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ABSTRACT

A study was made of the detailed geology, petrology and
geochemistry of the Teizi Metanorthosite of Central Australia.
The body is a metamorphosed stratiform anorthosite with mark-
ed lithologic layering.

The geology is presented as a geological map, discussion

of structure and lithology and a sequence of events,

Major and trace element anslyses of a suite of plagio-
clases show composition variation and define an antiperthite

composition field.

Vhole rock analyses provide geochemical information,
allow interpretation of mineral assemblages and comparison

with experimental investigations of basic rock metamorphism,

Classification and genesis of the Teigi Metanorthosite

and anorthosites in general is discussed,



1.
INTRODUCTIO

The Teizi Hetanorthosite (area: 411.4 square miles), is
located in the Tomkinson Ranges of north-western South Auge
tralia, The geology of the area is dominated by a grants
lite facies metamorphic terrain and the intrusive, basic
Giles Complex. The vieinity of the metanorthosite shows
a complex history of granulite facies metamorphism and dyke

and plug intrusion.

HISTORY

Little previous geological work has been done., The
body was originally mapped by Southwestern Mining Company
geologists in the period 195457, being considered by them
to be part of the Ciles Complex. Later mapping based on
this by the South Australian Department of Mines resulted in
the Mann L-mile and Dévies 1-mile sheets on which the meta-
northosite is shown in varying detail with generally massive
character, Dr. R.L. Oliver also briefly visited the local-
ity in 1963,

The present investigation involved field mapping to
elucidate lithologic relations and structure, and collect-

ion of geochemical samples during three weeks in May, 1967,
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GEOLOGIC DIVISTONS

The rocks outcropping in the area can be considered as =
granulite country rock, metanorthosite massif and various dykes

and plugs.

The metanorthosite is a macro-layered body, with varig-
tion from metanorthosite (100% plegioclase) to orthopyroxene-
plagicclase gneiss and (rarely) orthopyroxene rock. The
lithologic units, which are reasonably easy to differentiate

in the field are:

Field Name Lithology
Core gabbroic metanorthosite Gabbroic metanorthosite
Core gneissic unit Heterogeneous
Core massive metanorthosite Metanorthosite
Core blue metanorthosite Metanorthosite
Inner layered unit Pyroxene~plagiocclase gneiss
Outer blue metanorthosite Metanorthosite
Outer layered unit Pyroxene~plagioclase gneiss
Outer massive metanorthosite HMetanorthosite
Bagic granulite Various pyroxene granulites

The total thickness is approximately 4,500 feet.

These units define an antiformal structure conformable
with the country rock layering. The boundary between the
metanorthosite and the country rock is difficult to define and

will be discussed later,
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There are two major trends of dykes crosscutting the area.
Large vertical foliated dykes of NW-8E trend cut the eastern end
of the metanorthosite, while smaller, but more significant dykes
of slightly different trend occur in great profusion in the body
itself,

Finally, a small picrite plug of the Giles Complex intrudes

the metanorthosite, crosscutting the second class of dykes.
STRUCTURE
Fold Structure

The major antiformal fold structure needs little descrip-
tion. A stereographic plot of the orientation of poles to
layering and foliation (see Fig. 1) defined a great circle
whose pole gives a plunge of 122 in the direction 247°. No
difference in resulting fold orientation is obtained by pletting
either folliation or layering separately, and when seen together
in the field they are almost always concordant,. The northern
limb is roughly vertical with some variation in dip (-80 to +80°L
the southern dipping progressively from 20° to 60° south, Meso-
scoplc structures are rare, the only one found in place being
in a mylonite displacing the inner layered unit with orientation

and style a mirror of the large scale structure,

Foliation

The rocks being dominantly feldspathic, the foliation is
defined by pyroxene in the form of elongate granular lenses.

Large crystals of orthopyroxene in the core rocks, particularly



FIGURE | : STEREOGRAPHIC PLOT OF POLES
TO LAYERING AND FOLIATION
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near the contact with the inner leyered unit, show varying
degrees of deformation and rotation into the plane of the fol-

iation. The origind this structure will be discussed later.

Layering

Layering in two sceles occurs in the body. There is the
major layering briefly described above and small-scale litho-
logic layering which is restricted to the "layered units" with
rare occurrences in the core rocks, Both types will be des«

cribed in more detail.

Faulting

Three main directions of faulting are found, each with

its develcopment of basic dykes (see Fig. 2),

Type (1) are constant in orientation, show small displace-
ments and are localised in the plane of the dyke. Post-dyke
intrusion movements are small, with slight development of
glagsy "pseudotachylite', Marked displacements only occur
near the nose of the antiform, where shear zones rather than
faults have displacements parallel to the trend of the southern
limb. These shear zones (approximately 200 feet wide) contain
slickensides and sheared rock and are p referred sites of dyke
intrusion.s Greater displacement and intensity of feulting
in this region are obviously relsted to greater stress in the

nose of the fold,

Type (2) show a greater development of shearing and mylon-
itisation. A dyke lithologically similar to those along tvpe
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(1) faults is itself badly sheared, with formstion of "pseudo~
tachylite" -~ that is, this fault was definitely active after

emplacement.

Type (3) faulte have not been observed, but are presumed

to correspond to the major dykes of NW-SE trend.

GENERAL, DESCRIPTION OF ROCK TYPES

Lithologic variation in the metanorthosite is simple, be~
ing due to change in the proportions of orthopyroxene and plag-
ioclase and a related reduction in grain size Wiﬁh increasing
pyroxene content. The plagicelase~rich rocks have a cata-

clastic texture,

Core Gabbroic i northosite

This rock type, which is uniform in character, outcrops in
the core of the fold as massive blocks making up woolsack tors.
It consists of pleochroic orthopyroxene (15%) and antiperthitie
plagioclase (85%) and is even grained in hand specimens. Plag-
ioclase forms large interlocking grains, pyroxene is interstit-
ial, The contact with the core gneissic unit is gradational
over a short distance with scme interlayering of the two rock

types,
Gneigsic Uni

The core gneissic unit is inhomogeneous, with gradation in
character from even-grained, well-layered pyroxene~plagloclase

gneiss to foliated gavbroic metanorthosite to pure metanorthosite
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- complex interlayering is common., The northern contact veries
from very sharp (lay.red gneiss to massive metanorthosite) to

gradational (these areas shown on the map with a dotted contact)
Core Met rth

There are two natural subdivisions of this major unit of
the massife. The first is a coarse-grained, blue-grey metanor-
thosite (= Blue Metanorthosite), which occasionally has a pyro-
xene content over ten percent, variation being spparently ran-
dome The dominant mineral, an antiperthitiec plagioclase, is
arranged in a metamorphic texture with large grains having
serrated, interlocking contacts. The pyroxene occurs in
clumps and may form a crude foliation which swells in places to

granular, sugen-shaped clots,.

The other type is a sheared, pure metanorthosite, which
in hand specimen has a white to pale grey colour and a blotchy
appearance due to shearing and fine grain size. It is strongly
deformed with asugen-shaped grains, distortion of plagioclase
twin lamellae and granulated patches, Grain boundary altera-
tion to calcite and a fibrous mineral is common - altered
elinapyfoxene is rare. The distributiocn of the unit is a
puzzle. It forms a prominent east-west ridge in the eastern
part of the body, becoming broader to the west as though it
closes in the fold. Here it is difficult to maep because of
contained unsheared islands of blue metanorthosite, and its
limits are only apvoroximate. Intensity of deformation, pre-

sumably rel: ted to folding, is more concentrated in this rock
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and may in part be due to its monominersllic composition (the
converse is possible). Its peculiar outerop pattern is taken

as indicating deformation intensity and not a primary feature.

The core metanorthosite becomes more mafic towards its con-
tact with the inner layered unit and in places is markedly
foliated or pegmatitic, with larc-e pyroxene schlieren. The
contact is sharp to gradational over distances of the order of
a hundred feet, the actual boundary being taken as the Ffirst

occurrence of prominent layering.

Inner Lavered Unit

This relatively thin horizon can be followed around the
antiform and is an important marker. It is a pyroxene~plagio-
clase 3 garnet gneiss with layering (1" to 1') defined by var-
iations in proportions of pyroxene, feldspar and sometimes gor-
net - in particular the assemblages plagioclase-~-garnet-clino~
pyroxene and plagioclase~orthoclase~clinopyroxene-~hornblende.

In the sequence are occasional coarse-grained blue metanortho-
site layers (identical to the rock in the core) which are per-
fectly conformable, The texture of the rocks is crudely grano-

blastic and the plagioclase is not antiperthitic,.
Ou lue Met te

This rock type has sharp contacts with both the inner and
outer layered units and is similar to the metanorthosite of the
COTre, It is blue-grey in colour and coarse-grained, made of

interlocking crystals of antiperthitic plagioclase and a small

amount of orthopyroxene. Pegmatitic patches contain verv
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large orthopyroxene crystals (up to ten inches) set in typical

metanorthosgite,

Outer Layvered Unit

The unit is similar to the inner layered unit, but has a
greater variation in lithology. More common interlayering of
metanorthosite, antiperthitic plagicelase and nineralogy rege
triction to plagioclase and orthopyroxene are other important

differences, Textures are again crudely granoblastic,
ter las Metanorthosite

Although it outerops as cream-coloured boulders, in thin
section the rock is very similar to the other massive metanor—
thosite. Plagioclase is the only constituent and severe dee
formation is evidenced by a general absence of twinning, bend-
ing of what lamellae are present, undulose extinction, shear
planes, areas of granulation and alignment of grains with long
axes parallel - a cataclastic texture. Grain boundary altera-

tion with development of calcite is prevalent.,

In the northern limb of the fold, these last two units
gradually thin and merge with the following to a massive grano-

blastic pyroxene-plagioclase rock.

Bagic Granulite

Outerop of this unit is poor. In the field 1t is diffi-
cult to decide whether it forms part of the metanorthosite or

country rock, relation to the former being on microscopic
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features, particularly rutile exsolution in orthopyroxene, It
is an orthopyroxene-clincpyroxeneﬁplagioclasemgarnatmopaque rock
with great variation in mineral proportions, garnet and opaques
varying from nil to twenty percent, at the same time changing
from massive to well-layered. Although varisble it is recognig~
able throughout the arca. Contact with the outer massive meta-
northosite ls presumed sharp, the evidence being topographic
expression. Contact with the quartzose granulite country rock
is also not well exposcd - near the first outerop of quartze—
rich rock, stringers of this material appear %in the basic
granulite as lenses elongate parallel to the layering, leading
to the quartz-potash feldspar-garnet granulite country rock,
This is taken as the outer contact of the metanorthosite massif
for mapping purposes, and is interpreted as being hybrid, with

the guartzose lenses representing deformed xenoliths,

Country Roclk

Massive quartz-feldspar granulite surrounds the metsnortho-
site and is conformable with it. It is a medium-grained, quartz
potash feldspar i garnet granulite, which is massive to one inch
scale layered, with ocecasional half to one inéh bands. The
Teldspar is markedly perthitic {up to thirty percent) and de~
formation is evidenced by the elongation and interlocking of
all grains, Layered basic granulite occurs in this unit, but
has been little investigated = the assemblage plagloclase=
clinopyroxene~garnet~opaque is noted. Similar rocks occur in

areas mapped to the west (A.D.T. Goode, pers. comm,).
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Small Intrusive bo

Dyke=like intrusions can be described in three groups.

1« "metanorthositic dykes",
2e metamorphosed small basic dykes,
3 large foliated dykes.

These almost certainly have different ages,

1« "metanorthositic dykes®,

In three places in the metanorthosite, dyke~like bodies
were observed cross-cutting the foliation. These have the same
mineralogy as the surrounding rock, but are slightly more mafic.
The mafic mineral, probably orthopyroxene, is concentrated in
a thin selvedge to the dyke and in lensoid masses (up to three
inches long) parallel to the foliation of the enclosing rock,
The dykes were therefore emplaced prior to foliation development

and are evidence for an "anorthosite period of igneous activity".

FIGURE 3: METANORTHOSITIC DYKE” PLAN VIEW

Foliation Direction
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In many other places large masses (up to one hundred by
one hundred feet) of similar rock were observed, but contacts
were either indefinite or aebscured - these may be of similar

origin,
2 Metamorphosed small basic dykes.

This group of dykes is generally fine-grained and re-
erystallised, only rarely showing remnants of chilled marging,.
They ocecur along fault zones (orientation approximating dip
BOON, strike 3000) and except in one case are not badly sheare
ed by later movements. The map shows only a small nu&ber of
larger dykes (up to ten feet wide), there being many others
which give the area a stresked appearance on aerial photo~
graphs. They are mafic with pyroxene greater than fifty per-
cent in all cases, almost reaching one hundred percent in one
pyroxenitic rock. Téxtural variation is great, rancing from
almost "igneous" with plagicelase laths and orthopyroxene phen-
ocrysts in a gramuleted "groundmass" of ortho- and clinopyro-
xene, to completely grenmulated rock in which garnet has develop-
ed. These dykes are of extreme intereat and selected examples
will be described in greater detail in the secction on metamor-

phism,.
3¢ Foliated Dykes,.

The*prominent north-west trending dykes truncate the area
in the east. WMineralogy is simple and homogeneous - plagioclagse-
orthopyroxene - and the texture cataclastic with bent and augene

shaped grains surrounded by finer granulated material and
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"pgeudotachylite,® this last forming a foliation of similar
orientation to the dyke itself. Presumsbly the deformation
producing this texture is relasted to movement along the fault

plane intruded by the dyke.

Pierite Plug

A small picrite plug intrudes the metanorthosite, crosg-
cutting a dyke of the type described in 2. Slight chilling
and hybridisation of metanortheosite and pierite are found
at the contacts. The rock, which is undeformed, shows a
beautiful igneous texture in thin section, which can only be
briefly and inadequately described. The mineral assemblage is
oliviﬂa»sPinel-clinopyroxeneuorthppyroxenewhornbl@ndeeplagio~

clase-biotite associated in many textural relationships.

Petrologic descriptions of most of the above rock types
are given in AppendixJl. Their distribution is shown on the

geological map (regional geology after Mirams [1964]).
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GROCHEMISTRY AND MINERALOGY

Geochemical work was undertaken on material from Teizi for
several reasons-to usc geochemical evidence to help elucidate
the history of the metanorthosite, to obtain needed data on
anorthosites and to familiarise the author with geochemical
methods. Since the metanorthosite consists of a related se-
quence of rock types, samples were collected as systematically
as possible across the strike in order to reveal any geochemical
trends. Ten specimens were prepared for analysis - whole rock
and separated plagioclase - as noted in Appendix I, Sample

locations can be found on the geological map.

The sample numbers and corresponding lithologic units are:

A298 - 142 Core gabbroic metanorthosite
196 Core massive metanorthosite
110 Core blue metanorthosite
1198 Inner layered unit
119D Inner layered unit
120 Outer blue metanorthosite
126 Outer layered unit
117 Outer massive metanorthosite
L8 Garnet-bearing metamorphosed dyke
194 Metamorphosed dyke

The investigations used for comparison are whole rock and
trace element analyses of Canadian snorthositic rocks (Papzik

1965; Philpotts, 1966) and date on the Giles Complex from

various sources,



Due to incomplete digestion this analysis in low in caleium.

TABLE 1
Feldspar | 142 196 110 1198 119D 120 126 147% 48 194
Nao0% 532 5.09 L.75 L1418 h.76 515 5.81 5.03 5,26 h.65
K 0% .81 .69 .68 2l .32 .57 .71 87 .19 1.69
Ca0% 9.98 9,96 10.87 11.75 11.46  10.85 943 9,55 10,50 10.22
A <JF) | 3907 51,0 BL.8  59.3  57.0  53.2 46,5 L49.7 52.9  51.0
Ab% 46,2 L5.4 Li.7 394 ht.3 W0 h9.9 k5.7 U6.2 oLy
or% hel 3.6 3.5 1.2 1.6 2.9 3.6 Ite7 1,0 8.6
Partial 99,k 96.5 98.1 97.6 99.0 100.8 100,2 95,1 97.7 100.0
Analysis
An
in o+ 5b 51.8 52.9 56,8 60,0 58.0 5l1e7 48.2 52.1 53.4 55.8
Sr ppm. 1400 1400 1350 880 700 1640 1370 1380 1220 1420
- b : ac;zc; St sl po , cet T pars L D0 REE f SN D
i 496] 499) S3I0 836 5% I &213 4SUL pedo
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FIGURE 5 : PLAGIOCLASE ORYZ VERSUS ANY

] [ T T T T
S5 E
| Field of Antiperthites
4 -
A
or/ |-
3
Field of
o} normal plagioc/ases C
| b
F
D
(o] i 1 1 1 4 1
40 SO 60 70 80 90
An /.

AB  Limit of normal plagioclases after Smith end Emmons.
CD Mt Davies plagiociases after Kleeman.

EF 7eizi Metanorthosite Plagioclases .



k.

Partial analyses for sodium, potassium and calecium are
tabulated in Table 1, along with calculated analysis percent
and feldspar end member content., (Methods of analysis are

given in Appendix I),.

The variation in feldspar composition across the body is

shown in figure L along with modal plegicclase p%@cent.

Since a number of the feldspars are antiperthitic, the
relation of potassium to sodium and cslcium is of interest.
Because of its chemical similarity to sodium, potassium would
be expected to show a positive correlation with this element
and conversely a negative relation to calecium. A plot (fig.

5) of Orf versus An% (An% to allow comparison with other work)
reveals the expected correlation in a linear fashion. Feldspar
194 (Or = 8.6), from a dyke rock, is the only divergent example
and its high potassium content may be due to contamination. The
country rock outside the metanorthosite econtains much potash
feldspar which would provide the potassium - however, its assoc-
iated rubidium was not detected, suggesting that this is an
original feature, The substitution of potassium for sodium in
plagioclase depends on the interaction of temperature, pressure,
availability of potassium and plagiocclase composition. The
linear Na-K relationship indicates that the Pirst three factors
were in balance for all rock types, a feature, which particular-
ly for the case of availability, is only attained by liquid-

crvetal ecquilibrium.
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At lower pressures and temperstures than those of formation,
plagioclase can hold less potassium in its lattice and may unmix
potash feldspar if potassium is above the tolerance level for
the physical conditions. Samples 119B and 119D are not anti-
-perthitic, while 120 is, indicating that the critical Or content
is between 1.,6% (119D) and 2.9% (120). Comparison with the Mt.
Davies feldspars (not antiperthites) end those quoted by Smith
‘“% and Emmons (antiperthites excluded) defire s the critical boundary

guite precisely for varying plagioclase composition, Note that

antiperthitic feldspars should delimit the boundary, as some
high potassium examples may not show exsolution simply because
conditions suitall e for nucleation of the e xsolved phase have

not been asttained.

The strontium content of the plagioclases is given in Table
e Strontium commonly shows a negative geochemical relation
to caleium, Linear trends of increasing strontium with decreag-
ing calcium in the differcntiation sequence of basic intrusions
are often found (e.g. Kleeman, 1965), Such a trend is sugg-
ested in Fig. 6, but is not well developed. Fig. L shows that
strontium reflects the geochemical break at the inner layered

unit (119).
Rubidium was not detected in these feldspars.,
b. Exsolution in Plagioclas
1e Antiperthite

Potash feldspar occurs in the plagioclase as small, square,

wedge or elongate grains with parsllelism of any long axis,
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They usually occur along twin lamella boundaries or fractures,
but sometimes in gpparently untwinned grains, perhaps related
to submicroscopic twinning, Following Carstens (1967) it is
concluded that these result from continuous precipitation with
nucleation along twin boundaries which are energetically favour-
able due to high concentration of dislocations. In alloy sys—
\tems unmixing post-~dates twiming, soxfggékéigalatian in the
Telzi plagiocclase occurred after the fogmation of deformational
twins which are presumably related to fﬁe large scale folding
post < dalls PHUWAT TN iy e

} - fis
of the area. et V"W (3»' V«/“L’ L ; w) pve avlai?

TE € DN Posir 4 A T

2. Opague Inclusions ‘v

In common with other anorthositic bodies the plagicclases
contain many opaque, oriented inclusions in the form of euhedral
rods, which may occur singly or in trains with twenty or more
individusls., The inclusions are probably haematite or ilmenite
and have resulted from exsolution, ferric iron being rejected

from aluminium sites on cooling.

¢c. Diffractometry

The intention of this work was to determine the structural
state of the sulte of plagioclasesand if possible to derive a

composition calibration,. The parameters investigated were:

ro= 28 (131) + 20 (220) - 4o (131) Oscillation = 28 - 3220
B = 20 (1T1) - 20 (207) " = 21,5 - 23.5%¢

The results are shown in Table 2.



IABLE 2

and B v es with stendard deviation
Samplei§gq?§§\ In B
W2 497 »609 *+ ,018 +868 + 007
196 5! L B .867 * 007
639 * ,039
110 549 o717 + 009 856 + .005
119B 93 848 + ,012 839 + 011
149D s*o <764 + L0114 849 + ,006
120 ¢332 +633 + ,009 «863 + .008
126 4% 585 + 016 .878 * ,011
147 | .650 & 023 | .863 + .012
h8 o776 £ 026 846 + ,00L
194 «792 + ,013 ®

unable to determine satisfactorily.
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As can be seen in figure 7, ™ and B versus anorthite per-

cent, B gives a smooth curve, while " is marked by greater scatter
This is reduced when the ordinate is ngéﬂgg » removing the
effect of potassium on feldspar composition, the points being
described by two straight lines (fig. 8). (Note that the com-
position of 117 is uncertain and should be more caleic). Previ-
ous work shows the presence of an inflection point in the region
of AnEO and this has been found here, It unfortunately reduces
the usefulness of the curves in compogition determination because

of the small change in the diffraction parameter with composition.

Experimental determination of the /" parameter proved diffi-
cult, Initial runs on hand ground powders produced great in~
ternal variation in results., After unsatisfactory trials on a
known feldspar, using powders hand-crushed (usual procedure) Ffor
periods up to ten mimites, mechanical crushing (half hour) was
used, giving good precision (see standard deviation) for a number
of samples. Even so, some poor results were obtained, indicat~
ing that grain size was not the only problem, Two possible
explanations for the unsuitability of " are:

1e Structural changes in this composition range having very
sensitive manifestation in 4 spacings requiring great ran-
domness of particle orientation and congsequent reduction

in grain size.
2e The antiperthitic nature of many of the samples,

Prceision of B measurement was always good leading to the

conclusion that it is a superior parameter for compositions near

Aax
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St tu tote

The Teizi plagioclasesform a coherent group with a low
trensitional structural state similar to that found in other
high grade metamorphic terrains and layered intrusions. Com-
parison (Fig. 9) is made with Philpotts (1966), Kleeman (1965)
and the low and high temperature structural state curves, in-—
dicating similar structural state to that of the Canadian anorw
thositic rocks, but perhaps slightly higher than that in the Mt,
Davies Intrusion. The feldspars from the metamorphosed dykes
have a much higher structural state indicating a different ther-
mal history, probably related to rapid cooling on intrusion with
preservation of the higher temperature structural state. Iew-
crystallisation accompanying granulite facies metamorphism has
apparently not affected the structural state indicating sluggishe

ness of change.

D € Mine

No quantitative work was done on the pyroxenes of the area,
this discussion being restricted to some important qualitative

observations,

The predominant pyroxene of the metanorthosite is a pleo=-
chroic orthopyroxene, clinopyroxene being limited to accessory
status except in the inner layered unit. The dykes contain
orthopyroxene as relic phenocrysts and orthopyroxene and clino-

pyroxene as "groundmass',
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As the FeO:Mg0 ratio of the rocks is constant (msee rock geo-
chemitry), orthopyroxene composition in the metanorthosite is
constant - it is a bronzite (optically negative)., Orthopyroxene
also occurs in the metamorphosed dykes (optically positive) and
Toliated dykes (appears to be optically negative).

Pegmatite

Orthopyroxene crystals attain large dimensions (up to ten
inches) in occasional pegmatitic areas of the blue metanortho-
sites, The large crystals, apart from containing much plagio=
clase and lesser clinopyroxene as sheets in the XY optic plane

are similar to their smaller counterparts,.

Rutile Fxsolutio

Rutile exsolution is almost ubiquitous in the orthopyroxene
of the metanorthosite and crosscutting dykes. Rutile needles
are found in the (010) planes of the pyroxene, oriented parallel
to (601), (601) and (001) (A.C, Moore, in press)., This pheno-
menon has not been reported outside the Ciles Complex, It has
been studied in detail by A.C. Moore, who identified the needles
using an electron microprobe, He coniéu&eg that this form of
exsolution has taken place because of excesscive gubstitution of

titanium in ferrous iron and magnesium sites at high presgure,

In the metamorphosed dykes (small intrusives 2) exsolution
has only bcen found in relic phenoerysts, the granular orthow

pyroxene showing none,
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Philpotts (1966) reported plagioclase and ilmenite of simie
lar orientation as inclusions in elinopyroxene. A similar fege
ture is found in some clinopyroxenes of the inner layered unit,
where the opague consists of an exsolution intergrowth of haema-
tite and ilmenite. It is suggested that the haematite - ilmenite
intergrowth exsolved from the pyroxene, but that the plagioclase
represents inclusions because of (1) the plagioclase extends to
the edge of the pyroxene grains in some cases and (2) plagioclase

only occcurs in a few grains per slide,
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W %) (8] k ar Big

Vhole rock aenalyses were made of nine samples by means of
wet chemistry and X-ray fluorescence spectrography, (sec /fppen-
dix I). The analyses are chown in Table 3. The totals show
great variation and although the reason for this is unknown, it

is hoped that the results may be used in a relative fashion.

A number of interesting geochemical relestions can be de-

rived from this data.

FeQ - Mg0 (Figure 10).

Figure 10 shows a linear relationship between ferrous iron
and magnesium for the metanorthosite rocks, Since the graph
passes through the origin, FeO/lg0 is constant and as orthopyro-
xene (Mg,Fe)8103 ig the only major iron and magnesium bearing
mineral in these rocks, it may be inferred that the orthopyroxene
composition is constant. 4149B has the mineral assenmblage garnete
clinopyroxene-plagioclase,but plots on this line suggesting that
the garnet and clinopyroxene formed from sn orthopyroxene-plagio-
clase associatlion without change in the amount of ferrous iron.

The dykes 48 and 194 have a different FeO/MgO.

By comparison a plot of Mt. Davies analyses shows a marked
linear trend and a reglon of scatter. The linear trend is shown

by rocks of the "eritical zone" where snorthosite is developed.

FeO ~ Mn0 (Figure 11).

A linear correlation of these elements is found regardless

~ - . -



TABLE 3. Whole Rock Analyses

142 196 110 1198 119D 420 126 48 194
810, 54.19 56424 53,90 50.45 51.86 56,96 55.21 46419 53.02
740, .22 .12 A7 .39 .48 .15 .20 .64 .92
41,0, 22,15 27.81 25,99 24.87 21.36 28,11 20.27 15.59 12.76
Fey0y 57 .66 T4 5T 2.38 .56 63 1.53 2439
FeO 4.1 35 2,36 494 3.84 1.05  5.99  9.46 8,75
MO .08 .03 .05 A1 .09 04 .10 4 .16
g0 4412 A9 2,06 4440 677 93 5.43 11,52 11,02
Ca0 8.5% 10,14 10,04 12.86 12.16 10.11  6.25 10.70  9.20
Ne.,0 4.16  4.88 4,08  3.89  3.08  4.91  3.93  2.64  2.80
K0 44 77 45 .20 .12 .35 .30 .09 .81
P,05 01 nil .01 tr .01 .01 tr .03 A1
Total 98.59 101.18 99.85 102.68 102.15 103.16 98,31 98.53 101.94
Sr ppm | 800 930 890 430 650 1120 700 220 200
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of manganese in ferrous sites of orthonyroxene, clinopyroxene

and garnet.

Hg0 = Ti0, (Figure 12),

Another linear relation is shown in this plot. Titanium
is located in three places in these rocks (1) ilmenite - which
in some cases is exsolved from clinopyroxene (2) rutile exsolu-
tion in orthopyroxene (3) substitution in pyroxene, Since most
titanium seems to have been dcrived from lattice sites in the
pyroxenes, it 1s not surprising that correlation is Ffound with
a.similar element in these ﬁinerals, in this case magnesium,
Thosc rocks with clinopyroxene show a higher content of titaniun
indicating greater substitufion in the magnesium sites of this

mineral.,

KQ = Na,0 (Figure 13).

The whole rocksshow a trend of increasing potassium with
sodium in a similar fashion to that discussed for the plagio=-

clases in which phase these eleménts are restricted,
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METAMORPHT SM

The metamorphism of the Teizi Metanorthosite is conveniently
considered in two sections (1) the rocks related to the metanor-
thosite and (2) the crosscutting dykes, both of which show gran-

ulite facies mineral assemblages.

Metanorthosite Metamorphism

The mincral assemblages found in the metanorthosite are:

plagioclase, orthopyroxene - plagioclase, orthopyroxene - clino-
pyroxene - plagioclase, orthopyroxene - clinopyroxene = plagiom
clase - hornblende, orthopyroxene - clinopyroxene -~ garnet, ortho-
pyroxene~ clinopyroxene - garnet - plagioclase - opaque.
Metamorphism is evidenced by recrystallisation, formation of
garnet and reaction textures. The assemblage plagioclase *
orthopyroxene is stable ir most rocks, but those with suitable
compositions show varying degrees of reaction in the form;
orthopyroxense + plagioclase<<;ﬁfclinopyrox&ne + garnet + quartz (1)
A rock in the basic granulite unit (A298-186) shows the resction
in an arrested state, with various well-developed rims of reaction
products. Orthopyroxene occurs as irregular, severely altered
groins with garnet and opaque rims and embayments. Garnet rims
form between plagioclare and opaque, narrow guartz rims between
orthopyroxene eand opague, plagioclase and garnet, Clinopyroxene
is found as grains lateral to orthopyroxene and ss stringers in

garnet.

Reactions taking place are:

plagioclase + opaque —— garnet
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The inner layered unit shows this latter reaction at completion,
with the formation of garnet-clinopyroxene (small scale) and
garnet-clinopyroxene-plagioclase assemblages and attainment of
textural equilibrium. Small spinel centres to some garnet
grains suggests that the reaction may have been:

spinel + plagioclase + orthopyroxense — garnet,

Metamorphoscd Dykes

As previously described, the dykes vary from partly to com-
pletely recrystallised and metamorphosed. The mineral assem-

blages are:

orthopyroxene ~ clinopyroxene - hornblende - plagiocclase,
orthopyroxene - clinopyroxene - plagioclase, orthopyrozene -
clinopyroxene - plagioclase - spinel, garnet - clinopyroxene -
prlagioclase,
Rimming textures are uncommon, but show orthopyroxene phenocrysts
surrounded by garnet which contains occasional stringersof quartz
(2298-U49). With further reaction the rock is converted to a
granoblastic aggregate of subhedral garnet, clinopyroxene and
plagioclase (A298-18), i.e. the reaction again is (1), It can
be seen then, that both the metanorthosite and dykes are at the

same grade of metamorphism,

A pyroxenitic dyke (A298-100) contains the unususl assem—
blage orthopyroxene-clinopyroxene-biotite~garnet-gpinel~plagio-
clase, Perfect garnet rims enclose the gspinel and much of the
biotite. The interpreted reaction in this case is,

spinel + pyroxene + potassium + water = garnet + biotite
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The presence of spinel in some plagioclases also seems to

be due to metamorphism,

The granulite facies is defined by the sppearance of hyper=
sthene with increasing grade of metamorphism, by means of reacw
tions such as:

hornblende + quartz + biotite = orthopyroxene + plagioclase
+ water
Further subdivision of the facies has been proposed by several
authors, the most complete being that of de Waard (1965), involv-
ing differences in PH20 and Pload and garnet and biotite « horn-
blende isograds - see Fig. 1. This results in four subfacies,

those at higher P, .. being intruduced by the reaction (1).

As noted before, assemblages in the Teizi area consist of:

plagicclase ~ clinopyroxene - garnet = clinopyroxene - alman-
dine or more likely hornblende - clinopyroxene - almendine
subfacies (48 or 119B).
orthopyroxene - clinopyroxene - plagioclgse + hornblende =
hornblende - orthopyroxene - plagiocclase sub*faciea’($9u or
119D),
and can be assigned to two different subfacies. Since the grade
of metamorphism over such short distances would be constant, it
is evident that the formation of garnet in basic rocks is not a

reliable indicator of grade.

Green and Ringwood (1967), using the results of their ex-

[ SN, SEVURPIPRTI A | R F s .. JRORONSR A% N i o~ e LI
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possible,
Briefly it is:
Low Pressure: olivine + plagioclase

Intermediate Pressure: orthopyroxene + plagioclase (pyroxene
granulite)

High Pressure: garnet + clinopyroxene + quartz (garnet gramilite)
The pyroxene granulite - garnet granulite transition occurs by
means of reaction (1), Experimentally it was found that bulk
composition of a rock significantly influenced the rhysical con-
ditions at which the reaction took place (see Fig, 15). As a
result clinopyroxene -~ garnet - plagioclase and orthopyroxene =
clinopyroxene -~ plagioclase asgemblages can be stable at the same

temperature and pressure in rocks of suitsble composition,

The important chemical effects are:

1« the higher the silica content of a rock, the higher the
pressure required to produce garnet, and

2. the higher the Fe0/Mg0, the smaller the pressure needed to

give garnet,

These two points can be used to explain the minerslogical 4diff-

erences in the Teizi rocks.

(a) Inner Layered Unit,

1198 cpx - ga - plag 810, = 50.,45% FeO/Mg0 = 1,12
119D cpx ~ opx ~ plag ¥ = 54,86% " = 57

In terms of composition, 119B is favoured to produce garnet by a
slightly smaller silica pvercentage and muah large: iron-magnesium

ratio.
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TABLE 4

Comparison of the composition of metabasites from the Teizi Metanorthosite
with the experimental compositions of Ringwood and Green (1966).

A298~48 ~ olivine tholeiite A, A298-194 =« quartz tholeiite B

510, 46,19 46.93 53.02 52.16

T40, .84 2,02 .92 1.86
81,0, 15.59 13.08 12,76 14,460
Fe,050 1.53 1,02 2,39 2,46
FeO 9.46 10.07 8.75 8.39
0 .4 .15 - .16 14
Mg 11.52 14455 11,02 T.36
Ca0 1070 - 10.16 9.20 9.44
Ta.,0 2.64 1.73 2,80 2.68
K 0 .09 .08 .81 .73
P,0 03 21 A1 .18
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(p) Metamorphosed Dykes.
b8 epx - ga - plag 810, = L6,19% FeO/Ug0 = ,82
194  epx - opx - plag " = 53.02% " = +79

In this case, 48 developed garnet because of its much lower sil-
ica percentage, This verifies the experimental work of Ring-
wood and Green and explains the apparent anomaly of two co-
exlsting metamorphlic subfacies. The production of garnet is
only useful as an indicator of metamorphic grade in saturated

rocks,

The experimental results also enable an estimate to be

made of the conditions of metamorphism, By good fortune this
is made relatively easy, as 48 has a similar composition 4o the
olivine tholeiite A used in the experiments and 194 is represent-
ed by the quartz tholeiite B, which has a slightly higher silica
percent and higher iron-megnesium ratic (494 would then give
garnet at a slightly higher pressure than quartz tholeiite B),
(See Table 4} i.e. at 1,100°C. (see Fig. 15),

Qtz. Tholeiite B = 194, gives garnet at 1l Kb.

01, Thnléiite A = W8, gives garnet at 12Kb.

Since 48 has garnet and 194 has not, at 1,10000 the pressure
corresponding to this mineralogical relationship would be between
12 and 1l Kb, i.es 13 Kb, Using a P~T gradient from Green and
Ringwood (Fige. 16) it is possible to find the P-T relations at
which this could occur, Note that the rocks are intermediate
pressure granulites close to the transition to high pressure

gramilites. Further limiting relations are the stability curve
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of garnet and the aluminosilicate polymorph boundary, as sillie
manite is the only A128105 mineral found in the Mt, Davies area,
The conditions of metamorphism of the Teizi rocks must lie on
the gradient between 9 Kb, 800°C. and 13.5 Kb, 1,130°%C., i.e. a
depth range of 33-50 Kms. Since the Mohoroviecic discontinuity
probably occurs at around LY Kms, it is possible to restrict this
to 33-ll Kms.,

A further useful P~T relation is derived from the spinel-
orthopyroxene symplectite of the picrite, which results from
the solid state reaction:
olivine + plagioclase = orthopyroxene + clinopyroxene + spinel
A P-T gradient giving the conditions of reaction sccording to
Kushiro and Yoder (1966) is plotted in Fig. 16. Since this
was found for the simple system forsterite - plagioclase, it may
be unreal and not applicsable. Two explanations for the sbsence
of garnet in the rock are (1) lower pressure of reaction as sugg-
ested by the P-T gradient and younger age of the rock or (2)
composition unfavourable to garnet formation, Any P-T gradient
can be crossed in two limiting ways (%) at constant pressure and
(2) constant temperature - the picrite reaction, because of the
rock's undeformed and unrecrystallised texture, probably result-

ed from cooling at constant pressure,

A general feature indicative of high pressure conditions
is spinel exsoluticn in clinopyroxene of the picrite and some

dykes,
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CLASSIFICATION QF THRE TiIZT I TANORTHOSITE

Anorthoslte classifications have been proposed by Budding-
ton (1939) and Berrange (1965), involving separation into two

groups, massif and stratiform,

The Telzi Metanorthosite is a massif anorthosite according
to Buddington, corresponding to type (2), "masses of small to
very large areal extent without obviously strongly differentiated
stratiform characters and with areal domical structure or struce
tures in the roof of large bodies, such as the Adirondsacks . "
The somewhat more rigorous clascsification of Berrangé can be used

ag follows:

1) Environments Maspgifs are confined to granulite facies
terraing (if in amphibolite facies evidence for retrogression
is usually found), stratiform are not. This certainly applies
to Teizli and it is likely that granulite facies, or at least
high temperature-pressure anhydrous conditions, are necessary

for massif formation.

2) Age: Maessif snorthosites are restricted to the Precambrian,
Teizl is definitely Precambrian as the unmetamorphosed Tollu
Volcanics which overlie the basement gramulite complex have been
isotopically dated at 41,100 million years, This has no great
significance as it naturally follows from (1), Stratiform
anorthosites can have any age, but it is noticeable that all

large developments are found in the Precanmbrian.

3) Form: TFlat or tilted sheet and nappe~like forms are claimed

drm Tds dired s T o e d B e ke e A A T o LN e e e
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anorthosites also have sheet-like form within basic intrusions
and will eppear similar if the intrusicn is concordant., The

Teizi Metanorthosite is a folded concordant sheet,

4) Internsl Structure: Massifs are generally msssive with
little layering, which if present is parallel to kinematic folia-
tion. Concordancy of gneissic structure of country rock and
anorthosite foliation is characteristic, This is true of Teizi.
However, major and minor layering is also reminiscent of the
stratiform anorthosites in its persistence and repetition, even
though the rock has a metamorphic texture, so that this feature
is problematic.

5) [Texture: Cosrse grain size and ultrametamorphic textures
such as bending and breaking of feldspar grains are common in
massif anorthosites, However, these are not sound criteria

as stratiform anorthosite~troctolite bodies may show them - cer-
tainly they ocecur at Teizi (pyroxenes up to ten inches long and

cataclastic textures).

6) Mineralogical Composition: Covmonly massif anorthosites

show a gradation from anorthosite to younger mafic facies - norite:
and gabbros - which occur near the margins. Mafiic facies occur
at Teizi, but are of small volume and have sharp contacts with

the anorthositic rocks on macro- and mesoacopic scales, Little
variation is found in plagioclase composition (often antiperthi-
tic), this being in the range An-Ancse The mafic minerals are

orthopyroxenes with subordinate ¢linopyroxene, garnet and horn-

blende, The common accessory minerals of massifs are apatite
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and ilmenite.s A most remarkable feature of Teizi is the absence
of apatite and most accessory minerals except opagues and rare
biotite and hornblende, The sequence of mineral compositions
in stratiform anorthosites is governed by the principals of mage-

matic differentiation and often shows regular progressions,

7) Associated Salic Rocks: Massif anorthosites are often

asgoclated with younger pyroxene-perthite salic rocks of ultramet-
amorphic to igneous aspect. Their relationship to the anortho-
sites is controversial and has not been settled, These do not
occur near Teizi, although possibly some of the charnockitic rocks
of the Mt. Davies area might be considered as mangerites. The
guartz-perthite granulite country rock is not in the suthor's
opinion of this type because of its high quartz content and great

extent.

Clessification as a massif type is suggested for the Teizi
Metanorthosite, conformity, metamorphic texture and feldspar
composition ﬁeing the strongest evidence, The prominent layer-
ing is identical to that found in many stratiform basic complexes
and suggests at least some affinity with these, It is the first

anorthosite of massif character described in Australis.

Study of recently described examples indicatesg that a sharp
division between stratiform and massif snorthosites is unreal -
they are end members of a continuous series, The Berrangé
classification, as a very refined method of separating the end
members, has revealed the large number of exceptions to a rigid

classification « the Teizi Metanorthosite is cne., That such a

asvion aviata rwrnturnalroe dhe miaedd sm L Ane $hea mnnsadkdmmTTar st md 30
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GENESIS

The prineipal hypotheses of origin proposed for anorthosites

are:

(1) Magmatic: (stratiform or massif with various parent magmas
and processes).
(2) Metasomatic: introduction of sodium and caleciume.
(3) Assimilative: assimilation of pelitic rocks by basalt.
i.es, magmatic,
(4) Wetamorphic: metamorphic differentiation (under gravity?)
(5) Anatectic: anorthosite as a residuum after partial

melting, or a plagioclase liquid as a result of partial

melting.

Since the Teizi Metanorthosite has both massif and stratiform
characters all the possibilities must be considered (n.b. (2)=(5)
for massif only).

The theories of origin are simplified as follows: the
assimilative origin involves only the production of the parent
magma and is included under magmatic, and the only case where
a metasomatic origin hes been proposed, has a surrounding halo
of decreasing feldspar content which is not present at Teizi -
there is no vositive evidence for this process and it is summarily

dismissed.

The possibilities are thens

(1) Metamorphic

(2) Anatectic

4w
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The following is a brief discussion of these three possi~

billites,
Me ¢ Origin

The concordant country rock asnd metanorthosite foliation
and layering is suggestive of development of the foliation and
layering during a previous deformation and may imply that anor-
thosite formetion was a metamorphic process., Firstly, no evid-
ence for this previous deformation has been found and although
it is highly likely that it did take place, the anorthosite need
not have been in situ then. An alternative and plsusible ex~

planation of foliation orientation can be given.

It is difficult to invoke isochemical metamorphism, assum~
ing the rocks to be metamorphosed sediments, because of the rar-
ity, if not non-existence of sediments of the correct composition.
Metamorphic differentiation is difficult to disprove, but is not
supported by the extreme geochemical contrast between the meta-
nortﬁste and the quartz-perthite country rock - it has no posi-
tive evidence in its favour apart from the partly gradaticnal con-
tact and occasional pyroxene granulite layers in the country

rock,

The metamorphic model can be rejected conclusively because
of the absence of rubidium in the rocks. Grﬁst&l rocks show
marked rubidium contents and consequent low potassium-rubidium
ratios, while the metanorthosite contains no rubidium within the

detection limit of the Heray fluorescence spectrograph. Deriva-
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tion from a source region of low rubidium is implied, this being
the mantle, Algo difficult to explain is the perfection of inter=
layering of metanorthosite and pyroxene gramulite (i.e. the layer-
ed units), a feature not observed in any other granulites Guring

the author's sojourn in the field.
8 t T

Two distinct proposals of anastectic origin have been made:

1s Anatexis of lower crustal material of intermediate come
position 1é§ing to a feldspathic residuum and acidic
liquor,

2e Melting of amphibolite under hydrous conditions producing

an anorthositic liquid and hornblendic residuum,

The first can be rejected on similar grounds to those gbove =
high rubidium content would be expected in such a residuum and
it is difficult to see how an anatectic procesc would develop the
layering fouhd. Conformity of folistion and layering is however
simply explained by this process.

The second model is interesting in that the low rubidium
content would be accounted for (amphibolites of basaltic parente
age would have low rubidium), but falls down badly in a general
way through its inability to explain the gramulite facies assoc~
iation of metanorthosites, as the condit ions under which this
melting can take place are not severe and could be expected in

much lower grades of mctamorphism.
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The remaining hypothesis is thst of magmatic origin, which

will be considered in greater detall because of its ability to
account for the features of the metanorthosite in a simple and

more complete manner than any other.

Magmatic Origin
The following features suggest a magmatic origin:

1e An anorthosite period of igneous activity as evidenced by

the anorthositic dykes,

2e The well-developed interlayering of metanorthosite and
pyroxene-plaglioclase granulite in the layered units, which

is identical to that found in many layered intrusions.

3. The low rubidium content whieh is indicative of a mantle

source region,

4+ The composition of the rocks which is identical to that

found in definite anorthositic intrusions.

5. The equilibrium potassium-sodium relationship of the

plaglioclases,
6. The presence of pegmatites,

7« The ascociation with the Giles Complex with which it has
many similarities (this will be discussed in more detail
1&'@81") ®

Possible objections to the magmatic hypothesis are:

1« The Anﬁo plagioceclase composition. However enorthositic ley-

ered intrusions (e.g. Freetown Ange ¢, end Michikemau
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An52*62) can have this composition and plagioclase has been
found experimentally to become more albitie with increased
Precsure, Zxperimental investigations of basaltic composi-

tions have unfortunately not Included plagioclase determing-

tion.

v

2. The absonce of marked magmatic differentiation, This is

however limited to the above examples,

3 It might be suggested that igneous layering would not SUDP-
vive granulite facies metamorphism, but metamorphosed strati-
form anorthosites in Greenland (identifieq by the presence
of chromite layers) show perfect preservation, even on the
scale of graded layering (Windiey, 1967). Interestingly,
until the discovery of the chromite layers these were class-

ified as massif anorthosites,

The Nature of the Parent Magma

A wide variety of magmas have been suggested as Playing an

important part in anorthogite genesis,

1) Basaltic - applied by many to stratiform anorthosites, e,g,
Vadsworth (1963), Emslie (1965) and to massip anorthosites
€+ge Bowen (1917),

2) Gabbroic Anorthosite . Buddington (1961),

3) Diorite or Quarts Dierite - Philpotts (1966), Green (unpub, )

The most popular at the moment are the bassalt for stratiform

anorthosites and for the masaifs, the intermediate composition

nagma, a plutonic member of the cale-alkeli series which has g



wv

O

NClz? + K

FIGURE 17 : TOTAL ALKALIS VERSUS SILICA

ALKAL/ BASALTS

THOLENTES

s10,



37

large field of initial plagioclase crystallisation, As regards
the Telzl parent magma there can be little more then speculation.
The cale~alkali hypothesis is su-ported by the constant iron-
magnesium ratio, but as can be seen in fig. 10 this is also a
feature of the early crystallisation of the Mt., Davies Intrusion.
It is tentatively suggested that because of the metanorthosite's
affinities with the Glles Complex the ultimate parent was of
basaltic (tholeiitic) composition and that differentistion with
constant Fe0/Mg0 is characteristic of anorthosite erycstallisation,
as that part of Mt. Davies in which this is so, also contains
anorthosite, Tholeiitic character is chown in fig. 17, a plot
of total alkalis versus silica for the metanorthosite rocks.
Basaltic parentage must be proposed for the Bell Rock, Blackstone
and Cavenagh Intrusions of the Giles Complex whose lithologies
are olivine anorthosite and troctolite (An60—65) and has been
suggested for the Michikamau Anorthositic Intrusion of Labrador,
which has a basaltic chill zone.

Relation to g Qileg Complex

Because of the proximity of the Teizi Metanorthosite and
the Giles Complex an obvious postulate is to relate the meta-

northosite to this phase of basic intrusion.

The following common features can be used to support this

hypothesiss

1) Ceogrsphic proximity.
2) Identical igneous layering.
3) Confermity of layering and foliation of intrusion and country
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reok (Kalka is the Giles Complex example =~ A,D.T. Goode,

PETS, COmMM, )

L) re0/iigd = k differentiation.,

5) Tholeiitic character.

6) Rutile exsolution in orthopyroxene.

7) Absence of accessory minerals, particularly spatite, which
is normally common in basic and metanorthositic masses.

8) Absence of rubidium. .

Objections may take the form:

(1) Teizi plagioclase composition (An50“60) is different
to that of the Giles Complex, Exceptions such as Gosse Pile
plagioclase (often Angy - A.C. Moore, pers. comm,) and the
An60-66 range of Bell Rock etc., sugrest that this is not im-

portant,

(2) The metanorthosite has been metamorphosed whereas the
Giles Complex has not. However, the dykes of the metanorthosite
area, ("Giles Dykes" - a minor phase of the Giles Complex -
A.D.T, CGoode, pers. comm.) have also been metamorphosed - condi-
tions for mctamorphism may have been more suitable in this re-
gione It is not necessary to propose that this is a result
of the actlon of a much older metamorphiec period on the anortho-

site,.

None of the above arguments are conclusive, Since there
is no positive objection to the postulate and in vievw of the

similarities a tentative relation to the'Giles Complex is pro-



posed.

It is interesting to note the common associatlon of massif
anorthosites with intrusive basic provinces; e.g. Canada
(Keweenawen basic intrusives and the Quebec anorthosites), An-
gola, lorway, Madagascar, India and now Australia -~ see Berrangé

(1965). This of course does not necessarily mesn close rela-
tionsghip.
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SEQUENCE OF FVENTS

The esrly history of the gronulite country rock is cbscurs,
this thesis first noting a period when layering was relatively
unfolded and intruded by a magma which crystallised predominante
1y plagioclase forming a laycred anorthosite sill., This was
later folded into a shallow-plunging antiform, it being assumed

that the body is net overturned.

Interpretation of the composition changes as a differentia-
tion sequence is not easy (a common feature of anorthosites).
Host striking is the marked geochemical change which occurs at
the immer layered unit. Plagicclase composition, which varies
smoothly, reaches a maximum there, as the modal plagicclase per-
cent is a minimum, Strontium in plagicelase is a minimum, but
reasches 1ts maximum in the outer blue metanorthosite, suggesting
magma enrichment in strontium due to little being incorporated
in the more calelc plagioclase of the inner layered unit. The
reason for the geochemicel break and increased crystallisation
of mafic minerals is not known. ZLater metamorphism has little
affected the phases of the metanorthosite rocks as rutile ex-
solution, which is destroyed on reerystallisation, is still

common in the orthopyroxenc.

Folding followed intrusion producing the antiformsl struc-
ture and folistion, It is proposed that the foliation paraillel
to folded layering nced not require an initislly plenar folia-
tion produced by an earlier deformation. The mechanical pro-

perties of almost pure plagioclase rocks are suggested to be
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such as to produce stresses during folding that cause elongation
of pyroxene clots and phenocrysts p-rallel to the layering (a
type of bedding plane slip?). Phenocrysts with associated gran—
uleted tails in the foliation plane (see sketch - fig. 18), are
evidence for this process. As in addition the intrusion is
conformable, metanorthosite layering and foliation will be cone
Tormable with that in the ccuntry rock, Since such relations
are found in the definitely intrusive Giles Complex, such a

process must have occurred.

phenocryst

Foligtion —>

FIGURE 18 : DEFORMED PHENOCRYSTS

Post-dating the folding was the intrusion of the "metamor-—
phosed" dykes along fault planes related in part to the folding.
Temperature contrast between wall rock and dyke was sufficient
to allow rapid cooling and preservation of a guite high struc-

tural state in the plagioclase,
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Dince the dykes and metanorthosite have the same metamor-
phic grade and show the same metamorphic reactions in Progress,
it is likely that they have been subjected to only one period
of gronulite facies metamorphism. There is no indication of the
time span of metamorphism and its relestion to the folding, but
the obvicus conclusion is that they are in part related, even
though the metamorphosed dykes post-date folding., It is theore-
tically possible to form garnet in basic dykes Dby cooling at
constant pressure (see fig. 16), Dbut because of kinetic diffi-
culties resction will only proceed under favourable oonditions
of high temperature and pressure and deformation, which will
probably be consistent with the granulite facies. Metamorphism
may have begun during folding and later dykes crystallised under

granulite facles conditions.

Some time after metamorphism,intrusion of the undeformed
picrite plug occurred, This body is typical of late stage Giles
Complex intrusions, so that the main Giles intrusive activity

probably took place bhefore this.

The folliated dykes are difficult to place in this relative
scheme, but must post-date the folding and presumably the metg-
morphism, since original plagioclase laths are found and the
only deformation is shearing with "pseudotachylite" formation

(recognised as a relatively young event in other areas).

The general sequence is:

Time —s

Granulite Formation - Anorthosite Intrusion - Folding - "Metaw
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morphosed"” Dyke Intrusion - Metamorphism -« Pierite Intrusion «

(?) Foliated Dyke Intrusions

AD.T. Goode (pers. comm.) has proposed the following sequence

for the Giles Complex:

Anorthosite Intrusion -~ Folding and CGranulite Metamorphism =
Foliated Dyke Intrusion -~ Giles Complex, Giles Dyke Intrusion,
Deformation and Recrystallisation - Olivine-rich Plugs (i.e.
picrite) - Other Dykes (not found in the Teizl area) - Brittle

Mylonites,

These sequences can be matched if the Ciles Complex was
intruded during a single folding episode corresponding to that
in the Teigzi area, The only disagreement concerns the foliae-
ted dykes, which coculd well have been intruded post~Giles Com-
plex because they are unfolded. This provides a new interpre-
tation of the Giles Complex, the sequence of events being as
in the first case above, with Giles intrusion in the same time
span as anorthosite intrusion, the anorthosite being more sev-
erely metamorphosed because of earlier intrusion in the height

of metamorphism or different physical conditions of intrusion.
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The Teizi Metanorthosite is a metamorphosed, conformable
stratiform anorthosite, Igneous characters include anortho-
sitic dykes, ignecus 1éyering, low rubidium content and plagio-
clase geochemistry, Metamorphism of the area to intermediate
pressure granulite facies post-dated intrusion and affected
dykes related to the Giles Complex which ecrosscut the metanor-
thosite.s It was responsible for the development of features
found in massif anorthosites, Experimental work related to the
metamorphism of basic rocks ensbles an estimate of the physical

conditions of metamorphism to be made,

Since a series of anorthosite types from stratiferm to
magsif is found in nature, it is suggested that these may have
a common origin. In particular it is proposed that formation
of massif anorthosites can be accomplished by granulite facies

metamorphism of stratiform anorthosites.
FUTURE VWORK

Detailed examination of country rock structure and petrol-
ogy, including the other anorthositic bodies, which appear struc-
tureless, is necessary to relate the Teizi Metanorthosite to
the Giles Complex. Following this a geochronologic and isotope

geochemical study would be of great value,

The dykes of the area cry out for investigation. Their
geochemistry, in prsrticular metamorphic reactions and their re-

lation to experimental work, and petrogenesis are of prime ime
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portance in understending the Giles Complex.
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APPENDIX T

Sample collection and preparation.

Approximately 1000 grms. of rock was collected at a parti-
cular location by spalling of fragments with a six pound hammer.,
Care was teken to obtain relatively unweathered material and this
was generally achieved. The samble was then numbered and stored

in polythene bags,

After thin section examination, 500 grms. of rock were
broken into small fragments and the pieces then reduced to minus
hﬁjﬁ? manual crushing with a steel pounder. The sample was then
split, half being retained for feldspar separation and a quarter
manually crushed to minus 120 mesh for whole rock analysis,
(Manual erushing was recommended in order to reduce contamination

in the case of trace element analysis).,

Separation of plagicclase was achieved from a washed -70+120
mesh fraction using & Frantz Isodynamic Separator. Currents up
to 1,3 amps and several runs were necessary to obtain a clean

sample which was further checked by microscopic examination.

Feldspar Analysis

The separated fraction was finely ground, dried at 11000.
and weighed into & platinum crucible. Digestion was carried out
using constant volumes of HF and Hzﬁou, the solution being made
up to volume (100 nls) after evaporating off the HF,

Sodium and potassium were determined by flame photometry

usging an Evans Electroselenium flame photometer. Standard sodium
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solutions prepared from sodium oxalate and stock potassium stan-
dards were used, Blank solutions were very low and excellent

precision within the error of experimental measurement was found.

Caleium analysis was by EDTA titration, The reggents used
were: unknown soclution (10 mls), triethanolamine (5 mls - com=-
plexes iron and aluminium), NaOH (3 mls, 10%), water (5 mls) and
12 drops of 1% acid alizarin black in water. Photometric tit-
ration using acid alizarin black as an indicator enabled graphical
solution for the end point., Comparison with the titration of a
5 ppm Ca0 standard gave the unknown. All titrations were done
in duplicate,

The feldspar analyses were checked by analysing "Crystal
Bay plagioclase" the laboratory standard. The following compari-

son of values was obtained:

Crvat B Plagicelage lyse

AMDL J«D., Kleeman (1965) C,M, Gray (1967)
Na,0% 3415 3.22 3,12
X ;0% 17 .18 «19
0a0%  th3 h5 U B

Diffractometry

Powders ground mechanically for half an hour were used for
smear mounts on quartz plates for X-ray diffraction. Four diff-
ractometer oscillations were made for " and By the smear being
remade and another four oscilletions mede so that an equal number

of ascending and descending traverses were made in order to
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reduce instrumegﬁal errors. Peak specing was measured at two

thirds peak height, and the parameters calculated.

WHOLE ROCK ANATYSTS

II

Na, X, Mg, P and Fe =~ were determined by wet chemistry, Mn,

Ca, Ti, Fe (total) Al, Si and K by X-ray fluorescence spectro~

graphye.

One hundredmilligrams of sample was weighed accurately
and digested using HF (8 mls) and H,80), (o5 mls). After heat-
ing overnight, HG1OA (1 ml) was added, the solution evaporated
nearly to dryness, extra HC1O& (1 m1) added and the crucible
half filled with water. When dissolved, the solution was made

up to 250 mls.

Sodium and potassium were determined by flame photometry

ag described for the feldspars.

Magnesium analysis was by atomic absorption spcetroscopy.
The instrument used was a Techtron atomic absorption spectro=-
graph with a nitrous oxide-acetylene flame. Comparison of absor-
bance versus ppm Mg0 for a series of synthetic standards sllowed

determination,

Ferrous iron was determined using a modified Washington
method involving titration with standard potassium permanganate.,

Digestion of a weighed sample was by adding a near boiling mix-
ture of stou and HF to the molst powdered rock in a platinum
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crucible, rapidly sealing with a 1id and heating for ten minutes.

The crucible was then plunged into a beaker containing Hy0 (300
mls), Hy80), and H5B0, (to remove HF) snd titrated rapidly with
potassium permanganate (.1N), Quite good precision was obtain~

ed, relative variati on of duplicates often being less than 1.5%.

Phosphorus was determined by the method of Riley, i,e.
spectrophotometric comparison of the molybdenum blue complex of

phosphorus with a prepared standard using a Unicam SP 600 spectro~-

photometer,

X-ray Fluorescence Spectroscopy.

Major element analysis by means of X-ray fluorescence was
carried out in the standard practice of the department., Borate
buttons were prepared using the following weights of mateprial =
borate mix (1.875g.), sodium nitrate (0.25g.,) and rock sample
(+3584) Using the standard diabase W1 as a drift standard,
determination of the time for a fixed number of counts was
carried out on all the unknowns and Ca0 and guartz blanks, The
counting data was meodified to allow for drift and deadtime (3.0
X 10"6 secs) and converted to counts per second. Using the mea-
surements on W1 crude counts per second per rercent oxide values
were calculated allowing for interelement effects by means of
the Norrish factors. These divided into the corrected countse

per second for the unknowns gave crude analyses which were re-

fined for matrix effects by means of the Silian computer program.

Feldspar and whole rock samples were prepared in the form
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of three grams of unknown in a boracic acid~backed pressed pellet
(applied pressure = 3 tons). Rubidium and strontium were the
elements analysed, counting being on the peak and background
(poth sides of the peak) with W1 as the reference standard. Time
for fixed counts was corrected for drift, deadtime and background.
Element concentraticns were found by comparison with Wi, with
allowance for assumed or calculated mass absorption coefficients
of unknown. A mass absorption coefficient of 8.8 for strontium
K radiation was used for the plagioclases (measured for a very

similar An51 plagioclase by A.C. Moore), Calculated mass absorp-

tion coefficients. were Comédexi from ?kﬁhps tables of
mass absgor P‘\"\Or\ Ccoeflf icents
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APPENDIX  IT PETROLOGIC DFSCRIPTTONS

A298-1L2: Core gebbroic metanorthosite

Hend Specimen: A medium-grained, even-textured rock with no dire
ectional characters. Black pyroxene (1.5mm, 15%) and grey inter-

locking plagioclase (2mm, 85%) are the prominent minerals.

Thin Section: Assemblage : orthopyroxene - plagioclase,

Plagioclase: (85%) Irregularly shaped grains (up to 5mm)
with serrated edges. Antiperthitic with potash feldspar blebs
developed along twin lamellae boundaries or oriented in a simi-

lar feshion in ap.arently untwinned grains,

Orthopyroxene: (15%) Irregular grains (up to 5mm) with occase—
ional simple twinning. Pleochroic pink to green. Much in-
cluded material: (1) clinopyroxzene as large (.4x.02mm) irre-~
gular, elongate grains or fine well-oriented lamellae continue-
ous with opaque material -~ more intense near a twin plane (2)
rust coloured, translucent plates (3) rutile exsolution as

needles of several orientationse.

Accessories: Clinopyroxene - small grains in contact with

orthopyroxene.

Texture: A cataclastic texture with large intermeshed irregulap-
ly shaped plagioclase crystals with some smaller (.3mm) inter-

stitial grains and scattered interstitial pyroxene,

A208-106+ Core massive metanorthosite

Hand Specimens A Tine-grained homogeneous plagiocclase rock of

indistinet texture, Colour varies from white to pale grey.
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When wet, oriented augen-ghaped grzins can be seen,
Thin Section: Acsemblage ¢ plagioclase.

Pl clase: (100%) Augen-shaped grains (2,5mm) with long axes
of similar orientation between which are granulate patches,
Poorly developed twin lamellac also parallel this direction
ZVX = 85 = 90°, The feldspar contains many inclusions, (1)
opaque euhedra in discontinuous trains with an almost rhombo-
hedral pattern, (2) Unidentified, colourless inclusions

in wavy trains - probably calecite, Grain boundary alteration
is strongly developed with formation of small calcite grains
and an unidentified fibrous, tufty mineral, which is continu-
ous around the plagioclase - the calcite (?) inclusions in the

plagioclase are probably related to this,

Accesgsoriess Rare, severely-altered clinopyroxene.

Texture: A markedly cataclastic texture with oriented augen—

shaped grains, granulation and berding of twin lamellae.

4298-110: Core blue metanorthosite.

Hand Specimens A grey, medium to coarse~grained, dense rock
made of black pyroxene (imm, 5%) in small evenly scattered clumps
and grey, interlocking, irregularly-shaped plagioclase crystals
(lmm, 95%).

Thin Section: Assemblage : plagioclase ~ orthopyroxene.

Plagicelase: (90%) Very irregular grains (3mm) with serrated,
interlocking edges. Poorly defined multiple twins have spindle

~like terminations ~ lamellae are sometimes bent, The minersal
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is antiperthitic with included potash feldspar of square to

elongate wedge shape, aligned along twin lamellae and frace
tures. Opaque inclusions are small euhedra aligned similarly

to the potash feldspar, 2vz~'85°.

Orthopyroxene: (10%) Irregularly shaped grains (410mm.)
Pleochroic - X = pink, Y = pale green, % = green, 2V~ 80°,
i.e. a bronzite. It contains exsolved rutile as fine oriented
needles and unidentified, rust-coloured oriented plates. Very

thin rims of an unidentified green alteration mineral (amphi-

bole or chlorite ?) occur in places.

Accessories: Clinopyroxene-small grains between or marginal
to orthopyroxene, Non-pleochroic, 2V, = 60-65°, (1%).
Bictite~blades associated with opaques. Pleochroic~yellow-
brown to deep red-brown.

Hornblende~small grains marginal to orthopyroxene,

Opagues~haematite~ilmenite exsolution intergrowth,

Texture: Typical metanorthosite texture - large interlocking
plagicclase grains with some interstitial granulation., Pyroxene
occurs as irregularly distributed grains of varying gize, 1.,

a cataclastic texture.

A298~119B: Inner Layered Unit,

Hand Specimen: A medium~grained rock containing grey to white
plagioclase (1-2mm, 20%), black pyroxene (1mm, 25%) and pink

garnet (4mm, 20%). A crude layering is defined by narrow (one
grain width), discontinuous mafic layered separated by plagio=

clase - rich bands (2mm wide).
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Thin Section: Assemblage : plagioclase ~ garnet - clinopyroxene,

Plagioclase: (55%) Irregular grains (2.5 - ,3mm) which are
not antiperthitic and contain few opagque inclusions. Spindle

twinning is prevalent. ZVZ = 80°,

Garnet: (25%) Subrounded to euhedral grains (1 mm) - very pale
pink colour and always isotropic. Often contains small, orien-
ted, opague and transparent needle-~shaped inclusions. Occas-—
ional grains have rounded spinel, opaque or rare plagioclase

and clinopyroxene in their centres.

Clinopyroxene: (20%) Irregular, non-pleochroic, green grains
(45 mm), with central opaque inclusions. Always associated

with garnet. 2V, = 55-60° (strong dispersion).

Accessories:

Spinel-isotropic green globules in the centres of garnet,
Opaques~haematite in ilmenite exsolution intergrowth,
Amphibole,biotite and rafe chlorite interstitial to some
garnets.

The chlorite (pleochroic colourless to blue), may be due to

breakdown of biotite to opaque and chlorite.

Téxture: A grenoblastic texture with crude minem 1 layering,

plagicclase and plagioclase~clinopyroxene-garnet,

A298-119D: Inner Layered Unit.

Hend Specimen: A very even-grained rock of medium (1mm) grain
silze with no directional characters in hand gspecimen (sclected

to be homogeneous). Black pyroxene (41mm, L4O%) in white plagio~
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clase (1.5mm, 60%) are the minerals, giving the rock a spotted

8ppearance.

Thin Section: Assemblage : plagicclase - clinopyroxerne =-

orthopyroxene ~ hornblende,

Plagioclases: (55%) Irregular grains (1.5mm) with boundaries
showing some tendency to triple points. Not antiperthitic
with spindle~-shaped twin lamellae and many opaque inclusions,
2V~ 85°,

Clinopyroxene: (35%) Non-pleochroic, green irregular grairs,
Much included material (1) large, reddish oriented rectangles
(2) well-oriented opaque needles in the centre of grains -
mainly haematite with thin needles of exsolved ilmenite,
Similar material occurs at grain boundaries (3) plagic clase
oriented similarly to (2), (4) orimnted transparent material

- probably orthopyroxene.

Orthopyroxene: (10%) Pleochroic (pink to green) irregular
to subhedral (.5-1.0mm) grains., Rutile exsolution is present,

but is not as well-developed as in the other rocks. 2Vx~ 700.

Hornblende: (2%) Irregular grains developed laterally on
ortho~ and clinopyroxene. Amphibole cleavage noted, Pleo~

chroic - pale yellow to green to brown-green.

Accessories: Biotite-small developments on the margins of
ortho~ and c¢linopyroxene, often with associated opaques.
Opaques—~exsolution intergrowths of haematite and ilmenite

spindle~-shaped lamellse in two directions.

Texture: Crudely granoblastic, with some triple point grain
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intersections and even distribution of the minerals present.

A298-120: Quter blue metanorthogite.

Hand Specimen: A medium to coarse-grained, blue-grey rock of
grey to white interlocking plagioclase (3-lmm, 95%) and black
pyroxene (imm, 5%) which is randomly distributed. This specimen
contains slightly more pyroxene than is typical of this unit;

the rock commonly having only accessory pyroxene,

Thin Section: Assemblage ¢ flagicclase - orthopyroxene,
Plagicelase: (85%) Large irregular grains (5mm) with inter-
locking serrated edges. Some large grains are devoid of twine
ning. Inclusions - antiperthite not ss marked as in other
spccimens, with potash feldspar aligned in ribbon~like clusters

also contains opaques euhedrsa. 2V2085°.

Qrthopyroxene: (15%) Irregular grains, pleochroic pink to
gr.en. Included material: (1) exsolved rutile, (2) trans-
parent, anisoiropic lamellae - clinopyroxene (?), (3) ruste
coloured material., Narrow, rim alteration to a blue-green

mineral on some grains,.

Accessorieg: Clinopyroxene,.
Texture: As in 110,

A298-126¢ QOuter Layered Unit,

Hand Specimen: A medium-grained, even~gextured rock consisting

of black pyroxene (1mm, 4O%) and white plagioclase (60%, 1.5mm).

Thin Section: Assemblage : plagioclase - orthopyroxene.
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(70%) Irregularly shaped grains (imm). 2V=90°.

Markedly antiperthitic, but withoutincluded opaque euhedra,

Orthovyroxene: (30%) Rounded to subrounded grains (.5mm).
Pleochroic: X = pink, Y = pale green, 72 = green, Lxsolution:
rutile and rare transparent mineral exsolution in the same

orientation,.

Texture: Crudely granoblastic, with even distribution of phases

and the development of "triple point" grain boundaries.

A298~190h:  lMetamorphosed Dyke.

Hand Epecimen: A dense, black porphyritic rock with black,
subhedral pyroxene phenocrysts in & medium to fine grained

groundmass of black pyroxene (60%) and white plagioclase (LO%).

Thin Section: Assemblage : plagioclase - orthopyroxene - c¢lino=

pyroxene.

Plagioclase: (50%) Angular, eguidimensional grains (Jimm) with
120° grain boundary Jjunctions. Containe occasional small high
relief| subhedral inclusions - spinel, apatite? Poorly develop-

ed spindle twins,

Orthopyroxens: (5% as phenoerysts, 20% granular) Phenocryste
are irrcgular in shape and in the process of granulation or

recrystallisation. (2.5mm). Some contain zoned clinopyroxene
exsolutlion, as well as rutile exsolution. Moderste to weakly

pleochroic, Groundmass opx (.3mm).

Clinooyroxene: (25/%) Non-pleochroic grsing in "groundmass"

Form as for opx.
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Accessories:

Biotite~pleochroic from yellow to mahogany.,
Opagues-ilmenite with spindle-shaped blebs of exsolved hae-
matites Rare pyrite and chalcopyrite.

Texture: A granoblastic texture, with relic igneous orthopyro-

‘xene phenocFets in the procecss of recrystallisation.

A298-18: Carnet-besring Metsmorphosed Dyke.

Hand Specimen: A medium to fine-grained, dense, grey-coloured,

rock with black indistinct pyroxene grains, small, white plagioe

clase grains and associated garnet.

Thin Section: Assemblage: plagiceclase - clinopyroxene ~ garnet.

Placioclases: (10% Little-twinned, sngular grains with much
opaque and transparent included material, Relic simple twins

eroded at the edges by garnet and clinopyroxene.

Goarnet: (30%) Euhedral to granulor pale~pink gr-ins. Occars

in clumps with clinopyroxene and rare relic orthopYyroxXence.

Clinopyroxene: (30%) Irregular grains assoclated with garnete.
gessories

Orthopyroxene ~ associsted with garnet.

Biotite - occurs in mafic clumps,. Pleochroic~pale-orange to
deep red.

Ilmenite -« contains some haematite needles.

Texture: Crudely grenoblastic with mafic clumps of garnet and

clinopyroxene. Textural and chemical equilibrium have been
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resched in this rock following garnet producing reactions.

A298-320: Picrite (from plug) (brief thin section deseription)

Thin Section: Assemblage: olivine ~ spinel - clinopyroxene =

orthopyroxene -~ plagicelase - hornblende.

Qlivine: Euhedral to rounded grains often polkitically en-
closed by pyroxene, 2V = 900. Where contact is made with
interstitial plagicelase, reaction rims occur. Small trains

of oriented globulss of a trensparent mineral may have resulted

from exsolution.

Spinel: There are five distinet spinel associations.,

1) perfect cubes mainly enclosed in olivine, rarely other

minerals,
2) exsolved blebs in clinopyroxene.
3) small tubules in an orthopyroxene - spinel symplectite,
t) small tubules in some hormblende.,

5) many small euhedra enclosed in plagicclase.

Clinopyroxene: Non-pleochroic, large grains poikilitically
enclosing olivine, Contains much exsolved gpinel except

in a few regions remote from other grains where exsolution

is less intense or absent.

Orthopyroxene: Rare as individaul grains, often found as thin
reaction rims on olivine where there are olivine~plagioclase
contacts, Two forms are noted (1) a thin rim of orthopyroxene

(2) an outer symplectite of tubular orthopyroxene and green
gpinel,
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Plagicclase: Irregular graing interstitial to other nhases,
Little twinning. Characterised by the extreme development
of an included, colourless, euhedral mineral of "monoelinic™
shape, This was identified as spinel by Professor A,F, Wilson
and by analogy with other rocks in the area, The inclusions
are oriented in similar fashion and varying density in apparent

relation to twin lamellse directions.

Hornblende: Large, interstitial, irregular grains, or as
small developments on clinopyroxene. Pleochroic: pale yellow
to tan. Contains tubular green spinel. Opagues and biotite

are commonly associated,

Texture: A typically igneous texture, indicating initial Cr Y
stallisation of euhedral olivine and spinel, followed by enclosing
clinopyroxene and finally interstitial plagicelase, Solid state
reaction has produced s gpinel-orthopyroxene I elinopyroxene

symplectite where olivine crystals abut interstitial plagioclase.
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