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ABSTRACT

The forceful intrusion of the Walcha Road Adamellite

has resulted in the development of a schistose fabric

in the intruded sediments. As the contact is approached
the regional structure is altered so as to concordantly
wrap the Walcha Road Pluton, and at the immediate con-
tact, a "migmatitic" zone is developed. This "migmatitic"
zone represents the highest metamorphic grade reached in
the Walcha Road aureole, with the development of cordierite-
K~-feldspar bearing schists and "gneisses". Further from
the contact another four distinct metamorphic zones are
present. The first indication of aureole conditions is
the formation of biotite at approximately 3,0km from the
contact, the incoming of biotite representing the com-
mencement of the biotite zone. With increasing meta-
morphic grade the andalusite zone is entered followed

by the cordierite and cordierite-almandine zones. The
varying dimensions of the cordierite zone are attributed
to the presence of graphitic sediments, the graphite in

these sediments lowering PH,0 and allowing the cordierite

2
forming reaction to proceed at a lower temperature.

A thorough geochemical and petrological investigation
of the metamorphic zones of the Walcha Road aureole
has resulted in the delineation of three metamorphic

reactions, namely:

(a) Muscovite + chlorite + 3 quartz —>»
2 cordierite + biotite + 8H20
(b) Biotite + 7 andalusite + 8 quartz —

3 cordierite + muscovite



(c) 5 K-feldspar + 2 chlorite —>
4 biotite + muscovite + andalusite + 13 quartz + 4H20

Using all available data it has been estimated that the
aureole of the Walcha Road Adamellite formed at 420°%C -

605°C at 1.5 - 2.0Kb.
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1. INTRODUCTION

(a) Preamble

The study of a contact metamorphic aureole has distinct
advantages over regional metamorphic studies when considering
the delineation of metamorphic zones and reactions, for in a
contact aureole there is always an increasing metamorphic
grade as the actual contact is approached. In a regionally
metamorphosed terrain the "upgrade" and "downgrade" sequence
is not always clear. 1In the Walcha Road aureole, increasing
metamorphic grade has resulted in the development of prograde
metamorphic zones, each zone being represented by a particular
nrogredz assemblage. Therefore, when studying metamorphic

reactioas the contact aureole offers obvious advantages,

A detailed mineralogical and geochemical study defined
certain cordierite forming reactions in the Walcha Road
aureole, the cordierite so formed occurring up to 1,2km
from the contact. The width of the cordierite isograd and
the actual width of the aureole (3km) suggests that the
adameliite was intruded as a single pulse of magma at a
depth of 5-6 kilometres. The metamorphic assemblages
present in the aureole give a definite indication as to
the pressures that existed at the time of intrusion.
Studies of contact metamorphism associated with intrusions
of the New England Batholith should, therefore, help
delineate important parameters such as level of emplace-
ment and amount of H20 present in the melt at pressures
that existed during intrusicon. The study of the aureole
of the Walcha Road Adamellite has successfully answered
many questions as to the method and depth of emplacement

of this particular intrusion.



(b) Previous Work

The classic investigations of the Great Serpentine belt
of NSW by Benson (1913, 1914a, 1914b, 1915, 1917, 1918)
did include some petrological descriptions of some contact
metamorphic rocks adjacent to the Moonbi Adamellite and
Inlet Monzonite. In the Horse Arm Creek area, north of
the Inlet Monzonite, Benson (1917) briefly described
calcite~grossularite-diopside-wollastonite assemblages
derived from metamorphosed calcareous sediments, and also
cordierite-biotite assemblages in the associated pelitic
rocks. In 1915 he (Benson) reported that basic volcanics
adjacent to the Moonbi Adamellite in the Kootingal area
had been converted to actinolite-albite assemblages.
Binns (1965) suggested that these assemblages may be

due to abnormal rock chemistry rather than grade of

metamorphism.

At Tilbuster, north of Armidale, contact metamorphism

and metasomatism of basic rocks adjacent to an adamellite-
monzonite intrusion has been described by Spry (1955}

It has been reported by Spry that extensive introduction
of material, accompanied in places by shearing, has

taken place in>the hornfels zone leading to the formation
of grossularite, scapolite, diopside, calcite and epidote
in the metamorphosed basic rocks. Spry (1953) also
investigated contact metamorphism in the Puddledcck area,
which also lies to the north of Armidale. A further
investigation of contact metamorphic effects in the
Tilbuster area was carried out by Binns (1965). Binns
investigated the contact metamorphic effects on the

basic rocks, with special emphasis on the generation

and the chemistry of metamorphic hornblende. He found

that with increasing grade the hornblende changed from

-



a pale blue-green variety with a ragged actinolitic habit

to a deeply coloured brownish type with a granular habit.

He attributed this colour change to a progressive increase
in the amount of alkalis and titanium held by the hornblende

as metamorphic grade increased.

In the Uralla area, some 2lkm south of Armidale, Palaeozoic
sediments have been contact metamorphosed by the Uralla
granodiorite and have been described by Vernon (1961).
Close to the contact Vernon describes biotite-cordierite-
K-feldspar (+ almandine) hornfels and andalusite hornfels.
Farther from the contact former argillites carry por-
phyroblastic chiastolite. Similar assemblages have

been described briefly by Flood (1964) in the Woolbrook-

Walcha Road area.

Howarth (1973) examined the thermal metamorphic rocks
between the Walcha Road Adamellite, Bendemeer Adamellite,
Moonbi Adamellite and Limbri leucoadamellite. He noted
that close to the contact the assemblage biotite-cordierite
t+ K-feldspar was common in the pelitic rocks whilst
plagioclase-amphibole was the dominant assemblage in

the metamorphosed volcanic rocks. He also located the

cordierite isograd adjacent to the abovementioned plutons.

Although assemblages from many localities in the New
England region have been described petrologically, very
little detailed work (e.g. delineating isograds) has

been carried out. The absence of appropriate geochemical

studies is also noteworthy.

The present study differs markedly from previous work in
the New England region in that metamorphic zones have
been mapped, and metamorphic reactions in these zones
have been attempted, only after thorough geochemical

and petrological investigations.
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2. REGIONAL GEOLOGY

The Walcha Road Adamellite forms part of the New England
Batholith which is a large, composite, mainly discordant,
upper Palaeozoic batholith extending from about Tamworth, .
in southern New England, to Warwick in Queensland, a
distance of some 340 kilometres (Figﬁre 1) . The batholith
is intruded into a largely undifferentiated, moderately
deformed sequence of marine sediments which have been
usefully grouped by Voisey (1959) as the New England
Central Complex.’ The Central Complex is separated from
the western belt of folds and thrusts by the Peel Thrust,
which is a major fault marked over much of its length by

elongate masses of alpine serpentinite.

A re-investigation of the New England fold belt by Leitch
(1974) led him to subdivide the Central Complex (Voisey,
op. cit.) into seven major blocks (Figure 2), the study
area lying in the central eastern section of the Macdonald
Block.

The typical sediments of the Macdonald Block are that of
the Palaeozoic Woolcomin type. The Woolomin Beds were
first described by Benson (1913-1918), and have since
been described in @art only, this work being summarised
by Packham (1969). Complex folding and faulting, lack
of marker units, and scarcity of fossils have made it
difficult to subdivide the Woolomin type beds strati-
graphically.

The only attempt at subdividing the Woolomins was carried
out by Lewington (1973) who described the regional burial

metamorphism and structure of these sediments to the south
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Figure 2: After E.C. Leitch, 1974

of the study area. Lewington subdivided these sediments
into meta-greywackes, meta-lutites and massive and rhythmic
cherts, complete gfadations occurring between the meta-
lutites and the cherty sediments. He suggests that the
chert nearest the contact of the Walcha Road Adamellite
(in his area) is the oldest unit, giving way to meta-
lutites and then rhythmically bedded cherts. At this
point he suggests a marked environmental change occurs
with the introduction 6f volcanism. An attempt to
correlate these beds with the sediments from the study
area was not successful as Woolomin type sediments in

the study area, adjacent to the eastern contact of the



Walcha Road Adamellite are dominantly pelites (Lewington's
op. cit. meta-lutites) no cherts (or guartzites) being
present. Woolomin type beds comprise approximately 60%

of the study area, the other 40% belonging to the younger
(carboniferous), less deformed Sandon beds (Voisey, 1959).
A description of the sediments of both the Woolomin and

the Sandon type is given in chapter three,

Two regions within the so called Central Complex (Voisey
op. cit.) have been regionally metamorphosed to almandine-
amphibolite grade, forming sillimanite, cordierite and
almandine bearing schists. Binns (1966) describes one

of these areas, termed the Wongwibinda complex, situated
to the west of the township of Wongwibinda, while the
other area, the Tia complex, is found south of the

village of Tia, and has been described by Gunthorpe (1970).
The lack of sillimanite in the Walcha Road thermal schists
suggests that the abovementioned areas (containing silli-

manite) were subjected to a higher total pressure.

According to Leitch (1973) most of the Woolomin beds
have undergone prehnite-pumpellyite burial metamorphism,
however, rocks adjacent to the Walcha Road Adamellite
that have not been effected by the intrusion, are of a

regional greenschist grade.

Papers on the "Geology of New South Wales" by Wilkinson,
Shaw, Chappell, Bofinger and Phillips (1969), and a review
of Permian plutonism in NSW by Leitch (1969) had covered
most of the previous work done on the New England Batholith
prior to the study of Flood (1971). Binns (1967) had
originally divided the New England Batholith into two
suites, namely (a) the New England Batholith suite,
consisting of the main body of post kinematic "granites"
(248-220 m.y.) and, (b) the Hillgrove suite (269-250 m.y.)



a smaller group of pre and synkinematic "granites" which
can be distinguished chemically by lower CaoO, A1203 and
Fezo3 compared with rocks of similar acidity in the
Batholith suite. Flood (1971) suggests a three field
division of the New England Batholith, the additional

division being the Bundarra suite.

The Walcha Road Adamellite belongs to the New England
Batholith suite and is a coarse grained hornblende-biotite
adamellite with an areal extent of some 190 square kilo-
metres. The intrusion is elliptical in shape with the
long axis oriented north/south parallel to the generél

structural grain of New England.

TABLE 1

SiO2 69.13 Quartz 27.3
TiO2 0.48 Orthoclase 23.7
A1203 14,04 Plagioclase 37.9
Fe203 0.87

FeO 1.62 Biotite 6.8
MnO 0.07 Hornblende 6.8
MgO 1.72 Sphene 0.5
CaO 2.73 Opaques

Na20 3.55 Apatite 0.3
KZO 3.93

PZO§ . 0.16

HZO 0.60

HZO 0.14

Total 98.99

Chemical and Modal Analysis of
Walcha Road Adamellite (WR1l, from Flood, 1971)



The Walcha Road Adamellite shows signs of forceful
emplacement and strongly alters the structures of the
contact rocks (Appendix One). The steeply dipping
contacts of the adamellite and vertical foliation of

the associated sediments suggests that the Walcha Road
Adamellite has a near vertical contact with the intruded
sediments. The forceful emplacement has resulted in the
sediments "wrapping around" the adamellite, and there

has been a development of a schistose fabric in the
sediments of the aureole region, the actual aureole

being 3km wide (Figure 3). It is suggested that

similar aureole conditions are associated with intrusions
having the same composition and areal extent as the Walcha
Road Adamellite. Binns (1965) states that the Moonbi
aureole is lkm wide, however, Howarth (1973) noted the
~development of biotite at approximately 3km from the
contact, suggesting an aureole width similar to that

at Walcha Road.
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3. THE SEDIMENTS

(a) Wooiomin Type Beds

The Woolomin beds in the study area include what were
originally carbonaceous and non-carbonaceous siltstones,
very fine grained sub-feldsarenites, and minor calcareous
and cherty units. The relative proportions of the major
rocks are siltstones (60%), sub-feldsarenites (30%) and
impure calcareous rocks, cherts (10%). Tables 3, 4, 5
and 6 show chemical analyses for carbonaceous and non-
carbonaceous contact metamorphosed siltstones, which,
from now on, will be referred to as meta-pelites. The
meta-pelites rich in carbonaceous material are easily
identified in the field by their dark appearance. Meta-
pelites with only minor carbonaceous material can be
recognised by three other methods:

(i) Digestion in HF acid, leaving a dark carbcnaceous

residue .

(ii) Trace element analyses, showing that carbonaceous

meta-pelites are generally richer in copper (Figure
5) and ;-

(iii) Polished section studies can be used to aid in the

identification of carbonaceous material.

The latter method is quite useful for the higher grade
rocks where well formed euhedral graphite grains are
easily detected in reflected light.



w5l
K52

Q = monocrystalline and polycrystalline quartz  (excluding chert)
F = monocrystalline feldspar
R = rock fragments (igneous, metamorphic, and sedimentary, including chert.)

Figure 4: Primary arenite triangle of Folk (1972)
showing the locations of three litharenites
from the Sandon Beds..

Cu

Carbonaceous

Non <Carpoiaceous 7n

Figure 5: Cu-Pb-Zn diagram showing positions of some
Walcha Road sediments.
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Associated non-carbonaceous meta-pelites are slightly
coarser grained, and there is a predominance of these
non-carbonaceous meta-pelites in the southern sections
of the area. Throughout the whole area (Woolomins and
Sandons) there are minor lenses and concretions of what
was originally a limy mud material. The thermal meta-
morphism of these calcareous rocks is discussed in a
later section. Quartz arenites and conglomerates are

absent from the Woolomin type beds of the area.

(b) Sandon Beds

In the area studied, the Sandon Beds are located to the
north of the Oxley Highway. These sediments differ

markedly from the Woolomin type beds to the south of

the highway, in that fine to coarse grained feldsarenites
and litharenites (Folk, 1972) predominate. The relative
proportions of the major rocks are lith and feldsarenites
(70%) , meta-pelites (20%) and rhyolitic flows, conglomerates,

radiolarian chert and impure calcareous rocks (10%).

The meta-pelites themselves differ slightly in chemical
composition to the Woolomin type meta-pelites having

higher K.,0 and/or Na.O values.

2 2

Radiolarian cherts are found throughout the area and
generally form small but distinct ridges. Close to the
intrusives (mainly the Shalimar Tonalite) these radio-
larian cherts are completely recrystallised to a fine
grained, granular mosaic of quartz. Minor conglomerates
in the area contain anguliar fragments of volcanic material
and minor radiolarian chert.
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The litharenites of the area are immature and contain
angular volcanic rock fragments and minor sub-rounded
radiolarian chert fragments. The litharenites exhibit
poor sorting. Fragments are grain supported and matrix
plays a minor role. The feldsarenites are more pre-
dominant in the western section of the study area.

The relict feldspars are slightly rounded, and in general,

matrix supported.

A sub-feldsarenite (meta-greywacke, MU4436) was analysed
(Table 2 ) and compared with Chappell's (1968) average

for analyses of Baldwin greywackes and Lewington's (op. cit.)
average of analyses of greywackes from Woolomin type
sediments south of the study area. The noticeable
difference between MU4436 and Lewington's average is

the amount of Ca0O, MU4436 being some 2% richer in CaO.,

(c) Comparison of Sediments from the Walcha Road Aureole
with Sediments from the Cooma Area, NSW

When comparing the Walcha Road pelites with pelites from
the Cooma area (Joplin, 1942) the following points can

be recognised:

(i) The pelites from Cooma are 12-15% corundum normative
whilst the Walcha Road pelites are approximately 5-6%

corundum normative.

2O and high in K20

(Figure 6 ) compared to the Walcha Road pelites,

(ii) The Cooma pelites are low in Na

(1ii) The pelites contain an average of 55%Si0, compared

2
to an average 65%Si02 in the Walcha Road pelites.



- 15 -
TABLE 2
CHEMICAL ANALYSIS OF A META-GREYWACKE

ADJACENT TO EASTERN CONTACT OF THE
SHALIMAR GRANODIORITE

MU4436 Lewingtons Chappells
Average Average
SiO2 60.97 62.68 54.63
TiO2 0.85 0.88 1.11
A1203 16.94 15.23 15.69
Fezo3 1.86 1.36 1.65
FeO 5.35 4.93 - 7.30
MnO 0.17 0.11 0.16
MgO 3.84 3.04 3.70
Cao 5.47 3.18 5.01
K,0 1.24 1.49 0.66
Nazo 4.00 4.66 4.79
P205 0.25 0.19 0.23

Total 100.94 97.75 94.93
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(iv) Cooma pelites have a higher A1203/FeO+MgO ratio
compared to the Walcha Road pelites.

The outstanding and critical difference between the Cooma
and Walcha Road pelites is the percentage of A1203 that is
available in the rock. The extra A1203 in the Cooma
pelites allows andalusite (and sillimanite) to form and
remain stable in the higher grade zones, whereas at Walcha
Road, as grade is increased the andalusite reacts to form

cordierite (see Part II).

The chemistry of the sediments of the Cooma area is not
unique in the Lachlan Fold Belt, in that most documented
cases of metamorphism (Guy 1968, Vallance, 1953, Browne
1943) occur in sediments with similar chemistry. Analyses
of rocks from the Bathurst area can be found in Appendix

Eight. These rocks have very high KZO/Na O ratios,

2
similar to the pelites from Cooma.

Na

Ca

Figure 6; Alkali/lime diagram for pelites from Walcha
Road (o) and from Cooma (.), NSW.



. TABLE_ 3.
CHEMICAL ANALYSES OF CARBONACEOQOUS
- - META~PELITES ADJACENT TO THE
: WALCHA ROAD ADAMELLITE
MU4423 MU4474 MU4368 MU4397
SiO2 82.53 61.87 66.93 €7.73
TiO2 . 0.24 0.80 0.72 0.64
A1203 5.56 A 16.74 15.15 15.58
Fe203 1.62 1.95 1.37 » 1.01
FeO 0.72 4.48 4.13 3.76
MnO 0.05 0.08 0.08 0 09
MgO » ©0.85 2.27 2.23 1.85
Cao 0.26 2.66 2.87 2.19
K,0 - 1.26 2.86 2.61 2.99
Na20 0.75 4.29 2.33 3.18
P.O 0.02 0.23 0.15 0.12
275
Total 93.86 98,23 98.57 9%.14
R CK C B
MgO/MgO + FeO 67.85 47.43 49.02 46.74
. MU4395 MU4405 MU4435 MU4409
SiO2 68.49 64.53 66.05 64.16
TiO2 0.74 0.77 0.79 0.86
A1203’ 16.05 16.94 15.66 17.39
Fe203 2.62 1.35 0.56 1.14
FeO 2.34 4.17 5.70 5.06
MnO 0.08 0.10 - 0.11 0.13
Mgo \ 1.62 1.67 2.38 2.30
Ca0 1.14 1.79 2.74 2.62
K20 2.74 3.06 1.79 2.24
Nazo 2.09 2.26 2.89 3.45
P205 0.09 0.19 0.21 0.28
Total i 98.00 96.83 98.88 99.63
B c cA c
Mg0/Mg0O + FeO 41.11 41.65 42.66 44,74
Analyst: G.S. Teale CA = Cordierite-Almandine zone
C = Cordierite zone
E = Eiotite zone
R = Regicnal grecnschist (biotite)
RC = Regional greenschist (chlorite)
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Chemical Analyses of Carbonaceous Meta-Pelites (cont.)

MU4418 MU4374 MU4465 MU4466
sio, 63.25 75.87 65.64 66.84
Tio, 0.76 0.39 0.76 0.76
A1,0, 16.69 11.56 16.02 15.92
Fe,0, 0.91 0.72 0.89 1.34
FeO 4.47 3.28 4.28 3.88
Mno 10.17 0.12 ~0.05 0.06
MgO 2.03 2.16 1.79 2.14
cao 2.32 0.64 2.12 1.67
K,0 2.75 3.07 2.76 1.95
Na,0 4.38 1.41 3.80 2.77
P.O 0.20 0.06 0.16 0.16
2°5
Total 97.93 99.28 98.27 97.49
B B B C

MgO/Mg0 + FeO 44.71 53.98 42.69 49.58

MU4408 MU4481 MU4403
sio, 64.85 65.97 64.30
Tio, 0.82 0.72 0.75
Al,0, 16.71 15.25 17.28
Fe,0, 2.17 0.74 0.76
FeO 3.84 5.31 4,66
MnO 0.04 0.07 0.07
MgO 1.71 2,21 1.83
Ca0 1.04 2.21 2.06
K,0 3.20 1,97 3.09
Na,0 1.75 2.70 3.00
PO, 0.17 0.22 0.19
Total 96.30 97.37 97.99

C RC C

MgO/Mg0 + FeO 44.26 42.58 41.16

Analyst: G.S,., Teale



TABLE 4
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CHEMICAL ANALYSES OF HIGH POTASSIUM

CARBONACEOUS META-PELITES

Total

MgO/MgO + FeO

sio
TiO
Al O

Total

MgO/Mg0Q + FeO

MU4366

68.92

0.62
.94
.98
.37
.13
.06
.06
.68
.63
.21

o

O H W = N O NN

o
[o0]

.60
B

60.76

MU4490

67.00
0,52
15.67
0.93
2.25
0.04
1.32
1.72
3.62
3.66
0.13

96.86
R.

51.09

Analyst: G.S. Teale

MU4462

70.
0.

[
o)}

o O B O = O =

96.
B

65.

MU4492

65
0.
15.
0.
4
0.
1
1.
3.
2,
0.

97.

43.

15
77

+06
.52
.26
.06
.31
.20
.48
.81
.06

68

00

.26

74
93
63

.50

06

.98

95
66
81
23

75

96

MU4393

64.88
0.72
17.02
1.70
3.27
0.06
1.76
1.49
3.67
2.24
0.17

96.98
B

48.99

MU4464

65.68
0.75
15.87
3.90
2.07
0.06
1.84
0.94
3.92
1.34
0.16

96.53
B

61.29

Biotite zone
Regional greenschist (chlorite)



TABLE 2

CHEMICAL ANALYSES OF NON CARBONACEOUS
META-PELITES ADJACENT TO THE

WALCHA ROAD ADAMELLITE

sio
Tio
A1203
Fe203
FeO
MnC
MgoO
Cao
K,O
Na,O

PyCs

Total

Mg0O/Mg0 + FeO

sio
Tio
A1203
Fe, O

273
FeO

MgO
Cao
K, 0
Na,O0

P205

Total

Mg0/Mg0 + FeO

Analyst: G.S.

MU4413

'63.80

0.88
15.77
0.94
4.53
0.11
2.25
2.80
2.40
3.92
0.18

97.58
B

46.97

MU4438

72.89
0.57

13.70
0.93
3.69
0.11
1.76
1.27
3.46
2.17
0.13

100.68

Cc
45.95

Teale

CK

(@]
[ T I

MU4383 MU4437
54.18 75.43
1.05 0.46
22.98 11.47
1.03 0.70
8.95 3.25
0.16 0.10
3.70 1.44
1.57 1.3%
2.80 2.26
1.79 1.8%
0.14 0.10
98.35 98.40
CK C
42,42 44.13
MU4400 MU«439
75.43 62.63
0.45 0.83
11.53 16.80
0.86 1.06
3,06 5.05
0.11 0.14
1.64 3.23
0.95 3.05
3.37 3.02
0.81 3.76
0.08 0.20
98,27 99.77
C C
48.86 53.26
CA Cordierite-Almandine zone

Cordierite-K-feldspar zone
Cordicrite zone

Bictite zone

Regional greenschist (chlorite)
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Chemical Analyses of Non Carbonaceous Meta-Pelites (cont.)

MU44S1 MU4471 MU4417

sio, . 62.16 77.54 64.93
Ti0, 1.01 0.42 0.66
Al,0, 15.59 10.55 15.68
Fe,04 2.28 _ 0.43 0.67
FeO 5.24 3.70 5.16
Mno 6.13 0.15 0.97
Mgo = 2.61 1.90 2.30
cao 3.73 0.97 1.91
R,0 0.74 1.79 3.33
Na,0 . 2.15 0.90 3.55
?,0, - 0.22 0.09 0.14
Total 95.86 98.44 _ 98.40
R CK B

MgO/MgO + FeO 47.02 47.77 26,98

MU4472 MU4450
sio, 78.78 60.44
Ti0, 10.42 0.87
1,0, 9.68 18,19
Fe,0, 0.47 | 0.54
FeO 3.37 5,81
MnoO 0.12 0.08
Mgo . 1.70 2.41
Ca0 0.56 2.61
K,0 2.14 2.63
Na,0 "~ 0.64 4,36
P,0; 0.06 0.25
Total 97.94 98.19

CK CA

MGO/MgO + FeO 44.80 49,23

Analyst: G.S, Teale
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TABLE 6
CHEMICAL ANALYSES OF HIGH POTASSIUM
NON CARBONACEOUS META-PELITES

MU4356 MU4382 MU4431 MU4354
5102 60.52 53.99 71.40 70.76
TiO2 1.01 1.00 0.61 0.69
A1203 20.47 22.60 - 13.84 15.10
Fe203 0.47 0.96 0.88 0.36
FeO 3.19 7.80 3.76 2.70
MnO 0.11 0.13 0.11 0.11
MgO 2.30 3.15 1.87 1.91
Cao 2,56 1.00 2.04 1.23
K,0 5.97 5.58 3.82 5.05
Na,0 2.30 1.59 0.81 1.41
P205 0.42 0.16 0.12 0.22
Total 99.32 97.96 99.26 99.54

CK CK C CK

Mg0O/Mg0O + FeO 56.21 41.83 47.01 55.76

MU4353 MU4359 MU4358 MU4414
SiO2 77.20 78.28 61.19 63.10
TiO2 0.50 0.21 0.76 0.73
A1203 11.24 11.25 19.68 18.90
Fezo3 0.32 0.14 0.41 3.56
FeO 2,85 1.46 5.35 1.62
MnO 0.08 0.01 0.03 0.07
MgO 1.40 1.12 2.22 1.63
Cao 0.92 1.08 1.66 0.39
K,0 3.92 3.85 5.66 5.25
Na,o0 1.05 1.28 1.58 1.07
PZOS 0.11 0.08 0.16 0.16
Total 99.59 98.76 98.790 96.48

CK CK CK C

MgO/Mg0 + FeO 46.64 57.80 42,52 64.23
Analyst: G.S. Teale CK Cordierite-K~feldspar zone

C = Cordierite zone
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4. MINOR ACIDIC AND BASIC INTRUSIONS IN THE WALCHA ROAD
AREA

(a) Minor Acidic Intrusions

Two small silica rich intrusions occur in the area. Dyke
like, quartz porphyry intrusions, which in hand specimen
look similar to a porphyritic rhyolite are exposed in
Congi Creek in the central section of the area. The
intrusives have been contact metamorphosed and foliated
by the Walcha Road Adamellite. A chemical analysis of
this variety of intrusion can be found in Table 7
(MU4486). In thin section the rock consists of relict
quartz phenocrysts which have been marginally resorbed,
and which sit in a matrix of polygonal quartz grains.
Metamorphic biotite occurs as ragged red-brown grains
often altering to chlorite. The second intrusion is a
stock like granodioritic body which is located approxi-
mately 0.8km south of the Oxley Highway. The minor
intrusion has not effected the surrounding sediments,
but has been contact metamorphosed itself by the Walcha
Road Adamellite (analysis in Table 7 , MU4476). Quartz
in this intrusion has been recrystallised into granular

aggregates due to this contact metamorphism.

(b) Minor Basic Intrusions

Many sub-ophitic dolerite dykes are found throughout the
area. The larger dykes are easily recognised in the field
by their cross cutting nature, dark colour and texture.

In hand specimen individual plagioclase grains are easily
identified and can be up to 5mm in length. All basic
dykes investigated were intruded prior to the intrusion

of the Walcha Road Adamellite. Metamorphic assemblages

(from lowest to highest grade) are as follows:
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TABLE 7

CHEMICAL ANALYSES OF CONTACT METAMORPHOSED
ACID INTRUSIVES ADJACENT TO THE
WALCHA ROAD ADAMELLITE

MU4486 ~ MU4476
sio, 74.75 68.05
Ti0, 0.02 0.38
A1,0, 14.37 13.85
Fe,0, 0.48 1.34
FeO 0.28 1.77
MnO 0.01 0.13
MgO 0.16 1.94
cao 0.10 2.50
K,0 4,31 4.24
Na,0 4.33 4.50
PO 0.03 0.28

Total 98.84 98.98
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Blue-green amphibole-plagioclase-minor calcite-minor
epidote-minor biotite (MU4489).

Blue-green hornblende;plagioclase—biotite(MU4365).
Green-blue hornblende-plagioclase-biotite(MU4534).
Green hofnblende-plagioclase (MU444i).

Tan hornblende—p}agioclase (Flood, 1964).

The presence of biotite at lower grades is compositionally
controlled and not due to metamorphic grade. Relict clino-
pyroxene (Plate 1 ) can be found at the lower metamorphic
grades, and blastophitic textures are common. Modal
analyses for MU4365 and MU4534 are shown in Table 8.

Rare porphyritic basic dykes (or basaltic flows?) are

also present (MU4398). These rocks are much finer grained
than their doleritic counterparts and are always conform-
able with the surrounding sediments. Ovoid patches of
ragged hornblende, in these rocks, are thought to have
been clinopyroxene phenocrysts which have been broken

down to form hornblende during the contact metamorphism.
Binns (1965) suggests that ovoid patches of ragged
amphibole found in the basic hornfelses of the Tilbuster

area have been derived from original pyroxene phenocrysts.
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Plate 1: MU4365, Relict Clinopyroxene in Doleritic
Dyke (nhote blastophitic texture)
X 65 (crossed Nicols)

TABLE 8

Modal Analyses of Contact
Metamorphosed Basic Dykes

MU4365 MU4534
Blue-green hornblende 53.43 46.15
Plagioclase 30.46 35.98
Clinopyroxene 6.13 3.85
Biotite 4.41 6.33
Opaques 4.18 5.45
Quartz 1.39 2.24

MU4365: located 2.1km from the contact In the biotite zone

MU4534: located 1.2km from the contact in the andalusite
zone.
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(c) Description of Metamorphic Minerals from the Basic
Hornfelses

(i) Hornblende

Hornblende in contact metamorphosed basic igneous
rocks generally forms xenoblastic, ragged and fibrous
grains which become subidioblastic to idioblastic as
the contact is approached. Table 20 indicates the
changes in colour of the hornblende as the contact

is approached. This agrees with the work of Binns
(1965) who investigated hornblendes from the Moonbi
and Tilbuster areas. In brief, the hornblende changes
from blue-green in colour in the biotite zone, through
green-blue, green, brown-green and finally tan in
colour within 10-20 metres of the contact. Similar
observations were made adjacent to the Bannalasta
Adamellite, with tan hornblende being found in horn-
felses that occurred as large included blocks within
the actual adamellite (Teale, 1972). Hornblendes
found in impure calcareous rocks, however, are usually
a bright green colour regardless of metamorphic grade
(within 10 metres of the contact they do take on a
slight brown colouration). Colourless sub—-aluminous
hornblendes(?) occur as fibrous and acicular radiating

aggregates (Plate 2 ) in Ca rich sediments.

The contact metamorphosed dolerite dykes of the area
provide excellent samples for the study of the horn-
blendes. In these rocks hornblende replaces clino-
pyroxene (Plate 1 ) and also plagioclase, the plagio-
clase being marginally altered to hornblende. Biotite
can be found rimming and replacing hornblende in these
rocks (Plate 3) and can represent 6% by volume of

the rock (Table 8j).
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Plate 2: MU4411, Radiating sub-aluminous hornblende(?)
x 104

Plate 3: MU4406., Biotite rimming a blue-green hornblende
grain. Note the i1lmenite(?) grains formed by
theoreplacement of titanaugite by hornblende,

x 104
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(11) Cuimningtonlte

Cummingtonite, with characteristic twinning, 1is only

found iIn the 1nner zones of the aureole. It 1s
associated with plagioclase, quartz and minor hornblende
and opaques. In thin section, the sieve textured

cummingtonite occurs in a granoblastic groundmass of
quartz and plagioclase with minor brown-green sub-
idioblastic hornblende. [Inclusions within the
cummingtonite are usually quartz with minor opaques
and plagioclase.

In hand specimen the rock is lighter in colour than
the normal hornblende bearing rock. A large outcrop
of cummingtonite-hornblende hornfels (fabric differs
from the pelitic schists) can be found iIn Surveyors
Creek, directly north of the Surveyors Creek Homestead.

Plate 4: MU4384, Cummingtonite showing characteristic
twinning
X 104 (crossed nicols)
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(i11) Hypersthene

Hypersthane bearing pyroxene hornfels occur as
included blocks (xenoliths) contained in the
Kentucky Diorite (Flood, 1971) a few kilometres

to the north of the study area. The granoblastic
texture of the quartz and andesine, and the euhedral
to subhedral grain shapes of the biotite and
hypersthene are show/n in Plate 5. The hypersthene-
biotite-augite-andesine hornfels are distinguished
in the field by their fine grain size and light
colour compared to the coarser grain size and darker
(green) colour of their diorite host.

Plate 5: MU4458, Hypersthene-biotite-augite-andesine
hornfels contained within the Kentucky Diorite
X 260 (crossed Nicols)



There are no orthopyroxene bearing hornfels (pyroxene
hornfels) adjacent to the eastern contact of the
Walcha Road Adamellite. However, Flood (1971) has
described pyroxene hornfelses that occur as dis-
continuous lenses between the eastern contact of

the Bannalasta Adamellite and the western contact

of the Walcha Road Adamellite. These rocks contain
hypersthene-augite-andesine and hypersthene-augite-
biotite-andesine assemblages, and have a granoblastic

microstructure.

Flood (1971) states that the anomalous occurrence

of pyroxene hornfels facies rocks in this area is

not clear, however, he does suggest that two factors
could be of importance, namely (a) that the lenses

of higher metamorphic grade may have been forced up
with the adamellites from greater depths and/or

(b) the formation of pyroxene may have resulted

from the overprinting of the contact metamorphism

of the Bannalasta Adamellite by the Walcha Road
Adamellite, the first intrusion causing considerable
dehydration allowing for the conversion of hornblende
to pyroxene at lower temperatures during the subsequent

intrusion of the Walcha Road Adamellite.
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5. CONTACT METAMORPHISM OF IMPURE CALCAREOUS SEDIMENTS

(@ Subdivisions of Sediment Types

Two types of impure calcareous sediment occur iIn the
Walcha Road area:

() Silica rich calcareous concretions can be found
throughout the area. They are buff coloured iIn
hand specimen, and have diameters of up to 0.5
metres. These concretions are considered to be
original calcareous ™pockets”™ that formed within
the siltstones.

Plate 6: Calcareous concretion from cordierite
K-feldspar zone, MacDonald River area.
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(ii) Silica poor calcareous sediments differ from the above
sediments, in that they occur as thin beds and lenses
and not as concretions. They are a red and/or green
colour in hand specimen, and it is thought that they
were originally clay rich limy "marls". Chemical

analyses of this variety are shown in Table 9.

(b) Contact Metamorphism

(i) Silica Rich Concretion Type

The concretions close to the contact, (in the cordierite-

K~-feldspar zone) contain the assemblage:

Quartz-diopside~-hornblende-K-feldspar(?)-scapolite,
with minor magnetite(?), grossularite and calcite
(MU4455) .

A feature of these rocks when found in the cordierite-
K-feldspar zone is the well developed poikiloblastic
green-brown hornblende, twinned in some cases, and

up to 0.8mm in length. The hornblende includes quartz

and diopside. A lack of plagioclase feldspar is noted.

It is the concretions that show a metamorphic zoning.
In the cordierite zone, the following assemblages

have been noted:

Centre of Concretion: Quartz-diopside-epidote-~plag-
ioclase and minor calcite and
hornblende.

Rim of Concretion: Plagioclase-calcite~hornblende-
quartz.

Reaction Jacket in
Pelite: Biotite-hornblende-plagioclase-
quartz.



Pelite: Cordierite=biotite-quartz-
plagioclase.

Minor grossularite and opaques can occur within the

centre and rim of the concretions.

Binns (1966) discussed similar calcareous nodules
and noted the metamorphic zonihg. He considered
the zoning to have been caused by some diffusion

process by which KZO and H,O passed into the

concretion from the adjaceit schists and Ca passed
out from thé concretion. Binns (op. cit.) was
uncertain whether the silica impurities were
original or derived from the enclosing schist.

At Walcha Road, relict detrital quartz can be

observed in the concretions of the outer 2zone.

Similar zoning around calcareous nodules and con-
cretions has been documented by Loomis (1966) and
Suzuki (1934), whilst Crawford (1972) has discussed
metamorphic reactions that take place in rocks of
similar mineralogy. Suzuki (op. cit.) considered
the concretions found in rocks of Central Hokkaido,
Japan, to.be chemically similar to the concretions
of the original sediments, with the exception, of
course, of the amount of Co2 withdrawn during the

decarbonisation reactions.:

Silica Poor Type

No zoning is present in rocks of this type and their
adjacent sediments. At 1000 metres from the contact

these sediments develop the assemblage:

Epidote-diopside-calcite~quartz, with minor plagioclase,

grossularite, green hornblende(?) and sphene (MU4370).
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TABLE 9
CHEMICAL ANALYSES OF SILICA POOR
CALCAREOUS META-SEDIMENTS
MU4435 MU4370
Sio2 46.03 41.59
Tio2 0.24 ' 0.24
A1203 24.84 26 .27
Fe203 2.40 2,87
FeO 4.40 5.42
MnO 0.28 0.25
MgO 0.63 0.53
Cao 18.22 20.69
KZO 0.27 tr.
Na20 0.50 0.27
P,0c 0.09 0.11

Total 97.90 98.24



Closer to the contact the following assemblage is
observed (600 metres):

Diopside-epidote, plus minor green hornblende(?),

plagioclase and grossularite (MU4434).

From these assemblages it can be deduced that quartz
and calcite have been consumed in the formation of
Mg poor diopside. The lower modal percent of
epidote at higher grades suggests a breakdown of
this epidote to form diopside.

(c) Brief Description of Minerals Associated with the

Impure Calcareous Rocks

(1)

(ii)

Scapolite

Scapolite is only observed in calcareous rocks found
in the cordierite-K-feldspar zone. It occurs as
highly bi-refringent, sieve textured grains (MU4455),
which include diopside and quartz grains, and as
weakly bi-refringent, cross cutting veins (MU4440).
According to Deer et. al. (1966) the high bi-
refringent variety is Ca rich, whilst the weakly
bi-refringent (cross cutting) variety is Na rich.

In both cases the scapolite appears to have been

the last phase to form suggesting a "metasomatic”

origin.
Diopside
Diopside occurs in impure calcareous rocks as high

relief grains with moderate bi-refringence, and is

found throughout the aureole. No impure calcareous



rocks were encountered in the biotite zone, so it

is not known if diopside occurs here. A description
of the diopside‘bearing assemblages has been dis-
cussed in parts (a) and (b) of this chapter.

(iii) cCalcite

Calcite occurs as a major constituent of the impure
calcareous rocks of the outer zones. In these
outer zones it can also be observed in mafic rocks,
being a by-product of the breakdown of calcic
plagioclase. An amphibole appears to nucleate

in calcite of rocks from outer zones, this
amphibole having an acicular habit and a green
colour. Calcite decreases in modal percent as

the contact is approached, but still can be

found in minor amounts in the diopside-hornblende-
scapolite rocks of the cordierite-K-feldspar zone

(usually associated with grossular).

(iv) Grossularite

Grossularite forms anhedral flesh pink grains, which
are usually associated with calcite. Grossularite
can be found up to 800 metres from the contact, but
is only a minor phase (less than 3%) in these impure

calcareous rocks.

The amphibole that is associated with these rocks is an
olive green at lower grades, and a bright green at higher
grades, with a brown-green hornblende forming within 20
metres of the contact.
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6. MINERALS FROM THE METAMORPHIC ZONAL SEQUENCE (PELITES)

(a) Biotite

Biotite is present, usually in significant amounts,
throughout the metamorphic aureole. It first appears
approximately 3.5km from the contact in feldspathic and
lithic arenites (MU4448, MU4424) and there is often a
distinct lag before it develops in the pelites (3.2km;
MU4459, MU4456, MU4425). This has been adequately
explained by Mather (1970) in terms of the stability
of the mineral pair phengite~chlorite in the more
pelitic rocks. It should be mentioned that at Walcha
Road the pair phengite-chlorite is stable in the
cordierite bearing schists of the outer cordierite
zone, these schists being originally extremely fine

grained carbonaceous shales.

Biotite first appears in these outer zones as minute
(0.02mm) green-brown grainé, with poorly developed (001)
faces. This green-brown biotite does not persist well
into the aureole and it gives way to a brown biotite

in the outer biotite zone. This brown colouration of
the biotites increases with grade and at the contact
itself, they are a‘foxy red-brown in colour. According
to Hayama (1959) the change in colour of biotites from
greenish-brown and brown to reddish brown is related to
a decrease in the ratio Fe203/Fe203 + FeO and/or an
increase in the TiO2 content caused by an increase in
the metamorphic grade. Tilley (1926) also noting
similar colour changes in biotites, suggested that the

FeO content of biotites from certain metamorphic areas
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may increase with increase in metamorphic grade. Whole
rock analyses, and electron probe analyses of biotites
(Table 10) from the cordierite, cordierite-almandine and
cordierite-K-feldspar zones at Walcha Road support

Hayama's idea. There is a decrease in the Fe203/Fe20 +
FeO ratio (in whole rock analyses) and there is an increase
in the Tio2 content of the biotites as the metamorphic
grade rises.

The suggestion that biotite generally becomes more Mg rich
with increasing grade (Engel and Engel, 1958, 1960) is
not supported by the data (Table 10) on the biotites of
the Walcha Road aureole. The Mg0/MgO + FeO ratio of the
biotites appears to be a function of the Mg0/MgO + FeO
ratio of the rocks. This ratio is low (0.09 - 0.50) in
these rocks and Fe rich biotites are observed throughout
the entire aureole. In the Ardara aureole (Pitcher and
Sinha, 1957) biotite composition follows the change in
composition of the sediment accurately, and is unrelated
to the metamorphic grade.

There is a slight overall increase in the grain size of

the biotite as the contact is approached (outer biotite
zone 0.02mm; cdrdierite—almandine zone 0.045mm; cordierite-
K~feldspar zone 0.20mm parallel to (001)), the increase

in size of the biotite being more dramatic in the

cordierite-~-K-feldspar zone.



BIOTITE ANALYSES

TABLE 10

»1
Sio2 . 35.26
Tio2 2,72
A1203 18.67
FeO* 21.92
MgO 8.60
KZO 8.30
Cao -
Nazo -
Cr203 0.23
Total 95.70

35.52
2.65

19.11

21.65
8.35
8.25

0.18

95.70

Nurbers of Ions on the basis of 22(0)

5.37437
2.6257 ]
0.7289]

0.3119
2,7943

-—

0.0272

1.9540 |
- -

1.6124 |

-8,000°0

—-5.8163

~1.6124

5.3971]
2.6029]
0.81987

0.3030
2.7511

1.8889

-

0.0530
1.5980.

~8,0000

—5.7628

-1.6510

1. Mu4435, Biotite from cordierite-almandine zone,
approximately 250 metres from contact

2. 1Mu4435, as for (1)

+ All analyses recalculated to 95.7% dry
* Total iron as FeO '

2nalyses 1 and 2:

Analyses 3 and 4: S.

R.H., Flood

Dobos
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Biotite Analyses (cont.)

3 4
sio, 35.65 ' : 34.05
‘Ti0, 1.48 - 2.98
Al,0, . 19.97 20.72,
FeO 21.50 21.91
MgO 7.83 5.92
K,0 8.2 , 8.58
cao 0.09 ‘ -
Na,0 0.17: 0.28
Crzo3 - . -
Total 94,91, . 94.44

Numbers of Ions on the Basis of 22(0)
si 5.4156] 5 0000 5.2303] ¢ 000
Al - 2.5844| 2.7697
Al 0.9914] 0.9814]
Ti 0.1705 0.3444
Fezi - - 2.7320 ¢ 400, 2,910 o (oo
Fe - : -
Cr o - ' -
Mg 1.8565] 1.4003 |
ca 0.0157] ' -
Na 0.0511}-1.7352 0.0874 |-1.8263
K 1.6684] 1.7389 |

3. MU4466, Biotite from outer cordierite zone, approxi-
mately 740 metres from contact.

4. MU4383, Biotite from cordierite-X-feldspar zone,
approximately 2 metres from the contact,



Plate 7: MU4471, Decussate aggregate of biotite from
corgierite—K—feldspar zone
x 104

Plate 8: MU%@O?, Biotite associated with quartz vein
X



(b) Cordierite

At Walcha Road cordierite occurs up to 0.8km from the
contact in non graphite bearing schists and up to 1.2
km from the contact in graphite bearing rocks. The
extension of the cordierite isograd in the graphitic

rocks is explained in the following chapter,

In the inner zones (cordierite-almandine and cordierite-
K-feldspar zones) cordierite is identified by its
poikiloblastic nature, rough lamellar twinning (Plate 10)
cyclic twinning in pseudohexagonal cross sections

(Plate 9 ) and common alteration products (Plates 12,13
and 14). 1In the actual cordierite zone, cordierite
occurs as highly poikiloblastic oval porphyroblasts

(av. 0.6mm) which developed post the S1 cleavage and

pre the flattening {(Appendix One). There is an absence
of twinning, and the cordierite is characterised by its
highly poikiloblastic nature (Plate 14 ) and occasional
rim of yellow alteration products (pinite). Inclusions
in the cordierite are predominantly quartz, biotite and
opaque minerals in the inner zones (cordierite~-almandine
and cordierite-K-feldspar) and quartz, graphite, muscovite,
biotite, chlorite and opaque minerals in the cordierite
zone. Inclusions in cordierite of higher grade are
usually well rounded (Plate 10 ) whereas inclusions in
cordierite of lower grade usually retain their original
shapes.

The composition of the cordierite varies slightly in the
different zones, composition depending not on metamorphic
grade, but on the whole rock MgO/MgO+Fe0O ratio. For

convenience, cordierite analyses were recalculated to



- 44 _

100% dry (Table 11 ). Before recalculation the totals
of the cordierites were consistently lower than 100%,
ranging from approximately 96.5% in the outer cordierite
zone, 97.3% in the cordierite—-almandine zone and 99.2%
in the inner cordierite-K~-feldspar zone. Since the sum
of cations per 18 oxygens is sufficiently close to the
theoretical value 11(11.05-11.18), the deficiency in

the analyses' totals suggests an amount of approximately
0.8-3.5% Hzo.

The structural location of this HZO still remifns a
problem. Iiyama (1960) suggested that (H4O4) replaces
(Si04)4_ in tetrahedra, however, it is more likely,
zeolite like molecular water, loosely bound in the

large channels parallel to the z axis (Newton, 1972;
Schreyer and Yoder, 1964). It has been suggested
(Weisbrod, 1973; Schreyer and Yoder, 1964) that Mg

and Fe cordierites contain the same amount of water,

at least at 750°C and between 0-3Kb. Newton (1972)

20 (1.7~
2.0 moles) than Mg cordierite (0.6 moles) at 700°C

states that Fe cordierite will contain more H

and 3.3Kb. It is suggested, that at the lower temp-
erature and pressure conditions of the Walcha Road
area more molecular HZO can be accommodated, along
with other molecular impurities (K and Na) which more
2O in the
cordierite structure. At Walcha Road, the amounts

than likely fill similar sites as the H

of H20, Na and K held in the cordierite structure,
decrease with increasing grade.

In the view of the writer the suggested 3.5% H,O content

of the cordierite from the outer cordierite zoie is
approximately correct. It should be mentioned that
some cordierites from rocks of the Harts Range area,
South Australia, also contain in the vicinity of 3.,5%

HZO (S. Dobos, pers. comm.).



TABLE 11

SiO2

A1203

FeO*.
MnO
MgO
K, 0

2

'Nazo

Cao

Total+
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CORDIERITE ANALYSES

1
48.95
33.31
9.51
0.19
7.60
0.37
0.07

100.00

2

48.41
33.13
10.05
0.28
7.60
0.05
0.48

100.00

Number of Ions on the Basis

si
Al
Al
Fe3+
Mg
Fe
Ca

Na

©1.0124 |

4.9876 ]

2.9876 ]

= —
1.1540
0.8104
0.0076

0.0729

0.0162 _

Mg/Mg + Fe 58.7

6.0000

2.9876

2.0611

4.9550
1.0450
2.9513
1.1586
0.8602
0.0071
0.0981
0.0240

57.4

of 18(0)

6.0000

2,9513

2.1480

3

49.12
32.69
9.73
0.25
7.61
0.10
0.45

100.¢

5.0160
0.9840
2.9507
1.1575
0.8358
0.0136
'0.0883
0.0216

6.0000

2.9507

J 1

2.1163

58.1

1. MU4435, cordierite from cbrdierite—almandine zone,

approximately 250 metres from the contact.

2. MU4435, as for (1)

3. MU4435, as for (1) and (2)

+ All analyses recalculated to 100% dry

*

Analysis 1:

Total iron as FeO

R.H. 'Flood

Analyses 2-6: S. Dobos
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Cordierite Analyses (cont.)

4 5 6
sio, 48.07 48,03 48.33
Al,04 " 33.05 32.64 33.55
FeO . 11.81 ' 10.58 A 3.87
MnO 0.23 0.27 0.36
Mgo 6.30 ‘ 7.19 7.14
K,0 0.08 : 0.86 -
Na,0 0.46 0.43 0.75
CaO0 - ' - ) -
Total 100.00 100.00 100.00

Number of Ions on the Basis of 18(0)
si ,4.9574']'6.0000 4.9497 ¢ 1000 4.9456 | 1000
Al 1.0426 1.0503 1.0544 J
N N

AL 2.9744 }2'9744 2.91347], 9134 2.9921 ), 9951
Fe - - d - .
Mg 0.5695 | 1.1045 ] 1.,6384 )
Fe2t 1.0181 0.9120 0.8448
Ca - b 1113 12,2685 12,1132
K 0.0110 0.0565 -
Na 0.0923 0.1709 | . ' 0.1488
Mn 0.0204 2.0246 ' 0.0312 _
Mg/Mg + Fe 48.8 54.8 56.3

4. MU4383, cordierite from cordier .te-K-feldspar zone,
approximately 2 metres from contact.

5. MU4466, cordierite from cordierite zone, approximately
740 metres from contact.

6. MU4466, as for (5).
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Plate 9: MU4383, Cyclic twinning of cordierite in
the cordierite-K-feldspar zone
X 520 (crossed Nicols)

Plate 10: MU4382, twin lamellae iIn cordierite. Note
the rounded nature of Inclusions and the
chloritic alteration products,

X 520 (crossed Nicols)
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Plate 11: MU4409, Biotite-cordierite schist from the
outer cordierite zone
x 25 (crossed nicols)
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Retrogression of Cordierite

The most common alteration product of cordierite
iIs pinite which has been shown to be a fine
aggregate of chlorite and muscovite (Michel-Levy,
1960). The pinite alteration can commence at
cordierite grain boundaries (Plate 12) growing
into and replacing the cordierite. This pinit-
isation of cordierite is a low temperature
alteration phenomenon, although i1t has been
suggested (Loomis, 1972) that similar alteration
occurs due to the final release of water during
the cordierite-K-feldspar forming reaction.

Plate 12; MuU4353, Pinitisation of cordierite adjacent
to a minor fracture,
X 260

A second type of cordierite alteration is due to
ingress of potassium by hydrothermal solutions from
the intrusion. It must be noted that this type of



Plate 13: MuU4383, Chlorite replacing cordierite.
Note its apparent nucleation at cordierite
grain boundaries,

X 520 (crossed nicols)

alteration is not widespread, and appears to be
restricted to within 200-250 metres of the contact.
It 1s suggested that alteration proceeds as
potassium bearing solutions move outwards from

the i1ntrusion along microscopic fractures, the
alteration occurring adjacent to these fractures.
Analyses of these altered rocks show a dramatic
increase in 170 and B, and noticeable increases

in Rb, Sr and Pb.

An earlier introduction of Si and B is represented
by quartz tourmaline veins and pegmatites which
have been contorted and buckled subsequent to their
injection iInto the thermal metamorphic schists.
This buckling of the veins and pegmatites is most
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probably due to the further intrusion of the
adamellite. It i1s thought that this earlier
introduction of material had no effect on the
cordierite.

Plate 14: MU4437, Replacement of cordierite by
muscovite
X 104 (crossed nicols)

(© Almandine Garnet

Almandine forms xenoblastic to subidioblastic grains,

and occurs up to 250 metres from the contact in graphitic
schists. It generally nucleates iIn close proximity to
the Fe rich cordierite that is present, and often i1t 1is
found replacing this cordierite. Analyses of almandine
garnet from sample MU4435 can be found in Table 17.

A more detailed description of almandine and the cord-
ierite-almandine zone is presented iIn the following
chapter.



Plate 15: MU4471, Garnet from the cordierite-K-feldspar
zone.
X 104
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(@ Quartz

Relict grains of sub-rounded quartz (av. 0.30mm) derived
from a volcanic source (Folk, 1968) exhibit straight
extinction in the outer zones, except where local
shearing has strained the quartz, inducing an undulose
extinction (MU4491). 1In the Inner zones, extinction
becomes undulose as the contact is approached, and many
grains are recrystallised to form strain free aggregates.
Metamorphic quartz forms a finely granular mosaic and

is commonly oriented along the schistosity. In the
cordierite, cordierite-almandine and cordierite-K-
feldspar zones the quartz generally carries inclusions
of biotite and minor apatite and ilmenite. The biotite
is circular iIn basal sections but longitudinal crystals
develop (001) with rounded ends (Vernon, 1968) .

Plate 16: MuU4471, Inclusions of biotite and minor
apatite (? in quartz,
X 520 (crossed nicols)



(e) Chlorite

Chlorite occurs in thé study area as a primary and as

a retrogressive phase. The latter phase occurs as an
alteration product of primarily cordierite and biotite,
The secondary chlorite, when replacing biotite occurs

as ragged, green pleochroic grains with anomalous blue
bi-refringence. When replacing cordierite the chlorite
is only slightly pleochroic and usually does not exhibit

anomalous bi-refringence.

Primary chlorite of the corundophilite-thuringite
association is stable in the cordierite and outer
zones, and also appears to be stable in the cordierite-
almandine zone. The stability of chlorite at higher
grades is dependent on the presence of graphite, for
primary chlorite is not present in the coarser grained
graphite free schists of the cordierite and cordierite-
almandine zones.

The primary chlorite occurs as very small pale green
flakes in the groundmass of the schists., There is a
definite tendency to lower chlorite modal percentages
at higher grades (Table 19), but from the limited data
available it appears that there is little compositional
dependence on grade. As with biotite and cordierite,
the composition of the chlorite depends on the whole
rock chemistry and the associated mineral phases.

Table 12 gives the analyses of two chlorites from the

aureole region.

(f) Phengite

Phengite (Table 13) occurs as very small, pale green
grains in the groundmass of the fine grained graphite
bearing schists. Table 20 shows that phengite co-



TABLE 12

CHEMICAL ANALYSES OF CHLORITES

- -Al 2
sio, 29.20 23.39
Al,0, 21.30 ' 23.28
FeO* 23.58 : 26.88
MnO 0.16 - _ 0.12
Mgo 11.67 12.34
cao 0.13 -
Na,0 0.25 0.30
K,0 0.10 . 0,07

Total 86.39 ) 86.38

5i
Al
Al

Fe2+

Mg
Ca
Na

LI
Anal

Numbers of Ions on the Basis of 28(0)

6-1125_3 0000 5.0654]_g 9000
1.8871] 2.9346

3.3684 3.0086]

4.1266] . 4.8704

0.0293] - 0.0231
©3.6403111.3244 3.9867112.0360
0.0290 ~ - ,
0.1037 0.1274

0.0271 0.0198]

otal iron as FeO
yst: S. Dobos

Corundophilite-Thuringite frowr sample MU4466, located
approximately 740 metres from the contact.

Corundophilite-Thuringite from sample MU4435, located
approximately 250 metres from the contact.



56

exists stably with chlorite well into the cordierite
zone, however, it must be remembered that in the Walcha
Road area, the pair phengite-chlorite are only stable
together (or only occur together) in the fine grained
graphitic schists. In the coarser grained graphite
free schists and the coarser grained graphite poor

schists, phengite does not occur with chlorite.

Detrital K-feldspar is associated with chlorite (e.gq.
MU4397) in the phengite-free, coarser grained schists,
but is not observed in the fine grained phengite bearing
graphitic schists. The implications of this, with
reference to the genesis of biotite are discussed in

Part Two.

(g) Muscovite

Three muscovite types showing different textural relations

occur in the Walcha Road area; these are:

(1) Secondary muscovite which replaced cordierite and

K-feldspar (Plate 17) in the cordierite-K-feldspar
zone, in the post magmatic retrogressive stage when
a transfer of material from the intrusive body,
resulted in the muscovitisation of the earlier
formed hornfelses and schists. An analysis of this
type of muscovite is shown in Table 13 (MU4383).
Muscovite also replaces andalusite in the andalusite

zZone.

(ii) Fabric forming muscovite occurs as very small flakes

in the groundmass of the meta-pelites in the biotite,
andalusite and cordierite zones. It takes on the

same preferred orientation as the biotite and chlorite.



TABLE 13

CHEMICAL ANALYSES OF WHITE MICAS

1 2

sio, 45.36 56.81
Tio, - 0.28
Al,0, } 36.40 126.16
FeO* 1.04 1.37
MgO 0.53 1.12
Cca0 - 0.16
Na,0 0.63 ' 0.70
K,0 10.03 6.90
Total 93.99 93,50

Number of Ions on the Basis of 22(0)
Si 6.0942]_¢ 4000 7.4248)_g 1000
Al 1.9058, 0.5752]
al 3.8587) 3.4536
™, - |-4.0825 0.02731 3 8475
Fe 0.1175 0.1492
Mg 0.1063 0.2174]
Ca - 7 0.0220]
Na 0.1630(—1,8815 0.1773(-1.3494
K 1.7185| 1.1501]

* Total iron as FeO
Analyst: S. Dobos

1. Muscovite from sample MU4383, located approximately
2 metres from the contact.

2. Phengitic muscovite from sample MU4466, located
approximately 740 metres from the contact.



Plate 17: MU4471, Muscovite nucleating in biotite and
replacing K-feldspar (stained)
X 520

(i11) Post tectonic, porphyroblastic muscovite (Plate 18)
iIs found only in the andalusite zone, and 1is
distinct from muscovite that replaces andalusite
in that it is poikiloblastic and contains inclusions
and '‘trails" of biotite and graphite. Muscovite
that replaces andalusite is free of inclusions
and usually retains the shape of the original
andalusite.

The modal percent of muscovite iIncreases rapidly as the
andalusite zone is entered, and decreases rapidly as the
cordierite zone iIs entered. Table 19 showing modal
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analyses of the schists from the different zones verifies
this. No muscovite was observed iIn the rocks of the
regional greenschist facies, the only white mica present
in these rocks being phengite.

Plate 18: MU4492, Porphyroblastic muscovite from the
andalusite zone,
X 415 (crossed nicols)

() Plagioclase

Plagioclase in the pelitic schists occurs as part of

the groundmass or as rare relict plagioclase grains.

The relict grains are recognised by their larger size,
usual sub-rounded nature and strongly altered appearance.
The groundmass plagioclase decreases modally and becomes
more calcic as the contact iIs approached.



TABLE 14

8102
A1203
FeO¥*
MgO
CaO
Na,O

K,0

Total
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PLAGIOCLASE FELDSPAR ANALYSES

1

60.29
25.04
0.15
0.39
6.49
7.51
0.13

100.00

Number of Ions

Si
Al
Fe2+
Mg
Na
Ca

10.7257
5.2497
0.0220
0.1040
2.5905
1.2380

"0.0291

MOL % AL - 67.15

* FeQ =

2, Analyst:

AN - 32.09
OR -

0.76

total iron
1. Analyst:

63.53
22,93

0.50
3.09
9.24
0.44

99.73

on the Basis of 32(0)

11.2386
4.7801
0.1323
3.1690
0.5859
0.0993

MOL ¥ AL - 83.3
AN ~ 14.4
OR -~ 2.3

R.H. Flood

S. Dobos

1. Mu4435, 250 metres from contact.

2. Mu4466,

740 metres from contact,
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Outer cordierite zone * An,,
Inner cordierite zone + An23
Cordierite-almandine zone * An32
Cordierite-K-feldspar zone + An35

* Probe result shown in Table
+ Plagioclase An determined optically.

(i) K-Feldspar

K-feldspar occurs as detrital grains found in the
regionally metamorphosed rocks and biotite zone rocks,
as a stable mineral phase in the cordierite-K-feldspar
zone and as rare myrmekitic intergrowths associated
with plagioclase and found in rocks at distances of

no greater than ten metres from the contact. It is
readily recognised after staining with sodium cobalt-

initrite.

In the cordierite-K-feldspar zone it forms xenoblastic
grains, which sometimes carry inclusions of quartz.
The K-feldspar has formed from the breakdown of biotite

at the cordierite-K-feldspar isograd.

(j) Andalusite

Andalusite occurs as idioblastic grains (av. 0.6mm),
being found only in rocks of the andalusite zone.

Closer to the contact, andalusite reacts with biotite

to form cordierite (Part Two). The andalusite usually
contains fine graphitic inclusions towards the centre

of the porphyroblast, the outer sections being free from
inclusions. The andalusite in thin section is easily
distinguished from cordierite by its idioblastic shape
and high relief.
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(k) Graphite

Graphite occurs throughout the aureole region as dispersed
opaque matter throughout the lower grade schists, and as
euhedral grains in the higher grade schists. As a con-
sequence of the presence of graphite in these schists,

the Co2 partial pressure makes up a considerable portion
of the total pressure (Muller and Schneider, 1971). The
buffering capacity of graphite with increasing metamorphic
grade thus stabilises minerals whose existence depends

on a low oxygen fugacity (almandine).

(1) Sulphides

Pyrrhotite is ubiquitous in the graphite bearing schists
of the aureole region. It occurs (with minor pyrite) in
the biotite and andalusite zones as sub-globular poikilo-
blastic grains (av. 0.04mm) which show marked anisotropism.
Closer to the contact the pyrrhotite occurs as inclusion
free, globular grains, that, in most cases have chalco-
pyrite exsolved from them. The non graphite bearing
schists contain rare pyrite, no pyrrhotite being observed.

(m) Oxides:*

Ilmenite occurs as a minor accessory throughout the
entire aureole, and is associated with iron sulphides

in the graphite bearing schists, and with rare magnetite
in the non graphite bearing schists. The absence of
magnetite in the graphite bearing schists of the aureole
has been attributed to a low oxygen activity in these

rocks, due to the buffering effect on the graphite.



TABLE 15

CHEMICAL ANALYSIS OF AN ILMENITE
FROM OUTER CORDIERITE ZONE (MU4466)

SiO2 1.11
TiO2 53.04
A1203 0.69
FeO* 43 .24
MnO 1.82 -
K20 | 0.10
Total 100.00

Number of Ions on the Basis of 6(0)

Al 0.0408
Ti 1.9778
re2* 1.7928
Mn 0.0766|—1.8754
K 0.0060

* Total iron as FeO
Analyst: . S. Dobos.
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(n) Accessories

Detrital zircon and tourmaline are ubiquitous. It is
noted that tourmaline in the outer 2zones is a blue
colour, while tourmaline close to the contact ( 400
metres) is an olive green in colour. A marked increase
in the modal percent of tourmaline is also noted as the
contact is appracched, and some rocks of the cordierite-
K-feldspar zone contain up to 2% by volume of tourmaline.
This increase in tourmaline is interpreted as being due
to the infiltration of B (and K) bearing fluids into

the rocks immediately adjacent to the contact. Further
evidence suggesting this introduction of material can

be seen both macroscopically (quartz-tourmaline pegmatites)
and microscopically (potassium alteration of cordierite

to muscovite with associated increases in tourmaline).

The dominant opaque assemblage (in the graphite bearing
schists) is graphite-pyrrhotite-ilmenite, and some
detrital rutile is present at low grades. Table 15
presents an analyses of an ilmenite from the outer
cordierite zone.
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7. METAMORPHIC ZONES

Assemblage descriptioﬁs used in this chapter will be

understood to include quartz and plagioclase.

(a) Cordierite-K-Feldspar Zone

(i) Assemblages

Biotite—cor@ierite-K—feldspar (MU4358)
Biotite-cordierite~-K~feldspar-almandine (MU4472)
Cordierite~biotite~-minor K-feldspar (MU4383)
Cummingtonite~brown/green hornblende (MU4384)

Diopside-brown/green hornblende-scapolite-K~feldspar
(MU4455)

Tan hornblende * (Flood, 1971)
* The writer has observed tan hornblende in basic
hornfelses adjacent to the western contact of

the Walcha Road Adamellite,

(ii) Description

The development of metamorphic K-feldspar within the
Walcha Road aureole is restricted to within 100
metres of the contact (t+ 10 metres). In hand
specimen, the rocks from this zone take on a
"gneissic" appearance and are much lighter in

colour than rocks from the outer zones, In thin
section there is a noticeable decrease in modal
percent biotite (Table 19; Plates 29, 30 and 31)

and a rough segregation of minerals into bands.

This segregation of minerals has been interpreted
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as being due to metamorphic differentiation. The
banded appearance of rocks from this zone (Plate 19)
coupled with their lighter colour (lower mafic
index) make field i1dentification rather straight-
forward, especially within 50-60 metres of the
contact.

Plate 19: Banded appearance of hornfels from inner
cordierite-K-feldspar zone, Macdonald River
area.



- 68 -

Minerals present exhibit a preferred orientation,
this fabric is interpreted as the result of the
intruding adamellite. Porphyroblasts of K-
feldspar, cordierite and quartz are xenoblastic
but associated plagioclase (An32—An36) is usually
sub~idioblastic. Cordierite, K-feldspar and
quartz porphyroblasts are poikiloblastic (Plates
9, 10 and 16), the included material usually
being rounded or sub-rounded (see previous
chapter). There is a noticeable decrease in the
number of inclusions in porphyroblasts of the
cordierite~-K-~feldspar zone, and also a marked
difference in the habit of this included material,

compared to the outer zones (see Plates 1l and 25},

The cordierite-K-feldspar zone is also character-
ised by an abundance of guartz-tourmaline pegmatites
and veins, which have been contorted and buckled
subsequent to their introduction into the contact
metamorphosed pelitic rocks. The buckling of these
veins and pegmatites is die to further intrusion

by the adamellite. An increase of tourmaline as
disseminated grains throughout the rocks of this

zone is also apparent.

K-feldspar is the last mineral to develop in the
Walcha Road aureole (Table 16), no sillimanite

being observed. The significance of the cordierite-
K-feldspar zone is discussed in the following

chapter.
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TABLE 16

New Minerals Time Space ..

Biotite Earliest Outer aureole
Muscovite

Andalusite

Cordierite

Almandine

K-feldspar - Latest Inner aureole

(Late stage, post magmatic muscovite replaces cordierite

and K-feldspar in some areas.)

Mineral Development in the Walcha Road Aureole



(b) The Cordierite~Almandine Zone

(1)

(1i)

Assemblages

Biotite~-cordierite-almandine-graphite
Biotite~cordierite

Biotite~green hornblende

Green hornblende~diopside

Green hornblende

Description of Pelitic Assemblages

The cordierite-almandine isograd has been accurately
located at approximately 250 metres (*20m) from the
contact. In hand specimen, the almandine bearing
rocks have a purplish colour and appear to be a true
hornfels, with no directed fabric. 1In thin section,
the metamorphic foliation is quite obvious (Plate
being produced by the red-brown biotite. Only in thin

section can the cordierite and garnet be observed.

The slightly zoned garnet (Table 17) attains an average
size of approximately 0.18mm and is less poikiloblastic
than the associated cordierite (average size 0.32mm).
Inclusions within the garnet consist of biotite, quartz
and pyrrhotite, the latter being a minor phase. The
associated iron rich cordierite (high 2V, optically
negative) is highly poikiloblastic, included material

being mainly quartz and pyrrhotite with minor biotite.

The formation of cordierite occurred post the S1
cleavage, but pre the flattening, which was induced
by the intruding granite. This is borne out in
thin section by the biotite folia wrapping the
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TABLE 17
GARNET ANALYSES
1 2 3 4
sio, 36.18 ©36.25 35.99 35.97
TiO2 0.17 0.12 0.12 -
A1203 20.91 20.85 20.75 20.98
FeO* 35.03 35.24 35.43 35.56
MnO 3.40 3.40 3.66 3.60
Mgo 3.06 3.04 2,72 2.75
Cao .25 1.10 1.22 1.13
Cr203 - - 0.11 -
Total 100.00 100.00 100.00 99.99
Nurlher of Ions on the Rasis of 24(0)
; 1 g
Si 5.8658_6.0002 5.8810 6.0000 5.8598 .0000 5'8546L6.0000
Al 0.1344 0.1190 0.1402 G.146C|
Al 3.8598] 3.8680| 3.8400] 3.8778]
7o, 0020813 goe 0-01503.8530 0-0152%13.810¢ T [3.8778
Fe~ - - - -
cr -] - ] 0.0144f -
Mg 0.7410] 0.7340] 0.6612] 0.6666]
2+
Fe 4'7498~6.l736 4.7798r_6.1725 -4.8230_6.2024 4'8396-6.2012
LN 0.4870 0.4676 0.5050 0.4968
Ca  0.2158 0.1914 0.2132)] 0.1982
Fa/Mg + Fe  13.5 13.3 12.1. 12.1
Almandine 76.94 77.43 77.76 78.04
Grossular 3.50 3.10 3.44 3.20
Pyrope 12.00 11.89 10.66 10.75
Spessartine 7.56 7.58 2,14 8.01
1. mu443s, probe'analysis+ of centre cf gurnet.
2. MU4435, prcbe analysis+ of centre of garnet.
3. MU4435, probe analysis+ of rim of garnet.
4. MU4435, probe analysis+ of opposite rim of garnet.
+ All analyses recalculated to 100% dry
* Total iron as FeQ
*+ Analyst: R.H. Flood

Analyses 1-4 from

one garnet
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Garnet Analyses (cont.)

5 . 6

si0, 36.00 36.53

TiO0, ... o0.18 -

A1,04 20.85 20.97

Fe0 35.19 : : 35.07

Mno 3.36 , 3.64

Mgo 3.17 . 2.63

Cao ' 1.25 1.16

Cr203 ' - . -

Total 100.00 100.00

Number of Ions on the Casis of 24(0)

si 5.8498]_¢ 0000 5.923%)_¢ 0000
. Al | - 0.1502] 0.0764

Al 3.8428] 3.9324]

Ti3+ 0.0218 _3.8646 4 - _3.9324

Fe - ’ -

Cx ‘ - p— . - -

Mg ' 0.7682] 0.6350]

re?t 4.7818] ¢ 50, 4.7570| ¢ 9104

Mn : 0.4622 0.5006

Ca 0.2182| ‘ 0.0872]

Mg/Mg + Fe 13.8 11.8

Almandine 76.75 ) 79.55

Grossular 3.50 - 1.46

Pyrope 12.33 10.62

Spessartine 7.42 : 8.37

5. MU4435, probe analysis of centre of garnet.

6. MU4435, probe analysis of rim of same garnet.



cordierite porphyroblasts. Textural evidence
indicates the post cordierite (post-tectonic)
nature of the garnet which grows across pre-
existing micro-structures and mineral phases.

The tendency fTor the almandine garnet to nucleate
close to the iron rich cordierite, can be explained
by the fact that almandine garnet will enter the
system in a sliding reaction involving the break-
down of iron cordierite (Hensen and Green, 1970).
The biotite and cordierite associated with the
almandine garnet schists are slightly more Mg rich
than biotite-cordierite pairs from other zones
(Figure s ) which are not associated with almandine
garnet. This is due to the removal of iron from
the system during the formation of the almandine

garnet.

Plate 20: Biotite-Cordierite-Almandine Schist
x1-04



Plate 21: MU4435, Almandine garnet nucleating 1in
Fe rich cordierite
X 104



+ Muscovite
+ Quartz

A

Biotite

A - Cordierite-K-Feldspar zone
B - Cordierite zone _
C - Cordierite-Almandine zone

Figure 8: Mineral Compositions from Cordierite,
Cordierite~Almandine and Cordierite-K-
Feldspar Zones Plotted on a Thompson
Projection

The role of almandine in low pressure metamorphism, once
considered an anomaly, 1is now well documented (Chinner,
1960, 1962; Okrusch, 1971; Muller and Schneider, 1971;
Seki, 1957; Stewart, 1942), Chinner explained the
relative rarity of almandine in the contact metamorphic
environment as a reflection of the overall tendency
towards the relatively rare occurrence amongst the

original pelitic sediments of rocks of appropriate
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composition. He (Chinner) also states that cordierite
and biotite associated with almandine garnet have higher
FeO/MgO ratios than cordierite and biotite existing
together without garnet. However, this is not the case
in the Walcha Road area. Table 18 demonstrates that the
cordierite and biotite associated with almandine have
lower FeO/MgO ratios than cordierite-biotite pairs which
are not associated with almandine. Rock composition is
therefore not a critical factor in the formation of

almandine, at least in the Walcha Road area.

Table 18
Garnet Cordierites Biotites

A A B C A B C
SiO2 36.15 48.41 48.03 48.07 35.26 35.65 34.05
A1203 20.89 33.13 32.64 33.05 18.67 19.97 20.72
TiO2 0.09 - - - 2.72 1.48 2.98
FeO* 35.25 10.05 10.58 11.81 21.92 21.50 21.91
MnO 3.51 0.28 0.27 0.23 - - -
MgO 2.90 7.60 7.19 6.30 8.60 7.83 5.92
Cao 1.17 - - - - 0.09 -
Na20 - 0.48 0.43 0.46 - 0.17 0.28
K20 - - 0.05 0.86 0.08 8.30 8.22 8.58
Cr203 0.01 - - ' - 0.23 - -
Total 99,97 100,00 100.00 100.00 95.70 94.91 94.44
Fe0O/MgO 6.83 0.74 0.83 1.05 1.43 1.47 2.08
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* Total Iron as FeO

Garnet (A) is the average of six analyses from MU4435

A = MU4435, biotite-cordierite~almandine schist
B = MU4466, biotite-cordierite schist
C = MU4383, cordierite-biotite-K-feldspar schist

Many workers (Tilley, 1926; Miyashiro and Shido, 1973;
Muller and Schneider, 1971) place an emphasis on the

MnO content of the garnet and also the MnO content of
garnets found at. lower grades. It is suggested by some
workers (Miyashiro and Shido, 1973) that garnets of the
regional metamorphic episode, being essentially Mn rich,
act as nucleation sites for the formation of the almandine
in the aureole. Tilley (1926) has even suggested that
only garnet, essentially enriched in the spessartine
molecule, may be stable in the metapelitic horhfels.

The common occurrence of spessartine rich garnet in the
thermal aureoles of other regions is explained as a
result of the wider stability field of spessartine
relative to almandine (Hsu, 1968) and also that original

compositions of the metamorphosed rocks were possibly
more Mn rich.

At Walcha Road there are no garnets in any zone other than
the cordierite-almandine zone. The almandine bearing rocks
are relatively Mn poor (0.11%),'however, most of this Mn

is present in the garnet.

Garnet Biotite Cordierite Chlorite

Wt% MnoO 3.51 <0.02 0.19 0.12
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Compared to the host rock, Mn in the garnet is enriched
by a factor of 32, For iron the factor is only 6.

Manganese enrichment of this order from the rocks of the
Stavanger region, Norway, suggested to Muller and Schneider
(1971) that garnet crystallisation may start at points of
local Mn concentrations in the sediments. Stewart (1942)
when discussing rocks from the Sparcraigs area, north of
Aberdeen in Scotland, noted that whole rock Mn contents
were very low and that the almandine garnet associated
with these rocks also had relatively low Mn contents.
Stewart considered that other factors had played an
important part in promoting the formation of almandine
garnet in this particular area. It is suggested that

the rather high Mn enrichment factor in the garnet at
Walcha Road is only due to the fact that there has been
strong partioning of Mn into the garnet during its
formation. The garnet at Walcha Road is slightly zoned,
and becomes more Mn and Fe rich toward the rim, There

is also a depletion in the Mg component toward the rim,

Recent publications (Okrusch, 1971; Muller and Schneider,
1971; Hsu, 1968) have stressed the importance of oxygen
fugacity (fOz)'in the formation of almandine garnet.
Theoretical considerations (French, 1966) reveal the
influence of graphite on the partial pressure of oxygen
as related to the important parameters of metamorphism.
Therefore, the buffering capacity of graphite stabilises
minerals whose existence depends on low fOz. Almandine

is one of these minerals (Hsu, 1968).
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(iii) The Formation of Almandine Garnet at Walcha Road

Only graphitic rocks that occur less than approximately
250 metres from the contact contain almandine. A
typical example of rocks from this zone can be found
approximately lkm south of the Oxley Highway in
Surveyors Creek. Here, intercalated graphitic and

non graphitic rocks with similar FeO/Mg0 ratios con-
‘tain the assemblages, biotite-cordierite-almandine-
graphite and biotite-cordierite, respectively. This

suggests a lowering of the PH.,O in the graphite bear-

ing rocks with a concomitant increase in PCoz, allow-~
ing almandine to form. It also implies marked differ-
ences in the oxygen fugacity (f02) over areas of a few
metres or less. Chinner (1960) states that graphite
has control on the activity of oxygen (Ao). When
applying Chinner's oxidation ratio, i.e.

Oxidation Ratio = Mol 2Fe203 x 100

2Fe203 + FeO
to the graphite bearing almandine schists, it is noted
that they have oxidation ratios (7.2-8.1) considerably
lower than the associated non graphitic schists (average
18). (These ratios are still much lower than discussed
by Chinner, 1960.)

The absence of magnetite and the presence of pyrrhotite
and chalcopyrite suggest a low foz, possibly lower than
that defined by the fayalite-magnetite + quartz buffer
(Hsu, 1968),

Another feature of these almandine bearing schists is
the presence of an Fe chlorite (Corundophilite-

Thuringite).



Providing this chlorite is not of secondary origin, then,
according to the f02—T diagram of Hsu (1968) (Figure 9)
this would place the almandine garnet just to the right
of curve A-D (Figure 9). However, the presence of
impurities (Mn, Ca, Mg) in the garnet, and the presence
of co-existing mineral phases would appreciably lower

the temperatures needed to form the almandine that occurs

at Walcha Road.
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Figure 9: £f0,-T Diagram for Almandine Bulk Composition
+ éxcess H,O at 2000 bars fluid pressure
(Hsu, 1968

A low foz, therefore, does play an important role in the

formation of almandine garnet in the Walcha Road area.

The fact that fO, is an important parameter in the form-

2
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ation of almandine has been recognised by many workers
(Hsu, 1968; Okrusch, 19271; Muller and Schneider, 1971).

The importance of a low fO2 combined with the right T and P
conditions is emphasised by an investigation of pyritic

and graphitic hornfels found adjacent to the Way-Way
Granite, Yarrahapinni, north of Kempsey, NSW. (A full
description of rock types and contact metamorphism is

given in Appendix 2.) The hornfels collected from
Yarrahapinni are dominantly cordierite-biotite-graphite

and higher grade cordierite-biotite-K-feldspar—-graphite
rocks. No garnet of any type is associated with these
hornfels. The lack of magnetite and abundance of pyrite

and/oxr pyrrhotite again suggests a low f02.

The contact metamorphism at Yarrahapinni approaches a
high level type situation, with the bulk of the hornfels
sitting on top of an underlying granitic body. That we
are looking at the top of an intrusion is further evinced
by the abundant hydrothermal alteration of stable mineral
phases, and the presence of minor molybdenite mineral-
isation, indicating a release of volatiles from the top

of the granitic body.

The garnet free assemblages on top of the intrusion may

simply be a reflection of a lower P during formation

total
of the hornfels. The presence of almandine at Walcha

Road suggests, therefore, a slightly higher Ptotal'
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(c) The Cordierite Zone

(i) Assemblages

Biotite-cordierite-graphite (minor phengite + chlorite)
(MU4466)

Biotite-cordierite (minor muscovite + chlorite) (MU4430)

Biotite (minor muscovite + chlorite (MU4362)

Blue/green hornblende-biotite (MU4398)

Diopside—-green hornblende (MU4487)

Epidote-diopside~calcite (MU4423)

(ii) Description :

The cordierite bearing graphitic schists are
characterised in hand specimen by their knotted
appearance and dark colour. The knots (porphyro-
blasts) usually stand out as dark patches on
weathered surfaces. The cordierite bearing non
graphitic schists cannot usually be identified

in hand specimen due to their more massive out-

crop pattern and lack of knots.

The cordierite isograd occurs at a distance of
approximately 0.8km from the contact in graphitic
free schists, and can reach a distance of approxi-
mately 1.2km in graphite bearing schists. The
occurrence of cordierite in graphitic schists at
1.2km from the contact can be given three explan-

ations.
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(a) Thermal conductivity: The graphitic schists
"absorbed" more heat from the intrusion and possibly
held this heat for longer periods than the surrounding

non graphitic schists.,

(b) An increase in PCoz, due to the presence of

graphite, would lower the PH,0. Reactions always

2
try to maintain the correct H20:Co2 ratio, so that
any departure from this ratio will cause the reaction
to proceed at a lower temperature to restore the

balance.

(c) The reducing effect of the low f02 in these
graphitic rocks means more FeQ is available for the

formation of cordierite.

The writer believes that explanations (b) and (c)
adequately solve the problem. It is noted that
overall FeO/Fe203

are higher than associated non graphitic schists

+ FeO ratios of graphitic schists
in the cordierite zone.

In the outer cordierite zone brown biotite is
developed in both the pelitic and the psammitic
layers of the graphitic and non graphitic schists.
Cordierite forms spongy poikiloblasts (Plate 25)

in these schists, and is easily identified in thin
section. The micaceous fo;ia wrap these cordierite
porphyroblasts and as the contact is approached
this wrapping effect increases in severity (Plate 22),
All minerals present have a preferred orientation,
this orientation being exemplified by the biotite
(Plate 23},



Plate 22: MU4368, Biotite folia wrapping cordierite
porphyroblast (inner cordierite zone)
X 104

Plate 23: MU4417, Preferred orientation of biotite
from inner cordierite zone
X 260

»
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Plate 24; MU4466, Cordierite from outer cordierite
zone

x65 (crossed nicols)

Plate 25: MU4449, Spongy nature of cordierite from the
outer cordierite zone
X 25
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(d) Andalusite Zone

(1)

(i.1)

Assemblages

Biotite-muscovite-chlorite-andalusite (MU4394)

Biotite-muscovite-chlorite-andalusite-cordierite
(MU4393)

Biotite-muscovite-chlorite (MU4392)
Blue/green hornblende-biotite (MU4534)

Description

The andalusite schists of the Walcha Road aureole
are distinguished from the cordierite schists by
their more "gritty" appearance in hand specimen.
The schists are usually a dark colour due to the
presence of carbonaceous matter. The andalusite
isograd is located approximately 1.8 kilometres
from the contact. 1In thin section the andalusite
schists are identified by the high modal percent
of muscovite that is present (6-12%). The andal-
usite forms idioblastic grains which are usually
found in the coarser, more psammitic layers of the
schist. 1In the pelitic layers there is often a
development of cordierite in "knots" (see Part
Two) and andalusite is seldom observed associated
with these knots. The formation and breakdown

of andalusite is discussed in Part Two.
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(e) The Biotite Zone

(i) Assemblages

Chlorite~-phengite-graphite (MU4500)
Chlorite-phengite-biotite-graphite (MU4465)
Chlorite-K-feldspar (detrital)'— biotite (MU4396)
Biotite-chlorite (MU4391)

Biotite-chlorite-muscovite (MU4536)
Biotite-chlorite-muscovite-K-feldspar (detrital) (MU4397)

Blue/green amphibole-chlorite-epidote~calcite-biotite
(MU4489)

(1i) Description

The meta-pelites of the biotite zone are distinguished
from meta-pelites of higher grade zones by their lack
of "knots". In thin section they are very fine
grained, with an Sy surface usually present in the
more graphitic rocks. The increase in metamorphic
grade generally produces a darker colour, but colour
variation is not a reliable indicator of grade. 1In
the outer biotite zone, small (0.02mm) green coloured
grains occur, but these quickly give way to brown
coloured biotites with increase in grade. 1In the
inner biotite zone it is not unusual to see ragged
porphyroblasts of biotite, these porphyroblasts

being parallel to the general schistosity. Relict
plagioclase and quartz grains can be found in the
coarser sediments. The quartz grains have, in most
cases, straight extinction under crossed nicols,
which suggests that it could have been originally
volcanic quartz (Folk, 1968).
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The sharp demarcation of the biotite isograd is
similar to the Ardara biotite isograd, Donegal,
Eire (Pitcher and Berger, 1972). It appears

that the thermal gradient fell slowly throughout
the distance of the aureole, and finally dropped
very rapidly. From theoretical considerations
(Jaeger, 1964) this would seem to imply that the
initial heating was of relatively short duration,
however, once set up, this sharp gradient was

apparently retained for long periods.
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8. DISCUSSION

The use of hornblende as an indicator of metamorphic
grade (Binns, 1965) can be useful in areas containing
predominantly basic hornfelses. In the Walcha Road
aureole it was observed that blue-green hornblende
occurred at distances of greater than 300 metres from
the contact, that green hornblende occurred roughly

in the area outlined by the cordierite-almandine zone
(Table 20) and brown-green and tan hornblende occurred
in the cordierite-K-feldspar zone. The significance
of this colour change has been explained in a previous
chapter. The boundary between different coloured
hornblendes is sometimes vague and it is the pelitic
schists that are the best indicators of grade in the
Walcha Road aureole. It is considered, therefore, that
appropriate experimental work would be more precise

when working with pelitic assemblages.

The clear mineral zonation in the thermal schists of

the Walcha Road aureole obviously reflects the temperature
gradient away from the intrusion. Certain mineralogical
and field observations allow an approximation of the
temperatures that existed over the three kilometre wide
Walcha Road aureole. The width of the aureole, the
simplicity of the metamorphic zones, and the structural
effects (Appendix One) that the intrusion has had on the
rocks adjacent to the contact suggest that the adamellite
was forcibly intruded as a single pulse of magma. The
assemblages observed suggest also that the adamellite
itself was intruded at a depth of 5~7 kilometres.
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In attempting to estimate the temperatures across the
aureole the results of Jaeger (1957) have been used.
Jaeger's (op. cit.) calculations are based on the
assumption that the heating of the country rock by an
intrusion is due entirely to conductivity, and that
heating by a transfer of volatile constituents is not
applicable. Winkler (1967) adequately summarised
Jaeger's (op. cit.) work, the summary concluding that
at the immediate contact the temperature of the country
rock is slightly greater than 60% of the intrusion
temperature + Tc (where Tc equals the temperature of
the country rock) and that at a distance equal to one-
tenth of the thickness of the intrusion the temperature
of the country rock is about 50% of the intrusion

temperature + Tc'

It is estimated that the total pressure that existed

in the aureole was 1.5-2.0Kb (Part 2). At this pressure
the water saturated solidus for granitic liguids occurs
between 700°C (2Kb) and 740°C (1Xb) (Brown and Fyfe){
To determine the temperature of the country rock one
should take into account the grade of metamorphism
observed in the regionally metamorphosed rocks that
have been intruded. Adjacent to the Walcha Road
adamellite this grade of metamorphism is greenschist,

© (PH,0 = 3Kb - 8Kb;
Turner and Verhoogen, 1960). If temperatures such as

suggesting temperatures of 300°-500

these are used for the Tc value, then calculated temp-
eratures across the aureole are too high, For example,
if Tc = 250°C, and intrusion temperature equalled 700°C,
then the temperature at 2km from the contact would be
600°C. It has been, therefore, assumed that the geo-
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thermal gradient had been lowered prior to the intrusion
of the adamellite, and at the 5-6km depth of intrusion
the Tc was 150°c.

Using an intrusion temperature of 700°C, a Tc of 150°C and
an intrusion thickness of 20km, the temperature at the
immediate contact of the Walcha Road adamellite would have
been 605°C and at a distance of 2km from the contact the
temperature would have been 500°C. By joining these two
temperature plots by a straight line (on a temperature-
distance curve) an estimate of the temperature across

the aureole is obtained.

600°C

400°c

j [} 1
1 2 3
Distance froﬁ contact in km

)

Figure 1Q: Deduced, maximum temperature thermal gradient
for the Walcha Road aureole.

The computed temperature-distance curve (Figure 10) can
then be used to calculate the temperature gradient across
the aureole.
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Incoming Mineral Temperature
Biotite 425°% + 10°%
Andalusite 495° + 10°%C
Cordierite (in graphitic o o

schists) 530°Cc + 10°C
Cordierite (in non graphitic o o

schists) 550°C £+ 10°C
Almandine 590°c + 10°C
K-feldspar 600°c + 10°C

In the Shalimar aureole, almandine garnet occurs within
one metre of the contact, cordierite within 150-~200
metres of the contact and the first appearance of biotite
in pelitic rocks is approximately 800 metres from the
contact, It is suggested that the cordierite-~K-feldspar
zone is not developed adjacent to this intrusion due to
its smaller size (approximately 2km in diameter), and
also due to the more passive emplacement of the tonalite
(which is a function of size) compared to the Walcha Road
adamellite.

It was found that a straight line estimate was a surprisingly
good fit for the maximum temperature thermal gradient for

the Walcha Road aureole, indicating that a static cooling
model with a concave temperature-~distance curve was not
applicable. In the Shalimar aureole, however, the reverse

is true, with the concave temperature-distance curve giving
the best results. This can be explained by the size of the
intrusions concerned. Wide aureoles in which the temperature
is held between 400°-500°C are to be expected near large
bodies of granitic material (Turner, 1968). In the case

of smaller intrusive bodies such as the Shalimar Tonalite,
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the rate of heat fall off is much more rapid away from the
body, and a concave temperature-distance curve would result

(see Turner, 1968, Figure 1.7 page 19; Figure 1.9 page 21).

These results when compared with those deduced for the
Walcha Road aureole are quite compatible. (The same
parameters were used as in the Walcha Road calculations,

except for intrusion thickness.)

Incoming Mineral Temperature
Biotite 410°c + 10°C
Cordierite 525°c + 10°%
Almandine 6000C + lOOC
600°C
-
o
400 C

1 H ' 4 .
0.2 0.4 0.6 0.8 1.0
Distance from contact in km. A

Figure 11: Deduced, maximum temperature thermal
gradient for the Shalimar aureole.



The indicated temperatures of the formation of the Walcha
Road and Shalimar metamorphic minerals are similar to

temperatures experimentally determined by other workers:

Mineral Temperature Total Source

Pressure
Biotite 420°C 1-2kb Compton (1960)
Biotite 300-400°C  2kb Turner (1968)
Andalusite 525°¢ 2kb(PH,0) Winkler (1957)
Andalusite ‘ 500°C 3kb Loomis (1972)
Cordierite 560°C 2kb(PH,0) Winkler (1957)
K-feldspar/cordierite 620°c+20°% 1.5kb Winkler (1967)

The structures created by the forcible emplacement of the
Walcha Road Adamellite are discussed in detail in Appendix
One. 1In brief, however, the regional structures "wrap"
around the pluton, and S surfaces were destroyed close

to the contact. Farther from the contact a "wrapping"

of porphyroblasts by the micas suggesté that flattening
must have occurred after the main period of growth. The
Ardara aureole, Donegal, Eire, is very similar to the
Walcha Road aureole. 1In the Ardara area regional structures
have been deformed in such a way as to concordantly wrap

17 82 and S3 structures
were squeezed together and reinforced by further flattening

around the Ardara pluton. The o0ld S

so as to nearly obliterate the early record of regional
polyphase metamorphism. In the contact rocks new porphyro-
blasts overprinted the aligned micas which formed the
reinforced schistosity, and as at Walcha Road, micas
external to larger porphyroblasts still sweep around them,
showing that a further flattening occurred after the main
period of growth.
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An important difference between the two plutons is the
mineralogy of the associated contact rocks. It has been
estimated by the writer (Part 2) that total pressure in
the Walcha Road aureole was 1.5~2.0Kb. The "high level”
Ardara Pluton according to Pitcher and Berger (1972) has
undergone pressures of approximately 1Kb, which would
appear incorrect when an initial study of the contact
minerals present is made. The Ardara aureole contains
the minerals sillimanite, kyanite and staurolite,
minerals which have not been observed in the Walcha

Road aureole. At the low pressures suggested by

Pitcher and Berger (op. cit.) and Turner (1968, p249)

it would be difficult to understand the reasons for the
formation of "higher pressure"” minerals in the Ardara
aureole.

Pitcher and Berger (op. cit.) believe that method of
emplacement has a lot to do with the formation of these
particular minerals observed in the Ardara aureole.
According to the experimental work of Hoschek (1969)
and Hirschberg and Winkler (1968) the P/T controls of
-the staurolite and cordierite reactions are much the
same. Pitcher and Berger (1972) however, state that
the formation of cordierite is "favoured" at lower
pressures. They put forward the convincing data that
in the Donegal area cordierite occurs throughout each
of the static aureoles in contrast to the moderately
deformed Ardara aureole, which only carries this mineral
in its innermost zone, and the strongly deformed rocks
of the main Donegal granite in which cordierite is
virtually absent; in every case, quite the reverse is
true of staurolite. Compton (1960) takes a different
view on the genesis of cordierite and staurolite
suggesting that reaction thresholds are overstepped.

He believes that cordierite grows where reaction rates
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are slow, staurolite when they have been accelerated. The
abéence of kyanite in the Walcha Road aureole is a function
of not only P/T conditions but also a function of bulk rock
chemistry (Naggar, Atherton and Pitcher, 1970) for in the
aureole no rocks of the required bulk rock chemistry exist.

Pitcher and Berger (op. cit.) have stressed the fact that
it is especially significant whether a magma was permissively
or forcibly emplaced. "During forceful intrusion, the
creation of overpressures and the effect of deformation
must influence not only the structural evolution of the
contact rocks but the metamorphic reactions taking place
within them. In permissive emplacement, on the other
hand, such influences are at a minimum, and the reactions
are largely controlled by temperature." (Pitcher and
Berger op. cit., p327). This explanation can be used to
explain the occurrence of the observed "high pressure"
minerals in the high level Ardara aureole. The same
explanation can also be used when trying to explain the
presence of almandine in the Walcha Road aureole, but

not in the Yarrahapinni aureole (Appendix Two). At
Yarrahapinni no evidence of forceful intrusion can be
observed and the formation of almandine has not occurred.
Therefore, the nature of emplacement mechanism does

influence the chemical controls of metamorphism.
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PART TWO

CORDIERITE FORMING REACTIONS

IN THE AUREOLE OF THE

WALCHA ROAD ADAMELLITE
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1. INTRODUCTION

The location of metamorphic zones containing different
mineral assemblages in rocks of a restricted chemical
composition allows a documentation of the metamorphic
reactions that led to the formation of particular
minerals in the zonal sequence. Mineral analyses from
three of the five metamorphic zones observed at Walcha
Road give an indication of the changes in mineral

chemistry as metamorphic grade is increased.

The isochemical nature of the contact metamorphism was
ascertained by a thorough geochemical investigation of

the pelitic schists at Walcha Road. The results of

this geochemical study have been recorded on the various
compositional diagrams shown (Figures 12, 13, 14, and

15) . The anomalous plots that can be observed approaching
the A1203 apex of the compositional diagrams are the result
of the samples in guestion having very low FeO/Fe203 + FeO
ratios. Samples MU4395, MU4462, MU4414 and MU4436, for
example, have Fe203 values higher than associated FeO

values, and all plot towards the Al apex of the com-~

0
273
positional diagrams. The increase in Fe203 indicates

that the rocks have undergone weathering.
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Carbonaceous

Non Carbonaceous

Figure 12: AFK compositional diagram for carbonaceous
and non carbonaceous meta-pelites.
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+Muscovite
+Quartz

Carbonaceous

+Muscovite
+Quartz

Non Carbonaceous

Figure 13: Carbonaceous and Non Carbonaceous meta-pelite
compositions plotted on the AFM projection plane,



Non-Carbonaceous

- MgO
+FeO A1203
sio
Carbonaceous
MgO
+FeO A1203
Figure 14; SiO, - (MgO+Fe0) - Al_0, diagram showing the

posgtions_of carbonacéous and non-carbonaceous
meta-pelites. :
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Carbonaceous

Non Carbonaceous

Figure 15:

ACF compositional diagrams for meta- pelltes
from Walcha Road .

-
L
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2. PREVIOUS WORK

The reaction muscovite + chlorite + quartz— cordierite +
biotite + HZO was recognised by Schreyer and Yoder (1961)

as one of the most important reactions producing cordierite
in pelitic rocks. The early works of Tilley (1924) .suggested
that cordierite formed from the breakdown of muscovite and
chlorite, and much documented evidence for a reaction of

this type has been produced (Schreyer and Yoder, op. cit.;
Seifert, 1969; Hess, 1969), Reactions involving the minerals
muscovite, chlorite and biotite to produce cordierite have
also been suggested (Winkler, 1967). It should be noted

that discrepancies do exist between experimental work and
field observations, and even the work of the experimentalists
does present conflicting views at times. For example, the
equilibrium muscovite + biotite + guartz —> cordierite +
K-feldspar + H20, according to Winkler, is located at higher
temperatures than that of muscovite + quartz —K-feldspar +
andalusite + HZO’ the position of which has been determined
from Evans (1965) data. This clearly cannot be so. The
reaction muscovite + chlorite + quartz ——> cordierite +
biotite + HZO has been observed at Walcha Road, and the
temperature and pressure at which this reaction proceeds

has been calculated as 530°C at 2Kb. This temperature and
pressure is extremely compatible with the experimental work
of Seifert (op. cit.) who found that the same reaction
proceeds at 525°C + 10°C at 2Kb.

The reaction chlorite + muscovite + quartz——> cordierite +
biotite + andalusite + H,0 occurs at 527° t 10°C at 2xb
(Hirschberg and Winkler, 1968). A reaction of this sort
does not occur at Walcha Road due to the instability of
andalusite in the cordierite zone. The reaction that
leads to the breakdown of andalusite as the cordierite

zone is entered is discussed in the following chapter,
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The breakdown of andalusite to form cordierite has been
recognised by certain workers (Joplin, 1942; Hess, 1969).
Hess (op. cit.) states:that at pressures of less than
2.7Kb one of the univariant reactions that can introduce
cordierite into pelitic rocks is chlorite + andalusite +
quartz ——sgarnet + cordierite +'H20. At Walcha Road
andalusite does breakdown to form cordierite, however,

no garnet is produced during the reaction, and it is
suggested that the reaction that occurs is similar to

that proposed by Joplin (op. cit.), namely,
biotite + andalusite — cordierite + muscovite.

Another cordierite forming reaction suggested by Hess is
staurolite + chlorite + quartz —> garnet + cordierite +
muscovite + HZO' This reaction is rather interesting in
that experimental work carried out (Hoschek, 1969;
Hirschberg and Winkler, op. cit.) suggests that the
pressure/temperature controls of the staurolite and
cordierite reactions are basically the same. Pitcher
and Berger (1972) believe that cordierite is favoured

at lower pressures. The presence of staurolite and
absence of cordierite in the outer zones of the Ronda
Ultramafic aureole (Loomis, 1972) and the absence of
staurolite and presence of cordierite in the inner
aureole led Loomis (op. cit.) to suggest a temperature
of 730°%C (3.5Kb) for the incoming of cordierite. The
writer feels that this temperature is too high for the
incoming of cordierite and believes that the relation-
ship between cordierite and staurolite is more complicated
than experimental work shows.
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The breakdown of biotite in the presence of muscovite
(and chlorite) to form cordierite and K-feldspar is an
observed reaction at Walcha Road. The reaction

6 muscovite + biotite + 15 quartz —»3 cordierite +

8 K-feldspar + H,0 has been proposed by Winkler (op.
cit.) and Okrusch (op. cit.).

Temperatures deduced for the incoming of cordierite by
experimental work appear to agree with the observed
reactions that occur at Walcha Road. Many more cordierite
forming, and breakdown reactions have been determined by
other workers (Vernon, 1972; Weisbrod, 1973; Seifert, 1974,
1970, 1973; Dahl, 1972), however, many of them cannot be
applied when discussing the formation and breakdown of
cordierite at the pressure/temperature conditions that

existed in the Walcha Road aureole.
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TABLE 19
MODAL ANALYSES OF META-PELITES
FROM THE WALCHA ROAD AREA

MU4383 MU4471 'MU4382 MU4359
Quartz 17.97 56.23 30.46 49.69
Cordierite 42.40 12.74 28.57 6.72
Biotite 17.12 14.53 16.56  7.11
Muscovite 4.65 - 12.63 -
Plagioclase 11.57 8.61 11.06 14.29
K-feldspar 2.06 7.89 - 20.21
Chlorite 3.38 trace - -
Andalusite - - - -
Graphite - - - -
Almandine - trace - , -
Opaques trace - 0.57 1.58
Tourmaline trace trace 0.15 trace
Zircon trace trace trace trace
Rutile - - - ’ -
Apatite trace trace - trace

CK CK CK CK
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MU4454 MU4394 ' MU4492 MU4361

Quartz 37.13 28.49 34.93 39.61
Cordierite 13.87 2,66 0.60 -
Biotite 18.64 24.03 20.97 18.82
Muscovite - 11.02 14.72 17.96
Plagioclase 23.50 20.02 18.40 11.26
K-feldspar 6.83 - - -
Chlorite - 3.90 4.39 4.49
Andalusite - 4.11 4.49 5.88
Graphite - 4.00 0.40 trace
Almandine - - - -
Tourmaline - trace -~ trace
Opaques trace 1.67 0.80 1.96
Zircon trace trace trace -
Rutile - - - -
Apatite trace - - -

CK A A A



Quartz
Cordierite
Biotite
Muscovite
Plagioclase
K-feldspar
Chlorite
Andalusite
Graphite
Almandine
Opaques
Tourmaline
Zircon
Apatite
Rutile

MU4418

28.57

18.66
43.59
3.78
4.27

1.13
trace
trace

trace

113 -

MU4413

25.68

21.43
41.59
3.01
5.35

trace

2.90
trace

trace

MU4397

30.18

-22.16

2.48
29.80
6.43
6.86

trace

1.73
trace

trace

trace

MU4435

33.41
11.38.
18.81
0.62
28.32
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MU4368
Quartz 34.37
Cordierite 6.37
Biotite 29.07
Muscovite trace
Plagioclase 23.40
K-feldspar -
Chlorite 3.77
Andalusite -
Graphite 2.72
Almandine -
Opagques trace
Tourmaline trace
Zircon -
Apatite trace

C

CK = Cordierite—K—feldspar zone
CA = Cordierite-almandine zone
C = Cordierite zone
A = Andalusite zone

B = Biotite 2zone

MU4417

37.81
6.60
27.81
4.50
19.39
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3. SUGGESTED REACTIONS

(a) Cordierite Forming Reactions in the Walcha Road
Thermal Aureole

The following reactions, observed or inferred, have
béen proposed after a careful study of chemical and
modal analyses coupled with petrographic and mineral-
ogical observations. Only a small number of modal
analyses have been determined because of the extremely
fine grain size of the rocks and the presence of
carbonaceous material in many samples, preventing
effective staining for such minerals as plagioclase

and K-feldspar.

It is in the transitional stage between the andalusite
and cordierite zones that all reactants and products

have been observed in thin section. The comparatively
high mcdal percent of muscovite in the andalusite zone
(Table 19) is due to the breakdown of K-feldspar and

it is this muscovite, combined with chlorite that first
forms cordierite in the Walcha Road aureole. As the
cordierite zone is entered there is an increase in modal
percent biotite and cordierite, and a subsequent decrease
in the amount of muscovite and chlorite (Table 19).

The proposed reaction is:

(i) |k,0.321,0,.6si0, 2H2<}~EFeo 4Mg0.3A1.0 65102.8H2(?l+3[‘3i02]

273 2°3°
Muscov1te Chlorite +3 Quartz
— 1203.Mgo.Feo.5510%20.3%0.2»@0 .2A1,0,. 58102.2H2(j+8%2
2 Cordierite + Biotite +8H..0

2

The development of cordierite according to the above
reaction leads to a zone of "knotted schists, these

knots forming due to the incipient local development
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of cordierite in the outer cordierite zone and inner
andalusite zone (Plate 26).

Plate 26: MU4408, incipient development of cordierite
in "knots™ of the inner andalusite zone
X 65

That the porphyroblasts (knots) represent cordierite
that has undergone retrogression is not correct, for
these knotted schists occur In a particular zone, this
zone being located slightly downgrade from the actual
cordierite isograd. If formed by retrogression of
cordierite they would be present throughout the aureole
and not In one particular zone. Cordierite that has been
partly or completely retrogressed in other areas of the
aureole 1is replaced by randomly oriented flakes of
muscovite and chlorite. In the andalusite zone the
orientation of the phyllosilicates i1s parallel to the
general schistosity prevailing In the rocks, suggesting
that the muscovite and chlorite are primary and are
reacting to form cordierite.
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At Walcha Road, andalusite does not occur in the higher
temperature zones. Analysed samples (MU4492, MU4393)

from the andalusite zone have similar chemical compositions
to rocks from other zones and are no more corundum norm-
ative than schists from the inner zones. The formation

of andalusite is brought'about by the reaction of chlorite
with K~feldspar, as discussed in detail in the section on
biotite formation. Andalusite, therefore, forms at lower
temperature conditions than cordierite. As temperature

is increased andalusite réacts with biotite to form

cordierite, the suggested reaction being:

(ii) E<20.3Mgo.3Feo.2A1203.65102.2H2§+7E1203.sioé]+8E102]

Biotite . +7 Andalusite+8 Quartz
3EA1203 .MgO.FeO. 58103+E20 . 32\.1203 . 68102 . ZHZ(ﬂ
3 Cordierite + Muscovite

This reaction accounts for the small drop in the modal
percent of biotite and is partly responsible for the
rise in modal percent muscovite in the inner andalusite

zZone.

Textural evidence for reaction (ii) was obtained from the
Yarrahapinni area, north of Kempsey, NSW (Appendix 2}.
Here graphitic hornfels of similar chemistry to the Walcha
Road thermal schists contain the assemblages

Cordierite~K-feldspar-biotite
Cordierite-biotite

Many of the cordierite porphyroblasts contain outlines

of what was originally andalusite. The almost perfect
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Plate 28:
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MU4508, Relict outline of andalusite marked
by carbonaceous material. The andalusite has
been entirely replaced by cordierite. Mote
the carbonaceous inclusions iIn the central

section of the pre-existing andalusite.
X 65

MU4394, Andalusite from Walcha Road. Compare
grain shape with the above "ghost" outline of

the original andalusite.
x 135
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preservation of the idioblastic form of the pre-existing
andalusite, complete with carbonaceous inclusions in the
central section of the porphyroblast is shown in Plate 27,
The pseudomorphing of the andalusite by cordierite takes
place as temperature is increased within the aureole,

the reaction at Yarrahapinni being similar to reaction
(ii) that takes place at Walcha Road.

The dévelopment of K-feldspar in the cordierite-K-feldspar
zone is brought about by a cordierite forming reaction
that involves biotite as the major reactant. The amount
of biotite present in the schists falls off rapidly as

the cordierite-K~-feldspar zone is approached. Plates.

29, 30 and 31. show an average schist from the inner
cordierite zone, the cordierite-~almandine zone and the
cordierite-K-feldspar zone respectively. The rocks
contain similar FeO values and whole rock composition

does not influence the amount of biotite present.

A reaction leading to an increase in the amount of
cordierite and an introduction of K-feldspar must agree
with certain mineralogical and modal observations. The
minor amounts of chlorite and muscovite found in the
inner zones apparently combines with the abundant biotite
to form cordierite, K-feldspar and water, The reaction
put forward by Winkler (1967, p74) namely,

6 Muscovite + 1 Biotite + 15 Quartz

—— 3 Cordierite + 8 K-feldspar + 8H20

could not be applied in the Walcha Road area due to the

paucity of muscovite.
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Plate 29: MU4368, Inner cordierite zone
x 104

f 5

+ 1%

fl'v.

Plate 30: MU4438, Cordierite-almandine zone
X 104
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Plate 31: MuU4354, Cordierite-K-feldspar zone
x 104
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C.I.P.W. NORMS OF PELITIC ROCKS

Specimen No.

Quartz
Orthoclase
Albite
Anorthite
Corundum
Hypersthene
Magnetite
Ilmenite

Apatite
Total

Plag. An

Specimen No.

Quartz
Orthoclase
Albite
Anorthite
Corundum
Hypersthene
Magnetite
Ilmenite
Apatite

Total

Plag. An.

MU4438

39.66
20.44
18.35
5.45
4.39
9.65
1.35
1.08
0.30

100.68

22,89

' MU4368

31.89
15.42
19.71

- 13.25

3.64
10.96
1.99
1.37
0.35

98.57
40.21

MuU4404

31

96.

28.

MU4491

32,
4.
18.
17,
5.
12.
3.
1.
0.

95.

48.

.42
18.
19.
7.
7.
9.
1,
1.
0.

08
11
64
11
61
96
46
44

83
55

70
37
18
06
00
81
31
92
52

86
4]

MU4400

51.48
19.91
6.85
4.39
4,94
8.50
1.16
0.85
0.19

98.27

39.04

MU4393

30.88
21,68
18,95
6.28
7.06
7.90
2.46
1.37
0.39

96.98

24,89

MU4395

40.78
16.19
17.68
5.07
7.79
5.09
3.80
1.41
0.21

98.02

22.28

MU4466

34.75
11.52
23.43
7.24
6.60
10.20
1.94
1.44
0.37

97.49

23.60



C.I.P.W. Norms of Pelitic_Rocks (cont.)

Specimen No.

Quartz
Orthoclase
Albite
Anorthite
Corundum
Hypersthene
Magnetite
Ilmenite

Apatite
Total

Plag. An.

Specimen No.

Quartz
Orthoclase
Albite
Anorthite
Corundum
Hypersthene
Magnetite
Ilmenite

Apatite
Total

Plag. An.

MU4403

25.33
18.26
25.37
8.98
5.71
11.37
1.10
1.42
0.44

97.99

26.13

MU4413

20.12
14.18
33.15
12.71
2.07
11.89
1.36
1.67
0.42

97.58

27.71

MuU445

12.49
15.54
36.88
11.31
4,03
14.93
0.78
1.65
0.58

98.19

23.47

MU4383

18.41
16.54
15.14
6.87
14.49
23.35
1.49
1.99
0.32

98.35

31,22

0

MU4356

14.76
35.27
19.45
9.95
6.58
9.73
0.68
1.92
0.97

99.32

33.85

MU4417

20.81

19.67
30.02
8.56
3.10
13.69
0.97
1.25
0.32

98.40

22.18

MU4382

11.50
32.97
13.45
3.91
12.51
19.96
1.39
1.90
0.37

97.96

22,55

MU4465

23.52
16.31
32.14
9.47
3.31
10.42
1.29
1.44
0.37

98.27

22.76

MU4431

42.81
22.57
6.85
9.33
4.95
10.03
1.28
1.16
0.28

99.26
57.67
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C.I.P.W. Norms of Pelitic Rocks (cont.)

Specimen No. MU4418 MU4409 MU4435 MU4366
Quartz 16.87 24,02 29.53 40,12
Orthoclase 16.25 13,23 10.58 21.74
Albite 37.04 29.18 24.44 13,79
Anorthite 10.20 11.17 12.22 3.89
Corundum 2.77 5.20 ' 4.49 6.85
Hypersthene 11.57 12.89 14.83 6.23
Magnetite 1.32 1.65 0.81 4.32
Ilmenite 1.44 1.63 1.50 1.18
Apatite 0.46 0.65 0.49 0.49
Total : 97.93 99.63 98.88 98.61

Plag. An, 21.59 27.68 33.33 21.99
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(b) The Genesis of Biotite in the Walcha Road Area

Insufficient data afe available to precisely evaluate
the biotite forming réactions, however, using modal and
petrographic observations, coupled with the known com-
position of some of the mineral phases, two biotite

forming reactions can be inferred.

(i) Previously Proposed Reactions

Mather (1970) adequately summarised biotite forming
reactions tﬁat had been proposed prior to 1970. Since
the publication of Mather's (op. cit.) paper, Brown
(1971) and Ramsay (1973) have suggested further
reactions. A discussion of previous reactions

ensues.

Many of the reactions which have been proposed, such

as:

K,0 rich muscovite + chlorite + quartz
—biotite + less KZO rich muscovite + HZO

(Tilley, 1926)

and a reaction of the type:

3 muscovite + 5 prochlorite
—3 biotite + 4 Al rich chlorite + 7 quartz + 4H20
(Turner, 1948; Barth, 1962; Winkler, 1965)

can not be applied in the Walcha Road area for muscovite
has not been observed in the low grade regional meta-
morphics. Mather (op. cit.) suggests that a reaction

of the type:
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+ H,O

Phengite + Chlorite —) Muscovite + Biotite + SiO2 2

suggested by Ernst (1963) is not valid for it implies that
phengite is the stable white mica of the chlorite zone

and muscovite the stable white mica of the biotite bearing
biotite zone rocks. He states that phengite is stable in
the Dalradian biotite zone rocks. At Walcha Road the
phengite-chlorite pair are stable in fine grained graphitic
schists (MU4466) well into the cordierite zone.

McNamara (1966) believed that there was sufficient KZO
within lower greenschist rocks, present as intergranular
potassium bearing solutions, for a reaction of the sort:

Chlorite + Quartz +KOH ——Biotite + Muscovite + H,O

2
However, evidence used by McNamara (op. cit.) rests on.
the misidentification of oxidised chlorite as biotite

(Mather, op. cit.).

Ramsay (op. cit.) suggested that biotite originated by
reaction of chlorite, muscovite and ilmenite producing
rutile, K-feldspar and quartz as subordinate reaction
products. This is not the case at Walcha Road for there
is no muscovite at the lowest grades, and (detrital)
K-feldspar was being consumed in the biotite zone, no

K-feldspar being generated as a reaction product.
Mather (op. cit.) suggested the reaction:

Microcline + Chlorite + Phengitic Muscovite

——Biotite + less phengitic Muscovite + Quartz + H.,O

2

for Dalradian sediments of the Aberfoyle area. On phase
diagrams, however, (Ibid, pp269-270) he shows that
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phengite has not been consumed in the reaction at the
biotite isograd. 1In other words, according to Brown
(op. cit.), he ipdicates that biotite is first produced
by reaction between chlorite and microcline, and at

higher grades, by breakdown of chlorite and phengite.

(ii) Possible Biotite Forming Reactions in the Walcha Road
Contact Schists

The interpretation by Brown (op. cit.) of Mather's
(op. cit.) work is suggested for the contact schists
of the Walcha Road area. At Walcha Road, biotite is
first produced in pelitic rocks by the breakdown of
K-feldspar. The reaction involved being similar to

the reaction proposed by Brown (op. cit.) i.e.
K-feldspar + chlorite——> biotite + muscovite

The assemblage chlorite-biotite-K-feldspar can be
stable in the lower biotite zone (Albee 1968, p333)
and this is observed at Walcha Road. With increasing
temperature the remaining K-feldspar becomes unstable
in the presence of chlorite and the following reaction

marks the beginning of the andalusite zone:

5 K-feldspar + 2 chlorite —-

4 biotite + muscovite + andalusite + 13 quartz + 4H.O

2

(iii) 5K,0.A1,0 3.6810éP2E(Mg,Fe)O 3A1,0,.5510,.8H,0 —s

4K ,0.2(Fe, Mg)0.2A1203.53102.2H2ﬂﬂ%20.2Al
E.l o slo}r13ﬁlo]+4Exz

The formation of biotite in the finer graphitic schists

203 . GSlO2 . 2H2

occurs at a higher grade by the breakdown of phengite
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and chlorite (Mather op. cit.). As temperature increases
phengite and chlorite become unstable and the following
reaction marks the beginning of the cordierite zone in

the fine grained graphitic schists.,

2 phengite + chlorite — 2 cordierite + biotite

Biotite occurs at a higher grade in these graphitic
schists and cordierite forms at lower grades in the

same schists.

North of the Shalimar Tonalite, biotite is first recorded
in MU4489, which contains the assemblage:

green hornblende(?)-plagioclase-chlorite-calcite—-biotite

However, closer to the contact (MU4500) pelitic rocks
containing the chlorite-phengite pair are biotite free.
The reasons for this have been explained in part one, ¢
but the point being that an entirely different type of
reaction has produced biotite in rocks that are devoid

of white mica and/or K-feldspar
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4., DISCUSSION

An investigation of thé metamorphic zones and metamorphic
reactions has facilitated reasonable estimations of the
temperature gradient across the aureole of the Walcha
Road Adamellite. The computed temperature suggested for
the immediate contact (605°C) and thé total pressure
suggested (1.5-2,0Kb) for the aureole region places the
inner zone of the Walcha Road aureole in the lower sub-
division of Wink;er's (1967) éordierite—K—feldspar
hornfels facies.

At the pressure conditions envisaged for the Walcha Road
aureole, orthopyroxene would form at temperatures between
7300C and 760°C (Winkler, 1967, p73), these temperatures
being higher than the actual estimated intrusion temp-
erature. (No orthopyroxene is found in xXenolithic material,
further evidencing that the suggested intrusion temperature
was close to 700°C.)

The use of assemblages containing cordierite and garnet

as indicators of metamorphic grade is well documented
(Wynne-Edwards and Hay, 1963; Currie, 1971, 1974; Hensen
and Green, 1971, 1973; Hutcheon, Froese and Gordon, 1973).
At Walcha Road almandine garnet associated with cordierite
occurs within 250 metres of the ‘contact (see chapter seven,
part one), and it is from the outer cordierite-almandine
zone that analyses of cordierite and garnet are available
(Tables 11 and 17). Using these analyses and the data of
Hensen and Green (1972, Figure 3, pl55) the pressure and
temperature conditions that existed 250 metres from the
contact of the adamellite were GOOOC, 4.5Kb., According to
observed mineralogy and to the estimated temperature
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gradient of the aureole a temperature and pressure of
600°C and 4.5Kb is too high for the Walcha Road aureole.
Impurities in the garnet would allow it to be stable at

lower pressures, however, the lower pressure would still

not be in the 1.5Kb-2.0Kb range. Similar high pressures

are obtained when using the data or Currie (op. cit.)

and Hutcheon, Froese and Gordon (op. cit.).

The absence of sillimanite in the highest temperature
(605°C) zone of the Walcha Road aureole implies that
the total pressure suggested (1.5~2,0Kb) is approxi-

mately correct.

Explanation for Figure 16:

(a)

(b)

(c)

(d)

(e)

(£)

Sio. + H,O

Muscovite + quartz—— K~-feldspar + Al2 5 2

(Winkler, 1967)
Muscovite + quartz-— sanidine + sillimanite + H
(Day, 1973)

2O

Chlorite + muscovite ——> staurolite + biotite + H
(Hoschek, 1967)

2O

Aluminium silicate curves and triple point location
(Holdaway, 1971)

Chlorite + muscovite—- cordierite + biotite + AlzsiO

. 5
(Hirschberg and Winkler, 1968)

Chlorite + andalusite——cordierite + corundum
(Seifert, 1973)

Minimum melting curve (Luth et. al., 1964)
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Figure 16: Shaded area represents PT conditions that existed
in the Walcha Road aureole.
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(i) Muscovite + chlorite + 3 quartz—> 2 cordierite +
biotite + 8H20
(1i) Biotite + 7 andalusite + 8 quartz —-3 cordierite +

muscovite

(iii) 5 K-feldspar + 2 chlorite—— 4 biotite + muscovite +

andalusite + 13 quartz + 4H20



- 134 -

5. BIBLIOGRAPHY

Albee, A.L.: 1968, Metamorphic Zones in Northern Vermont.
In: Zen, White, Hadley and Thompson, ed., Studies
of Appalachian Geology. New York: Interscience.

Barth, T.W.F.: 1962, Theoretical Petrology. 2nd Ed.
New York., John Wiley.

Brown, E.H.: 1971, Phase Relations of Biotite and
Stilpnomelane in the Greenschist Facies.
Contr. Mineral. and Petrol. 31, 275-299.

Currie, K.L.: 1971, The Reaction 3 Cordierite =
2 Garnet + 4 Sillimanite + 5 Quartz in the
Opinicon Lake Region, Ontario. Contr. Mineral.
and Petrol. 33, 215-226.

Currie, K.L.: 1974, A Note on the Calibration of the
Garnet-Cordierite Geothermometer and Geobarometer.
Contr. Mineral. and Petrol. 44, 35-44.

Dahl, 0.: 1972, Some Aspects on the Evolution of Fleck
Gneisses in the Vastervik Area. Geologiska
Foreningen i Stockholm Forhandlingar, Vol. 94
Pt. 1.

Day, H.N.: 1973, The High Temperature Stability of
Muscovite Plus Quartz. Am. Mineralogist.
Vol. 58, 255-262.

Ernst, W.G.: 1963, Significance of Phengitic Micas
from Lcw Grade Schists. Am. Mineralogist.
Vol. 4&, 1357-1373.

Evans, B.W.: 19¢., Application of a Reaction Rate

Method =< the Breakdown Equilibria of Muscovite
and Musccvite + Quartz. Am. Journ. Sc., 263,
647-667.

Fyfe, W.S.: 1967, Stability of the Alzsio5 Polymorphs.
Chem. Geol., Vol. 2 67-76.

Hensen, B.J., and Green, D.H.: 1973, Experimental
Study of the Stability of Cordierite and
Garnet in Pelitic Compositions at High P
and T. Pt. III. Synthesis of Experimental
Data and Geological Applications. Contr.
Mineral and Petrol. 38, 151-166.




- 135 -

Hess, P.C.: 1969, The Metamorphic Paragenesis of
Cordierite in Pelitic Rocks. Contr. Mineral.
and Petrol. 24, 191-207.

Hirschberg, A., Winkler, H.G.F.: 1968, Stabilitatsbezie-
hungen Zeischen Chlorit, Cordierite und Almandin
bei der Metamorphose. Contr. Mineral. and Petrol.
18, 17-42.

>Holdaway, M.J.: 1971, Stability of Andalusite and the
Aluminium Silicate Phase Diagram. Am. Jour.
Sc., Vol. 271, 97-131.

‘Hoschek, G.: 1967, Untersuchungen zum Stabilitatsbereich
von Chloritoid und:Staurolith. Contr. Mineral.
and Petrol. Vol. 14, 123-162.

Hoschek, G.: 1969, The Stability of Staurolite and
Chloritoid and their Significance in Meta-
morphism of Pelitic Rocks. Contr. Mineral.
and Petrol. Vol. 22, 208-232.

Hutcheon, I., Froese, E., Gordon, T.M.: 1974, The
Assemblage Quartz-Sillimanite-Garnet-Cordierite
as an Indicator of Metamorphic Conditions in
the Daly Bay Complex, N.W.T. Contr. Mineral and
Petrol. Vol. 44, 29-34.

Joplin, G.A.: 1942, Petrological Studies in the Ordovician
of New South Wales. I The Cooma Complex. Proc.
Linn. Soc. NSW 67, 156-196.

Loomis, T.P.: 1972, Contact Metamorphism of Pelitic Rock
by the Ronda Ultramafic Intrusion, Southern
Spain. Geol. Soc. Am. Bull., Vol. 83, 2449-
2474,

Luth, W.C., Jahns, R.H., Tuttle, O.F.: 1964, The Granite
System at Pressures of 4-10Kb. Journ. Geophys.
Research. 69, 759-773.

Mather, J.D.: 1970, The Biotite Isograd and the Lower
Greenschist Facies in the Dalradian Rocks of
Scotland. Journ. Petrol., Vol. 11 Pt. 2,
253-275.

McNamara, M.J.: 1966, Chlorite-Biotite Equilibrium
Reactions in a Carbonate Free System. Journ.
Petrol., Vol. 7, No. 3, 404-414,.



_ 136 .

Okrusch, M.: 1969, Die Gneishornfelse um Steinach in der
Oberpfalz - Eine Phasenpetrologische Analyse.
Contr. Mineral. and Petrol., Vol. 22, 32-72.

Pitcher, W.S., Berger, A.R.: 1972, The Geology of Donegal -
A Study of Granite Emplacement and Unroofing.
Regional Geology Series. Wiley-Interscience,
Toronto.

Ramsay, C.R.: 1973, The Origin of Biotite in Archean
Meta Sediments Near Yellowknife, N.W.T., Canada.
Contr. Mineral. and Petrol. Vol. 42, 433-454.

Schreyer, W., Yoder, H.S.: 1961, Breakdown Reactions of
Cordierite. Carneg. Inst. Wash. Year Book. 60
151-152.

Seifert, F.: 1969, Compatibility Relations of the
Aluminium Silicates in the Systems MgO- A1203
SJ.O2 HZO and K20 MgO- A120 SlO -H,0 at High
PreSsur¥es. Am, Jour. Sc., Vol %7 371-388.

Seifert, F.: 1970, Low Temperature Compatibility Relations
of Cordierite on Haplopelites of the System

0-Mg0-Al,0,-Si0,-H,0. Journ. Petrol., Vol 11,
730900 203751027

Seifert, F.: 1973, Stability of the Assemblage Cordierite-
Corundum in the System Mg0O-Al.0 SlO -H,0.
Contr. Mineral. and Petrol., oi 41 1;1 178.

Seifert, F,: 1974, Stability of Sapphirine: A Study
of the Alumlnous Part of the System MgO- A12 3"
SJ.O2 HZO Journ. Geol. Vol. 82, 173-204.

Tilley, C.E.: 1924, Contact Metamorphism in the Comrie
Area of the Perthshire Highlands. Quart. Journ.
Geol. Soc., Vol. 80, 22-71. '

Turner, F.J.: 1948, Evolution of Metamorphic Rocks.
Mem. Geol. Soc. of Am., No. 30.

Vernon, R.H.: 1972, Reactions Involving Hydration of
Cordierite and Hypersthene. Contr. Mineral.
and Petrol. 35, 125-137.

Weisbrod, A.: 1973, Cordierite-Garnet Equilibrium in the
System Fe-Mn-Al-Si-O-H. Carnegie Inst. Wash.
Year Book.




- 137 -

Winkler, H.G.F.: 1957, Experimentelle Gesteinsmetamorphose,
I. Geochim et Cosmochim. Acta. Vol. 13, 42-69.

Winkler, H.G.F.: 1967, Petrogenesis of Metamorphic Rocks.
Springer-Verlag., New York. 2nd ed.

Wynne-Edwards, H.R., Hay, P.W.: 1963, Co-Existing
Cordierite and Garnet in Regionally Metamorphosed
Rocks from the Westport Area, Ontario. Can.
Mineralogist. 7, 453-478. -




- 138 -

PART THREE

APPENDICES




- 139 -

APPENDIX ONE

STRUCTURAL ASPECTS AT WALCHA ROAD

(a) Introduction

The nature of the rocks, the poor outcrop and the re-

crystallisation of the rocks in the inner zones of the
Walcha Road aureole make structural mapping difficult.
Mesoscopic structures (folds and cleavages) are rarely
observed in outcfop.

Recognition of Sy (slaty cleavage) and S, (crenulation

cleavage) in thin section indicates thatzthe area has
been multiply deformed. Sl is represented by a pre-
ferred orientation of the phyllosilicates and quartz,
the cleavage surfade being parallel or subparallel to
SO (bedding) . 82 structures range from incipient
crenulations to distinct cleavage traces defined by
thin zones of carbonaceous material. The S2 surfaces
1 fabric. S

only be identified in thin section and are well dev~

are always oblique to the S 1 and S, can
eloped in the fine grained graphitic schists (Plate 32).
In the coarser grained schists a crude Sl surface is
present and no 82 surface has been observed. A flat~
tening induced by the intruding adamellite has locally
caused the cleavage traces to wrap around the porphyro-~
blasts.

In the cordierite-K-feldspar zone complete recrystal-
1 and S2

structures. A "gneissic" or "migmatitic” metamorphic

lisation of the rocks has destroyed the S

foliation (see plates in this section) defined by
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Plate 32: MU4404, Crenulation cleavage developed in
pelitic layer of schist,
X 65

Plate 33: MU4361, Ptygmatic quartz vein caused by
flattening.
X 25 (crossed nicols)
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alternating micaceous and quartzo-feldspathic layers
has developed in this zone. The foliation appears con-
cordant with the granite contact. It is steeply dipping

and generally has the same strike as the contact.

The S1 surface is parallel or subparallel to So (bedding)
in all thin sections observed. This feature, coupled
with the fact that no fold hinges were seen in the field
suggests that the area has undergone tight isoclinal
folding (Fl), with locally developed Fy folds (defined

by the crenulation cleavage).

The Walcha Road Adamellite is cut by a'ﬁNW/ESE trending
fault which displaces the adamellite by 0.8km to the
west. This fault was added after a study of aerial
photographs and a subsequent study of the strikes of
bedding close to the adamellite in this area. The dis-
placement of isograds shown on the map is only inferred
as most of this area is covered by Miocene laterite and

associated soil cover,

(b) Structures Associated with the Intrusion of the
Adamellite ~

Flood (1971) and Lewington (1973) noted a change in the
regional N-S trend in the vicinity of the adamellite.
As the contact is approached the foliation (bedding)
becomes subparallel to the contact. Within 10 metres
of the contact the rocks are sheared to such an extent
that only disconnected fold hinges are visible, The
development of a gneissic foliation at the contact
suggests metamorphic differentiation accompanied by

mobilisation of mineral components (discussed in chapter
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seven of Part One). Small (6-20cm) folds occur in this
foliation close to the contact (nhot observed at distances
greater than 30 metres). The folds always have 'S"
vergence and plunge at approximately 80° in a general
northerly direction (always parallel to the contact).

The writer considers that the 'gneissic”™ foliation, and
the small folds are genetically related to the intrusion
of the adamellite. The clear spatial relationship, in
that both foliation and small folds are only developed
up to 30 metres from the contact, and description of
similar structures elsewhere (Ramberg, 1970; Dearman,
1968) tend to suggest a cause and effect relationship.

Plate 34; "S" vergence of fold from location three
(Figure 17)
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Loc. 1 Walcha Road
Adamellite
7 , Loc. 4
’ N L
[. gi,
~ _
~
7 ~
4 0 10km
—
/1
Loc. 3

Loc. 2

Figure 17: Orientation diagram of fold axes
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Plate 35; "M vergence of fold from location two
(Figure 17)

Plate 36: 'm' vergence of fold from location four
(Figure 17)
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Plate 37: "S" vergence of folds from location three
(Figure 17)

Plate 38: Small fold ('S" vergence) from location one
(Figure 17)
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APPENDIX TWO

THE YARRAHAPINNI AREA

(a) Introduction

The Yarrahapinni area lies 185km due east of Walcha
Road, 32km north-northeast of Kempsey and 10km south
of Macksville in New South Wales. The fine grained
(Permian) carbonaceous rocks are intruded by fine and
medium grained hornblende-biotite adamellites (Way-
Way Granite) of Permian age. Associated with the

carbonaceous sediments are minor acid volcanics,

Rare sedimentary structures (symmetrical ripple marks)
in the graphitic sediments suggest that shallow water

conditions prevailed.

The regional metamorphism has been investigated by
Leitch (in prep.) and the Way-Way intrusives are
currently being studied by R. Webber (Macquarie
University). No other previous work has been
carried out in the area. The hornfels-adamellite
boundaries were mapped by Webber (op. cit.) and
these boundaries, with minor modifications by the
writer, have been used in the preparation of a

metamorphic map of the area (Appendix 10b).

(b) Structure

The Yarrahapinni area has been multiply deformed,
with evidence for four stages of deformation present

in the hornfelses. Bedding (SO) relationships are



, - 147 -
TABLE 22 '

CHEMICAL ANALYSES OF CARBONACEOUS
META-PELITES FROM YARRAHAPINNI, NSW

MU4507 MU4503 MU4528
sio, 67.08 66.89 65.53

Tio, 0.79 0.85 0.84
31,0, - 15.61 17.66 14,41
Fe,0, 0.20 0.68 - 0.87

FeO 5.44 4.36 3.96

Mno ~ 0.03 0.06 0.06

MgO 2.22 2.25 1.89

c20 0.92 0.69 - 1.51

K,0 : 3.07 3.25 2.49

Na,0 2.15 2,22 3,81

P,0, . 0.12 0.10 0.22
Total 97.63 ~ 99.01 95.59

CK CK R

MgO/MgO + FeO 42.13 47.90 45.98

) MU4529 MU4527 MU4530 MU4526
sio, 73.05 68.31 74.21 69.67
Ti0,, 0.56 0.76 0.65 0.81
AL, 12.95 v.27 13.47 16.38
Fe,0, 0.09 2.64 .39 2,43
FeO 2.29 0.69 2.83 . 0.44
Mno ©0.04 0.01 0.05 0.01
MgO 1.17 0.82 1.44 1.15
cao 1.49 0.01 0.62 0.01
K,0 3.86 3.14  2.97 2.95
Na,0 3.23 2.00 1.98 1.58
P,0, 0.14 0.0% 0.07 0..5
Total 98.87 95.73 98.69 95.48

B R c R

MgO/MgO + FeO 47.62 67.89 47.54 82.37

Analyst: G.S. Teale

=

mnonn

Cordierite-K-feldspar zone
Cordierite zone

Biotite zone

Regional

w00
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CORDIERITE AND BIOTITE
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only recognisable where rhyolitic (?) flows occur
intercalated with the graphitic sediments. The
surface i1s represented by a preferred orientation of
the graphitic material, and is sub parallel to SQ,
when Sq can be recognised. S2 can only be observed

in thin section and occurs as distinct cleavage traces
defined by thin zones of graphitic material, occurring
in cordierite porphyroblasts (Plate 39). The form-
ation of the cordierite has preserved the microscopic
S2 crenulation within the porphyroblast, with complete
destruction of the S2 surface in the recrystallised
matrix.

Plate 39: MuU4504, Crenulation (S82) preserved 1n
cordierite porphyroblast. Note second
generation cordierite (formed during the
cordierite-K-feldspar producing reaction)
X 65 (crossed nicols)
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The crenulation surface can be recognised in hand
specimen. In thin section 1t Is observed that the
surface occurs pre the formation of the cordierite
porphyroblasts. The surface, however, has occurred
post the formation of the cordierite porphyroblasts
and In thin section i1t can be easily distinguished
from the cleavage surface. The surface deforms
the cordierite porphyroblasts, and this deformation

or "drag" effect is shown In Plate 40,

Plate 40: MuU4508, crenulation cleavage. Note the
"dgag" effect on the porphyroblasts
X 65

(© General Geology

The outstanding feature of the Yarrahapinni area iIs the
wide metamorphic aureole associated with the adamellite
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intrusions. The extension of the aureole is in the dip
direction (N-W) and it can be assumed that the intrusive
bodies also dip in the same direction. The extension

is also due to the nature of the intruded sediments.

A similar widening of the cordierite zone at Walcha Road
was due to the presence of dispersed graphitic material

also. This has been discussed in Part One.

A release of H,0 and possibly K,0 from the top of the
intrusion has converted the hornfelses in some sections

of the area to rocks containing the assemblage.

Muscovite-biotite-chlorite~graphite. This release of
volatiles was presumably responsible for the minor

molybdenite mineralisation that is present.

Chemical analyses of hornfelses from the area illustrate
the similarity of chemistry between the Walcha Road
schists and the hornfelses from the Yarrahapinni area
(Table 22). It is noted that when analyses of
Yarrahapinni rocks are plotted on various compositional
diagrams (Figures 19 and 20) their locations on those
diagrams are similar to plots of analyses of Walcha Road
schists. Two Yarrahapinni analyses, however, plot well
away from the expected locality. These two rocks
(MU4527, MU4526) are pelites from the regionally meta-
morphosed rocks outside the aureole and contain
extremely low FeO/Fe203 + FeO ratios, this low ratio
being responsible for their location close to the Al
apex of the AFK and AFM projections.
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(d) Metamorphic Zones

(i) Cordierite-K-Feldspar Zone

Rocks from the cordierite-K-feldspar zone cannot
be distinguished from rocks of the cordierite zone
in hand specimen. Meta-pelites from both zones
have a similar spotted appearance, the spots
representing cordierite porphyroblasts. In thin
section the K-feldspar is easily identified after
staining with sodium cobaltinitrite. The meta-
morphic K-feldspar forms small xenoblastic grains
and is associated with quartz and plagioclase in
the granoblastic groundmass. The cordierite
porphyroblasts are always highly poikiloblastic,
and are much larger than associated mineral phases
(up to 1mm). Mineral assemblages observed in the

cordierite-K~-feldspar zone are:
Red-brown biotite-cordierite-K-feldspar
Biotite-cordierite.

(ii) Cordierite Zone

The extent of the cordierite zone is shown in Figure
18. The cordierite bearing rocks of this zone
occur as dark spotted hornfelses. Stable mineral
assemblages developed in the meta-pelites of this

zone are: .
Biotite-chlorite-muscovite
Biotite-cordierite-chlorite

Biotite-cordierite-muscovite



Plate 41: MU4503, Cordierite from the cordierite zone
x 104

Figure 19: Carbonaceous meta-pelites plotted on AMF

projection plane
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Cordierite is highly poikiloblastic, included
material being mainly graphite. Cordierite has

formed in most cases by the reaction:

7 andalusite + biotite + 8 quartz
—>3 3 cordierite + muscovite

This reaction has been discussed in Part Two.

(iii) Biotite Zone

Biotite zone hornfelses are distinguished in hand
specimen from higher grade hornfelses by the
absence of "knots" and from lower grade rocks by

a more massive outcrop pattern. In this zone,
biotite, chlorite and white mica (minor) can be
observed in thin seétion, these minerals having

no real preferred orientation (Plate 42 ). The
biotite occurs as small (0.02mm) grains with
poorly developed (001) faces. There is an
increase in the size of the biotite as metamorphic

grade increases.

(e) Discussion

The Yarrahapinni rocks were used in this study to heip
delineate cordierite forming reactions. The rocks have
similar MgO/MgO + FeO ratios as the Walcha Road meta-
pelites, are 1-9% corundum normative, which is again
similar to the Walcha Road meta-pelites and both areas
have undergone similar temperature conditions during

contact metamorphism.
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The textural evidence for the andalusite cordierite
reaction used in part two, was observed at Yarrahapinni.
The study of the Yarrahapinni hornfelses helped a great
deal in providing an understanding of the metamorphic
zones and metamorphic reactions that occur in the Walcha
Road area. The Yarrahapinni study itself is also of
value as biotite, cordierite and cordierite-K-feldspar
isograds have been located in an aureole which was

previously unknown.
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Plate 42: MuU4529, Biotite and chlorite from the
biotite zone,
X 415
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MgO
+FeO

Figure 20: AFK (top) and SiO, - (MgO+FeO) - A1203 diagrams
showing positions“of carbonaceous méta-pelites
from Yarrahapinni.
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TABLE 23

C.I.P.W. NORMS OF CARBONACEOUS
META-PELITES FROM YARRAHAPINNI, NSW

Specimen No. MU4507 MU4529 MU4530 MU4503
Quartz : 33.99 33.47 46.27 34.20
Orthoclase 18.14 22,81 17.55 19.20
Albite 18.18 27.32 16.75 18.78
Anorthite 3.78 6.48 2.67 2.77
Corundum . 1.37 1.09 6.02 9.48
Hypersthene 14.10 6.19 7.48 11.75
Magnetite 0.29 0.13 0.57 0.99
Ilmenite 1.50 1.06 1.23 1.61
Apatite 0.28 0.32 0.16 0.23
Total : 97.63 98.87 98.69 99.01

Plag. An. 17.21 19.16 13.74 12.85
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TRACE ELEMENT ANALYSES OF META-~PELITES

FROM YARRAHAPINNI, NSW

(IN PPM)

MU4503 MU4530 MU4507 MU4529
Y 31.82 26.09 27.71 26.54
Sr 104.14 93.50 84,70 167.01
Zr 186.06 243.34 171.55 211.72
U 2.36 1.32 1.95 2.96
Rb 96.06 110.56 103.41 81.33
Th 10.04 9.38 9.86 6.91
Pb 10.20 9.57 15.88 35.51
Ga 15.35 13.13 14.33 12.25

Analyses in ppm

Analyst:

G.S.

Teale
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APPENDIX THREE

ANALYTICAL PROCEDURE

X-ray fluorescent spectrometry and wet chemical techniques
were used in major and trace element rock analyses. The

37 MnO, MgO, Ca0O, Total Fe
203, KZO and PZOS were determined by x-ray fluorescent
spectrometry in the manner outlined by Norrish and Chappell
(1967). Na2
wet chemical techniques) using pressed powder pellets,
following the method discussed by Norrish and Hutton (1969).

The equipment used was a Siemans S.R.S. spectrometer, with

major oxides Sioz, TiOz, Alzo
as Fe

O was also analysed by XRF (to compare with

a 4 KW generator and standard counting rack. A Cr anode
tube was used in the determination of the major oxides,
a Au anode tube for Zn, Cu, Ni, Cr, Mn, V and Ti trace
elements. Mass absorptions for trace elements were cal-

culated from bulk rock analyses.

Standards for Major and Trace element analyses were the U.S.
Geological Survey rock standards; W-1, GSP-1, G-2, and
BCR-1.

Trace element calibration was made on artificial standards
prepared from crushed glossy quartz, 5 wt % cellulose
binder and pure (Analar and Spec. Pure) chemical compounds.
Na,0 determinations by the XRF method did not meet the
desired standards of accuracy and, therefore, Na20 was
again determined by using flame photometric techniques
(Evans Electroselenium Ltd. flame photometer, model 866150)
with closely spaced standards. LiZSO4 was used to suppress

inter-element interference.
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FeO was determined using the Na metavanadate titration
method of Wilson (1955). Extremely accurate results were
obtained using this method (U.S. Geological Survey BCR-1;
FeO, 8.91%; Fe203, 3.68%: results obtained; FeO 8.81%,
Fe,O 3.67%). Selected samples were re-analysed to check

2731
the consistency of the method.

Individual mineral analyses were obtained using an electron
probe. The probe data was obtained from an instrument
manufactured by Teknisch Physische Dienst (T.P.D.), Deft,
Netherlands. It is fitted with an Ortec Si (Li) detector
of resolution 165 ev at 5.89 Kev, and a Northern Scientific
(N.S.) 710 multichannel analyser. The following analytical
conditions were used: accelerating voltage 15 KV, beam
current 3nA, beam diameter 50-100 , counting period

100 sec. and a total counting rate of approximately 4000

cps.

A Siemens x-ray diffractometer was used for mineral
identification. CuKeK radiation and a Ni filter were

used for all samples,

Optical studies were carried out on Leitz binocular normal

stage microscopes. Universal stage methods were not used,
Successful staining for alkali feldspar (Sodium Cobalt-

initrite) and plagioclase and cordierite (Amaranth) was

carried out using the technique discussed by Norman (1974).
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APPENDIX FOUR

MAPPING AND SAMPLING TECHNIQUES \

Sampling and mapping was carried out using NSW standard
2 inches to 1 mile topographic maps (sheet names:

Walcha Road, Kentucky, Aberbaldie (provisional)) and
aerial photographs (Lands Department, Nundle 1458 and
Bendemeer 1676 and 1659 series). Dr. R.H. Flood
provided excellent photographic enlargements of aerial
photographs south of the Oxley Highway onto which sample
locations were plotted. North of the Oxley Highway
sample locations were plotted onto the standard aerial
photographs. The large scale map (Appendix 10a) was

compiled using all of the above sources.

South of the Oxley Highway there were no sampling
difficulties, as outcrop in the many creeks is usually
excellent. It was found, however, that high potassium
bearing rocks away from the contact, being more micaceous,
weathered more easily than associated silica rich rocks.
North of the Oxley Highway minor Tertiary basalt and
extensive soil cover did create minor difficulties in

the collection of samples. 1In the ten traverses under-
taken an attempt was made to collect a fresh sample

every one hundred metres (or less).

In the Yarrahapinni area, the isograd map was compiled
using the Macksville and Eungai 1:25,000 topographic sheets
(Lands Department). Outcrop is usually good, except for
the regionally metamorphosed sediments outside the aureole.
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APPENDIX FIVE

TRACE ELEMENT ANALYSES FOR META-PELITES
ADJACENT TO THE WALCHA ROAD ADAMELLITE

MU4354 MU4462 MU4404 MU4383
Y 29.41 31.14 25,87 31.29
sr 168.07 135.38 216.56 94,88
Zr 290.04 167.73 163.18 152.93
u 2.30 9.29 2.62 1.62
Rb 121.40 115.07 91.19 72.97
Th - 8.66 9.34 - 7.09 12.48
Pb 10.02 11.89 12.73 7.83
Ga 18.80 19.03 15.24 19.73
Zn 586 .02 320,67 747.02 1085.47
Cu " 44,00 181.18 303.89 54.12
Ni 36.40 10.88 149.31 424.56
Mn 1250.00 838.59 984.93 2177.78
cr  5.68 89.87 100.21 314.76
v 60.06 263.57 233.05 . 365.78
T 8069.20 . 9338.80 9255,50 15255.39
MU4353  MU4397 MU4368 MU4435
Y 22.60 . 24.02 30,54 20.58
sr 105.17 262.09 274.48 279.96
zr 111.51 173.38 152.68 97,76
u ' 2.26 1.32 1.72 .67
Rb 101.20 92.33 58.68 42.92
Th 9.89 7.59 5.02 3.02
Pb 16.38 9,96 13.14 10.59
Ga 9.83 7.23 13.13 12.57
Zn 631.38 594,36 712.89 775,49
cu 19.74 110.10 141.86 377.43
Ni 138.63 84,01 70.90 71.89
Mn 834.13 1133.00 396.51 1335.55
cr 96.53 49,54 49.71 63.94
v 136.00 168.58 211.92 283.30

Ti 6989.27 8402.19 9599,47 10842,98
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Sr
Zr

c

Pb
Ga

Sr
Zr

(]

Pb
Ga

Sr
Zr

e}

Pb
Ga

MU4437

17.99
137.64
93.82
1.48
61.23
6.89
10.79
6.11

MU4431

25.59
110.11
140.69

1.18
136.33

.7.48

10.46

14.08

MU4413

20.58
311.80
160.46
2,11
60.32
6.53
12,98

13.14
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MU4439

18.40
380.63
86.60
0.94
58.42
2.10
5.24
15.60

MU4382

34.10
142.08
159.53

1.76

99.16

16.52

23.39

19.97

MU4366

32.45
118.03

162.48

1,15
108.82
7.94
10.66
15.32

MU4374

28.21
84.14
228.54
1.45
85.40
11.08
6.83
16.34

MU4438

26.54
119.67
104.59
0.97
91.71
6.43
9.54

13.10

MU4409

25.17
360.91
189.25
1.26
69.76
6.40
13.31

15.00

MU4400

16.11
334.62
104.71
1.92
97.22
5.60
9.68

12.61

MU4356

64.93
299.99
301.13
2.99
136.04
8.51
19.39
19.66

MU4395

31.44
219.52
187.69
3.34
91.49
8.02
12.64

17.02
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Sr
Zxr

c

Pb
Ga

Sr
Zr

(]

Pb
Ga

MU4418

22.50
249.50
113.48
1.75
66.71
4,54
14.43

15.78

MU4417

22.47
423.48
107.91
1.96
79.17
5.91
13.83

14.25

Analyses in ppm

Analyst:

G.S5. Teale
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MU4465 -

27.12
254.95
199.98
2.45
108.78
8.96
23.04

14.95

MU4403

23.72
217.57
165.70
1.97
87.55
8.00
15.14

15,81

MU4450

20.96
388.50
119.25
1.92
51.38
2.35
11.90
15.91

MU4491

22.25
578.58
104.99
1.20
20.88
3.62
9.47

14.10

MU4466

28.31
229.49
210.94
2.13
54.37
8.61
11.10
15.45

MU4393

32.03
190.97
197.68
3.55
114.29
9.93
15.09

16.32
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APPENDIX SIX

Location of Samples
Walcha Road Area

Sample No. Major Mineralogy Location *
MU4353 + Cordierite-biotite~-K-feldspar A3458, 65690
MU4354 + Cordierite-biotite-K~feldspar A3456, 65690
MU4355 Cordierite-biotite-~-K-feldspar A3454, 65690
MU4356 + Cordierite-biotite-K-feldspar A3453, 65690
MU4357 Cordierite-biotite-K-feldspar WR4020, 6400
MU4358 + Cordierite-biotite-K-feldspar A3455, 65687
MU4359 + Cordierite-K-feldspar-biotite A3456, 65687
MU4360 Biotite-cordierite A3457, 65686
MU4361 Biotite-Muscovite-chlorite-

andalusite A3459, 65685
MU4362 Biotite A3461, 65685
MU4363 Diopside-fibrous blue green

amphibole-calcite A3462, 65685
MU4364 Biotite-chlorite-muscovite A3463, 65680
MU4365 ‘Blue-green amphibole-biotite A3464, 65679
MU4366 + Biotite-~-chlorite-muscovite A3469, 65678
MU4367 Diopside-green amphibole WR4125, 6440
MU4368 + Cordierite-biotite~graphite WR4125, 6425
MU4369 Biotite~cordierite~graphite WR4124, 6424
MU4370 + Diopside-grossular-calcite WR4138, 6412
MU4371 Biotite-green amphibole WR4208, 6425
MU4372 Biotite~fibrous radiating

colourless amphibole WR4200, 6440

+ Analysed sample

* Locations taken from Department of Lands 1:31680
topographic sheets

Only thin sectioned samples are mentioned

WR = Walcha Road sheet

» R W
mowon

Balala sheet
Kentucky sheet
Aberbaldie sheet (Provisional 1:25,000 sheet)
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Sample No. Major Mineralogy Location *
MU4373 Green amphibole-biotite ‘WR4180, 6440
MU4374 Biotite-chlorite~graphite WR4175, 6450
MU4375 Green amphibole WR4168, 6425
MU4376 Biotite-chlorite-muscovite WR4178, 6430
MU4377 Green amphibole WR4252, 6540
MU4378 Biotite-fibrous radiating

colourless amphibole WR4248, 6545
MU4379 Biotite-green amphibole WR4236, 6552
MU4380 Diopside~-green amphibole WR4225, 6560
MU4381 Diopside-green amphibole WR4223, 6561
MuU4382 + Cordierite-biotite WR4218, 6562
MU4383 + Cordierite-~biotite WR4215, 6564
MU4384 Cummingtonite-green-brown

. amphibole-biotite WR4216, 6565

MU4385 Blue-green amphibole WR4258, 6530
MU4386 Acicular colourless

amphibole-biotite WR4292, 6512
MU4387 Acicular, radiating colourless

amphibole WR4310, 6512
MU4388 Biotite-blue~-green amphibole WR4325, 6518
MU4389 Biotite~chlorite-muscovite-

graphite WR4352, 6520
MU4390 Biotite-graphite-chlorite~

muscovite WR4368, 6500
MU4391 Biotite—-graphite WR4380, 6502
MU4392 Biotite~-chlorite-muscovite-

graphite WR4400, 6505
MU4393 + Biotite-muscovite-chlorite~

cordierite~andalusite WR4540, 6778
MU4394 Biotite-muscovite-andalusite-

chlorite~cordierite WR4538, 6770
MU4395 + Biotite-chlorite-muscovite- :

graphite WR4565, 6760
MU4396 Biotite-chlorite~muscovite-

graphite WR4566, 6758
MU4397 + Biotite~-chlorite-muscovite

graphite WR4575, 6775
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Sample No. Major Mineralogy Location *
MU4398 Biotite-green amphibole WR4360, 6660
MU4399 + Biotite-muscovite-cordierite

chlorite WR4371, 6667
MU4400 + Biotite-cordierite-chlorite-

muscovite WR4372, 6667
MU4401 Biotite-actinolite WR4373, 6662
MU4402 Cordierite-biotite WR4374, 6660
MU4403 + Biotite~-muscovite-chlorite-

graphite WR4376, 6658
MU4404 Biotite-cordierite-graphite WR4380, 6652
MU4405 + Biotite-Cordierite-graphite WR4378, 6655
MU4406 Green amphibole-biotite WR4388, 6650
MU4407 Biotite-graphite WR4420, 6635
MU4408 + Biotite-chlorite-muscovite-

graphite WR4428, 6638
MU4409 + Cordierite-biotite~graphite WR4441, 6625
MU4410 Biotite-graphite-muscovite-

chlorite WR4450, 6630
MU4411 Acicular radiating colourless

amphibole-biotite WR4458, 6628
MU4412 Biotite-chlorite-muscovite WR4466, 6625
MU4413 + Biotite-chlorite WR4475, 6625
MU4414 + Muscovite-chlorite-biotite-

andalusite WR4275, 6620
MU4415 Biotite WR4445, 6810
MU4416 Diopside-epidote-green amphibole WR4450, 6810
MU4417 + Biotite-muscovite WR4470, 6810
MU4418 + Biotite-chlorite-graphite WR4467, 6800
MU4419 Biotite-blue-green amphibole WR4425, 6775
MU4420 Diopside-green amphibole WR4408, 6762
MU442]1 Biotite-acicular colourless

amphibole WR4393, 6770
MU4422 Biotite-blue-green amphibole WR4490, 6820
MU4423 + Epidote-diopside~grossular WR4479, 6818
MU4424 Blue-green amphibole-biotite A3477, 65692
MU4425 Biotite-sericite A3482, 65669



Sample No.
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Major Mineralogy

Location *

MU4426

MU4427
MU4428
MU4429
MU4430
MU4431 +
MU4432
MU4433
MU4434 +
MU4435 +

MU4436 +
MU4437 +
MU4438 +
MU4439
MU4440
MU4441
MU4442

MU4443
MU4444
MU4445

MU4446 +

MU4447
MU4448
MU4449
MU4450 +
MU4451

MU4452
MU4453

Biotite-sericite-chlorite-
graphite

Chlorite~sericite

Chlorite-sericite

Cordierite-muscovite-biotite

Cordierite-biotite
Green amphibole
Diopside~-green amphibole

Biotite-sericite~chlorite

Cordierite-almandine-biotite-~

graphite

Green amphibole-biotite
Cordierite-biotite
Muscovite-biotite-chlorite
Biotite~green amphibole
Biotite-diopside-scapolite
Green amphibole

Muscovite-chlorite-biotite-
cordierite

Green amphibole
Biotite-green amphibole

Biotite-acicular colourless
amphibole

Muscovite-biotite (quartz
porphyry)

Biotite-green amphibole
Biotite-cordierite

Cordierite-almandine-biotite

Blue-green amphibole-chlorite-

epidote

Blue-green amphibole-chlorite
Blue-green amphibole-epidote-

chlorite

A3495, 65663
WR4485, 6775
WR4480, 6775

WR4638, 7450
WR4610, 7470
WR4615, 7340
WR4373, 6663
A3480, 6568

WR4325, 6660
WR5045, 7830
WR4325, 6662
WR4325, 6664
WR4262, 6641
WR4264, 6641
WR4343, 6660

WR4365, 6664
K4840, 7930
WR5062, 7810

WR4620, 7450

WR4621, 7440

K5015, 8224
k5030, 8190
K5048, 8180
K5025, 8340

K5055, 8460

K5066, 8475
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Major Mineralogy

Location *

Sample No,
MU4454 Biotite-K-feldspar-cordierite WR4220, 6570
MU4455 Diopside-brown green hornblende-

scapolite-grossular WR4225, 6575
MU4456 Biotite-chlorite-sericite K4850, 8325
MU4457 Biotite-almandine K4680, 9350
MU4458 Biotite-hypersthene K4700, 9060
MU4459 Biotite-muscovite-chlorite WR4850, 6790
MU4460 Biotite~chlorite-sericite(?) WR4840, 7775
MU4461 Biotite-chlorite-muscovite-

graphite WR4860, 7775
MU4462 + Biotite-chlorite-muscovite WR4780, 7728
MU4463 Biotite-chlorite-muscovite(?) WR4760, 7724
MU4464 + Biotite-chlorite-muscovite(?) WR4758, 7720
MU4465 + Biotite-chlorite-phengite(?)-

graphite WR4680, 7700
MU4466 + Cordierite-biotite-chlorite-

phengite-graphite WR4678, 7700
MU4467 Biotite-chlorite-muscovite WR4668, 7720
MU4468 Blue-green amphibole-biotite WR4660, 7725
MU4469 Biotite—-green amphibole WR4645, 7725
MU4470 Graphite-magnetite(?) K4970, 8160
MU4471 + Biotite-cordierite-K-feldspar WR4320, 6718
MU4472 + Biotite-cordierite-K-feldspar WR4318, 6720
MU4473 Brown hornblende-biotite-

K-feldspar WR4328, 6731
MU4474 + Cordierite-K-feldspar-biotite WR4620, 7725
MU4475 Biotite-acicular colourless

amphibole WR4440, 6820
MU4476 + Biotite-green amphibole WR4450, 6822
MU4477 Biotite-chlorite K5240, 9320
MU4478 Biotite K5200, 9320
MU4479 Biotite K5190, 9320
MU4480 Biotite-feldspar K5180, 9318
MU4481 + Biotite—-graphite K5175, 9330
MU4482 Biotite-green amphibole K5150, 9338



Sample No.
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Majof Mineralogy

Location *

MU4483
MU4484
MU44385
MU4486 +
MU4487

MU4488
MU4489

MU4490 +
MU4491 +
MU4492 +

MU4493 +
MU4494
MU4495
MU4496

MU4497
MU4498
MU4499

MU4500
MU4501 +
MU4502
MU4532
MU4534
MU4535

MU4536
MU4537
MU4538
MU4539

MU4502A +
MU4501A +
MU4500A +

Biotite-brown-green amphibole
Cordierite-biotite-K-feldspar
Cummingtonite-biotite
Muscovite-biotite

Diopside-green amphibole-
calcite

Chlorite-sericite-graphite

Biotite~chlorite-epidote-
calcite

Chlorite-sericite-graphite
Chlorite-sericite(?)-epidote

Biotite-muscovite-cordierite-~
andalusite :

Biotite-chlorite
Biotite-chlorite-muscovite
Biotite-green amphibole

Biotite-acicular colourless
amphibole

Biotite-chlorite
Biotite-green amphibole

Biotite-sphene~-blue-green
amphibole

Chlorite-sericite~graphite
Biotite-muscovite-chlorite
Biotite-cordierite-K-feldspar
Biotite~cordierite-K-feldspar
Green amphibole-biotite

Biotite-graphite -chlorite-
muscovite

Biotite-graphite
Cordierite-biotite-muscovite
Biotite

Acicular, radiating colourless

amphibole - biotite

Pelites from the cordierite
zone, Bathurst granite

WR4609, 7428
WR4250, 6600
WR4250, 6620
WR4628, 7380

WR4650, 7450
A3508, 65651

K5025, 8328
A3522, 65674
A3510, 65651

WR4550, 6750
B5060, 1862
B5068, 1865
B5075, 1873

B5090, 1875
B5100, 1876
B5110, 1878

B5125,- 1885
K5020, 8280
B5115, 1880
WR4262, 6620
WR4268, 6620
A3462, 65688

A3466, 65680
A3467, 65678
WR4600, 7350
WR4540, 6751

WR4175, 6450
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Sample No. Major Mineralogy Location *
MU4503 + Cordierite-biotite-graphite-
‘ K-feldspar E9500, 9425

MU4504 Cordierite-biotite~-graphite-

K-feldspar E9391, 9352
MU4505 Cordierite-biotite-graphite-

K-feldspar E9387, 9342
MU4506 Cordierite-graphite-K-feldspar E9380, 9338
MU4507 + Cordierite-biotite-graphite-

K~-feldspar E9378, 9336
MU4508 Cordierite-biotite-graphite-

K-feldspar E9378, 9330
MU4509 Cordierite-biotite~graphite E9376, 9328
MU4510 Plagioclase-hornblende-K-

feldspar E9375, 9300
MU4511 Cordierite-graphite-biotite-

muscovite E9350, 9300
MU4512 Cordierite-graphite-biotite E9360, 9295
MU4513 Biotite-muscovite-graphite- :

cordierite(?) E9300, 9330
MU4514 Cordierite-biotite~-graphite E9475, 9360
MU4515 Cordierite-K-feldspar~-graphite E9300, 9260
MU4516 Biotite-muscovite-graphite-

' cordierite E9282, 9240
MU4517 Graphite-chlorite-muscovite E9321, 9383
MU4518 Hornblende-biotite E9338, 9461
MU4519 Cordierite-K-feldspar-biotite-

graphite E9346, 9522
MU4520 Cordierite-muscovite-biotite E9376, 9360
MU4521 Cordierite-biotite-graphite E9449, 9370
MU4522 Cordierite-biotite~-graphite E9350, 9280
MU4523 Cordierite-graphite-muscovite E9340, 9300
MU4524 Plagioclase-K-feldspar-chlorite E9338, 9302
E = Eungai sheet

M = Macksville sheet
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Sample No. Majof Mineralogy Location *
MU4525 ‘Biotite-muscovite-graphite M9230, 0080
MU4526 + Sericite-chlorite-graphite E8755, 9121
MU4527 + Sericite-chlorite-graphite E9030, 9720
MU4528 +  Sericite-chlorite-graphite E9980, 9800
MU4529 + Biotite-graphite ES0662, 9680
MU4530 + Cordierite-K-feldspar-biotite-
graphite E9282, 9110
MU4531A Cordierite-K-feldspar-biotite-
. graphite E9231, 9088
MU4533 Cordierite-biotite-graphite M9240, 9946
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APPENDIX SEVEN

CALCULATION OF COMPOSITIONAL DIAGRAM VALUES

AFM

. | Al og E(zﬂ
S i o M MR

M = | [Mgo]
ZRT

For parageneses devoid of muscovite and containing

K-feldspar, the value of A was accordingly calculated

as:

o BolR
SOREEERT

(see Barker, 1961)

AKF

A= Exlzo_,] + Eezogl - ( Nazﬂ + E(zcﬂ + [CaO .)
- e o
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ACF

a=[a1 og [Fe o] Nazcil [K o])

c = _Cadj-3.3 2_,]
- b

$i0, -(MgO + Fe0) - Al

293

Sio

Il

2 SiO2 - 6(K20 + Na2)) - 2Ca9

Al,0 Al,O0, - (K20 + Na

293 203 0 + CaO)

2

(Mgo + FeO) = MgO + FeO

In all diagrams used, the chemical analyses of rocks
were corrected for accessories, then appropriate weight
percentages were converted to molecular proportions.
The molecular proportions were then used to calculate
the required values (these values being recalculated

to equal 100%).
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CHEMICAL ANALYSES OF SEDIMENTS
ADJACENT TO THE BATHURST GRANITE
AND THE URALLA GRANODIORITE

MU4502A MU4501A MU4500A
sio, 73.43 73.20 69.64
Tio, 0.66 0.64 0.10
21,0, 13.23 12.78 17.06
Fe,0, 1.10 0.63 0.68
FeO 4.30 4.07 0.92
MnoO 0.17 0.32 0.04
MgO 2.95 2.32 1.51
Ccao 0.50 0.83 0.04
K,0 4.04 3.20 6.32
Na,O 0.31 0.25 1.30
P,0, 0.13 0.12 0.02
Total 100.82 98.36 97.63
C C C
Mg0/Mg0 + FeO
MU4493 MU4531A

sio, 64.79 63.45

TiO, 0.63 ‘ 0.75

A1,0, 16.06 17.20

Fe,0, 1.06 0.77

FeO 3.43 4.57

Mno 0.10 0.12

MgO 1.75 2.06

Cao 2.19 2.65

K,0 6.63 ' 4.51

Na,0 : 2.43 4,03

P,0 0.15 0.16

Total 99,22 100.27

B B

MgO/Mg0 + FeO

C = Cordierite zone (Bathurst)

Analyst: G.S. Teale Biotite zone (Uralla) .
' e — ~
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APPENDIX NINE

POLISHED SECTIONS:

MINERALOGY AND LOCATION

Sample Opaque Mineralogy Location *
MU4355 Ilmenite A3454, 65690
MU4358 Ilmenite A3455, 65687
MU4435 Pyrrhotite-chalcopyrite-

graphite-ilmenite WR4325, 6660
MU4383 Ilmenite WR4215, 6564
MU4393 Pyrrhotite-graphite WR4540, 6778
MU4397 Pyrrhotite—-ilmenite-graphite WR4575, 6775
MU4408 Pyrrhotite-ilmenite-graphite WR4428, 6638
MU4450 Ilmenite (?) K5048, 8180
MU4466 Graphite~-pyrrhotite~ilmenite WR4678, 7700
MU4507 Pyrrhotite~chalcopyrite-pyrite-

graphite-ilmenite E9378, 9336
Mﬁ4530 Pyrrhotite-graphite-~ilmenite E9282, 9110
MU4529 Graphité—pyrrhotite E9062, 9680
MU4528 Pyrite-graphite-ilmenite(?) E9980, 9800

* Locations explanation same as for thin section
locations (previous appendix)
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