by a later contact metamorphism associated with the
intrusion of the granite bathylith. Bowes (p.195) found no
evidence pertaining tc the order of appearance of the minerals,
and tho cordierite and andalusite seemt o have grown contem-
poraneously. A stable eordierite-andalusite assemblage within
some of the contact homfelses indicates a low pressure meta-
morphic envirpnment characteristic of hornfelses adjacent to

bigh-level plutonic intrusions (1iiyashiro, 1961).

The cordierite rocks of Roeky Gully, Reedy Crsek and the
pressnt apsé are Aifferent from those adjacent to the Victor
Harbour-FEncounter Bay granite. On the eastern sife of the
ranges the cordierite rocks have a wmore regional distribution,
are limited to the sillimanite zone of metamorpblsm, and thse
association of andalusite with cordierite Is unstable. Gvie
dencs Irom the resent area indicates that the eovdierite has
grown through reactions involving the bresake-down of former
andalusite and stuurolite near the lower boundary of the
sillimanite zone. Tha metamorphism in these areas is sinmllar

te the Ruchan type ol Aberdeenshire {(ilead, 1952).

Johns and Kruger (1949) have recorded & numper oi cordier=
1te bearing assemblages from the Rocky Gully-iHonarto ared,

put do not dlscuss the cordierite paragenesis. ‘hese rocks,



whick oceur near the western margin of ths Murpay Eridge
granite bathyllith, are described as bsing of high netamorphle
grade, and are assoclated with partially mipmatitic gnelsses
and schists., The authors seen to rezard these high grade
rocks ag part of the contact aureole of the granite, but it
18 not claar what actual effects the granite intrusion has

had nn the hizhegrade reglonally metamorphosed rocks,

4 siwilar problem arises in the Teedy Creel area, south of
Palmer, where Sando {1957) has described sparse but lasrgs
knobs of cordierite within high grrade pnelsses and cordierite-
anthophyllite schists adjacent te the western contaet of the
Reedy Crsek granodlorite-tonalite mmss. Hers too, it is not
yet clear vhat metsmorphic effects the intrusion of the
grancdiorite mass has had vpont he nigh grade rezionally mela-
morphozed wocks, and the status of azordisrite cs a "contact"
mineral i1s in doubt. White (1¢58) Assz not record cordlerite
in the Palmer arsa, althouszh 1t seens likely, from the present
study, that cordierite might be found in the Palmer-tillendella

region,

{(a) anthophvyllite &nd Cordierite Nocks from the Gambral

AYe4 .

-

Anthophyllite and cordlerite hearing rocks appear jJust
before the =illimanite mone, and ars stable tc the highest
grades of metamorphism rsached in the present area., These
rocks are ususlly linltsd to sparse and narrow stratigraphic

horizons, but anthophyllite Is more widespread 1ln the western
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part of ths aresa where 1t occurs in vlace of blotite within
parts of the main arkosa formation, acz described pravicusly.
Cordierite assemblages are much less common than those cone-
taining anthophyllite. In some rocks anthophyllite and
ecordlerits form a stable assoclation. The ecordierits has a
regional distribution unrelated to local iIntrusiva activity,
and this wnineral is notably absent from the kyanite zons

rocks in the northewest corner of the area.

The following assemblages have been cbserved:

Anthophyllite baaring rocks.

(1) Quartzeplagiosclase-biotlte-anthophyllite~czarnet.
(2) Quartzeplapgioclase-blotite-anthophyllite.

{3) Quartze-rlagioclase~anthophyllite.

(4) Flagloclage-anthophyllite.

Cordierite bearing rocks.

(3) CQuartzeplagioclase-bictite~muscovite~cordierite-
sillimanite.

{(8) CQuartzeplagicoclase-bictite-nuscovite~cordierite.

{7) OQuartzsplagicclase-biotitew~cordierite~sillimanite.

(8) Quartzeplaglioclase-blotite~cordlerite.

Adnthophyllite~cordierite bearing rocks.

(9) Quartzeplagioclase-blotite-cordierite-anthophyl-
lite-garnset-chilorite,
(10) Guartzeplagicclase-biotite-cordierite~anthophyl-

lite-chlorite.
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{11) Quartzeplagioclase-biotiie~cordierita-anthophyl-
lite-garnet.

(12) quartz-plagioclase~blotite~cordierite-~anthophyl-
lite.

{(13) Quartz-plagicclase-biotite-cordierite-anthophyl-

lite=dravite-chloritsa.

Hach of thess assemblages may be accoupanled by the accessory

minerals tourmaline, apatite, zircon, iron ore, sphene, rutile
or monazite. It must be noted that ths term anthorhyllite has
been used here in its gensral senss, covering both trus antho-
phyllite and gedrite cowpositions. From the alualnous nature

of the aasociated minevals 1t seems »robable that the antho-

phyllites approach & gedritlc compositlon,

(b) Anthophyllite and Cordierite Rocks from the Hastern

Part of the Area.

(1) Biotite zone and sndalusitee-staurolite zone.

¥Within the well defined progressive mstamorphic
sequence on the eastern side of the area, anthophyl-
lite and cordisrite appear more of less simultaneously
just prior to the initial appearance of slllimanite in
the aluminous pelitic schists. At lower grades these
rocks may be represented by blotite-chlorite, bilotite=-
staurolite and biotite-andalusite schistes. Wlthout
chemical anlyses it is not possible to determins which
particular low grade schists are liable te yleld

coprdierite and anthophyllite at & higher grade of



w
[N

metanorphisn.

The lowest grade rock to contain cordierite (spe-
eimen 508, location 227,148, assemblage (2)) 1s a fine-
grained uniforw non-laminated grey quartz-relspar-
biotite schigt contalning nuserous darkegrsy ovold
cordisrite Xenoblasvs to 4 mue in length, slongated
parallel to the schistosity. The rock was found at
thie northern margin of & largs dolerite mass, bub
appears to represeit the flrst appearance of cordlep-
ite withln the pegionally mebamorphosed ssguence. In
thin slice the rock matrix has a zrain siss of
Ne25-0,15 mme, wit? small strongly aligned dark brown
Dilotites evenly spread in granaelar quartze-albite.
Small pale~green pseudo-isotrople chlopite flukes are
dlspersed through the bilotite materix and sgppear to
balonz to the primary assemblage. Diffuse ovsid
xencblasts of cordierite are highly sieved by matrix
Inclusions, and are commonly enveloped 1n thin rims of
isotrople alteration products., Swpall granulss of
stanrolite ars closely associated with the cordierite
in three ways., Plrstly as ragsed pslice within ths
cores of aoma cordlerites. 8Saccndly as swall granules
asually enclosed within the lsobrople clay-like alter-
ation products »imaing the cordiepritss. Toirdly as

-

traing of sm&ll granules along sparse syn=metanorphic



micro=-fractures where these eut the cordierite
poikiloblasts. Following these shears into the matrix
it ls seen that fresh bictits is orliented within them.
Sone pale green chlorite flakes appear within the
shears adjacent to the cordierite. Within the matrix
rars groups of anthophyllite prisms ars surrounded by
chlorite frec marginal zones, suggesting that the
anthophyllite may have formed from this mineral.

Small {0.2 mm.) pink isotropic idioblasts of garnet are
spurse, but widely dilspersed through both the matrix
and cordierite xenoblasts. There 1s no evidence for
the disequilibrium of cordierits and garnet. The
schistosity is not deflected by elther the cordierite,
anthophyilite or garnet, &ll of which appear to be of

post-tectonic growth.

The much rsaduced quantity of blofite ard the
presence of staurslite relics within the cordisrlte
xenoblests, indicates that the cordierite has Iormed
by a reaction Involving hoth of these minerals, and
perhaps chlorite also. A slight reversal of thls reac-
tion under f2lling temperaturs would aeccount for the
appearance of staurolite gramiles at the cordierite
mépgins, and within the shear planes. Thsse relations
are expected where the P=T conditlons ere on the

threstold of ths reaction foruing cordierdits from
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‘ataurolite and blotite.

A nearby cordierite~anthophyllite«chlorite schist
{specimen 525, location 228,176, assemblags (10)),
11lustrates the formation of anthophyllite from
chilorite. This is a8 light srer rock with compositionsl
layering outlined by alternuilng co@rse (0.2 ma.) and
fins (0.05 mm.) quartz-alblte layers and bunds rich in
pearly honey-cclonred anthopbyllite. The anthophyl-
lite forms large radlizting sheaves and priszms set Iin
& fine granalar matrix of quartz and plagicclase, 1in
which pale ehlorite an? platy iron ore defline a strong
foliation. The pale, almost colourless, anthophyllite
is often closely intergrown with the neur colourless
to pale green chlorite (birefringence .009,+ ve).
Progressive gradations from an intimute mixbure of
poorly crystallized anthophyllite and chlsrite, through
a8 more recryvatallized mottled anthophyllite with rare
chlorite relics, to welleformed pediating sheaves of
tapered prisae of anthophyliite cleared of chlorite,
mav be observed. These relations indicate the forma-
tien of anthophyllite from originel chlorite., 4
depletion of cuartz adjacent to the newly formed an-
thophyllite prieonms supgests that this mineral is also
used in the rsaction. Rare rale green-brown bictite
flakes are alsn present in tha matrix, but these play

ao part in the formation of the amphibole, Flattened
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ovold xenoblasts of cordierite to 3mm. in length,
sieved with metrix inclusions, have apneared in some
layers, but there is nothing to sugeest ths manner in
which this cordlerite may have formed. The cordier-
ites have undulose extinction and distinct yallow

pleschrole halos, but no btwinning.

{(2) 3iilimanite-nuscovite zone.

w e

South of the HMarne fdiver and north of the
b3

Ranappa Mine, within the sillimanite-muscovite zone

of metamorghismn, several narrow beds of knctted cor-

id

%

ilerite scilsts have been observed. These occurrences
contaln the freshest and best developed cordierite in
the area, some rocks having glassy grey ovold cordler-
ite xenoblasts 1 cme. In dismater, Compired wlth thas
rocks described above, the mabtrix gralne-size in these
roclts has increased nobticeably, so that the biotite
flakes and interstitizl quartz and plagloclase grains
ara readily discerned in hand spscimens. The bilotite
fiakes are moderately oriented intec & preferred
schistoslity and are commonly concentrated into foliae,
or have an lrersgular distribvution which may be related
to gither original bedding lauination or astamorphic
segregation. In soris rocks & slight wavyness of the
foliation 18 observed. Tuie isg expressed by irregular
shallow folds ia ths materixz and diversion of the foll-

ation about the largs cordierite porphyroblasts. Orpen



FIG. 304,
Photomicrograph of cordierite-anthophyllite
schist,
Rock A185.413a. Location 222,139, Crossed polars.
Bladed anthophyllite penetrating into large
cordierite poikiloblast. Matrix consists of quartz

prlagioclase and biotite,

FIG. 30B,
Photomicrograph of cordierite schist showing
twinning in large cordierite poikiloblast.
Rock A185-829. Location 221,142. Crossed polars.
Other minerals present are plagioclase,

andalusite and tourmaline.,
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weshaped trains of aetriz incluslons wi thin the
cordlerites ln such rocks saggest slight syn-tectonic
satlon during growth. In some single cordierite
crystals the inclusion trains show rotations of up to
$0°. The possibility of syn-tectonic cordierites has
been consldered by 3chreyer {198%). These structurss
may ba attribubed to the lwmpositlion of a weal erenu-~
lation cleavage on the rock during cordierite crystal
growth, Other rocks have apnparsntly escaped this late
deformetion and planar traces of matrix inclusicns in
the cordierite pass into the matrix foliation without

adlsturbance.

The quartz and plagioclase granoblasts of the
matrix have a varliable grain-size of 0.05-1.0 mm. from
roskK to rock, the average grainesize being near 0,2 mm.
In some rocks the quartz and plagloclase inersase in
zralnesize adjacent to the cordierite knots. 3Both
guartz and plagioclase generally lack avidence of post-
tectonic straln. The plugioeclacse 1s albite to albite-
oligoclase in composition. loderately orilanted stumpy
biotite flewes are abundant in the matrix, althoush
decraasing irn smount ad jecent to cordierite. The
biotite is 1ittle alberad erd hes & wide variety of
pieochrolc schames, the Z-axial coleoursg rvanging fron
mustardegreen, Lo mastard-browr to nid-brown, to a

deep red-brown. In the strongly pleochroic red
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biotites, bluck pleochroic halos are common.

Andaliueite and staurolits relics are preserved as
cores within many of the larger cordisrite porphyro-
tlacts,. Tre andalugite and stzurolite are concsig-
tently enclesed within the cordierite, and there 1s no

gvidence for the stable assaciation of cordierits with

CD

Ither of these nirerals, The degree of parsistence
of these relles is related to the avallability of
guartz and/or biotite, which are used in the formation
of cordierite. Thus quartz, and sometimas blotlte asg
well, Is depletaed from the matrix adjacsnt &5 the
cordierite porchyroblasts, and with llulted diffusion
through the cordierite, the reaction ceases. The
aluminosilicate reliecs are sometines quite large,
reaching almosst 1 cem. In width in some vorphyro-
blasts. In other cases only wmirute granules may be
preserved within the cores of the cordierite crystals,
Tre relles usuvally contaln treins of minube inclusions,
much smeller than those in the surrsunding cordierite,

traas indicating an carlier stace of crystal growth for

@A

the aluminogilicstes., The minute Irncluslons are ofben
arreyed in rlacves, indicating the growth of the
alumincsilicates alfter the forawtion of tha cleavage

agsoclated with the first, and major, vhagenf folding.

A

Belng within the =silliinanite zore boith the
(%
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andaiusite and staurolite reilcs have begun to break
down to slllimanite. This is evidenced by the growth
ol coarse sillimanite prisms wlthin, and near, the
aiuminosllicate relics encased within the cordizrite
corphyroblasts, and by the growth of fine sillimanite

fMibres In the metrix without,

The sillimanlte prisas may reach 1 mm. in length
and 0.1 mm, in dlameter, and &are lnvariably idioblase
tilc towards the enclosing minerals. In cross-section
the prisms have a strong {QEG} cleavage, and are seen
to possess sinple {;10} erystal faces, unmodified by

the vresence of {010} pinacoids.

The sillimunibe prisas withic the staurolite have
a seemingly random orientation, with no relation to
the staurolite lattice structure. With further growth
of cordlerite and corrosion o7 the staurclite, the
sillimanite prisms are left smbedded wlttin the cor-
dierite, where they show no observable corrosive
feabures, and appear to be in stablz asscciaticon with

the cordlierite.

The sillimenite prisms within the andalusite
relics, however, have a unlque orientation, which is
clearly related to the andaluaite lattice. The prisas,
although usually isolated from each other, are in

perfect parallel lathice aligrment. Where the



andalusite is still pressrvesd

c~axes of the gillimanite and the c-axes of the anda~
lusite are parailel, This topic will be discussed

farther at & later stage.

Thus, althourh andalusite and staurollte are
clearly metastable, sillimanite appears to share a
stable relationshin with the cordlierite. This is indi-
cated not only by the lack of corrosion of the silli-
manite prisms, but also b§ the preservation of flne
gillimenite Fibros near the adge of the cordierite
porphyroblasts. Within rocks contalning anthophyllite,
sillimenite 1s absent. This i1s to be expacted from a

eonsideration of the AFil diagram (Figure 31).

The cordlerito porphyroblasts are larze and
xenoblastic and often show a preferred growti along
tha wealk rock Tollation. A few rocks have large
condlerite xenoblasts wlth no saluminosilicate relics.
Thagse cordlerites, although contalning trains of small
inclusions of bictlte, quartz and felspar, are un-
ptrained, and show sharp uniform extinction. In those
rocks wilth aluminosilicate relics within the eordierite,
the cordierite porphyroblasts may be structurally
divided into two portions. An inuer zone &djacent to
the aluminesilicate relics consists of a polygonized

mozalec of cordierite sub-grains in semi-parallel



FIG. 31,

AFM diagram for cordierite-anthophyliite rocks
showing the absence of a stable assemblage of

sillimanite-anthophyllite°
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orientation with the main ocuter portions of the porphy-
vroblasts, which, altbough having bletite and felspar
inclusions, have an unstrained appearance, Poly-

gonlzed mozalics within large crystals are usually a
result of recrystallization after straln. The absence
of strain in the oubter poriions of the porphyroblasis
reflects a lack of postetactonic strain in the roeck as
a whole. The consistent occurrance of the nmozaice

gd Jacent to the aluminosilicates suggests that the

gtrain way have resulted from theemal contraction

eflfacts on cozling (Rosenfeld and Chase, 19£1).

Weakly developed hour-glass twins are rarely
developed witiuin the cordierite; they occur most coni=
monly withln the polygonlzed grains., The yellow
pleochrolc halos, so typical of cordierite; are usmlly

1,

abgant .

Alteration of the cordlorite is coumon. In hand
specimens glassy cordierites are often rimued by a
brown halo of an lsotropic alteration product. Rarely
the alteration product consists of a Tlaky clay-like
mineraloid with a very falnt birefringence. A similar
alteration of cordierite is described by Schreyer and
Yoder (1961) and Layton (1%63). 1In other rocks the
cordierite 1s replaced by a zmut of fine sericite and

chlorite. This zasricitic xat often shows ralic
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cleavage structures inherited from the cordierite, and
1 many cases the sericite flakes are sub-aligned

wivhin a particular direction in relation %o these

relic crystal planes.

In rocks lacking aluminosilicates, anthophyllits
Wy appear a&s sheaves of idioblastic prisms stable with
both biotite and cordierite. Muscovite appears to be
stable within these cordierite rocks but has been
ohserved only once. Then it occurred both as snell
stunpy grains within biotite in the matrix, and as
pegtetectonic porphyroblasts near, and enbedded within,

the margins of the cordlerite porphyroblasts.

A late formed pale-green chlorite is common, in
small amounts, Iin many ol thess cordierite rocks. It
appears as a direct alteration product psendomorphing
hiotite flakes and as cross-cubting flakes replacing
biotite adjacent to the cordisrite porphyroblasts.

It 1s doubtful whether this chlorite has the status of

& stable primary alneral within the rock assemblage.

Of the minor constltusnts 1lron ore and tourmaline

are partlcularly common. fThe ore oceura as abundant

fmle
o

Inclusions within the cordierits, perhaps in part in-
herited from the formsr alusninnellicatas, Tut is rars
within the rocl matrix. Tourmaline 1s zhundent as

small zoned gruins with various plesehrolc schemes in



FIG. 32A,
Photomicrograph of oriented prisms of sillimanite
replacing large xencblast of andalusite with

cordierite and some plagioclase forming a general

background,

Rock A185-413¢c. Location 222.139. Crossed polars.,

FIG, 32B,
Photomicrograpn of staurolite porphyroblast
rimmed by corona of cordierite. The matrix consists

of gquartz felspar and biotite,

Rock A185-829. Location 221,142, Ordinary 1light,
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blue-green and yellow. In some rocks the abundance of
tourmaline sngrests a rartial metamorphice origin. In
other caces the close association of the tourmaline
greins with dicstinet zireon-iron ore heavy mineral
laminations reflects a sedimentary origin. The abune
dance of dravitic tourmaline within roek 375 (location
232,165, assemblage (13)) sugsests a metamorphic or
metazomatic oricin., A fuller description of this rock
18 presentsd in chapter 10 nnder "Tourmaline metasoma-
S$isu'. The commonly reported occurrence of tourmaline
in cordierite bsaring rocke (2.g. Tilley and Flett,
1930) suggests that the original sedimenis giving rise
to these rocks might be somewhat more enriched in

boron than the average shale.

{87 Sillimsnite-Potash Felspar zone.

South of Xanappa lNine, btowards Saunders Oreek,
within the sillimanlte-potash felspar zone, the asson-
klage cordierite-potash felspar, although probably
stabls, has not been observed., The roeckrs of this area
have been altered, safter sheuring, through a late
stage pervasion by hydrous fluids. Fresh cordierite
has not been found, although serieltic pseudomorphs of
this mineral are comnon, especlally within anthophyl-
lite bearing rocks. In most cases anthophyllite has
alase suffered fracturs and sxtensive alteration

Shrough various stages to pales-green chlorite., Even
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when conmpletely altered the prismutic shapes are dig-
tinctive. A somewhat less altered light coloured rock
from just south of the Kanappa HMine (specimen 462,
location 217.106, assemblapge {1)) has & weak foliation
and a preonounced lineation due to the aligament of
red~-brown blotite flakes and anthophylliite prisms
within 8 filne~grained quartzelelspar matrix. The rock
8 studded with widely dispersed small (0,3 mm.) ruby-

red garnet dodecahedra.

Garnet is also & common constituent of many ol

thie move albsred anthophyllite rocks from further south.
These garnets, although having a few quartz inclusicne
in their coreg, are usually i1dioblastiec In outlline and
may reach 2 mm. in diameter., OCcecaslionally within the
one thin sectlon a8 progressives alteration saqusnce »of
garnet is geen. resh idiohlastic garnets are frac-
tured and become partially, and then wholly, replaced
by fine matted chlorite. A further stats of albteration,
seen ln some rocks, iIs a dscomposition of the chilorite
4o Dine feathery serlcite, with ths expuleion of ivron

sz limonite. At this stage the 1dioblastic pgarnet
outline is still perfectly preserved, iandicating

static replacensnt. Blotite, although sometlimes re-
placed by chlorite, 1Is generally not much affected by

this late stage slteration. The plagloclase may

hocoma slightly clouded. The late stage pervading
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solutions appear to have besn rich in potash.,

Lc) Anthophyllite and Cordierite ldocks from the Western
Parlt ol the Lrea.

(1) Andalusite-staurolite zone.

Cordlerite Tirst appears in the westorn portion
ol the area Just before the first azppearance of s11li=
manite. Again anthophyllite enters almost siwmultane-
ously. The presence of staurelite relics in some
cordlerites suzpests the cordierite has agailn formed
in part from this aluminosiliicate. The first appear-

ance of cordisrite in the weetern rocks is marked by

0

pecimen 340c (location 174.139, assemblage (8)).

This 1s an exceptionally fine-grained massive buff-
coloured rock in which closely packed ovoild cordierite
zencblasts are barely distinguishable in hand specinen.
In thin section the cordierite appesars as 1 mam,
peikiloblasts covaring about 609 of the slice. How-
ever, the polkiloblasts are so hipghly sieved with fine
matrix inclucions that only about 10157 of the slice
ig actuslly cordisrite. The cordierites ars smbedlded
In a foliated quartz=-felspar-blotite matrix of excep-
ticnally fine grain (0.95 mmJ. The norphyroblasts are
marked of T by & thin isotropic altzration rim and by
the lesser anundance of pale-~brown biotite among the

inclusions compared with the matrix.
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() Sillimanite-muscovite zone.

Within the sillimanite zone, sillimanite may
apuzar in the cordierite rocks lucking anthophyllite,
(esg. rock 323, location 181.125, assemblage (5)).
Rock 323 is a lightegrey bedded slightly schistose
granofels in wnich ovold glassy grey cordierlte por-
phyroblasts, to 4 mm. across, are flattened within the
schistosity. 1In thin sllce the texture appears rather
aven, and at {irst sight there is no sign of the
sordisrite. Ths presence of distinet plecchrolce halos
reveal the cordlierilte as very diffuse skeletons inter-
stitial to the quartz-felspar matrix., Within the
cordierite polkiloblasts the red-brown biotite 1s cone
giderably depleted., A few andaluslte relics occur
within the cordierite and [ibrous sillimanite 1s coa~-
mon within the mabtrix, where it has nucleated in
bistlte, especlally in those flakes near cordilerite
containing andalasite relics. A few muscovite flakes
in the matrix also appear primary. The guartz-felspar
matrix of thiz roeck, and several of the other low
zrade cordierite and anthophyllite rocks, is very
fine-grained and weakly recrystallized. The [ine
grainsslze o7 the matrix is in marked contrast to the
larze skeletal cordierites and prismatic anthophyllites.
Strings of rutile, apatite, tourmaline and zircon oubs

line bedding plane laminuations.
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Roecks 397 and 202 i1llusivabe Tesntbures characters~

istic of cordieritee-anthophyllite rocks within the

)

eillinanite zone. Hock 397 (location 164,138, asseme

o

&

blage {12)) 1s a greeneblack coarse-gralned moderately
follated cordierite-anthophyllite~blotite gnéilss,
Large sheaves of thin anthophyllite prisms,scattered
biotites and occasional cordierites are seb in a fine
to medlum~gralned gquartz-fslspar matrix. There is a
suggestion of minor folding of some of the anthophyl-
1ite and bilaotlte rich portions of the rock, which zay

be rslated teo & weakly developed crenulation cleavags.

T

e anthophyllite erystals reach 1 em, In length and
cenerally occur in aggrevates of crystals in sub-
parallel orientatlion. The amphibole is pleochreic

X lemon, Y green-yallow, % blus-zrey and rare halos
sceur aboub swall radioactive incliusions. The antho-
phyllite is in stable association with 2 deep mustard-
ersen biotite. A granuler quartz~-plagioclase matrix
mekes up some 60F% of the rock. The cordierite
poikiloblasts, which reach 1 cu. across, show 2 ten-
dency for preferrsd growth In the sehistosity. Some
of the xenoblasts have a r»ather twisted form indicate
ing growth of the crystals around shullow miero-folds
1n the matrix, or slight rotation in growth. Iron
ore, biotitz, guartz and rare anthophkyllite and

ataurnlite reilcs occur as inclusions. Although the
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cordlerite may be strongly sericltized, the enclosed
biotite and anthophyllite remain unaffected. Antho~
phyllite iIncluzions within the cordlerite have a
corroded appearance when compared with the sharply
edged prisms in the matrix, This suggests that the
anthophyllite may be involved in the formation of the
cordlerite. Tock 318 (location 169,102, asscmblage
(2}) contains large (2 mm.) poikiloblasts of what, at
first, appear t2 be fresh cordierite. The rresence of
some flne lamellar twinning also sugzgests plagloclase.
X~-ray cowder photospaphs indicated that these porshyro-
blasts were placioclase, and that no cordierite was

present in the rock.

Rock 302 {location 174.104, assemblage (12)) is
& 1ight coloured platy quartzoefelspathlc znelss, in
which pale blcotlite and anthophbyllite, within the
gneissic layers, cutline & distinet foliation and
lineation. This rock would be unremarkable but for
the fact that the cordiesrite has & strong preferred
ecrystallogruphle orientation. This orientation has
been studled and the results will be presented in
chapter 13. In thin slice thin layers of anthophyl-
1ite and cordlerite outlins & gnelssle fexture in the
quartz-felspar-biotite matrix. 7The anthophyllite is
falintly esloured and almost imperceptibly pleochrolc,

An alignment of the prisms within the feliatlon gives
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wWithin other gneis-
gic follae cordlerite forms flat lemsoldal gralins up
to b wie in length. The cordierite has suffered
partial alteration tc sericite and chlorite., Iate
decussate flakes of a very pale chlorite (+ ve,H=,009)
ave associated with the cordierite and anthophyllite.
hogin there s some doubt concerning the primary or
secondary status of this mineral., The matrix (85%) is
largely grenohlastic quertz an? albite-oligoclase with

& prain size near 0.15 mm., containing sparae flakes

of & pale mid-hrown blotite.

;
9

() Sillimarite~-potash felspar zone.

Only two occurrences of knobied cordisrite gneis-
ses are known from the migmabite zone in the south-
west. These are located at 152.181 (specimen 2£6) and
at 158,112, Both of these recks have sufllered almost
comnlete serieitization of thelr original cordlerlte,
an X-pay exsninatior of the centre of z larze 3 cu.
nodule from specimen 226 indicated the presence of
cordisrite. 'Tie cordierite nodules are smbedded with-

in & biotits prlich

ok

D)

greisgoss matrix. The b te

fets

pecurs in coarss (0.5 mm.) stumpy flakes which have a
tendency to segregate into irregular sehllarsn paral-
1ol to a follation within the gquartze-sligsclase

matpix. The biotite has been largely altered from a

ped-brown to & cresn-grey variety. The green bilotltes

e o
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1a in the process of further alteration to chlorite.
4 distinet neormal zoning characterizing the plagio-
clzse grains 1s, no doubt, &also connected with these

late retrogressive changes.

Several bads of dark follated, and sometimes
lineated, anthophyllite amphibolites have been
observed in the western portiocn of the area. Sone cf
the freshest, and best developed, anthophyllite speci-
mens come from & number of beds in an anthophyllits
rich zone lying stratigraphically sbove the main
arkose unit on the western margin of the area. CSome
of thess rocks are made up sntirely of plagloclase and
anthophyllite, while others also have quariz. Apatites,
ipon ore apnd sphene are commoa accessory minerals.

The amphibole forms clear idioblastle ipdividuals with
rew inclusions. The anthophyllite has well developed
closely spaced {210} clsavages, and usually have a
simple {210} prismatic form, Cross-fractures, near
basal rartings, are often present. The sranular
plagioclase matrix is usualiy of albite=ollgoclase

composition, but rarely bscomes lapradorite.

An unusual dark-green fine-grained nematoblastlc
garnet=anthophyllite rock at 155,131 (specimen 276,
assesblage (1}) shows evidence of strong micro-folding

of the anthophyllite during a phase of crenulation
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cleavage develocment. Some of the numercsus idloblas-
tic zarnets through the anthophyllite~quartz matrix
show some evidencs of vrotation during growth, The
arthophyllite spindles, embedded iIn quartz, are seen
%o stream arvound small, often rootless, felds within
micprolithons between planes of crenulation cleavagze.
Sone lrregular albite xenoblasts with numercus quartz
and amphibole inclusions, show evidence of both syn=-
tectonic and posh-tectonic growth. In some cases the
creninlation eleavage planes dlverge around the albite
porghyroblasts, while in othars a true helicitic
atructure of crennlated anthovhyllites 1s well pre-

sarved.

The replacesisnt of biotite by anthophyllite in
some arsas of arlose on the westsrn side of the area
casts some doubt on the surmlse that these antho-
vhyllite. rich rocks represent sedinmentary horizons
Purther suspiclons are arousad where anthophyllite-
zarnet rocks can he traced 2lcocngs strike into biotite~

garnet rocks.

(d) iineralogy.

Becauge of the difficulbties invelved in the upticul veri-
fication of some cordieritss, &1l rocks suspected of containe
ing cordlerite were subjscted to A-ray powder 4Aillraction.

Selected porphyrcblastic knots were senurated fron the rocks,



113.
crushed te pass & 120 mesh sleve, and passed through a Franz
Isodynanic Separator. Cordierite was found to be weakly mage
netic, tho order of decreasing magnetic suscsphibility of the
commoner minerals being: Chlorite, bilotits, tourmaline, mus-
ecovite, coriierite, apatite, sphene, rutile, quartz and
plagioclase. The presence of cordierite within the avnropri-
ate niagnetic fraction was verified by the use sf the distinc-
tive high intensity, low angle reflesction at 5,54 K, corras-
ponding to the 110 or 200 planes of the crystal lattice.

This was distinguished from other low angle reflections such
as bilotite 10.1 £, anthophyllite and pedrite £.27 £ and ©.00 &,
muscovite 10.1 ﬁ, chiorite 7,15 £ and staurolite co2 X,

The wesults of a U«stage optical study of soms cordierite
bearing rocks 1ls presented in tables 4 and 5. Cordierite
compositiosnsg in 10 rocks were deterdined by measurement of the
optic axial angle, it being assumed that the cordierite iIs in
the low structural state (diyashiro, 1657). The results indi-
eate a composition variation of 11-18% of the iron molecule.
There is no systematie variation of composition with grade of
metamorphism, The varistlon is related to the original rock
composlition. Bilotite »lch rocks have the more ircn rich
cordlerites. Cordlerite associated with pale blotites (eege
323, 321) is iron poor. Rock 505 is the only rock containing
garnet and unaltered cordieritse. The cerdierite tss the maxi-

mum iron content (184 iron molecule).

T™he plarlicclase of these rocks ranges in composition from



Rock No.

13h
413¢c
4138

TABLE 4.

PRAOPERTIES 4AWD  COMPOSITIONS OF SOME
ANTHOPEYTLLITES AND CORDIERITES.
anthophyllite Cordierite
2Vz 2vx Composition,
- 743 Fe 15
- T oY FYe 18«15
T0=7% T3 42 fe 1@
T4-76 TE oD Fe 1&
- 73.5 e 19
ne.d. 74.0 Fa 10
- 87.1 Fe 11
- 87.5 Fe 11
58«70 ? 83,7 e 13
54.28 80.9 fe 15

. -




TABLE B,

PLAGIOCLASE CONPOSITIONS FROU ANTHOPHYLIIME

AND CORDIERITE ROCKS.

Rock No. 2vz Plagioclase compositions from
2Vz S~axis method.
369 83.6 ‘ An Be9 -
557 - - An 6
90a 84ﬁ2 aAn 9 an 8
50b 875 An 13 An 8
& 80.4 An 5 An 4
84b 87 .0 An 12 iAn &
83b 84,6 An 10 an 4
64 84,8 An 19 hn &
831 80.7 in & An 4
635¢ 82.8 An 8 in 4
63b 83.7 An 3 An 4
&3a 81,9 An 6 An 1
13b 82,8 An 7 -
413¢c 82.8 An 8 -
413a 88.6 an 18 -
502 83.5 An © -
389 84.8 An 10 -
505 8848 an 15 -
321 E4.,0 An @ -
323 84,8 An 10 -
375 85.0 an 10 -

397 83 44 An 9 -
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albite to sligoclase = cnly rarcly have more basic compositions
been recorded. In the ten cordierite-bearing rocks examined
the plagicclase compositions determined from 2V measurements
varied irom An 7-15. In 1% other anthbophyllite bearing rocks
the compesitions determined from optic axlal angle measure-
ments ranged from An 5-13, while compositicns determined by
the B-axis technique, using Bmmons' {(15£9) migration curves,
lay in the runge An 1-8, The individual compositions, pre-
sented in table &, wer: determined Ly using the average of
five readings from different grains in the sams rock. The
values detormined by the 2V meusuremenitis are consisbently
slightly bilgher then those determined by the H~axis technique.
This may sugpest a slight departure from the low tempesrature
plagioclage structurs. The twin laws encountered were pro-
dominantly alblte, rarer periclins arvd a few Carlsbad. This
simplicity of twinning 1s typleal of metamorphic rocks (Zorai,

19813 Turner, 1981).

Opvics of the anthophyllites have not been studied in
detail. Four anthophyllites gave 2Vz varilation from 70-88%,
the value of the optie axial angles increasing with the abe-
sorption colours. The pleochroic schemes of the anthonhyl-
lites range from almest colourless, through neutral yellows,

honey browns to steel greye, wilth increasing absorpticn.
The muscovite porphyroblasts margining the cordierites in

rock 38¢ have a low optic axlal anple (2Vx 56.5), susgesting

a high magnesium content (Trdéger, 1856, p. 83).
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The labe formed chlorite flakes are consistently pale green
to alumost colourless, are optlcally positive and have & bilre-
fringence simllar to quartz., A sinilar chlorite in the

cordlerite hornfelses of Kenldjack, Cormiall has been atiri-

buted by Tilley and Flett (1930) tc Mehloritization®,

Mention has previously been made of an observed erystallo-
graphlc relation between andalusite and its replacing dimorph
slllimanite. In order to examine these relations more closely
a number of andalusite, =2illimanite, staurolite ani cordier-
lte crystallographic orientations wers measured in various
recksa., Some of these results are presented in Pig. 33. The
results indlicate that there is no consistent orientation
relationahlps between the staurollite lattice and the replacing

illimaalte or cordlerite. Kor ars there any crystallographic
relationshlps between the cordlerits lattices and the enclosed

sillimanite or andalusite. Kowever, a close parallelism

<t
o3
(6

betwsen ancalusite and sillimanlte orientations was often
observed. Conslstently X s ¢ of andalusite was parallel to
2 3¢ of the sillimanite, ¥ 2 b of andaluslite was parallel to

X = a of sillimanite &nd 2 = & of andalusite was parallel to

i

Y = b of sillimanite. Thus the optiec axial plene of andalu-
site 18 perpendicular to the optle axial plane and the {010}
cleavages of sillimanite. Furthermerse the {llo}prism faces
of the sillirpenite ars sub-parallel to the {llQ}prismatic
cleavages of the andalusite. These relations ars {igured Iin

Fig o B



FIG. 33,

Measured orientation relationships between
sillimanite andalusite and cordierite in specimens
A185-13 and A185-113c., The close tie between the
orientation of the sillimanite and andalusite

lattices is clearly indicated.
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FIG. 3L4.

Crystallographic relationships between andalusite

and its replacing dimerph sillimanite,

(a) Projection along c-axes of andalusite and

(b)

sillimanite showing prismatic andalusite
cleavage and sillimanite cleavage., The
crystallographic angular relationships and
orientation of the principal optic axes is
indicated,

Idealized block diagram showing sillimanite

prisms replacing andalusite crystal.
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Dava-Ford (1947, p. 615, 51&) record angles of £9° 12t fop
{no}/\%io} in andalusite, and 88° 15! fop {110}/\ {139} 1n
8illimanite. From Plg. 34 it can be seen that the thsorebical
angles betwsen the andalusite cleavsgzes and the siliimanite
crystal faces, for the orientation observed, are 09 48! and
88° 15! respectively; a dlfference of 2% 33!, For the
orlentation observed this would result in a small gap between
the andaluslte cleavages and the replacing sillimanite prisms,
Assuming the angular relations given abovs the size of this
gap may be calculated. If 100 cec. of andalusite weore come
pletely converted to sillimanite prisms in the manner described,
the gapns would ocecupy 4.35 cec. Assuming densities of 3,13 for
andalusite and 5,20 for sillimanite, theoretically, 100 ce. of
andalusite completely converted to sillismnite would leave &
space of &.1 cc. The smmll differsnce betwesn these figures,
an excess of 1.285 cec, of sillimanite, could be accommodated
by the wigration of soms of the sillimanite forming components
to the ends of the growliug prisms, or by the non~uniform
growth of the {110} sillimenite prism faces within the andalu-
site. In practice, witkln the cordierits rocks, the silliman-
ite prisms are seldowu entiraly enclosed within the andalusite,
and the gup between the andaluslte and sillimanite beconmes

occupied by cordisrite.

It 1s emncluded that the observed angular relations between

andalusite and the enclosed sillimanites prisms, in rocks
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underzoling the dimorphic phase chenge andalusite to sillimane
ite, 15 2 consequence of the growth of the sillimanite prisms
along the intersecting {;lq} cleavages in the andalusite,
governed by favourable angular relatlonships betwesen the
8illimanite crystal faces and the andalusite cleavages. The
existence of a narrow theoretical gap between the andalusite
cleavages and the silllimanite prism faces could be occupied
during the transformation, by fluild throush whieh ions froa
the corroding andaluslite could be transferred and added in
layers to the growing {11Q} erystal faces of the sillimsnite,

thus encouraging a large Idioblastic growth of the prisms.

Strangely, few examples of this type of replacenent have
been rscorded in the llterature. 4n example from the
Palaeczolic of the Pyrenees has been I[lgured by Lucroix (18036,
Yole 1, pe 42, Flg., 21} and from Vermont by Woodland {1363,
Fige 4, pe 358). The occurrence of sillimanlte prismus em-
bedded wibtinin copdierite has been commonly reported (e.z. Scot-
ford, 13H8; Parras, 185C€; Gehreyer, Zullerud and Jawmdohr,
1964, P1l. 1, Tig. 3) but there is seldom svidence that thesec

siliimanites have inverted from other aluminosilicates.

(e} Dissussion.

(1) Reactlorns involved in the formaticn of cordierite

and anthophyllite.

A ghort review of a numbor of metamorphic reac-
ticns Ilnmportant in the formumbtion of cordierite is pra-

&

sented by Schreyer and Yoder {1661). Several
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metamorphic raactions seem to be lmportant in the
development of cordierite in the present area. Cor-
dierite seems to be most commonly formed by a reaction
involving staurolite, bilotite and quartz.
e [;2 (Mzg gPeqg,2)q4 Alg 8ig Ogz (Oil)g + 2 S10p +
biotite quartsz

2 21123105‘338(923)2 = 2 (?’Igo.af"eo'g)z Aléz 315 3134—
staurolite cordierite (207 Fe mol.)

Fad + Haﬁ)' + ”ﬁ’:}}{:]

4 rather magnesian biotifte is necessary for the forma-
tion of cordierite, so that in rocks havinz ironerich
biotite and staurolite, cordierite may not form, the
staurolite beconing replaced by sillimaniive in the
sillimanite zone as described in the previous chapter.
At 178,141 alternations of staurolite and cordierite
bearing beds ouberoo in a watercourse. The stable
occurrence of staurolite in such rocks is probably
ralated to the biotits couposition. Histanen (1881)
nas noted similar alternations of staurclite and cor-
dlerite bearing beds west of the Idaho Bathylith., In
the above reaction it is assumed that the stsuroclilte
and cordierite have the same #g/Fe ratio. This is, of
course; an oversimplification. 4 resction relation
must exist such that the bictite becomes mors iron-

richk with the formatlon of cordierite. Eventually, at
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high grades, biotite, sillismsnite and cordierite form

o

stable associatlon, as observed in mny of the
gillimanite zone cordierite rocks. The Fad and XOU
released In ths above reaction mav be reabsorbed in

21,

shie new equilibriua blotite or 2o to fora 1ron ors
sranules (cormmon in the cordierite, but absent from
the matriz), orthoclase {not observad) or muscovite
(late muscovits has heen obsmerved adfacsent to cordiere

ites in some instances).
in obther rocks the cordierite has formed from
andalusite by a reactlion such as the following.

iotite (309 ce.} andalusite quartz
(1024 cc.) (46 ce.)

s—— 2(Mg,"2).(AY,Pe) 81,0 + 2 Eon
o s &7 BT1R
cordierite (462 cc.)
then
[EKOﬁ <= 5A128105-F 3 SiOz —— Eﬁﬁlgsig Alola (08)2]
andalnslte quartz rmscovite
The corroded staurollite and anthophyllite relices

in the cordierite of rock 397 sugpesbs the Lollowing
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[S.Sﬁga e R8P0 o (Al,Fe)203 o 78105 « Egd -+

gedrite (47¢ lvon end member) (265 cc.)

3 Algsies.Fe(Oﬁ)g —_—
staurolite (201 cc.)

2( Q(mgﬁ.SFeg.gia « BAlp05 o 58105 ) + 5 Fel 4~4K20:]

cordierits (462 cc.) (62.5 ec)
A reaction involving the formation of cordlerite show
a slight increace in rock volume, &nd are not favoured

by increasing rock pressures.

In the lower grade rocks anthophylllite appears to
form from chlorits and quartz in the following manner.
[7 (Hg,Fa)a Sig 0Og (0m)y + 10 810 —=———
chlorite guartz
5 (Mgs¥ely Siglpa(Oiily + 11 Hgd ]

anthophyllite

Thus both quartz and chiorite become depleted adjacent
to the newly formed anthophyllite prisms. The above
reaction is a simplification, the actual reaction

would involve alumlinous chlorlite and gedrite.

(2) Comparison with the Reedy Creek cordierite.

Tha cordisrite rodules of Reedy Creek (Sando,
1957) have fentures which are reminiscent of some of
the coarser cordlerite knots of the present area. The
Roedy Oreelr nodules are ususlly zoned in the Tfollowing

merner. An inmer zone, censlisting of idioblastlc
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8illimanite prismes in parallel orientation and em-
bedded in cordierite, is enclosed by a zone contailning
granular corundum, magnetite and spinel within cor-
dierite. 8Sando conaiders that there are two kinds of
rodules, one having a predominance of corundum and
magnetite, within this silica defielient zone, the
other spinel and magnetite., These inner zones are en-
cased in a thick shell of cordierite, often showing a
mozalc structurs, consisting of sub-grains in near
parallel orlentation, and containing small idioblastic
inelusions of blotite. Hach nodule 1s ercased within
e guartz depleted, and blotite pcor, outer zone of
grancblastie plagloclase, which crades of i away from
the nodule into a quartzeplacioclasewbiotite rock
mabtrizx. Sando considered that these nodules might
have originated by the metamorpnism of former clay
pellets or as segregatlions within a favourable matrix,
It now seems mors probable that these psculiar nodules
pepresent a further staze iw the metamorphism of
nodules similar to those of the present zrsa. The
narallel growtt of sillimanite prisme in the cores of
some nodules iz Imrorbant, for this Indicatss the
rresence of & pree~zxisting stractural control, Evi-
dsence from the present area suprests that such &
giilimanite orientation can wesult from ths replsace-

ment of former andalusite during the dimorph phase
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change favoured by Increasing teaperature and pressure.
Yelther corundum of spinel have besn obsarved within
the cordlerite knots of the present area, The pre-
sance Of these sillca deficient minerals at Reedy
Creek, suggests that the cordisrite there, continued

to fora at high {(higher ?) temperatures, with the
avallahility of sufficlent Me, Fe and Al from bilotite
and sillimanlte, but a deficlency of silica, evidenced
by a depletion of quartz avound the noduies. This
Tacilitated the breakdowrn of 211linmenite to corundunm
and silica. Sandots chservation that scme nodules
tave chiefly covundun and magnetits, aund olhers spinel
end magnetite, surzests that the cordierite nodules
have grown, In one case, fron former andalnsite por-
rhyroblastes, and in the other, staurolite, the latier
breaking down to sillimanite and spinel al sufflciently
high temperatures (sugrgested by the experimsntal work

of Halferdabl (1956) on chloriteid stabllity).

The laclr o7 corundum and gpinel in the cordierite
rocks of the present area 1z probably a result of the
smaller size of the oricinsl gndelusite and staurnlite
rorohyroblagts, Thue, the resultant cordisrits knots,
ueally less than a cerntimeter in diameter, are too

smell to sustalsn an inner silica deficient znne.
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(3) The sirvificance of cordispite-sarnet asscrblares.

Chinner (19€2) has shewn that the ascemblage cor-
dlerite-garnet may be used &s an indicator of ths
geological pressurss involved in metamorphism. Only
one sample (508) containing fresh sarnet and cordierw
1te was found in the present arsa., The composition of
the cordierite {(19% iron molecule) is equal to the
maximam iron content of cordisrites in this area. This

is the eritical value for geobaromstric considerations.
Some granulites have a cordlerite iron content less tham
197 iron moleculs, while ths cordierites of contact
metamorrhosed rocks have a dlstinetly nigher range of
Lron values {[Chinner, 1957, 1962). The maximus ivon
content of cordlerites from thils area is consistent
with the values expected for & regional tBuchen-type

metanorvhisa,

(4) The absence of cordierite in the kvanite zone.

The absernce of cordieritec rocks among the kysnite
bearing schists in the northewest corner of the pre=
sant area is iln accord with the findings of hietanen
(1956, 1281), who, in the Boehls Butte guadrangle,
Idaho, fand that the field of cordierits stability
ney moeet, but does not overliap, the field of kyanite
3tability near the triple point of the aluminosilicate

K]
g

Qiagran (8.5 Fb. and 3509C),
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(8) The absence of a stable cordierite-andalusite

azsemblare.

The absanaé ¢l the stable assemblage cordlerite-
andalusite in the present area is of considerable
interest. This assemblage is guite stable In areas of
lower pressure contact mectamorphism. The stability
curves for magnesium cordierite {(after Schreyer and
ioder, 1959) and the aluminoeillcste polymorphs (modie
£ied from the results of Rell, 1983 and Ehitarvov,
Fugin, Pin Chac and Slutskil, 1963) arse presented in
P=1 projeetion in Plg. 35. Tho aluminosilicats polyw
morph transitions are invariant with respect %o Pﬁggﬁ
but this iIs not so for cordisrlte stabllity. The
stabllity curve of cordierite has been derived under
tuae condition of Pﬂao 2 Prorpls @ condition unlikely
in natural metamorphiasm. This curve reprasents the
Lighest tenperaturss at which cordierite amight form in
rocks of favourable composition. 4 second hypothetl-
cal curve has besn drawn to indicate an allcwance for

Proo < Propgys 8nd the effects of the ircn=cordierite

0
maiecule, which is not belleved toc be very great
{Sehreyer and Yoder (195¢)). This curve is made to
pass near the aluminosilicate triple point to satisfy

he petrographic data of boith the Boehls Tubtite quade

rangle and the present area. The curte does not

enter the kyanite field because of the anbtrance of a



FIG. 35,
The stability relationships of cordierite in P-T
projection,
(1) Hypothetical curve for the formation of iron
bearing cordierite by a reaction such as:

[staurolite + biotite + quartz :;::Mg-Fe

andalusite

cordierite + vapour} at PHQO < Pge

(2) Experimentally determined curve for the
formation of magnesian cordierite by the
reaction:

[Mg cordierite + vapour —==chlorite + quartz
+ "sillimanite" + vapouri] (after

Schreyer and Yoder, 1959).

The curves for the aluminosilicate polymorphic
phase changes are also shown for comparison.

Shaded area - P-T field in which cordierite may
oceur in equilibrium with an A128105 mineral,

Cross-hatched area - Field where cordierite-
andalusite may be in stable equilibrium,

Curves A-D - possible P~T paths in metamorphism

(see text),
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naw phase fisld at a pressure near 10 kb., the field
of ehlorite + quartz + "silllmanite" + vapour in the
ezperimental studles of Schreyor and Yoder (1959).

In nature, cordlerite rocks may be replaced at the
higher pressures of the kyanite field by a kyanito-
jedrite paragenesls (Tlley, 1939), or by the assene
blage kyanlteemusecovite~bintite (Harker, 1854).
Hletanen (19€1) belleves that the fileld of staurolite
stablility may be divided into two parts; a staurolite-
kysnite Tleld, and a staurolitewcordierite field. The
conditions of metamorphism in the present area apoear

to be lying on the houndary of these two filelds.

In Flg. 35 Curve a and (urve B depict possible

metamorphle paths in contact wectemorphulsa. These
curves pass through a wide figld in which andalusite
and cordierite ars stable in rocks of approvriate
composition. In contact wetamorphism both andalusits
and cordierite appear so early that Harker (1039) con-
sidered that both of the mirernls were unsuitable for

thie definition of metamorphle isograds. Curve ¢

“

epnicts the metamorphlie path for the rocks on the
sasbern side of the present arsa. This curve illus-
trates the forsation of andalusite esarlier than cor-
dierite, and the appearance of cordierilte just before
the entrance into the sillimanits zone. Tha assem-~

biage andalusite-cordierite could be stable only under
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& vory limitad P-T rance. 4t Migher tempeoratures the
cuprva enters the fleld of cordierite~sillirmnite
etabllity. Curve D 1llustrates the metamorphic path
for rocks Ifrom the rnorth-west corner of the present
area., Andalusite 1s gtable in the earlier rocks. The
curve passes near the triple point, allowing the
appearance of sparse kyanite and thern may pass intc
part of the sillimanite field where cordierite 1s not
gtable,

In the type arsa of Tuchan maetamornhism in the

e ..
Ly

wn Valley of Aberdeenshire, Read {(1952) found o

i'"

stables associution of cordierite and andalusite evsn
in the lowest grade knotted mica phyllites. Within
the 3illimanite zone andalusite in the cordlerite
assembluge I1s replaced by sillimenite yislding the
ascenblage cordierite~sillimanite-mica~iaispar-(alnan-
dine). Fyfe, Turner and Verhoogen (195&) vagard this
assemblage &s transitional {rowm the hornblende horn-
f=ls facles of contact metamorohism to tha almandine
amphlbollte facies of regional metamorphism (see also
Oki, 1961),., Similer assemblages have recently been
described from the Westport gnelszes of Untario
(Wyrnne-Edwards and Hay, 1665) and from the Bodenmails
sulrhide deposit, Bavaria {(Schrever, Kullerud and
Ramdolir, 1964). The occurrsnce of the assemblage

andalusite-cordisorite in the lower metamornhlic grades
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.

in Aberdeenshirs indlcates that the present area has

¥
(81

been matamorphosed vnder a bigher pressurs cradient

than the Bucken type area, Curve B in Tig, 35 may be

L~
L2

- dl

1
o
3
@
“u

QONE L

res

o represent the P~T path of amstasoryhisa

of the Aberdeonshlre rociks, It is con

£

]

luded that the
metamorphiasm of the present area has follswed a P-~T
path Intermediate hetween that of Buchun type mota-

morphlism {(Miyashiro's low nrsssure Intermedlats facles

serles) and Dalradian metamornhism (T11ley, 1025)

{6) Turner's facles clusgification.

Turner (104S, 1231} introduced & cordierite-
anthophyllite subfacies withiln the amphibolite facies.
However, t he relative rarity of rocks containing cor-
dierite and anthophyliite, the doubtful iscchamiesnl
metamorphic status of these minerals 1n some arsas,
and the wide F=0 pange over whlch they ave stabls,
hes made this subfacies obsolste. Turner (1560, p.55Z)
congiders that cordierite~sillinenite and cordierite~
almandins assesblages are transitional from the horn-

blende=hornfels facies to the aimandine amphibolite

fucles,

{$7) Origin of the cordierite and anthophyllite rock

The rarity of sediments of & compositlon sultable
for the development of uanthophyllite and cordierite-
anthophyllite assemblages has lead many workers %5 the

snelnsion that the ocecurrencs of these rocks is
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related to & strong metasomatic influence. In the
classic Orljarvi region of south-west Finland Eskola
(1914, 1915) hes attributed anthophyllite bearing
rceeks to the magneslum metasomatism of original
leptites (acid lavas and tuffs), Desplte the inherent
difficulties involved in widespresd magnesium and ircn
metasomatism, a simllar conclusion was reached by
Tilley (1935) for the snthophyllite rocks of the
Fenldjack and Botallack arcas, Cornwall, after & con-
sideration of various other possible origing (Tilley
and Flett, 193C) and a vigitation to the classic
Orijarvi arsa. The magnesium metasomatism hypothesis
has also been udopted by Osborne (1939) for the anthoe
phyllite-cordisrite gneisses of Montauban, Quebec.
Tilley (1937, ».307) considers that an anthophyllite-
staurolite«cordierite assemblage frow the Lizard,
Cornwall, has resulted from the regional metamorphisn
of argillacsous sediments. Simpson (1838) and Prider
(1940) have described cordieritee-anthophyllite rocks,
from Western Australia, formed through the metamor-

phism of contaminated hypersthenle rocks.

Some doubts concerning the origin of some of the
anthophyllite~cordlerite and anthophyllite rocks of
the present area have already been expressed, It is
possible that some of thage rocks have been isochemi-~

cally metamorphosed, but the relative abundance of
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anthophyllite rocks iIn the westsrn part of the area,
and their stratigraphlic relations,; supgests & strong
metasomatic Influence. There is, however, no neces-
sity to consider magnesium or iron metasomatism in the
formation of these rocks, for these elemants wers
probably already present in former biotite. A4ll that
is necessary is & netasomatic leachling-out of potash.

The manner in which this process may occur is ocutlined

in Chapter 10.
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CIAPTER @&.

METAMORPEISH OF LIMESTONES,

Introduction.

hmong the metamorphic rocks of the Cambral reglon, marbles
are the most distinctive, and, over most of their SXpOSUre,
may be readily traced sut on aerial photographs. The martle
beds erop out almost continually on the eastern scarp of the
ranges, where thelr masslve nature reeists mechanlcal disinte-
gration, and promotes the formation of prominent ridges deeply
dissectsd by tho stesp rugged ravines of crossestrike conse
guent sirsams. On the more mature uplands Lo the west, where
mechanical weathering is less effective, the marbles crop out
pocrly, zenerally foraming residual hills, largs whalebacks or
low pavemants, partially or wholly surrounded by soll flate,

Althouesh forming an inkricad

&

outeron

i

detalled structural o

:l

nping hasg indicated ithat the rarbles
comprlse & single stratigraphic horizon. The lower grade
marblss are characterized by abundant intercalations of phyl-
litic sohist, representine md seams in the orisinal carbonats
sedinment, The proportion of siliczts minerals in the marble
varies from 5~50%, but nsuelly averages about 307, and Spure”
carbonate marhlss 4dc not oecur, Thess marbles have been
examined by the South Auptraliar deslorleal Svevsy as a
potentlial source of carbonate rack £or commercial use. About

S mlles soath of the present area near “llendells ®a thin,

medinz srained paleegray, somewhat nicaceous nmarhls was
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sanpled over a width of 110 ft., baviag an analysis as below:

CaClg MgCO0z S10g Pools 4100z Fols
79 3% 0.82% 2.10% 1.17% 7 «25% 0.05% "

(Johns, 12€3, p.31l). The continuation of this marble into the
marbles of the present area was mapred but not sampled.
Mechanlcal analyses of selected typical low grade and high
grade marbles from the present ares ar: presented in Table 6.
Occasional interbeds and border zones containing more than 503
sllicats minerals ars hare termed “cale-gzilicates®, and are
similar in all respects to the ealc-sllicate beds interbedded
withh quartzo-felspathic sehists above and below the marble
horizon. These rocks will be considered in a subsecguent sece

tion.

Even strongly reconstituted marbles show some compositional
Inhomogenelty mlmicing the argillaceous seams in the original
sedimerit. These seums ars usually well preserved as phyllitic
schist bands at low metamorphlic grade, although they may be
highly folded. With lnereasing metauorphie grade this
original follation is progressively desiroyed by lnereasing
rates of grain growth and the appearance of new minerals, but,
evenn In the hlzh grade coarse grained marbles, scapolite and
clinopyroxene poikiloblasts outline ralics of the original
layering. This effeet mey be especlally cbserved in the
cores of small folds. There 18 no tendency wituin these rocks

for the formation of new mestamorphic layering.



TABLE 6.

HMECHANICAL ANALYSES OF SELECTED TYPICAL MARBLES.

Low grade marble. Snecimen 30. Location 220-214.

HWelight percent.

Carbonate (calcite) 66.0
Scapolite, guartz 19,3
Muscovite 4.4
Biotite 7.1
Potash falspar 2.5
Pyrite 0.7

100.0

e

High grade marble. Specimen 18. Location 194-086,

Welght percent.

Carbonate (calecite) 66,5
Scapolite 14.6
Diopside 10.1
Potash felspar 843
Phlogopite Q3
Sphene 0.1
Hornblende 0.03
100,03

ey
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The major penetrative structure in the metaworphic lime-
stone is the axial plane cleavage of the first and major
deformation. This foliation 1s clearly outlined by the shape
orientation of "flattened" calcites and, especlally in the
lower grade rocks, by a strong alignment of the sheet sili-
cates. A pronounced lineation, a ribbing or milerofolding,
within this foliation 1s the raesult of the intersection of the
axlal planc cleavage with the argillacecus seams and the
originel bedding laminations. There are no lineations in the
merbles caused by mineral elongations, and the csleite grains
may be shown to be "flattened" but not elongate in form. The
superposition of a rarer later foliation, equivalent to the
crenulation cleavages in the adjacent pelitic schists, has the
elffect of reorienting the former roclk fabric. More details of
the structural geometry of the marbles will be presented in a

later section.

In the crystalloblastic marbles of the western belt, the
well oriented calelte fubric shows little postecrystallize-
tionel strain. Weak twimning of the calcite is atitributed to
& late faulbting stage (Chapter 15}, YHowsver, post-crystal-
line strain is much more pronounced in the eastern belt of
marbles where deformation assoclated with both £5lding and
faulting ocutlasted recrystallization. Here bent and twisted
twin lamellae are numerous in all calelte grains, and poly-
gonization recrystallization (ammealing) has resulted in

mortar and "mylonitized" augen textures. These textures have



FIG. 36A.

General view of marble exposure looking south

from 212.154.

FIG, 36B,

Cuterop of marble with strongly folded
compositional layering., Coin diameter 2.8 cm.

Location 165.183.
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been described also in the marbles of Milendells, 2 feuw miles
to the south (White, 1959). The silicate minerals also show
strong evidence of strain. Quartz and calcite have undulosse
extinctlion, phlogoplite flakes are micro-folded, clinopyroxens
grains have become cloudy and have numerocus {106} nolysynthe-
tic twin lamellas subeparallel to the axlel nlane foliation,
and all the brittle silicate minerals may show numerous
tension fractures perpendicular to the axial plarnc $liation,
The minerals of the primary paragenesis observed In the
more common 8llica-potash sufflecient murbles are qguartsz,
caleite, plagioclase, scepolite, blotite«phlogopite, muscovite,
potasl: felspar, clinopyroxene and grandlte {grossular-andra-
dite), with accesscry bourmaline, pyrite, apatits and sphens.
In addition In the potush deficlent rocks chlorite, actinolite,

hornklende and bruecite may occur.

By

A sscondary parvagsnesis resulting from the retrograde meba~-
morphicm of the higher grade assembliages consists of actinc-
lite, hornblende, epidote, caleits, quartz, muscovite and
grandite(?) (see also White, 155¢). These secondary assem-
blages are commonly developed In those marbles showing morbtar
structure and annealing of ths originally highly strained
calcite fabric.

As with the pelitic rocks, it n8s been found usefnl to treat

the metacnorphism of the eastern and weslern marbles Separately
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A. flarbles of the fastern Part of the 4rea.

The ststern marbles have notable changes in grain size,
texture and mineralogy with irereasing metamorphle grade. The

primery assemblages chserved, Iin order of appearance wilth

increasing grade, ares

Blotite In pelitic schists.
(1) Quartzecalciteeplagicclasce-blictite~muscovite.
Blctite=andalusite in pellitic schists.
(2) Quartzecalcite-plagloclasesbictite=-muscovite~
potash felspar.
Biotitseandalusitew~staurolite In pelitlc s=chlsts.
{(3) Quaritze-calcite-plazicclessebictite-nuscovite~
potash felsparescapolita.
Anthophyllite, cordlerite and 2il1limunite appear in pelitic
schists, Diopside forme from amphibole in some calc-silicate
rocks,
‘1) guartz-calcite~blotite~potagh felspar-dliopside-~
gcapolite.
(5} nQuartz-caleiteeplagioclass-phlogopite (1t dlopside,
scapolite, potash falspar).
Potazh Telsvaresillimenite and potash felspar-cordierite assen-
blagess stable In pelitice schists.
(3) Quartz-caleiteeplagioclasgephlozoplite~dlopside~
scapolita~potash felspar-grandite.
(7) Quartzecalciteeplasioclase-Aliopside~ { ¥ seapolite,

potash felspar).



scagolits,
A4ll asseunlages may bave the accessory minerals sphene, apa-

tite, tourmaline or pyrits.

It must be noted that all of these assemblages have excess
quartz, and many have excess potash as potash felspar or
muscovite. These .characters rsflect the original argllla-
ceocus nature of the sediment. Beeause cf the largs number of
chemical components in these argillaceous limestones it is
difiicult Lo represent the assemblages on a metamorphic facies
dlagraa. ¥Francis (1958) has summarized assemblages 1n ths
calcareous hornfelses of Glen Urguhart in sube-tetrahedra of
the ACKF tetrahedron. His classifieation, although fitting
the Glen Urquhart rocis, does not allow the &ssemblage potash
felspar-diopside, and is tuerefore inappnlicable here. An

attewnpt tc represent & lowesr and & higher grade s

o™ .

]

ies in an

ACKF tetrahedron is presented as Tig. 37.

{a) Descriptive Fetrography.

{1) Biotits

1<)

Oric,

|

The marbles in the blotite zone of regioual metaw
merphism, before the appearance of andalusite and

staurolite In the aluminous pelitic schists, wre very

bete

fineegrained and liight grey in colour. UCoarser
grained (0,10 mm.) lighter bands consisting larpely
of ecalclite are interspersed with thin grey silky

phyllitic seams composed of :uscovite, Liotite, quartz



FIG. 37,

ACKF diagrams for marbles showing mineralogical
equilibrium at a lower grade (a) and a higher
grade (b), 810, and Na,0 are considered to be in
excess and quartz and albite may be additional

phases.
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and ‘s6dic plagiosclase with an average grain sige of
0.02 mm. The phyllitic seams are strongly folded.
The folds have an axial plane cleavage deflned by
ealclite grain flattening (caused in part by twin glide
inz), and a strong dimensional orientation of minute
biotite flakes in the arglllaceous seams. Calcits,
composlng 80-95% of the rock, occurs as lens shaped
grains having elongatlons 1n section of 2:1. Some
twin lamellaez are visible in the calclte. Quartz and
felspar graihs, generally too fine for cptlcal tests,
are abundant in the arglllaceous bands. Eictite,
pleochroic X-pale lemon to YZ-mld-red-browr, is also
concentrated in the argillacecus seamns. Huscovite
forms rars stunpy vartially orisnted flakes in the
carbonate rich vortions, and larger (0.2 ma,.) porphy-
roblasts in the argillaceous seamus., Accessory sphens

is common ag fine granules and dust.

{2} Andalusits-staurolits zmone.

w

To now alneorals appsar in the merbles until the
adjacent pelltic schists contain abundant andalusibe
‘and staurolite. By this stage the mrain size of both

the carbonate and argillaceous layers of the marble

-

hes increased ten fold br volume. Then numerous small
spots appear, iz which rmuscovite and calelte grains
reach 1 mm. i didmetsr., Within these spots skeletal

seapolites first occur. Concomlitant with the growth
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of scapolite ls the appearance of potash felspar and
more calele plagloclasa, and ths destractlion of

mmscovite,.

(8) Sillimanite-muscovite zone.

After cordierite and anthophyllite havs grown 1in
the potash deficlent pelites, and at the grade whers
sillimanite is first found as tufts assocluted witn
muscovite In the more aluminous pelitic achists,
clinopyroxens makes 1ts first appsarance in the
marbles, This clinopyroxere foras by a resction which
removes much of the initlal hilotlhe, and incrcuses the
content of potash felspar. With the growth of the new
minerals scapolite and diopside, grain slze lncreases
repidly. Both scapolite and diopside may form large
skaletal xzenoblasts, to 4 mm., which usually replace
relics of the more argillaceous seams in the marble,
The growth ol clinopyroxene does not remove bictite
entirely; some phlogopite wlways remains. In the
pyroxene~scapolite marbles, guartz, non-twinned pote
ash felspar, ard plagioclases (composition near an 40)
are present as optically deterainable granoblasts enme-
bedded in a matrix of calelts with an average grain

glze of 0.9 ma.

{4£) 8illimenlte-Potash Feispar zone.

Except for the local uppearance of grossuliare

andradite in the marble near the Kanappa iiine, no new



FIG, 384,
Photomicrograph of marble from eastern side of
the area. Cslcite shows well developed deformation
twins. Other minerals present are quartz, felspar

and biotite.

Rock A185~807a. Location 204,148, Ordinary light,

FiG. 38B,
Photomicrograph of marble from eastern side of
the area showing strong annealing recrystallization
at grain boundaries,

Rock A185-802. Location 202,129, Ordinary light.
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minerals appear withln these rocks up to the highest
metamorphic grades where sillimanite 1s stable with
potash felspar and cordierite in the pelitic schists,
ard andalusite and staurolite have been completely
destroyed. However, several progressive changes in
both the texture and the mineralogy of the marbles can
be observed in thls high grade Interval. 7%The grain
size progressively increases until the calcite grains
reach 1 mm. or more. With Increasing pgrade the early
formed large seapolite and c¢linopyroxene poikiloblasts
become strained;, recrystalliged to a mozaic of poly~-
gonal grains, broken apart, and eventually recrystal-
lized as clear, inclusion-free grancblasts interspersed
with quartz, potash felspar and plagioclase in the
caleite matrix, The well orlented phlogopite flakes
in the early s=capolite-pyroxene marbles hbecome en-
larged and more isolated with increasing grade, and
eventually form large skeletal xenoblasts to 1 mm. in

dianater enclosing quartz and calcite inclusions.

(5) Minerals of a secondary Paraccresis.

In a coarse-grained Adlonside-scapolite-phlogoplite
marble at the Kenappa Mine some pale pink garnets have
been rarely observed., These occur in webs tc 2 o,
enclosing quartz, calcite and felepar inclusions.

Beseause of the absence of priwmary epldote in the lower
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grade marbles, and the occurpence of soms sacondary
oridote in the parnet bearin: rock, thers 1o some
doubt that this garnet belongs to the primary asseme
blage, and it may form part of the secondary para-
genesls described by White (1950).

This secondary paragenssis Is well renresented in
the higher grade marbles, especlally those which have
suffered some annsaling raserystallization of their
hisbly strained calcite. Secondery blue-green horne
blende may fora by epltaxic raplacement of the clinoe

o . -y ¥ e . ] ~
pyvroxene, as descrived by Whites, 105C

« Indlividusl

crystals of actinollte, alonpg with skeletul muscovite,
WG

way appesdr within the polyponized granulsr aggregstes
of calecite. Tho secondary nature of these minerals is
shewn by the Juxtaposition of calelte and guartz.
fpldote, usually in a poorly recrystallized forma show-
ing varlable birefringence, occurs as an alteration
wroduct of scapolite., The dsziruction of the marialite

molecnle of the seapollte mar contribubs tc the sodie

sim

t
Q
&
0
o)
&3
o

3

plagloclase gralns. Some szoondary cal-

cite snd quartz may accompany the retrograde changes,

growth. In maay cases there appears to be & close tie
batween the occurrence of the secondary paragenesis
and the granular agoregates of nolyconized caleite,

but 1t 18 not clear whether thess nrocesses are
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contemporaneous. &8s there ic x direct correlastion
between the degrse of strain of the original primary
celcite and the amount of nolygonization, this
reerystallization may be attributed to annsaling
(Griggs, Paterson, Heard and Turner, 19058}, All
gradations may be observed from the growth of minute
granules of secondary calclte on the grain boundaries
in weakly strainsd calcite fabrics, through mortar
gtructures in which large highly strained primary cal-
elts grains are wholly surrounded by a polyronized
matrix, to "mylonitized! struvctuvres in which anastowo-
sing streams of granules weave around floating relics
of highly twisted primary czlecite. Ths degrec of
polygonlzation alsc inercases with metamorphic grade,
suggesting a weak temperature gradlent at the time of

annealling.

The muscovites ir the awrble specimen yieldlng
assemblage (8B) have been bont and folded in & similar
manner to the assoclated phlogopite flakes. Uers the
muscovite appears stable even though calelte and
guartz are present. In this high grade marble it is
supposed that locally high PKQD may have allowed the

npagservation of the muscovite,
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{b) Prosressive Metamorphle Reactions.

(1) Decomposition of muscovite.

It is evident from the above descriptlon of the
matamorphic evolution of the llmestones that several
important reactlons are involved 1n the progressive
metamorphismn. The first of thess involveg the forma-
sion of scapolite and the destruction of muscovite.

The following reaction is proposed:
[Kgﬁ.aﬂlgﬁs.681%2.2(3,61)20 + 2CaC0z + 4310p =
muscovite calclits quariz
K50.41505.6510, + 2020.41505.2810p + 230z +2(H,Cl)g§3:l

orthoclass anortilte :
0!’00".&(1)

Yoder and Bugster (1955) havse derived a univariant
equilibriun curve for the Jecomposition of mascovite.
The decomposition temperaturs ls lowered sonme 50°C by
the presence of quartz (Turner and Verhoogen, 1960,
p+154) and presumably, in the presence of both quartz
and caleite at a lower temperature stlll (Harker, 1932
Pe254). Thus muscovite is destroyed and potash fel-
gpar and the anorthite molecule appear. The anorthite
mays in part, calelfy the plapgioclase already present,
and in the rresence of the vclatiles C1, F and S0g,
either in the pore solutionz or released Trom the
wmuscovite, secapolite may be free to form. There is no
svidance for the introducticr of volatilea for the

formation of scapollte. The findings of the present
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guthor are in agresment wlth the conclusions of Whilte
(1989) that the scapolite 1n this metamorphlc belt hus
formed through the isochemizcal metamorphlsa of an

original chlorine bearing sedlment.

{2) Decomposition of bilotlte.

A second major regction occurs with the formation

of clinopyroxene., Ramberg (1952, p.152) belleved that
the following reaction was important in the formation
of pyroxene from bilotite in marbles.
| 1ggA1815014(0l)g + B CaCOz + 6 810p =
phlogoplte caleite quarts
KA18130y5 + O CaMgBip0g + 3 COg Hgo]
potash felspar diopside esevacsel2)

However, the reaction cannot be as slmple as this, for
viotlte 18 not entirely destroyed with the appearance
of diopside, and the assemblage phlogoplite-calclte-
guartz 1s stable to the higheat grades of metamorphism
observable in this area. 'Thisz is also in accord with
the findings of Francis (19568), Evidently The reac-
tion has the form
[biot:{te I + calecite + quartz —=biotite II ~+
diopside -+ potash felspar + COg -+ HQG]
cosaseasid)
where blotite II has & higher Mg/Fe ratic. In order

tc test this, refringence determinations on a number

of bilotites and pyroxenes were made, and 1t was found
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that there were progressive composition changes in

both biotite and pyroxene with increasing metamorphic
gé,z‘*a.ﬁe .

Until e¢linopyroxene first appears in the marbles
the blotite usually has & strong pleochrole scheme
Xevery pale lenmon Y-Z-orange-brown or orange=-red-brown
or sepla-orange~brown. Aftor the appearance of c¢lino-

pyroxene the pleochroic scheme changes prograssively

through
X=-pale yellow Y-Zwpale brown with & yellow
- tinge
to X=very pale lemon  Y~Z-deop rellow
to Xe-colourleas Y-Zwpale lemon wilth brownish
tings.

Acéampanyiﬁg these colour changes the .8 refractive
index decreases from 1,624 to 1,509 (15 neasurencnts!)
indicating & composition change from 35% annite to
15% annite, sssuning phlsgoplite-annite end members
snly (Bugster and Wones, 1958; Wones, 1383) or
approximately 20% iron moleculs to approximstely 10%
iron moleculs in the phlogorite~biotite series
(fieinrich, 1¢46). Both nlecchrolc scheme and refrac-
tive index changes suggest & progressive lncrease of
Hz/¥e of the blotite with grade. The assoclated
clinopyroxenes have 8 refractive indices ranging from
1,697 to 1,710 (10 readings) indlcating & composition
range from 35-55% hedenbersite molecule (Wess, 1949).
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The results are recorded In Appendix IIT and are
grephed in Fig, 3%. Thls graph shows the refrac-
tive indlces of the biotite an? eliropyroxene plotted
sgalpst "increasing srade” msazured as a funetlon of
the linear horlgzontal distevce in a north-south
directlon (seale Y cm, = 1 wile). MThis lire of in
eraagling grade along which the specimen numbare have
baer plotted, wmay Ye considered asc an sxls of incroage
ing temperature; If we ignore the thres Kanappe Mine

pecimers, which seen to have abnormal bioctite vrovep-

\f)

ties, there iz 2 repnlar relationsbip hebwasn ths

biotite ard clinopyroxene coswositions.

Tris figure is essentially a T-X disagram. %o the
left of the band 4B, bloblte i: stuble in quartze-cale
clve assemblagses, but not clinopyroxens. 7o the
right of the bund 4B (higher temperature), bLiotits is
not astable In guartgecaleite assomblages. Within the
nand AR lle biotite compositiong in equilibrium with
pyroxene. Thus, iron-rich biotites such 28 813 would
resalin stable with inereasing temperaturs in a calcite
guartz mllisu until the band AD was reached, w hen pyroe-
Zene waulé begin to form. Witk further teupsrature
increass the biotite would becoune progressivsely sore
magnesian, following the band AR towards B. A mors
magriesian orizginal blotite, for example 0o, wonld

first form pyroxene at & slighidly higher touperature.



FIG. 39,

Biotite and clincpyroxene composition variation
in marbles from the eastern side of the area, with
increasing grade of metamorphism. The measured data

is recorded in Appendix III. For explanation see

text.
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In roek 807 pyroxmene ls just

origined blotlte belng more maznesian still. Rock 794,
aithough containing phlogopits, has no pyrozesne. The
original blotlite In this rock was presusmbly magresian
rich Irout the start, and the biotite bas only just
reschod the temperature whers it might become unstable
and yleld pyroxens. Thus the teuperuature of the reac-
tien forming clinopyroxene from a biotiteeguartzecale
cite assemblage depends on ths original biotite
comnogition, and on the grsater Lhermsal sbability of
macsnesiun pich Lisctites compared with their iron rich
ansloguss. (Yoder and Tuzster, 1054; Susster and

Y.

1‘3

Wornes, 1084

‘The abnormwl propertlcos of the blotites in the
fenappe Mine wmarbles may bas reluted to
(1) Higher 13171023V on 0ot o ontents.
(2) Higuer Pzgg restraining the resctlons forming
pyProxene.
&) A different Py, value affeeting the stabil-
ity of iron blotlite.

The second hypothesis leg fuveured since, ss considered

proviously, 1t is likely that ¥y o has been locally

!‘J

nigh 10 the Kacappa Mine arssa,

In the marbles, Mgl snd Fel are escentially ach-~
ing as separate components, &nd the biotlite-clino-

pyroxene reactlion relatione must be shown on an ACHM
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tetrahedron {#ig. 40). The grade at which diopside
first appears depends on the My/Fe ratio of the
criginal biotite, which reflects directly the initilal
Wiz/¥» ratio of the sedimsnt. ¥he first pyroxene to
appear with the decomposition of blotite will presume
ably bave an ¥z/FPe ratio similer o that of the
biotite (Flz. 40a). Then with a further increase of
temperature the Mg/Pe ratio of the biotite increases,
and the Mg/Fe ratio of the pyroxene may decrease
(rFig. 40h). However, once the biotite is almost used
up, the Mg/Fe ratic of the cliropyroxene must approach
that of the original biotite. In the highest grade
marbles 112 and 783 clinopyroxene is present; but

niotlts has dlsanpeared entirsly.

The compcsition of ths phlogopite in equilibrium
with diopside~cuartzecaleite conld be unigue i the
pressure variables Pt,ngo, POz, chg could be lixed.
Because of the Aifficulty of ixing the pressure
veriables, it is unlikely that this reactlion relation
could be used as a geothermometer. The compesition
of clinopyroxens in such an assemblage could be
varlable, depending largely on the original biotite

composition.

() ¥Vormution of sarnet and secondary paragenesis.

If the graniites of the Fenappa Mine narble 1s

primary, it may have forued from oricinul epldote



FIG. 4O,

ACFM diagrams for marbles.

(a) Mineralogical equilibrium relationships
in intermediate grade marble in which
iron-rich biotite is stable.

(b) Mineralogical equilibrium relationships
in high grade marble where only magnesium-
rich biotite is stable,

3102, Na20 and K20 may be in excess so that

quartz, albite and potash felspar are possible

additional phases,
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thuse
[Qaé(AlFe)gai@ﬁgs.ﬁgﬂ + 5 33005 + 3 Siﬁg -
spldote calcite quartz
grﬁnﬁit% 101100010(4}

In the absence of any primary epidote in the marbles,
it 18 perhaps more probable that this garnet is

secondary and has formed through Fe metascmatism, or
by & secondary reactlon betwesn melonite and pyroxsne

as suggoested by White {1959, rn.304).

The fornation of the secondary actinolite and
epldote parapganesis depended on the availabllity of
water and COp in the late stage fiulds. The following

reactions were no doubt important.
[5 Ca(Mg,Pe) (S105)p + Hgl + 3 00y ===
e¢linepyroxens
Can(HgsFe) 8ig0o5(0H)p + 3 Caloy + 2 3192']
actinolite calcite quartz

o.ocooaoo(ﬁ)
[s (Cailp8ip0g)CaCls + Hph =———
melonite
, clinogoizite .co-c-’..(e)



-

[3 (’iaAlsin YoimCl  + Hal T

marlalite

3 NeAlSis0; + FaCl IZQOJ

(o]

albits solation
{rims on plagloclase)

»coc'c"‘\ }

{c} Hionsralogy of the Easterr Harbles.

Calcite is the only carbonate mineral observed in thess
marbles and. is stable with gunartz at 2ll grudes of metamcr-
phisin. ¥From the piotits zons to the mld-sillimanits zons the
calcite bas prosressively increased in gr»ain size over 1000
times by volume. Saall pranoblasts ol gnartz and plagloclase

were jresent ln most speclmens,

w fine graln size of the
plagliocluss in the lowsr zrade murbles waxes composlition
determinations difficulv. The composition of b plagioclases
from scapolite bearing marblies from various parte of the
silllimanite zone feil in the narrow ruage An 37ein 3%. It is
concluded that
(1] plagloclass does nobt incrsases in anorthite con-
tent abovsz tus scapolite "iscgrad", in accord
with reaction (1) abovs, the only anorithlie pro-
ducing reaction.
{8) the Na/Al vatio in the original sediment lay
within 4 narrow rangs.
The irst scapclite Yo anpear in the mardbles (speclaen 30c¢
location 820.224) has n 4 = 1,587 T 001, indicatling a compo-
aarbles

Wl

sition naar Me 45 (Flyr. 48). In the low zrade
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muscovite has a low optic axial anpgle, 2Vy 30-36°, suggesting
the prosence of some phenglte molecule. Potash felspar wilthin
the nErbles never shows cross-hatched twinning. In one speci-
men 2V, ranged from 61-64°. White has recorded 2V, as low

as 45° in votash felspar of the Hilendella marbles. The
properties of blotite and clinopyroxene have been described
above, The clinopyroxene often shows strong strain sffects
resultine in polysynthetie twinning on {100} (see also
Drever, 1939) and undulose extinction, and it was found that
measured £V, values varied from 34-61° across & single xenobs

last in one rock.

Amons the accessories, sphene and apatite ars the most com-

mon. lonlated

]

raing of tourmaline &re very rars, but never-
theless, wldespread in occurrence. The unusual pleocchrolc
gehene T-colourless and Oe-rich indlce bhlue or sky blue is
distinct from the grecn and yellow colours of the accessory
tovrnaiines of the argillacecus and arenaceous metasediments.
It 1s eorcluded that thease tourmzlines have grown during meta-
mornhiem, neinc up trzces of boron trapred within the original

sediment,

ot

Wotablz absences within these marble

(¥

are the epidote

k)

minerais {(end hence the rarity of prandite garnets), wollas-
tonite aud vesuvianite, characteriatic of lower nressurs
environments. Decause of silica suificleney., and low magne-

gla content, forsberite and dolomite are also absant.
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tarhles of the Vegharn Part of the fApsa.

2

The northarly treniing western limesbone beds ohlianely
intersect the northe=westarly trending metamorphlc lsograds
bazsed on the minersl asszemblagss within tha pslitic schists
(Plate 2). Thus ths renge of metancrphic grade encountered

by the western marbles s much nore limited compired with that
of the sastern marbles, The lowest grade marbles of the
western belt are assoclated with pelitic schists contalning
andalusite, staurolite and muscovite, slightly below the grade
et which sillimanite flrst appears., The highest grade marbles
ocenr in ihe mtddle vart of the suscovite~sillimanlte zone of

the pallitic schists,

(a) Iineral and ¥inspal Asgemblazes.

The majority of the western marblss 1lis betwesan the mineral

b

iscgrads based on thes first appearance of scapolite in the

%

muscoviteensalolteeguartz sscemblages, and the Clirst appearance
of elirncpyroxens in the bintitzecalcitemguartz assemblages.
The mecctionz invelvips the break-duwrn ol the mlecas, in parti-
cular the biotite, appear to have besn delayed in the wostern
marblec. This is considered to be related to increasing
values o{ the wressurs factor as one procesds wesluwarise. 4s
well as the more common potash sulfflclent blotite-caleibe-
quartz marbles, a faw potash delicient chlorite bearing

marbles bhavo bsen encountered. In the presence ol excess

1

- ER2 o P »
gquartz these devel

o]
O

A
d

r. Pivst amphlibole, and then clincpyroxene,

with increzsing mstamorphlc grade., One marble deficient in
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both poiaszh and guartz, having the asscnblage calcite~
actinolise~brucite, was fcund. Yo grossular, vesuvianite or

wollastonite have bson found in these marbles.

The agsamblages encountered with increasing grade are as
follows.

Potash sufficient marbles.

(1) quartz-calcite-blotite-plagioclase~muscovite.

(2) Quartz-calcite-biotite-plazloclase-muscovite~
potash felspar-scapolite.

(5) tmartz-calelte-phlogopite-clinopyroxene~scapelite-
notash Tslispar.

Potash deficient warbles.

{2) Quartz-celclbe-blotite-chlorite-muscovite~scapo~
lite.

(5} Quartzecalelte-biotite=plagloclase~anphlbole~
chloriteescapolite.

{5) Qaartz»calcite»&mphibola-clinopyraxenanscapoliﬁe-
epldote.

8i1lica-potash deficlent marble.

(7) Calcite=amphibole-phlogopite-bruclta.
411 assemblages may have accessory ephene, spatite, bourmallne

or pyrite.

The grain size of the lower grade western marbles is some-
what greatsr than theslr eastern sounterparts and there is no
conslstont grain sizs change with increase of grade. The

grain size of the calclte 1s closely related to the amount



rities, The complete
lack of preservation of Intense strain eflfects velated to
folding in the western marbles iz in marked contrast to the
highly strained eastern marbles. The calcite texbures in the
westerr, mavbles range from granoblastlic te a somewbali inter-
locking jicsaw pattern. The calcits grains may be equidi-
mensicnal or distinetly flatterned intc the axial plane folliaw
tion. Tho c-axes have a strong preferrad orientation (Chapter
13). In the western marbles recrysiallization clearly outb-
lasted daformation assoclated with 6lding. This is rellected
in the absence of undulose exbinction and bent twin lamellae

in

c«h

he caleite, and 1rn the statlc ldicblastic growiu of the

new mincrals scapolite, potash elspar, amphiboles and pyroxene.
Pine twin lamellae in the caleite are wmeluted to postecrystal-
1lizetional faulting. FPowsver, marbles approaching the eastern

side of bthe area, such as those [oring the anticlive in

gaunders Ursek to the south, sbow & uoderate postecrystalliza~

tional strain. & block of marble located 2 nile TUE of Whites

e $

trigoncaetric station and Just west of the male fault dividing
the eastern and western psrts of the ares, was the source of
some of the most highly strained wmarble specimens found.

These have & strongly Ffoliated tene aylonitic beature. Luzge

»

calecites with & patehy undulose sxlliuncitlon have becoue

squeszed oul parallel to the lellallon so that in section

thelir lerpih is meny tises thelr width.



{b) Deseriptive Pestrography of ths Potash Sufficient

#arbles.

The lowest grade warbles contaln bedded compositional
layers of “ine-grainad quartz, oliroelase and oriented red-
brown bictite in & coarser celeite rich matriz. Huscovite
appears as stumpy flakes Alstributed throuzbout both the cale
cite andé quartzo-felspathic bends. ¥With increased grade
muscovite is destroved with the gencration of potash felspar
and anorthite, which caleifies the nlagloclase to An 30-An 40.
Scapolite may also appear with the dlsappe&arance 2 muscovite,
while the orengc-redebrown blotlite remains stable. The
scapolits and cotwinned potash felspar are usually perphyro-
blastic, the scapclite in some cases showing an idioblastic
tetragonal form. Both minerals commenly have numercus quartz,
ealeite and blotite inclusions, those 1n the potash felspar
being particuléfly fine and concenbrated near the cores of

the prelus.

After potash felspur and scacolits have forned, Some MUSCo~
vite may still persist, and seems raluctant to leave the
assenblarze. In some cases the asvamblage potash felspar-
scapolite~mscovite appears stable. This way sugpest a degre?
of Aivariance for the reaction

Lmuseavite 3 caleite -+ quartz ——= orthoclase + arorthits +
ol ¥ Cog ‘X *
If so, ths reactlon may not go bo coapletlon atb

_a
P~ valne bubt within a narrow range of P-T. As the reaction
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contalne twe volatiles this divariance is possible in a clossd

system (Walter, Wyllie and Tuttle, 3.%2). If Poolatiles 15

high, then the system may be considared as partlally closed
and a degree of divariance is introduced. The prosence of

secondary muscovite poryhyroblasts In many of the western

marbles suggests that under fallins teuperature, and with th

4]

availability of soms Ho0 and €Oy, the above reacticn was
readily reversed. The formation of clinopyroxens Irom biotite
only occurs in the highest grade marbles to the south {ascen-

{e) Deserintive Petrolory of the Potushedeficient Lime-

stenes.

Pha lowest prads marble in thls category is represented by
assemblace {4). In this vock scapolive has begun to appear
through the destructlon ol muscovite. Both biotite and
chlorite appear to be in stablie egquilibrium. The biotlte is a
pale browvn variety, and the chlorite pale green with a very
low biwefringencs. The chilorite {lakes are generally larger
than the Liotite and may encloss soms biotite flases as inclue-
sions. 4 slightly higher grade is represented by assemblage
(5)s leors muscovite has disappeured und chlorite is in the
proceas of dls intehz sbion, with the concurrent growth of

@

amphibale. The Jollewlny reaction 15 indicated.



[5 HggBl 0y9(00)g 4+ 18 CaCly -+ 20 8ilg e e———
chlorite caleite guartz
& i“idgl’igsﬁiiaﬁzg((ﬁfig -+ 1 Hal + 12 Coo ]
trenclite

The amphibole, occurring as bunches ol irrsgular porphyosblasts
with numerous quartg-Telspar inclusicns, is plsochrole
X~-pale lemon, Y-mid-green, Z-blusegrson., Pale bletite is
often clusely associated with the ampllivole. Dark halos ars
common arcund small sphene Inclusicns in both amphibole and
biotite. 4 few pvare chiovive (lakes are still preserved nsar
the amuphibole, bhese welng pleochroic from pales lemon to &

distincty U

P

t pale, gresc azd have sopmalous lavender inter-

ference CLLloUrE.

Witk & further increase of metamorphic grade the chlorite

reacte completely. Then amphibole becomes nnstuble in the
presence of guartz &nd calecite and the follewlng reaction
ensues.

[Caz(Mg,Ee}5318022{ﬁﬁ)ﬁ + O CaliGg + 881Gy e

astinoiite caleclte gquartz
5 Calig,fe)B8ighy + 8 COp + gl ]
¢linspyroxene cesssansel®)

Rock 707 {location 137,308) has assamdlage (6). 8Smsll

gramles of pale gresn pyroxene have appeiared, while some une

e
¥

3 T & B - S T g S, P 2ot . oy Y 5§ a iy -y - 1
peacbad cuniibole still reweins. Biotite and slagloclase arc
’ | o Heed

absent, and since pure ancrbhite, or grosgswler, are unt

i
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stable at thls grade & few primary epldote grains are present.

(d) Hineralogy of the Western Marbles.

Qwrtz and plagloclase were pressnt as small grains In most
of the marbles examined. Estimation of the composition of the
plagioclase in four specimens by the L& extinction method gave
compositions ranging from An 3l-an 42 (using curves in Troger,
1959, pe 111). Allowing for some zoning the compositlon range
4s narrow, and compares with the plagloclase composition in
the eastern marbles. Again the major contributing factor to
the anorthite content of the plaglocluase is the destruction of
the early muscovite. Potash felspar may occur as small grains,
but is swore commnon as large porphyroblasts. Agaln no cross-
hatched twinning could be discerned and the optic axlal angles
are low. In the high grade marble, specimen 18, location
194,086, potash felspar has 2Vx H4<63° (variation due to
strain) and n B8 = 1l.524 * ,002, Potash felspar porphyroblasis
in specimen 256, location 169.148, gave 2Vx 64" *1°,
Scapolite granoblasts in specimen 18 gave n ., = 1ed77 T .00,
indicating a composition near Me 58, and porphyroblasts in
specluen 240, location 170,130, gave n, = 1.578 L .001, He ©l.
Biotite is stable throughout the western merbles and ususlly
has & redw=brown or orange-brown Z-s&xial colour. The biotite
in specimen 18 gave nys= 1,625 I ,002 and had the pleochroisa
X-dark yellow, YZ--yellow green. The associated clino=-

pyroxens in this specimen has the properties nge 1.700 T ,002,

g ¥ e} A % N . . .
2Ve 37 T 1, 27 ¢ 45110 and is plsocuroic pule yellow to
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pale gresn, Indleating u composition near CasMpiPe of 47:20:84,

’

Y.  Gomparison of the Yestern and lastern Hurbles.

e western amd eustery nurbles bhave & similay couposition
and puss through & similar seriss of metaworphic reactions
with ircreasing grade. Most marbles ars sulficlently rieh in
potush and alumina for chlorite and amphibele to be absent,
belng ranlacsd by bistite. A faw chlorite and amphibole
bearing marbles have bhsen eacountered in the wectern belt.

e etsbern marbles exbibit 2 wider range of mstanorphic zrade
than ftheir wsstermn counternarts. Heactions Ievolving tha
destpuctlion of mmscovite znd bistlits, with the release of the
volatiles g0 and €0p meem to have besn delayed in the western
marblss., This way be atbtributed to lncrsaszed total pressure
te the wast, indieczted by the occurrence thers of hyanite
bearing sehists., The most notable Jirffarence heltwesn the
western and eastern wmerbles ls textural. Receystallization in
the wentern marbles 1s post-tecitonic, while in the eastern
marvies tectonle activity ocullasted recrystallization. Either
recrystallization ceased earlier or deformation procesded %o

a laber stage In the eastern marblizs. Pebrofabric work in ths
eastern warbles suggests that auch of the strained caleite
fabrlc is related %o the first and sajor defommabion jeriod,
which is llkely to have occurred simulbancoaszly thrcughout the
areda. It is considered more likely btuat vecrystallization

ceasad garlier in the castern merbles, The more hipghly
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Photomicrograph of marble from western side of
the area showing directed crystalloblastic texture
and characteristic simple twinning of calecite. Also
within the field of view are small grains of quartz,
plagioclase and bictite, and porticns of several
potash felspar porphyroblasts filled with minute
inclusions.

Rock A185-731. Location 153.231. Ordinary light.

FIG. L2,

Photomicrograph of brucite-tremolite dolomite.

Rock A185-555. Location 234,210, Crossed polars.

Partially altered ragged prisms of tremolite (lef+)
and slightly deformed brucite flakes are set in a
granular dolomite matrix. Brucite flakes having the
orientation shown by the flake in the centre of the
field of view show the development of strong

deformation bands parallel to their c-axes,



FIG. 42
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strained fabrics have suffered some annealing recrystallizae
tion. Creater activity of water during the metanorphism of
the westsrn marbles would have snabled recrystalilization to
outlast deformation assoclated with folding. This piecture is
conformuble with the conclusions reached from the study of
the metamorpuic recrystalllization in the pelitic and

arenatecils rocks.

D, Silica Deficlent Mammeslan-Carbonate Rocls .

Rooks of this cutegory are characterizasd by the associsation
of brucite and a magnesian amphibole (tremolite or megnesian
toranblende)s. Dolomite, caleite, phlogepite and scapslite may
alsc be present with the accessorles sphene, apatite and iron
ore. Only three leocations are known and the rocks have the
following assemblages:

555 Dolomite~tremolite-~brucite~scapolite~{sphene)
40€ Dolomlte~}g hornblende=brucite-calcite~phlogo~
pite={apuatite-sphene-ivon ore)

2563 Calelte-actinolite-brucite-phlogopite~(sphene).

Specimen 555 (location 254.210) was taken from & narrow
steeply dipping lenticular band outoropping over a length of
50 feet in a8 thick seguence of fine~grained micaceous quartzo-
felespatihle schists of staurolite pgrade. The rock ls'a
uniform white to buffecoloured fineegrained dolomite with a
faint isliution banding outlined by tremolite prisms and
brucite flakes weathering out on the exposed surfeces.

Blzuty percent of the rock is & fine (0.1 m.) evenwgralned
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granoblastic matrix ol dolomlte in which is embadded numerous
prisms of tremolite and flakes of bruclte with rarsr anhedral
scapolits und granules of sphene. .The tremolite (2¥x 209,
Zz” ¢ 15) forms thin colourless prisms to one xilliimster in
length, wlich have ragged edges surrounded by fine granular
secondary dolomite resulting from retrcgrade alteration.
Bruclte appears in well=formed colourless tabular crystals
reaching 0,5 mm. in length. These flakes are urlaxial posi-
tive, bhave a weak cleavige, and a birefringence similar to
quartz. In those flakes abt a high angle to the follaticn,
deformation by gliding on kink lamellae parallel to [001] is
comnon. Thus late deformstion causing this kinking bhas alsc
caused fine I twine to appear 1ln ths Jolomlte and basal

fractures In the trenclilite prisms.

Rock 408 (location £04,133) occurs at the edge of & marble
bed adjacent to a large mass of metasomatic quaritz-albite vock.
The rock 1s a coarse grained (12 mmn.) grey, mica-auphlibole
rich,; non-folliated marble., The rock has &n even pranocblastic
texturs, with some coarser prismatic growth of the amphibole.
Like all ths eastern marbles this rock has suffered some posi=-
crystallization strailng and the presencs of widespread twin -
lamellas in the carbomnztes has established that caleite 13 in
excess ol dolonite. Phlogoplte frems 1 mm,. squat erysbals
with 2 pleochiroic schems X-colourless Y,d-lemon. bruclte is
rare and s commonliy grown as thin eclourlesas flakes attached

to the {@Gl} Taces 2f the phlogouits crystals. There is,
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however, o evidence fur phlogopibte-brucite instability. Late
deformation causing twirning in the carbonates has bent the
phlogopite {lakes and cuused deformation kinks in the brucite
similar to these of rock 558. 4 pale green siightly pleo-
chroic amphibole is abundant as anhedral stumpy prisus. 4
high 2N e angle (247) suggests magnesian hormblende. Host of
the prisms are zonsd with an lnereased colour intensity and

extinetion angle values towards thelr rims.

Rock 2528 (location 168.145) consists of numerous randomly
arpanged slender prisus of pale green amphibole {2vVs &75°,
ZNe 174°) with rare flakes of phlogopite and brucite embedded

in a coarse gralned matrix of untwinned calclte.

In 81l these rocks brucite occurs as well-formed primary
erystals and thero is no evidence for former periclase.
Recent oxperimental work on the system MgO~-COo-HoO (Walter,
Wyllie and Tuttle, 1982} has indicated that brucite is not
stakble in the presence of aqueous vapours which contaln more
than 4 few weight percent CO0g, and that high Pﬁgg favours the
growth of brucite in place of pericluse. The brucite rocks
at Cambral have presusmably formed under hlgh ?Keﬁ relative to

Pgo, “onditions.

Roclk 555 occurs at & lower grade than the first dlopside,
while rock 406 occurs within the sillimanite-muscovite zone,
where dilopside is common in the adjacent calcw-silicate rocks.
Weeks (1956) has stown that for & given total pressure

forsterite appears at & temperature some 80°C higher than that
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of dicpside. The stabillty of ampbhibole and dslomite iIn rock
406 indicates that the temperature has not been rsached whers
forsterite could form by reaction
[QagmgSSigogg{OH)g + 11 Calg({CClzlg prm—
treaclite delomite
8 EgQSiﬂé 4 13 CaCly + 9 00y -+ W50 ]
forsterite caleite

u....-..(lﬁ)
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CHAPTER 7.

METAHORPHISYM OF THE CALC-SILICATE ROCKS.

Introduction.

The calce-silicate rocks constitute a common and widespread
group of metamerphic rocks in the Cambral area, occurring as
numernis beds of variable thickness within the quartzo-fels-
pathic schist sequence above and below the marble horizon.

In the lower grades of metamorphisa the ealc-silicate rocks
are renresented by caleite-mica schists, which, like the
marbles, &rz stronszly handed by alternating caleite and mica
rich layers. "idespread quartz arnd felspar eralns witbin the
calcite r»ich layers suzgests a clastie origin for these rocks.
With rserystallizaticn and the growth of new calec-silicate
minerals at higher metaworphic grades, t he beds ocuterop con-
splcuously, and serve as strong local stratigraphlc marker
horizonue within the monotenous quartzo=felspathic schist
sequerice, Some of the thicker bads vreach €0-100 ft. in wldth
and havs beon mapped and plotted in Plate 1. Az well as these
larger bede, numercus thin bands and laminations of calc-gilie-
sate composition are dispersed through parts of the guartzo-
felspathic schist ssquence. The cale-zllicate rocks show &
wide ranpe of compositional, mineralosical and teztural veri-
ation. The aineralogzicsl éhan§es depend largely on reactions
ocenrring with inereasing metamorphic grade. 4s in the
marbles, bhess reactionsg, which invelve release of the

volabtilas Hed and GOy, are revarded in the western rocks,
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supcesting increasing pressure, espaclally PHQO’ 40 the weet.
Cale-silicates from the western margin of the arsea have a

distinctive mineralogy and are consldiered as a ssparste group,

A. QCalc-silicate Rocks from the Eastern Part ol the area.

The majority of the calcesilicate rocks I[rom the eastern
side of the area form distinct beds withln the quartz-Ielispar-
biotite schist sequence stratigraphically below the marble.
The more important of these beds have been mapped and plotted
in Plate 1. On the eastsrn scarp of the ranges north ol the
Marne Rivar, & thick sequence of calc-schists within the
staurclite grade of metamorphism, contaln wldesprsad scupolite
and amphibole. In general, with increasing grade, the rocis
change from calcite-bilotite schiste, to scapolite-ampnibole

calcesilicates, to diopside scapnolito calewsilicates.

The 1ist of assemblages zriven below is, by no means, a com-
plete 1list of the assemblages actually observed, but comprises
gelactad epitical assemblages arrayed in order of appesrance
with increasing. metamorphic grade. In actuel assemblages
secondary minerals are often present, but these bhave been
ignorsd hare. All assemblages may contain in addition the
followins accessory minerals: pyrite, iron ore,’ sphene,

apatite, tourmaline and zircon.

3iotlte zone in pelites. Plagioclase to An 8.

{1) Quartze-calcite-blotite-mascovite~nlagloclase.
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Biotite-andalusite zone in pelites. Plagloclase to

An 1b.
{2) Quartzecalcite=biotite-muscovite-plugioclase-
"potash felspar.
(3) Quartz-calcite-biotite-amphibole-plagloclase~
chlorite.
(4) Quartz-calcite-biotite-plagloclase~scapolite-
potash felspar.
Biotite~andalusite~staurolite gone in pelites. Plagio-
clase to An 890.
(5) Quartznaalciteuseapnlit@—biotiteaamphibole~
plagiccluse~potash felspar.
16) Quartz-calcite~scapolite~clinopyroxene-blotite~
plagioclase-potash lelspar.
{7) Quartzescapolite-amphlbole~plagioclase-potash
felspar-biotite~clinopyroxens.

8111imanite-muscovite zone in pelites. Plagioclase to

An 86,

(8) Qnartz-amphibaleubiot1ﬁe«epidote-garnetmplagio»
clase-potash felspar.

{9) Qnartz-amphibcla—elinopyrmxeﬁe-g&rnet»plagia~
clase~scapolite-potash lelspar.

(10) Quartzwamphiboleaclinopyroxene-garnat-plagio~

clase~biotite-potash felspar.
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Sillimanite-~potash felspar zone in pelites. Plaglo-

clase to An 93.

11) Quertz-scapolite~biotite~-aaphibolits-cliino-
pyroxene=~plagioclase~potash felspar.

(12) Epidote~calcite-diopside~acapolite.

(13) Quartzecalcite-diopside~-scapolite.

(a) Descriptive Petrography of the Calc-silicates.

{1) Calc-silicates of the Blotite Zone.

Within the blotite zone, and before thse appear-
ance of andalusite in the pelitic schists, the calce
ailicates are represanted by Tine-grained carbonate
schists. BExcept for an increased content of silleate
constituents, g¢lving them a darker more schistose
appearance, these rocks closely resemble the low grade
marble. Like the marble they are couposed of alterna-
ting carbonite and silicate rich bands, 1 mm. to 2 em.
thick, which are often intricately micro-folded about
a strong axial plane fcliation defined by blotite and
ealeite orientation. The culc-schists bave the same
mineralopy &8 the m&rbles and &re of similar gralin-
size. The carbonate rich bands, distinctly coarser
greined than the pbyllitic bands, carry abundant sub-
rcunied and strained quartz greains. The lack of
strain in the calcite sugzpgests that the quartz may be
relic detrital grains which have not yet recrystallized.

Plagioclase in one rock was found to have & conmposition
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near An S. luscovite 1ls comumonly Xenoblaustic, as in
the limestonss, while red-trown biotite ls well

ariented 1lntec the axlial plene foliation.

A thin border zone of scapolite schist adjacent
to copper bearing quartzetourmaline veins in the Pine
Hut copper prospects is the lowest grade occurrence of
scapolite known in this area. This rock is a darke
grey fine-gralned quartz-feolspar-biotite-muscovite
gehist containing numerous 0.5-1 mm. Xencblasts of
scapolite crowdedwith minute quartz inclusions.
Biotite and muscovite are unifermly abundant in the
natrix right up to the edge of the scapolite crystals.
Galcite is absont from this rock. If suiteble vola-
tiles were avallavle the scapolite may have crystal-
lized directly from plagiocclass. The scapolite has

N = 1569, suggesting a composition near Me 49.

(2) Cale-~silicates of the blotite-andalusits zone.

Soon after the appearaunce of andalusite In the
pelitic schists, the assemblages chlorite~-calcite-
gquartz and muscovite-calcite=quartz become unstable,
the first yielding amphibole and the second yielding
anorthite (scapolite) and potash felspar by reactions

similar to those described for the marblaes.

The first rock to contain amphibols (specimen
584, location 232.225) conszists largely of granoblas-
tic calcite, quartz and plagioclase (An 5-15), with
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lesser bictite, amphlbols &nd chlorite. The amphibole,
forming small isolated irregular stumpy poikiloblasts
with numerous guartz and calelte inclusionsg, 1s pleo=-
chroic X=-pale yellow, Z-pals green, and hag the
properties 2vx 72°, ze 15%4%.  According tc Troger
(1259, p. 77) these properiies suggest an intermediate
hornblende with 60f Mgemolecule., Small pale green
chlorite flakes with anomalous dark lavender pink
interference colours are apparently primary. Squat
flakes of blotlite are pleochreic golden~brown to

lewon-yellow.

Speclmen 812, location 257,219, marks the first
appearance i seapolite in & carbonate rock. In thin
slice the rock consists of agpregates of coarse cal-
cite and large (1 mm.) syntestonically rctated sub-
idioblastic porphyroblasts ol scapclite sieved with
five quartz, felspar and caliecite granules, immersed in
& fine foliated matrix of guwarbz, felspar and blotite.
Some porphyroblasts have rebrograded to & fine wmat of

sericlite, calelile and gquariz.

(8) Calec-silicates of the biotite-andalusite-stauro-
lite zone.
On the eustern edge of the rangesg, north of the
Marns River, a slipghtly calcareous schlst sequence,
not represented elsewhere in this area, contains

abundant scapolite, amphibole and potash lelspar.



166,

These schlete, usually carbcnate deficlient, show a
conslderable varlety of ?ezt@res depending on the
amounts of scapolite, amphibole and potasht felspar
present. These minerals, grown as porphyroblasts, are
get in a fine-grained pranular and foliated matrix of
quartz felapar end biotite. Where the foliuted matrix
is dominant, 1t may control the shapes of the post-
tectonic porphyroblasts. Scapolite xenoblasts, in
particular, are commonly flattened by faster crystal
growth paralilel tc the follation. On the other hand,
the amohiboles cosmonly show randomly oriented, bladed,
radiaste or "bowtie" 1dioblasts, waleh sharply erosse
cut the follated matrix. Whers the awphivole is a

wa jor componsnt of the rock 1t tends te develop larpge
web-like skeletal porphyroblasts which grow more
favourably along certain origzinael compositional layers

of the rock.

Rock 494, location 236,212, a flne~grained grey
cale-schist spotted with white scapolite ard green
amnphibole porphyroblasts, 1s typical of the lower
grads rocks of thls sequence. Porphyroblasts of scapo-~
lite, to 1 ama., sieved with smell quartz, bliotite and
amphibole inelusions; ragged pale-green amphibole, to
0o M., with 2Vx 73° and 20c¢ 164° (60% Mg-horn-
blende); sand potash Telspar with incipient microcline

twinning, ars dispersed ithrough & quartzeplagioclase~
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biotite matrix having an avepags grain-size of 0,02 am.
Fractured and strained, rounded quartz grains to 0.3
mm, nay be detrital. Lozenge shaped and granular

sphenes are numerous. The plagloclase composition is

At 238.212 rocks similar to 494 are cut by quartz-
scapolite-hornblende~potast: {slspar bearing segrega-
tion veins to several centimetres in width (specimens
24 a-d)., Occasional veins and lensoldal pods are
zoned; & core composed of coarse scapolite prisus ime-
mersed in quartz being surrounded by a coarse grained
anphibole rich rim, in turn feliowed by & light
coloured outer rim of very f{ine-gralned guartz and

plagloclase.

In the middle staurolite zone, the more massive
calc-silicates resemble fine~grained non~follated
syenites in hand specimen, for example specimen 540,
1ocation 238,197. These rocks are principally con-
posed of potash felspar amphibole and plagioclase.

The potash felspar shows inclplent microcline twinning,
the plagioclase has & composition near in 36=39, and
the amphibole, occurring as diversely oriented anasto-
mosing crystals embedded in the potash felspar, is a
paleegreen hornblende (2Vx 76°, 2\e 16°). However;

the more usual rock at this grude is a calce-schist,

represented by specimen 465, location 235.1886,
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eonsisting of scattered oveld scapolite xenoblasts to
2 mm., with losser pale-grecn amphibole and potash
felspar porphyroblasts, dlsnersed through & flnee

grained foliated matrix of guartz, felspar and bilotite.

The potash felspar in the se rocks regularly shows
incipient cross~hatched twinning and some grains are
zonied. In specimen 24, cross-hatched cores have
2Vx 72-80°, wiile non-twinned rims have SVx §0-74°.
At a slightly higher grade, for example 494, the

potash felspar has 2V 57627,

Optical meusuremenis on & number of amphibeoles in
these rocks suggests that they are common hornblendes.
2Vx ranges from 69-77°, while 2"\ ¢ values lie betwecn
15~18°, The rssults have been plotted graphically in
Fige. 438 (black crogses), #long wlth results from
other amphiboles from cale-silicate rocks in other
parts of the area., Japanese workers (s.g. Shido,
1686) have successfully used 2Vx versus ny plots for
the optical distinction of amphltoles belonging to
separate smphibole series. The chemistry cof amphiboles
cannot be readily related to optic parameters (for
example, actinolites; Deer, towie and Zussman, vol.Z2,
pp. 251-253), and the 2Vx versus 2Z7\c plots used here
glve only a rough indication ¢f the amphibole chemis-

try. The curvss of Fig. 43 have been derived Ifrom

A

published 2Vx and 4''e¢ curvss as indicated. The



FIG- L'.Bo

Optics of amphiboles from the Cambrai area,

(a) Variation of Z\ec with 2V_ in amphiboles

(v)

from metasediments on the eastern side of
the area (crosses) and the western side
(dots). The curves for actinolite and
hornblende composition variation were
derived from Tr8ger, 1956, pages 72 and 77«
Similar plot of amphibole optic variation

for amphiboles in rocks of igneous parentage.
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metamorphlc amphiboles {rom the Cambral calc-silicates
tend to fall into two groups corresponding to elther
the actinolite or common hornblende serics (hasting-
sitic amphiboles from the western calc-silicates, and
cummingtonites, have been omitted)., Amphiboles from
pocks of ignecus parentage (Pig. 43b), plotted in a

sinilar manncr, show no conslstent relations.

An uriusual dark-green amnphibolee~rich calcesilicate
from the conmencement of the staurolite zone (specimen
559, location B53.212), consiste largely of deeply
coloured blua-green actinolite (2vx 77%, 3" e 13°,
X-pale lemon, Y-mide-green, Z~deep blue-graen, 30% dHg-
actinolite ~ Trizer, 1952, p. 72) and coarse calcite,
intersversed with minor iroa oro and blotite, and dis-

rupted relics of fineegrained phyllitic schist bands.

In the ckleite sufficient calceschists containing
amphibole and quartz, dlopside appears soon after the

first appearsnce of steurolite in the pelitic achists,

{4) cCalcesilicates of the sillimanite-muscovite zone.

Soon after the Tirst apcearance of fibreolitic
s1llimaenite in the pelitic schists, garnet appears In
sons cale-gilicates. Like the garnet In the limestone
at the Kanaopa lMlne, the primary nature of this
mineral is in donbt, for in many rocks secondary
eoidote and calcite are also present. As the garnets

are usually surrounded by, and have Iinclusions of,
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both epidote and calcite, its origin by reaction (4)
(Chapter 6) is indicated. |

In »ock 14, location 222,166, garnet appears %o
bs a primary constituent. This rock consists of thin
amphibole~garnete-quartz~felspar bands disrersed
through fine-grained quartze=plagloclase-biotite schist,
The schist consists of 0.1 mm. granoblasts of guartz
set in fine (0.01 mm.) granular bytownite and modere
ately criented orange~brown blotite, Secondary clino-
zoizite granules have appsared at numerous points.

The more calcareous layers consist of large, 1«5 mm.,
interlocking skeletal webs of hornblende of intermedi-
ate composition (2Vx 709, 72MNe 17°, Xenale~zreen,
Y-rustard-gresn, Z-blue-groen). fhe amuhibole is
intergrown with small irregular to gkeletal garnets
and occaslonal epidotes, immersed In a matrix of
quartz, potash felspar and bytownite (An 73-80)., Some
of the epldote 1s asscelated with pale oreen chlorite,
forming from orisinal bictite, and mavy be secondary.
Another rock cof slmilar arpearance (spec. 1ll, location
229,148) contalned a more sodic nlapioclase (An 46-53)

&nd no garnet.

In rock 15, location 255,155, minor garret,
enclosed in scapollte which has iIn part altered to
galeite and epidote, iz of mers doubtful primsry ori-

gine This veck is typical of ths normal calc-silicate
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rocks In the lower pert of the sillimanite zone. Dess
plte complete recrystallization to coarse interlocking

skeletons of amchibole, dicpside, scapolite, potash

felspar and guartz, the rcek shows the preservation of
small scale fold structures, In thin section the texe
ture is complex. Large webbed amphibole and diopside
skeletons are intricately intergrown with large sieved
scapolites. In places plugloclase (An 38=46), potash
felspar and qusrtz form larze porpbyroblests. Quartz
and felspar alse occur as small granoblastic inclu-
sions within the auphibole, diopside ani scapolite.
Various sized logenges of sphene are distributed
tarcughout. The texture 1s further complicated by
secondary alteration of dispeide to pale aciinolite,

and scapolite to epidote and calelte.

Large, 1=-5 mm., subeldioblastic garnets, surroun-
ded by seccnﬁary epidote and chlorite, are abundant in
rock 388 (location 222,150}, With 1ts complex inter-
grown texturs this rock iz similar to »roel 15, but
contains abundant randomly oriented interlcelding
noikiloblasts of amphibsle and no scapolite. The
plagioclase is pasic (An &8}, and soms epldote may be

primacy.

Ancther type of calcesilicate rock encountered in
thls zone o mebamorphism ils sxemplifisd by specimen

450, location 221.144. This is a well=bedded, falntly



FIG. Ll
Photomicrograph of amphibole-quartz-bytownite
cale~silicate,
Rock A185-430. Location 224.1l4;t. Ordinary light.
Decussately arranged prisms of common gféen

amphibole set in a fine granular matrix of quartz

and bytownite,

FIG. L5,
Photomicrograph of clinopyroxene-scapolite rock,
Kanappa Mine,
Rock A185-10. Location 216.118. Ordinary light.

Several grains of sphene are also present,






layepred rocl, conglsiing ol randomly ovrlented prise
metle hornblende polikllickblasts embedded in a fine
qunartz-hytownite matrix. {ranules ¢f sphens, iron ore

and apatite sre common as accessories.

{5} C&lﬁ*ﬂL&*CatﬁS of the sillimanite-potesh felspar

zone.,
In the cale-silicates of the sillimenite~notash

folspar zone, the rezaction Ilnvolving the formation of
Aiopside Trom amphibole, cealclte and quartz has gone

to completion, and amphibols lg only pres
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guarts or calelte deficient assemblages, Dilotite, teo,
hae almost dlzarpesared from the quartz-caleite assene
blases, with conssquent enrichment in clinopyroxene.

The hip

hest grude quarta=-calelte bearing calec-gilie-
cates may have the assemblage guaritzecalelite-clino-
pyroXxeng-scapollte-plagioclase~potash feispar-spuense,
with mincr phiogoepits 3cmo secondary alteration,
with the formation of epldote and calelits from scapo-
ite, and amphlibole and c¢hlorlts from clinopyroxene;
is ubiquitous. In the Ranappa dine calc-silicates, 1t
13 difficult to distingulsh the sscondary and primary
minerals because of a more intense recrystallization
accompanylng the sscondary paragenesis. ilsre well
erystalllized skeletal pgurnet bus appeared in clino=
pyroxene-scapnlite riceh cale~silicate rucks containing

munh secondary epidote, calelbe, quaritz and amphibols.
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Numerous small prisms of primary epidote occur in
rock 99 (location 207.097). This is & guartz deficie
ont rock containing abundant granoblastic calcite dise
persed through anastomeosing skeletal porphyroblasts of
scapollite., Secapolite rich layers contalrn numerous
deep=~green hedsnvergite granules. The epldote occurs
as well~=formed 1dioblastic prilsms enclosed in calcite

and scapolits.

In these high grade rocks plagloclase may have

any composition. Rock 833 (location 208.087) consists
of randomly oriented prismatic porphyroblasts of a
palsegreen magneslan amphibole (2Vx 83°, z /e 19°),
set in an even gralned grancblastle matrix of non-
twinned anorthite (in 94 n 5-1.582). Sphens is a com-
ron accessory. Clinozeoizite has begun te Torm as a

secondary alberation product.

In a clinopyroxene-scapclite calc-silicate
bordering an aplite vein, the plagloclase was lfound to

be strongly zoned from cores of An 80 to rims of An 18,

Textural changes ars fluportant In tihe high grade
calc=ailicates. In the lower portion of the sillimane
ite zone the major minerals of the calc«silicetes,
clinopyroxene, scapolite and amphibole; form large
skelstal porvhyroblasts, sometimes up to le-2 cm. in

diameter. In the highest srade rocks these minerals
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have largely recrystallized to an even granoblastic
texture. All stages in this polygonization can be
observed. The large crystals of the lower grade rocks
generally show undulose extinetion resulting from
bending of the crystal lattice under a late phase of
deformation. In the higher grade rocks chemiecal
activity was strong enough to enable the strain in the
porphyroblasts tc be alleviated by recrystallization
after the deformetion had ceased. This process is
similar to the granular recrystellizetico of cordier-

ite described earlier, and has certain similarities t

o

the annealing recrystalllzuticon 1n the strained
marbles, bub, whereas the calcite anmmealing appeared

to he asscelated with the secondary paragenesis, the
polygonization of the cale~silicate minerals seems to
have heen Independent of the secondary parsagenesis,

and may be an earlier svent, In some rocks ecores of
stralined clinopyroxene nv» go&pollte norphyroblasts are
surrounded by an aggregats of polygonal unstrained
granoblasts. These granoblasts may preserve & crystale
lographic oriesntution related to the original porphyro-
blast, which, even in the most recrystaliized rocks,
may not be totally destroyed. Thus, in the re stal=
lized granoblastic calceailicates, the grains m:y have
& sub-parallel optic orientation over an grea of

gseveral square centimetres, depending on the size of
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rphyrovlasts. Il a petrolfubric diagram

<

the original p
was prepared [opr any of thesze minerals in such a
granoblastle rock, & falr orlentation of the optic

axes may be recorded, which, however, would not be ths
rosult of tectonle orlentaticn. Gellatly (1364) has
dascribed sinllur features Iin mebamorphcsed porphyri-
tic nepheline sysnites irom Darkainle, Somali Republic,
Strained relict cores of the magmatically orlented
nepheline porphyroblasts are enclosed by "racrystallized
polyronal interlocking subesrains"., Petrofabric
analysls of the nmozale grainsg ravesled a tondeney for
local domains made up of sub-grains In near paraliel
crientation. Scapolite hwas yvieided "falr looking®
petrofabric dlagrams from soms rocks of the HMi. Lolty
Ranges {(e.z. White, 18586}, iHowever, it nceds to be
denonstrated that such orientation diagramg record the
regult of true tsctonic oplentation of the gralins and
not a mimetic prientation vesulting from thz polygonl-

zatiocn of origlinul large porphyroblusts.

e

{b) Conclusions.

The sastern calce=sllicates have evolved through metamor-
phisa in a similar manner to the ac jacent nwrblies, and many
of the rsactions laportant in the etamorphnism ol the marbles
apply to the cale-slilicates also. Parras (1958) bas descrived
calc-glilicate assemdlages from the West Uusimaa complex of

southewazt Finland which srs similar, in macy respectis; to the
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higher zrade calc-silicates of the present area., In West

Uusimaa clinopyroxens~zcapolite calec-silicates grade into

rocks of the charnockite facies.

Be Calec~silicates from the Western Part of the Area.

The western calc=silicate rocks may be divided into two
distinct groups, both petrologically and geographically.
Assoclated with the marble of the western anticlinal zone, and
to the east, sitratigraphically below the impure arkose unit,
are calc-sllicate rocks of a similar character to those des-
crived from the eastern side of the area: that is, rocks,
which, bezinning In the lower grades as calclte-mica schists,
progressively develop scapolite, amphibole and clincpyroxene
with increasing metamorphlec grade. Several thin calce-silicate
horizons outceropping stratizraphleally above the limestone, to
the west of the anticlinal gzone, however, contain & distinc-
tive dar¥egreen hastingsitlec amphlibels, abundart epldote in
egquilibrium with plagioclase, clinopyroxene and quartz. In

these rocks scapolite 18 rare and neormally absent.

Therefore, in considering the petrology of the weatern
cale-silicates, it is necessary to subdivide then into the
followlng groups,

(1) Clinopyroxene-scapolite calc-silicates,

{Z) Hestingsite-plagioclase calc~sillcatbes.
The latter group occurs on the western nargin of the aresa, and
the geogruphic boundary between the two groups iz marked by

the westernmost llmsstone-schist boundary.



(2) The Clinopyroxens-Scapolite Calc-sillicates.

(1) Hinerais and Mineral isssenblages.

The folliowing assemblarca, listed in order of
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hoen ohserved,.

Blotite-~andalusite-staurolits zone in relitic schilsts
(1) gupariz-caleite~blotite-muscovite~plazio-
clase.

{2) <Cuartzecaleitee~blotite~-muscovite-nlapglo-
clagss-geapolite-cotash felspar.

S3illimanlite~muscovite zone ir neliitie schists,

{3) Onartz-calelte-~blotlte~clinopyroxens-potash
felspar-anphibole-apidote.

(4) Quartzecalcite-biotite~scapolite~plagio-
clase-notash felspar-epldote-clinopyroxens~
amphibole.

(3) cuartzehiotite-scanslite-parnst-notash
falanar.

(6) C(martzecalcite=biotite-scapolite~-clinopyro-

xene-potash felspar.

(2} Descripiive Petrography.

The lowest prade cale-silicates (e.g. s8pecimen
745, location 184.245, assemblage (1)) are fine-
grauined banded calcibe-mlca schists siamilar irv most

respacts to the low grade eastern cale-schiists.

At a slightly higher grade, scapolite firsti

appears in close associaticn with muscovite xenoblusia
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(e.g. specimen 5649, location 184.176, assemblage (2)).
At vigher grades the muscovits progressively dis-
&ppesrs, be;ng replaced by scapolite. The scapolite
usually haa a sub-idioblastic form and encloses
abundant small inclusions of calcite, biotite, quartz
znd felspar. Concomitant with the growth of the
acapolite porphyroblasts is the appearance of potash
felspar, calcification of the plagioclase and &
general increase in grain size, especially of calcite.
The reactlion involving the break~down of muscovite in
the precence of calelte and quartz seesns to again

satisfy the requirements of these changes.

Porphyroblastic scupolite sehists, and scapolite-
garet schiste withoul carhonate, are occasionally met
with (assemblage (5)). These »ocks ars transitionsl
vetween pelitic schists and calewschists, At & lower
grade they may have had minor free carbonate since
used up in the formation of scanolite. In these rocks,
the abundance of scapolite and the abserce or rarity
of potash felspar, indlcates that a reaciion suech as
that proposed for the development of scanclite in the
calecareous rocks, 18 nottenable. Some scanolite rich
schists appear bhelow the zrade at which scapolite
first appears in rocks with a calcite milisu. ¥No
observatlions have been mads whilch suggest the manner

in which this scapolite amy bave formed. A typleal
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rock {specimen 651, locaticn 185.179) consists of
closely packed coarse (1= miz.) scapolite porphyro-
blasts separated by & small amount of quartz-biotite
matrix. The bistite flakes &re commonly concentrated
near the marglins of the scapolite erystals., In these
rocks 1t would appear that the abundant seapolite has
grown direectly from scapollite forming constituents,
perhaps plaglocluse, with minor carbonate and trapped
chlorides. An iIntroduction of volatiles for the
formation of scapolite In thess schists might be con=-
sldered. THowever, &1l of the scapolite schists of
this type are pestricted fo thin gtratipeaphic hori-
gong, and it ls more likelw that the volatiles nesded
for ths growth of scapolite were present in the

original sediment.

Rock 682 (location 165.,175) is a Line=-grained
(0.02 mm.) foliated quavtz=Talspar~bictlts schist con-
taining largs lsclated 2 mm. "Tluttened" secapolite
porphyroblasts, 3ome calcite is present in the meiterix
of red-~brown bilotlite and high relief plagioclase.
fluscovite xenoblusts are Jispersed among Hhe scapolite
porpghyroblasts. WNo pobash felspar has been produced
by the growth oi scapolits, and again it se=ms likely

that the scapslits has grown directly from plagioc-

\J

clase. Bilrsfringence clhiangse within the scapolite

porphyroblazts indicate & stead; change of composition

VE\
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from the cores {¥We 70) to the rims (Me 45)., This was
the only exauple of strong scapolite zoning observed,
an? the composition variatlon spans the ranze deter-

mined from all other scapolites from the area.

flock 362 (location 167.156) comtalins scapolite and
rarer garnet porphyroblasts in a biotite quartz matrix.
iMinor potash felspar may occur in the matrix., but
agaln, the abundancs of scapolite suggests direct for=-

mation from crizinal plagloslase.

Just before the sillimanite isograd is reached
clinopyroxene has commenced o appear in amphibole-
calclite-quartz ussemblages. Hock 529 (location 194.146)
has largely randowly oriented skeletons of pale=green
amphibole, to 1 ¢Be, set In & line-grained matrix of
quartz, calelite, potash felspar and blotite (lergely
altered to chlorite). Epidote 1s present a&s numerous
small poikiloblests, while bthe clinopyroxzene has begun
to grow as large Interstitial sksletons (aszeublage

(3)).

Within the sillimanlte zone, dlopside progres-
sively increases at the expensa of amphlbole, calcite
and quartz. 'The occurrence of these four mlinerals
togather, in many of the rocks examined, ssenmz to be
relatad to a lack of sxbtensive Aiffusion of material

ave» mora than iz few millimabres. Thus, in zoae

s
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rocks, amphlbole and quartz may be stable well within
tue s1llimarnite zone, although grains of caleite may
be only 1-2 am, dlsbtant. Other factors, such as the
aiphibole composition, sluggishness of ratction and
variabloe PHZQ nay also be imnortant in nreventing the

roaction from procseding ranidly.

Typical of the rocks in which amphibols has not
yel been couplstely destroyed, by reaction with quartz
and calcite, is spacimen 2851 (location 174.145), a
massive bandad calcesilicate »oek in which {inely
skeletal webe of pale~green clincpyrexene, to several
millimetres In width, are closely iuterlocked. Some
primary anphibole 1s still nreserved where calecite is
iscking. Scapolite occurs as small irregular por-
phyroblasts throughout, Caleite, potash felspar
(2Vx 629), quartz and plagioclese (An 28) form a

granoblastic watrix.

A nearby rock (speciumen 336b, locabion 185,140),
of a similar metasorphle geale, conbtalns cuartz-cal-
clie-amphibole as a stable assemblage and ne pyroxene
has ret apprared. The amphibole occurs &s large 1-2
ez, skeletons, enclosing skeletal scapolites, calecite,
porphyroblasts of potash felapar and granales of
quartz, plagiocluase and biotite. Primary epidote is
alsg commern within this rock as small xencblasts

filled with minubte quartz inclusions and enclosed
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sublirely within the secapolite rorphyroblaste. This
iationshipy sugpeasts that, in thie cass, the scapo-
lite hes formed by a reaction between epldote,

plugioclase ard cajeite.

In the highest grade rocks, assemblage {6),
biotite becomes very scarce, is phlogepitic, and may
tave begun reacting with quartz and calcite te produce

clinopyroxene.

cale-silicates.

Progressive mineralogical changes in the dlopside~
scapolite calc-siliecates of the western group are not
vary marked. Blotite is usually & red-brown variety
up to the highest grades, where it is replaced by a
paler phlogopitic variety. Scapolite compositions lie
within the range Ms 45eile 70. Potash felspar consis-
tently exhinits incivpient cross-hatched twioning, and,
in two rocks, had 2Vx values between 80-83°. The
exphiboles are common blue-green to green hornblendes,
which, in fonr specimens, showed the {ollowing range
of optical properties: 2Vx 65-73%, Z/c 16-18°. The
clinopyroxenes are pale-grsen varicties (salites),
deer green hedenberglitic elinopyroxenss are absent.,
bBecaunge of the Dineness of grain-size, plagloclese
compositions could not be obbained [rom the lowest

grade rocks. iear the base of the sillimanilie-musco-



vite zone, plesioclase hag a composition nsar aAn 40,
enl 121 (locabion B04,083), & higher grade cale-
s3licate, containg bytownlbe in equilibriun with epl-
Anta, The speclmen ls part of & narrow 4 cm. cale-
g1liceous band smbedded within pelitic guartso-felse
nathic schists. The plasioecluse (An &0-84) occurs as
smuall rearely twinned interstitial grains betireen
larzer granoblasts of quartz, sksletal porphyroblasts
of & deep-groen amphibole (2¥x 63°, z/\c 12°), sparse
flalias of golden~brown bloiite and rars xonablastic

grains of enidotas.

An unmusual rlagioclase was noted in rock 285,
ipcatlion 17%.11%. The specimen shows several 1 cn.
mottled green and white amphibole-plaglcclase-quartaz-
pobtash felsper rich bands embedded in & fipe-grained
gray quartz-lfeisparebiotite sehist., The bands conesist
of skeletal porphyroblasts of green hornblende (2Vx
730, 2N\e 18%), intergrowa with large 0.4 m@m. Xeno-
biasts of plagloclase and notash felspar, pepoered with
small grains of quartz. The rplagioclune Is guite
fresh and clear, and has a composition rangs {rom dn
43=in 53 (Bmmons? Seaxis method). The comnosition
variation is due to the pretence of finse osclllatory
goning, In avpropriatsly orilented cralns, the zones
are seen 5o bs very narrow, and tc ontlins delicate

concentric euhadpral crystal forms within the grains.
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ihe zones are separated by sharpy com ositinnal changes
(Becke 1ines), u9nd appear to bs wade up of two plagio-
clase comnositiong, ons nesr An 45 and the other near
4n 55, As the rock iz of dafinite sedlmsntary-meba-
mornhic orisgin, the suhedra) zones must hava bean proe
duced 1In the 30lid state ufter the plagloclase gralns
had grown. Tha rims of tha zrains are of & sinmiler
commosition ts the cores, and a theory involving
diffusion of more albitic plagioclase in from the »ims
must be discarded. The most likely aliternative is the
exsolution of two plagloclesoes, one near An 45 and the
other nea» An 53, This would Zmply thaet there 1s an
inmiseibility gap in the placsioclase sories over this
range of composition. Miyashiro (1958) has proposed
an immiscibility sap In the plagloclase series in the
range An 40-50 on the basls of observationz in the
Gosalsyo~Takanukl ares of the Abukuma Plateau, Japan.
it might be supposed, for the present case, that the
plagioclase was once homogensous, and that during
slow cooling, phases near An 45 and An 53 separated
oat into narrow zones wlthin the crystal atructure.
Migch (1954) has recorded the occurrence of recurrent
zoning in the plagloclase of miea schists and cale~
silicate granulites, and he has described an excel-
lent example of sbarply euhedral recurrent zoning in

the plagioclase of a calcegllicate rock frcocm Nanga



FIG. 46,
Photomicrograph of recurrent oscillation zoning
in metamorphic plagioclase of thin amphibole-quartz—
labradorite layer in cale-schist,

Rock A185-285. TLocation 179.119. Crossed polars.

FIG, 47,

Photomicrograph of portion of thin slice of
hastingsiteﬁplagioclase calc-silicate from near the
base of the sillimanite zone showing granoblastic
texture and compositional banding,

Rock A185-704. Location 153.180, Ordinary light.

Central band contains hastingsite, clinopyroxene
and epidote with minor Plagioclase and iron ore.

The adjacent bands are alternately enriched in

Plagioclase and epidote,
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Parbat, North-weast Mimalayas (iisch, 1954), In this
plagioclase up to 12 raﬁurvences vere observed, the
alternate zones belng in the range An 80-63 and An

84-91. Although of some intarest, the cause of this

type of zoning remalng obscura,.

Llke the zastern calc-silicates these rocks alss
show some progressive texbturul changes with incrsasing
netamorphic grade. The most notable 1s the polygoni-
gation of large skeletal porphyroblasts of seapolite,
amphibole and clinopyroxene in the higher zrade rocks.
This process proceeds in & siallar mannsr to thuat

already described for the eastern cale-silicates.

(b) The Hastingsite-Plagioclase Galcesilicates.

The calc-silicate rocks now to bz deseribed ars readily
distinguished from the clinopyrozene-scapolite rocks by an
almost universal occurrence of plagloclase with & dark green-
black amphibole, whieh, from optic data, is considered to
belonz to the hastingsite serles., The more calcic varieties

contain, in addition, abundant epidote a&nd clinopyroxene.

The hagtingsite~-plagioclase calcwzilicates cuterop as
geveral closely related long thir beds Irntercalated within a
uniform steeply diyping sequence of guartzo-lelspathie
achisis, and, stratlgraphlically, lie several hurdred feet
above the marble bed (Plate 1). These beds may be correlated
with several cale-silicate beds, interczalated with quartzo-

felspathlic scpnlsts, above the marble on the eastern limb of
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the maln western anticlinal zons. However, specific corrslae
tion of individual beds across the anticlinal zeone camnot be
attempted. When traced along strike, the hastingsite-plaglo-
clase calcesilicate beds are found to be of variable thickness
and composition, and to undergo minor seilmentary fucles vari-~
ations. ¥sll defined bads, rich in cale-silicate minerals,
may graﬁa of T into wore felspathic varleties, and, 1ln some
sections, the calc=siilcate beds have disappesred freom the

quartzo-falspathic sequence.

A well defined sedimentary lamination, expressed by mineral
banding, 1s present in &lmost all heds, each lamination being
enriched in & particular mineral or assoecistion of minerals.
Some rociks are particularly colourful; alternmating white,
yellow, gresen and black bands being enriched in felspar,
epldote, clinopyroxene and hastingsite respectively. Indivi-
dual bands are soldom more than a few millimetres 1n thickness,
and because most of ther ocks are exceptionally [lve-grained,
very rine closely sptced luminations may be well preserved.
Most of the bands are uniform in thiciness, and awre contlnnous
over the scalzs of the hand specimen; bubt occasiocnally a band

may thicken into & lens, or show discontinuity.

As thess beds are located on the westarn limb of the iso-
c¢linally folded anticlinal structure, the tectonic foliation
(axial plane follation of schistosity) 1s sensibly parallel to

the relic sedimentary banding. Only rarely are ninor folds

observed where the tectonic foliatlon desparts appreclably from
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the beddire structurs.

The ma jority of rocks have a {ine even grained crystallo-
blastic texture, and only in the highsr grade rocks to the
south are coarser porphyroblastic wvarieties consplcuous. In
the crystalloblastic rocks the tectonic foliation is clearly
outlined by the shape orientation of quartz and felspar
granules, and by dimensional orientation of the amphlibole
prisms. Rarely the amphlibole prisms also outline & faint

lineation,

The cale-sillicate heds outcrop on & constant strike, trend-
ing nortu-northewest for a distance of over 10 mlles, and cut
obliquely across metamorphic boundariss from mid-staurolite
grade i1n the north, to mifesillimanlite grade in the south.
This simcle relationship between the strike of the bsds and
the nmetamorphic isograds, allows ready comparlison of samples
of prograessively changlug grade, the assaﬁption‘beirg made
that the grade changes grogressively and steadlily with dls=-
tance alonz the beds. 4 study of nineralogical eguilibrium
within thess rocks, to be elaborated in the following chapter,

has confirned the validity of thils zssumption.

(1) Minerals and Mineral Assemblages.

The major minerals encountered In these rocks
are quartz, plagicclase, epidote, clinopyroxene,
hastingsite and potash {elspar. Hornblende, blotite,
garnet; scancllite and calecite are relatively rare,

being found in only a faw of the samples examined.



Iron ore {usually magnetite), sphene, apeiite and

ircon are the esmmoner accessory constltuents. apard
Ppom progressive mineralogical ehanges, Uhe only new
minepal to appear Jurlng the mebamoryrhism ol these
rocks 1s grossular-andradite gernet. This garnet has
been encountered In one specimen from the mid-sllii-
manite zone. Trese rocks are consistently Tournd to bhe

remarkably fresh in thin section, &nd there is gener-

glly no eviderce for a secondary paragenesis.

The Tollowing aajor ezsemblages have been observed

-

andalusite-staurolite-kyanite zone in pelitic

schists. an 26.
(1) quaritz-plagioclase~epidote~hastingsite-clino-
pyroxens.

811limaniteemuscovite zene iv pelitic schists.

an 27.

(2) Quartzeplagioclase=epidote-hastingsite-clino-
nyronens-notash felspar.

(3) Qnartz~p1agiaclase~enidote-hastimgslte-elino-
pyroxene=calcite.

(4) Quartzeplagioclase-epidote~nastingsite-clino-
pyroxene-scapolite.

(5) Quartz-spidote=-clinopyroxene-bastingsite-

calcite-scapolite.
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(8) Guartzeplaglioclass-hastingsite~bictite~
potash felspar.
(7) Guartzeplagloclase-epldote-hasilingsite-
c11nepyréxeaeugaruetcscapolite-pmtash fel-

spar, {(Plagiocluse An 50).

Most mineral assemblages found in these calc-
silicate rocks may be expressed by assemblage (1), or
143 sub-assemblages. In the upper andalusite-stauro-
lite~kyanite zons and the lower part of the zone of
aillimanite in pelitic schiste, assemblage (1) is
comionly encounvered, the minerals being elther invi-
astely alxed, or concentrated into allernate bunds.
Sub-asscablages derived Irom assemblage (1) make up
the mejority of rocks examired fron all grades.
nocks containing plegloclase and epldote iovarlably
contaln c¢linopyroxene in addition. Asscublages withe
ocut spidobe are especizlly comuon in the higher grade
nocks, where much of the epidote has disappeared
traeouch reactions invelving plagioclase and clinc=-

pyproxenc. 4Lssenblages lackling both epidote and pyro-
xens sre common, and usualily bhave u striking black and
white bended appeerance due Lo alterrnating hastingsite
and plagiocluae rieh bands. Quartz frse as senblages
ape not uncommon. Heastingsite or plagicclase {ree
ass omulageq are very rare. Harely hastingsite may be

raplac@d,gg an amphivole of the horrblende series.
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Potosh felspar bearing rocks are rare, and are
limited to the more felepsthic varietles. These rocks
may be expressed by assemblage (2), and its sub-
assemblages. Sodium cobaltinitrite staining of
polished sectlons has revealed that the potash felspar
1s commonly concentrated into bands parallel to the
bedding. Hocks containing ealeite and scapollte are
rare, and are represented by assemblages (3), (4), and

(5). Biotite bearing calc-silicate rocks, assemblage
{S), are tpansitional towards pslitic sehlsts. Agsemne
blage (7) was Tound ir one pock from the highest
grade. Lere grossular-andradite has anneared In &
quertz-epidote bearing pock, At a slightly lower
grade the assenmblage quartz-calcite-epldote 1s stable.
Phus garnet tas Tormed within these rocks well within
tne sillimenite zone, and the epidote-quartzvcalcite
assemblage appears 1o be stable to 4 highsr tempera-~
ture in these rocks than in the calec-gilicates to the
east, a further observation suggesting lncreased pres-

sure to the wesh.

in opticalenineralopleal study of these rocks
has been undertaken to svaluats epidote-plapleclase
armilibriun relationships, and the detulled results
w11l be presented in a followinge chapter. The epidcte
has been found to be of &lmost eonsbant composition,

approximately one third of the alumininm pesitions in
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the structurs baing reslaced by ferric iron (ses also
Miyaashiro and 3ski, 1953). Plagiosclases in equilibrium
wlth epidote show 2 consisiznt and steady inerease in
arorthite content, from An 2€ at the lowest grads
{andalusite, sbtanrolite and kyanite in adjacent pnli-
tic schists), %o An 27 (Sfirst zillimanits noted in
palitic schista), to An 40 (m1d~sillimaniteQmuscovite
zone). BEpidote-plagloclase bearing rocks are very
rare Iin the mid-s1llimanite zone, but nplagloclase in
soma adjacent rocks suggest that the anorthite content

may Inereass more rapidly once a composition of An 40

#]

has been excesded, Ths clinopyroxenes 211 within the
rangs 36«707 hedenbergite, &nd in the epidote hearing
assemblages thers 1s & progressive Increasge cof heden-
bareite content with grade., The refractivs index N o
of the hastingsites ranged from 1.538-1.,6098, A close
sorrelation between n, , colour intensity and mag-
netic suscentlibility, sugpests that Irersasineg refruc-
tive index wmay w3 related to inereasing iron content.
Althouph therz is a wlde ranpgs of n o« values for
nastingsites at any one grade, the n, values pro-
gressively increase with grede, presumably reflecting
increasing iron content. Hsasured 7™ e values for the
nastincsites ranged from 13-21°%, but there is no appa=
rent correlation with nx . Optie axisl angles

szerosg X, for the hastingeites with n in the range



194.

¥

{

1.882-1,888, varied from 19-45%, again with no consisz-
tent relation to refringence; although, ovarall, the

2Vx values dacrease with Inersasing nx values.

aphy of the Hastingsite-Plagioclase Cale~

sillcates.

Rock 761 (locatlon 145.241) is typlcal of the
lower grade hastingsite-plagioclase calc-silicates.
The rock is a {ine green=black to grey laminated
erystelloblastic calec-silicate schist, with alternat-
ing dark and light layers. ‘The dark luyers consist of
green, fairtly pleochroic clinopyrexene, as small 0.5
m. porphyrobliasts, interaingled with fresh sub-idio-
blastic prisms of blue-green magnesium-rich hasting-
site, with the pleochrolc scheme X-pale leiion, Yeclear
nustard-green, Z-fresh blue-green and n o 1l.63&, and
rare pale yellow granules of epldote. A small amount
of auartz forms an Interstitlial matrizx to the dark
minerals, The light celoured laminations &re princle
rally composgsed of fine (0,0F mn.) granoblastic guartz
and plagloclase, full of minute inclusions of diopside,
hagtingsite and sphens. The nlacioclase {(in 26) is
only distinruished from the quartz wlth dlffieulty.
Apatite and iron ore occur as accessory constituents.
The epidote granoblasts conbain minute inclusions of
indsterminate character. This feature iz common to

the higher grade spidotes also, and indicates that
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the epldote grew at an early stage in the metamorphic
history, replacing & fine-~grained matrix, while c¢lino-
pyroxene and hastingsite, which contain only rare
Inclusions of & larger size, are considered to have
grown later. In the bhigher grade rocks the epidote

grains have clear rims resulting from increased grain

growth.

In some rocks the daris bands are alternatively
enriched in epidote and clinopyroxens, hastingsite
aopearing in small anounts at ithe boundarles of the
epldots and pyroxense rich layers. The lighter
coloured quartzefelspar bands are consistently fine-
grained (0.02-0,04 nm.), crancblastie, and £illad with

minute inclugions of the mafle constituents of the

In other vocks the lignt and dark minerals are
intimately interaingled, and Aistinet lisgkt and dark
layers are not clearly disceornible, althoust & good
pgrain shape orientation of the amphibole cutliines bthe

tecteonic foliatlion.

Another variecty of cale-silicate consists of
alternating white guurtzs-plagioccluase bands and coal
black lron-rich bastingsite bands. Sub-1dioblastle
magnetite 1s comwaon throughout both light and dark

Dands .
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Lt the preads where stanrolite has disappeared, and
slllimanite is common in the pelitic schizts, the

grain-size of the calc-slilicates has increased, and
some of the clinopyroxene and hastingsite tends to

grow as porphyroblasts,

Layers contalining calcite granoblaste occur in
rock 695 (location 154.183). 1In this rock, alternate
layers contain clinopyroxene and spldcte, and again
hastingsite bas grown at the contaet betweaen these-
layers, suggesting that the amphibole hae formed by a
reaction involving the epidoie and pyroxens. This
reaction is controlied by the plagloclass compuosgition,
and epidote and clinopyreoxene urains may oceur side by

-

side in equilibriuam.

Rock 597 (location 155,174) 1s a crudely banded
black and white rock In which Ilrrepulur 5lightiy poly~
zonlzed xenoblasts of scapolite are spgrsaly distrl-
buted. The grain size of this rock is considerably
larger than any lower rrade rocks, the cquartz and
falspar bands having an average gralin size of 0.2 mm.,
while the darksr bands have coarse hastingsite por-
shyroblasts up to 5 mm. across, Clinopyroxene com-
monly occurs as opbleally contlnuous granules eaclossd
within the hastingsite., 7This indicates that the

amphibole has overgrown and repglaced former skeletal
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pyroxene zenoblaste. Thip relationship bes alse heen
comaonly cbserved in other roelks contsining cosmrse

Y
«

nugtingsite xenoblasgts. Harrow nale-rreen »ima of o

2

blgher birelringence secondary amphihole vave heen

obgerved on some hastingeites.

4 colourless to pale~green secordary actinolite

3

1s common in rock 355 (location 153,170),

a2
23

crystallized zeanoblastie quartz-spidote rock containe

.3

ing strings and patehes of auartz, felepupr and

& & 3. ’ T P i
hestingsite.,  Hear matches ol 1

Lo

!wl

nonite ravlacing

original pyrits, the bastingsite hae become bleuched

and recrystallized to actinellie. The actinolite has
A

& lower 27°e value and & highers bilrefrinpencs than the

o 4
e 3%

Jiu;_ site,

Rock 520 (location 166.,119) is also & granohblas-
tic guariz-epldote rock, wiilch contains, in addition,
clots of clinopyroxsne and hastingeite granules and
larze gieletons of seapolits undergoing polyg_qal ra-
crystallization. The preserncs of primary calcite
that grossulare-andradite haz not yet formed

in this quartzeecpldote-calcelits assemblage.

Rock 147 {loeation 176.000), from & slightly
higher grade, contalns small sube-idjoblastic grains
nf fragh pale orange-pink garnet (& grossular-andra-

Aite, n = 1,796 I ,001). fThe rock is a dense green-
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grey and pink speckled cale-silicate, with a moderate
foliation and & vague layering. Large porphyroblasts
of elinopyroxene, to 3-5 mm., &and rarer hastingsite
porphyroblasts to 1 mm., are embedded in a semi-
granoblastic quartz-plagicclase-scapolite-clinopyroxene-
hastingsite matrix. The garnets, along with sub-idio-
blastic, isolated, or bunched crystals of epidote, are
avenly distributed throughout. Calcite is sbsent. fThe
epldote 1s pleochroic from pale~yellow to pale=green,
has ancmalous bright interference colours, and in ths
osuter portions of the crystals, a flne, but strongly
develeped, suhedral zoning. The plazloclase grains
are also zoned, with cores of 4An 40 znd »lans of Arn 54,
The cores are often sevarzstsd from the rims by &
sharp compositionsal breal:, agaln suggestinz a possible
imﬁiscibilitg pap in the repion of A&n 40«50 {(Mivashiro,
1858).,

Rock 791 (location 148€.080) i typical of rocks
transitional from hastingsite cale-siliecates Lo
pelitic sechists. Ruare hastingsite granoblasts are
dispersed through a moderatsly Iollated guartzefelspar-
blotite matrix. The biotitz tias the plevcehroic scheue
X«bright yellow,; YZevery dark brown, and the hastinge

site X-pale yellow, Y-aldegreon, Z~very decep green.

Metamorphic serrvegution veins may be considered

absent from the hestingsite-nlagioclase calc-silicates,
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but thin velns of coarse bladed hustingslte cross-cut
ne low grade ocubzrop along joint Adirections (rock
776, location 14£.288). The bladss of hastingsite are
approaching & cm. in length, tavs & strong tendeney to
grow perpsndicular to ths walls of the veln, and
enclose minor plagloclase 1iIn thelr 1nterstices. Ths
contacts of the veln with the fine-gzrailned granoblas-
tic clinopyroxene, quartz, plagioclase, hastinzsite
calec=silicate, are irregular, and are marked by a
selvags of fineegrained hastinesite. #@Witkin the vein
the large clossly grown prisass of amphibole have the
following properties: n  1.485, X~pale lemon,
T=deep wldegreen, Z-decp green-blue. The cclour of
the miner&l masks the bipaeflringence., Palnt colour
zoning may oceur within the prisms, and some show
twinning on {}GQ} The {}lﬂ} cleavsges ars closely
gpaced and well developed. The edgses &nd the ends of
the prisas are epltaxlezlly svevgrown by & thin rim
of & hizher blrafringeant, »nale graen to neutral, none
plsochrolc amphibols, with & similar extinction ancle
the hastingsite., 3o0me L“~~u3ar fracturss acrcss
the wigms within the velin, also contalin this pale

frsen amphibole.

The Lastingsite-plagiocluse cale~silicates are character-

ized by tue assemblage hastingsite-plagiocluse, in muny cases
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accompanied by clihopyroxene, epidote, quertz and potash fel-
spar. BEpidote decrsases in amount with increasing grade,
Calelte and scapolite are rare constituents. The textures
are usually fine-grained, directed and arancblastie, becoming
8lightly coarser grained and more porvhyroblastic at higher

grades.

The only distinetive reaction ocourring with increasing
grade 1s the formation of grossular-andradite garnet high in
the sillimanite zo0ne. A complex progressive reaction between
epldote, clinopyroxene and plagioclacge, proceedlnz under
increasing temperatures, leads to tha calcification of the
plagioclase, destrusticn of spldots, and psrhaps s=ome cline-
pyroxene, and the growth of hastingsite. Both clinovyroxene
and hastingsite beeoms mors enrizched in iron with prads, while
the epldote remains constant comrosition, with one third of
its possible aluminium content replaced by farric iron.

Table 7 compares the main features of the bhastingsitemplagio-
clase calc~sllicates with the clinopyroxene~scapolite calc-

silicates.

As these hastingslte~plagloclase calece-silicate vroecks are
stratigraphically equivalent to diopside~scapolite eale-
sllicate rocks to the sast, 1t is interesting to consider what
has caused the mineralopical differences between these rock
types. The rarity of scapolite in the hastingsite~plagioclase

rocks might, at first, suggest that the volatiles necessary

for the production of scapolite are absent.



TABLE

7

LAGTOCTASE CALG-SILICATES

=SS

COMPARISON QF HASTINGSITH-]
ASD  CLINOPYROXENE-SCAFP

OLITH

CAIL-SILICATES.

Hastingsite~plaglioclaze
cale«gilicatss.

Clinopyroxene~secapolite
calc-silicates.

Maflic comronents.

Hastingsite~clinopyroxene«
epldote.

Felsic comvonents.

Quartzeplagioclase«{potash
falspari.

Rarity ol scapolite and
calcite.

Rarity of potash felspar.

Abundance of plagloclase and
epidote.

Simple directed granoblastic

texture,.

Fine bands of variable
comrpogsition well pre-

served to high grades.

Hornblerde~clinopyroxene~

piotite.

Qartz-scapollits-{plagioclase)=~
{potash felspur).

Abundance of scapolite and
calelte.

abundence of potash felspar.

Rarity of plagioclase and
epidcte.

Complex nonedirscted inter-
zrown rorphyroblastic tex-
tures.,

Pine bands ol low grade cale-
sehiasts becoie progres-
gslvely destroyed &t highe

grades.
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However, hastingslites may contain high proportions of chlorine
and other volatiles, ard Mr. J. Hutton of the C.S.I.R.0.,
Division of Boils (personal communication), has shown that a
very dark ferrohastingslte from Tungkillo (n. 1.711) has a
chlorine content of 1.6%, and that other hastingsites, from
both the Tungkillo and the present area, are chlorine bearing.
Perhaps soda, potash or ferric iron contents are more impor-
tant in promoting the differences between these rocks. If the
ad jacent arkosic sequence has had much of its potash leached
out and revlaced by soda, as was concluded previonzly, then it
is possible that the western calc-zilicate roeks were also
affected, leading to an enrichment in soda and a consequent
production of hastingsite in place of biotite or homblende.
Untll & suite of chenical analyses bacoms avallable for both

rocks, this problem will not have & satisfactory solution.
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CHAPTER 8,

MINERALOCICAL STUDIES IN CAIC-SILICATE ROCKS.

Ao Scapolite.

Introduction.

Staw (1960) has recently sumarized existing data on scapo-
lite structure, ocecurrence and composition. It 1s evident
that scasolite has a wide composition range, &and physical
propertles can only be related to chemical compositlon with
considerable approximation., Although a large numbar of scapo-
lite analyses are now available, it ie still act clear why
certain composition ranges are favoured within 3iffsrent
environusnts., Barctpn (1952, p. 254) has presented a tentative
dlagran illustrating plagloclase-scanclite egquilibrium with
temperature, the plagicclase belny considered Lo be always
more scdle than the scavolite with whieh 1t is in contact.
Tohere ig 1little evidence to support the exlstencs ol such a
relaticnship {(Turnsr and Verhoogen, 1481, p. 590; Shar, 1860,

p.?’??ﬁ ) .

The objeet of the prosent study was to determins the
scepolite compogiscion pange in varicus rocks and o determine
whether there was any consistency betwesn seapolite corposie-
tion and metamorphic grade, rock type or associateld plagloe
clase composition.

(a) #ineralogical Date.

Shaw (1560) bas recommended that the mean refractive



FIG. 48,
Graph of scapolite composition versus refringence
variation. The regression curves for n, and nyp were

drawn from Shaw's "reliable" optic data on scapolites.



R..Z.

FIG. 48

1-60-

1594

1-58 4

157

1-5¢4

554

1-54

53

No

T T

60
% Meionite

80

100




indices be used iIn optic compositi

his conelas? 27

wYy

on page surces

than using n The refmactive 1ind

o.
scapolites from varions p»ocks in
results are presented in Appendix

analyses ol Shaw (1960}, craph

in terms of percent marialite an3

203.

on daterainations; althonsh

% that this 18 no hattar

8% ng was determined for 58

the vpres

3

-t

ont are The

s
3

I. Ysing the ?fraliablet

glating R.I. to

compoaition

meionite molecules was

obtained (#ig. 48). The method of lsast squares yisldad the
equations
e = 15333 + 0.00074012 ¢ melonite
ngy = 1.5349 4+ 0,0002006 % nelornits
g i .
Using the ngy curve a composition rungs of ile 435-7G is

indicated for the 5& samples studisd

is wott specimens falling

in the range Me 45-60., I'ig., 49 illusirates th zeographic
location of the varlous compositions. There is evidlently no
consistensy of composition with grade of metunorphlsn, Data
presented in 4Lppendix T &lso indicabtes that thers ies no
relation between ccupolite conposition with rock typs or

associzted plaglioclase composition

The Limlted secupolive compositl

ma jority of scapolite, leg interest

gition renge of He H5H=-80 in the Tungkillo end il

areas. 4a& o wide variety ol rocks

2

present study, including scapolit

cale-scipists, calc-silicate rocks,

pla

velns and re cenent scapo

lite in metadolerit

Oni rAange, e 45«80 for the

ing. White found a compo-
endella

cesn examined

b o
gLy 2

limestonss, scapclite

e, ﬁ"tc.’ the



FIG. 19,
Geographic location of determined scapolite
compositions. The compositions are given in terms

of percent meionite determined from the n, refractive

indices and Fig. 48.



ST < -
— \ — // — — — 1
| /’ i N\ \ |
| =~4 N
i, —l” //_ i
— ”L _ 4
,, \ -~
”/ ['k‘\,’
o A Y I’, .g
() e N \ / - o
N ~
. A —> I
N o = ,'r
I’h' —
)
N N
¢5 S ‘UV
3
[ ]
7]
N
4 <
T
£
[}
{
\
/ 3
l’ \ ..
~
\

\ \.lnlnl‘\\n!
’Il‘l'l\Xl'lll\\\\. OM
\

\

\
]
A




=04,

limited composition range cannot be related to bulk composi-
tion. Perhaps the limited range may be related to ths
stabilizing Influence Induced by & particular scsrclite struc-
ture favoured under metamorphic crystallization conditions.
However Parrus (1958) rscords 12 refringence values for
scapolites from the West Uusimss Complex, Finlend, These
indicate a composition ranpge, using the present n, curve, of
Me 72-85. Thesescapolites have formed under conditions of the
gramlite facles. Scapolites from the Cloncurry District,
Queenslend (Rdwards and Baker, 1953) have a ecomposition range
of Me 25«30, Psrhaps prassure varishlas, such as the relative
partial pressures of C0g and Clg are Important faetors in con-
trollling the scapollte composition renge within a given meta-

morphlc belt,

Scapolite has often bsan considersd as a pneumatolytic
mineral {e.3. Edwards and Baker, 1¢55; Sundius, 1815), but
some authors have concluded that scapolite can be of purely
metamorphic origin (e.g. Parras, 1955; von Knorring and
Kernedy, 1958). Shaw (1950) has indicated that scapolite is
stable over the whole range of metamorphic P-T conditions.
White (1959) has considered that scapolite in calc=zilicates
and marbles in the Milendella and Tungkillo area, south and
south=west of the present area, has a sedimentogencus meta-
morphic origin, there being no indiecatlon of the introduction

of volatiles during metamorphism.

The uniformly bedded nature of the scapolite bearing rocks
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in the present area 1s in support of a sedimentary-metamorphic
origin for the seapolite at Cambrai. 7There is no relation at
all betwesn the occurronce of igneous or metasomatic rocks and
the occurrence of scapolite. The appearance oi scapolite in
Joint ¥velins and as a replacement mineral of basiec plagioclase
in those metadolerites intruding calc-silicate rocks, is
regarded as a result of the mobilization of volutiles from the
ad jacent intruded scapolite bearing roecks (which show a slight
coarsening of grain at the metadolerite countacts). Hetadoler-
ites intrujed into rociks free of scapolite are scapolite frae.
It is interesting that scapolite is also widespread in the
metamorphosed nortions of the Adelailde Systew rocks (e.g.
Williamstown, Mills, 1963; Yankanlnna, Mawson and Lallwitz,

1945). In conclusion the present writer is in agreement wlth

L

White with regard to the origlu of scapclite ir thds repgilon.

Be Flasioclase-Epidote Foullibrium Studies.

Introduetion.

A reaction relatlionship between plagleclese and spildote has
been known to exist Tor wmany yeurs {e.r. Ramberg, 1844),
although reliabtively fow leld and laboratory studies have been
specifically directed towspds this croblem. A recent study
by De Waard (125%8) bas sparked off s number of theoretical
papars ¢n this topic {e.g. Christie, 19593 Rutland, 1961;
Nobla, 1%62; Ouristis, 17623 Rutland, 1C62; Brown, 19623

Sen, 15653 Kretz, 1953), althourh field and laboratory data

1s stil) sadly lecking. Brown (1962) has reviewed the
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existing data on plagloclase~epidote relationships in regard

to type and degree of metamorphism, especially for the peri-

sterite rerion.

{(a)} The aims of ths present Stuly.

The rprecent study attempts to add further praciiecal data to
the existing knowledge sf plazisclazs-enidote eguilibriun
relatfionships. The Cambral area is escentially & sodlc meta-
sedimentary province. Sodic plagioclase 13 one of ths major
minerals of the arsz, being common in all rocketynes excent
marbles and calec-silicates. Primary epidots in stadle equili-
brium with placsioclass 1a confined to a narrow belt of calc-
sllicate beds on the western side o7 ths westarn balt of
marble outcrops. These calc-silicate rocks are 2lsc charsce
terlzed by the presence of a very durk amphlbole whieh appears,
from optic data, to be h&stingaite. The petrology of the
hestingsite-plagliociuase cale=-silicates has already been des-
eribed (Chapter 7). The purpose of this study iz to elucidate
plegioclace~epidote equilibrium relationships and cliznges in

the agsocliated mirnerals with changes in metamorphic grade.

(b} 'The Hastingsite-Plagioclase Culc-silicatss.

{3} Occurrence and relation to metamorphic grade.

Unfortunately the epldote bearing beds do noﬁ
extend much below the slllimanite isograd in the
mapped area, and mesbt of the rocks studied lie within
the slllimanite=muscovite zone., The lowest grade

rocks have besn recrystallized under P-T ¢onditlions



close to the triple point of ths aluminosilicates

(T 350°C P 8.5 Eb., see Chapter 4). The hustingsite=-
plagloclase cale-silicates erop out aleng & constant
strike for over 10 miles and lie obliguely aeross
linesr metamorphic isograds {(e.g. the s1llimanite
icograd) from the top of the sndslusite~staurolite
gone to near the top of the silllmanite-muscovite zone.
Tuis slmple relationship between the strile of ths

beds and the metamorphic grade allows ready comparison
of samples of nrogressively changing grade, the assuupe
tion being mede bthat the grade changes progrossively
and steadily with positicon along the beds. Whars
rossible saanles of well resconstlituted maladolerite
intrusions, adjacent to the culc-gliicats beds, were

also btaken along with the calc-silicabe sauples.

The mlneral assemblages #nd petrology of these
roclks has been fully deseribed in chanter 7. There it
was poilnted sut that all asszemblages having plagio-
elase in equiliibrium with eopidche alsc have clino-
pyroxene a8 an assential minerel. The dari-crsen
hestingsitic amphibole 13 also present 1n most rodks
and appears to partially repluce the clinopyroxene
wlith increasirg grede. It was also noted that although
these rocks alsc have a conslderable range of bulk
composition the only dlscorntinuous minsral change

sncountered in the pange of metamorphlsam studled,
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sz the gredual sgullibriun chances within the

wineral groups, was the zrpeaprance of garnet 4in an
spifote bearing rock hich 1n the sillinmonits-muscovite

o

Loniiill e

The rocks under stuady are gensrally strongly

barded or layerad, each band preseating concentrations

metanorphic reerystalllizetion and dilferontieation,

have evolvasd irnte & proneunced cnelssic structurs,

»

PV by o, k4 a s o - - .y . N
ne roek bexbtuves are pgranshlastiec with & gtrong terne

et

N - N £ £ B 3 o
dginzy for plarar groin contacts bsiween minerals.

Lack of zorings in all pinewsls but those of & few rocks,
and luzek of evidence for & secondary mlnersl Jevelop-
aent, sugpests good mineralosgleal equilibrium.

Exceptl for the kigh grade parnat beuring rock, there

dence {or plugloclave-spidete discquilibrium

i
ithin these rocks.

{2} Samnling.

The collschion of samples was hishly selsctive,
aapecially at the higher grades of metamorphism. The
main objeet Aduring the sampling was the coellection of
rockas having hoth spldots and plagioclase as major
consiltuents. SOme samples wers also atiractive

vecause of thair abundance of amphibole. Within the

lower part of the sillimanite-muscovite zone both
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enidote and plagzioclase were common in most outerons,
and sampling was more random. Higher in the silli-
manite zone, bacanse of the rarlity of spidote, all

locations where epidote was found were sampled,

AV some locutions several samples were collected
and studied. ¥here these samplss were found ic show
diiferent compesitions for a particular mineral they
wore graphed as separate points in the figures, but
where compositions were identical for a particular
mineral they were pgraphed as only one pcint. That 1s,
there apre slightly fewer points on the figures than

- ®

are recorded in the appendices.

{(3) The daka.

During this investigation 168 refractlve index
determinations, mostly considered accurate to ¥ ,001,
have been made. 'The results are recordsd in Appendix
11, and have baen praphed in Fig. 50 where ordinates
rapresent minsral composition, and abelssse, grade of

metanorchism (laurgely tewmperature increuse).

(4) dMineralozical deteraination and accuracy.

Because ol the fine graln size ol muny rocks
(eese 04085 mms), and the lack of twinning In the
plagioclase pgrains, refractive index determinations
were chosen in preference to universal stags deternl-

nations. ftor each mineral refringence vangz, olls

e
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were prepared sufflciently clnse to give a refractive
index to 1 ,001 irn normel clear gralns. White light
and sodium lizht were used irn conjunction. Conditlions
were fairly constent durins the determinations and
clls were checked after each mateh with s rsfracto-
meter kept next to the miecroscore. Perlodlec checks
were made on the constancy and accuracy of the refrice

tomeber determinations.

Although subject to slight errors, such a3 lack of
absolute tesperature centrel, the method used was Ffound
¢ be much meore rapld than the dounle variation tech-
nigus. With the precauiions taken most determinations
are believed to be acecurate to ¥ 001 and are of suf-
ficient accuracy for the type of work being done., In
some cases the mrezence of alteration products, numer-
ous minute inclusions or grain coatings has introduced
errors in excess of * ,001l. Where errors were likely
to be higher than * Q02 the determinations were

abhandoned.

For the plagioclase, ng was measured and com-
positions determined using curves from Hess (1¢60).
n was chosan bacause moat determinations wers made
in the presence of amall to lsrge, and sometimes une
known cuantities of gquartz, potash Telspar, scapolite
&8 well as some maflec minerals. Centred ovtic axis

{isures could be found and readlly identifisd as
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belonging to plaploclase by the almost straicht iso-
gyre (high 2V), Sueh grains 414 not need orientation
for neasurement and have tha advantapge of heing able
te be rotated during the oil mateh determinztion.
4lthough n or n x may show a more consistont refrine
gence variation with composition, interference £1gures
containing n or nyx would be difficun}d %o rscose
nise as belonging to plagloeclase., Cleuvage curves
could not be used because of ths geneval lack of

cleavages and twinning.

For the epildote and clinopyroxens, optic axis

4

fipures were also exployed. Iecaunse of the poor
cleavage develcpaent and the eqﬁidimensian&l share of
most grains, 1ittls trouble was experienced in find-
ing centred optlc axis figurss. Epidote and clino-
pyroxens ontle axls grains were readily ldentified by
eolovr and by faint anomalous blue Interfavence
eolours in fha epidots figures.

For the amphiboles, n, was chosen and neuzured
in Plasbh figures. HBscause of the extremely darik
colour and Lhe strong abscrption in the ¥ and 2 direc-
tions, 1t was lurpossible to cbtain n g er n y in most
srainsg. Flash [Hgures were not uncommon and iight
elesrly penetrated the Y direction allowing an cil

mateh to be Jebormlined.

tor aspidotes diopside and hastingsitie the curves



FIG. 50,
Optical composition variation in minerals of the
hastingsite~plagioclase calc-silicates. The sample
numbers are listed in order of increasing grade

(temperature) along the beds. For explanation and

discussion see text,
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given in Trogar (1956) have bsen used to estimate

mineral composition.

(5)

Ixamination of resultsa,

Fiz. 50 shows three curves,

(1)

(2)

(3)

composition of placioclase with inecreasing
grade in the metasediments

composition of plagioclases with increasing
grade in metadolerites

comnosition of epildotes with 1ncreasing
grade in metasedimonts.

a. Plagloclase from metasediments.

l. Plagioclase in equilibrium with

epldote.

™ese determinations have been plotted
as black dots in Pig. 50, curve (1). The
points outline a well deflined curve, which
has bsen drawn by inspection for best fit.
This curve represents portion of ths sub-
solidus curve for plagioclass~epidote
sguilibrium in the ampulbolits facles of the
Cambrel arsa.

o points may be noted concarning this
curve.

(a«} The curve agppears to be z stralght
line between An 28=-in 5. Mo values fall

more than 5% off ths empirical curve.



() ibove an 35 the curve beptns fo in-
craase in gradisnt, but cannot he zceourately
deflined because 9f the exbrsae papriby of
‘epidote bearing rocks at this hipgh nsbanor-
phic grade. Only one rock was Tound having
apidote with plaginclase > An 35, In this
speclasn, the spidote, although strongly

zoned, is pressnt Ia sutfficlent qgnantity to
guguest posslble eguilibrium with tha plazioc-
elase. However, some secondary epldobe is
also prasent. Ths plagloclase Is strongly
zoned in reverse, with rims of An 54 and
coree of An 40. This indicates rapid changes
in the mireral eguilibrium. The plagioclase
anorthite values of some nearby amphlbole
bearing mebasediments of this grade reach An

84,

2, Plugicclase not in equilibrium with

These are plottsd as cirecles in Pilpg. 50.

AX1 Pfull below ”CE";E equllibriun curve &8 eXe
pected, Two main conclusions muy be

stressed,

{1) no avidence for & subsclvus gap doun

2
iy

to An ng

{2) In some rocks the plazioclase 1s
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notably zcned by

{(2) reverse zoning in high grade
specimans or

(b) normal zoning in several speci-
mens in the middle sectlons of
the graph. This wmay be attribu-~
ted to « local late introduction

of soda.

b. Plagicclases from metddolerites.

These plagloclases have bheen pleotied a&s
erosses in [ig. B0 curve (2). They appear
to daiine & curve lying at highey anorthite
values (9L nlzheri than that of the associ-
ated metasediments. In most rocks the
plagziocclage is somewhat normally zoned, suz-
gesting that these rocks have noi quite
reachned equilibrium with thelr mstamorphice
environa. Primary epidote is mot present in

these rocks.

e. Fridotes from the metasedinments.

™ese have been nlotted in fterms of the
ferric iron moleculse in ¥Fig. 50, curve (3).
necushout the grades of metamorphlsn
studied 2o real variatlicns were perceptible.
411 values of ng fell near the iron end of

se - s o o nf
Trigerts curves at approximately S5k iron
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moleculae. Slight variations in different
assomhlages can be racognised,

{a) Epidotes in equilibriux with plarglo-
clagse=-clinopyroxena~hastingslte havecomposie
tions ranging from 31-35f Fe't! molecule
(20 deterainations), with an averaze compo-
sition of 33% Fet''! moleculs.

(b) Epidotes in egquilibrium with elino-
pyroxene~hastingsite (quartz or scapolite)
have similar coupositions (3S% Fe'!'! molew
cule) to those alsc having plagloelase in

tusir assemblages.

{c) Epldotes irn equilibrium with plagio-~
clase and clinopyroxene (but no hastingsite)
are 2lightly higher in iron contente (34, 33;

36k Fet'? molecule).

d, OGlinopyroxenes.

Fig. 50 shows & nlot of elinopyroxene
composition versus rrade of metanmorohiem.
Several features muy be noted.

{a) A strongly limited composition range
(20=~25%) for & particular grade of metamor=
phism,

{b) & general rise cof iron coutent with

grade up to 45-7C» hnedenbergite, and cone
stancy =f comnosition bhereaftor,
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Teis Plzure wlso presants a subdivislion
of ths ellnopyroxsnes Inbo Sypes depending

on the equillbplun association.

Glinopyroxenes in squilibrium with

v

lagloclase~hastingsite~epidote seam to show
a genaral rise in iron content with grude

(within the lines indicated).

Clinopyroxenes in equilibrium with
plagioclase and hastingsite but no epidote
generally show slightly lower iron contents
than those which ulso contain spidote.

Glinopyroxenes ineguilibriuwm with only

hastingsite or hastingsite~enidote are rare.

e, Hagtinosite ampnhiboles.

Tige B0 shows the compositions of
hagtingsites in tseras of metamovphic grads.
There appsars to be a gzneral Increase in
irvorn content of ks hastingsites with grade.
However there ig 2 wide band of coampositional

possibilicies for any one grads.

Hastingsites with more tham GOf Fettiev!!
molecule are limited to higher grades.
Hastingsites with less than 30k FeftPettt

molecule are limited to lower grades.
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This flgure also shows the compositlons
of hastingsltes subdivided according to the

equilibrium associations.

Hastingsites 1n equilbrium with plagio-
clasa~clinopyroxene~epidote show a much
restricted range of composition for a parti-
cular metamorphic grade (within the lines

Hastingsites in equilibrium with plagio~-
clase and elinopyroxene but no epidote, show
a tendeney for low iron content compared

with those whiech also have epldote,

The validity of correlating iron content
of the hastingslites with the refractive
indices 18 indicated by a close correlation
betwaen the magnstlic susceptibility and the

refringencs values (Fig. 5l).

6 Discusgsslon.

a. _ Plaglioclase.

The elucidation of the plaglociase-epidote
equllibrium relationship 1s basieally a fleld
problen, with adequate fleld contrel on the col-
lection of samples in relation to metamorphie
grade an essentlial pre-requisitie to the study.
Important fleld studiess & plagioclase-epldote
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Relation between magnetic susceptibility and
refractive index in hastingsitic amphiboles, The
magnetic susceptibility was measured as a function
of the range ol amperage setting on a Franz
Isodynamic Magnetic Separator, over which
hastingsitic amphibole was removed as a magnetic
fraction when the separator had a forward slope of

30° and a side slope of 15°,
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aquilibrine huve hosr mads by De Waard (1258),
GComston (1935), TLrons {1985), Lamhert (1959),

¢

Avorose 3€) and athars, Nur nwrasent knowledse
of plarinclage-anidote sguilibrium 12 net only
hamperesd by a general lack of field-laboratory
data, hut also by the noormesentation of much of
the Infermation vital to the study., Recause
plagioelasc~eplidote equilibrium is deeply in-
volved with the othsr minsrals in the rock assem=
blage, 1%t Is imperative thot assemblages, textures
and possible mineral recactions be completely des-

ceribed {(¥Fratz, 1963)

Concidarable advance has bean achisved on a
thooretical front. The hLypothetical sonilibrliun
curve introduced by Rambapre (1244) haz besn con-
slderably moliified through labvoraiory work on

vlagincluse=-epidote gtablilisty and subgnlidne
relations, structare anslvses of
order-discrder stulles and general kmowledge froa
field data (Christic, (1559, 1962); ¥Woble, 1882;

s

Rutland, 12€R; Brown, 186Z; and Sen, 1863),

Tae peristerite subsclvus region nsar sodic
oligoclase is believed to correspond %o 4 gap in
the plagicclass composition rungs which has
often besn recognised in getralogical studlies of

regionally metamorphiosed rocks (e Waerd, 198%;
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Ambrose, 1836; Turner, 1933; lilyashiro, 1958;
Seltsaari; 1952 and many others). The sizes of
the Immisclbllity and composition gaps have bsen
considerably debated (e.g. Brown, 1952; Sen,
1963). It has been Mirly well established that
the composition gap in the plagloclase series in
areas of low pressure metamorphism is sm&ll or
non-existent (e.g. Compton, 1958; Ratland, 19623
Brown, 1962). Chrigtie (1962) has considered the
possibllity of a second mlscibllity gap in the
rezlon An 35-50, but go far thers ls insufficient

2 2. . E I W -
evidence in support of this.

&

Date from the Cambral arss can only apply to
that part ol the squilinrium curve between An 27
and An 55, Uver this range the curve is almost a
stralght 1ins. Ho values fall more than 5% An
off the curve, This confiras the close approach
to equilibrium suggesbted by the rock textures.
Lyons (120b) studied 75 rocks from the llanoveyr
uadranglis (New Hampshire-Vermont) und found some
values np to 307 anorthite off the pradicted
curve of Ramberz. Ramberz (1944, p.54) states
that the nresence of calslte will favour sodie
plagioclase and that varlations in K,Al,N20, or
PP.HLO will also affect the asguilibrima curve.

In the Cambrel samnlez the most absrrant
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plagloclase {6¢5) contuine minor calcits, This
sanple has deviated: towards more sodic rlasio-
clase and may support Rambevrsts statavent concern-
ing the presence of calcite., A gharn chanra in
the gradient of the equilibrium curve may begin
at An 35, with plagiveluse becoming ranidly more

calcle within a narrow temperature interval.

Noble (1962) granhsd Lyons! {1955) date for
plagloclass not in equilibrium with epidote and
found that the Immiecibility gap sround codie
oligoelnse was reflected In these nlarioclaces asp
well &s In those rlegicelasss in eouilibriuwm with
epldote. WNo obvious gar exlsts in the Cambrsi
data for btheose plasloclases not in squilibriun
with epidote. In any case, at this rrade of masta-
morechlsm the esguillibrium curve may ke abhova the
unmixing solvus. RBeling a zone of low pressure
intermedliate type metamorpblsm, verhansz the rap
1s too sosll to recoginlse with the number of

debteruinsations mde.,

In the range An 78D in the metusediments,
the plaglocluses of the asscclated haslic schiste

{metadolarites) are conshantly hisber in anorith-

H

B

1te content (3%). De Waard (1058} fsund that in
the range An 10=34, the pelitic scilcts ars

: 2 ik 2 T T, Y oo ® e Sd e o =
hisher in anorthite than the baslic schists, aod
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that at an 34 the curves crossed. The differences
in the Cambrai data may be due to incomplete

aquilibrium in the rocks.

b Epldots.

A number of workers have reported or epidote
compositions in metamerphilc roecks of varying
grades (Tilley., 1983; Vogt, 1927:; Sugl, 1931;
Tarner, 19353; Ambrose, i836; Hutton, 1940,
Lyons, 1955; Shido, 18858; und Fambert, 1959).
In all these cuses except Lyons and Shido, the
lowest grade epidotes have been lron rich, with
the iron content decreasing with metancrphic
grade. Anbrose and Eubton focund variable epidote
composlticns In low grade rocks. Lyons found up
to 20% ircn molecul ; 8hido, variations from &4
to greater thaun 40% iron moleculs, but neither
found systesmmtle variations with grede. Lambert
(1959, p. 576-7) states "it is only possible to
conclude that the lror content of epldote may
only be used with severe restriciion to indicate

the metamorphlic grade.”

Hesults from the Cambral area sezm to be
unique. DTpidotes from all grades have & remari-
ably constant composition (33% Fe?'!' molecule
3%)e. Such constancy in composition is notable

when the variability in composition of the
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assceclated elincpyroxenes and amphlvoles is cone
sidered. WHigashiro and Saki, (1958) have shown,
on structural grounds, that epidote with a conpoe
sition of 33-1/3% iron molecule should be more
stablo than other epldote compositions. They
2lso present evidence thut epldote suiarges 1ts
compositiosn filsld with xnotamorpklc grade, but
there 1s no Indication of this in the vrssent
area. The constancy of eopidote composition also

suzgestas that tre hastingsltseplagicclase rocks

2losely apprcach squilibrium.

Ca Clinopyroxenes.

efringence determiraticns of clinopyroxenes
from thesas rocks indicats & comrosition range
from Hd 37«70, Thers ls & sbtrongly 1imited range
of comrosition for & particular grade of meta-

morphlsm,.

Wnite {(1952) records a pyroxens from the
Milendella marble with 407 hedenbergite, and &
vapiation ol 15-80% hedenbverzite in the Tungkille
calc-silicetes., He concludes thut there ls "no
systematic variation from one asseubliage to

another or Irom one enviromment to aanocbher,m

The .limitation of the compositlon of the

¢linopyroxenes in the hastingsiteeplazicclass
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rocks in the presert aves 1z belicved +5 he
closaly tied to the equilibriunm reactions involve

ing plagioclase and epldste.

de  Amphiboies.
Wiseman (1954) demonstrated that amphiboles

In the Graapian Highlands increased in Fe''/ig
with grade and that assoclated chlorite and
actinolite varied systesmticully in cowposition.
Ramberg (1852, ps 344-347) expected from empiri-
cal and theoreticval rsasoning that Fe''/Mz and
a1ty (repiacing 3iLY) i1a ampbicoles would increase
with metamorpbic grade. Lyons (1955) fonnd no
systematic variation wlth grade of 34 amphiboles
from the Hanover Quadrangle. The progression
actinolite -~ blue-green hornblende - areen-brown
hornblende is well known from many mebann»nhic
rezions and is used widely in Janan ﬁo grade meta-
morphic rocks. Shido (1838) and Mivashiro (1958)
have consldered compositicnal variations in some
metanorphic celc-amphiboles from the sbukuma
Plateau, Japarn. ¥iyashlro found no svidence of

systematic composition variations within any one
amphibole proup with wetamorphic grade. 5Shildo

2 o b

(1258, p. 204-209) found & tendency Tor the

refrachiva irndex *r

o
0N

irersace with grade. Ehe

Ed

found that alkalice and titanium incressed with



grade, elthough 41V gia not.

Ho studics on the variatione in hastingsite
compoaitivn with grade are xnowm to the writer.
n o of hastingaites froa the present arsa vary
from 1,638 - 1.6u8 (7-534 Pe''Fe'' 'mol, according
to Troger's surves, 156;. There iz @ tendency
for these aushiboles to increase in refractive
index witih grade, out there is a large renge at

any one geade.

Co The »lagioclage-goidote ecullibrive resction.

Vany, but few sstisiactory resciiong heve
been psropoged to exnlaln the reaction rslation-
ship between epidote and plegioclase (e.g.Anbrose,
1636; Tuwmer, 1948; Ramberg, 1949; Barth, 1552;

Shido, 1958; ¥Fyfe, ™umer end Verhoogen, 1358;

Erets, 19563).

Ipidote-plagioelase eouilibrinm has been
closely auproached in the Cambrai arss. Ixcept
for the formation of gamet in the hizhast grade
rocks, AY noew ninerals sppear in the sgsemblages
during the equilibrium renetion. The sbsence of
guartz in gsome of the Canhrai rocks invalidates
many or the proposed rescgtiong. The equilibriun
reachtion mugt vccur through continuous sdjustment

of the conposition of ninerals invoelved Iin
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the assemblages. Thus the chance in elino-
pyroxene and amnhibole with grade must he closely
tled with the caleification of the plagleclase
anl the destruction of epidote. Epidote, of con-
stant iron content becowmes rarer as the grade
increases. The destruction of the epidote not
only involves the formation of ths arorthite
molecule; but also the release of ths iron eple
dote molecule. The pyroxenes and amphiboles
appear to increase in lroncontent with grade.
Because the intricate chemlcal changes Invelved
in the mafic minsrals (especially the amphibole)
have not yet been investigeted, the chemistry of
the epidote=-plagioclase reaction cannot be come=

pletely evaluated at this stage.

cher Placioclage-Enidote Data Trom the Cambral Area.

On Plate 2 (metamocrphic mineral isograds) a number of

- plagloclase determinations from various rocks in the Cambral

area have heen plotted. Thoss rocks considersed to have epl-

dote and plagioclasge in 2quilibriuva are indicated., The rarity

of plagisclase Iin equilibrium with epidote in roeks on the

eagtern side of the area 21s notable, as is the more rapid in-

erease In anorthite content of plagioeclase in these rocks.

This 1s further evidence suggestive of irncereased nressures in

metamorphism In passing from the emstern to the western por-

tlons of the mapped area.
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CHAPTER G,

METAMORPHIC  SHGREGLIICH VEINS

Introduction.

[

Throughout the Cambrai area, numerous veins and pods of
quartz, carrying metaworphic minerals similar to those in the
wali-roci, have been otcerved. These are believed to be meta-
morphle segregations which vear no relation to the intrusive
rocks to be described in chapter 1ll. Several kinds of meta-
morphlc segregation veins hevs been recognised. aluminosilie-
cate~quartz segregatlions are the most coxmon, these belng
confined %o the alumininm rleh micacsous schlsts., In some
micacaous parnset schists garnete-quariz ssgregations have been
observed., Within the calelte-mica schisbs small mascovite-
quartz-cuicite segregations may form lenses parallel to the
banding. Toroughout all grades ol metamorphlsm pot&éh felspar-
quartz-ircn ore velns havs been observed within the massive

meba=~ariosss.

(a) Aluminosilicate Segregations.

The alumincsilicats segregatione arse confined to the anda-
lusite, staurolite, kyarite or sillimanite bearins schists,
There ig & tendency for these segregeaticns to ocour in widely
spaced pods rather than a3 small clossly spaced veins. Sone
of the larger pods may reach severail feet In width and 20
feet in length, and are large enongk to be represented on the
geological map (e.g5. area apround Jutland on Plate 1.). Their

elonzate lens<iike iorm is always parallel to the main
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foliation of the schists in whish thay are containad,

Witk thelr coarse, plnic, prismatic andelusite; blue bladed
kyanite; white flbrouvs 2illimanite; redeblack biotite;
white muscovite and plagicclase; cccasional large prisms of
yellow-green apatite; wnd rarer saall pluk garnsts and deep
blue corundum set in an ample matrix of milky-white quartz,

theses rocks have a mest exobtic appessrance in the {ia14,

The seprezation velns undergo mineraloglesl changes with
metamorphic grade parallsl with simlilur chianges in the walle
rock schists., The segrepgatlions ars censitive indicators of
the irst apnearanee of the various a“uaxuocilmca+cn in ths
metamorphic sequencs and are usefl in the deteralination of

the alualnosilicate mineral ilsograds

e

They are, howevor, more
insensitive than the sehlsghs to the Jisanpearance of the une-
stable phases. Thus an?nlusite may be preserved metastably
within the segregations when the sndaluslites of thsz udjucent

schists bave been comnletely replaced by sillimanite. The

i3

metastability of the andalusite is ailded by its Jarge crystal

slze 1in the sepregaticns.

The segrsgations show a Aifferent mineralory on the eastern
and wester: sldss of the area, in charachter with the changing
nature ¢ the metamorpghism. ¥or this reason the segregations
in the eastorn and western schists will be trsatsd separately

the arbitary boundary again beling the major thrust fault.
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aluninosilicate Sesropations of the Hastern Fart.

.

o

(1) 2iotite zone.

&

Selfors the [irst appeosrsnce of andalusitse, ocea-
siopal barren quartz segregutions up to several inches
in width occur wilithin the fine-grained, chlorite-
knotted blotite schists. Deds of these schists may be

traced to higher grades whera andalusite develops.

{€) Andalusite zone.

With the first sign of knolz representing the -
growth of andalusite In the schists, pink andalusite
crystals appear in the quartz segrezatioms. At 254,219
& large 15% x 4% quartz pod in fine-gralinsd wica schist
consists of nilky quartz lcaded with irreznlar bunches
of plnk andalasite crystals up to sevsral inches
across (Flg. 58)., The andalusites interpenstrate each
other, but form subedral orthorhombic prisms against
ihe gquartz. Late or sscondary wmauscoviide cccurs at the
boundary of the andalusite prisus. Hare stumapy blue
corundum crystals to 2 mm. &re enclosed in the sanda-

lusite.

(5} Andalusite-staurolite zone.

8illimanits first sppenrs In the sagropations at
22¢.200, althongh sillimanite Is not found irn tha
ad jacent staurclite-andalusite riech schists thers.
The sillimanlte occurs as flbrouns mats &nd sturpy

prisms to 2 mm. in length, penetrating the surrcunding



FIG, 524,
Massive gquartz-andalusite pod with minor corundum
as small inclusions in andalusite., Scale is 1 foot

(30 em.) rule, Location 235.218,

FIiG, 52B.,
Quartz-kyanite-sillimanite-andalusite—~(garnet)
segregation in micaceous schist. Coin diameter 2.8 cm,

Location 158,183,



FIG. 528 |
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andalusite, quartz, muscovite and subhedral plagio-
class,and appears to be of late origin. Hinor eonsti-
tuents of the veln are ragged blus corundum zrains
enclosed 1In the andalusite; blotite; i1lmenite with
coating of leucoxene; and small prisms of tourmsline.
Some sericite rscrystallizing to muscovite and chlor-

ite is present as & secondary mineral.

The borders of the segregations in this metamor~
phic grade are usually enriched in biotite and anda-
lusite. Andalusits may occur within the core of the
velin, but sztaurolite 1s restricted to the biotite-
andalusite selvages, where 1t occurs as small granules
within the andalusite., Staurolite cannot be regarded
as a particularliy stable mineral within these segrega-
tion veins. The biotite-andalusite sclvages are
normally sharply bounded against the fine~grained
strongly foliated quartz-oligoclase~biotite-muscovite~
(andalusite-staurolite) schists of the wall-rock.
Apart from a slight increase in biotite within 1 cm.
of the contaet, the schist maintains its grain-size
and general character right up to veln, the contact of
which is marked by the growth of large andalusite
erystels. These crystals, growing out intoc the schist,
enclose biotite which preserves its origiral tectonle
orientation. Portions of schist trapped betwesn the

growing andalusite crystal recrystallize, losing thetr
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quarts and felspar, presumably to the veln, and the
biotite, preserving its original optic character,
bacomes coarse-grained, the new crystals partly mianic-
ing the pre=exlasting follation and partly forming new
random grains. The dark andelusite-blotlite selvage
may be a fraction of a centimetre to several centi-
metres in width. As the centre of the vein is
aporoached blotite decreases in amount and clots rich
in andalusite, muscovite, plagioclase and sillimanite
are preodominant within the guartz rich core. HMusco-
vite 1s not uncommonly intergrown with the blotits in
the selvapges 0of the segrezations and may also ocour

a8 sparse crossecubtting flakes dlspersed through the
fine-grained schist near the vein contact. BStaurollte
only occurs in the selvages of the veln, included, with
biotite and iron ore granules, in the andaluslite.
Finely fibroue sillimanite, occurring at the sharp
contact betweer: the vein and the schist and as rims or
coronas on the andalusite crystals, has formed late
within the erystallization history of the veln. This
occurrence of sillimanite is Interpreted as an indica-
tion that the culmination of the metamorphism occurred

after the main bulk of the vein had formed.

{4) 8Sillimanite-muscovite zone.

Within the sillimanite-muscovite zone, where

andalusite and staurolite bave become unstalle within
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the aluminous schists, having been replaced by silli-
manite, biotite or cordlerite, andalusite may persist
ag 2 major mireral within the zegregations, but is
strongly plerced by well-formed sillimanite prisms and
spindles. The ¢illimanite khare 1s not so often in the
fnpm of fibrolite as in coarse "spears" transeecting
both plaglioclase and andalusite. Potash felsrpar is
abgsent, but muscovite may be vresent as large primapy
flakes as well as a secondary alteration of the anda-
laslte and plagioclase. Rutile, corundum and apatite
anpear In &ccessory vronortions. The sequence of
cerystallization shown by these segregations 1s

(1) oquartzeandalusite plagioclase-muscovite-

{corundum-apatite~blotits),
(2) sillimanite,

(3) secondary nmuscovite.

(6) Sillimanite-potash felspar zons.

Huscovits and andalusits do net occur as primary
censtituents within the segregutions of thls zone.
83i1limanite is abundant as grey-brown Iibrous massss
witn individual needles streaning through the common

uartz, plaglociase, bilotlte and potash felgpar of
tre vein. Deap red biotitse cccurs as large ragged
irdividuals ir part strongly roplaced by sillimanlle
fibres. The quartz of these high grade ssgrepgations

13 notably more glassy than in the lower grade ones.
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The plagioclass {composltion An 0-26) forms large sube
hedral unzoned srystals with well developed albite and
pericline twinning. Potash felspar, as 1&rge Inter-
stitial grains strongly penetrated by sillimanits
spindles, takes the placse of muscovite. This relspar
is finely rerthitic; the thin orientad films of
albite are best seenwhesn the grains are near extinc-
tion under crossad polars.

B. Aluuinosilicate Segrepations of thes Western Part.

(1) Staurolite-andalusite-kvanite-(aillimunite) zone.

Blue bladed kyanlite is & characteristic sonstitu~

)

ent of many aluminosillicate geppegations of thls meta-

morphic zone. The rarity of kyanite in the adjacent
gehlists malres tha appearancs of this minepral in the
sagregations a uselul 1ndicator »f kyanlito zmone neta-

morphiam,

Kyanits may be the predemirant alumirosillicate in

% - 4 y S oy z - o 8 & -
gome gegregetione, but is more usvally accompanied by

s
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anupraacnine

Pamepoper
yanite aop

a typleal kysnite tearing ssgregation may be seen

« B2). The ssyrezation,

A 3 T v ” # 1 s f 517 e g i E .oy
in the form of ¢ lens parallsl fec the sehistosity,
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schists., ©Near the edge of the veln, and projecting
Iinto the quartz-rich core, are pockets of »nink anda-
lusite crystals to 3 em. and blue well crystallized
blades of kyanite teo 5 em., surrounded by white
Tibrous =s1llimanite studded with small pink gernets.

Blotite and nmuscovite are also important constituents.

In the segrsgation at 157.185 (specimsn 675) the
aluminoailicate rich portion consists of abundant
randonly oriented well-formed blades of clsar kyanite
to 1 en., enclozed by interstitial red-~brown biotite,
magcovite and plagloclase. {109} twinning is common
in the kyanlte. Andslusite lg absent, but fibrolitic
8illimanite occurs as irregzulsr veiln-lilke mats between
groups of kyanite crystals and &8 numercus small
neadles in musccvite and, more rarely, bistite. The
kyanites are rarely seen to be penetrated by sillimane
1te; but at the ands of the blades sillimanite
spindles are rometimes obVserved in alignmant with the

kkyenlte g-axes. Here, too, sillimanite is a latecomer

to the primary kyanlte-mascovilteebiotite-plazioclase

Boek 673 (location 158,172) is an exauple of &

segrsagatlion In which andalusite, kyanlte and silliman-

and quartz. In this rock, the kyanilte sppears as blue

orisns which have become enclosed in plagloclage and



and apdaluglite, Trn hoth 3nstancsa

bgen eonsidarably eorroded ulons

inz that they ware partially ranlc
clase and the andalusite. The cuber portions o0 both
the andalusite and the kyanlts erystals have boen ro-

nlaced by =1llimanite growing as prisme alisned paral-
lel to the ¢~axes of both the earlier alusinosilicates,
Later trains of fibroliis developsd Interstitial %o

the earlier foaﬂci andaluritse and kyanite. Tha

sequence of cryetallizetlon of the alumlrssilicate
minerals in this gegregatlon is thuss ¥yvanlite, joined
later by andalusite, followed by prismatic sillimanite

and then later by fibrons sillimerits.
Other segragaticns are wich in arndalusite with

kvanite subordinate oy abeert. Specimen 259 {locaticn

16& 01...\3) of an Alepichk
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consists of large, clear »int andalusites arclosed 1
unsbrained quartz. The andalusites are gurrounded by
thin coronas of late-formed, fibrous sillimanite.

Eyanite cecurs as rare incluas:

e
e
=

}-t

onsg the andaliusite.
Hinor blotite, alterlnz to gacondary ehlorits, muscow
vite and apatite are also present. Sinmilar zecreeca-

tiong are richer 1n plagioclase (albite~cliigocliuse).

A segregation pod at 178,155 1s, in portiocns,

rich In larze apatite prisus (to 6" x 1%). The
& 2

&
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alumlnosilicate rich portions of the veln contaln much
andalusite, mlnor kyanite and interstitial late 8i1llie
manite. Euhedral rutile and tourmaline are minor
accessories. The andalusite of this rock is of parti-
cular Interest because of 1tz bladed crystal form.

In appearance these blades resemble kyanite (Flg. 53).
Some of them are “twinned™, the twin individuals being
occupled by andalusite in Aifferent optic orlientations.
The "composition planes™ ars irregular and blurred.
Bach crystal of andalusite 13 made up of many small
individuals with slight diffsrsnces in their optic
orientation. Thus the "supercrystal® has a mottled
appearance near exbtinetion under crossed polars.

These ohservations indicate that the andalusite has
raplaced original kyanite, swall relics of which still

remnaln in the rock.

At 152.212 several staurolite~guartz segregations
oceur in staurclite rich schists. This may indleate
a greater stablility of staurolite in the segregation
veins under kyanite zone conditlions, as opposed to the
andalusite-sillimanite condltions of the eastern pore

tion of the ares.

(2) Sillimenite zone.

In the western part ol the area the grade is nob

raached where the segrsgations contain sillimanite



FIG. 53.

Photomicrograph of andslusite pseudomorphing
former twinned kyanite in sluminosiiicate
segregation. The matrix consists of fibroidal
secondary muscovite.,

Rock A185-280a, Location 178.135. Crossed polars.

FIG, 5LA,

Photomicrograph of fresh kyanite crystals with a
slightly corroded appearance enbedded in a large
andalusite crystal in an aluminosilicate segregation
vein,

Grey patch to left -~ fibrolite replacing
andalusite along ¢—-axis of andalusite crystal,

Grey patch bottom right - crowd of oriented
sillimanite prisms replacing andalusite.

Rock A185-673. Location 158.172. Crossed polars.
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end potash felspar in stable equllibrius, and so,
muscovile &long wlth red-brown biotite are still
stable constituents. PFibrcus and prismatic silliman-
lte is the major aluminosilicate, with some andalusite
surviving by wvirtue of its enclosure in guartz. In
some of these segregations (e.g. 307, loecation 166,100)
a very pale chlorite (corundophilite), penetrated by

sillimanite prisms, appears to be a stable constituent.

Discussion and Conclusions.

The minsralogy of the alumlinosilicate veins closgely reflects

e

that of the snclosing sehists, and iz sympathetic Ho changes
of metamorphic grade. Thus the velns may be used la the same
way as the schists to detsrmine mlneral isograds rorllecting
changlng wetamorphic grade. This obseprvation, and the apparent
lack of connection of these veins with an igneous source,
suggests thnat they ars thse result of mstumorphic axerstion or

segregation.

Veins of this trpe, where the minerval components falthfully
reflect the mineralogy o7 the host rocks, are apparenrtly quilte
coimon in aluminosillcate bearing schists in various parts of
the world. Some worker:s have concluded that they owe.thelr
oripgin to metamorphlic dlfferentiatlon, while others admlt the
posslbility of introduced igneous or sxitranecous fiuids alding
the formation of the inltial quartz or pegmatite vein. Read

(1835) has described some excelleunt kyaniite-quartz segregation



veins 1n the kyanite~chlopritold schists of Unst, Shetland
Islands, bBosworth (1910) recorded pre-granitic kyanite-
tourmaline veins 1n the outer parts of the aurcole of the
Ross of #Hull Granite. These veine are somewhat similar to the
kyanite=tourmaline veins of the Bhandsra District, India
(Chatterjes, 1831), XKyanite-quartz veins also occur in Korea
(Miyashiro, 1951), and in the Appalachians (Stuckey, 1932;
Espenshade and Potter, 1960). Alderman (1948) hss described
kyanite pegmatites cubting sillimanite-quartz masses in the
Williamstown District, South Australia, 14 miles west of the
present area. HeKinstry (1949, p. 882) has discussed the
varying minerelogy of weins at differing metamorphic gradss
in Southeeast Pennsylvanie, culminatings at the hiﬁhest grades
with the appearance of kyanite, tourmaline and warnetb.
Woodland (1863) has described & kyanite-andalusite-silliman~
ite-oligoclase=quartz pegmatite, with blotite rieh selvages
against & ataurolite~fibrolite schilst, Pfrom Northeeast
Vermont, which 1is strikingly siallar to seversl veins in the
present area. Andalusite-quart: veins bhave been recorded in
areas of low pressurs andzalusite typs metameorphism, and with-
in the aureoles of sonme intrusive granitic masses in Call-.
fornia (Rose, 1957), in the Blue Ridse und Pledmont Provinces
of the Appalachians (Espenshade an’d Potter, 1980} and in the
aureols of the Doneral Cranite (Pitehsr and Read, 1980).
S1l1limarites velns have been describe? by Chinner, 1661l, and

Alderman, 1948. Staurclite is less commonly encountered in
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velns, but some excellent examples from western New Hampshire
have been dlscussed by Chapman (1950). An example has also

been recordsd from Rerelia (Sskola, 1932, p.58).

Kyaniteo~quartz, sillimenite-quartz, andalusite-quartz and
staurolite~-quartz velns are all repressscted in varisus parts
of the prssent area. The major mineralogical chanyes observed
in the velns int he eustern part of t he area are,

(a) appearance of andalusite in the quartz segregations atk
the first signs of andalusite knots in the schists,

(b) +the appearance of aillimanite a 1ittle before it is
found in the adjacent schists in the andalusite-staurclite
zone,

{c) an inecrease of sillimanite and & decrease of andalusite
with grade In the lower part of the sililimanite zone,

{d) ¢the instability of muscovite and the appearance of the
stable palr potash felspur-sillimenite in the higher part of

the sillimanite zone.

In the western part of the area the changes are less marked,
but kyanits is an important constituent oi tue veins.in the
middle grades of metamorphism. The =& jor echanges are,

(2a) kyvanite and ardalusite ir the segrepatiocre is replaced
by late sillimanite in the lower parts of the sillimanite zone,
(b) & orogressive increase in sillimanite by Lhe replace-
ment of kyanlte and andalusite untll, ir the hilshest grade

segregations, sillimanite is the snly‘ﬁlgﬁios polymoreh

remalining, being in equilibrium with muscovite but not potash
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felspar. The replacement of original kyanite by andalusite
has been dsscribed from & segregation vein in the central

part of the area.

These observed changes may be hypothetically reprssented in
a stability dlagram of the AlpS8iOs polymorphs (Fig. 54 after
Clark, Robertson and Birch, 1957; with modifications by Clark,
1961, Khitarov et al. 1963, and Bell, 1963). On this diagran,
Curve I illustrates an isobaric migration path from the
stability fields of hydrous phases through andalusite to silli-
manite with increased temperaturs, and represents the observed
changes 1ln the eastern portlon of the arsa. Curve II shows an
isobaric path, at & higher pressure, from the stability field
of kyanlte to that of andalusite, representing the segregation
from the central part of the area containing andaluslte
pseudomorphs after kyanite. Curve ITT illuetrates an lsobarie
migration at & still hizher pressure unsgr the trirle point.
This curve represents the replacement of kyanite by silliman-

ite in those segregations in the western pvart of the ares.

Thus the ohservad changes in the mineralogy of the segrsza-
tion veing from cact %2 west can bhe attributed to sr inerease
in the tctal pressurs. Thiz concluslen confirms the evidence
galned from a study of the mineralspical changes in the meta-
morphic rocks, that the pressure during metamorphism increased
westwards.

Under these changing P-T cenditions, the =tability of the

various &luninosilicate minerals can he studied In the natural



FIG. 54,

Stability relationships of A128105 polymorphs

(see text).
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geologleal environment. It has already been polnted out that
the first appearance of both andalusite and sillimanite in the
segrggatioms is apparently quite sensitive to rising metamor-
phic grade (temperature), as, with the first signs of andalu-
site or 3illimuanlte in the schists, these minerals develop
strongly in the segregations. Thus as scon &8 the metamorphic
econditions attending an andalusite or kyanite segragation
enter the stabllity field of slllimanite, small fibres of
81llimacite appear &t the boandaries of the andalusite and
kyanite crvstals. Helnrich (1952) has described similar
Mate" sillimanite in kyanite and andalusite segregatlons and
has supposed that the sillimanite formed "at lower tewperatures".
However, in the Cambrsil segregations there appears to be a
®wide band of indifference” in which andalusite and kyanite
are mebastable well within the silllimanite zone. This meta-
stability is no doubt &lded by the large size of the andalu-
site and kyanite crystals, easpsclally where they are snclosed
in quartz. 4andalusite and kyanite also coexist, somebtimes
with siilixwanite and staurolite, in many of the segregations
in the wastern part of ths &rea, and even in the case where
the andaluzite had sxtensively replaced the kyanlte, some
kyanite still remained as reliecs. assuuing that the P-T con-
dltions changed uniformly with increasing grade, this would
$ndicate considerable slugglshness for the kyaniteesillimanite,
andalusiteesillimanite, and andalusite-kyanite inversions.

It is, of course, possihble that the PeT conditions fluctuated
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during the growth of the veins. These incomplete polymorphic
transformations in segregation veins have been commented upon
by Espenshade and Fotier (1960), who considered that they
were ths reanlt of fluctuations in physical conditious during
the metamorphism. However, since the motamorphisn here is of
& regional type, 1t iz unlikely that the fluctuztions would

be sharp.

Experimental work on the AloS8iOg polymorphs (Clark, Robert-
son and Hireh, 18573 and Clark, 1961) has indicated that the
transformation from onse polymorph to another is particularly
sluggish. The reluctunce for transiormation bto occur NaY be
related In part to low ires epersy differences velween the
polymorphs (Miyashiro, 1860; Chianer, 1i96l). Chinner (1562)
concluded that the stability fields of the 4lo8i0g polymorphs
overlap, rzsulting in & bkand of indifference in which two or
three solymorphs may be In metastable equilibprivm. fThis is
apparently as true for natural geological conditions as fop

those of the laboratory.

The mschanrisms of polymorphic transformation are also
important in consideraticns of the sluggishness ol the inver-
gions. Ir the Cambral segregatiors, the observation in one
case ¢of lirze andalusite pseudomorphs alter kyanite, sugpests
that the meshanisms of the kyvanite-andalusite transformation
are relutively simple, rearrangencnt of the atomic strmeture
being ¢ prime Imporiance and pdhysiczl transport &t a4 minimum,.

The mechanisms of transformatlon of andalusite and kvanite %o
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sillimanite, however, appear to involve not only atomie re-
arrangement, but also nucleation and short range wicration of
material, for in most cases sillimanite formsmany separate
prisms,'bordering, and sometimes growing well away from, the
andalusite and kyanits crystals. Intergrowths of andalusite
and sillimanite with parallel c-axes, as observed in the

schists, are not so commonly observed in the sepgregations.

The greater instability of staurolite relative to the
anhydrous AlgSils minersls in segregetions is worthy of com-
ment, C{hapman (1950) has noted that staurolite is restricted
to the border zones of ithe quartz veins in New Hampshire and
be contraste this with the more dispersed nature of the
kyanite in the veins descrlibed from Unst (Read, 1933), At
Cambral staurolite is quite a stable component of the schists
in the eastern slde of the area but is unstable within both
the quartz velns and their border zonss. In the higher pres~
sure kyanite metamorphism to the wast some staurnlite-quarts
segregations have been noted, but staurclite again does not

occur wilthin the kyanite-andalusite bhearing veins,

Besldes the aluminosilicate minerals, othsr major minerals
of the velns also undergo some changss with increasing meta-
morphic grads. Quartz loses its translucent milky sppearance
and becomes more glassy with increasing grade. Flagloclase
compositions within the velns range from An 0-26, and there
1s no progressive incroase in the An content with grade,

althougl the higher 4n contents are observed in the higher
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grades. Bictite Is stable In the segregations throughout all
the gradea of metamorphism observed here, and, like the biotite
of the adjacent sechlsts, is usually & red«brown colour. This
red«broun colour intensifles within the £1llimanlte zone.
Muscovite is stable as a primary constituent of the veins,
except in the highest grades, where it 1s replaced by slightly
perthitic potash felspar.

The minor minerals of the veins ars rutile, tourmaline,
corundum, apatite, sphene, iron ore and garnet. Rutile
usually appears to result from the alteration of biotite to
chlorite. Rutile is &common mineral-in assoeclation with the
quartzesililmanite veins of Willlamstown (Alderman, 1948). The
small amount of tourmzline in the segregations is in accord
with the sparse, bul widespread accessory tourmaline of the
schists. Tourmaline has been commonly observed in segregation
veins'elsewhere, and is particularly common in those kyanite
veins described by Bosworth {(1210). OCorundum, although
sparse, is of particular interest hecause of its occurrence in
many of these quartz rich segregation veins. BSurveying the
literature, it would aprpear that cormndum is a common acces-
sory constituent of most velns of thie type (e.g. Rose, 1957:
Alderman, 1948; Espenshade and Potter, 1260; Kerr, 1032;
Stuckey, 1932 etc.). Ihe corundum s usually described as
small euhedra included within the andaluslite &nd %yanite, but,
of course, not in contact with gquartz. Rose (1957) considered

that ths corundum was ssecondary, belng formed by & rsaction



such as;
[6 3105 + B0 4+ Ky0 S/ ERalzBlz044(0H)g + .:-“1203]
(introduced)
In 811 cases he observed suhedral corundum separated rom ths
ardalugits by an alteratlion »im of muscovite, Rerr (18562
however, described corroded suhedral corundum eubedfed in
andalusite. He coneluded that the corvundum was one of the

first constituents to crystallize and was later partially copr-

roded and replaced by andalusite, Stuckey (19%2) described
corundum crystals enclosed In kyanite. Tn the lanbrail segre-

gations the corundum ls snelosed in

and although

gecondary muscovite sometines obscurss the andalusite-corun-

dum contacts, this 1 not Invariebly the cass, and the corun-
dum is considered a rprimary conztitoegab. The mecharism of

formation of these corusdum crystals within su

growth of the veln, some portlons hetame zo depletad in silica,
that corundun was able to forn. Thers is also the pesaibllity
of exsolulion of the z2orundum from the andalusits or kyanite.
Apatite is a rather enigmaile constituent of the serrepation
veins: larpe crystals ars freguently ﬁnccuntepaj; sithough

in the sehists the apaltits is only ap &ccessory constituent.

It would aopaar that, ir many cases, the a2patite is more
~abundant in ths velns than in the adjscent schiste, although

this is 41fficult to verify. An ohservation at 150.,13€ suse

gests that awpatite 13 particularly wobdlle durlng metamorphlc



FIG. 55,
Photomicrograph of kyanite-sillimanite segregation.
Rock A185-676. Location 157,185, Crossed polars;
Coarse bladed kyanite with lesser red-brown biotite
and oligoclase (left), bunches of fibrous sillimanite
(centre) and matted aggregate of muscovite penetrated

by sillimanite fibres (right).

FIG. 56,
Photomicrograph of sillimanite segregation
(sillimanite-potash felspar zone).
Rock A185-22a. Location 209.088. Ordinary light.
Fibrous sillimanite with intermingled red-brown
biotite in a matrix of coarse quartz, oligoclase and

potash felspar,



S mm.

O

FlG. 56



differentiation and may develop hlgh concentrations in velns.
Here & small quartz veln fi1lling a crossecutting tension gash
intersects a sedimentary heavy mineral band in arkose.

Against the heavy mineral band the gash is filled with apatite,
Thus apatite, like quartz, 1s apparently a particularly mobile
mineral during the growth of segregation velns, and_ggf may
develop concentrations within the veins In excess of tﬁ;;\in
the adjacent schists. Topaz and lazulite, observed in simlliar
veins in Carclina and California, have not been recognised

herea.

Oricin of the veins,; their age and their mechanism of

formation.

Althouszh the mineralegy of the velns and their basic
selvages suggests that these velns are of mebamorpnlc segre-
gatiom'oriﬁin, one cennot be sure that this is entirely true,
and must allew for the possipvility of introduced extiraneous
fluids derived from sowue more deepeseated source. Wcodland
(1963) considers that the derivation of the aluminosilicats
minerals {rom the ad:acent aluminous schists is catalysed by
the Introductlion of extraneous flulds. Bven 1l the modal
composition of a vein could be determined to test this, 1t is
unlikely that it would compare with the mode of the adjacent
schist because of the diiferential rates of migration of
material, generally leading to a greater abundance of quartz
and apatite than in the ad jacent schists, and the likelihood

of longitudinal migraticn. I the sbsence of evidence for 4
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connecktion wlth any frneons activity 1t 1s concludad that the

velns wera formed hy metamorpphic differantiation.

The presence of unstrained to weakly strained quartz, rean-
dom mineral orlentation, and biotite porphyroblasts cross-
cutting the foliation in the segregation borders, indicate
that thesge vsins were formed after the deformation assoclated
with the formation of both the main schistosity and the crenu~
lation eleavage. The minerals of the veins are similar %o
those of the adjacent schists, sugpesting that the velns were

formed at the heiecht of the metamorphism. Thus the velins pro-

3

vide evidznce that the metamorphism reached its pezl after the
deformation associated with folding aud the formation of
schistosity and ersnulation cleavapges. This conclusion has
been confirmed by a study of the mineral textures iIn the
schists (Chanter 14). Chapaan (1950} reached a simllar con-
celusion for the New Hampshire ataurclite segregations, but
allows their formation over an extended tilme range. Unllke
the veins described by Chapman, the segregatlions of this ares
are both large and widely spaced. The inltlal formation of a
velr is the important problem. Once initiated Hskola's

(1932 b) solution principle is likely to be much more effec~
tive thar his coneretion principle in increasing the size of
the velr. &g the veins are post-folding, perhaps the release
of pressures assoclated with the folding caused loagltudinal
fractures to open, allowing the initlation of segregation

veins. Oncs a chemical or pressure gradlent wasz established,
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the veiln world enlargas by lateral secrstion and the replace-

ment of the ad jacent schist.

{(b) Gernst-Quartz Sezregations.

Occaslonal garnets hiave been noted in the aluminosilicate
veins described previously, where they occur as small euhedra
enclosed in fibrous sillimanite. Within the mlcaceous garnet
bearing schists rare quartsz velns with garnet rich selvages
have been observed. There are two varieties of these dis-
tinguishable in the fleld. One varisty is exemplifled by &
small 23" wide glassy quartz vein psrallel to the schistosity
of garnet bearing mica~quartz schists at 156,169. The veln
has a massive deep-red garnet selvage bounded irregularly
against the schist. apart from a llittle biotite caught up in
the garnet, no other major minerals are present. Tne other
variety, also rare, occurs prominently at 195,192 and 225.141.
In this variety the quartz velin core is small compared with
the size of the solvage. The selvage conslsts predominantly
of light coloured plagioclase speckled with blaeck blotite and
red garnet. These veins are considered to have originated in
a similar manner to, and contemporansous with, the alumino-
silicate segregations, the host rocks In this case, however,

containing garnet, but no AlgSilg minerals.

{e) Huscovite=Calelite-Quartz Sesregations.

Within the calcite-mica schists, the low grade equivalents

of the calcesillicate rocks, many spall quartz veinlets some-

times appear parallel ©o the banding. The veins contain coarse
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calcite and randomly oriented muscovite flakes et thelr edges
and as clumps projecting into their guartz rich cores. The
wideapread occurrence of these veins in the middle grades of
metamoroshism also suggests an origin by metamorphic exeretion.

(4) Secapolite Segrepations.

In the ecale~silicate roeks and marbles of the sillimanite
zone occaaional pods rieh in seapolite are fourd. It is from
these that the best and largest scapolite crystals may be
obtalined,; the scapolite prisms gr&wing into caleite filled
vughs and as bunchy masses. Scapolite prisms to 4" in length
occur in aggregates in the segregation at 196.084 (spec, 137)
and some better formed dbut smaller prisms wers found in a
prominently outcropping pod at 172.127 (speec, £71). Both of
-theso segregations are enclosed in marble and have coarse
diopside and dark green amphlbole associated with the scapo-
lite.

8imllar segregations also occur in caleesilicate terrains
for example, a scapolitew~potash felspareguartz pod in seapo=
lite schilats at 235,186 (spec. 508}, This rock econsists
essentlally of a mass of interlocking white microcline and
quartz penetrated irn diverse directions by large (lem.)
ragged prisms of scapolite with a peculisar fibrous appearance
similar to that usuwally adopted by prismatie sillimanite.
Chlorite, after fomer blotite, and late muscovite are also
important constitvents.

(e) Potash Felspar - Quartz Veins.
These veins are largely limlted to the meta-arkose unit
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where they appear as minor infilliings in tension pashes and
joints. They tave & wildespread occurrence in &ll grades of
metamornnisa from blotlite grads apwards and are chamacterized
by the pressnce of subhedral to suhedral ereamy-pink potasb
felspar crystals to £-3" in dilameter, srbhedded in milky to
glassy unstrained quartz. Platy iron core may appsar 4 an
accessory constituent, The arkose contacts are usually
enrictied in albite. Clots of arkose, sometimes seen embedded
in the quartz vein us “zenoliths,” might suggest an intrusive
origin, but the minor and widespread occurrence of the veing
at 81l prades of metamorphisn supports an origin by metamor-
phic sesregation. In +hs higher prade micaceous schists

some quartz and potash felspar rich veins with biotite and
garnet mich selvages also appsar to havz been formed by

&

sweating out during the metamorphlsn,

in ths Cambral arez velns attribuiable to an origin by
metamorphle segregatlon may be found at all zrades of mela-
morphism and in &ll rock types, whether bhey be guartzo=-
felspathic, ulcacaous or lime rich. In all caczes, ﬁeglscting
the late stage alteration products, #he maior mlunerals closely
reflect thoss in the adjacent counbtry rock. The nineralogy
and stracture of the velns suggests & Formaation in the period
just bafore, and at the heigzht of, the netamorphism,and aiter
the main spisodes of ateustural deformetion. The csgregatlon

veins Torm an iniegral part in the mnetamorphic history of the
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o

Cambrail arsza, and are useful guldes to the phyrlezl conditions
attending the netamorphism and as indicators of metamorphic

grade.



SHAPTER _ 10.

METASOMATISH.

Introduction.

In this chapter non-intrusive rocks which cannot be satig-
factorily attribuated to simple 1sochemlcal metamorphlic re-
cerystallization of gediments will be discussed. Without a
detallad chemical study 1% is not possible to explieltly
establish the nature of the chemical changes involved in the
metasomnatl ga, but some general trends can be obtained from
petrolozical examination. The petrologloal data which follows
is esgsentlially & preliminary step towsrde & knowledge of the
metasomstic processes; a nore complets understandirng mast
awalt a detailed e¢hemlical study. 8everal kindas of metasomatisc
rocks are recognized and these will be dealt with in turn.
Followins the petrographic descriptlon ané discussion of these
more dlstinetly metasomatlce rocks, scme broader metasomatic
aspects of the Cambral area will be considered and some tenba-
tive conclusions will b drewn concarning the relative roles
of the proresses of mstumorphlem and meltasomatism In the

regicn.

(a) GuartzeAlblite Rocks.

(1) Field ocecurrence.

Pine-gralned lizhi coloured quartz-alblte rocks
ara widely dlestributed throush the Cambral region,
and are especially common in the Saundiers Creek-

Jutland area. Although field evidence indlcates that
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border zones that the stages Invelved in the formation
sf the guarts-albits pocks ars zost clearly seen.
Gadding features sush as bhilotite rich bands, heavy
mineral lamellase or calcareous layers may be preservad
well within thess border zones, and it 1s evident that
both tectonle ani asdimentary structures within the
original metesédiments may be preserved 1ntact until
the replacemsnt becomes so complete that the relie
gstructures have entirely dlssupeared. There is no
svidence for voluue change or éiétcrtieu resulting
from the formation of the cuartz-glblite rocks, although
one cannot be enitirely sure that a voluume change has
not occurred (FPoldervasrt, 1083). These roeke have

been f{ormed Ly metacsomutlic scaking irvolving equal

!.I“)

volume ion Tur lorn replacement.

Ferusal of Plate 1 will indicate the senspsl sgige
and ahape of the quartzw-alblts bodles. In size they
vary from small pods, only & few feet across, to large

wasses, such as that Torming Ehe higk prominence, one

&

wlla In lengtn and 500 feet wide, west of ¥ansppa liine.
Tne shape of the quartz-aivlite bodles generally
reilects sone structural control. The bodles are
nsusaily elorngatad parallel Yo the mair sehilastozity,
result conssquent upon the replacement of pocks having
& pronourced peunetrative foliation (Rambers, 1288).

Althouch guartzealbliie »ocks are more common in



{Plate 1) that these pvocks are by ne means confined Yo
any partleuler metamorphic grade, and indesed, they

even oceur below the andalusite isograd in biotite

zore rocks at Plne IHut. It fz significant that the
quartz-albite rocks are entirely absent from the
"zone of veine® migmatic area in the south=west., Wor

are quartzealbite rocks confingd to partieular vock
types, for, beslies replacing ths gquartzo-felspathic

sohiats, they also replace nmarble, calee-gllicatess and
Ly astadolerites. The distribution of guartz-
aiblite vocks 1g stronsly Influsnced by stwwetAPaT COr-
trol and the =z jority of these rocks are found within

anticlinal folds. The Saunders Creek-Jubland group of

gquartz-albite meks have fovnsd within and near the
cove of a tightly avpressed wmujor dnticline., The

guarbtz-clblte vocks west of ithe kanapra Hine are con-
Tined to the rool of a closed domal anticline where
Lhey have replacsd quartzo=felspathic schisls below
the merble bed, In this casge cripinal bedding has
alzp determined the dispositicn of the quarbz-aibits

PHekS.

{£] Hineralozy and Petrclo

Duartz and albite are the major constituents,

J

but other winerals may also be prssent in minor amounts,

Potash relspar aund nuscoviis are stable components of
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sone quartzeslblte rocks. Dictite and chlorite, while
often present, usvally apreer to be unstable remmants
surviving from the orlginal schist. Opague iron ore,
sphene and rutile occur as veriable accessories which
have odginated, for the mest part, during the forma-
tion of the quartz-alblte rccke, Apatite, zircon and
tourmaline are minor accessories believed to be relics

from the original sediments.

Quartz may comprise betwoen 2 and 505 of the
guartz-albite rocks, It occurs as small $,05«0,1 mm,
clear grancblasts or irregular anhedra evenly distribu-~
ted through the albite, and 1n the completely replaced
roek, there is littie or no tendency for the quartz to
be more common in certain bands. In sowme quartz-
albits rocks which have suffered strain, deformation

bandg and Roelwa lamellae aupnesr in the quarisz.

Plagioclase may form S5=0(Uf of the guartze-zlbite
rocks, the greins, like quartz, generally appearing
as small granotlasts. In some rocks the felspar may
be elightly elongate in {QIQ}a ¥hils felspar is some-
times clouded by a slight albteration., Twinning is
sizmle and rare, but in those rocks with strained
guartz, chess=board twinning lis cormon. %he relief is
alwaye distinctly less than guartz and measured come
vositions {Emunons Beaxis tecimigue) lie close to An 2,

The ma jority ol twins follow the albite law, a few the
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Carlsbad,

Potash felsgpar is & stable component of some
guartg-alblibe rocks within the siliimanite zmone,
where it may eomprise 1300 of the roek. It invariably
bas well developsd cross-hatehsed twinning and is
elther granoblastic or intimstely intergrown wilth al-
bite such that {QWﬁ} 1s common to both minersls. The
glhite-potash felspar intergrowiths are especially
connon near unstable bilotite "lakes, and 1t is suspec
ted that the notash felspar hwme beesn derived in part

'3

from the alteration of original bilotivte (fig. 671,

Huscovite, always in the foom of thick lrregular

~

skeletal flakez, is often prasant ln the guartzealbite

roceive as a8 £tabls constituent

»
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those quartzealbilte rociss replacin

metasedinente, whare 1t may comprise up bo 18 of the

rock. The moscorite and thwe potashi felsvar may form a

'f

’a

ceiproecal reletlonship, the mica ocecurring ia quartze
alblte rocks repliacing the low grade metamorphics and
the potash falspar in those rocks 1o the higher grade

zones. This lg the only apparent relationship between

}Jt

e guartzealbite rocks and grade of metamorphism.

&

viotite, pleochrolc from pole lanen to dark brown,
is present in amouants up to 55 in some quariz-zlblte

vocls. Howevsre, 1t rarely appears to be & stable



FIG. 57A.
Photomicrograph of quartz-albite rock.
Rock A185-1448b. Location 183,083, Crossed polars,
Strongly ferruginized and corroded biotite flakes

in a matrix of quartz, albite and potash felspar

(eross-hatehed twinning).

FIG. 57B.
Photomicrograph of quartz-albite rock.
Rock A185-454. Location 211,103, Crossed polars.
Granular quartz and rarely twinned albite.

Occasional larger potash felspar porphyroblasts
(bottom left).






257.

generally has a correded appearunce.
Chlorite way appsar as an albteration product of the

biotite, but this, too, appears netastable.

Sphene, as snall rounded srains is the most con-
sistently developed accessory. It is someilmes accomw
panied by rutile. #Hinute grains »f ilmenite also
aprear in some rocks. The sporadic occurrsnce of
accessory apatite, zircon and bourmaline sugrests

that these ars relics from the original metagediment.

g

The rock fabrics range irou equillbrium granoblas-
tic textures vo textures in whict unevenly sized awmoew
bold quartz and albite grains forwm an intesrlocking

Jigsaw. Rarely, as in specliaen Zob (location 166,135},

&

guarbz=-albite rock veplacing marble, the plagioclase
tules on a sliphtiy lathelike sppearance, altlicugh there

is no sugpestion cof a {low siructure.

The quartzealbite rocks are wsually massive, but,
in one polashe-felspar beariug cxample, the potash
felspar outlines distinel layecrs suggestive of relie
bedding. In another quartz-slbite rock (specimen 454,
location 211.108) secondary chlorite pseudomorphs
prisuatic {orws resembling amphibsle. Thiszs may have
origlnally been an anthophyllite (?) bearing quariz-

albite rock.

It is concluded thet the esseantlial constitnentis
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to 18%. Bleached and partially destroyed biotite
altering to chlerite appears as minor unstable relics.
Rutlle and sphene have jolned the accessory minerals.
The grain-size is irregular, the quartz foming

grains of simller size to those of the original schist,
vwhile the alblite appears as ar abundant fins-grained
interstitial matrix, Thus, In the formation of the
quartz-alblte rocks from the schist, the blotite has
been destroyed and some quartz has been used up cone
comitant with a marked incrsase in the proportions of
albite and muscovite, and ths appearance of sphene and
rubtile among the lesser constitusnts., During the
albitization the even-gralined crystalloblastic texture
of the schist has become finer grained and uneven.
Twinrned plaglocluse ig absent 1n the schists but iz

comnon within the gquartgzealblite rock.

Similay changes have been observed acrsss the
gquartz-albite rockeschlst contact at 210,113, Three
sneelmens (411, &,b,c) weras collected across the
contaet, which, at this polint, 1s parallel tc the
rolic sedimentary banding of the schists. ifowever
the schists have a unifom appesrance and it may be
assumed that the three specimens had similar initial
composltions. Again, on pascing from the quartzo-
felspethic schists irte the quertz-alibliie roek, the

enartz content gecreased (70-30%), albite Inereased
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Z0=704), while biotite decrsased (10-20)., Haither
muscovite nr potash felspar are present in these
rockse Iron ovre zranules are sbsent from the schists
but are comaon in the quartzealbite rock. In vassing
from the sehdst into the quartze-albite roek the
graine-gize diminishes. Apgain the general trend is
clear; an increoase in the miount of albife, partially
at the sxpense of quartz, accompanied by the destruc~
tion and disappesrance of biotite with the formation
of iron ore and sphens {cf. Lesdal, 1652).

The replacosnent of marble by quartzealbite rock
anparently invelvae the removal of almost &1l the
original merble components. The composition of the
guartz-alblite rocks replacing the marbls should then
2ive a good Indication of whalt has been introduced
into thece rocks. Specimen 265 (location 168.155)
is typicel of & small quartzeslbite rock enclozed in
marble. The rock consists of slbite (600}, guartz (353)
snd mascovite (3%}, with traces of chlorite iron ore
and sphene. lasre Si0p, Alellz and HagQ ware introduced
wihile the original Me0, Cal and Fel of the marble
have been removed slmost entirely.

The alblitization »of a metudolerite body has been
ohserved at 232.188, Thres srpecimens {516 a,b,c) were
ecollected; one of the normal metadolerite, one of the

partially altered, and one of the most altered meta-
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aratite,; srhenz znd fron ove. The plapicclare is
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ve describad

the disapnearancze of scapolite and the replac ﬂaent of
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hornolende by asectinclite dueing the albitization of
scapolite=~hornblende~plagicclase schists in the
Trekelano area, Slorcurry District, Queensland,
Although they consider that searolitization end albie
tization may be clossely related processes in the Clon-
surry Dlstrict, there 1s certainly no connection
batwesen the occurrence of scapolite and the albitiza-~
tion in the present area, and indeed, scavolite never
rpears withln the quartzealbite rocks, even whers

nay renlace scannlite bearins metasediments.

The Guasracha-Lyndoch aloite rocks (Dickinson,

Spriggs et. al. 1951) differ Irom thoss of the present

arca in having much talc anld lseser pyrite as consti~

s

tuents. 8tillwell gnd Tdwards, 1981, con
the tale at Cumeracba has forned {rom the breakdown of
biotite in the original gchists durine the alhitizaw
Yion. Although zome schisisa repluced by the guartz-
albite roeks in the Cambral aree contair up to 259
bintite no tele has been chserved, AL Broken Hill,
Vernon (1961) Tound that, during the albitization of
original viotlste bearing rocis, the blotite becams
progressively rcalsy In coleur an? analyses revealed an

»

increase in the Mg/Fe ratio but no tale was observed.
In all the examples conaidered above, the forma-
$lon of the ouartz-albite rosks involves an increass

in the 8i0g, Alply, and Nagl componants and 8 decrease
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in the Mg0, Cad, and Fel cosponents. Much of the KO,
Tilg and some of the FeO of the original rock (wostly
in the blotlte) is possibly preserved in the muacovite,
ilimenite, sphene and rutile. Socme gl may be preserved
in the muscovite us the phonpite molecule, a low 2Vx
of 35-37° supporting this, but not all the MzC from the
original rock could be preserved in this way. It is
therefore concluded from the petrologleal svidence

that the guartze-alblte rocis are the result of metasoe
matic raplacement involving the introduction of sods,
aluwilng and silica and the removal of magnesla, lime

angd ferrous oxids.

{4) Hyrotheses of orisin of thc guartzealbits rocke,

If the quartzealbite rocke have resulted from the
introduction of material, s questlon arises as to the
source of thie materlal. Albitigation, accompanied by
the formation of alblite and quartz-alblite rocks, is a
eounon features of many lgnsous and mebamorphic ter-
ralps. 3Some albite rich rocks are closely associated
in space and time with igneous rocks which have been
regarded as a gource of the albitizing solutions.

T

L4

re ig; however, nmuch diversity in these occurrences.

o

£1bitites are commonly assoclabed with acid igneous
rocks. Locally, small albitite masses have been des-
cribed from the borders of tho granite at Cape

Wiiloughby, Kangarco Island, South Australia (Tilley,
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Tormatlon of albliites ¢ voually considersd to he
& late stage process, the a&lbitizing azent s being,

perians, socdie rest solutione ezpslled in the late
stages of crystellization of the grarite (e.z. Tilley,
1918), Thillips {(1955), de ing quartz-gliblte
rocks nsar the edge of the 0riffeli-Dalbeatie grance
dlorite, concludes that these rocls bave arisen

thpough the action of & wave of webtasomatisw escending

2
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hisad o
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the rislusr magma, bezcause of Intrusive con-

ta
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te of the gravodiorite against the guartz-albite
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albitization phenomena are not only restricted
0 weld igreous rock asgoclaticns but have been dss-
crived 1n comnection with divrites (e.ze #11luly,
U85) and even gabbros and dolerites (e Aprell,
1839), and in ithess cases there is &lso severe chealeal

2 o1

altsration of ¥hs basic rocks. In the formstion of
albitites, adinoles and spilosites it is usually con-
cluded that sode, along with silicaz and 2lumina, have
besn Introduced while llme, mu; nesia and iron have

Deecn reaoved.

In other sreas, soda metasomatisn, often not

closely related to any obvious igneous sctivity, bhas
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lead to granitization phenomena (s.g. Miseh, 1949),
sometimes al relatively low temperatures high in the
crust (e.ge Coombz, 1950). During granitization,

sods may be introduced with the sxpulsion of notash,
oxr vice versa. Harae (1958, 1852), however, considanrs
that in alkali metasomatlsm leading to granitization,
ouiz alkell does not necessarily expel the other, and
that there 1s a tendency towards s particular ratio of
alkalies corresponding to an "ideal™ granite conmposi-
tion. In the Inyo Range, California-lNevada, Anderson
(i857) has described soda metasometiswm leading Tirst
to pranitization and later o the formation of gquartz-
albite rocks quite similar to those desceribsd here.
anderson conslders that In the Inyo Range the Boundary
Creek granite bas been the source of the sosdic sclu-
tions leading to the formatlion of the overlying
Pellisler granite and the quartz-albite rocks. In some
metamorphlie terrains guartze-albite rocks may have &
widespread occurrsnce at all metamorshic grades (as in
the Broken 111 Bistrict - Vemocn, 1961), znd the
alvitlazing scliutions have prasumsbly micreated congider-
abla distances from some unknown source 2% depth. In
zoolite Tacles metanorphisa in Mew Zealand, Ccombs
{1934) has described minor mebasmonatlic ouertz-albits
rocks which may have arisen s an Intepgrzl part of the

metamorphism, through the circulation of slkall
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charged connate waters. Thus, although quariz-albite
and alblte rocks are common throunghout the world,
theors 1s great diversily in thely envircanont of fopr-

mation erd iz the source of the 2lbitiming ssalutions.

Ihe quartz-albite rocks al Cambral ars not
vislbly related to any igneocus intrusive roous They
are rounger than the metadolsrites which they may re-
piscs, and ars older than the aplites, dykes of which
may cross-cut them, The fine uneven gralnsd textura

4.1

o1 many of the quartz-ulbite vocks suggeebs that they
were Iomied late in bhe mctunsephic history, and,
exsont In the highsst grade moues, have not reached
notanorphic equilibrlium with bLhe unaltsred metassdl-
ments. The gquartz-albite rocks may be roughly con-
Lemporaneous with the granodlisplitea. The pelation of
the guartz-albite rocks to the inbtrusive wocks will be
Lscussed further altsr itus ignesus rocks have been

conslidered {(Chanter 1li., The widesprsad sccurrence of

atanorphlsa,
ighaest grades
ol metasorphism, but thair shaence {rom the migmetite
zonas, are anong tns most luporbant facts to he con~

3iderad in deciding thelr origin,

in congldering an origin for these rocks, bthe

" P o - e oy T 5
alblite and guartz-albite rocks of the Cuaeracha and

Lyndocti-Fewsay Vele Feak Listricls of the gentral
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Fount Lofty Rances must be teken Into sceount. These
reeks occur in madiva and high grade metasedlments west
of the axis of pranitization and the gone of veins
markling the centre of the metaworphic zeonation in the
sestern Mbt. Lofty Ranges. 'Thair petrolowy Les been
fiscussed in the Gumeracha ares by Stillwell end
Edwards {1951) and in thes Pewszey Vale Pesak area by
Cuinner (1955). Some aspects of the albitigation in

£

she Pewsey Vale Peak area are at present being studied
by lire Re OIfler. This western belt of sibitization
is alwost 30 miles in lengih, extending in & north=
Aorth-ecasts Adrsction from Quakbanik to Lyndoch and is
steracterized throughout 1te leagth by unligue tale-
aibite rocks, includiag the sconomic tale deposits of
Suneracha and Lyndoche Thers are no lgneous rocks in

el ,.

the Gumeracha-Lyndoch zrea to which the sourcs of the

albltizing solutlons can be clsarly ascribed. However,
a sogll body of metasomabic gnelissic granite, synkine-

metic o & second orenu

i“x
0
o

ion clsavage fold phase,

south of the Warren iHssgervoin, Williamstown (BHllls,

1263} and o simllar granitic gpelss at Ouzlbank lie
within trhis zous ¢oF talcec-cuarbz-albite rocks.

There iz vo svidence to 2stablish conteuporaneity
ot the OGumeracha~Lyndoch rocks with the quartz-alblte
vocks of the Cambral area, In faect, the albitizing

sointions in

@

sch ares mey have bad g A Pfsrent source.
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(1) Introduction.

In the wids sgequence ol atseply dipping potash
4 1% &

AS

dalicient mastaeariioses west ol bthe Harne [iver Hesarve,

of quartz-nolash fslasnar rocks have becn separ-
ately mapped and plotbed in FPlabte 1. These rocks may

have no direct cocnnsction

s

desosribed abovey textursl av

they are syn~metamorphic and

guarthz=albite »oeks The
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ocour in bands parallel te the bedding and schistosity
of the adjecent mebta-arkoses, »ut thelr sxcazsive
abundance of ootash-felspar 4s far grsater than would
be sneountered in any normal sadiment (Patitiohn,
1557, pp. 369=370), The hizhly potassie composition
of these rocks, alonz with the textural evidence, sug-
gests that thay are not isochenleally metaworrhossd
sedinents, but sre the result ~f metasonatism in which

potash rich fluids have been especially achtive.

{£) Petrogsraphy.

Those porilons of ths guavbz-potash Telspar band
soutt of the Harne Rlver conziszt of a very fine-grained
palie pink gneissic rock with isrsgular subparallsl
iaminae ocutlin=d by minute ircn ore granules. The most
striking fsature is the gralne-gsize, which iz considepr-

ebly finer than ithat of tha a

acent mets-arkoses.
Tho rock is compdosed largely of microecline and quarisg
{in the ratlo 50:40) with minor suscovits and dusty
iron ore. The nicrocline oceurs as crowds of minute
grains (0.05«0,10 mm.) filtered with fine iron ore
duzt,. The guartz, usually {res of opacgusz, occurs as
larger zenoamorphle, slightly corrodad gralne arranged
in thin gnelssic layers. Broad Lo thin muscovite

flekes also show & parallelisn to this laysering.

Somewhat simliar fine-grained but less gnelssic

#ocks occur within the mapped band north of the Marne
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River. Speclimen 702 {location L43.183) again shows an
abundance of Mne-grainad twinned microcline crowded
with opaqua dvst ard granules snd inters persed with
lesper guartz. Dispersed thraugh the microcline
auartz aetrix are lspsold elots of coarser quartz

t

gralns contalning inecluded blotite in a poor state of

'4‘.
w

reservation. Thaese quartz-bictits clots may be microw
sizinliths (CGoodspeed, 195¢) which have escaped renlace~

ment by the fine-gralned mierceline and quartz.

The usual rock composing the mapped band st the
Marne River and northwards is & Fine-grainsd granitic
greiss similer 1o general appearance, albhough with a
finer gralned gquartzoefelspathlic matrixz, to parts of
the granitle gnelss in Tanunda Creek or the b. Craw-
ford grenitic gneiss. Thia grenitic gneiss is a pale
pink coloured rock with & distinct foliabion cutlined
principally by thin lisolated disc-abaped patches (to
1 ¢a. in diameter) of well oriented bilotite flakes
with rare intermingled muscovite.  The biotite may
also outline a falint Tlat lying lineation. Blotite
shows the common pleochroisi pale yellow Lo grey brown.
An ample fins-gralned microcline~guartz matrix sure
rounds and isolutes the patches of oriented wulcasz,
thie well twinned amierocline being in excess of the
guartz. In some o the lesssr rsconstituted granite

gunoisses alblte way also Le presant as slightly larger



1gs or layers of gralns within the quartz-~microw
ne matriz. Rarely secondary cross-cutt ing musco-~

vite flakes are also present as well as the syntec~

tonle muscovite., Iron ore grannles are again a

C"'

CoOmMMen acoessory.

Within the mepped band in the novth thepe are a
number of 2istinctive rocks which eontain no potash
felspar, but which oceur in close assoefstion with the
microsline rocks. These are wmartz or guartze~alblite
»iech rocks which contain, In parts, much iron sre and
amphibole. Tuo iron ore and the amphibole ¢y which are

often closely aszsociated, have a remania bly »atchy

development which cannot has related in any way to

orizinal beddine In the édjacant metasedinentz., Tn
any case the 1lrorn ore rich pocls de not havas any
greater monazlite or zireorn sontent than a3 jacent pope
tions of the rock lacking irorn ore. This ie 1n cone

trast to the concomitant incvecse In thes "iolaurless

heavies" In Lhe true sedlmentary heavy mineral

nonst

h ands
found elsewhere in the arkoze. The iron ors and
anphibole rlch rocks were tharafore foreed by metae
acrrhism and metasomatiasm and cannot be related
direetly t0 an orizinal sedimentary heavy nineral

3ource.

Specimen 701 (locatlon 147,181) is ons wasiety
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of the iren rieh rock in which zbundant thin 1lmenite
plates, associated with mors equldinensional haenatite
erystals, outline a pronounced schistosi ty within a
crystalloblastic quartzealbite matrix. Muccovits is
&#lso present as & wajor mineral, the flakes heoin ng
oriented parallel to the foliation cutlined Lty the
iimenite plutes. Ths muscovite is elaracterized by an
extremely thin ecubedral form. scme lengthebreadth
reatios reachinrpg the value of 60:1. The absernce of

3 ey A - L.2% 2N - ¥ A 3 . .3 . |
blotlte from this roek may be due to the high oxida-

tlon ratlio indlecsted by the Ilmenlle-heennilte

assenblage {(Chirner, 1860). Rpscimen 702, fron tho
sane location, 1Is vwery sisilar, bult contains in addi-
tion large (1 em.) disoriented porphyroblasts of pale

green slightly nlecchroic amphibole (8Vx 78-50).

It 1g concluded that neither fleld observaibion
2 laboratory examination can support & slaple mets-
sediuentary orisin for thegss rocks. They are urnsual
in composition and it appeare that some Tov e of metaw-
sometism was Involved in their formation. It is
zugiested that pebash introduction was importent in
ferning the microcline roeks but the author can find

no explaration Tor the close association of ths potash

rizsh and potash defliclont rocks. It Ls bellsved that
the forpation of these rocks ig closely cornected with
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the removal of potesh from the adjacent neta-arkoses,
an important problem to be eonsidered further later

in this chapter.

e)  Hydrous Metasomatisim of Marbles and Cale-silicates

uith the Formatlon of Actinolite, Chlorite and Talc.

(1) Occurrence and petrography.

A distinctive fine-grained chlorite schist con-

tailning long tapered pale brown prisas of amphibole
occurs at seversl localities near the edge; or within,
marble and calcesilicate beds In the Jubland-Marne
Rlver Reserve arsa, These rocks sre often associated
with others rieh in actinolits or tale and some of the
chlerite-actinolite schists are altering to tale by
surface alteratizn., Immedlately north of the Marne
Rlver Reserve at 15&,174 the scap5lite~amyﬁibole rich
cale-silicate rock on the edzs of the marbls has been
lgcally replaced over a distance of 10-15 yards by a
Tinowgralned chlorite schlist containing rosettss of
lonmgs le3 cme, bapered spindles of amphibola. The
schigtosity cutlined by the chlorite flakes is paral-
1ol to that in the adjacent schist and controls the
growth and orientation of the platy rosettes of

amphibole.

An identical rock oeccurs 2 milass south ab

Jutland {172.143) where the rock 1s seen to be alter=



274.

ing, apparently by surface weathering to talce. 500
yards east of this occurrence {st 201,11%, spscimen

325) an identicel rock is embedded in marble.

Microscoplcally these chlorite-actinolite schists
consist of 80-90% of fine (0.1 mm.) flakes of pale
optically positive chlorite outlining a strong foliae
tion, 1n which lsolated euhedral prisms of colourlessg
amnphibole, with optic axial angle close to 20°, sre
embedded. BSuall teblets of llmenite and grains of
apatite are widely distributed through the chlorits,
and smell prismatic rutiles ai'e enclosed within the
aapiribole. The whole rock may be cut by & late crenu-
lation cleavage into which the chlorite flakes and

ilmenite tablets are bent.

Actinolite, sctinolite-chlorite and actinolite-
blotite rocks at 162,148 (specimen 257) may be petroe
genetlcally related to the chlorite~actinolite
schists. The structure here is obscure but thess
wellsprecerystallized rocks seem to have entirely ree

placed the original marble bed.

Massive pale tremolite rocks also cccur at 175,129
(specimen 269) where they rernliace the orizinal cale-
silicate rocks bordering the marble. At this locallty
& body of crenulated folisted talc occurs within the
actinolite rocks. In thin ziice these trsmollte and

actinallte rocks also show some interstitial alteration
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{2) Genesis.

The distinctive and unususl character of the
chloprite-actinolite rocks sugposts that these were
foraed contempeoransously under similar conditions at
| the three widely spaced localities. Fiszld relations
indicate that thesze, and ths associated actinolite
rien rocks, were Iormed by locel replacement of the
original cale-silicates and merble. The fine grain-
size oi the chicrite in the chloritee~actinolite

sculsts, and the gensral lack of strong tectonic

[ 2]

»

orisntation of the setinolite, suggeste that these
rocis were iforued late in bthe mebaucrpulc and tLechonle

history, although apparently before a late phase of

A

deformation associabved with the Jformatlon of a crenue
iation cloavage. These rocks may be more or lass cone
teuporaneous with the nearby {ine~gralned quartz-
alblte rocis described abuve, and thers may bs a
genetic connection betwsen then. If much 7.0 was
evolved during the formation ol the gquartz-albite
rocks, it is coneceivable that ibis coull eacans Lo

higher levels and ve channelled against the more ime

el addie

U

pervious calc-silicates and marbls where 1
tlon and renoval of material could resul:t in the

bydrous chlorite, actinolite and tale hearina
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aanemblages,

The Sale deposlis of the Zuzeracha-Lyndoch avesa
sre more elogely assoeclated with quarbtz-alblbe rocks
and are not dirsetly connecied with marbles cpe calew
silicates. B8tillwell and Tdwaris (1951) havs nroposed
that the Cumerocha talc-albite rocks have formed by
the alteration of original blotite schists, a conclu=
glon slso suprorted by Whittie {(1257) in the Oakbani

i the westarr edge of the warbls bed one half
mile east of tha M&rne Biver fagerve sre a puuwbsy of

largs paiches of biphly kaolinized and zltsred

p

schiste.
The cause of the lmolinization is not clezr, but in
several of these dltered zonss amull auavitz veins and
The manbles and colowsilicatos lere kave not been
affected. Hera, ton, 1% armpesrs that the marble has
acted as = lme rvious barrisr to ascending hydrsus
golutionz. These altavabion zone
yovnger than the chlsrite, zetinolite and tslc rocks

described ahove.

(d)  S8kerns end other focks asepibsd to Alterabion and

Replucenent.

{1) Massive gmarne! veins and nods.

White (1058) racorded saveral massive garnet pods
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from iilendells, lmmedistely socuth of the prasent area.
Only one eimilar occurrence has bheen found at Cambrai
(location 21€.143). Here a massivs vein of red-brown
gernet,; one foot wide and 20«30 feet in lenzth, ount-
crops at a marble~schist junction. Some small vuehs
witbhin the vein, outlined by eubedral rarnct crystal
faces, are coated or entirely filled with bright

green epldote. S8light coprer minevalizatlion occurs
adjecent to the veln in coarse-grained scapolite-

diopside and scapolite~guartz rocha.

(2) Garnet and amphibole skarns of the Kanavpa Mine.

During metamorphlism the copper deposits of the
Kanappa Mlne were introduced adjacent to tightly
folded schist-marble contacts. Apparently assoclated
with the ore Torsution was tha extensivas grain growth
In the adjacent schiste; sneluses and marble, leeding
to & mueh coarser grain-size thon usual, and alss to
tho anpearance of marnet and derk amphlibols 1n thre
marble in ass~clabion with snlarzed grains of deep
grasn dlopside. Thls is the only localiity for garnet

bearing marble In the Cambral srea.

\

peN

Some sulphide is asscciated with minor anphibelite
{metadolerite) pods intrudsd near the sarbls-schist
contacts, but ths majorlty cof the ore appsars to have
been won from replacive gquarig-gulphide veins embsdded

in quartz-felspar~biotite~zarmat schilste adjacent to
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tha marble. The quartze-sulphide ore is snelossd 1n a
distinctive guartzeblotite~garnet-cummingtonite~
anthophyllite gneiss and all stages in the gradual re~
vlaconent of this greiss by the siphlde bearing quartz
can be ohserved, Thus the "voln® contacts are indefi-
nite, and the garnet-smphibole gnelss, being an
integral part of the ore voln, may be conslidered as a
gskarn, The garnet-amphibole sneiss is medium-grained
and has a pinke-grey cclour. Abundant pink anhedral
pernicts interspersed with agprepates of auall oale
prismatic amphlboles and red bietltes are sebt in a
metrix of quartz and lescer rlasioclase. Ths garnets
which reach £ s, acrops, carny numerous inclusions
of guartz, plagioclasze and anrhibole, Tha amphiboles
are nearly colourless In thip sectlion. One 1s
summinctenite (2Vz = 799, 72N\ e = 199, which eorresponds
cumninztonlis molaciile {Deer, Mowle % Zussuman,
¥sl. 2, 1.242)1) with a hich biprefringence and good
lamellar {AOO} twimaing., e other is a non-twinned
anthonhyllite (2ve = 73%, Z = ¢). The biotite 1s
plsochrolic from pale lemon to a bricht orange hroun.

-

Tha plagioclass has a comprosilion near AN 25 and ie
tayinned on the Ala A, Acline and pericline laws butb
prarely on the albite law. Tourmaline, apabite and

= _ . = *,
ivor opss ave accessery constliuants,

£

& somewnat slmllar rochk oceurs near thug marble=
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sehist contact 100 yards east at 217,118 (specimen
4357). This rock is also stained by minor limonite and
zalachite and has limonite pmeudomorphs after originsl
chalcopyrite. The rock 1s strongly follated and con~
tains abundant pale pink garnet, deep-green hornblende
and white cummingtonite embedded in quartz and basie
labradorite. The garnet is anhedral and polkiloblas-
tic as in the vrevious rock. The cummingtonite has
the properties 2V = 90°, 2z e 16°, which correspond
to 27% cumudnzbonite molecule (Deer, Howie and Zuss-
wan, Vol, 2, po 242). The hornblende has the proper-
ties 2Vx = 759, Z2\e 16°., Both this and the previous

rock are considered to have a sedlimentary origin.

The cumminstonite-hornblende assoclation 1s common
1u both para- and ortho-aaphinolites in low pressure
peglonal metamorphic terrains (e.g. Esbols, 18803 Wat-
ters, 18623 Shidc, 1988). The assocclation cumaing-
tonite=anthophryllite {or gedrits) 1s less common bub

.

s besn repoceted, for example, by Bakonla and Kervinen

Pl
B

(1836) in an amphibolite from Isophz, Finlend, and in

sehists and prancfsls of the ¥oine Series {(Collins,

1Y)

1242). Ths problem of the rslationship of these 1so

e

hemlc specles bas been discussad by Layton and
Phillips (1962) and 1t is evident that more chemical
dete 1s needed to establish the degres of overlap of

the chemical stability rengzes of thecse asnhiboles.
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Boyd (195%) has presented an bhypothetlical T=X dlagranm
for the joln HMazSig070(0l)g - Feg Si,074(0kH)g which
glves an explanation of the assoclatlon cumalngtonite-
anthophyllite having a limited chamical ranse from
30~40% of the iron molecule. The cummingtonite from
the bummingtonitaoanthaphyllite assoclation at the
Kanepps Mine, which hes a composiiion estimated froam
the optical properties of 40% of the iron molecule, is
in tue composition range where, to our pressent lknow-
ledze, the stable assocliabtlion of cummingtonite and
anthophyllite 1s permissible, Thers ig certainly no
avidence for any lostability bebwsen the two amphiboles

in this rock,

In the XKanaora reglon salphide mineralization also
cecurs at the junetions of marble and small Iintruded
axphibolite {metadolerits) rods. Here the sulphldes,
pyrite, chalconyrite and pyrrhciite are assoclated
with secondary spldote (clinozmnizite) and actinolite.
Skarn zonlng over a dlstance of 1~z cm. has been
observed at the smphiboliteemzrbls contacts {(specimen
442, location 218.117). 'The marble consists of aggre-
gates of diopside granulss enclosed in & mailriz of
larger anhedral caleises witl minor secondary plaglo=-
clase and clinczolzite. Toward the auphibolite a

zons of awpnibole marbie is [lrst sncounbsred in which
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bornblende and cazleite are the major constituents with
lesser diopside and secondary actinclits. This zone
ia followed by an amphibole r»ich sulphida bearing zone
in which hornblende and lesser diopside ars present
with minor secendary actinolite and sulphide. A4
clinozoizite rich eulphide zons succeeds the amphibole
rick sulphlde zone. Here clinozolzite (2V = 90°) and
diﬁyside are the major minerals, actinolite and sul~
phldes are lesser and hornblende and sphene are accose
gories, Firnally the amphibolits 1s veached, whers
hornblende is the major minersl accompanled by lesser
diopside and epidote. 1In these zones the deepepreen
hornblende (2Vx = 75°, 2N 182°) 1s often replaced
by nomoaxial overgrowths of the younger rele green
actinclite (2¥x = 809, 2N e 159), The nroserce of
suhedral erystals of both epidcte and actinolite
embedded within and intergrown with thélsulphides
indicates that these were formed contemporaneously
late In the metamorphic history, the amrhibolite-
marble contacts presumably acting as suitable struc-

tural and chemiesl sites for ore deposition.

{3) ILimonite-haematite skorns.

focke of thils catepory scenr within and adlacent
te the marble ir the western part of the Cambral apr
They are best dleplayed at two locatlions in the

Saunders Creelr araa. At 16€.082 a largze sutercp of
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Tlat dipplng follated marble has been partially re-
placed by fine-grained haemztite und liwmonite. The
contact between the replaced erd the unaltered marble
is sharp and steeply dipping, thus transectiag the
foliation which can . be traced into the altersd zone
wlthout structural dlsturbance. 4 similar and some-
what better exposed occurrence at 178,098 is i1llustra-
ted in Fig. 59, Here it is clear that the replacesent
of the marble is controlled by jointing but the folia-
tion of the marble may agzaln be traced through the |
altered rock. Thaese rocks have formed by lonic

renlacenent wlthout any structneal disturbance.

These rad-brown limonite-haswatite rocks are
ratier porcus, but the sxtent Lo which this is due to
ganfacs weathering ls not certalin. In thin sscticn
the orlginal carbonates and sgilicates of the warble
ars gseen to be entirely remcved and replaced by fine
dusby haematiise, guartz and sericite, A typleal
apacinen was Tound to consist of 305 haematite, 25%
guartz, 5% sericite and 40% opore space. %The haematite
ceeurs as ceryptoerystalline to microcrystalline trans-
lucant flakes, which still preserve & palimpsest
revresentation of the original martle texturs by edg-
ing spaces previcusly occupied by calclte wihich has

since been entirely removed. The quartz cccurs ia



FIG, 58,
Photomicrograph of tourmaline-chlorite-quartz
rocke
Rock A185-311. Location 186,115. Ordinary light.
Aggregates of zoned tourmalines, bunches of pale
green chlorite and quartz spattered with ragged

chlorite and biotite inclusionse.

FIG. 59.

Limonite-haematite skarn replacing marble,

Location 178.098.

Well defined contact (perhaps a former joint)
between limonite-haematite-quartz skarn (top) and
normal marble (below). Folds in compositional
bands in the normasl marble pass uninterrupted

into the skarn., Coin diameter 2.8 cm,
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ciramps of subhedral to antiedral grains or asz quite
eutiedral isoluted prisms enveloped in the bhsematite.

Disoriented Tlakes of sericite appear in small dige

persed groups.

‘At both locsalities ths proportion of marble ree
placed 1s very smull. There is no direcht svidence to
indlicate the origln of these rocks. It iz possible
that they may represent deposited iron oxides supelled

durlng the replucemsnt of nsearby marble with gquarbz-

iowevar, the occurrence of similar rocks raplacing the
maprhl ; larres; alae norhh 0of the Marne River
narsLie ¢ oa LUZaer géa.g Noroi 0L Lhg HAras aAlver
Reperve, and in Lhe aorthe=west corner of the arsa
where the quarize-alblte rosks are rare and 4o noi re-
place the marble, is not In favour of this hypothesis.
Unfortunately outerop adjacent %o these larger
haematite-quarlz bodles is poor and the contacts with

tihwe marble and sebists are nct exposad.

{(e) Tourmaline lotacomatism.

Tourmaline has been noted as an accessory constiituent of

many matagediments in the Cambrsi aresa; here the bourmaline

is considered to represent an origlnel relic sedimentary com=-

ponent which has, In soms cases, been rscrystallized or

added to during the metaacrphism. The concentration of
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tourmaline in the hsavy uineral layers indicates that much
tourmaline dlspersed in the sediments is of clastic origin.
However, some accessory tourmaline may be purely metamorphic
in origin, having formed Auring the recrystallization of the
orizinal clay constituents of the sediment (Frondel and
Collette, 1957). Tourmaline appears also in some acid
intrusive rocks; the quartz veins, aplites and pegmatites to
be discussed in a subsegent chapter. The metasediments
bordering tourmaline bearing pegmatites may be loaded with
introduced tourmaline, and there 1o e¢lsarly a genetic tie
between t he tourmwline and the introdused vein. There are a
few minor occurrences of tourmaline rleh rocks in which the
source of the tourmaline is not apparent and thess will be

described hers.

At 186,115 (specimen 311) a thin "veln" of tournszline »ich
rock i1s embedded in quertzo-felspathic schists. Ths rock has
a dark grazen black colour and consilsts of thin black tourma-
line prisms arrayed in lineated rcsettes plercing bunches of
coarse pals green chlorite In a wmatrix cof guartz. In thin
gsection the tourmaline is seen to be guite euhedral and
strongly zoned, with the crystal corss belng coloured a deep
sky blue, passing outwards through yellow zones to deep green
rims. Tue quartz of the matrix encloses many small flakes of
biotite and this suggests that the chlorite (B 3 1,804 t ,003,

positive, O = ,008; =2 ripidolite nsar corundophilite) bhas
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formed partly from the alteration of biotite during the
tourmalinization, the minor rutile present being & bileproduct
of the reactlon. Siwilar yellowe-green btourmalines cccar in
an altered blotite~andalusite schist at 212.181 (specimen 532)

as streams of small stumpy euhedral prisus.

A4n unusual tourmaline bearing rock at 252,165 {specimen
375) appears to form an 6" thick stratigraphic layer smbedded
within slterating staurslite, andalusite and calcarsous
schists. This roeck is composed of Interlocking cone-like
aggregates of golden<brown tourmaline and pale pecely antho-
phyllite in a matrix of chlorite, corilerite, albite and
quartz. In thin sectlon the btowmallies ars strongly plecw
chrelc from very pale lemon to a rich golden-yeilow. Although
the birefringence is unlform throughout there ars puaiches
within the tourmaline which are colourless and nonwplsochroic.
Small ilamsnlte and rutile crystals are inecluded within the
tourmeline and thin fibres of anthophyllite resembling silli-
manite penetrate the edges of the crystals and extend ss fine
needles well Into thelr cores. 4n identical featurs has been
described by Tilley and ¥Flett (1%00) in & "Sourusiinized™
rock frow Kenidjack, Cornwall. The tcurmaline bas a very low
megnetlc susceptibiilty, suggesting & low iron content and a
dravitic oompositian: Fan-like arrays of ripidelite, similar
to those in speciien &11 dsseribed abeve, appesar to have
formed alter an original pale blotlte which occurs as relies

within the large anhedral quartz grains. Large irregular



286.

gralne of cordierite are intergrown with albite and quartz.
In this case it 1s uncertain whether the tourmaline is &

result of uetamorphism of a boron rich shale or iz the result

of boron metasomatism.

{f) Post-tectonic Mascovite Porphyroblasts.

Stumpy post-tectonic uuscovite porghyroblasts, cross~cutting

or mimicing syn-tectonic structures ars common in ths more
pelitic and semi-pelitic rocks of the Cambrai reglon. These
muscovite [lakes are apparently common throughout the whole
metamorphic belt in the Hastern Mt. Lofty Ranges, for they
have been a subject of comment by most previous petrologleal
investigators in tuls regilon., In the present area thiey have
been noted within the pelitic and semi-pelitic rocks, especi-
ally those rich in alumina, in all grades of metamorphism above
the andalusite isograd, but the coarser and more prominently
developed muscovites are found within the sillimanite zone.
The greater abundance of these muscovites in the more pelitic
members zlves thelr distribution a giraiigraphic appearance,
and only rarely are sufflciently large and fresh outcrops ex=-
posed where the true relationship of these cross-cutting

flakes to the original bedding can be observed.

The relation of the distribution of the muscovite flakes to
bedding and foliatlion is clearly displayed on the walls of a
cave In & uniform seml-pslitic schist at 207.1235. Here the
muscovite flakes have a patehy distribution, the boundary of

the individual patches belng quite irregular and having no
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relationstilp to elther thes bedding or schistosity traces.
Thus the distribution of the muscovits flakes cannot be

related specifically to the original sedimentary banding.

The confinement of the muscovite flakes to the more pelitic
schlsts, especially those with excess alﬁmina. is due to the
influence of initial.composition. It is considered that the
most likely origin for these poste-tectonic muscovite flakes
is through Introduced potassic solutions soaking through the
metasediments late in the metamorphic history, the muscovite
fbnming“by the fixation of introduced potash in those pelitic
rocks where alumina wes availlable. A possible source for the

potassic solutions is considered in ths next section.

Biliings (1838) has described similar sporadic postetec-
tonic muscovite from Western New Hampshire, where this minerzl
shows &all stages i the pseudomorphle replacewent of silliman-
ite. Analyses indlcated that votasht had increased in the
rocks contalning the late muscovite and Billings concluded
that potash end water had been introduced from some extraneous

source, perhaps a muscovite bearing granite.

{z) Potash Deficisnt Schists.

The pabrosraphy of the pobtash deffcient schists, In papti-
cular anthophyllite and chlorite-anthaophyllite schists, has
been describsd In a rrevisus section. Although some of these
rocks may b2 the result of l1sochsmiesl recrystallization of

Initially notash deficlent sediments, it 1s A1ffienlt to
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explain the widespread cccurrence of anthophyllite-chlorite~
quartz-albite schists in the meta-arkose sequence on the
westers side of the ares in this way. The nopmal naba-arkose
occurring in the syneline in the centrsl and easztern slde of
the area contains blotite and some potash felspar, but no
potash defilclent anthophyllite or chlorite rocks have been
observed there. This 1g In marked contrast to the wide belts
of stratigraphically squivalent anthophyllite and chlerite
bearing quarizo=-felspathic schists of the western z21de of the
area, 1n which potassic minerals are entirely lackine. The
patchy occurrence of these potash deficlent roels within the
well=bedded meta-arkoses snd the local gradation within
narrow beds Irom blotite rlch sehists to anthophylliits rich
schists over a distance of a few feet along ths strike has
been described. These observations cannot be attributed to
original sedimentary facies dAlfferences, and szome allechemleal
process involving wldesprsad leachingeout of potash in dils-

genesls or metamorphism must be involiad.

Some of the other pecullarities ol the mebamorchisam of the
sedinents in the western side of the arsa have also been des-
eribed, in'particular, the increased deggres of rvecerystalligza-
tion and graln growth in the western rocks and the different
petrological charactsr of the cale-silicates. Annther unusuasl
feature is the occurrsnce of the quartz-potash felszpar rocks,

descrlbed earliier In this chapter, within the petash deflicient
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It 1is possible that all these unusual reatures are inter-
connected and are basically the resuli of s single widespread
metasomutic process affecting the whole of the western side of
the area., Whatever the nsbure of this motasomatic Process,
potasih: has been effcctively removed from large belts of neta-
arkose ﬁaving & low, bul apprecieble, Initisl potash contert.
This reuwoved potash, 1¥ reprecipiteted within select zones,
might supply a ready explanation of the guartz~pobash felspar

rocks.

A similar problem involving an intvimate mixture of potash
deficient and potash enriched rocks was met by Chinner {156}
in the Tanunda (resik arsea, He concluded that it was iikely
that potash removed from the potash deiicient schists was re~
deposited in the granitic grelsses as a comuonly observed late
replacive microcline. kxtensive zones oi potash deficient
rocks have also been described by White (1956}, and il must be
concluded that zones of potash deficiency are charasb:ristic of
the uwigh grade metawmorphic rocks surrounding the granitized

core of ths metamorphlc welt in the eastsrn Ht. Loity Ranges.

The clogs association of zones »f granitization with
abundant and widespread potash deficlent rocks in the bhigh
grade metamorphics of ths eastern Mt. Lofty Rensges 1s, indeed,

one of the ms jor unsolved riddles of this metamorphic province.

In the consideration of this problem two questilons are vital;
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{1} thas potash been :emovea from the potash deficlent
schists?

if potash has been removed, has it been redepo-
sited in the granitized gneisses, or carried to
lower teowperature zones?

The solution to both ol these questions requires considerable
chemical duta and the problen as a whole is outside the scope

of the present work.

The corditions 16&&1&5 to a complete removal of potash from
Bome rocks are not understood, bul the experimental work of
Orviils (1989) may have application hare. Opville (1859) has
Investigatad alizall lon exchenge betwesrn alkell salt zolutions

and felspars, and has found that the reaction

{K-Ga felspar + wa " Va-Ca felspar —+ K+:]

tends to proceed to the right. It is almost universally
accepted that hydrous sclutiona (including origingl connate
waters) ars sxpelled during increasing metamorphism In & sedi-
mentary cile. If ths ssdiments are marine, the expelled
waters might bs highly charged with scds derived from initially
trapped sos water. Thessz solutlons, ascending upwards away
from the core of the melaaorphism would cause ion exchange
reactions such az those desceribed by Orville. This could re-
sult in widespread potash deficiency in the higher grade
metasediments similar to that found at Cambrai and elsewhere

in the #Ht. Lo{ty Range metamorvhic belt. The potash rich

solutions passing on away Irom hthe potesh deficient sones may
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elther form local concentrations of wotash rich rocks {such as
the quartzepotash felspar rocks ?), or become disnersed in the
lower teuperature zones where they result in the grouth of

late muscovite in rocks containing excess alumins.

Dunn (1942) has glven the name "dlabrochomorphism™ to perie-
ation metascrphism and metasomatism cuused by solutions (con-
nate or ctherwise) driven up from depth by rising geothermal
gradlents. The above pleture, although quite hypothetical at
present, could explain many of the more puszzling features of
the metamorphism and ﬁetasnmatism of the Cambrai srea.

Conclusions.

Metasomalleam has playsd an lmportant part 1n the metamopr-
phic evolution of the Cambrai ares, both in the fermation of
locel metasomstic rocks and on & wider scale. Korzhinsky
(1864) consliders that a single ascending wave of solutions may
produce dlverse metascmatlec effects and that it is not neces=-
sary to propose separate waves of metasomatism for each kind
of metasomatic product. Thus the various mebasomatic products
described in thrils chapter could be mors inter-ralated than

might be supposed from thelr diveraity.
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CHARTER 1l.

INTIUBSIVE ROCLS.

Introduction.

Intrusive rocks form only a small proportion of the rocks
exposed in the Cambral area. Although insignifieant in bulk,
they are of wldespread occurrence and thelr distribution
mineralogy and petrology are of particular interest. Unlike
the large plutons of granite, tonalite and norite (Murray
Bridge grvarite (Kleeman, 1934), Mannum granite (Goode, Alder-
man, 1927: 192%), Reedy Creek grancdiorite and tonalite
(Sando, 15567; Alderman, 1927), Lonz didge granite and Black
Hill norite (Aldérman, 1827)) locatad in a north-gsouth belt
east ol the present area, the Intrusivs bodies hers are always
small, and take the form of Qykes, vlugs and ploes discordant,
and lensoldal dykes, plugs and 81lls concordant, with the

bedded metasedluents into which they have been ezplaced.

Where the intrusive activity has bosen strong during the
late stages of the rezional metanorphizm, the Intrusions
pepper the metasedimentsa rather than Tormn a large single body
irrespective of the nature of the intrusive rock. This form
of intruslon anpears to be rslated to the nature of the sedl-
mentary medium and ths physilcal conditions during the intru-
sion rathsr than the nature of the imbtruding materiul.
Moderate tenperatures and high confinlng pressures during the

waning stages of mebancrphlsm, and structural inhouocgensitiles
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within thes netasediments, ars believed to be mejor factors de~
clding the foram of intrusion. Younger intrusives; aplites,
quartz velns and some dolerites, emplaced during the last
waning stages of metamorphism, have thelr intrusion forms

strongly controlled by tenslon fractures, joints and faulting.

The Inbrusive rocks may be classified into four major
groupss =
i, Jetadolerites.
2, Granodlorite - aplegranite -« aplite ~ pegmatite
sulte.

Se Syenites, dlorites and other Intermediaie rocks.

de Quartz veins.

Basliec rocizs of the dolerite-gabbro clau are widely distri-
buted as =zmall pods and lenses throughout the western part of
the ares, but have their most spectacular devslopment in a
small area on the eastern scarp, west from the town of Cambral.
The granodiorites ars confined to the areas of highest grade
of regiongl metamorphlism, namely, In the southe-west corner of
the area and near the Funappa MHline., Oranites, aplites and
minor pegzaatites, which appear to be the later differentiates
of the granodiorites, are found within the granodiorite belts
and &8s streams of mnastomeosing cross-cutting dykes in the
southern central portion of the area. HMembers of this acid

series are not found north of the Marne River. Intsrmediate

rocks of the syenlte-dliorite group are distributed widely in
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the centrsl portion of the area. Although rars, Isolated, and
insignificant ia amount relative to the other intrasives, their
mode of intrusion and variable petrology is of considerable
interest. Nost quartz velns appear %o be of the metamorphic
segregatlion type and have been discussed slsewhere. Quartze
tourmaline veins in the Pine Hut ares, Liowever, cannct be

attributed to segregetion.

Three major facters, metamorphic grade, structure and physi~
cal nature of the metasediment intruded, appear to aifect the
distribution of the intrusives. 7The acid intr#sives are coli-
fined to tue deeper metanorphic levels. The intermediate and
basic rocks are notably confined to the less competent meta-
sediments, and, as caun be seen from Flate 1, do not penetrate
the thick massive arkose forming the centre of the syncline in
the rnerthern part of the area. The intrusisns do not seem to
be controlled by pre~existing folds irn the metasediments,
although weaknesses along bedding planes and axlal plane foli-

ation havse facilitated intrusion in many instances.

Rarelys the relative ages of the various intrasive tvpes
can be chserved dirsctly from cross-cutting relationships,
but, in general, the degree of mebamernhlc reconstitntion gives
the only indication of age. The degrsze of metamorphic recryse
tallization dspends not only on the relation of the time of
intrusicn o the tluws of metamorphism, but also on the metae

morphic grade of the metusedliments into which the rocks are



el
Ple
]

emplaced. it is therefove @ifficult to compare the ralubive
ages of slallar rocks intruded into tigh and low grade areas,
In general, dolerites were the first rocks to be auplaced and
all have suffered mild to severe mebamorphlc reconstitution.

It is 1likely, ccnsidering the various dezress of msbamcrshie
recrystallization within some adjacent dolerites, thmbt there
were several perleds of dolerlte intruslon, ranging in age from

the hodghi

of the metanorphism to o late metamorphic stage.
The slignt metanorphic rsconstitutlion ol the granodiorite-
aplits sulte suggests that these rocks were emplacsd late in
the metamerphic history. The syenitss and dloriiss are not
known to out other intrusive rocks, but scme contaln dolerlite
xenolithes, They ars known to be pre-faulting, and from their
degree oi metamorpblism, ars probably vounger than the grano-
dlorite~aplite sulte. 4 porphyritlic dolerite dyke lubtruled
aelong ¢ Jault lua the southe-west corner of the mupwped arvea
cross~-cuts granodiorite and aplite, anl 1s the youngesl Intru-

sive knowm.,

In general the intruslons are late metamorphle, and thelr
degree of recrystallization and mebvaumorpunle alteraticn nas

-

not been sulfficlent to destroy thelr igneous tsxtures. A few
gmall auphlibolites In the Saunders Creoci arsa show ilusullicient
evidence for intrusive contacts or relic lgneous taxbtures to

decide an unequivocal origin,.

Contact motamorphic effects are rarsly observed. The
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intrasives belng samll, the weal conitgct effects were probably
transient, belng cverprinted and dissipated by the effects
of the waning regional mstawaorphism. Contact effects are pre-
served in some of the thin contact zones of the larger doler=-
1te bodlies and some of the syenlte~diorite pipes, where &
fine-grained recrystallized hornfelsic texturs, bui no new

minerals, appears.

gaz jlatadolerliten,

Introduction.

The term "metadolerite”, although used synonymously with
the old terws "epidiorite™, is preferrsd by the presert writer.
As the origin of most »f the basic rocks considered hsre is
not in doubt, the term "amphibollte® is raserved for those

amphibols rich rocks of dublous origin.

The mstadolerites In this ares may be divided into three

groups based on geographic locationg-

&, The Cambral dolerite fleld,

hbs H¥Netadolerites of the weztaern group.

¢, Netadolerlitass of the southern groupe.
The metadslerites of geoup a. occur within the andalusite-
staurolite zone of repisnal metamorphism; those of group b,
within the andalusite~staurclite-kyarite and lower sillimanite
zones; and those of group c. within the higher paprt of the

8illimanite zone.



{1) The Caubral dolerite fiecld,

Thls Ileld, located on the scarp west of Cambral,
contalins over 600 ssperate dolerite intrusisas within
an area of 2§ square miles (Flats 1). Tho majority
2f these are small pods and leonses 8 few yards wide
and 10-20 yards in length. Sonme of the smallest intru-
sions are only one foot in width., The largsst intru-
slons tend to form elongate lenses snd stesply dlpping
1lle, up to one mile in length, injected along bedding
planes In the well-bsdded svenly dipping metasedinen-
tary ssgusnce. In this way there ils minimum disrup-
vlon of the conbinuity of the bLedded sequence, and
csontest alfects auch as brscelatbion are, in general,

-

bobally lacking. Soms sills, especially in the
central portions of the [leld, obliquely transect the
bedded sequence for part of thelr length. Eeveral

i

g!

rge irregiular discordant plugs on the wostern and

m

northern edges of the fisgld ghow conslderable breccia-

ki

ticn of the quartzo-~felspathlc sehlsts nsar their

0N

contacts, Quartzoe-felspathic schists south of th
large mass ab 220,188 (Plate 1! have been crushed zad
folded up to 30C yards from the sdge of the Lody,

The lrregular Tolding causad by the lorcelful intrusion
is outlined by the mapped portions of several calc-~
81licate marker beds. Contact mstamorphic effects ars

rarely observed.
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The degree of recrystallizatlion suflfered by these
Golerites suggests that tney were intruded soon after
this climax of the regional melamorphlsms. fThe original
pyroxene has bzen replaced by awmphlbols even in the
ceatre ¢l the largest masses. The plagloclase, how-
evar, generally presevrves lts original twinulng and
lath~like form, soc that a palimpsest lgneous texture
is apparant.

There is a complete gradation betwsen wmstadoler-
1tes having an abundance of piapioclase phenocrysts
(up to 60%) to mebadolerlites totally lacking thenm.
Although the average size oi the phenocrysts is 0.5
M.y SOMmMe Ay reach 2-3 cm. GThere is no relation
between the size of the intrusion and the abundance of
phenocrysts. Hany bodies ars composite, some poriions
baving an abundance of phenocrysts and others lacking
themn. There appears to be nu simole pattern in the
distribution of the ghenceryst rich dolerites,
although 1t was observed that most of the intrusions
sn the southewest edge of ths {ield were markedly vnor-
payritic. HNo evidence was found for orizinal pyroxene

vhenocrysts.

Izneous structures ars rare. A weak alighment of
nhanocrysts, plazlioclase lathas and iron ore granules

neay the contacts of gome Intrnsives has besn observed.



Xenoliths are lacking.

The predominant structurecs are metamorvhic,
Although the centre of the intrusions resist any ex-
ternal atructural impositions, the contacts often take
on & schistose follation, defined by the orientation
of amphibole prisms, parallel to the axial plane
follation in the ad jacent schists. Within these
schistose contacts the palimpsest lgneous texture has
been completely replaced by & grancblastic metamorphic
ones In some of the schiste in the arsa covered by
the dolerite fileld a second {oliation (2 cresulation
cleavage here termed 84 - see Shapter 12) transscts
the main schistoslity produsing steeply west plunging
crenulations. This newer-foliation may salso transsch
the schistose portions of the metadolerites, resulting
in a stesep westcrly plunging lineation defined by the
amnphibole prisms. Oceaslonally a porphyritic dolerite
has becowme schisiose. The phenocrysts, rscrystallized

te a grancblastic aggregats of and
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beeoue flattened in the Iollation plane. I inter~
sected by the newer folistlion the “phsnocrysis™, now
granoblastic aguregates of small grains, become elon-
gate parallel to the amphibole prism lineation. The
resultant rock resembles a linsated augen gnelss.

The impllcations of these structures will be dilscussed



further in the next chaptsr.

The metadolerites crop out as tough massive
jointed blocks highly resistent to weathering. Unlike
the adjacent metasediments they have strongly resisted
erusulng asscciabted with the feniting. Fresh broken

curfuces exposs the dark greenegrey coleour of the
gromndmass and the particlliy altered grey-white
plaglicelase phencverysts. Generally the prounduass i

coarse enough: fur the plug
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grains and the pelic ophitic texture to be clearly
digcerned. Grainsize of the groundmess veries with

F N L3 ELI T 3 2 g - % - o — O e
the sgize of the intrusion and ranges from D.2 k. or

l2gs, for the contact phuses of amell bodles, to

1 mme In the larger Yodles. Harely the graln-size may
grceed this end reach O @mn., Lhe rock thes having the

appesarance ol o medium grained gabbhro.

W

In thelr.minersiogy the metadolerites are rela-
tively simple. The major minerals are amphibole,
plagioclase and scapolite. Bictite, often partiaslly
altered to chlorite, is always present, aitkough
zenerally spzrse., Iron ore, sphene and ap&tite are
constant accesscries. Epldote and sericlite-muscovite,
although unstable within the completely reccnstituted
assemblage, are always present as transient alteration

roducts of plagloclase phencerysts. Potaszh felspar
P PLa; P Y
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calcite and tourmaline are rare, ninor coastituents.

Desplte the small number of wmajor mineral phsses,
the mineral textures of the metadolérites sre often
complex and variable, Except in the more recrystal-

ized schistose motadolerites, where the textures are
essentially motamorphic, palimpsest ophitic and por-
phyritic, replacament and metamorphie textural features
are combined in the overall metadolerite texture.
Replacement textures arise from the growth of secapolite
from the plagioclase. Where scapolite 1lg abzent, the
palimpsest ophitic textures pass to granoblastic meta-
morphic textures by granular precrystalliszation and
zrain growth cf the amphibole and plagloclase. Where
scapolite is present, the plagioclase 1s progressively
replaced by larze skeletal crysbals of scapoclite.
Hith the development of follation, these large scapo-
lite ecrystals bacome granular mosaics consisting of
nuamerous granules of slightly varying optical orienta-
tion, and finally, granuler crystalloblastic aggre-~
gates interspersed wiltn recrystalliized plagloclase
granules and amptibole prisms. In the porphyritic
metedolerites the phenocrysts may be seen in all stages
of replacement by coronas or irregular penstrating
fingers of scapolite. Concomitant with the scapoliti-

zatlon of the phenocrysts is the growth of aericitic
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mica and spongy clinozolizitbe aggrogates within the re~-
maining central portion of the phenocrysts. With the
conplete replacement of the seiginal plagioclase
phenoecrysts, the epldotewserlicits spenges may recrys-
tallize, but ars not stable with the recrystallized
groundmass of the rock. Eventually, when squilibriun
1s more closely abtbtained, the spidote disappsars with
the attendant increase of the zrorthite content of

the new metamorvhic plagioclase, and the whits mics
presumably contributes to & slight increaze of ths
minsr blotite contant of the roelk. Hewever, where the
vlagioclase is slmost totally replaced by scapolite,
epidote mey become e stable phase, slthough present in

miner amount.

Anphibole normally fcrms 3E5-50% of the metadcler=
ites, Although variable 1n grain size up to 5 mm. in
various rocks; 1t has a rabther unifora character. The
graics are usually squldimensionsl to slightly elon-
gate and have vsry ragred adgss, Myrlads of iron ore
granules and dust-like inclusiona are presont except

In the most rzcrystallized rocks., The normal pleoc-

X = pale lemon
¥ = mid green tc mustard grsen

Zz

f

deep green with a blue tings,

but the intensity ef colour is not great. Patchy



colowration and a slight colour zoning, with deeper
green rims, is not uncommon (see also Read, 1331, De
75). Twinaing 1s rare and undulose extinctlon is =2
general vuls. In the lower grade northern part of the
area (comnencement of the andalusite zone) ths pleo-
shrolsm 1is

X = neutral

Y = pale grasn

H

Z = pale blus-green,
and the gralns bave a stronger tendency for a Fibro-

idal, bowtie structurs.

Biotite, In the fora of small stumpy dlversely
oriented flakes, is closely assoclated with the anphle
bole, with whieh 1t appears to te in stapble equilibrium.
It is present in all roeks In susunts ranging up to 5k
(25 in one exceptinnel instance, roek spaclmen 25,
loeotion 258.212). In different rocks the plzochrolsna
ig variable with

i = very pale lemou £2 yellow

Y - 4 = pale zold browan to sepia
Partial alteralisn to pale green slightly piscchroie
chicrite, showing anomalous desp purple oy mAuve-grey
interference colours, is common, but net wiversal,
figtadoleritss fron the lower zrade northern part of
the Tleld cenbuin some chlorita resulting Irom the

slteration of ampiibole.



Iron ors and sphene are z2lso closely azso-lased

with, and included In the amphibole. The iron ore

avpears as nuaersug, small scattered granulss or
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Imaned by pranular

onal brown halos in the amphibole havae
gramiles ol sphene at their cores. Anatite is an
ublguitous accessory, occurring us minute clsar prisms

gibedded in the volie ignecur plapioclsse. Calcite

is an uncommon constituent occurring only in those
mstadolerites of lower metamorphic prade. Have

;rains of potash felsner, with incivnient ernss-

batohed twinning, may be found Ia the mors reerystale

(N s

Tre slagloclase nhiznocy

ste extibit various
Zezrees of replacessnd by scanoslite with concomitant
grteration to apidote and sericiia, 3Jome ghencerysts
have clear unaltered cores whieh Alsplay w21l daveloped
Gwinning on albilbe, farlsbad-albits, Jarlebhad, perie-
ciine and Ala B laws and distinet normal zonling. Dare
instances of thin ozeillatory zoning have hasn obssrved.
A pheinocryst extrached [rom vock specimen 27h zave
fractive indlces ol =1,551 AB=1,5687 ¥ =1.571

033} indicating a composition

Q

£ An Sz (lavradoribe-

5 - . .4 B 1" B - Ao 4 . R N ’ e k-4
bybownite)e Table U 1llustrabes plagioclase composie
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COMPOSITION OF PLAGIOCLASE IN METADOLBALY

OF ThE GCAaMBRAT DOLIRITHE

Rock No. Location % An cores % An rias

Twin laws Method

Plagioclzss phenocrysts.

501 230«188 An 8O
27y LEN212 An B2 An &%
le ZAb=2E0 An Bo-7R An SE=AT

571b 2358=«220 An 80

Groundmass wlagloclase (relic lgneocus).
501 250«188 An 58 An 20
5l6a 232188 An 45=07 An &0
27b 250-212 Ax €leC8 An $2-40

27¢c BEo=21R L D7w=C An 21-43
{non-porrhyritic)
26 2EC=-211 An 37 An £5

Matrix glasloclase (mebamorphic).

825 255=3171 an 30-=33 f zonod }

la

Albite, Emreons
Garlsbad=-

albits

£lblts, Ammons
Carlsbad

la

la
la

Alblte, Bomons
Carlebad-

albite
with rarse
Pepricline,
Carlabad

Albite, Eranons
Carlshbad,
Pericling,

Ala B

Hloite, Eamons
Garlasbad-

albite »
Carlshad,
Pericline

lea
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and measurement of the angles Xt A {010) 2» (0Q01),
observed along the a-axis (using curves 1ln Troger,
1856, page 1ll). The cores of some phenccrysts

approach An 82. The groundmass plagiocluse, while

preserving its original lath-iike form and twimuing,
always displays strong normal zoning. The wide rangs
of compositiocn, 4&n 20 - An £8, 1s & reflection of the
dezree of disequilibrium. In the metamorphilcally
reconstituted dolerites the plagioclase is nonzoned,
The varistion of compositicn of the plagioclase in
rock specimen 623 {Table &) is related to the presence
ol epldote smavking the centres of former phenocrysts,
wiiieh, a8 yety; have not reacted with the matrix to
esteblish complete eguilibrium.

Spongy epldole and assoclated sericltic mica are

formed during the alteratlion of the plagiocluce pheno-
crysts, especlaliy when these are being rsplaced by
scapolite. The epldote, when recrystallized, has the
optic properties of an iron fres clinozoizite. In

tne carly, poorly recrystalilzed, stuges of its
ioraation two phnges may be pressnt; one, with deep
srey interference coloursy being embedded in & matrix
naving anoralous Berlin blue ‘nteprference colours.

In ordinary 1lizit both have the same rellef snd appear=
ancg. with ecomplete metamorphlie reconstitution both

the epidote and the sericite dizappear from the
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&ssemblage.

Scapolite, although & major mineral phace in most
of the metadolerites, is very zrratle in cceurrence.
As pointed out proeviously, the composition of the
scapolite replacing the plagivclase phenocrysts of
the metadolerites 1s not significantly different from
that of scapolites extractsed Trom other divarss rock
types in the ar=a. Scapollte roplucing a phenocryst
fin rock 25 ylelded n, = 1.568 { +.001), axd in

roek 27b, ny, = 1,578 ( +.001), indleating composie

E TE 1T - ~ BUE o vy E 4 - F E o ’
tlong of HMe 48 and Me &0 respectively. HRaofore the

more advenced stages of the netanorphic recrystalli-
mation to & granoblastic aporsrute,the secapclite 1s

FY R P

observed In all stages of roplacenent of plapsioclasse.

The genesls of the scanolite i3 pssentinllr econcerned

£

with the soures of the chlorine and other vaolstiles

nscessary for 1is formation. Come mebadoclerites are

2
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£ scapnlite while others may carry up to 40%.
It 1s therefore unllksely that the volatlles were
derlved from the dolerites thomzelves., Some of the
bedded netasedimonts intruded by the dolerites are
rieh In scapolites and 1t is consistently cbserved
that dolerites intruding & scapclite rich bed are
alse rlch In scapolite, while scarolite 1¢ absasent
from those dolevites injected into quartzo-felspathic

zehists lacking scapolite. This observetion also
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Lolis Tor mebadolerites in otlier parts of the Cambrail
erea. It is conecluded that the scapolite of the
metadolerites results from the local absorption of

2

cWlorine snd other volatiles from the injectsd meta-

sediments. Thls absorption may have occurred most

fresly Auring the cooling of the intrusions and
thelr subseguant aspbibolitizaticn at the elevated
teaperatures of the reglonal metamorphism.
Imlthe gouth-western portion of the fisld,

ruaber of metadslerites are traversed by whibte, medium-
groined plagicclase velns, Thess veins ; up to several
inches ia width, are confined to certaln jolnt direc-
tions and are composed essentlially of nonzoned, grano-
ylastic plagioclase (An 3€), minor ivrsgularly
distributed auphibole, interstitlal epldote and
pore ouhedra of pale brown sphisne. Rare vaght are
1insd with euhedral plazloclsza, The plegloclase,
with well developad lamellur twinning on the alblte
ané pericline lawg, basg undaloss sxtinetlon, perhaps
Zgqe to strain. snd abundant elay-lLike alteratlion
products which yield the chavacberlistic white colour

* the pock. Thae origin of bthase veling 1s nobt known,
althongh they seen to reprasacht e lale permatitic
ohnse of the dolerites injected lnto early Joints.
"hey huve not hoeen observed cutiing the surrcunding

netagedliment s,
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Tn the mors scapolitized mestodolerites, scanolite,
somstimes with cuartz, may sceur as joint Infillings.
The refractive indax, n, s 5f ths seapeliias in
neeurrences of this type ranses from 1,5678 to 1.5775
{+,001) (seveon determinations} indleatinr & composl-
tion range from He 46 to Me 80,

Contact metamorphic effects within the metasedi-
ments adjacent to the metadolerites is ssldom apparent,
At the sonthern contact of the large dolerite plug at
02904132 the suartzo-felspathic schist has an exceedlng-
1y Mne-sreined (0.04 mwa.) rrarilar texbure, with
eaveral thin (5 mm.) veinz, obllcuely transecting the
wedding traces, consisting of coarger (0.10 rar, )
wlarioclase, saverely alterad to Afastinct ssriclte~
mmacovite flakes: abundant zoned tourmaline, ferming
an? of the velng and accessory rutile. The tourma-
1ins accurs ag suhedral prismz orlsnted parallel to
+he vein walls., Tourmaline noikiloblasta occur as
an sccessory in the bilotite rich metalolarite, gpeclmen
£5, location 856«212,

A peculilar, structurelass, green snottad hornfels
ot the morthern sdpe of the large dolerite plug at
256-020 appears to be of contact metamorrphie origin.
T™a evenly dlstributed srots conelst of ~yrropates of
ewall clsar Aiversely oriented pale green actinolite

noililoblasts with lesser pale brown blotite, while



the pale mutriz consiste of abundant quarbts
eabedded in fine grenular albite. Iron ore is a coue
mon accessory and rounded, "wabesr-worn™ zirecops
suggests that the rock ls basleelly of sedlmentary

origin.

A rock of somewhat similar appsarance has formed
as an Intermedlate stage of albltization of & small
dolerits lons at 252.188, This examuple of albitiza-
ticn has been dealt with in chapter 10 whevs it was
concluded that the albitization was not asssciated
with the dolserite intrusion, and has no cornection

with the secapolitizatlon of the metadolerites.

{(2) letadolerites of the western zrcup.

Small dykes and lenses of mstadoleriie ars wildely,
but sparsely distributed ir the major anticlinal zone
in the western part of the mapped area (Flate 1). The
ma jority of occurrences afﬁ enally belng eonly & Tew
teas of feet 1In longth. 4 thin dyke southesaszt of

loralinga, howesver, has a 1

[

naeth of one mile, and west
of this two lenses adjacent Lo o marble bed are up bo
half a mile in length and, in places, 300 fast in
width. The Intrusions of this group are almost invari-
ably orisnted 1n the btectonic trend, being injected
into the metasediments parallel to the northesouth
roliation, the axlal plane clsavage of the firet and

aajor daformation. Owing to the greater degree of
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reglonal metamorphlsm suffered by the majority of
these metadolerites, contact metamorphic and struce-
tural effects have not been obssrved. The degree of
netanorphic and atructural ruanukt*“uticn iz generally
strongs and the relative ages of tha different doler-
1tes is impossible to detarmine, although the majority
appear to have been intruded near the height of the
metamorphiam. he one mile dyle south of Moralings
84111 preserves s blastophltic texture, although the
eriginal pyroxens ls entiraly aitered to amnhibole,
and appears to be one of ths youngest dolerites reprew-
sented. Most of the other mebtadolerites intruded into
the schists have taken on a strong folliation, but
rarely any llreation., 8mzll pods injected into marbie
have suffered conslderable metaosomatic alteration, re-
erystallization and retrograde efiects. Porphyritie

motadolerites have not been obsgsrved in this area.

The lLextures range from blastophlitic tec scristese,
through varyln” degress of granular recrystallization
and foliation development. The highly altered rocks

irtruding the marbles have cosarse ilrregular textures.

™o long dyke southeeast of Moralinga nonsists of
massive green~grey fine grainsd metadclerite in which
plagicelase, prassrving its original twinning and

lath=l1ke fora, shows & prelic onhitic textured
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relationship with the amphibole which has totally re-
placed the original pyroxene. The amphibole has the
pleocchireic scheme X = pale lemon, Y = mustard-green,
Z = blue-green, the optic properties 2V, 70° (% 2°)
and z’“c 14° (£13°), It contains numerous iron ore
and other inclusions which sometimes preserve struc~
tures that may be related to the former pyroxene
lattices. The iron ores, in particular, often form
large skeletal grains seeming to ghost original pyro-
xene crystal dlrections. 8Small isolated specks of
biotite are closely associated with the amphibole.
The plaglioclase is zoned, having cores of An 49 and
rine of An 30, 1=z slightly sericitized and encloses
numerous apatite needles. A& smell amount (3-5%4) of
quartz occurs as granules. Scapollte, calclte and

epidote are absent.

The metadolerites represented by speclmens 750
{location 147-237) and 764 (location 146-235) are of
similar composition to that described above, but show
stages in the development of a follated crystallo~
blastic texture. The original plagloclase laths have
recryatallized to fine nontwinned granules, with a
composition almost in equilibrium with the metamorphic
grade (upper staurolite zone}. The awmphibole has re-

erystallized to inclusion free, oriented prisms;

although some clots; about which the foliation diverges.



312.

conglsting of inclusion crowded unoriented coarse
amphiboles, still remain. In rock 750 the plagioclase
has a composition of An 34 (R.I. and Emmons S-axis
method) and the amphibole has 2Vx 71° (+3°) and 27\ ¢
14° (+1°). 1In rock 764 the plagioclase has a coumpo-
sition of An 41 (R.I. and Emuons Seaxis method) and
the amphibole 2V, 64° (£1°) and 27'e¢ 12.5 (*19°).

Those few metadolerites intruded into scapolite
besaring metasediments may have much of their felspar
replaced by scapolite.

Hetadolerlites intruding the marbles may be so
recrystallized and metasomatically altered that their
original nature becomes obscured. A seriles of small
pods, some only one foot in width, of coarse-grained
paele green-grsy rock in the vicinity of 175-174 con-
gslat largely of plagloclase; chlorite and czlcite with
minor amphibole, phlogopite and quartz and amccessory
apatite, iron ore and sphene. The minerals are regu-
larly distributed in a non~foliasted texture. The
plagioclase occurs as randomly oriented laths under-
going replacement by irregular calcite grains. The
laths preserve thelr original complex "isneous"
twinning and have compositions ranging from iAn 60-70
in thelr nonezoned cores, to An 24«59 on thelr rims.

The chlorite ( & .004,-+ve) forms large (to 3 mm.),
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randomly oriented, pale green flakes with which are
asgociated large Irregular iron ore sgzgregates and
rare pale brown phlogopite books. The green actino-
lite prisms are confined to, and embedded in evenly
distributed quartz rich aggregates. Scapolite is
abgent from the rock, salthouph associated with caleite

and quertz in joint infillinps. A resction such as

[hsrnblende + epldote + CO02 4 Hp0 — chlorite +
' quartz + calcite:K (T1lley,
1838) appears to have oceurred in this rock.
Miyashiro (1958) and Shido (1258) consider that, in
the greenschist facles, the presence of loecal high
water and COg concentrations would promote the formae
tion of calcite-guartz-chlorite-epidote~albite rocks
from actinolite-chlorite-epldote~albite rocks. The
presence of basic plagloclase in this rock, in place
of epldote-alblte, may be related to a higher tempera-
ture during the chloritization.

An apparently intrusive pod near 153«230 has
sideritized the surrounding marble. The rock consists
of numerous, l-2 mm., pink garnet xenoblasts embedded
in & matrix of close~packed green and white amphlboles.
The pale pink garnet contains numerous fine inclusions
arranged in an unusual and distinctive "brain struc-
ture”. The white amphibole is cummingtonite with
common polysynthetic twinning on {mo}, 2v, 80° (*1°)
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AN
and Z ¢ 18° (+29), This emphibole merges into
patches of a green amphibole with the ploochroic
scheie X = pale lemon, Y = mid-green, Z e greenish

blue, 2Vyx 740 and 2" ¢ 12°,

The two amphlboles may form separate erystals in
non=parallel growth, crystals in parallel growth (with
{110} as common planes) or an lrregular tatehy inter-
merging of the two phases within the same crystal.
Iron ore 1s a common accessory. HNo felsic minerals
are present. Although the rock is an intrusive, no
evidence of the original nature of the rock 1s pre-

served.

This greater degree of recrystsllization and
alteration of metadolerites injected into the marbles
might be attribufed to reactions occurring during slow
cooling under high confining pressures of Hg0 and COg
vapour trapped within the intruding body by the
impervious marble host. It is evident that much inter-
change of material between the metadolerite and the

marble host has occurred.

(3) Metadolerites of the southern group.
Some 30«40 irregular dykes and bodies of meta-

dolerite occur in close spatial, but apparently
genetically fortuitous, association with quartz-albite

rocks in the Saunders Creek area, and small lenses up
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to 100 yards in langth are sparsely distributed
throughout the grancdiorite field in the southewest

corner of the area (Plate 1}.

Both porphyritic and non-porphyritic varieties
oceur, shewing verying degress of destructicn of thelr
blastoohltie textures. The most recrystallized meta-
dolorltes were presumably intmuded earlisr in the
metanorphic hlstory. A thin dyke of porphyritic
dolarita injected into a fauls nlane in the southewest
of the area has been uralitized, but othorwise pre-

serves 1ts original texture.

Dolerites latruding limestones in the Saunders
Grosk ares gsnerally outercp in round pode-like forms.
Thelr contacts with the marble and the occasionsl
marbls xenoliths have reactions zones up to 2«3 fzet
in wid th. These reaction zones comprise an inner zone
(near the dolerite) of riner grained amphibole schist
with pumerous large scapolite porphyroblasts and an
auber zone of g#liered marbls contalning abundsnt

lavrze amphibole prilams.

Fot all mstadeclerites intruding the marbles show
these skarn-lile reaction zones, however. In some
cases the boundaries are knifs sharc and sirong
boudinage of ths intrusives is often apparent (Flg.

61,



FIG. 60,
Photomicrograph of porphyritic metadolerite.
Rock A185-501, Location 239,188. Crossed polars.
Relic phenocrysts with coronas of scapolite in a

recrystallized matrix of amphibole plagiocclase and
scapolite,

FIG. 61,

Boudinaged fine-grained metadolerite intruded into

merble. Location 169.131. The marble shows plastic

folding near the boudins and clots of secondary

scapolite, amphitole, quartz and mica have formed

between the boudins.
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A typleal non-porphyritic ustadolerite of Lhis

-

hizh grade aros 1s represented by speclasn 139 (locaw
tlon 204-081), taken from & narvow, nalf-alle long
dyke Intruded parallsl to the foliatlon in micscesus
quertzo-felspathile schista., %he rock is a slightly

&

foliated and lineated, darl greonegrey mebulolarite
The lineation ssams to be an arpression of a second
follation (crenulation cleavaze) ceveloned 1n the ad-
Jacent mica schists whers 1t has oroduced ersnulation

axas parsallel to the smphibols prism axes in the meba-

LI JESCP S [ T . & oy o e * - 3 F > JI S
dnlerite. The btexture is ervsialloblastic and evsn-
g
* o e B ) D OE ryh . & » t vl
pralined. The rock consiste of 5305 anphilbole, 493

pT—— el el en A & A L s b o il o o e
coronas of sphane, and apabite. Gpidote and potash

felspar oceur in cross-cutting weinlets. Whe amphibele

in this higher rrads of rezionsld mebamorshism (s5il1i-

£
X = mustard lenon
¥ & brovnish srean

3 o py g
7 = deep green and has 2V, 7&% (£1°

-

and 2%e 13% (:20), The plazioclase has & composition
of An 88 (157 in due to the zoning). Those plagio-
cliss grains showing twinning {(about 504) ars twinned

-
%

on the albite and rarely the Caplebad lows, thelr come
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destenyed in receystallizalion.

Several porohyritlc metadolerites are known in
this area. Rock 133 (location 195-085) has an
orlented flow texture with lathelike phenvcrysts of
both plagloclase (now highly sausseritized) and amphi-
bole up to 1 ciey; in a fine-zrained J.1-0.2 mn,
grounduass of granoblastic plagloclase (an 37 cores,
te An 12 rims) and groen amphibole (87g 71.5% (*29)
end 27\ e 150 (£2°)). Optic axisl measurerents on
the plagloclase zave consisbontly hnigher resulits than
expacted for plagloclases of the cowpositlon deter-
mined from tha low temperature aigration curves, sug-
gesting that the plagioclase bos anct Mally atlained a

Y . N . -
low temrerature structural stata.

The porpuyritlc metadolerlite 152 (loeation
184-086) has intruded the quartzo-felspathic schists
&8 & serles of mmaesive bosses. Most of the rock cone
sists of eclear unaltered plagicclase phenocrysts
showling well preserved complex twinning. ‘fhe unzoned
cores, ofter witt a euhedral erystal form against a
thin, normally zoned more szodic »im, have & composition
near anorthite (X' 010 =  43-45%, Ja). The ground-
mass consists of recrystallized,clear, granoblastic
ampoibole and prarely twinned, c¢lear, anhedral meta-

morphic plaglcclase (4n 48-79). Apart from rarve
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incipient saussuritization and the growthr of minor
scapolite, there is 1ittle sign of alteration of the
phenocrysts. The aspparent stability of the phence
crysts in the well recrystallized matrix is somewhat
anomalous, but might be sxplailned by a rapid loss of
water vapour to the surrounding schists during the
wanling stages of the high grade metamorphism, thus
congliderably lowering the diffusion rate and preserving

the phenocrysts intact.

Rock 146 {location 182-~088) i of some interest
because it is one of the rare mstadolerites ‘n which
the two amphiboles hornblende end cummingtonite are in
sgtable equilibrium. The rock is fine~grained, foli-
ated and slightly lineated. The plazioclase has been
arrested in an intermedlate stage of recrystallization,
some poritions of the rock consisting of small untwinned
granules of plagloclase in crystalloblastic texture
with the amvhibole, while othars yet retain their
blastophltic textiurse, where the plagioclase prescrves
its original lath-like form and complex igzneous twin-
ning and is strongly zoned (&4n 57+73), the rims being
the more sodic. Rare plagioclase phenoerysts up to
2 mm. have cores approaching the ecomposition An 81,
Albite-Ala B twin laws were found to be comrionly pre-

ssrved. The hornblende 1s in considerable excess of
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the cummingtonlte (6:1). The horableade has the optic
properties 2V, 770 ( 12%) and 2N e 15° (=1°}) and %he
pieochroic scheme: X, pale lsmon; Y, midegroeny 2,
green with bluish tinge. The cummingtonlts is coloup=
less and has the properties 2V, 775° (12°) ani 2" ¢
% (+1°). The cuwaingtonite propertles sus cgest a
composition near 65% of the magnesium meleenle {Deear,
Howle and Zussmau, Vol. 2 p.2428), The cummingtonite
genorally cecurs in homoaxial intergrowth with the
hornbiende, althnough it may Ifora separate indlviduwals.

The iubergrowths may be irrsgular, or reguler, using

e

llﬁ} as bounlary planes bstwesn the two phases. It

[

e

# also not wncomaon to find grains with simole twine
ning on-{laﬁ}, one side of the composition plane being
cuaningtonite and the other hornblende. MHinor quartsz
and iron ore and acecesscry apatite complets the assen-

blage. Sphene and blotits are absent.

The thin fault zone dolerite near 162-077 hag a
distinei ophitlc bexture affscted only by a slight
sepricitization of the plaglioclase and the couplete
uralitization of the origiral pyroxene to a pale green,
weakly pleochrolc amphibole of uncartain fibrous
character. The sparse plagloclase phenocrysts (An 57

S) show clear cut complex twinning and dslicate

oscillation zoplng. The lath plagioclase of the
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groupdnass has a compositlion range of An 65, for cores,
to An 29, for rims. lLater szolutions in the fault zone
have sltered the dyke in some portions to a fine
gsericltiec nat In which is praserved, in detall, the

former mineral shepes and texturss.

{4} hmphiboles of Uncertaln Oricin.

The rocks dealt with here are largely limlted to
the Saunders Creck area where the high grade of meta=-
morphlsm, metamorphic complexity, degres of recrystal-
lizatlon and pauciity of outerop contributs to thelr
genetic obscurliiy. Thess amphiboles may ocour as
eltheprs~

&, Dark aunphibole-rich schists and gneisses
along portions of the marblee-schist con~
tact,

b. Poorly exposed Tirer gralnad amphibole
schiists apparently embedded wlthin

semiw-pelitic schistis.

a. Amphibolites at marble-schist contacts.

The marble-~schist contacts are normally
marked by a thin diopside~scapolite calcesilicate
horizon, which in places may become rathsr auphie
bolitic. Locally amphliboles bearing a resem-
blance to & metamorphosed baaic lgnecus rcck
appsar, and while 1t is vpossible that they repre-

sent a facles variation of the normal calc~
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Isilicate rock at the marbleegehist contact, it 1s
also possible thet they are matamnrghaéeﬁ basie
intrusions. The marble~schist contact zlsewhere
In the Ceambral region 1s known to be favourable

for the structural control of intrusive rocks.

At 216-092 (specimen 103) there are several
small exposures of a banded amphibolite on the
marblseschist contasct, The rock has a uniforam
appearance throughout, beling composed of 2 licht
grey YVine-grained felspar-awphiole matrix,
through woich is repulerly dispersed thin discon-
tinuous lensoidal plates, up to 3 cm. in Jdinueter
and & mu. tuick, compused of numerous darkegresn
amphibolen. ‘The plates, whish ocutline & pronounced
foliatlon plane, appear liks regularly zpaced ten-
slon cracks which have cpened and filled with
anphlboles. Over halil ol the rock ls green amphie-
bole, 2V, 759(% 30} and 7z Ne 185°, ocourring in
recrystallized diversely orisnted prisms contailn-~
ing swmall inclusions of spnene, apatite and
plagioclase. Harely twinued annedral granoblaste
of plagioclase, twlnned only on the albite law,
are sbrongly sericitized ihroughout. ~Flstacitie
epidote is a aminor congiitusnt, appearics in
sparse ciystals, thovgh gernerelly well crystale

lized and equal in sizs t3 the plagioclase. Pale

i
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green ripidolitic chlorite flakes, slac a minor
constituent, heve resulisd Trom the alteration of
original Liotlte, rellics of which are still
occasionally found. Sphene 1s gbundant throurhe
out as amell pale~brown rounded granules, some-
times with cores of iron ore. The rock thus has
an overall mineraloglcal compositlion almilar to

amphibolites Aerived {rom normal metadolerites.

At 207-088 (speclmen 111) a dark-green,

almost black, anphibolite, slightly apeckled with

=4

white felspar, appears as sparse {loat and oub-
crop near & marble~schilst contact. The Telspar
specks, composaed of numsrcus fine granulss, out-
line a weak banding parallel to the modsrate
foliation formed by the orientation of the amphi-
bole prisms. The amphlbole, in clear anhedral to
euhedral interpenetratlnz vrisms up te 2 ma. in
length, forms 70k of the rock. As in specimen
103 the amphibole is vale in thin section and

weakly plenchroic,

X = pale cream

H

pale yellowe-green

i
1}

pale mustard creen.
Other optic properties ars £V, 83° ( 39) and
zMNe 16°. Hare sphene and orthite{?) inclusions

are surrounded by green-brown to colourless
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pleochroic balos. The Interstitial watrix con-
sists of close packed nontwinned slightly zoned
granular (0.05-0.1 mu.) anorthite (2Vyx 789,

B =1.581 (* ,002), An 89=93). The well defined
triple point contacts of the anorthite grains
suggests a close approach to metamorphic equilie
brium.  Hinor sphene granules about decomposed

iron ore complete the assemblage.

A similar dark amphibolite (specimen 70,
location 207-082) a few hundred yards to the south
is of similar occurrencs; but, although moderately
foliated, does not have a banded appsarance. The
auphibole has similar optic properties to the
amphibole of specimen 1ll, but occcurs as radiat-
ing sheaves rsther than single prisms. The
plagioclese has been entirely altered to cloudy
clinozoizite, which haa migrated Into fractures
in the cloudy amphiboles caused by shearing

assoclated with a nearby major faulb.

be _ Amphibolites within schist.

At 205-086 (specimen 150) an irrezular out-
crop of amphibolite 1s assoclated with quartz-
albite rock (albitized schist). 1In outerop large
scapolite and diopside crystals are seen in some
portions of the rock, while other portions con-

gist of dark fine-gralned amphibolite. The
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anrhibolite in slice has a fresh well-recrystale
lized grenoblastie texture., Well-formed horn-
blende prisme, 2Vx 745 Z” ¢ 16%°, X, pale lemon;
Y, mustard green; &, deep green, form ageregates
in a matriz of c¢lear anbedral equidimensional
nlagloclase grains. The plagioclase has slight
reverse zoning and a composition range of An 43«
63. The twinning, on the alblite and pericline
laws, 1s siwple. A small amount of diopside is
present within the homblende aggrezates and a
small amount of scarolite has begun to replace the
nlagicelase. Szhene contalning specks of iron
ore is a common accessory. Blotite is absent.

A few irrecular patches and veins of andesine
{An 40), containing abundant sphene inclusions,
cut the amrhibolite. The f2lspar zreins are
anhedral and prarely twinmed (2lbits laws only).
S8ome portions are being roplaced along the graln
boundaries by sprawling voikileblasts of scapo-
1ite. Theee velins are reminiscent of slmilar
andesine veins cutting metadolerites in thke

sonthern part of the Cambrai dolerite field.

On a saddle at 207-074 and Imnediately west
of the martle, the boundary of which iz helieved
to mark & major fault, there crops out, Tor 20

2

feet acroass striks, amphibolites of wvarlable
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character. Six specimens (131 & ~ ) were taken.
The first, 13la, located next to the limestone
and the fault, 1s crushed beyond recognition bhut
appears to have been an anthephyllits schist.,

The seccnd, 131k, 2 fset west of 13la, &lso
8lightly crushed, is & 1light coloured lineated
oligoclase-anthophyliite schist, with minor
guartz and aeccessory rutlle, iron ore and apatite,
The third, 13lc, 4 feet west of 131b, iz & medilum-
grained, grey amphibolite largely cowmcosed of
pale green amphlbole, hishly saricibtized EPETO-
blastic labradorite, minor white cummingtonite
ané accessory iron ore and apatite. The plagio-
clase is rarecly twinned. The clear green anphi=-
bole 1s unaltered and is pleochroic Xz very pale
lemon, ¥ = pale yellow green and Z = pale mid
green. The fourth, 131ld, onc {oot west of 1l3le,
is a light gresnegrey amphibolite in which trains
ol iron ore granules and oriented ampghibole
prisms outline a pronounced lineation. The rock
iz composed almost entirely ol amphibolss, both
green and white, and lesser zericitized plagio-
clase. Lers the cummingionite is mors abundant
than the grsen axphibole, the latter being of
similar appsavance tc that in 131c. Both amphie

boles peneprally occur as separate crystals,
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although they may show homozxial growtn. In any
case, they both &ppear to be In stable aetasnsp-
phlc equilibrium., The fifth, 13le, 51 feet west
of 1314, is a light grey an phibolite, whiech,
sxcspt for finer grain and stronger lineation,is
simllar in most respects to 13le. The plagioclase,
however, is fresh and displays rars simple twin-
ning and comacn reverse zoning. The slxth, 131F,
1% feet weat of 13le, is a striking honey brown

e

amphibollte in which plistening prisns of anthow

2

phyllite and cummingtonlte outline a moderats

&)

¥
<

lineation. GHxecapt for ithe occcasionsl saricitie
nuelel in ths plagloclass, the rock is antirely
fresh., The anthophyllite and cummingtonite form
clossly assoclated clear Trash prisms which often
interpenetrate and are srrarently qulte stable,
Rarely one amphlibole 1s seen overgrowing a
smaller prism of the other with their c=axes
parallel. The anthophyllite is faintlyr pleo=-
cheoic in pinks and ysllows. The grancblastic
plagioclase 1s clear, rarely twinned, and contains
numerous small prisms of apatite. Iron ore is
again a common accessory. Other ninerslogical
data are sumuarized in Table 9. In addition a
zoningz of some cummingtonites in 1314 has becn

discerned, ths cores baving 2Vz 7349 5Ne 210
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QPTICAL PROPERTIES OF

AINERALS

Plagioclase.

Rock No.
131 b
131 ¢

131 4
131 e

131 ¢

Amphiboles.
Rock No.

131 b
131 ¢
131 4
131 e
131 f

Iif

ROCKS

B1b - f.

Composltions using Zmmons Heaxis method.

Cores.
An 21 (unzoned)

in 39

An 40«44

An 43

An SV«47

urtho-amphibole

gv, 813°
none
none
none

% ¥l {O
2V, 74

Rims.

An 46

An £l=59

An 49

An  44-43

e ww s we

fwin laws.
Alblte only.

Albite and pericline
cr acline,

Albite and rars acline.

Albite and pericline
or acline.

Alblte, pericline,

Cerlsbad, Carlsbad-
alhitQQ

Clino-amphiboles

Green
none

gvy 857, 2" ¢ 16°

21° 2v, 874°, %" c 18°
2vy €3°, % Ne¢ 17¢
2569 none

L T R R N
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(74% Mg molecule) and the more gruneritic rims
2vy 7859, %"\ e 200 (65% Mg molecule; Deer, Howie
and Zussman, Vol. 2, p.242). This amphibolite is
unique: ths central portion bears no similarity
to any metasediment within the arsa but has a
possible igneous composition; the border rocks
however, could hardly be equated with any ignsous
source, although they are similar to other meta-
sedimentary rocks within the area. Although pro-
viding considerable mineralogical interest the

origin of these rocks must be considered unsolved.

It remains to mention an unusual dark pod of
foliated blotite-quartz schist appearing to in-
trude uniform meta-arkose at 166-110 {spetinen
316). The total lack of heavy minerals, and the
uniformity of composition throughout, suggests
that this alight be a highly reconstructed basic

rock,

(5) Discussion and conclusions.

Although it 1s apparent from the foregoing des-

criptions that metamorphic equilibrium i1s seldom at-
tained within the metadolerites, certain peneral con-
clusions regarding their reaction to metamorphism can

be ascertained.

As pointed ocut by Wiseman (1934, p.3971, where
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the wetamorphic equilibrium of a metadolerite has not
beer completely attained, the extent to whiech the
mineral assemblage bas been produced by prograde or
retrograde reactions is not always apparent. Thies is
especially true of those more massive metadolerites of
the present area that still retain their blastophitie
texture. Foliatlon development within the metadoler~
ites clearly aids nucleation, recrystallization and
the achlevement of close mineralogical and textural
equllibrium. The sensitivity of a dolerite to meta-
morptism iIs thus partially derendent on the develop=
ment of a conterporaneous foliation. Of greater
Importance, however, is the availability of volatiles,
stpecially Hp0. It bhas been noted that in some meta-
dolerites intruded into the higher grades sf mehamopr-
phizn there is a remarkable preservation c¢f phsno-
crystes, although the matrix mey be completzly recoeys-
talllzed, while at lower grades the phenocrysts may be
more readlly destroyed. Such features may he related
to the greatsze availablility of volatiles in the lower

grades of metanmorphism.

Although It 28 not vossihle, In the linits of
this study, tn consider the complex chemleal changes
Invelved in the reconstruction of the metadolerites,
several ceneral conslusions may be made regarding. the

nost likely mineral reactions cccurring, The ende-
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products of actanorphlss of & non-porphyritic dolerite
arc hornblende, plagloclase with minor quartz, biotite,
sphene and 1ron ore. 'This asseublage has Presumably
orizinated from the augite, plagloclase and ilmenitic
magretite of the original dolerite., The uralitizaltion
of the pyroxene 1s apparently an easy reaction, in-
velving little lntroduction or removal of material and,

in which, the plagloclese plays 1ittls or no part.

Ths first stage, then, is the uralitizabion of
the original pyroxene, while the original felspar
remalns intact. A reaction such as

[@ 8&0‘75(Mg,§e)1.2531206 + Hg0 S

DYrOXEae
(augite) Gae(ﬁp, 518020{0 Do +»ua0:}

o i oy

a&Cvinn

Cl"".l

may be domlinant.

The next stauge 1s the recrystallization of the
uralite to a clear hornblende and the begzinninz of
strong normal zonlng of the plerioclase laths near
tholr rins, Indicating a reduction of anorthite con-
tent. At this stape & blastophitic texture is stilld
- apparent but the plagloclase laths are losing thelr ex-
ternal form, the edges belny replaced by intergrowing
homblende and sodie nlagloclasa. A reaction sueh

as



[Gag(?ﬁg,ﬁ‘e)ﬁﬁigﬂgg(0.’3)2 ~+ CalAleBinly ——
actinolite anorthite

Cegn(Mz,Fe), (A1,Fe) (81,4105, ) (0H)g + CrO +
tornblende

58105 + (15,;.3)0]
cessacsss R
ig indicated.

Shido (1258) has shown that in the low pressure
neteuworphism of the Abukuma Flateau, Japan, the horn-
blende is relatively rich in the edenite molscule.

She suggests the reaction

[ﬁazﬁgssiaoag(ﬁﬁﬁa + Na&l&iaos ——

actinolits albite
271 cc. 102 cc.,
edenite quartsz
267 co. &G cC.

which involves a reduction of volume of more then 44.
Thus hoth the albite and anorthilts molecules of the
plagicclase may be nsed in the formation of the horn-

blende.

These reactlons release Cal, S$i0p and (Mg,Pe)0.
Some 510y crystallizes as cuartz. The other oxides are

most llkely used up in the subsidiary resctions

[F’a’}.’ios + Cad + S10g caTiSi0g + '1*‘530] coved

ilmerite ephene
molecule in with remeining
iron ore magnetite

and
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#orthoclase”

Ks{ﬁg;Fﬁ)s(Sisﬁlgogg) (0‘!)2 1 LR t5
phlogopite

In the latter reaction the orthoclase molscule may
be in solid solution with the plagloclase, and the re=
action would account for the formation of zones of
small bilotite flukes near the edges of some large

phenocrysts (see also Wiseman, 1934, p.385).

The transient formation of whits miea and eplidote
during the recrystallization »f basie phenocrysts has
already been noted. Ramberpg (1949) sugzested the

rossible reaction

{% 8&A1231298 -+ KA131558 + 2Ha0
anoprthite orthoclase

muscovite clinozoizife quartz

veasessel
If there is sufficlent orthoclase molecule 1n the
piaglioclase thlas reaction would sccount for the obh-
served products. This saussuritization 1s always a biw
produet when the phsnoerysts are being replaced by
scapolite. The assoclation might sugpest that the
evldote and vhlie mica were produced in a scanclite
Torming reactlon., Although this mipght be at least in
part true for the epldote, irn view of the =small saount

of epidote and white mica produced ané thelr transient
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nature, it is more likely that tbhe intreduesion of
valatiles durlng the scapolitization reaetisn provided
120 to enable scuation € to become effective., With
complete metamorphic recornstructior the epidote and
white mica disappear, presumsably aiding the caliclifica-~-
tlon of the romeining wetamorphic plagloclase and the

foraation of more bilotite.

In the low grade metadolerites, and in some meta-
dolerites enclosed 1ln marble, chlorite has appsared.
& resctlon such as
tgchermakite

Cag(Hz,F0)g8150,0 (0, + 2HggAla8is04,(0H)g +

actinolite ct:lorits
tscza‘algsigeej (30230, 1958)  seseesd?

wonld be promoted at lower tsumperatures of hipgher

water vapour mressures.

Threoughout the medium grades of metzmorphlsm, the
pepual asssmblags 1n metadclsrites is amphlbole and

plagloclase with alnor quartz, blotite, sghene, iron

ors and apatlte., Progressive changes may cocur in the
composition of the amphbibole and plagloclase with in-
erausing metamorchie grade. Ir the amphibole Ltere
sy be a marked change in the Zeaxlal colcour from

clear blus-gresn to5 deep blue-green to desp sreen to

brownish green %o brown (Wisemsrn, 1934: #ivashiro,
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1258; Shido, 1058; Layton, 1963). In Japan this has
besr used as a convenlent index of metamorphic grade.
In lower pressure metamorphism the brown colour may
appsar earller, and in thre contact zones of the
Iritonn Distriet, Japan; the blne~green amphibole is
entirely absent (Shido, 1958), 8hido has found that
the amphiboles increase in Al, Ti and alkali content

with grade.

In the presant area the amshitholes in the lowest
angds chlorite hearing metadoelerlites have a Zeaxial
colour of pals blue-green. In the andalusitas-stauro-
lite-pgornet zone fthe colour 1z Aeen green with a blue
tinpe, In the sllghtly hicher neassure andalusite-
staurolite-kyarito~alllimarite zone the colour is a
Aeep Llueegreen and In the 81llimanite zone 2 deep
srzaegris There la some variabillity of colour in the
sillimenite zone, and in the amphibolites of the
nichest grade, the amrbibelss are much paler ir colour
and show shades of vellow=grason, mustardegresn and
brownigh«grean, If the hornblende-arorthite amphibo-
i1ites are metadolerites then the amphibole smst have
absorbed most of the albite molecule from the placio-
clasa.

The increase of the anorithite content ol the
plaricclase with metamorzhic grede has besn emphosized

o omany writers {c.n. Wissosn, 1934:  Shido, 19568).
g e kS S F * 4
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The major changes occur at the lower grades where
epldote 18 present. Once the apidote has been des-
troyed and the plagioclase reachss an andesine or
sodlie labradorite composition, the changes are much
lese spectaculer. In the metedclerites of the Cambrai
area it is not esasy to access chenges in the plagio-
clase compoeitlorn with grade bescause

(a) the metadolerites show a grade of metamop-
piism higher than that at which epldote is
stable, and the compoesition changesz with
the higher grades will be amall,

{b} the plagioclase tends to preserve its ori-
ginal form, and in the absence of mechanicai
shearing is rather sluggish in attaining an
equilibirum composition,

{c) the bulk composition of moat of the meta~
dolarites 1s variabis because of the varying

proportion of basie plagloclase phenocrysts.

In zeveral well racrystallized metadolerites in the
wostern group the plagloclase has almost attalined
equllibrium, and thers is & stzady increase of anor-
thite content with grade from an 35 in the andalusite-
staurolite zone, to An 45 in the sillimanite zone

(see Fig. B4, Chapter 8). In the absence of epldote
these changes must be related to changes in the

composition of the hornblerde (e.g. inercasing edenite
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molseule). It is sipgnificant that over the same inter=
val of metamorphic grade the adjacent epidote hearing
calc-silicates zhow plagloclase composition changes
from An 26 to An 36. This suggeats that epidots for-
mation has been "held back™ in the metadolerites by

the apparent stabllity of ths slightly more calcic
plagloclase,.

Ths absence of garnet and epidote as stable con=
stitients in the Cambral metadolerites is in marked
contrast to thelr ubiguitous occurrence in the South-
west Highlands (Wiseman, 19%4). In this respect the
Cambral metadolerites are similar to Wisemanfis
Rabnormal™ epidiorites of Banffshire and Aberdeenshire,
These apldlorites, characterized by the absence of
chlorite, epidote and garnet, have been described by
Read (1923, p. €0-101 and Sutton and Watson, 1951).
8hido (1958), deseribing basic metavoleaniecs of the
Abukuma Plateau, attributes the absence of garnet and
epidote in the middle grades of metamorphism there, to
lower solid pressures during the metamorphism. This
conclusion 18 also applicable to the present area, and
adds further weight to the conclusion made from the
study of the metasedlments, that the metamorphism is
of a low pressure intermediate type. In the tigher
pressure kyanits-sillimanlite metamorphism of the

Williamstown district, 12 miles west of the present
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area, the author has noted sparse red garnets in

strongly recrystallized metadolerites (Mills, 1963,
P 175 ) -

From the literature 1t would seem that blotite is
stable 1n small amounts in most epidiorites. Wiseman
has noted that blotite is absent from the epidiorites
in the kyanite and sillimanite zones of the Dalradians.
Biotlite appears to be stable in some metadolerites of
the sillimanite zZone at Cambral, but is absent from
the most reerystallized amphibolites, Dolerites carry
a small amount of potash; at lower grades this
apparently forma its own phase, biotite, while at
hipgher grades it enters into eolid solution with the
plagioclase and hornblende.

The appearance of diopside within one high grade
amphibolite at Cambral is not inconsistent with Wise-
man's obgervation of sparse dlopside in the sillimanlite

Zone.

At Cambral, cummingtonite occurs in intimate
asscciatlion with green hornblende in some metadoler-
ites of the sillimanite zone. It haa also heen
observed in association with green hornblende and
garnet from a highly altered metadolerite in marble
of staurolite~kyanite~-gillimanite grade. This obser-

vation that cumzingtonite in bhasle schiste 1s limlted
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to the silllmanite zore 1= In agreement with the finde-
Irps of Shido (1958), whe alse describes the ococure
rence of cumaingtonite in relstion to types of meta-
morchism. In basle rocks the cuwminpgtonite 1s
anpparently limited to the lower pressure types of
mstamorphlsa (in the higher pressure types it may be
replaced by orthopyroxene}. Shido considers that

the cumningtonite molecule may be in solid solution
wlth the hornblende at low grades, but at higher

grades may exsolve or form by a2 reactlion such as

[VbaylgéAl,lSi&Q 2(0H)p + 10 810, =——=

tachermakite quartz
1820 cn. 204 ce,
14 CaalpBiglg + & HgWSigﬂgg(OH)g + 4 Hg0 ]
anorthite cumaingtonite
1414 cec. 307 ce. ssasssoed

‘the cummingtonite~hornblende asscclatlion in amphlbo-
lites has also been discussed by Fskola (1550) and

watters (1859).

The cumuinztonite-anthophyllite assemblage in the
roek 131f 1s &lgo of some interast. Unfortunately the
arigin of this rock 1s uncertaln. A cummingtonlte-
anthophyllite assamblage in an smchibolits from Isopssa,
Finland bhas been described by Gskola and Xervinen
(1235), and tre vproblexns of the cumaingtonite-antho-
thyllite associetion have beesn dlscussed by Layton and

"hillips (1962).
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{6} Conmparison vith other metadoleritas in the

Wk, TLiofty Rances.

Mawson (1luz&) mentions the occurrence of petro-
logically old looking basic dykas In the Milendslla

region, immediately south o2 the present arsa.
E;. 3 -

Alderman (1931) has described porphyritic meta-
dolerites from the Woodside diztrict, 20 mlles southe
west of the Cambrail area, Some of these have scapolite
replacing the plagloclase, and are similar Iin most re=-
spects to the metadolerites of the Cambral dolerlite
field. fiore recanbimpping by the State Geocloglcal

Survey has indicated the cccurrencs of

&
oW
4
f&w
4
o
=
O
3

cross-cutting dykes in the Wocdslde area.

Chinner (1958) describas metadolerites ifrom the
Tanunds COreek ares, 12 mlles to the northewest. Therve
ara many similerities of these roeks to those of the
Camhral srea. Some carry rlagioclase phenoerysts and
nreserve a blastophitic texture, whlle others have
become lineated schistcse aamphlbolites. Cores of
relstively unaltered dolerite occur in some masses, &nd

relic olivine wag noted in ons linstance.

wWhite {(195¢) has fecerihed many similar and wide-
spread pccurrences Trom the YVannum Sheet. The largest
mrsses have unalSered dolerite cores and foliatad,

1insated marsins. Presarvation of a blastophitic tex-
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ture is common, and both plagioclase and augite pheno-
erysts may oecur, Scapolite, however, was rarely

observed, even when there wers scapolite bearing calecw

slllicates nearby.

The well recrystallized foliated and lineated
amphibolite dykes of the Willismstown district (4ills,
1963) are similar to the more follated metadolerites
of the sillimanite grade in the Cambrai ares.

Metamorphosed dolerite intrusions are thersfore
comaon throughout the whole of the metamorphosed por-
tion of the Mt. Lofty Ranges, and except for the rare
garvcets in the Willlamstown examples, garnet and
epldote are not described as steble minerals. These
metadolerites must therefore be classed with the
Banffshire and Aberdesnshire types rather than with
those of Perthsuirs.

(b) Toe granodiorite=aplogranite~aplite-peematite suite.
(1) Granodiorites.

8. Fleld characteristics.

Most granodiorites in the Cambrai area may be
classified as belonging to either the
a. the granodiorits belt of the southe
west corner of the mapped area, or

be the Kanappa ¥ine region.
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1. The granodiorite belt of the south-west.

———

In the southe-west belt intrusions of
biotite granodlorite are very numerous; hun-
dreds of small bodiss ranging from small pods
& few feet in length, to irregulaer shaped in-
trusions up to one mile in length, have been
mapped (Plate 1), The shape and distribution
of the intrusions 1s governed by the tectonic
trend of the high grade gneisses into which
they have been enplaced. The predomlnant
forms of intruslon are lenses, dykes, plugs
and irregular "jelly-fish"™ shaped messes.
These intrusion foras have enabled the injec-
tion of a large amount of granodloritic magma,
in some parts 20-30% of the total rock volume,
wilthout appreclable disturbance of the tec~
tonic trend of the surrounding gneisses. The
distribution of the granodiorite bodies 1s of

soms interest; in particular, the sharp
eastern boundary of the intrusive belt. This
boundary alsc reflects lithological changes
in the metasediments, the arkoses to the east
of the boundary beilnpg more massive, less mica~
ceous, less recrystallized and finer grained
than the micaceous gnelsses, velned gneisses

and migmatites to the west, There 1ls, however,
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no evidence of a tectonic disruption at this

boundary.

The granodiorite-schist contacts are
generally quite sharp, and, owing to the dif-
ference in grain-size and texture of the two
rocks and the presence of lamination (relic
bedding) in the schists, the contacts are
readily discernible. There is no recopgnisable
change in the grain-size of the quartzo-fels«
pathic sehlsts as the granodiorite econtacts
are aporoached. Where assimilation has oge
curred the contacts may be more gradational
in detall. The contaminated rocks are dis=
tingulshable by their irregular grainesize
and blotchy appearance. iletasediment xeno=
liths, showing varying degrees of diversion
from their original orientations, are not une
common, especlally near the contacts of the
Intrusions. The xenoliths, having a composi-
tion not greatly different from that of the
grencdiorite, are soon assimilated. In many
cases; however, amall disoriented clots of
biotite remain. These are sparsely distribu-
ted and are more abundant in the more highly
contaminated portions of the granodiorites.

They do not seem to represent remnsnts of
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basle xennliths, and were apparently grown

during the assimilation processes.

The blotite of these baslc clots is many
times the grain-size of the blotite in the
quartzo~falspathic schlsts being assimilated,
and ls more comparable to the biotite within
the granodiorite. In the assimilation of the
more mizmatlzed gneisses, the basic blotite
rich bands are less readily assimilated, and
may persist near the borders of the body as
streaky xenoliths and schlleren, BRarely a
minor layering has been noted near the grano-
diorite contacts, where assimilation was pre-
sumably sccompanied by movements within the
magmna .

Within the country rocks near the grano~
diorites the most notable features are veined
Injectlion and distortion of the origlnal
foliation structures. Cross-cutting granite,
aplite, pegmatite and quartz velns are common
at some granodlorite contacts. Thess veins
often merge into the granodiorite, suzgesting
that they represent the last phase ejected by
the erystallizing granodiorite magma. Force-
ful injection of the granodiorites is often

indicated by the irregular plastic folding
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and distortion of the foliation structures
within the gnelsses at the granodiorite con~
tacts. The presence of these plastic struc-
tures in place of breccilation indicates that
these metasediments were at a high temperature
during the intrusion. This 1s alsc confirmed
by the lack of contact metamorphic and altera-~
tion effects and the imposition of & penetra-
tive foliation (gneissosity) on the granodio~
rites. This moderate to faint foliation is
seldom strong enough to be measured in outerop,
but is quite obvious as a moderate blotite
orientation ln hend specimen and thin section.
Kleeman {1954, p. 16) has tested the orienta-
tion of the biotite in one of these granodlo-
rites and has found that & significant biotite
orientation exista. Rarely the follation
becomes almost as strong as that in the Rathe
gen gneiss (a paragneiss, White, 1956) out-
eropping a few miles to the west. It must be
concluded that ths granodiorites were intruded
while tlie metasediments were 3t111 at a high
temperature, probably soon after the climax

of the metamorphism and in the waning stages

of the tectonic activity.

In the fleld two Adlstinet types of
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granodiorites may be found, one & fine-
grained variety, the other medium grained,
but both of simllar mineralogy. Intrusions
of both varieties are intimately mixed but
are not seen to grade from one to the other
within ths same body. Rarely grancdiorites
with intermediate graln sizes occur. The
finer grained varieties might be supposed to
be of younger age, and the more dyke-~like
character of some intrusions of this varlety

is considered in support of this.

Within any one body, apart from the as-
simllative contact effecta, the granodiorite
is very uniform in both texture and minera-~
logy. Porphyritic varieties are absent,
although in some of the coarser rocks the
rectangular form of some of the larger
plagioclases may be distinet, 1In the vicinity
of 153.107 the motasediments have been grani-
tized to a fine-grsined rock barely distine
guishable from the fine-grained intrusive

granodlorite also present.

2. Granodiorites of the Kanappa Mine region.

The granodlorites of the Kanappa Mine
area are similar to the finer gralned variety

of the south-west belt, and generslly occur
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a3 dykes parallel to ths trend of the main
north=south foliation. These dykes nay vary
in thickness from 1-40 feet and range up to
1000 feet in length (Flate 1). The contacts
with the mebtasediments ave again ghary, and
xenoliths are not uneowmon. One of these
fine-grained granodlorites has intruded
marble, the marble-granodiorite contact being
marked by an epldots skarn, The only excep-
tion to the fine-grained dykee~liks granocdio-
rites of the Kanappa region is Aediust-
grained tonalite~diorite (location 214,1090).
™is rock is richer in biotite and poorer in
quartz than the medium-grained grancdiorites
of the south-west bslt, and appears to be a
more basicvariant of the granodiorite sulte.

bs Petrolosy of the Cambral granodloritos.

Mineraleglically the granodlorite suite is

relatively simple and uniform throughout. The

raz jor minerals are plegisnclase, quartz, sotash
Telspar and blotite. Muscovite, opaquss, apatite,
sphene, zircon, epidote, monazite and tourmaline
form only accessory propeortions. Muscovite (re-
crystalllzed from sericite), chlorite, and sone
enldote and sphene occur as late to postemagmatic

products of alterstion of plagloclase and hiotits,
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Texturally the rocks are uniform within any
one intrusion, but may vary from one intrusion to
another in both grain-size and degree of foliation
development. Reference to finer and coarser
grained varietles has already been made. The
finer variety has a grain size averaging 0.05-1
mn, and the coarser l-4 mm. Rarely the biotite
flakes may rsach 4-5 ma. in width in the coarser
rocks. Apart from the grain size variation there
is no consistent petrological differences between

the finer and coarser grained varisties.

In the lesst folimted varieties the original
hypldiomorphic texture i1s well rsreserved. Sub-~
hedral plagloclases with complex twins, delicate
oaclllation and strong noruwal zoning, and irregu-
lar plates of almost randomly orlented bilotite,
are surrounded by anhedral qusrtz and intersti-
tial potash felspar. With the imposgition of the
foliation the blotites become more allined, the
plagioclases becoms bent, and fine close-spaced
deformation twins apwear, the quartz becomes
highly strained and starts to fracture into
superindividuals along bands of pronounced undu-
lose extinction, arnd the rock begins to lose
itas hypidiomorphic texture and takes up a more

crystalloblastic one, A further stapge ls the
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developmsnt of distinet bands along which the
crystalloblestlie texture 1z more complete, and

in which the blotite is strongly aligned. At
this stage the rock may toke on a distinet linea-
tion defined by the biotite flakes. The stage

1s not reached where the recrystallisatlion is so
complete that the original igneous texture of
the rock cannot be recognised.

T™he major mineral of the granodiorites is
plagloclase, forning 35 - 807 of the rock. In
both the fine and coarse grained rocks the compo-
sition of the plagioclass is consistently An 25
for non-zoned grains (in one case An 15, specimen
425, location 219.11¢). In ths more zoned plaglo=-
clases the cores range from An 25 - An 42 and the
rims are conslstently An 20, The normal zoning
becomes strongest at the boundary of the rim and
the core of the grains. The largest part of the
grain, the core, may have delicate oscillation
zoning which preserves ihe euhedral outlines of
the plagioclase crystals at various stages of
growth (see also Leedal, 1¢52). 1In the cores
twinning is well preserved, but commonly fades
out at the oligoclase rims, Many comaon twin
laws are represented; albite, Carlshbad, peri-

cline, albite~Carlsbad; Ala i, albite-Ala B, and
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Hanebach ware obssrved., In the foliated pocks
strain 1s sxrressed in the nlagioclase by erystal
bending and the developmant of abundant fine
albite and rericline twins (Vance, 1S61). The
plagioclase cores are generally sericitized, snd
the sericite may recrystallise to ragged crystals

of muscovite.

fuartz constantly foras sbout 357 of the rock.
The gralns are alvays anhedral and may earey many
cmell euhedrsl priasms ol spobite and zircon and
rare tournglire. In deforaction the quartz becomes
undulose, and eventually fractures ints strips

along the deformation bands.

Potash falsrar 1s & variable constituent; 1t

may be sbsent or it mey form up to 207 of the
total rock. Creoss-betched twinning is usually
present, zzpscially in the more deformed granc-
diorltes (see also Harker, 1¢54). Ixsolution
lamellae are lackirng, vut myrmeklte is comacon at
the slagloclase greip boundariszs. The amyrmekite
eonsists of sodie plagioclese (generally oligo-
clase) containing small worms or graphic blebs of
guartz. The origin of myrmeklte hes baen debated
by many workers. Three maln theories of the
orizin of ayruekite have bsen proposed:

{(a) A bi-product of the replacemsnt of potash
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felspar by plagloclase (e.z. Becke, 1508;

Sederholm, 1916; I=edal, 1052).

(b) The last drops of liquld to crystallise
during the cotectic erystallisation of quartsz

and plagloclase. (e.2. Rogers, 1961).

(¢) A product of exsolution during the slow
cooling of potash felspar (e.g. Spencer, 1945;
Shelley, 1964; Carmen and Tuttle, 1963, have

given some experimental evidence for this).

The exaolution theory ls favoured by the
present wrlter. "The formation of a myrmekite-like
structure in steels, where austenite solid solu-
tion exsclves ferrite and cementite, is well known
to metallurgists (Azaroff, 1960, p.£00), Further
experimental work on the mechanism of myrmekite
formation 1a necessary before any of the above

thaories can be Jdlscarded.,

Biotite, in egarepates of flakes, may compreise
up to 15 of the normel granodioritea. Tt is a
highly coloured variaety pleochroic from pele lemon
yellow to derl brown black; some biotites from
the Kanavnne granodloritaes ares more reddish brown
in colour. Incluslons of zircor and mnonazite,

surrounded by plecchroic halos ara not uncommon,
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Cst

Apatite and epidote rmy be oceluded near the edge
of the gralns.

In some rocks the biotites have altered to
culorite (pleochroic pale lemon to preen), musco-
vite and minor sphene. Where the biotite was
originally red in colour the derived chlorite is
bright green. With the bliotite in specimen 412
(location 220.123), an anphibole pleochroiec from
pale lemon to nmld blue~green is a major component.
In this same specimen sphene is present as large
lozenge shaped erystals, whereas in the normal
granodicrites it usually bas a movre granular

hablt.

3trongly birefringent and pleochroic epidote
is usually osresent in ninor amounts vceluded in
the blotlts, where 1t appears toc bas & orimery
nineral phese. $hido (1858] has observed primary
spldote iIn the granodlorites of the Tabito
Igreous Complex, Naknen, Janan. She considers
that the epidote may be In equilibrium with the
plagiociesc (4n 31~40), a high T'ygg In the
erystallising rock promoting the stability of
epldote at & higher teuperature than is normal
in a metsmorphle rock. Zirzon sccure as minute

euhedral prisms; occasionsl larger rounded zircons



FIG., 62,
Ixposed surface of medium~-grained granodiorite
showing slightly directed texture outlined by biotite

flakes. Location 156.125. Coin diameter 2.8 cm,

FIG. 63,

Photomicrograph of biotite-~tonalite,

Rock A185-14163. Location 214.109. Crossed polars.

Mostly biotite and plagioclase (well zoned and
twinned) with lesser quartz. ZEpidote is common as

inclusions in the biotite.
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may occur,

A somewhal wore basie mewber of the granodio-
rite series is represented by the unigue rock
outeropping at £14.102 {spec. 463). This rock
1s a tonalite approaching a dioritic composition,
potash felspar and quartz are rare, while plagio-
clagse and blobtlte are abundant. The composition
of the plagloclase is Arn 32 (An 58, cores, to
An 33, rias, for zoned erystals), which 1s con-
slderably mors calecie then in the other grano-

dioritesn.

It bas been convenient to use the name grano-
dlorite as & Tleld term for these rocks. Since
the average graln size 13 generally less than 2
dines the quartz content ls greater than 10% and
the potash felspar content ranges fromu O - 30%
of the total felspar, the rocks are more rightly
termed microgranodiorites and microtonalites.
Three micrometric analyses of the grancdlorite
rocks from the Kenappe Mine region are presented
in Teble 10. The first twe are typlecal of the
fine~gralned varletiez, and the third iz the
unusuel rock, 463, which avvroaches a &ioritic
compesiticn., CGranodlorites of the wastern aresa
are similar in compositlon to those of the first

two anelyses.
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MODAL COMPOSITIONS®X OF GRANODIORITES

OF THE XANAPPA MINE REGION.

Fleld iflame Fine-g%;ined Fﬁnewggéined %eﬁium—zgaine&
granodiorite granodiorite tonalite
Rock Ko. 439 423 463
Location 216.117 21¢.119 214,109
Ho. of points _
counted 2000 2018 - 3657
Plagioclase 48,6 44 .7 55,3
Potash felsvar | 14 1043 1.6
Quartz 38,1 35.1 13.8
Biotite 11,5 8,1 2345
Huscovite GCel 1.8 0e&
Opaques Ded - Ced
Apatite - - 1.0
Chlorite - - Go&
100.0 162.0 100.0
———— aema— s

Bolieils ilame  Micro-tonalite liicro~granc- lHieroetonalite
élorite approaching

micro-diorite

MMicro® signifies gralne-size 1-5 mm.

¥ ot caleulated to weilght %.
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c. Further ovidence that the grancdiorites are

m«ag{oﬁtie .

Introduction.

In an attempt to supplement the evidence from
fleld observation whieh suggests that the granc-
dlorites are intrusive rocks, heavy mineral analy-
ses were conducted on speclmens of a normal masdium
grained grznodlorite (location 166,08C) and a
normael quartzo-felspathic sehist nsar the granoe
Glorite contact. The grancdiorite conbtacts here
are sharp, and the schlst adjacent tv the grano-
diorite contuct suows some plastice distortion.

The speclnens were c¢cllectsd thrse fect epart,
and allgnsd psrallel tc the north-south follztion
of the gneiss and the faint gnelssoaity of the
granodiorits, and were of sufflcient bulk (1N=-14
1b.) to be representativa of the heavy mineral
content .

1. HExpsrimental Procedure.

The specimens were deliberately chosen in
a slightly weathered and crumbly condition to
engble them to be readily reduced to sand on
mild erushing in & sbteel mortar. Ty repeated
sieving and crushing the rocks were reduced
to thelr individusl grains. The finest

fraction (apuroximately 1/10th of the crushed
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materinl} wes then sieved off, &nd the coarser
materiel discarded. Ir thre writer's experience
with sehists, gnelsses and granites, the
accesscry mlneral Ifraction is almost entirely
confined to this finest fractiorn. Aifter elu-
triation in water to remove clay eized
particles, the fins sand was warned in dilute
HCl., Thie treatment removes iron oxilde coate-
ingg from the zrains and dissolved the apatite
{but has no effect on the rars-earth vhosphates;
monezltes and xenotinme). By repsated vibration
and swilling in a smnll Alsh, and using a
pipetts adanted for the subegueous removal of
grain fractions, an almost pure hesvy minsral
concentrate was obteined, This method has
been found most effective in the remeval of
heavy minsrals from sands; the perning
process baing repeated until the yisld of
keavy rinerals becams neglipglble., The final
purification of the accessory Iraction con~-
sisted of floating off the ramaining 1izht
minerals using methylene lodide. TYor conven-

lence o' study the sccessory mirerzl fraction
was subdivided uging & Prenz Isodynawnic

Yagnetie Separator,
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Z. itesultbs.
Tue welght percent ol the accessory
minerals extracted from the two rocks were:
granodiorite ¢ 08%
quartzo-felspathic schist  0.204
Using the method Joseribed above these flpures
are not likely to be mere than 207 smaller
than the actwal acceszory minerul content of
the specimens, Thus trere 1s ten times as
much accessory mineral In  the schist as in
éhe grancdiorite.
The resulis of tine heavy mineral analyses

are presented below.

Grancdiorite Quartzo-folsvathilc sehist
flonazite H9.2 58«1
Opegques 17.2 12,8
Zircon 15,2 556
Epidote 68 =
Xenotinme 1.3 -
Tournaline 0.5 -
Rutile Qel 07
100.0 190.0

Ignoring the epldots the results ol these
analyses are not greztly dlssimilar. The

moat nobtable fecture is the abundance of none-
zite ir both rocks.
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Howaver there iz a considerable

=

diffemence

4}

betwesn the morpbelogy of the accessory mine-
rals 1n these twec rocks, In particulsr the
zircon. Tig, 34 presents camers lucida
drawings of typical zircon populatisns from
the grancdiorite snd the schist. Theme are
notable differencess in both the size and
morphology of the grains. Zircons from the
grenodiorite are in the form of small zoned
ghary doubly temiinated oprlismatic eubedra,
while those of the sclist are large, anhedral,
angular bto rounded yrains, The few more
rouniasd zipcons in the granodiorite may be
xenoeryats (see slan laker, 1942: and
fersoylk, 18G81l). The zircons in boith rocks
ara cleay and colourless, but some darl metae
mict malacons oecur In the schist, fGealn
oveprgrowthes wepe not observed In the schist
zirconug hnt wevre not uncommon in the ovrann-
dlorite zireons.

The monazlte in both rocks ls eitron yollow
to honey yallow, with a small perecsniacge of
seni-cnaaua, more magnetic, metamiet grains
containring small brown blebs, The sranodio=

pite monazite 1s muach larser (2.7 amm.) than

Py

that of ths associated zircons, the grains



FIG., 6.

Representative zircon populations from grano-
diorite (top) and meta-arkose (bottom). Location

of specimens 166,086, For discussion see text,
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tave dlgtinet erystal faces, inclusions of
small round tc subedral zirecons and rave
lamellar twinning, The schist monazite
gralns are smaller (0,05 mm.) and well-
rounded,

Small prains end vrisms of pale yollow to
orange yellow rutlle 1s present in both rocks.
The epldote of the sranodiorite is a distinct
yellow~zreen pistacitic variety, the Xenotime
1s distingulshed ifrcm the zircen by its slight
magnetisn and lower rellefl, and the tourmaline

is pleochrole pale pink to grey~pink.

Se Discussion and ecorclusions.

Derby (18921) was the flprst to recommend
the use ol zircen 1lu the debermination of rock
origin, and later, ¥ruesan (1912} advocated
the use oif zircon in the deterainstion of the
orlgin of gneisses. He also sugzested mona-
zite, but noted that in some metamorphics the
mnonazite had recrystallised. In using zircon
as a criterion of rock origin trrec basic
assunctlions were mde:

(a} the zircons oi igneous rocks are

subedral,

{b} szircons becowe rounded during

erosional transport,
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(¢} =zircons 4o not recrystallise in

metanorphism,
Armstrong (1922), baving found sausage~shaped
zlrcons and seccondary overgrowths on zircons
In & hizh grade gneiss, considered that
deformatlion might affeet the zircon morphology
and discouraged the use of zircon shape as a
eriterion of rock origin. Graves (1927),
described euhedral and corroded zircons in
various granitle rocks froa the Charnel
Islands, but did not consider the origin of
these rocks in relation to the zircon. Tyler
{1940), had some success with zircon as s
criterion of origin and provenance 1in certain
rocks ineluding ores. In 19249 Poldervaart and
Backstrom presented evidence that inder ultrae
metamorphic conditicns zircon could reerystal-
lise, and they deseribed various fused crystals
and erystal outgrowths (see also Poldervaart
and Eckelmann, 1955) on zircons from gneiss
domes in Kakamas (Cape Province). Poldervaart
(1950) advoecated the use of zircon as a
eriterion of granitization on the basis that
zireons in granitized rocks are rounded {(or
may have overgrowths or outgrowths) and had

an elongation of less than 2, comparsd with



the zircons of intrusive zranites whieh were
usually terminated and bad a crystal elonga~
tion greater than 2. This method has been
adopted with some success by several workers
(Vitanage, 1957; and Verspyk, 196l).

Verspyk (1961), studying the metamornhic and
Intrusive rocks of the Aston and Mospitalet
messifs, Central Pyreness, has found a distinet
difference between the habit of zircons of the
intrusive granodlorites, and the gneisses and
mignatites. Ye considered zireon usaful in
the determination of the orizin of valned
migmatites. Murthy snd Siddique (1984) found
no perespiible rescrystallisaiicon of zircons

in the garnet-sillinanite pgnelsses of Orissa
and fndhra, Pradesh, India, thus indicating
that even under granulite conditions zircon

may not recrystallise.

It is now well established that the zir-
cons of intrusive granites are euhedral in
foran, this belng atiriuuted to zircon belng
one of the first 30lid phases to crystallise
from the cranitic malt (Poldervuark, 18536),
Larsen and Poldervaart {1957) have placed
zlrcon morphology stuiy on a more guantiiative

footing using statistical evaluation of the
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reduced major axes of the zircon crystals
from igzricous rocks, assuming that the zircen
morphology 1s governed by the physico-chemical
environment of the melt. Alper and Poldervaart
(1657) nave had some success in establishing
the consangulnity of various phases of the
Animas stoeck, New Mexico using these statis-
tical methods, and they conclude "zircon
studles . . . . can establish beyond doubt

that a granitic rock is of magnatie origin.t

Evidence Irom the Cambrai grancdiorites
ostablishes that Lhese are magmatic in origin:
the zlircon morpholopy of the granocdiorite and
schlst 1s guilte disalmllar. There is no
evidence from the zircon morpholesry in favour
of the granodiorites being granitized sedi-
mente. However the similarity of the heavy
mineral acssemblages of the granodiorite and
the schist, end the high ratio of monszlite
to zircon In both roeks (4:1 for the grano-
diorite and B:3 for the sehlst), are features
which suggest that the granodiorites might
have resulted from the complete melting of

sedimentary materials at greater depths.

The sedimentary, metamorphic and intrusive

rocks of the M¥t. Lolty Ranges are characterised
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v & blgh proportion of wonazite in thsir
accessory mineral fructicns. MNonaszite bear-
ing pegmatlites buve beern reported from the
oider Procambrian rocks in the core of the
renges (Thomas, 1924; Webb, 1954) and ian the
younger pegmatites intruding the Adelaide
Super=-group (Wilson, 1945)., The writer hasg
reported wonazite In psgnatites culbting
Torrans Oroup rocks in the Guameracha and
Williamstown district, and has found that
monazlie ls one of the most common accessory
minerals In the schists and gneissez in the
Torrens Group near Willlamstown (although in
arkosss end sandstones zircon 1c by far the
ma Jor sccossory minerall, (Mills, 1063},
Fander (1981), in & recional study of
accessory aminerals In scme South Australian
sranitic rocks revporiad the nresence of monge
zlte In snuwe granitic rocks of the ¥t, Lofty
Rangas {Vietor HarbourePort Wlliot eranite,
Murray Drldge grenite {Intrucives) and the
Monarto Granite {rervagneiss)). Monezite has
2lso been reported commorly in rocks of the

Olary Province (Cempana & King, 10£8),

The abundance oI mpnazlite in »ocks of the

Mt, Lofty=0lary Arc is in werked contrast to
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its absence 1In the granite and prancdiorite
intrusives of Victoria, In & detalled study
of 10¢ sceurrences of granitle rocks in
Victoria Baker (1942) reported no monazite,
although apatite was aburdent. The ¥i. Lofty
Ranges may therefore be consldered as a

"monazite rieh" province.

Kurovets (1983), after studying the acces-
sory minerals of the Adamovsk ignecus complex,
Southern Urals has introduced a eclassifieation
of granites Into:

(e} apatite grauites (supersaturated in

aluainlum and rieh in pneumatolytic

minerals, beryl, fluorite, molybdenite
etc.),

{b) zlrcon granites (rich in rare-earths

and thorium).

The grenodlorite-aplites sulte at Cambral fits
well into his "zireon rranite" eategory, bhut
it may be noted that rocks of the Victor
Harbour-furray Bridce suilte (containing both
rare-earth and pneumatolytic minersls) and
the Vietorian granodiorite suite (apatite
abundent but no monazlte or pneumstolytic
minersls) do not fit into his clegsification
at all,



de. Concluslons.

The crsnodiorites ars more rightly termed
hlotite microezranodiosrites and blotite micro-
tonalites, Several lines of evidence confirm a
magmatic origlng

(1) the zircons of the granodiorites are

ethedrsel and auilte 4Aifferent in thelr mor-

rhology to thuse of the adjecent mstasedl-

ments,

.
Y\D

Y the boxtupas ars reliec hynidiomorphic,
and 1rnscus fea*tures such eas fire oscillation
moning is preserved in the plagioclese, and
(3) the f1eld observations of dlsoriented
xenolithe and plastic distortion of th

schists at the contaets support foresful

injection of a magma.

The prasence of @ slight foliatisn, the absence
of eontaet effsets {exeant in the limestone) and
the limitation of the Inbrusions to sillimanite
rrade motamorphism, placss these pranodiorites

with Bufdingtonts (195¢) "nesozone® granites.

It is possible that these rocks were formed
by the injection of magma derived fron the ana-
toxis of sedimentary material at grester depths,
or it ray be that they are related to the bathy-

1ithic mass of tonaliite oecurring east of Palmer.
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Aplorrarites, aplites and begmatites.

Ge Pleld Characteristics.

‘ransgressive velus of aplogranite, aplite
and pegratite are closely associated with the
granodiorite Intrusions of the southewest helt.
A1l gradatlions from granodiorite, to lesuco-
granite, to aplite, to aplopegmatite, to pegmatite,

to cuartz veirs may be chserved here, and 1t 1is

clear that these rocks
sories whose pavent is

gwarns of aplite dykes

Yorm a difrerentiation

the granodiorite. The
in the Saunders Creck-

Kanappa area cannot be so dirsctly nelated o a

i
granodlorlite parent, slthough it is iikely that

these apliten; too, are later differentiates of

the grenodiorlite desy

mague exlsting at per lavels,

These aplitic rocks show & progresslve ctiange in

character from south to north., The lsucogrenites
south of Saunders Cresk: puss northwards to
aplites snd srlopepmatites east of Whites Trig.,
&énd these, in turn, to pegnatites, whick finsally
Cwindle urd terminste in the north at the Marhne

River,

The lsucogranites occur as wide dyke-like
podlas Ilatruding both marble and quartzo=lels-

nethie sehist in the Zaunders Creskt arss

(eoloured red on Plate 1), They are light
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colourad medium grained rocks rich in felsvar and
guartz and poor in mieca (blotite plus muscovite
or muscovits onlyl. 1In some of these, potash
felsnar may exceed the nlagioclase, The leuco-
granites grade northwards to lighter coloured
aplites with little or no mica, but with
increasing amounts of potash felspar. 3Some of
these aplites grade to aplopegmatites, in which
clote of couarser pepmatitic materlisl has developed
within the mein aplitic mmss. The texture and
grain slze of the aplopesmatites 1s extremely
varisble. Further north the dykes become sparser,
narrower and more continuous, and the arliitie
texture changes to & fine=zrained pegmatitic one.
The cores of some of these pegmatites may be
coarse=-grained and e¢ontaln small amounts of
tourmnaline and garnet. Scme pegmatites bave a
central core of quartz plszreced by black radieting
prisms of teurmaline. The ultimate differentiates
of the aplite-permetite guite are rare thin (< é%),
mediumegrained to ecarseegrained pegmatites, in
which guartz, pstash felsper, musecovite and tour-
maline are the ma jor constituents, with rarer

garnet, avatite, sillimenits and very rare beryl.

There is sbundent avidence for forceful Injec-

tion of these vncks. Tn some vlaces the velns
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have followed pre-existing joint patterns (rig.
65}, and in the northernmost dykes there is a
strong tendency for intrusion glong the well
delfined bedding planes., In all casss the velns
have ferced an opening:; structures on either
slde of the veins, although dlsplaced, mateh
exactly. These are true dilation veinz, Dls-
rupted xenolliths are not uncommon, even in the
thinnest pegmatites, Hsrely in the larger
aplite masses xenoliths may be abundanv, the

rock then takirg on the appearance of agmtite,

Trere is generally oot much evidence for
assimllation at the veln walls but somne contact
effects have heen observed. A4t 167,002 a leuco-
granite=quartzosfelepathic schist contaet is
well expozed, As the contaect of the dyke 1is

vproached the leucogranite changes through
aplogranite to aplite by progressive loss of
mica. The dyke is sharply bounded agalinst the
achist, but the sehist resr the countact kas besen
strongly hrecclated., Projecting through this
breccilated zone, and extending for a short
distance intc the unbroken schist, are thin
veins of fine-grained aplite feathering off at
thelr ends inte quartz veinlets. The schist has

been bleached and silicifled within s few inches
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of some of these velns. Thin calecareocus layers

in the schist have recrystallised to a coarser
graln near the dyke. Within the marbles and
cale-silicates epldote or scapolite skarns wmay

be formed at the dyke contacts. Hany of the thin
pegmetie veins in the marble, however, do not

show contact effects (¥Viz., 66). The contacts of
the thinner dykes of aplite and pegmatlte are
comaonly Imife~sharp against the quartzo-felspathic
schist, ard chilled contacts up to 1 cu, thick
mey occur. These chilled contacts may sometblmes
consist of two zones; an outer very fine grained
zone le2 mm, thielk, followed inwards by a wider
zone in whieh erystals of Telspar, quartsz and
muscovite have growm Inwards perpendlienlar to the
contact, Swarms of small tourmaline vrisms may
grow within schist at the contact, and within the
schist zenoliths of tourmmline bearing vegmatites.
in nany cases, howsver, tha tourmallne ovegmatites,
like the aplites, also have knife~gharp conbaets

with quartzoefelspathlic schist,

The praesence of a =wlerate follatien in some
of the leucogranites iIndlcates that these rocks
are of similar ags to that of the granodiorites.
The pattern of the dyke swarm In the Zamnders

Crosk area establishes that the aplites wers



FIG., 65,
Aplite vein injected into laninated quartzo-
felspathic schist with disrupted xenolith of schist.

Location 222.141. Coin diameter 2.8 cm.

FIG. 66,

Narrow folded pegmatite vein in marble.

Location 212.087. Scale is 1 foot (30 cm,) rule.
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intruded after the usmin folding. However aplites
intruding the more mlcaceous schists and merbles
bere, say show phtygmatic folding (even on a large
acale, 207.2¢3 Plate 1). ovid ently penetrative
movenents within the less competent rocks had
not reached completion when the dykes wers

intruded.,

Se iiluneralogy and Petroloagy.

These rocks vary widsly in both texturs and
composivisn. The major wminerals are guartz,

oclase, microcline end smuscovite. In the

Ko}
o

822
s

leucogranites rare red-brown blotite way also be

5

present , but its ragged Ioxa suggests that 1t is
not particularly stable. In contrast with the
srancdicrites, nuscovite iz a stabls sineral
within ths leucogranites, and may outline a
prominent {cliation duve bto grain alignament,
Huscovite way be rare to absent in the aplites,
but is agaln Important as plumose aggregates
within the coarser grasined pegmatites. “uartz
ccecurs in anbedral highly ztrained zrainz in the
aplites and leucogranites, and as less strained
slightly ailky masses in the coarsze pegmnatites.
Potash felsrvar is 2 major component of most
aplites and pegmatites. It is a light flest~

coloured microcline with waell developed Jarisbad
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and cross~hatched twinning end an optiec axial
engle 2V, 74-76%., The plegicclase, unlike that
in the granodiorites, is never zoned. Its compo-
sition varlesg from An 24 in the leucogranites,

tec An 13«4 iIn the aplites, to 4n 3 in the pegma~-
tites. OCarisbed and albite twin laws were ths
only ones cbserved. The zlbite twins are often
fire and closely spaced snd may be in part
mechanlical twinay; especlally in the wmore follated
aplites where the felspars have becowms bent and

fractured.

At L08.130 a 10 cm. wide pegmatite velin con-
tains coarse sllvery muscovite throush & cuartze
mierocline rmabtrixn,., Well formed 3 cm. coal~black
tourmaline vrisms are comaon, vhile pink gammet
and stumpy smoky gresn apatite erystals are
rerer, A small projection of quartzo-felspathic
sehiist into the vein has small pink gernets
developed within it, althoush garnets do not

oceur in the same bed cutside the veln.

At 211,135 a thin slllilzanite-tourmalins-
spessartite pegmatite transects the quartzo-
felspathle schist. The permatlite 1s 7 em. thilck,
with narrow (5 mm.) c¢hilled margins and knife-
sharp contacts with the schist. The major

minerals ara guartz, auscovite and microcline;
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with an average grain-size of 1 em, One fifth
of the rock consists of sillimsnite, whose

stumpy anhedral to euhedrsl crystals to & em.
have a fibrous, slwmost asbestiform, internal
structure. Plack tourmaline is comnon in the
centre of the vein, where it forms irregular
prisme up to 5 em. in length embedded in

guartz. A less common constituent iz subhedral
reddish~brown spessartite in crystals approaching

one centinmeter in diameter.

Beryl is extremely rarec in these rocks. A4
single 1 ca, x 2 nm. pale green prism was noted
in a pegmatite at 222.150. Rare prismatie
plates of gold<Lrown vermiculite ocour within
some of the thin pegmatites intruding marble.
These pepuatlites are also characterised by a
pecullar blue-white microcline. Roy and Romo
{1857) conclude that vermiculite may foram at
temperatures less than 300°C at PHgO 10000
1b./1n%,

Table 11 presents the micrometric analyses
of a typleal aplite and = fine-gralined pegmatite.
The most notable feature is the marked inerecase
in microcline relative te plagioclsse in the
pegmatite, the plagioclase changing composition

from An 9 in the aplite t¢ &n 3 in ithe pesmatite,
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TABLE 1.

AVALYSES OF APLIVES AND PROMATITES.®

Rock WNo. 417 amre
Rock type. aplite pegnatite
Location 213,134 228,152
No. of pointe

counted. 2000 2500
Plagioclase 28.5 8.6
Microcline 3345 62.0
Quartsz 35.2 25.6
Muscovite 2.7 3.4
Tourmalire - 0.4
Apatite Tr. -

X not calculated to weight percent.
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c. Discussion and Ccneclusions.

The leucogranite-aplite-aplopegmatite~pepmatite
sulte represents a continusus differentiation seriss
whose parent is granodiorite. These rocks were
forcibly injected as magmatic ligquid: this
liquid, belng at a slightly higher temperature
than the country rock, rave rise to dykes with
8lightly chilled contacts. The injection took
place before folding in the less competent rocks
was couplste. The rarity of pegmatite relative
to aplite suggests that the magmatic liqguid
giving rise to these rocks was rather "dry," The
presence of sillimanite in pegmatites has been
considered by Ramberg (1949} to be indicative of
"dry" conditions In the crystallising liquid.

The lack of any hydrous alteration near nost of
ths dykes, even the coarss pegmatltes, suggests
that very little water escaped during the crystal-

lisation.

{c) Svenites and diorites.

The rocks to be brzated here form a
distinetive group aprarently unrelated to

the dolerites or the granodiorite zuite,

The syenites and diorites are distinctive
in both thelr petrology and field characteris-

ties, Several micromstric analyzes of these
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rocks, presented in Yable 12, give an indica-
tion of thelr compositlon and veriability.
Rock $7€a {(ecolumn 2) i strongly porphyritiec
(biotite and plagioclase phenocryests) and a
recalenlated analysis of the croundmass 1s
presented in column . The major chavacteris~
tic of the syenites and diorites ie their high
felspar end low quartz contents. Doth biotite
and hornblende are usually present, althouph
in verishble amsunts. These rocks are expacted
to be rather contaminated by the assimilation
of country rock matorlzl, In Takle 12 specle
mens 3272 and 33Z2c are probably the least

contaminated.

In the field the syenites and Alorites
may ccour as elther swall intrusive pipe-like
plugss or thin (less than 3 feet) dykss, and
ars ctaracterised by theilr isolation and
wildespread occurrense. They have no visible
spatial relationsulps to sither the granc-~
dilorites or the dolsrites, and their only
spatial liamitation in the area appears to be
their confinement %o the intermediate zones
of resrional metamorphism (andalusite,

staurolite and low sillimanite grade).

The best exposed occurrence of the



TABLE 12,

MICRCIETRIC ANALYSES

OF SYRNITES

AND _ DIORITES.X

Rock Ho.

327q 378a 378a 378b 405  332c¢
total  grounde

mass

only
Ho. of pointas
counted. 2000 2018 - 2000 1800  10CC
Pl&giﬁﬂlaﬁﬁ 27 o4 73.0 5245 60.0 S1l.1 20,7
Potash felspar 29.4 Sed 10.7 18.4 17.53  50.5
Quartz 10.8 5.1 1G.4 5.5 15,2 Sel
Blotite 15.0 10.8 14,.¢ T8 L ) Qo7
Hornblends 14.5 1.1 €05 Je4d 25,3 26,2
Sphene 2.0 1.1 2.2 C.8 1.2 1.6
Apatite 0.8 1.1 Led 0.3 DS 2.1
Epido‘te bt De5 1.0 1.8 - 0.1
Pyrite G.l - - - 0s3 -
Opaques - 1.9 Sef 1.1 - -

X not calculeted to weilcht psrcent.

Location of speclimens given on Table
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ayenlts=-diorite plugs is at 235.17=2 (speci~

EAT RS

mens 378%a, b, @81 &’ (EZ2) whers two sub-
vertical pipes, cirscular in creossessciion

and 50 leet in dlameter, 200 feelt apart,
outerop in the buse of a forkeld watsrcourse,
{(Flg. §7). The plpes bave cleanly cubt through
steeply dipplng wellebedded quartzo-feligpathie
sciilsts and interbedded dolerites without any
visivle wadging or latesral distovrtion,
altbousli at the Immedlate contactis ol the
intrusion the cebists have been

brecoelisbed, bleached and oltered,

Intraslion consisgts of massive hom
dlorite with an irregilar patchy intergrowith
of Tina and coarss~;rained phases. Uhere are
no fojiaticus or sther penetrative structares,
xonolithe o crugsecusting velns. The

rtia

aorthern intrusion has a pa

L1 3 e “ L A
hornitslaonde prisas. The cantre of ths Intrae
el ey LA P RPS W P PR SRS § 3?1-}- * -\1-: iy {;'r oan gxc'-gri
SL,00 LH -)'-4(/\1;‘;)3.:.&& [&)13 SRR S ‘{ S doha b2l 3 2CR R LT

xenoliths cenented by fine-grained intep-
stitial econtaminsted dloritic materlal. The
xenolithy range thrugh 211 sizes up to
sevaral faet merassg, ond consist of a jumbled

nixturs of many varletliss of schist and meta-



FIG, 67A. FIG. 67B,

General view of two diorite Exposuré of diorite from the
pipes intruded into quartzo- middle distance pipe of Fig.67A
felspathic schists near the edge (location 236.172) showing
of the ranges north of the Marne variation in texture and grain-
River. The pipe in the middle size on the scale of the outcrop.

distance consists of dioritic
rock (D). The pipe in the fore-
ground adjacent to a steeply
dipping metadolerite sill (Dol)
consiste of breccia cemented with
diorite (DB) with a partial rim
of diorite (D). Photograph taken
from 235.173 looking south.
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dolerite (porphyriiie, roneporphyritic and
sehictose ete.) similar to those rocks exposed
in the ares adjacent to the intrusions, as

well as rocks, s ch as finee-grained granc-
diorites, not exposed in the immedlate vicinity.
Most of the banded schist zenoliths show cvis
fdence oi plastic distertion by confinzment
betwasen the adjacent xencliths. The contacts
of many of the schist zenoliths =«ith the

ok Iy L a R gy e} = o B
interstitial lgneous material have ceon Isgged

x

- % N L s I IR B N .- [
by asslmllation., %he dlorite pipe must have

i

beosn Ilecreed through many thousands of feet of
mnetasedinents end metadolerites to have aceu-
nulated such a verliety of xenolithz., The
injection macot have talen place vanidly, for
heat loss to the walles of the pive would scon
lowar the temperature of the magma in  such

a narrow Inbtrusion. The mechanism of the
intrusglon is a 4A1fficult problen. Perhaps
explozive churning similar to that proposed
for soime Jdilatreme condulits (eg. Willlzus, 1954)
way hava been au impsriant mechanism, espsace
1ally as there is nc svidence for the wedzing
aside eof the well bedded sedimente or of

ring fractare stoping.

A& sinmilar plug is axposed at 200,131



i
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(spscimen 3876). The rock is a course gralned
blotlte~-bornblenie syenite (colusm 1, Table
12) and is uniform tbhroughout the intrusion.
Ho xenoliths are prsesent here. A% the contact
the massive quartzo-{elspathlc schuist has
taken on 2 knotted hornfelsiec texture, ths
unifornly distributsd mots being sikeletal
museovits, bistite and quartz ia a peculise

worn~like intercrowth,

AT 1E7.211 what 2ight be the tep of a
diorite conduit ls expogsed. Here s dark,
massive,blotite-placioclase~-(An &lwguartsz
tonalite rlug a few st secross is surrounded
by severel feet of zeverely brecclated, horn-
felsed, quartzo=felsrathice schist, the

disrunted bloeks of which are cemsnbed by

interstitial, contaminated iznesus material,

joveral svanlies and dloritss oconr in

>

ﬁ ';.‘

™

D

£ s X3 Y. | .,
Torm of flne-grainegd dykes.

o ep 0N

So2e {leestlon 180,1:0) ie rervasentatbive of
ons such dyke. The rock is simlilar in conpoe
siticn (Table 12) sn? arresrance to the much

coarser rrained syenite 3Z7a. Ancther dylke

at 170,126 (specimen 268) crossecuisz marble

H
o
7

and btas been ccnsliderabhly elterad, epidote



FIG. 68A,
Photomicrograph of syenite-diorite,
Rock A185-405, Location 208.128. Crossed polars,
Non oriented prisms of amphibole, lesser biotite
and minor lozenges of sphene in a coarse~grained
groundmass of plagioclase quartz and lesser potash

felspar.

FIG. 68B,
Photomicrograph of porphyritic diorite.
Rock A185-378a. Location 236,172, Crossed polars.
Strongly zoned phenocrysts of plagioclase set in a
matrix of plagioclase and biotite with minor quartz,

sphene, epidote and amphibole,



F/G. 684

FIG. 688
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and scapolite belng major sscondary consti-

tuenvs replucing the original plagioclazes.

Plagicelase in the coarser rocks is
usually subhedral tc anhedral and iIs strongly
twinnad and zoned. In the finer dyke rocks
the plagloclase has & lath-like form and
these laths, combined with the biotite plates
and the hornblende prisms, mey in sous cases,

outline & woderate ignecus folisticn. Table

BN

13 prresente the pleploclase conpoziticon varia
tion in several syenlitass and dlorites along
with the twin lews tuat have bLeern recognised
in eachi. The plagisclazse cores are usually
andesine, nore rarely they may be labradorite
or oligoeclase., Strongly zoned, euhedral
labradorite phenscrysts are abundant in the
diorite &78a. These range from an 20 at
their rims to a4n V0 st thelr cores. The
narroy sodle ouber rins are belicved to be
formed by the exsolution of sodic plagioclase

from the gpotush Telspar,

Potash felsper lg present in all these
reeks In varying anounts. The optic axisl
angle, 2V; varles fron 32=568° and tartean
Cbwinning may be slrong, weak or abgent (Table

3

l4a}, with no direci relation to the optiec



TABLE _ 13.

COMFOSLITION OF PLACIACLAZE TN SYPUITES AND  NTORITES,

Rock Ho. Location. %an %An HAn g Tin laws¥
cores rims. suter rims.
378a 2386.171 5le72 22~=30 20 Ab,Fr,i,C.
378b B b4 29 Ab G it
{nonezoned An29-37)
ag1 i (non-zZoned And2)
822 D55 178 {non-zoned Ans?)
HE7a 207131 44w 20 15 Ab,0, AR=C.
405 201,128 AL =il D4 =5t Abshc,Fr,
.A b L A 1&33 -
332¢c 1804148 28 20 A0
655 122,185 L Vet ot 34 Ab=C ,Pr.
a1 210.098 43 34 Al sAbel ,Pr,
A J‘as«v -
268 170,180 48-55  20-27
X w:in lews deterpminad by Immons Seaxis technigue.

{Ab = alblits, C = Carlsbad, Ab-C = albite-Garlshad,
Pr = por ;cl¢nc, Ab-ilal = albite-ila B, ¥ s Hanebach
Ac = acline, AlaBR = Ala D.)

] ain outer rims on plagloclass forwed by exsolution
from potaah Telspar.



375,

o

axial wagle {c.f, 3hido, 1868), In the inei-
plently twinned gralns the tarten twinning

is best developad neer inclusions. The
potash Telspar occurs as irresnlur interstie
tial giains, and is cvidsntly one of the last
minerals to erystallise, Perthite stringers

withia the felspar are rars.

Guartz 1= a minor constitueni. The
interatitial grains are usually strained, and
where the rocks btmve besn somewlrat crushed
(late magmatic injection forces ?) the quartz

riay L£ill fesctures in the felspars,

Hyrmeklte is somctimes observed at the
plarioclase-potash felspar boundaries., The
rlagloclese of thls myrmekits may have compow
sitions up te An 4d. If the ayraskite was
formed by sxsolution from the votash felspar,
then the plapgioclase originally held in
£0lid solution in the potash lelspar phase
must Mmve besn more suorthite rich than that
held in the potash felsper phuse in the g

diorites or aplites,

Tus amphliboles (sowme of whose properties
are summarised in "shle 14b) have a subhedral

prisuatic crystal ovem. 'The usual pleochroism



8., PROPERTIES

TABLE 14.

OF POTASH FELSPARS IN SYENITES

Rock Ho.

378a
327
405
d3d2¢

be PAROPERTIES

AND DIORITES.

2V Twinning.

67 .5 Inciplient tartan
65 Incipient tartan
83 .5 Good tarten

83 Hone

OF _AMPRIBOLES _ IN

SYENITES AND

Roek No. 2V, zle

376a 28 18

378b 48 15

405 G785 17.5
33cc G245 18.8
327 (1) 117 11.5

(2) 57«88 16,5

DIORITES.
Pieochbrolsm
X ¥
pale yellow green~blue
pale yellow  midegreen
V. pale grn. aldegreen

pale yellow pale green

non=pliecchrolic

pale yellow mid=-green

W e - " W

2
blue
biue
dari~blue~green.

pale greenishe
blue,

bluishe=green.
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is from pale y2llowr to mid green to a deen
blue=grsen. The optic axial angle 1z less
in those with a distinet blue Z-axial colour.,
In some rocks (e.fe 3278) two amphiboles are
present., A nonepleochrole light yellow-green
cumningtonite occurs as ragged relic cores
within the green amphibole, which is strongly
colour zoned from pale g reen near the cumming-
tonite to mid-grecn at the outer rims, The
green amphlbole and the cummingtonite are
usually homecaxially intergrown, This homo-
axial rslaticen is 1llustrated for one pair
of amphiboles in Filgz. €8, A similar replace-
ment of cummingtonite by hormblende has besn
observed by Shido in the Tabito Ipneous

Complex,

A comaon feabture of the amphibolss is
the inclusion of stumpy blotite flalzes whose
platy sides are aliimed subvertleal to the
c-axea of the amphibole prisms. As the
bilotite and the hornblende appear %o be in
good chemical equillibrium,; this structure is
supposed te be the result of the ircorporation
of the platy bilotite crystales flozting in the
ma.grae on the more rapidly growing ends of the

amphibole prisms. This would be slded by the



FiG. 69,
Homoaxial intergrowth between two amphiboles

in syenite. Rock A185.327. Location 200.131,



FIG. 69

/ WHITE AMPHIBOLE .
2vy=63°, z% =11% .

2 GREEN AMPHIBOLE
2V, =57°y, Z27¢c =16 .
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atiraction batweer =2114 partlicles within the
liquld, snd by the greater movement of lons
towards the more reridly growing prism ends.
Tre rarsr biotite flokes 2lipned parallel o
the c=&xis are probebly attracted to the
growing amphiboles in 2 similar way, and are
incorporated durlng the slower growth of the

sides of the prisas.

The bistite is pleochroiec from pale yele
low to mustard brown, Dlotite msy occur as
smell stumpy flakesz evbedded In larger amphie
Lole prrlame, osr os lerce phenoerystel flakes
incorporating small suaphibole gralns on their
adges, In both cases the bletlite erystellised

befere or at the same tlue as the suvhibole,

iren rich cpidote Is often preasent as a

stavle primary minsral. These rocks may be

considersd "saturated” In epidots, Ior, with
s1ishd vostemagmetle alterzilon, epldote is

produced in sbundance as & sgeLndary constle

tuent replacing the plagicclass,

“oth apatlte and sphene are comumon
accessory minerals. Jnhedral zircon 1s rare.
Omacus 1ron oxldes snd pyrite moy also be

present .



Uit

¥ g y
In these rocls a paragenebic mlnersl

s

)

sequancs can be vaedlily obltalined theough a

study of the mineral ltextures. The usual

zilreon; sphense-zpatites blobite-
hornblende~gpidot plagisclase;
guartzepotach felspar; exsolutiocn of

notash felspar-ieyrmeklte.

Hear the Marns Hiver Rsserve several
22811 nlpes of sodzclase dlorite {Jorannsen
1850 have intruded marhie and schisb. These
are massive, fine=grained (0.1 = 0.3 mmd)y,
non=f'oliated, lisht coloured rocks couslisting

of 70=50% sodic plarinclase (An S-11),
o=185 quevbz, 10=18: hornblonde wisth minor
bilotite, sphene apablie ond copagues. Isclated
plagioclase phesnocrystes o 3 mm. are sean in
the L rash, {ractursd surfaces. The plagio=
clase occurs as closely spaced, decussate,
elongute laths well twinned on {ng} s SOIG=-
nimes cublining & feint igneous flow sitructure,
a3 well as non-zoned phenocrysis of the same
componition. Hueh oi the polysynthetie
twlnning ls discontinucus across the grains
and way bhe In part mechanical in origin.

Zetwesn the lathy adnube pranules of none-iwinned
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plagioclase have begun to appear. Ths amphie
boles occur in a grauular, 81lightly skeletal
form, and are pleccheole from A~pale yellow

to Yemid greer to Z-blulshegreen. The biotite
is phoochrolic Xepale yellow to Z=dark browne
black and 1s & rarer constituent. Smell
grains of quarty are Interstitiasl and potash

felspur is absent.

Conclusions = Syenite~dlorite Grocup.

The syenite-diorite sroup is distinet in
time and space froum the granodiorite-aplite
suits and the dolerite group. Some dlorites
and syenltes have intmded as narrow Pipes,
others as thin dykes. Thelr 1solation and
the presence of a variety of xsnoliths in one
of these ripes suggesis that these intrusions
have penetrated many thousands of feat of
metasediments. In *iue, the sysnliss sad
dlorites are oldsr than the faulting, but
younger than the folding. They have sufferad
only very slight metamorphic alterztlion and
& metamorphic foliztion has not besn develeped
wilthin them. In the absence of ernas=cunbting
wolations, the age of the syenites snd dicrites
relative to the later differertiates of the

preedlorite sults is not kuown.
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Tho peculiar sodacluse diorites of the
Harne River Resorve have mineralogical
features relating them to this group of rocks.
They, too, lack metamorphlce foliation,
although a faint ignsous foliation defined
by the orientation of the scdaclase laths
may be present. They are censidersd to be
contamperaneous with the syenite~diorite

group.,

{d) oquartz Veins.

sost of the quartz veins and pods in the
Cambral area are believed to be of metamorphic
segrepgation origin and have been dealt with
elsewhere. However, & number of guartz veins
of intrusive origin are known. Guartz veins
and pods a re not uncomuon in the high grads
migmatite~granodiorite area in the southe
west., WMost of these, with their basie biotite
selveges, are no doubt of segrezation origing
& fev, however, may tave heen derived fron

the differentiation of aplites and neguatites.

At 174,116 & 6 foot wide milky quariz
vein carrying some vink felspar has penetrated
marble. The marble within one foot of the
dyke has recrystallised to a sugary, crystal-
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loblastic texture with a coarsening of graine
size te 1 cm. The quartzemarble contacts

are very irregular and jagged., Several thin
quartz veins Intruding marble in the Saunders
Creek area have becoime strongly boudinaged

in the late stages of the marble deforsation.

Hany small quartz velns with accessory
tourmaline occur nesr the edgze of the ranges
in the Plne Hut Creek arca. They sometimes
carry accessory sulphldes, including chalcopy-
rite, and have been prospected for copper in
several places. The large vein on which the
cld ¥orth Rhine Copper iiine is situated also

carrles tourmalines, and is possibly of this
type. Parts of this vein are rich in pyrite
and lesser chalcopyrite, The quartzo-fels-
pathle, arkosic schist wallerock of the vein
has been kaolinized over a distance of
several feet from tue weln contact., The
abundance of these velns in the ares around
Pine Hut and northwards susgests that they
may be rolated o the Long Ridze Gronite, a
late to post metawmorphic bathylith known o
exist in bores 4~5 milas %o the sast and oute

cropping as a "Tertiary island” in the Murray



Plains at Tong Ridgs, 8 mllss nortlesast of

Pins Hui.

General ConcliuclicnS.

Tue aim of this chapbter has been to
present 2 brief discussion of the petrology
and pebrography of the Intrusive recks wlth
a view to further elarifying the pecloglcsl
history of the Cambral arsa, and Lo determine
the relationship of these rocks to the neta=
gorvhism and metascmatism, which have already
been Adiscussed, snd ¢ the structure which
is o he considered presently.

“here ars several distinet groups of
igneous rocks, and their time relationshlp to
metamorphism, metasomatism and structure may

B

be tenhatively cerrslated as lollows.

1. Metadolerlites.

Trtmided during the main folding and
after the height of the metamorphism, These

are nlier than the cuartzealbite mebasomatism.

Za. Orancdlorites and Leuccogranites.

Intruded during the last stagee ol the

morshisn. Thelr relation to the quartz-

albite wmebasomatien ls not known.
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2o, Aplites and Pepmatites.

Some folding still in progress during
intruslon but metamorphism almost extinect,
These rocks are younger than the quartz-

alblite rocks.

Zs  Syenites and diorites.
Postefolding and prs-faulting. Very

late to zost=metamorphic.

4du. Ounartz-tourmeline Velns.

Prge-faulting and late or postenstanor-

thc ®

4b, Other Quartz Velns.

#Hay be of similar age to the aplites

and pegnatites.

£, Altered Nnlerits.

A post-faulting dolarits has been intruled

in the southewsst corner of the arsa.

Of speclal interest 1s the relation of
the isneous intrusions to metamorphism and
metasonatisme. Is the metamorphisw or the meta-
somatism related to the igneous sctivity? As
the grancdiorite sulte, thes syenite-~dlorite
group and the quartz veins are late to post=-
metenorphic they could not have caused the

reglonsl metamorphlism, and, at wmost, they could
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only tave helped prolong reserystallization
by locally supplying heat and increasing the

water vapour pressurae.

It is possible that the coarsening of
the grainesize wlthin the migmatitlc schists
and grnelsses in the zone of strong granc-
diorite intrusion in the south-west was aided
by local prolengation of a high tempsraturs
and increased Proo 88 @ result of the grano-
dlorite intrusion. However, 1t i3 egually
likely that these migmatitic mica gneisses
were the cause of localisation of the grano-

dliorits intrusion bslt.

The dolerites are older than the meta-
somatle sclutions causing the guartse-albite
rocks and it is uanlikely that bthere is any
connection between these solutions and the
metadoloerites, 7The aplite dykes can be
observed transecting the quartz-albite rocks,
and are therefors younger. Unforiunatsly
the relative ages of the gquartzezlbite rocks
and the granodiorites are not knoum. The
possibllity of sodic metasomatic fronts
preceding granodlorite Intrusion has been
proposed (e.g. Phillips, 1855). The sbune

dance of the quartz~alblits rocks in the



Saunders Creek ares in & garallel trend %o
the grancdiorite bell is ithe onliy eviderce
that can be wmstered here in support of a
causal relation bebwssn the quartzesiblte
rocks and the granvdiorites. In the absence
of any further evidencey the pessibllity of
deriving metasomatic emanations from the
granodiorites must be treated wilth extrens

cauticn.

It is concluded that none of the intrue
glve rocks deseribed in this ares sculd have
been responsible for the replicnal metamorphisn,
Tfor the majority wers injected at a very late
metanoroshic stage., It 1s possible that the
Intrusive activity has eontributed to th

prolongation of the mebamsorphism locally.

A4 direct cornection between any of the
intrusive roecks and the various effects
attributed to mebasciwntism in  the Combrai
eres has yet to be demovnsirated. It is
possible that the quartzeslbite metasomatism
is Indirectly comnected with the regional
intrusion of granodloritic magma but there 1is
no evidence in favour of this. The mets-

cmatie solutlons mipght well have been derived
fron & morve deen-pested source.
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