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ABSTRACT

The tectonic and meltamorchic histories of a portion of the Willyama &on olcx
arounc xit. Robe, Broken nlll, are clarified and described. Four gencrations

ol lolus are recognised. The first generation of folds are isoclinal and
transposed layering to parallel a schistosity that is axial surface to the
{folds. hﬂ&lyuls of the various sub-fabrics contributing to the triclinic
symmelry of the fold system sugzests the existence of an even earlier dhase
of folding. The second gzeneration of folds are also isoclinal, bui lack any
penetrative foliation resulting from deformation.

The third and fourth zenerations of folds are characterised by the desvelop-

£y
ment of a conjuzate set of kin < bands in their hinges. The style of the foicds
is very variable and reflecls the properties of the initial fabriec on which
the folds wnore iwmposed. The referred orientation of basal deformation lamsllze

in quartz i a fourth 5eneration fold allows the fixinz of the principal axes
of stress for the deformation. The minor and major axes are sub—horlzonu 1 and
the intermediate axis plunges steeply parallel to the fold axzes., A stucdy of
the zecmeiry of two sets of deformation lamellae in a 51nb;e grain 1nalcatps
that they may be parallel to a number of the common forms of gquartz. The major
structure of the area is determined by one first generation fold, two fourtn
;enereulon ;olds and an 1nqomoveneous fold- zault structure.

b b

fa01os AOllOWbd or accompanled the flrst generatlon of folds. Tne area can be
n

zoned with respect to the distribution of andalusite and sillimanite. Inter-
facial tension played a significant role in determining the shapes of grains
but orooaoly did not alter the shape of agzregates determined by deformation.
The relative magnitudes of interfacial tensions, determined Irom the measurement
of interfacial anfles at triple junctions, of quartz-guartz and quariz-muscovile

are tne most important factors determining grain shapes.
Locel metamorohism assoclated with the intrusion of pegmatites and a more
. zeneral. retrozression, followed .the first phase ol metamornnlsm.‘ The various

ohases of folding and metamorphism prooably represent two meajor and disiinct
episodes in the history of the Willyama Complex.

*
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CHAPTER 1

Introduction

This thesis is concerned with the structural and metamorphic history
of the small portion of the Willyama Complex surrounding Mt. Robe, Broken
Hill, N.S.W. (Map 1).

The Willyama Complex is a heterogeneous mass composed of regional
metamorphics and intrusive rocks (Andrewé. 1922) and is overlain unconform-
ably by the sediménts of the Torrowangee Beds. Radiocactive dating gives an
age of approximately 1600 million years for the primary regional metamorphism
of the Willyama Rocks and ages of 1350-1600 million years for some of the
acid intrusive rocks (pers. communication R. Pidgeon, 1964). The primary
metamorphism produced sillimanite schists, pyroxene gneisses and amphibolites
over the area of exposed Willyama Rocks (Andrews, 1922; Browne, 1922; Binns,
. 1963). The intrusive rocks are predominantly acid pegmatites although
granitic rocks and dolerites have also been recognised.

Previous Literature

‘The first comprehensive map of the Willyama Complex was presented by .
E. C. Andrews in 1922. Andrew's work revealed the existence of a large,
open fold closing to the north of Mi. Robe and dominating the structure in
the north-western* portion of the Willyama Complex. This fold was named
the Mt. Robe Basin by Andrews (Andrews,.1922, p.115). As such,the Mt. Robe
Basin-was one.of a "group of basins, irregular in form, and of a complex
nature, connected by ridges and by zones of flowage and dislocation" (Andrews,
1922, p.111) that formed the major structures of the metamorphic rocks. It
is clear in the text that Andrews recognised that the structure may be very

‘complex within small areas.

%
Roughly the area considered in this thesis.
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Ancrew's regional map was not superseded until 1953 by a map published
by Xing and Thomton (1953). Except for the recognition of some folds with
steeply plunging axes and some details of fold shapes, the structural
plcture of King and Thomson differs very little from that of Andrews (1922).
King and Thomson noted some minor complications in the western limb of the
Mt. Robe Basin which they renamed the Mt. Robe Syncline.

The most complete structural analysis of a part of the Willyama Complex
vet published is that of Gﬁstafson, Burrell and Garretty (1950). Their
report deals only with the structure of the rocks enclosing the Broken Hill
Lode. With the abundant data available in the mines, Gustafson..Burrell and
Sarretty were able to construct three dimensional blocks of the folds in ihis
area. As a result they recognised;

(L) §teeply plunging isoclinal folds with attenuated limbs,

(ii) complicated relationships between minor and major folds with smaller
folds "spiralling" across the larger folds in part of the area (Fig. 23,
p.1M13, ‘
(111) a second generation of folds, mainly irregular buckles which are
apparently connected with faulting of the area.

Leslie and White (1955) also recognised the existence of steeply plunging
folds (50°) in an area south of Brewery Well (Map 1), which almost adjoins
the area covered by the present map.

Gustafson, Burrell and Garretty (1950) believed that the Willyama Rocks
surrounding the ore body had been subjected to intense folding. In contrast
some later workers (King and Thomson, 1953; Condon, 1958; Carruthers and

Pratten, 1961; Thomas, 1961; but'excluding Leslie and White, 1955, and Den Tex



1958) have tended to emphasise the stratigraphic complexity of the

Willyama rocks and to minimise the effects of folding. This trend is noted
specifically by Thomas (1961). Den Tex (1958) in a study of the preferred
orientation of quartz and biotite in some Broken Hill rocks accepted the
structural interpretations of Gustafson, Burrell and Garretty (1950).

Two authors, Browne (1922) and Binns (1962, 1963) have attempted to
summarise the metamorphic history of the Willyama Complex. Both authors have
recognised more than one phass of metamorphism, but differ over the classific-
ation of various rocks and mineral assemblages. Browne and Binns are also
the only authors to have commented on the petrology of the Mt. Robe District.
One of the important differences between Browne and Binns is the classification
of the andalusite schists which outerop in a belt from Mt. Franks to Brewery
Well ( Browne, 1922, Binns, 1962, 1963). .The inclusioh of ﬁhe andalusite
schists in the first phase of metamorphism proposed in Chapter 5 of this
thesis differs again frbm the conclusions of the authors above.

The contributions of Browne and Binns will be reviewed more fully in
Chapter 5. Meanwhile the few brief statements below, which are broad enough
to be common to both Browne and Binns, are sufficient background for the
reading of Chapters 2,3, and &.

The primary regional metamorphism of the Willyama rocks (termed the
Willyama Metamorphism by Binns, 1964) was followed by various types of
retrogression. Intense retrogressive metamorphism has occurred along narrow
zones, but of more importance in the Mt. Robse District is a less intense
and more widespread retrogression. The last type of retrogression tends to
destrpy the foliated fabric of the high grade rocks.

It is not difficult to establish the existence of a large scale fold of the



type described by Andrews (1922) and King and Thomsom: (1953) in the Mt. Robe
District. Nor is it very difficult to prove that this fold has a relatiyely
shallow plunge in a south-west direction. However, a sampling of the fabric
of the schists as observed in continuous outcrops and hand specimens (i.e. at
the mesoscopic scale of Weiss,. 1959), shows a surprising diversity of small
scale folds and other structures (foliation and lineation etc.); the complex-
ity of the mesoscopic fabric is difficult to reconcile with the apparent
simplicity of the Mt. Robe Syncline. As many as three lineations can be
observed on some schistosity surfaées. So far the microséopic and mesoscopic
fabric have been largely ignored in assessing the structural history of the
Willyama Complex. However, the fabrics at both scales have much info?mation
to offer and a broper understanding of the tectonic history mﬁst include these
structures. The microscopic-mesoscopic f#bric\also provides a convenient
framework for investigating the metamorphic history of the érea. Correlation
of the metamorphic and tectonic history of the area is aﬁtempted in Chapters 5,6,
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CHAPTER 2

THE MICROSCOPIC AND MESOSCOPIC FABRIC OF THE METAMORPHIC ROCKS

2.10 Introduction

In this and the following Chapter the fabric of the metamorphic rocks
as observed in thin sections, hand specimens and single continuous outcrops
is described., At the.same time definitions and symbols are given for the
various structural elements that are important in the geometrical analysis
of the area (Chapter 4). The description is divided into threé parts, each:
part of which corresponds to a group of mesoscopic folds of a distinctive style.
2.20  Definition-and deseription of S, S, L and L

1 1
The symbol S will be used to denote the surface between two layers of

different composition and grainsize at the mesoscopic scale. Layers in the
metamorphic rocks which are laterally continuous for more than a few centi-
metres seldom have a thickness of less than two millimetres. The upper limit
for the continuity and thigkness of layers whose interfaces define S is set
only by the limit ofAcontinuous outcrop;‘ A microscopic compositional
layering, (to be referred to as metamorphic lamination) visible in polished
hand specimens (at low magnifications) or in‘thin soctions is not included in
the definition of S and will be discussed separately below. The metamorphic
laminations are muc; finer than the minimum dimensions of layers used to
define S. |

When the surface S results from the contact of quartz-feldspar rocks or
quartzites against schists, the ultimate nature of the surface is probably
bedding, although there is no direct evidence (such as sedimentary structures
~ or conglomerate layers) to canfirm this. Where S is an amphibolite versus
' schist contact the nature of the surface is less obvious and interpretation
depends on both structural énd petrological arguments. |

In referring to this surface the term litholo gical layering is to be

preferred to bedding, partially because of the lack of evidence noted above.



In addition, in the following pages almost complete transposition of this
sgrface during deformation is demonstrated, nullifying many of the stratig-
raphic concepts intrinsic in the term bedding (Turner and Weiss, 1963, p.92).
The nature of S now mainly reflects the effects of the transposition and it is
only with the greatest.difficulty that anything can be inferred of the dispos-
ition and nature of stratigraphic units before deformation. -
31 is a foliation* defined in the séhists by the average preferred orient-
ation of tabular (éarallol to {001} ) grains of mic;; the térm schistosity
refers explicitly to this .surface. Other features which serve to emphasise,
but not to define S1 are;
(1). Preferred orientation of quartz and feldspar grain boundaries in some
schists -~ especially those rich in micas,
(2). Hetamorphic lamination.
The intersection of S and S1 produces the lineation L which appears as a
banding on the S1 surface.
| .wﬁefe.rétfoéréséiﬁe-méiémdrﬁhish or later deformation ha&e.nbt‘sfrbngly ‘
altered the schists, a well developed lineation Lz,which can be identified
with the same deformation that formed 81, can be found. In andalusite schists
L1 appears as a''mineral streaking" on the S1 surface, whereas in sillimanite
schists, in addition to the mineral streaking, L2 is also represented by a
preferrcd orientation of cylindrical aggregates of sillimanite. As a general
rule andalusite schists are well foliated and weakly lineated, whereas the
fabrics of many sillimanite schists are almost totally composed of linear
elementis. |

S, and L2 are possibly the most imporiant sfructural elements in the area ,
*Note that, by definition foliation rcfers only to surfaces bolieved fo be
of metamorphic and tectonic origin (Turner and Weiss, 1963, p.98). The definit-

jons and names of structural elements used in this thesis are in accord with
suggestions made by Turner and Weiss (1963).



as one or both are present in nearly every outcrop of schists. In mica-

rich schists S is penetrative on all scales; where the schists are composed
1
of laminae of quartz {with little or no mica) and micaceous layers, there is

a penetrative repetition of these layers, and hence the preferred oricentation

of the micas, at all but the finest microscopic scale. 3 in hand specimen
1 .
(except where affected by later deformation) is a more or less planar

surface of parting, but on a finer scale S often has a distinctly "platey"
aspect. For the remainder of this section the discussion is confined to well

foliated schists; rodded sillimanite schists will be dealt with separately in
the next section,

The nature of the S <fabric at a microscopic scale is shown in Fig. 2.1
1
in sections parallel and normal to the lineation L and normal to S taken from
: 2
a well foliated and lineated quartz-muscovite schist. A distinct and

systematic variation in S can be seen in the section normal to L , whereas
1 2
S 1is essentially homogeneous in the section parallel to L . The style is
1 2
slightly different in micaceous layers with little or no quartz. Two trends

in the orientation of the micas are clearly discernible (in sections normal to

L ) but the micas are not organised in trains as above. In either case, plots of
> :

. . o . . » 7o
the orientation of the {901} cleavago of the muscovite are asymmetric®(Fig. 2.2),
confirming the visual impression that micas of one orientation predominate.

Another important aspect of many S tectonites is the concentration of
~ 1

quartz (and in other specimens feldspar) into rod-like aggregates or

lenticular, prismatic laminae (referred to above as metamorphic

*  Specimen numbers refer to specimens submitted to the collection of the Geology
Department, Sydney Univeristy. References to localities are given by reference to
the coordinate systcem on Map 1 (back pocket thesis). The first five digits give

the distance west of zero.

** 411 data are plotted on the lower hemisphere of an equal area nety unless
otherwise noted.
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(a)

(b)

FIGUHS 2.2

Preferred éricntation of the {001} cleavage of micas in two scaists:
(a). 100 poles %o {0013 from the specimen illustrated in Fig. 2.1.
(Contours, 25, 20, &, 1% per 1% area).
(b). 125 poles to {0013 of biotite from specimen 28350 , in which micas of
difforont oricntations are sproad uniformly throughout the roct {Con. 30, 23, .
25, 1% per 1% area).

The data in.both cases arc derived from tﬁo sections normal to the {oliation
(Qne also normal to L ). Examination of a third section varallol to the

2
oliation revezled no measurable micas. Both plots have monoclinic symmeiry,

L2

ot

iith the single plane of symmetry normal to L .
2



lamin;tion). The coptimum development of this type of fabric is in mica-rich
schists; but it is one of the most obvious aspec£s of the fabric of most
samples of schists. The shape of the aggregates can be deduced from the two
sections in Fig. 2.3. The maximum dimension of the rods or laminae is parallel

to Ly, while the minimum dimension is perpendicular to both L_ and S4. The

2
distinction between rods and laminae is quite abritrary and depends only on
the relative dimensions normal and parallel to 81. The laminae have absolute
dimensions less than 1 em. (parallel to 31) by 2 mm.(thick) and there is a
discontinuity in sizes between the laminae and fine compositional layering (S).
The bulk lithology and the relative distribution of quartz and mica are
important in determining the fabric of the schists, Rods are prominent in
schists in which the ratio of quartz and feldspar to mica is equal to, or
greater than, one to one, provided the micas are differentiated into distinct
laminas. However, micas in some very quartz and/or feldspar rich schists
(quartz-feldspar to mica ratio equals 4:1) are isolated along the grain.
boundaries of the guartz and feldspar grains. Rddding is absent in these schist
but laminae ;re dominant in mica schists in which the quartz-feldspar to mica
ratio is less than one to one. Rods are associated with a maximum variation
in the trend of 54 from point to point and the laminae with a minimum variation
of 81, and hence to some extent the'tﬁo elements are mutually exclusive. '
The mineral streaking and L2 is a complex lineation formed from a number of .
elements;

(1), the principal element is the rod-like aggregates described above,

(2), the intersection of micas of ons orientation on a parting surface



FIGURE 2.3 ()

Shape of quartz aggregates (stipled) and biotite flakes (B) in sections
normal to the foliation and normal to L (a) and parallel to L (b). Traces
2 2
of {001} cleavage of micas are shown as dashes (From Spec. 28372; detail

imposed on enlarged photograph).



predominantly parallel to micas of another oriontation.. This produces

a fine streaking on the broken surface,

(3), the average dimensional elongation of mica porphyroﬁlasts (mainly
biotite, Fig. 2.3), rods of sillimanite (see below), and occasionally prisms
of andalusite. 'The extent of preferred orientation of the c-axes of
andalusite porphyroblasts is variabls - except that in most schists the c-axes
tend to lie preferentially in the S surface. However, the arrangement in S
may be either haphazard or strongly1aligned parallel to the other elements o;
L . It is only rarely that the andalusite lacks any preferred orientation.

; The lineations defined by each of the above elements separately are all
parallel. A specimen of a well foliated and lineated schist is illustrated
in Fig. 2.4, Plate 1.

2.21 Rodded sillimanite schists

The fabric of a typical rodded sillimanite schist can be seen in Fig. 2.5,
Plate 1. The exposed surface is a crude S surface, within which are scattered
cylindrical aggregates Of'fibrous‘sillimah;te; ‘The cylinders have a mean
diameter of 1-3 mm. and a length of 5-10 em., and occasionally bifurcate.

The fabric of the rodded schists is dominated by linear elements. Rods of
quartz and plagioclase, parallel to sillimanite rods, are prominent. Trains
of muscovite and biotite diverge about both types of rods and wﬂere two
trains meet, form linear concentrations of\mica. Metamorphic laminae of
biotite are found in biotite-rich varieties of the schists, but otherwise
laminae are lacking.

S
2.30 3 folds in schists
S

The first recognisable generation of mesoscopic folds in S have S
‘ 1
parallel to their axial surfaces, and may be symbolised (Weiss and



FIGURE 2.4 (PLATE 1)

Specimen of a well foliated,lineated quartz-muscovite-biotite
andalusite schist from exposures in the creek approximately 200 yards
east of the Black Prince Mine. The lineation L , is visible as a faint
streaking parallel to the vertical edges of thezphotograph. L lineation
in the andalusite schists or quartz-muscovite schists is seldoi better

developed than in the sample illustrated.

(Lens cap is two inches in diameter)




FIGURE 2.5 (PIATE 1)

Well rodded quartz-muscovite-biotite-sillimanite schist, collected in
the creek below the main adit of the Mt. Robe Mine. The cylindrical
aggregates of sillimanite are white and oriented parallel to the pencil.
Note the dark coloured aggregate of biotite with minor muscovite and quartz
in most rods (especially in the aggregate at the right end of the pencil).
A rod bifurcating can be seen just to the right, and slightly above the line,
of the pencil.

(The pencil is approximately six inches long)
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Turner, 1963, p.131) as BS1 folds. The symbol B will be used as an
1

equivalent to 821 =, '

Representztive examples of the styles of B folds are illustrated in
. 1 _
‘Fig. 2.6. The complete folds all have the same basic style with one limb

virtually parallel to S and the other limb gradually caurving away from the
/ 1 B
hinge region to an orientation close to S . Minor folds near the hinge of a
. ‘ 1 '
larger fold may have both limbs at an angle to S (Figs. 2.6, a,c).
, 1

Some features of the folds are:
(1). Quartz and feldspar rich units more than a few centimetres thick in the
schlsts have a prominent fracture cleavace parallel to S in the hinge region
of the folds and are strongly jointed elsewhere (rlg. 2. 6f) The formation of -

mullions of quartzite parallel to the fold axis and the L lineation in the
' 2
schists is common (Fig. 2.6a). Fragmentatioh of the quartzite unit by penetration

of the schists between the mullions and along fracture cleavage planes in the
mullions (Fige. 2.7) with irregular warping in the vicinity of the mullions is
also common.

(2). Layers may merge together in the limb parallel to S of folds in the
, : 1
micaceous schists to produce a new layering parallel to S (Fig. 2.6b).
1
Alternatively, individual layers may lose their continuity by separating into

lenses parallel to S (Fig. 2.8). Although the individual lenses in Fig. 2.8
“are parallel to S , lhé total array of lenses is slightly oblique to S .

(3). The style o; B folds can vary considerably along the axial surf;ce in

a direction normal tl the fold axis (Fig. 2.6, 2.9). This is a characteristic

of concentric folds (Turner and Weiss, 1963, p.470). However

%

The symbol B; is read as; a fold in the surface S, the axial surface of which is
S; . In later generations of folds it is convenient to have a symbol to designate
all the folds in dlfferent surfages that have th@ same axial surface. Thus B
( hapter 3) is the group B 5 » By 4, By b , and Bs; . In the first generatlon of
folds B. ‘contains only Bé folds. Note “that By has S, as axial surface, B has
S& R 33 has S etec.
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(aj. in guartzite lazyers in mica schists at Loc. 2750010400C; note the
formation of the detached mullions on the ri

. i \ - 4D ‘
{b), in a piotilc-muscovitc-quariz scaist from Mt. Franks (Loc. 2380037400,

{e), in laycred calc-silicate, eastera side of Mbt. Franks (drawn Trom photo-
thin section).

(d}, in quartz-plagioclase layers in mica schist &t Loe. 35100134700, The
pezratite vein is located along & glide surface dlafuptlﬂq the fold., There is

Ry

‘no layering in the scnists to the right of the vein (drawn fro:; photograph).

(¢), in biotite schist {dashed) and guartz-plagioclase rock (stipled) ab

-

a iatcr deformation.



1 foot.



Quartzite

FIGURE 2.7

(a) Section through a hand;specimen containing quartzite mullions from

\

Loc. 27500104000, Section is normal to the axes of the mullions. Note how

S (dashed) penetrates the mullions and deviates from its homogeneous orient-
alion near the mullions (Traced from rock surface, actual scale)

(b) Séhistosity‘swinging around the‘termination of a quartz-plagioclase

layer. Section is normal to L (Sketch, approx. actual scale; Loc. 363001 31900
1 " :



FIGURE 2.8
Details of a B L fold in specimen 28350 (loc. 53400107000) a quartz-
S
plagioclase~biotite schist. The fold is disrupted by a glide surface that is

nearly parallel to S . Patches of pegmatites are concentrated along the glide
. 1 | ° &
surface. The fold is outlined by a number of biotite-rich layers (black) and

in one limb the layers are broken up into a series of lenses that trend across
S at a low angle., L 1is at an angle to L iﬁ this specimen (see text) and
1 2 1 '

homogeneous throughout the specimen proving there is no rotational movement

on the glide surface (section normal to fold axes, natural scale).
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individual units are thickened (measured normal to S) in the hinge areas of
the folds and attenuated in toth limbs, so that the folds also have the‘

cnaractcer of similar folds.
AN

(4). The continuity of B folds is often disrupted by a glide surface
(or sceries of glide surfales) sub-parallel to S (Figs. 2.6, 2.8).

The glide surface is often the site of a pegmat;te dyke. Bulges in the
pegmatite dyke are accompanied by slight warping of S . \

A very common structure in outcrops of schists corresponds with the upper
part of the fold in Fig. 2.6, in which S changes slightly 'in trend before
terminating abruptly. The closure in the lower part of Fig. 2.6d is obvious,
but the origin of the structure is not obvious in many outcrops.

The glide surfaces pre-daté the conclusion of high grade metamorphism
(Chapter 5), and post-date the initial stages of B folding. Thus, from the
relationship between the high grade metamorphism a;d B folding deduced in
Chapter 5, the glide surfaces are probably an integral1part of B folding.

“Two lincations (L' and L ) at an angle 6f‘50° are present On‘lha‘S‘
surfaces of the Spec;men il%ustrated in Fig. 2.8. These two lineatio;s, and -

the fold axes in the specimen are still parallel on either side of the glide
surface that traverses the specimen, so that there has been no rotational
movement on the glide surface. There is a large component of displacement
in a direchion normal to the fold axes (in S ) in most instances but it is
impossible to determine if this has been acclmpanied by a component of |

displacement parallel to the fold axes.

Further details of the relationship between S, S and B folds are revealed

' 1 1
on the slopes of Mt. Franks. S, defined by thin units of quartz-biotite
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schist, swings continuously across the northern and north-casticrn slopes

of the mountain (Chapter 4) and intersects S over a whole range of angles.
1
One of three different fabrics are found in the delicate layers (1-2 mm. thick)

that are abundant within single units of the quartz~biotite schist:
(1). The internal layers are parallel to the external contact between the -
quartz-biotite schists and the andalusite schists,

S

S

by numerous glide surfaces sub-parallel to S (Fig. 2.9, Plate 1). The
1
nature of the folding changes rapidly from point to point in the type of fabric

(2). The internzl layers are intensely folded into B folds which are cut

illustrated in Fig. 2.9, Plate 1. For example, in the upper left hand corner
the folds are isoclinal, and many individual layers in the limbs of the folds
are discontinuous. Except for fold closures the layering in such an area is
parallel to S . In the centre portion of the plate, the folds are more open -
and individua1 layers are more contingous.

The contact of the quartz-biotite schist in the outcrop in Fig. 2.9, Plate 1
‘is nearly planar and free of mesoscopic B - folds. - However, this.is not always .
the case and the external contact may be ;efofmed iﬁ a similar manner (Fig. 2.10)
(3). The internal layering is almost exclusively parallel to S except for

1
isolated closures of isoclinal, and often rootless, B'1 folds. Commonly the

S
external contact in these circumstances has the form shown in Fig. 2.10, but
may be undeformed.
One other feature of the fabric at Mt. Franks is the presence of structures

that resemble current bedding in the internal layering of the quartz-biotite

schists (this type of structure is especially abundant on the eastern buttress

of the mountain). However the surface of contact between the two sets of




FIGURE 2.9 (PLATE 1)

94

Bs folds in a qQuartz-muscovite-biotite-plagioclase schist at Mt. Franks
(Loc, No. 36400 87400). The folds are outlined by alternate layers rich in
plagioclase or biotite. The contact of the above unit with quartz-muscovite-
andalusite schists slants (to the left) across the top of the photograph, and

is unfolded at the mesoscopic scale (the match is 2 inches long).



4
2 inches
FIGURS 2.10 (a,b) Gontact between andalusite schist (dashed parallcl to
Si> ané quariz-muscovite~biotite schist (stipled);

(a) 2t Loc. 3640087400, The sclid lines represent biotiilv-rich laminas
in the cuartz-muscovite-biotiie schist. The contact is sliced by several

glide surfaces subwparallel to 3

1.
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laminae always seems to be sub-parallel to S and not S. This suggests that
. 1
the structure is due to the bringing together of different portions of B

1
folds along glide surfaces (See Fig. 2.8 ). No structures that can be

classified as sedimentary structures have been found at Mt. Franks or else-

where within the mapped area.

In one respect the outcrops at Mt. Franks are atypical. Elsewhere in the
area, except for isolated outcrops containing BS1 folds, the typical mesoscopic

fab ric has S parallel to S . This is true whether S is defined by laminae a
1

few millimetres thick or units.' Mt. Franks is the only area (within the mapped

area) in which S intersects S cohéistently in outcrops over an #rea of more
‘ 1
than a few hundred square feet (as compared to 1500 square yards at Mt. Franks).

The paucity of B folds at the mesoscopic scale is well illustrated by the strip

along the easter; edge of the Mt. Robe Pegmatite Stock from the Black Prince to
the Golden Crest Group of Qines, in which fewer than a dozen outcrops contain
clearly visible S-S1 intersections. However, microscopic fold hooks are fairly
abundant .in the quartz-schists of this area, .

It appeérs f?om the material above that the typical mesoscopic fabric -
with S sensibly parallel to S - is the result of transposition* of S during B
folding. The three different1fabrics at Mt. Franks (1-3 on the preceeding 1
page) could well represent successive stages in the evolution of the transposed
fabric. Over most of thé area transposition (at the mesosco pic scale) is so
effective as to produce a fabric resembling "bedding-plane schistosity"
However the persistence of fold hooks (or rootless folds), the occaéional inter-
sect;on of S and S against glide surfaces, the presence of a systematic group
of folds transposing S and the widespread intersection of S and S at Mt. Franks
leave no doubt that S 1is not a "bedding-plane" schistosity. At lhe commencement

1
"

Turner and Weiss, 1964, p.92.
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of B folding S was at some angle to the final orientation of the imposed
1

surface S . The importance of recognising the almost complete transposition
1 :

of 5 at the mesoscopic scale cannot be overemphasised, as this governs the

whole approach to the analysis of the macroscopic fabric (Chapter &).

2.31 The mesoscovic fabric of the amphibolites

Thin units of amphibolite (less than 20' thick) are not present in the
mapped area, which cSmbined with the scarcity of internal layering, makes the
amphibolites much less productive than the schists for the analysis of the
mesoscopi§ fabric.

The question of whether the contact of the amphibolites (at the mesoscopic
scale) haé the same geometric significance as lithilégical layering in the
schists presents immediate difficulties. The amphibolites might have resulted
from the metamorphism of either basic igneous or sedimentary rocks (including
basic tuffs or calcareous rocks). Unfortﬁnately neither the chemistrywor the
petrography of the amphibolites allows any clear distinction between these
possibilities (Chapter 5). Clearly if the amphibolites were derived from
intrusive basic igneous rock; which cut partially or wholly across the bedding
of the sediments, then it cannot be equated with S in the schists in the
macroscopic analysis..

The amphibolite-schist contacts observed in continuous outcrop are locally
planar and no examples of irregular projections of the amphibolite into the
schist (or vica-versa) have been found. Without exceptions the contact is
parallel to S, transposed or untransposed, in the contiggous schists. GCenerally
the amphibolite contact is parallel to S in the schists; the only exceptionsto .
this occur in the hinges of regular macrlscopic folds which have S as axial

_ 1 |
surface (Chapter &4). Wherever it is observed at the mesoscopic scale the schiste
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amphibolite contact is equivalent To 5 in the schists.

S in the amphibolites is a foliation defined mainly by thin (<2 mn.),
’ :

discontinuous laminae of hornblende versus plagioclase {and sometimes quartz).
This fabric is very similar in sytle to the metamorphic lamination in the

schists. In some amphibolites which lack a lineation, S is also a "surface
1
of splitting" due to the preferred orientation of the c-axes of hornblende

randomly in the S surface., The foliation in the amphibolites near the margin
1
is always parallel to S in adjacent schists. Where internal layering in the
1

amphibolites cut S , structures which are reminiscent of transposition struct-
1

ures in the schists are found (Fig. 2.11).

The preferred orientation of the c-axes of hornblende grains (which is
accompanied by dimensional orientation of the graing) in the amphibolite gives
rise to a lineation. Tais arrangement of the hornblende grains is more common
than the preferred orientation (in S ) mentioned above. Again the reason for

regarding this lineation as equivalent to L in the schists must be deferred

e

until Caapter 4. Often L in the amphibolite must be carefully distinguished fro
2

a "false" lineation that is observed on a joint surface that intersects S1 at

a very acute angle. The joint surface is oriented so closely to S1 that the

imprcssion can easily be created that the lineation is being observed on 81.

The linection, which appears as:.a -stroaking on the joint surfzce, is duc to the

intersection of S with the joint.
1

2,32 The mesoscovic fabric of the cale-silicate rocks

The thicker units of calc-silicate rocks are always strongly laminated with

laminae less than 2 cm. thick. The laminae are discontinuous over distances of




more than 20-30 cm. (usually less) and are often highly irregular in detail,
particularly in the vicinity of quartz aggregates in the calc-silicates. Only

one outcrop of calc-silicates .(at Mt. Franks, Fig. 2.6) contains recognisable
S,
folds. These are almost certainly the same as BS' folds in the schists; at this

outcrop the axial surfaces of the folds are parallel to S in the schists. Else-
1 .

vhere the layering in the calc-silicates is parallel to S in the adjacent schisis
1

2.33 Boudinage structures of calc-silicate rocks in the schist

A type of boudinage structure of thin layers ( & 1‘foot) of calc-silicate rocxs
in the schists is often encountered. The usual form is a boudin with a shape :
approximating to a proléte ellipsoid. The shapé departs from that of a pérfect
ellipsoid in three respects; (i) the extremities (Fig. 2.12, 2.1 3) are not
enclosed by a continuously gurved surface; (ii) in some forms, as in Fig. 2.13,
the extremities tend to be cylindrical rather than ellipsoidaly (iii).a few arc

elliptical or nearly circular cylinders, rather than ellipsoids.
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approximation to an ellipsoid of most specimens is sufficient to warrant the use
of the term.

The boudins are invariably oriented with their major and intermediate zxes
S and their minor axis perpendicular to S in the enclosing schists. Tbé maior

1 1
axis also parallels S in the schists and the mean itrend of a faint lincation
1

vhich is occasionally present on the external surface of the ellivpscid. Tnc
absolute dimensions of the axes are variable; major axes acs long as six f{eeol heve
been found, but three to four feet is more common. The intermedlate axis ranges
from 0.5 feet to 3 feét and the minor axis from 0.5 feet to 1.5 feet., It 'o
seldom that the complete length of all three axes can be measurcd simulianecously.
The ratio of the three axes is only known in a few instances, tul consideration

£

of these alone indicates the lack of a consistent ratio.

The ellipsoids commonly break on a joint surface perpendicular to the major

axis. This section and cxposure surfaces through the clliipsoids alwnys roveal
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e

the presence of compositional layering, which is entirely closed in two dimen-
sions. The central layers are completely closed surfaces in three dimensions,

as can be seen very clearly in Fig. 2.14, which is a reconstruction of the

layers cxposed in the ellipsoid of Plate 1, Fig. 2.13. The inner layers are
spherical while the outer layers successively approximate to the general shape of
the ellipsoid. All layers in some specimens are ellipsoidal. Often the outmost
layers that extend to the oxtremities of the ellipsoid are not closed, but in-
stead form a layered cylinder,

If biotite mica is present in any of the layers it has a preferred orient-
ation of {001} parallel to S in the schists. The intersection of this
foliation with the external slrface of the ellipsoid produces the lineation
mentioned previously. (This lineation of course will be more or less curved
depending on the shape of the ellipsoid.) ‘

The ellipsoids occur in concentrations which often form crude layers within
which the individual ellipsoids all have a common orientation. The layers
-extend in- the same dirsction as the intermediate axis of each ellipsoid and -
parallel to S and transposed S in the schists. How extensive the laysrs are
parallel to t;e nmajor axes of the ellipsoids is not known. A few examples have
been found of a transition between continuous layers of calcesilicate rocks
and layers of ellipsoids.

It is proposed that the ellipsoidé were formed during B folding by the
dissociatioh of continuous sheets of calc-silicate rock inlo boudins. The
symmetrical relationship of the boudins to L and S and their disposition in
layers all support this conclusion. The schistosit; of the enclosing schists

curves around the ellipsoids, but has the same micro-structure and fabric

as schists at some distance from the boudins, so that thé ellipsoids



Details §f a boudin excavated from schists south of the Black Princc Shafts
(Loc. 25700102600). Bothe ends of the boudin are Eroken on a joint that
slants at an angle across the boudin. No boudin was found beneath the
bottom end of the boudin extracted and it appears that the outermost layers

are not closed. The boudin is 23 inches long, 9 inches wide and 5 inches thick.



FIGURE 2.13 (PLATE 1)

Layer of ellipsoids exposed in a small creek near the north-sastern
extremity of the area (see next figure for locality co-ordinates). The
form of layering in the ellipsoid in the bottom right corner of the
photograph is beautifully exposed; a reconstruction of the layers of this
ellipsoid is given in the following figure. The layer of ellipsoids, in
which four other ellipsoids are visible, passes from the bottom-right hand
corner of the plate to the middle-upper left corner. A fifth ellipsoid is

obscured by grass in the centre of the plate.
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FIGURE 2.1k

(a) Exploded view of the ellipsold in the
lower right-hand corner of the plats in the
preceeding figure. The half-length of the
ellipsoid is 2.1 feet (Loc. 28500132100).
(b) Boudinage developing in the planar

limb of a fold as illustrated by Cloos

(1947, Fig.13).
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must have had their present shape at the conclusion of the metamorphisn

(el

and deformation associated with B folding (Chapter 5). Tae ellipsoids arc
1 .
also deformed by a phase of folding that post-dates B folds (Fig. 2.15).
_ 1

The ellipsoids are broadly similar in cross section to boudins described
by Cloos (1947, Figs. 12, 13, and 16),de Sitter (1960, p.87-88) and
Ramberg (1955); however, there is apparently no change of shape along the
length of any of the boudins in the examples quoted. The boudins are
restricted to the calc-silicates, whose initial composition was probably
that of an impure limestone,and are apparently the response of this particular
rock typne to '81 folding. A similar resiriction of boudinage to calcium rich
rocks has bsen noted by Remberg (1955).

The initial shape suggested for the transformation to an ellipsoid is:
(i) a continuous sheet; examples of a transformatibn of this type are figured
by Cloos (1947, Fig. 13; this text, Fig. 2.14b),
(ii) & prism, bounded by surfaces of layers and joint surfaces.

_Bither of.the transformations. suggested for the formation of the ellipsoids
involves an inhomogeneous strain. The ellipsoids, although similar in shape,
are not strain ellipsoids for B folding, since the former are only sensible for

1
homogencous deformation of 2 sphere. In any case, evaluation of strain
requires knowledge of the absolute and relative dimensions of a body before
and after deformation. Even if the shapes of the layers that yielded the
ellipscids were known with cerﬁainty, theré is no way of determining the
original dimensions of these layers, or the effects of volume changes during
metamorphism. Any statement concerning strain can only be a tentative deduction

based on information from other sources.

Tahe boudins are comparable in shape to boudins produced in extension
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experirents by Griggs and Handin (1960, Plates 9 and 10). Griggs and Handin
extended cylinders of dolomite enclosed within cylinders éf marole by the
application of a uniaxial stress field. Prominent necking occurred in
specimens deformed at 800°C (2000 and 5000 bars), with flow of the marble
into the neck region. The resultant structure is very similar to the
cylindrical termination of the ellipsoidal boudins. Quartzite rods enclosed
within Yule Marble and extended under similar conditions failed to form
boudins similar to the dolomite. In this respect the differing rezctions of
the quartzite and dolomite are comparable with the behaviour of quartzite and
calc-silicates at Broken Hill.

Ramberg (1955) also produced structures similar to boudinage experimentally,
by extension parallel to the axis of the boudin.

Corrparison of the experimental and natural boudigs rendérs it likely
that the boudins are the resuli of extension parallel to the major axis of the
ellipsoid. The presence of a well developed joint normal to‘this axis,
" especially in"the'cylindriéal'othemiﬁiés"of the éllipédids‘ténds to support
this conclusion. The tendency for ellipsoids to separate slightly within a
layer normal to the major axis, combined with fragmentation of continuous
layers into ellipsoids may indicate extension in the S surface normal to the
major axis of the ellipsoids; the glide surfaces disr;pting 821 folds are
compatible with extension in this direction.

S

2.34  Tne relationship between L and 3“1 - (and L )

L2 is visibly parallel to the zxes ofbmesoscopic1Bz1 folds in some occurrences,
However, in many instances there is a clearly diécernible angle between L2 and

S .
551 andfor L . Two examples are:




N
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S ~
(1). DNunmerous mesoscopic B,‘1 folds in an area of several hundred square
3

vards just to the south of the exit of Little Aller Creek onto the Mundi
undi Plain have their axes at an angle to LZ. The folds are in thin
quartz-schist and quartzite horizons in rodded sillimanite schists in which

S 1is visible albeit poorly developed. There is no trace of later deformation
1

in the area from which data were collected.

The geometry of the area is suwmmarised in Fig. 2.16. S1 has a fairly

constant dip of 35-194°, and L 1lineations are distributed very slighily in
2

the average S, surface. One fold axis coincides with the cluster of L2

1

lineations, but the other axes are at an average angle of 80° to the
lineations.

(2). The second example is a single hand specimen of a 821 fold (the fold
illustrated in Fig. 2.8) in a quartz-plagioclase-biotite schist. L, is ‘

2

represented by the trace of S on the S surface and, of geometrical necossity,
1

parallels the fold axes. LZ' a very fine mineral streaking on S,, accompanied

1
by‘aiignmeﬁt\of biotite flékés; is at an éngle of 50° to L1. Lgain there are
S

g are homogeneous

no traces of superposed deformation (and L1,~L2 and B
throughout the specimen,.

Further examples of divergence bstween Bz and L can be found in the
rodded sillimanite schists in the valley bounding the western side of Mi. Robe.
A marked discrepancy and variable anglg between L1 and L2 also occurs in
andalusite to the north'andnnorth-east of Mt. Franks (around 100.34500085000),
but there are no definite 321 folds in this area.

The lineation L2 is an integral part of the foliation S1, and iﬁ follows

1 tolds, that 301, L
S olds, tha s by

L2, and S1 are all genetically related to the deformation that created 821 folds.,

from the iransposition of S to paraliel S1 in the B



FIGURE 2.16

Angle between Bg1 and L2 at locality 45700126500 (poles to 8,, dots;

1’

L2 lineations, squares; B 1, crosses). Data from an area approximately

S
100x100 yards square of continuous outcrop. - See text for description.
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Also the metamorphic laminac are part of the schistosity and the maximum
continuity of the laminae, like that of the rods to which they are trans-

itional, is always coincident with L . This remains true whether L is or
2 2
is not parellel to L . Hencc the melamorphic laminae are not the result of
1
transposition of finc layering in the original rocks, since in these circume

ki
stances the direction of maximum continuily of the laminse would have to
paerallel B '. A similar argument applies to the orientation of sillimanite

rods . in sillimanite schists.

It is unfortunate that no calcesilicate boudins have been found in arecas

where L and L are known to intersecct. AL the locality south of Ilfundi Mundi
1 2 : '
Creek mentioncd above, mullions in the quartzite horizons are oriented parallel

to L ; vresumably the ellipsoids would be oriented in a similar fashion. The
‘] .
vattern of layering in the ellipsoids in these circumstances might provide

interesting information about its origin.

Paterson and Weiss (1961) have sugzested that it is possible to sort the
various structural elements‘of a deformed rock into inherited, composite, and
imposed elements. Thus in B tectonites the fabric elements S and L are

1 2 2

S
possibly imposed elements (related only to the deformation); BS1 and L1 are

composite clements due to the interaction of the imposed elemsnts and the surface

[85]
53

nherited from the undeformed rock. The ellipsoids and gquartz mullions can
be classed as composite elements., One other useful imposed element that can
be investigated ' 1s the preferred orientation of quartz.

2.35 Suartz sub-fabrics and discussion

The preferred orientation of {QOO1§ in quartz is shown in Figs. 2.17 and 2.18.

The data for each specimen are from measurements in three sections at right
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angles to each other, and are projected on the plane normal to L (except in
' 2

z. 2.18). The main features of the diagrams are reproduccd by

diagrams containing 100-150 grains, L 1is sensibly parallel to L in 2ll
2 1

the specimens for which results are given in Fig. 2.17. Tho disgrams in Fig.
2.17 have imperfect orthorhomdbic symmetry (D ). One symmetry planc is

: 2h
normal to L , a second planc 1s normal to mesoscopic foliation and contains L .

2 2
In r'ig. 2.17a, the plane of symmectry coincides with a plane defined by the '
maximum foxr the preferred orientation of {OOﬂ of micas in this spccimen (Fig.

v

2.24). From a visual inspeetion only, the same is true for the sccond specimen
measured (Fiz. 2.17b). There is a markaed discrepancy between the third plane
(=] &

of symmetry in Fig. 2.17c and the foliation in the vicinity of the specimcen from

by

n the

which the measurements vere obtained (a quartzite mullion). However, S

P-

1
immediate vicinity of the quartzite mullion is slightly differeni to that which
‘prevails in surrounding schists (Fig. 2.7). The oricntation of the symmetry
plane scems to agrce with the lattsr.

" The daba for the diagram in Fig. 2.18 werc taken from a hand specimen (sce

L)'
last section) in which L is at an angle to L . Again the preferred orientation
1 2
pattern has orthorhombic symmetry. One of the plancs of symmctry parallel the
mean foliation plane in the specimea (Fig. 2.18). A second symmetry planc is
normal to L and coincides with the single plane of symmetry in the micae sub-
2

fabric.

~The symmetries of the various fabric elements in B  tectonites are:

1
(1)  a system of B folds - triclinic symmetry*
A
(i1) foliation S - monoclinic (C ; symmetiry of the mica sub-fabric)
1 . 2h
(111) L and L =~ axial symmetry (D )
1 2 2h
(iv) quartz sub-fabric - orthorhombic (D )
‘ 2n

*From diagram 2.16. The styles are asymmetric in profile and their axes are in-
consistent although S1 and L2 are constant. There are no plsanes of symmeiry in
the fabric of 5. ‘

o)



FIGURE 2.17

: ; . . . 1 . ; .
Preferred orientation of cwaxes of quartz in some B = tectonites. A1l dzta
S
are from three sectlons at right angles and ars projected onto a plane ncrmal

to L.. In each case the primitive circle represents one planc of symmctiry; the
2
other two symmetry planes are shown by dashed lines.

-

(a) 651 ce-axes from quartz-mica schist from Loe. 22300123400, Cont. 2,

R a
0.6, 0.3% per 1% area).

(b) L50 c-axes from a rodded sillimanite schist collected several hundrcd
. " e wrs P C o,
yards west of the Xt. Robe iine (Clont. 2, 1, %% per 1% area)

{(e¢) 450 c-axes from a quartzite mullion from Loc. 27500104000 (Gont. 2, 2, 1,

1A H
37 per 1% area).



Plane of symmetry:
common to gquartz &
-mica sub-fabrics.

FIGURS 2.18 |

(2) Preferred orientation of4c-axes'of quartz iﬁ Spec. No. 28350 (Data
measured from three sections at right angles; 450 grains, contours: 2,‘1.h,)'2
1, 0.5% per 1% area). ‘ R |
(b)  Symmetry planes (dashed lines) in diagram (a) and their relationship to
L (=B 'y and L in the specimen. Symmetry plane ﬁormal to L is also present

1 S 2 , . ‘ 2 '
in the mica sub-fabric (Fig. 2.2a). ' .



waere L 1is parallel to L the total fabric may be monoclinic. Thus at
locality 25500104000, all th; visible fold axes are homogeneous in orient-
ation and parallel to L . However, triclinic symmetry is more general.

The use of symmetry aiguments in interpreting fabrics has been set out in
detail by Paterson and Weiss (1962) and again by Turner and Weiss (1963). fhe
guiding principle in the use of symmetry arguments is - "The symmetry of any
physical system must include those symmetry eiements that are common to all the
independent factors (physical fields and physical properties of the medium)
that contribute to the system, and it may include additional syﬁmetry elements;
however, any symmetry elements absent in the system must also be absent in at
least one of the independent contributing factors? (Patersén and Weiss, 1962,
p.859). Factors which must be considered in the deformation of a body - as
given by Paterson and Weiss (1962, p.876), are set out schematically below:

General tectonic situation
External Factors

System of forces applied to
the given body, of rock

] ]
Stress field within the rock Mechanical properties
Internal } of the rock
Factors Deformation
("MovementL?icture") Initial fabric

- ] 'Observed fabric

A fabric element of the initial fabric whose mechanical properties can
significantly influence the course of deformation is said to be "kinematically
active"; elements that serve only as markers, without influencing the deform=-
ation, are referred to as "kinematically passive" (Turner and Weiss, 1963, p.383).
Lithological layering cannot have been entirely passive during B folding. The-

1
schistosity is disturbed in the vicinity of mullions (see Fig. 2.7) and curves
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around the termination of layers. In both cases the layering is exerting
some influence on the final fabric. This type of behaviour is shown by
quartzites. -

The most iméortant features to be considered are the discordant symmetries
of the inherited sub-fabric (S) and quartz and mica sub-fabrics. and the
different symmetries of the last two sub-fabrics. We may also note one -
important difference between mica and quartz. For mica, preferred oriéntation
of the lattice may be an incidental result of dimensional orientation; in ihis
way mica, by mimetic crystallisation, may emphasise anisotropic features inher-
ited from the original rock. Quartz is not suscéptible'to dimensional orient-
ation. It is clear that the quartz and mica sub-fabrics are recording different
portions of a deformation, although an examination of their mutual microstructure
leaves no doubt that both minerals are the result of the same téctonic and
metamorphic episods ((Chapter 5).

It is doubtful that the interaction of an initial fabric containing only
compositional layering could have produced the final fabric observed. - (In the
following discussion we shall assume a general sjstem of stresses with
orthorhombic symmetry, although more special stress systems, such as uniaxial
stress, may have higher symmetry). For_deformation of kinematically
passive layering the stress, strain, movement picture and imposed sub-fabrics
would "all have concordant orthorhombic symmetry. The symmetry of the inherited
sub=fabric would depend on the number of symmetry planes common to layering
and stress at the commencement of deformation. The inherited and imposed sub-
fabrics need not be concordant or even bf the same symmetry, but the quartz
and mica sub-fabrics (both imposed) should both have orthorhombic symmetry.

For kinematically active layering the symmetries of the imposed and inherited

sub=fabrics (and the movement'picture) would be concordant and of the same type



" (as abofa, the symmetiry would depend on the number of planes of symmétry
common to layefing and étress). This is obviously not the cass.

One model that may be considered involves the transposition of a foliation
present in the initial fabric. Some of the micas are now emphaéising relicts
of the old foliation, while the bulk are oriented in a new (transposed)
foliation. The intersection of the new and old foliationg is the lineation

L . If the old foliation was parallel to the axial surfaces of a system of
filds in layering, then L1 (821) and Lé would not necessarily be parallel after
B folding. Indeed they would only be parallel if the new foliation inter-
slcted the old in an axis parallel to the old fold axes. We may expect that

if B were superposed on an earlier set of folds of this type, that L would
repr;sent a relatively fixed direction and L would vary. Because ofzfolding
after B folding in the mapped area, it is nl longer possible to test directly .
the geo;raphic orientation of L and L at the conclusion of B folding.
However, the situations_south o; Littlg Aller Creek, west of Ml. Robe and

north-east of Mt; Franks, where L -now has-a constant orientation (but .

different for each area) and L viries suggests that the above is the case.
Also, it can be inferred from lhe distribution of L in iater folds that it
must have had a fairly constant orientation at the ind of B1 folding over a

large portion of the mapped area (see discussion of sub-areas 5 and 14,
Chapter 4). .

The model of superposed folding requires that the old foliation be passive,
since a kinematically active foliation would create a movement picture with
monoclinic symmetry, and this would be reflected in the symmetry of the quartz
sub-fabric. However, judging from the style of the final fabrie, the old

foliation must have been more or less penetrative. For a penetrative foliation

to remain passive probably requires that the deformation (B folding) have
: 1



proceeded mainly by inéirect componental movements (e.g. diffusion),since a
penetrative foliation normaily imparts a distinct mechanicai anisotropy - to
the rock. Jome further evidence to support this idea is given below.

There is an alternatives Transposition has brought theo old foliation to
an orientation where, with L , it has approximate orthorhombic symmetey

2

concordant with the quartz sub-fabric (as the relicts of the old foliation
disappear). As the foliation approached the final state of complete trans-
position, it may, if initially active, have exerted a diminishing influence
on the course of the deformation. It is this final state, along with the
calc-silicate boudins, that the quartz sub-fabric is recording.. Except for
mimetic crystallisation, the mica sub-{abric would‘also have finished with
orthorhombic symmetry.

-

Tne model of superposed folding also requires that layering have been
kinematically passive during the deformation. Otherwise the final sub-fabrics
would have symmetries concordant with the inherited sub-fabric of S. However,
we have already noted that layering is not entirely passive. However,
behaviour of this type is very local and there is no significant change in
orientation or style of 5 from areas where layers are present to adjacent

1
arcas where layering is lacking. It is possible then that layering may have bec
passive, particularly, as is the general case, the various layers in the schist
differ littlé from the average bulk composition of the schists. Mullions,
bg}dinage and formation of the parasitie folds in BS folds are peculiar to
quartzites and calc-silicates and are not a general feature of layering in the
schists,

The'symmetry of one other element is concordant with that of the quartz .
sub~-fabric. Layéring in the ellipsoids has overall orthorhombic symmetry

(DZh) (made up of all layers with orthorhombic symmetry, or central layers

with spherical symmetry K " and outer layers with orthorhombic symmetry).
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It seems that no simple process of folding can entirely account for the
closed layering of the ellipsoids in three dimensions. A process thatlmight
partiall& account for their form is formation of isoclinal fold hinges
followed by closing of the "tail" of the hinge by comprésSion. But layers
of boudins should then trend at an angle across S , which is contrary to the
observation that they always parallel S . Moreovlr, there is a frequently
observed pattern in the composition of lhe internal layers. The outer layers
usually contain a higher broportion of the calc-silicate minerals (diopside,
epidote, garnet) whereas the inner layers are richer in quartz. The numbver
and order of the internal layers are variable but the above generalisation
holds. It is unlikely fhat layering inherited from the rock prior to
metamorphism and deformation could be so regular in the large number of
ellipsoids scattered over the mapped area. It appears that a diffugidn Process,
coupled to imposed stress, may have controlled the shape and compositional
distribution of internal layers in the boudins. And since the internal layers
conform With‘the*shape‘of the external~surf;ceS‘of the boudins, the diffusion:
process may have been an'important mechanism in the actual deformation that
produced the boudins.

The ellipsoids are not true imposed elements, for processes responsible for
their shape have operated on a shape a£ least partially inherited from the
initial fabric. However, if the ellipsoids developed from layers in the trans-
posed limbs of B folds, neither single ellipsoids nor a layer of ellipsoids
need record all lf the symmetry of the inherited fabric.’ The initial layers:
from which the boudins developed, in this case, have axial symmetry and if
subject to an‘influenge with orthorhombic or higher symmetry (stress), the
resultant fabric would have orthorhbmbic‘or higher symmetry. However, the

total disposition of all layers of ellipsoids, although individually they
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The direction of movement on the glide surfaces cannot be fixed, wut fzcam

symmetry arzuments it must be normal or parallel to L . The existence of the
2
ces argues for a monoclinic rather than an orthorhowmbic movenenl
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picture, for, locally the glide surfaces may be as peneirative

Still the quartz sub-fabric will reflect the symmetry of stress.
In this casc the principal axes of siress for B folding

1
and parzllal to schistosity with one axis coinciding with the lineation L .

At least in the transposed limos of 3 folds the principal zxcs of strain

1
were oriented in a similar fashion and extension parallel to the lincation
(boudinaze) was an important componcnt of strain. Bxtension rormal wo L in
' ' 2
S (from scparation of boudins) was also important. By implication the third
1
axis of strain normal to S was an axis of shortening which, in turn, implies
1
that the major axis of siress may have been normal to S .
1 .
The most basic. criterion that can be brought against the model of sugerposed

(J

folding is the lack of folded folds (by B ) in the mesoscopic fabric. Given
1
the penetrative nature of B folds and glide surfaces these wmay be dirficult
1
to detect, but if ' not directly observed, should appear as rapid varisations in
S
rientation of BS at the mesoscopic scale. No examples have

ot
o
[¢/]
o

n at a larger scale the area south of Little Aller Creek may be an
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. Sz‘ 82 v
2.40 B “ and B © folds
S 57 :
The surfaces S and S are folded and the lineation L redistributed (no
‘ 1 2
example of folded L has been found) by a second generation of folds, desig-
S S 1
nated BS2 or BS2 folds for folds in S and S respoctively. The group of all
1 \ 1
" folds with S as axial surface is termed B folds. No example has been
: 2 S S 2
discovered of a combined BS2 and BS fold in which the two fold axes are not
' 1
parallel; although such folds might be expected. B folds are noticeably
2
lacking in areas where S intersects S, even though they may be common in
1

adjacent‘rocks.

B folds are the least common of the mesoscopic folds and their occurrence
> X
is limited to the north-west portion of the area., They are particularly

common around the margins of the Aller Creek Pegmatite; bodies of schist

included in the pegmatite are also commonly deformed by B folds.

The style of B. folds‘is shown in Fig.2.19 . The folgs are often nearly
isoclinal, with azdifference in.orientation of S or S of less than 10° in
‘each limb at some diéténbe‘ffom the hinge. B ‘félds';fe‘névér‘pénétratiVG'
and usually occur in isolation. (bmplicated gaulting in the hinge region is

also common (e.g. in BS2 folds exposed on the road to the adit of the Mt. Robe
51 :
Mine).

The most acceptable evidence that B folds post-date B folds - the folding
2 1 :
of mesoscopic B folds about a mesoscopic B fold - is lacking. However other
1 2
evidence suggests the relationship proposed above is correct. Single rods of

sillimanite (L ) and flakes of muscovite (at lgcality 28500132200 in particular
2

and in the specimen illustrated in Fig. 3.120)‘are bent across the hinge of

mesoscopic B2 folds. The rods and the mica are both the product of a meta-

rmorphism that outlasted B folding (4 metamorphism, Chapter 5) and their
1 1



FIGURE 2.19

o

S
Style of B82 folds in mica schists:

(a) at Loc. 35100134700, an@ (b) at Loc. 36700138300 (both drawn from
photographs). |

Both folds are outlined by quartz-plagioclase layers (stipled) in
sillimanite schists (a) and quartz-muscovite schist (b); both dashed
parallel to the trace of 81). The lower limb of (a) gradually curves away

to nearly parallel the upper limb 10-12' to the right of the hinge shownm.
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deformation indicates that B2 folds post-date both the metamorphism and
B8 folding, in a separate e¢pisode of {folding. )

1 The redistribution of the lineation L2 in B;f folds is unusual., The
lineation, after folding, is disposed in a plane whose normal is at an
angle to the fold axis (Fig. 2.20 ). The style of sz is concentric, and
the kincmatic model generally conceived to account for concentric folds
envisages slip on the folded surface, A lineation in the unfolded surface is
distributed on the surface of a cons whose axis is concentric with the fold
axis; the semi-angle of the cone is the angle between the old lineation and the
fold axis (Ramsay, 1960). Redistribution of a lineation in a plane is consist-
ent with slip folding to produce similar folds.

Ramsay.(1960) has investigated the effects of flexural slip folding

followed by slip folding on the distribution of a lineation in tﬁe unfolded
surface. On a stereographic nett, the lineation is first distributed on a
small circle by the flexural slip folding and then, as slip folding proceeds,
is rotated so as to. plot approximately on‘a.éreat»circle.~ The final distribe
ution may be indistinguishable from one produced by slip folding alone. It is
suggested that B folds have developed by slip on S and S, and that as folding
has proceeded thz slip has approximated more closel; to slip on an axial
surface (as the fold became more isoclinal). It is doubtful if folds

evolved in this manner could be very penetrative or regular, which seems to

agree with the nature of B folds.
2



o Lineation L
‘ S >

& Axis of great circle
that contours the linseation.

FIGURE 2.20

S2
Distribution of lineation L in two BS folds., Both folds are in rodded
: 2 1
sillimanite schist and are almost isoclinal; the lineation is represented by

the long axés of sillimanite rods:
(a) fold at Locality 28500132200,

(b) fold at locality 46200125000
s .
The angles between BS2 and the normal to the plane in which the lineations
1
are distributed are 25° and 43° respectively,
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CHAPTER 3

B3 _AND B _FOLDS
3 4
3.10 Introduction

The folds classified as B and B folds are a complex group of kink
3 5
folds and concentric folds which exhibit a great diversity of style and

orientation. B3 and B}+ folds both possess the same characteristic axial
structure; a system of microscopic kink bands in the hinge region of the
mesoscopic fold.

B and B folds are distinguished from relationships observed at one
singge locaiity (see Sect. 3.26). At this locality the orientation of the
kink bands, and hence the axial surfaces of the mesoscopic folds they
parallel, fall into two non~overlapping'groups; Folds of one orientation-
group (B ) are constantly overprinted by folds of the other group(B ). The
style of3both the mesoscopic folds and the microscopic kink bands og both
groups (B3 and 84) are identical at this locality, and 33 and 84 can only ve
distinguished by the orientation of their axial surfaces. Elsewhere in the
area the microscopic kink.bands.and\mesoscoéic folds are variable in style, .
but the variation cannot be related to orientation, Rather, the style of both
is dependent on tha bulk lithology of the rock and thé presence or absence of
lithological layering. When, for example in the labofatory, specimens are
divested of their geographic orientation, it is impossible to discriminate
between B and B folds.

3 4 ‘

Instead of duplicating the definitions of the structural elements of B and
3

3 folds, a singls set of definitions will be given for B folds; similar
L L
definitions for B folds can be obtained by substituting 3 for & in the
3

appropriate place,

3,20 S , L in homosceneous mica schists
b L :
In mica schists with a homogeneous composition S surfaces (kink surfaces)
4




(W)
™D
.

are axial surfaces to-a system of microscopic kink folds. Usually the
kink folds occur in pairs sharing a common limb, thus forming a kink ban%,
An example of a schist in which kink bands are well developed is illustrated
in Fig. 3.1. |

At the microscopic scale a kink surface is represented by a domain of
acute flexure between the planar, or nearly planar, limbs of a kink fold.
This domain is always thin compared to the width of a kink band, and most
closely approximates an ideal surface in very micaceous layers. Where the
structure of S 1is less regular or a micaceous foliation is not prominent,
the domain rep;esenting the kink surface is a broader zone of flexure. However,
when viewed in hand specimen the kink surfaces always appear as discrete
surfaces. Also it is noticeable that the kink bands are less regular in
rocks with poorly developed micaceous foliation compared to rocks with well
developed S . Kink surfaces are not developed in rocks which lack a micaceous
foliation, lven where adjacent rocks are intensely deformed by kink bands. A
fracture cleavage parallel to S and S appea}s in thin units of quartzose
rocks but there is no surface tgat canube identified with kink surfaces in
the amphibolites or calc-silicates.

There is no tendency for micas to have a preferred orientation parallel to
S orS, orfor transposition'of S parallel to S or S . Also there is never
agy Sigg of displacement on the kin; surfaces wherz the gink bands cross

metamorphic laminae. The kink bands are symmetrical within a few degrees with

respect to the angle between the kink surface and S on either side.
1



FIGURE 3.1 (PIATE 1)

Polished hand specimen of a Bh tectonite (quartz-muscovite-andalusite
schist) from outcrops on the northern slopes of Mt. Franks. The kink bands
appear as dark bands passing diagonally from left to right across the photo-
graph. 32 in the kink bands is nearly vertical and 5, outside the kink bands
horizontal, The porphyroblasts are altered andalusite.

(Section is normal to kink axes. Close to natural size)
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The angle between Sl+ and S in each limb of a kink may vary not only with
' 1

position'along the trace of axial surface in a section perpendicular to L ,
but with different kinks in the same tectonite. All of the kinks illustrgted
in‘Fig. 3.2a'ere taken from a single specimen (3760087400) ffom Mt. Franks.
The anglesArange from 20-550; angles of 40-50° seem. to-predominate in most
specimens examined. -

It is not as easy to determine the variability of the angle S kink surface -
parallel to the kink axis but it appears to be much less than th;t perpendicular-
-to the axis. The angle is almost constant over a distance many times the width
of the kink band, except where the kink bands terminate (parallel to L ) by
a’‘rapid decrease in amplltude, a change that occurs in a matter of millimetres.

Fige 3+.2b emphasises another important espect'of the style of the kink
‘bands. The basic "kiﬂk-style" is independent of the relative angle of rotation
of the limbs; tho kinks are not transitional to continuous‘flexures with
decrease in the angle of rotation of the Limbs. However the intersection of two
kink bands produces a fold which is not a kink but a continuous flexere (Fig.3.3)

.One‘aspect of the morphological properties of systems of kink bands is
illustrated in Figs. 3.4, 3.5, 3.6. ~One.feeture‘of sections normal to LL is
distinct changes of orientation of the trace of Sa on.the plane of the section
(Fig. 3.4, 3.5)« A more detailed analysis of this variation is presented in |
Fig. 3.6 which contains all the trace of the axial planes of kink folds present %
. in a large.thin section. The figﬁre was érepared from en enlargeé photograph .
of a thin secéion. The figures beside each trace relate to the angle between
the trace and an arbitrary direction OY. The frequency.of the various orient-
ations is given in the hietograms accompanying tﬁe figure. The fact that emerge

is the presence of a distinct grouping of the traces of the S surfaces
: 4 ’ ‘




Variation in style of kink bands in a section normal to the kink axis:

(a). Variztion in the angle between S, and S in each limdb at diffcrent
. 1 i,

points zlonz a kink surface, and in differcnt kink bands (dstail traced from
vhotograpn, measurement of the micas with a Universal stage indicates thac

kink axis is normal within a few dezrees to the plane of the section).

(=4
o). The Kink style is indepcndent of the actual angle betwcen S1 znd S .,

1

In the left hand example the angle between the two limbs i1s coastant, bu

comain Torming the kink surface changes from a narrow, sharp zone at the bottom

3.y

L0 a broader zone of curvature near the top of the fold. The situstion is

reversced in the right hand cxample, Note zlso. the same style of basic kink

. . . A . o
in all cxamplcs on the page, although the angle S, S# varies ootween 207 and
)

1

50°, (4pprox. X 5 )
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FIGURE 3.4

Well developed conjugate pair of kink bands. The traces of the kink bands

are shown on a polished surface normal to L, from a quartz-mica schist from it.

L

Franks. Arrows point to conjugate kink bands forming a fold of the type illus-

trated in Fig; 3.3 (data traced on photograph, twice natural scale).
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to form a conjugate pair, separated by an angle of 10-20°.- Tho pair is
not equally developed throughout the specimen., The total variation in
traces of the kink bands is nearly 900, but the traces at an angle of uo°
to the left of OY in Fig. 3.6 can probably be neglected, reducing the range
to 550.

The second point of interest is the grouping of traces of a singie
orientation into domains (Fig. 3.6). The extent of the domains is suggested
in Fig. 3.6.

A second pattern of variation is evident in many of the tectonites sectioned.
-This 1s observed aé a variation in the trend of the kink axes (Fig. 3.7, also
Fig. 3.16a) as -observed on the folded S surface. The angle between extreme
trends is about 150, and single kink axls may change continuously betwsen
these orientations.

It appears that the geometry of the kink bands can be conceived of as
rotation about two axes at right angles, roughly parallel and normal to the
kink axes in the Specimens studied. Sections at intervals through specimens
on which the trace of the kink axes is homogeneous still reveal the full range
of variation.about an axis parallel to the kink axi;. If the geometry could be
described by rotation about one axis oblique tolboth sections, then change in
the trace on one section must be accompanied by a bhange in the trace of the
other. That this is not always true is demonstrated by a section through a
-mica schist from Mt. Franks (Fig. 3.8); the traces change orientation indep-
endently in the two sections. In hand specimens the variation about an axis

normal to the average kink axis is usually much subordinate to variation

about the other axis.
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Traces of the xink surfaccs on a slab polished parallel to the kink axes.

(i.e. as might be seen on a finely crenulated schistosity surface). Two trends
of the kink bands are indicated by the two arrows in the lower right hand
kinx bands are parallel to the kink

Note how continuous individual:

corner.
axes (A = andalusite porphyrcblast; natural size).



Gecmetry of kink vands as deduced from the trace of the kink bands on
surfaces normal and parallel fo the mean xink axis.

/ et K] o RS - . s A . ~
() Orientation of scctions I and IT with respect to the mean kink axis Tfor

S

(b) Traces of 5 are constant in section I, but vary in II. Geomatry ca:
rms of roftation aboul an axis normal to ihe mean
{c) Commonest situation cacountercd; the traces of 8 arc constant in
Section I but vary in Section II.

(d)  Traces have variable, but consistient patlern of orientation in Section

Dicgrams (o) and (@) arc from scrial scobions of a mica schist from Mi.

N . . o Z b -
gram (c) is from a mica schist from Loc. 46200125000, Data drawn
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3 ;
3.21 3 7 and B _folds in schists of uniform composition
51 81 .
Mesoscopic folds in S, with S or S parallel to their axial surfaces

in schists which lack lithological layering are very similar in style to the
microscopic kink bands (Fig. 3.9). The folds are simple Kinks, oftén with
slight curvaturs of 6ne limb, with a bundle of kink bands (S3 or 84) concen=-
trated in the hinge region with rare kink bands in the limbs. The angle
between the two limbs is fairly constant throughout the whole area and fall
within the range 75—90° (stated as the acute angle).

The folds are symmetric with respect to the angle between their hinge
surface and each limb, but are gsymmatric if the length of the limbs is
considered. Within small domains the size of the folds may be nearly constant
and.their spacing approximately periodie, indicating a very uniform strain
throughout that particular domain. s

53

S Sy
3.22 Combined BS and 883 folds and combined B & and BS folds in laycred
1 S 1

schists

. as

Mesoscopic folds in schists that are layéred~(S) which have S or Sb

S - Sp
axial surface differ in a number of respects from B 3 and BSL folds in
51 1
unlaycred schists. In general (because of the transposition of S during 3

folding) BS and BS (and B 7 - B_,”) are co-axial and the style of the fold
1 °1
in the schistosity agrees with that in the layering. This case will be

discussed first.
. . . " Sy S S3
The main points of difference between combined BS and BS (and BS and
S S ’ oo
BSB),folds as compared to B ll'.‘i‘olds in unlayered schists are:
1 , - S
(1). The combined folds typically occur as single folds or a group of several
folds in which the size of each fold is considerably different. The

approximation to a periodic array is lacking in the combined folds.



I

21
Exsmple of a BS fold in unlayered schist. The fold is a simple 1lisi
with xink bands concentrated in the hinge. The liamb sloping to the left is the

longer limb. (Sketch: 5 scale; drawn from photograph



(2). The combinod folds vary qﬁite markedly in their style (Fig. 3.10), cven
in tho same outcrop. Also the angle betweon the limbs is not as congtanﬁ as
folds in unlayered schists.

55 the differences in comgosition of the wvarious leyers ars minimal
and all layors contain more than 20-305 mica, the combined folds do notl form
simple kinks. - The combined folds arse always concentric folds,

are not parallel arc vcry

1
rare, ovan in outcrops which contain abundant folds in adjacent arcas where S

w

Examples of folds in which the axes in S and

-t

is varallel to S . A more common situation, particularly at Mt. Franks

15 illustrated i; Fig. 3.11. Inhomogeneities in the S surface seem %o

1
result in the creation of kink bands with a different orientation from those
in tho adjacent schists., Thus in Fig. 3.12b, in the left-hand limb of the fold
the continuity of tho fabric is disturbed by the termination of one iayer. the
crossing of S Dby another and tho.presence of an andalusite porphyroblast. The
sot of conjugate kink bands in this limb, ncarly at right angles to Su have an
orientation different to that of any kink band in the surrounding schisis.

Similarly, fine nests of kink bands, with a differeant than avorage orientztion,

are somciimes found around andalusite porphyroblasts (Fig. 3.12).

Sy,
3.23 BS folds
5 .
A single outcrop, in the creck at the hut in Little Aller CreeX, countains

a
(% 4
Bnh folds (Fig. 3.12c¢). Single grains of muscovite bent about the hinge ol
52
the B_ folds clearly distinguish them from 3 folds. The kink bands in this
2 _ S 1
area are all S , and no example of a Bﬂ3 fold has beon discovered. However,
L 52
B folds, at lecast, post-datc B folds.
L 2
3.24 L lineation in kink bands and 3 fo
2 L
Where the lineation L2 crosses a xink band or a mososcopic BL fold it is
i




Styic of folds in S and S with S or S as axial surface as secn in
1 3 L

profile. In cvery instance, tho fold axis in 3 is parallel to that in 3
(dashed).
/7 . s . . < LI ™Y 3 1
(a) Peszmatite laysrs (stipled) in quartz-blotite schists from Eldce Creck
(53400107000, drawn from polished slab, 1/3 actual size).
(b) Quartz-plagioclase layers (stipled) in quartz-muscovite schists {Loc.

L1260132300; sketbch, 4+ scale).

(e) Quartz-plagioclase layers {stipled) in mica schist (Loc. 3670013830C;

sketch, 1/5 scale).

(d) Quertz-plagioclase layers (stipled) in mica schist (Loc. &&600123000;
sketch, 1/5 scale).
(8) Quartz laycrs (stipled), quartz-mica layers (stipled and dashed) and
mica~schist (Loc. 22400128000, drawn from polished slab, half scale;.
(£f) Quartz-plagioclase layer (stipled) in-mica schist (Loc. 462001250CC;
drawn from polished slab, 1/3 scale).

Note how in (f) and (g) domain boundaries for S and S often corcespond

lithological boundaries.



(a) (b)
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B folds where lithological layering cuts schistos

1

-

B . - - ) oy v mm
WY +10 convact Leitwean
L

UOo AL LD oCiiivve

hist (top portion of plate) and more micaceous anda

19}

P N eaniil e
guarvz-mica

(=]

Moo

(lower portion,) passes diagonally across the plate just above the match box

) o /.

"8 a2 > 2 + 1 - e An el .2 U TR AT e B ,_ A RN . A 4 RGS
A 104C 1N O in the quartz-mica schist \whnlcn can 06 seéen CLOSIng near Lac

O
o
ct
)
(¢1]
o
ct
o
o
]
e
e |
r
&)
ct
(9]
—~
-\
n
@)
~”
3

<
@
a1
ct
b
Q
o
r
)
o
=
H
[
ct
’J
o]
=
[N
=
ct
o)
o
o
o
e
o
-
=
4]
-
ct
[e3]
&)
[¢)
=X
}I
[4]
ct
(B
1]
w
®
o ]
Qo
o]
(o)
ct
L&
B
o §
o,
ct
o)
Q
w
ct
g ]
4
C
par
P
C




) -~
" 2

Fizure 3.12
(a). Kink bands appearing on the limb of an SL kink (stipled layers arc
1

guartz rich; muscoviteo layers shown by dashes parallel to 51; 4 is an andalusite

zrain; detail drawn from photograph). Conjugate pairs of kink bands are

(6]

to 3, in the left limb of the main (Sb) kink band

developed at an angle 3

( X 20 ).

{(v). Nests of kink bands around andalusité porphyroblasts (drawn from a
of a polished slab; andalusite sc
fold. WNearly isoclinal B_ folds outlined by pegmatitic layers (siipled)
vorsus micaccous schist (dashed) are folded abou§ an open fold with S =
surface. Single grains of muscovite are bent around the hinge of the B ~ folds.

Jote the discordance of the pegmatite on the far left of the specimen.

(Dravn from polished slab, actual size.)
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located on the surface of a cone whose axis is concentric with the kink

or fold axis (Fig. 3.13). Rotation of an o0ld lineation by folding in this
manner is consistent with flexural slip folding by slip on S and S (Ramsay,
1960) with no significant change in the area of the slip surface. 1The
redistribution of the lineation is equivalent to simple external rotation of
the lineation about the fold axis.

3,25 Preferred ofientation of quartz in a B fold.

iy
Fige. 3.14 presents the results of the determination of the preferred

orientation of (0001) in quartz in each limb of a B fold collected at a
. , 4
locality north of the Silver King Mine (Spec. No. 28390, Locality No.22400127900).

The angle Between the two limbs, which are sensibly planar is 770. The grains
were measured only in a quartzose layer from sections normal to B and parallel

to S in each limb. L 4is not obvious in the hand specimen, but in this general
L 2 ,
area L and L are separated by only a few degrees,
2 4 4
Rotation of the plot for limt 2 (Fig. 3,140) through am angle of 77° would

bring the main features of this diagram to coincidence with those of the plot
for 1limb 1. The rotation, as with the lineation L , is equivalent to external
rotation about the fold axis. The implicit assump%ion that S and L were planar
and linear respectively befor§ folding is reasonable (Turner ;nd weiis. 1963,
p;516). Both elements are homogeneous (in orientation) around the margin of -

the domain in which the kink folds are developed.



(a)

o
S5
e
[N

istribution of the lineation L across:
: 2
(a)s & single kink band, in a specimen collected 300 yards northe-cast of

the Black Prince Shafts. Data pmeasured in the laboratory with the kink axis
o . . ° . v .
norizontal. The lineations are located on a 60 radius small circle (on the

nett) concentric with the kink axis.

o

w2
(b)» In an open Bsu fold just to the south of the Silver {ing Mine. The
1
data have been rotated to bring the fold axis to the horizontal. The lineat-
o

ions zrc distributed on a 65 radius small circle (on the nett) conceniric

with the fold axis.



FIGURE 3.14

Preferred orientation of c-axes of quartz (b, c¢) in each 1imb of a
Sy, 34
combined B and B
S 51
outlined by a thin quartz layer concordant with S from which most of the
1 ‘
grains measured come. Data were measured for each diagram from two sections,

fold (a) from locality 22400128000. The fold is

one normal to the fold axis and one parallel to S . The data are projected

S
on a section normal to the fold axis. L is nearly parallel to Bsh. The
: 2 1
two diagrams are shown in their correct orientation with respect to each

other. Note that both diagrams retain the essential form for the c-axes of

quartz in B1 folds, although there is some departure from orthorhombic
- S
symmetry. The diagrams also differ in detail, but rotation of ??° about BS

bring the diagrams to approximate coincidencs.



500 grains (Cont. 3, 2, 1, 3%

4
per 15 area)




3,26 Distinction of S and S

L
The further discussion of B and Bh folds requires some data that really

3

belongs with the macroscopic analyses., However, rather than spread the

discussions in a disconnected fashion 6ver two chapters, this data will be
presented here, 83, and S4 are the last two imposed surfaces in the area, and
since the discussion is largely confined to these surfaces alone (and not the
orientation of say L4 and Bb)' no real knowledge Qf the macroscopic geometry

of the area is necessary at this stage. The possibility that S. has been

3

disturbed by 34 folds will be considered during the course of the discussion.

The distinction of 83 and S& rests on the interpretation 6f a small area
(200-300 square yards) of effegtively continuous outcrop at locality 46200125000,
The rocks are well foliated qﬁartz-muscovite-(biotite) schists which are only
poorly layered (S). L1, L2 and B1 folds are absent. The schists are enclosed |
(in plan) on three sides by massive pegmatite and thin sheets of pegmatite

have penetrated the schists near their margin.

The geometry of the area is summarised in Fig.3.15 . The plotted poles fo
the kink surfaces form two.:., non-overlapping girdles (Fig. 3;15, a, b). vKink
bands belonging to tﬁe NE-SW girdle have axes that plunge shallowly to the
NW or SE (Fige3.15¢c ). These kink bands are concentrated in the hinge region
of a group of mesoscopic folds (823). which have a fairly constant amplitude

1
of 2-3 feet and a wavelength of 12-15 fest over much of the area. L., is visibly

3
parallel to the axes of these folds.

Su is ﬁot usually accompanied by distinct mesoscopic folds; and. appears as
kink bands of more uniform density crossing the B3 folds at angles close to
900. The poles to Sb form the maxima in the NW-SE quadrants of Fig.3.15f.§u
are distributed in a great circle (Fig. 3.15d), tho two maxima in the girdle

correspond to lineations lying in the two limbs of the 33 folds. The great



. §p ~ ~ L 3 2 \
he geometry of the area at which B_ and B folds zre defined (see text )

3 L

”

a). 59 poles to kink bands which are defined as S ( Contours: 33, 5, 1, %
er 17

P ) ] . o A . Je -
o kink bands which are defined as 54 (Gntours: 19, 10, &%, 1, %

(¢). 95 kink axes (LB) of S, kink bands (Contours: 12, 6, 3, 1, % per 1% area).
~
(d). 214 kink axes (L ) of S, kink bands (Contours: 15,.12, 6, 3, 13, 3, %
per 1% area). 4 k
(¥ote that the shape of the maximum in diagram (b) is considerably distorted by
the properties of the squal-zrea projection near the primitive circle. The spread
on the nearly vertical and horizontal great circles is 65° and 50° respectively).
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circles containing 83 and 34 poles intersect at 82°9; all angles of inter-
section between 60° and 90°, indicating intersection of kink surfaces from
different parts of the girdle, can be obéerved in the field. A second great
circle, with a nearly vertical axis, is evident in the spread of Su (Fig. 3.15b).
The interaction of 53 and S; follows a numﬁer of different patterns. One
situation of frequent occurrence, in which the interference of the two sets

of kink surfaces is minimal, is illustrated in Fig. 3.16, Plate 1. Lu‘appears

on the nearly planar limb of a 33 fold and where L., is prominent (left-hand

edge of the plate) the Lh lineations are absent. A slightly different form

of the same general type is shown in Fig. 3.16, Plate 2. Whers L3 and Lb are
equally developed in the hinge of a B3 fdld, the interference patterns of the

type illustrated in Fig. 3.17 are prominent. Very rarely S, and Sh are both

3

concenirated in the hinge of equally sized mesoscopic folds, to produce a
"basin and dome" structure.,

Fig. 3.18 depicts some of the features of the interference of 83 and Sh where

they are of equal development. It is noticeable that‘L3 (see text beneath
figure) is disturbed in such a way as to correspond with L4 antiforms and

synforms in the limbs of the L., kinks. If we follow a single S4 kink surface

3

across a L_ kink we notice that an antiform on the horizontal limb of L

3 3

corresponds with a synform on the steeper limb (see for example arrowed Su in
Fig. 3.18) and vica-versa (this is most obvious across the L3 synform on the

left of Figure 3.18).  Often an S, surface terminates at an L3 hingé and only

L
a minor indentation in the other limbs near the hinge (corresponding to the fold

in the hinge line) is apparent. The pattern is consistent with the super-
position of S and 83 tectonites, If Sh had pre-dated 83, the antiforms on
4 )

one 1limb would continue, along the one S4 surface, as an antiform on the



(1)

(2)
FIGURE 3.16
3
PLATE 1: L lineations on the limb of a mesoscopic BS fold., L lineations
b s 1 3
3

concentrated in the hinge of the BS fold, pass diagonally across the top left
1

hand corner of the plate. L is only significantly developed in the limb of
) L

o
the 35) fold, Note the very variable trend of L .
1

L
PLATE 2: Very weakly developed L kinks (diagonal) crossing L lineations
L 3
(vertical). Note that the L lineations are obviously disposed in a plane

L

across the L folds.
2



e
i:a‘ ) (1).

et

»

and PLATE 2: S_ and 5& equally developed.,

D

both plates L lineations are horizontal and L, lineations cross L_ at

. 4 3
3 b
3

angle, Note how L_ is crenulated .in parts of the tectonite illustrated
2



Figure 3.18

Oblique view of the same tectonite as illustrated 1A Fig. 3.17, Plate
2 L3 passes dlagonally from bottom left to top right acros5 the figure;
Su is parallel to the front face of the block. The arrow in centre of
block points to the change of an antiform to synform across a L_ hinge

on a single 34 surface (see text for description, sketch at natural

scale).
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other limb., The contrary nature of the structure in each limb, and the

é. Wherever these

criteria (in combination) can be applied in the area, then the same chrono-

folding of the L3 hinge, prove that S has post-dated S
Lo

logical order is found. It is also trus that where L4 can be measured crossing

L3 folds (as in Fig. 3.16, Plate 2) it is distributed in a plane (as expected

of a superposed lineation; Ramsay, 1960, Weiss, 1959a)and not in the "small

circle" pattern of L, on By or L4 kinks (Sect. 3.24 ). On a grosser scale,

this is evident in the total distribution of L& axes at the type area (Fig.3.15d).
Interference of kink bands of different orientation does not occur outside

the small area just described (referred to simply as the 'typs area! iﬁ the

following teit). It follows that, since there is no significant variation of

style with orientation of either kink bagds»or associated mesoscopic folds,

the distingtion of 83 and S4 and hence B3 and Bb depends on orientation alone.
The concentration of the kink bands in discrete domains is a general

feature of the macroscopic fabric. A domain may be no more than sevefal

hundred square yards, or may be as larée as 20,000 - 30,000 square yards (Mt.

Franks). The orientation of the poles to kink bands in 55 such domains is summe

arised in Fig. 3.19. The main feature of the diagram, a girdle about an axis

plunging at 30° towards (0363. has no counterpart in the plots of the poles to

kink bands in the type area. The source of the girdle in the total diagram

is revealed by inspection of the plots from individual domains. The latter

exhibit several different patterns: |

(1). The poles to the kink surfaces fall within the limits of the S, or S“

. 3
maxima as defined at the type area (Fig. 3.15). The poles form either a

maximugp,an ill-defined scatter or a definite girdle (great-circle) within these



™e o - @)
Figure 3.19

Poles to 436 kink bands measured throughout the mapped area (Maximum, 16%,

o « -~ . )
» per 1% area). Great circle represented by the

ol

contours 10, 8, 6, &, 2, 1,

T . 2 o zn0 ) ]
cashed line has an axis plunging at 50~ towards 030" .
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limits. The girdles may be about a sub-horizontal or a sub-vertical axis
(Fig. 3.20).
(2). Tne poles are located on a great circle that nearly bridges the S

3
and S maxima in the plot for the type area (Fig. 3.21). Scattered points,

not rgsolvable into a great circle, also appear in the region between the maxima.
Where a girdle is formed, the points cluster in the main S maximum, and thin
out towards the S maximum. *

0f the 55 domazns measured, 33 can be identified wﬁth S, 8 with S and 14
fall into the second category above. i ’ '

The axes of the greatAcircles containing the poles to the kink bands are
plotted in Fig; 312Pa; the labelling is in accord with the key diagram under-
neath (Fig. 3.21b). For example, an axis designated B is the axis of a great
circle containing poles which fall within fﬁe limits of the S maximum at the
type area, and corresponds with the spread of the S poles in a great circle with
a sub-horizontal axis at the type area. The interesting fact that emerges is
the apparent continuity_between C and D (the two groups have been divided
arbitrarily on the diagrams at the horizontal). The results indicate, that by
continuous variation, great circles corresponding to the spread of S -poles
at the type area pass into great circles that contain (atvleast potentially)
both S - and S -poles as defined at the type area. vawe consider that in some
domainz - becaﬁse of chances of exposure or limitations of sampling - only poles
measured in that part pf a great circle paésing through S and S in the limits
of S (at the iype area) are measured, then an unambiguouz classgfication
outszde of the type area is not possible. Also, are great circles bridging
the S and S4 maxima at the type area and poles located between the maxima to

3

be classified as 33 or S“? }



(a). Poles to 22 kink bands in a domain 300-400 sguere yards in area, (Loc.

No. 36700138300). A peripheral and z vertical girdle are developed simultzneously.
The peripheral girdle has an unusual orientation, but nevertheless lies within
& Py L]

the limits of Sh at the type area. The vertical girdle is similar to the spread

£ 3

of 5 he type area.

¢t

L'rﬁu
(o). Poles to 42 kink bands in the area between the Black Prince and (onsolaiion
Snafis. RNote the girdle tending to bridge the 55 and 83 naxima (limits shown oy

dotted line) at the type area.
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(a)

O N w »

(o)

Fizure 3.24
Axes of great circles containing poles to kink bands in 31 domains,
(a). Axes of great circles %

(o). Key diagram, showing how axes are classified as A, 3, C, and D, with

respect to the limits (marked by dotted lines) of 33 and S) at the type area.
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ferc arce two courses that can be followed. The first is to classify the

domains as best as possible, acknowledging that the number of instances in
which ambiguity is present, or error may occur, are relatively few. The
second course is to question the nature of the type area in light of what is
xnown of tne disiribution of kink bands throughout the whole of the mapped area.
Arc the relationships observed at the type area anomalous? Concelivably, at

the type area, a set of kink bands and associated mesoscopic folds (corrccnord-

ing to S and B ) may have brought the initial fabric (S ) to an oricntation
3 3 1

at which it became susceptible to deformation by a second set of kink bands,

still in thc same stress field (this is analog gous in some respects to the

o~

deformation of a single crystal by slip on one glide system which bring the
lattice to an orientation suitable for slip on a second system; Turner and
Weiss, 1963, p.353), In this view, a system of kink bands and nesoscoopic folds

of an extreme orientation (B and S ) were imposed and then later deformed - in

3
~

the same applied stress field - by kink bands of another orientation (S ).
: L

This view is clearly differcnt to the first case, where any overlap is incidental.
Here, the geomelry has resulted from a single continuous procsss and kink bands

h}

of different orientations may have formed simultanecously in different domsains.
The factops most likely to have influenced.the orientation of the kink bands
are the geometry and mechanical properties of S in each domain before deformation
1

(see next section). Any peculiarity in the initial fabric of the type area may
then be reflected in its geonetry.

Several facls seem to opnosc the alternative just advanced. The spread of
5. ooles al the tyoe area is slong 2 zroat cirele nearly at richt anzles to
real circles joining the S and S naxina, in ordér to gencrate Hls patuern

it is necessary to have a larze number of S girdles, with poles occurring only

restricted portion of the girdles. This is contrary To the exverience

H.
o]
»
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other domains, where poles are confined to é single narrow girdle. Also

this takes no account of the subsidiary maximum in the S girdle, and the
fact that similar girdles occur in three other domains. 3Cbnsequent1y the
division of kink bands into two. distinct groups will be adopted. Domains

in which there is any ambiguity are specifically noted in the macroscopic -
analysis of the area; however, it is probably‘fairly séfe to include the
girdles joining S and S maxima (at the ﬁype area) as S since, wherever any

number of measurements have been made, the majority fall within the limits of

S at the typs area.
L .

S
It is worth noting that folding of S by BSL‘r cannot have contributed
3 3
significantly to the distribution of S at the type area. The great circle
! 3 3
about the intersection of the mean S and S surfaces along which poles of S

3 b 3
would be distributed by such folding passes through the main S maximum at

nearly right angles to the girdle actually observed (Fig. 3.22?. Folding may,
however, have caused the slight spreaa of the maximum in this direction (about
350, compared with ?50 along the main girdle). The shallow feversals of plunge
of L (and B ) probably result from the effects of B folding.

anally, 2ne point should be clarified at this stige;‘namely the use of two
differ;nt reference systems for the description of the variation in orientation
of the kink bands. The mean kink axis was chosen as a reference axis in hand
specimen, whereas the geomeiry of the macroscopic domains has been referred to
geographic axes. Normally these two reference axes are coincident; fanning
about a sub-horizontal axié is the same as fanning about the mean kink axis
" in hand specimen. The orientation of the kink axes varies considerably from

domain to domain but at any one domain tend to form a point maximum in project-

ion. Where the kink axes are steep the correspondence above is reversed.



Path of 33 poles

FIGURE 3.22

Sy
Folding of S by Bs folds. The path on a stereographic precjection alonz
3 3
which poles to S should be spread by folds with S as axial surface is shown.
3 S L

The path is a great circle whose axis is BS (calculated from the intersection
of average S and Su planes) passing through the S maximum. The path is at

nearly 90 to the great circle along which S poles actually spread.



The sub-horizontal and sub-vertical axes tilt in a sympathetic manner with
the average kink axis.

3.27 The formation of the kink bands

The style of the kink bands in B and B tectonites is very similar to
kink bands in experimentally deformgd singfe crystals of metals and minerals
(Orowan, 1942; Barrett, 1952, p.375; Turner, Griggs and Heard, 1954; and in
biotite crystals, Griggs, Turner, and Heard, 1960) and,more importantly, to
kink bands in well foliated phyilites and mica schists deformed experimentally
by Paterson and Weiss (1962). The last experimenté reinforced the kinematic
model suggested by the analogy of kink bands and kink folds in tectonites with
kink bands in single crystals by demonstrating that slip is possible on an
existing micaceous foliation, and that kink bands can arise as the result of
this type of deformation. Kink bands in crystals develop at an angle to slip
planes in the lattice and result in the external rotation: of material in the
kink band about an axis which is barallel to the intersection of the slip plane
and the kink boundary. Unlgss there is slip in' the kink boundary iﬁself, the |
slip direction in the slip plane must be normal to the axis of external rotation.

The micaceous schistosity of many of the metamorphic rocks is an obvious
potential slip-surface, and it is significant that kink bands are only found
in roéks possessing such a foliation.

The kinematic model proposed is consistent with the redistribution of the
lineation (L ) and the preferred orientation of quartz in the kink bands and
mesoscopic B2 and B folds (Sect. 3.25). One implication of the m&del is that
the kink bougdary cZn only approach an ideal surface if slip can take place
on infini;esimally spaced surfaces. As slip becomes lesé peﬁetfativé,?the
kinks must degenerate into continuous flexures (unless faulting occurs).

The differences of style in kink bands in well foliated (81) schists and less .

micaceous rocks are obviously in accord with this prediction. Also the less

angular form of mesoscopic B and B folds in, layered schists as contrasted

3 L
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with unlayered schists is no doubt dependent on this factor.

Inhomogeneities in S,, such as andalusites or the intersection of S with

1

ST' results in inhomogeneous stirain, as is evident from the creation of
supplementary kink bands (Sect. 3.23). But the irregular array of 83 and By
folds in layered schists is probably not dependent so much on inhomogeneity
of slip as the influence of the varying mechanical properties of the different
layers. The gross strain in any portion‘of a deforming body is prescribed
by the constraint of the material bounding that portion (Paterson and Weiss,
1962). In a body of unlayered.schist the constraint was produced by boundary
layers of amphibolite, pegmatite, layered schists,'etc. Because of its
homogeneous mechanical propertiss, the portion of unlayered schist would have
to respond in a consistent way to produce the gross strain. The gross sirain
in a body of layered schists will also have depended on the constraint
exercised by adjacent amphibolite layers etc.. However, at a finer scale the
constraint varied from point to point as the mechanical properties of the
different layers (a function mainly of composition and thickness) changed.
This secondary influence can be thought of as. producing perturbations in the
gross strain, and may have caused the irregular nature of the folding. However,
from the consistent manner in which L2 is redistributed in 33 and Bb folds, the
presence of the layering did not significantly modify the movement picture
of the folding.

In the following arguments it is assumed, becau#e there is no evidence of
any movement in the kink boundary and the kinks are continuoué over relatively
-is

large distances parallel to their axes, that the slip direction in S1

always strictly normal to the kink axes. The pattern of the kink bands. in hand

!

specimens and different domains consists of two separéte geometrical elements;
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(i) the poles to the kink bands are distributed in two great circles in
projection, and (ii) the orientation of these great circles varies from domain
to domain. Insofar as the former is a property of every domain and is found
in rocks of different composition and compositional homogeneity, it is apparently
an intrinsic property of the deformation. Certainly lithological layering
may affect the local distribution of domains, as witnessed by the coincidence
of domain boundaries and lithological boundaries, but the domainal structure
has an existence in its own‘right. In contrast, the second pattern is a property
of each domain independent of its size (Sect. 3.26) and hence must be dependent
on much more general influences. For the moment we shall consider only the
first case above.

(learly in the first case, the measurements are roproducing the variation
of the kink bands observed in hand specimen. As long as sufficient data could
be obtained in each domain thgse tronds will appear (this is true of the data
gathered). Whoreas the sproad about the mean kink axis is discernible in most
hand specimens, the variation about an axis normal to the mean kink axis is
usuaily not. Still, the latter spread is often just as prominent in the total
diagrams for a domain (especially if it is fairly large) as variation about a
sub-horizontal axis. This suggests that a domainal structure, with a size
larger than can be easily viewed, produces the variation about an axis normal
to the mean kink axis.

The fanning of the kink bands about an axis c&incident with the mean kink
axis is very similar to the structure of kink bands produced experimentally
by Paterson and Weiss (1962). Very prominent sets of conjugate pairs of kink
bands are visible in some of their illustrated specimens (Fig. 1, 2, 3,4).__

Unecqual development of each set of kink bands (in different portions of

specimen) in the experimental tectonites occurred where the constraint was
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supplied by rubber jackets, rather than by thick brass or copper jackets

capable of supplying a more uniform constraint. Applied to natural tectonites,"
this signifies that the constraint is never entirely uniform in detail, €ven in
unlayered schists. Each domain, with its own orientation and number of kink
bands, apparently represents a domain of homogeneous strain, and the manner in
whicﬁ these domains are totalled, to yield the gross strain in any portion of the
deformed rock, is dependent on the nature of the constraint applied. However,
the gross strain is also dependent on the mechanical properties of the deformed
rock and applied siress, Wé can gain some information concerning the latter
from a study of the deformation lamellae in B4 tectonites.

Deformation lamellae in quartz are commonly found to be preferentially concen-
trated in the hinge of B folds, but may be absent from.the limbs.. The relation-
ship implies a genetic cﬁnnection between the‘development of the lamellae and
B folding. The recent experimental work of Carter, (hristie and Griggs, 1964,
aﬁd Christie, Griggs and Carter, 1964, has shown that deformation lamellae
sub-parallel to {0001} in quartz originate by slip on £0001} . The optics of
the experimental lamellae can be explained in terms of arrays of basal edgei
dislocations (ristie, et al, 1964). From a study of the orientation of the
basal lamellae in a polycrystalline aggregate (initially with random orientation)
it is possible to deduce something of the orientation of the stress axes causing
the deformation, since the lamellae form in planes of high resolved shear stress.
In the following section the natural lameilae and the experimentally formed

lamellae are assumed to be identical structures and have the same significance

(see (hristie, et al, 1964).
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3.28 Deformation lamellae in a B fold
' ,
The deformation lamellae in the quartz grains have the characteristic :

morphological and optical properties summarised by Christie and Raleigh,

1959; they are narrow, planar or slightly lenticular structures which occupy

a part or the complete area of a grain. The lamellae have a slight, but
definite, difference in extinction position to the host grain and are slightly
brighter than the host in plane-polarised light. The lamellae (in rocks from

Broken Hill) are always found in grains with marked undulose extinction.

Individual grains with lamellae of more than one orientation, although
not common, are foupd. These grains can be résblved'into two types;

(1). Grains in which the angle betwéen the c-axis and the pole to the
lamellae in each sub-grain has a constant value for the whole grain. The
sub-grains correspond with undulatory extinction bands in the quartz and are
sub-parallel to the c-axes.of the grains.

T@ey are Qf the type usually referred to as "discontinuous" undulose extinct-
ion in natural tectonites (Christie and Raleigh, 1959), and resemble deformation
bands in experimentally deformed quartz crystals (Carter et al, 1964). However,
Carter et al (1964) note several differences between the two structures, the
most significant of which is the presence or absence of deformation lamellae
adjacent to the band boundary. The association of deformation lamellae and dis-
continuous undulose extinction is apparently uncommon (Christie and Raleigh,.1959)
whereas lamellae are common in grains with deformation bands in both natural and
experim;ntal tectonites ((ristie and Raleigh, 1959, Carter et al, 1964). Carter

et at (1964) suggest that deformation bands in quartz are equivalent to kink bands
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deformation lanmellac) and"oend-gliding" or kinking of the plane. On Zho

-exlinction develops by.polygonisation of continuous undulose cxtinction
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ne would tend to remove

&

bands. Thne climb of dislocations out of the slip pl:

ceformation lamellae,

Iv scems therefore that the sub-grains are a typce of deformation band,
although the walls separating the sub-grains arc too irregular to measurc,
a featurs t&pical of disconitinuous undulosc extinction. The boundaries of

deformation bands are generally planar and easily measurable. However the

k)

genetic difference (indicated by the presence or absence of deformation lamellae)

is probably morec imporiant than the morphological characteristic of the
boundary of the bands.
(2). Some grains contain nore than one set of lamsllee, with a different
angle betwegn the c-axis of the grain and the pole of each sel of lamellze,
The lamellac usuzlly do not intersect but rather occur in different poriions
of a zrain in which the c-axis is essentizlly homogencous (differencss ranve
up vo 5 ; probably & combination of measursment error and slight straininez
) :

of the grain). Most of the measurements given below are from grains of this

vype. Less commonly,.a small zone in a grain may have a concsatraiion of

3,

lamellze in which the c-axis of the quartz is different to that in the surrcund-

)

ie angle between the c-axis and the pole to the lamellae is also

1,

different to that

e
o

n the host grain.
lamellzae in a grain. The sccond set is either only poorly develosed or in an
orientation (at & high-tilt on the U=-stage) not easily accessible to accuratl

measurczent. Some resulls are presented in Table 1 of Fig., 3.24.



SIGURD L

Keasurenent of the angles boeitween two sets of lawmellae in one grain. The

figures in the two left hand columns of Teble 1 give the angle between the pole
vo eacn sct of lamcllae and the ceaxis of the host grain. Where this is close
o an angle between the c-axis end a common form of quartz (Table 2), the fornm
is notod in brackets after the angle. The right hand column of Table 1 gives
the angle beitween the two poles of each sel of lamellac. The angle betwsen

the poles of the forms suggested in the left hand columns is also given (to

the ncarest degrec).



TABIE 1,

Angles between c-axes and

poles to lamellae.

Angles between the two

1./58° 26°
2,016 38
3.]67° (s,s") 25°
4| 54° (r,z ) 66°
5.{23° | 66°
6.]66° (s,s"') _' 90°
7.152° (r,z ) 64°
8.{47°% (&,8) 58°

o

9. 550 (r,z ) . 15

.

(,17)

(3:9')
(335')

(Q,M )‘

(9’8')

poles of the lamellae,
60° |

24°

88° sAd = 87° a5 = 85°

71° Mg 8" = 75° zMs,8' = 75°
86° |

69° aMs,s' = 64°

27° zAs,s' = 29° rAs,s' = 29o

COMMON FORMS IN QUARTZ AND

THE ANGLE C AXIS TO POLE OF FORM.

Form. ¢I. Form.

¢ -{oooy} 0°

m - {1070} 9d°.

a - {1120} 90°.

r -{10Ii} 52° - /'

z - {0114} 52°

d - {101z} 32°

w - {0112} 32°

- i
(to the nearest degree)

Table 2.
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There is a good correlation in some instances of the angles between the c-axis

of the grain and the poles to lamellae and the angles between the c-axes and some
of the common forms of quartz (see lower table), and also of the angle between
the poles of the lamellae and the angle between the forms (in brackets in second
column) suggested in the first column. Hence the lamellae are often paral%el

to some of the lower index lattice planes in quartz.

Fig.325presents thé results of thé measurement of the preferred orientation
of deformation lamellae in a B tectonite. The measurements were made in a
medium-grained (4-bmm.) quartzfpegmatite vein 1 cm: thick. The vein is
concordant with S in the enclosing schists and is deformed into microscopic-
mesoscopic folds ;ith an axial plane and axis coincident with micro~kinks in thé
schist.

Initially attempts were also made to determine the preferred orientation of
deformation lamellae in quartz grains in the schist. However these attempts
were frustrated by observational difficulties. Undoubted deformation lamellae
exist in the quartz grains, generally in the form of fine swarms confined to part
of a grain. During measurement it was found that in many - gfains the swarms of
lamellae could apparently be brought to maximum sharpness in two different tilt
positions of the.E-W'axis of the stage. It is not possible to distinguish any
difference between these two positions, although possibly some fine distinction
is blurred by the use of high magnification (X320) necessary to see the lamellae.
The reason for this phenomena is not understood. A second difficulty is that
many grains appear to contain a miltitude of parallel, fine "fractures" that are
difficult to distinguish from deformation lamellae. These "fractures" may be
extremely fine lamellae, but if so, their thickness is beyond the limits of

resolution of the microscope. These difficulties are absent from the measurement

of lamellae in the pegmatite vein,



Deformation lamellae in a 3 tectonite:
(a). Histogram relatinz the angle between the vole to a set of lemellac and
the c-axis of the host grain to freouency, for lamellae in 182 quartz srains.

S i s A 3
{v). Poles to 182 lamellac (contours: 5,4,3,2, and 1% per 1% arca) measured

from threc scctions at right angles. In this and the following diagraws the
Sy
olane of projection is normal to the fold axis in the pegmatite leyer, BS and
4
i
LL’ The diameter through the index zrrow is approximately the averaze coriente

ation of the trace of S, on tnis section.
-

Y

{c). Poles to 62 lamellac whose angle to the c-axis of the host grain is less

A

than 20° (contours: 10, 8, 4, and 27 ver 1% areca). Small circles with a radius
of 43 are shown as dashed lines.
>raeins without and with lamellae, mcasured
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A histogram of the angle between poles to lamellae and the c-axes of

the host grains for 182 quartz grains from the pegmatiteis-given s in
Fig. 3.25a. The angles are distributéd through the whole range 0-70o with
a few angles at 80° and 84-90°. The wide distribution of the angles compares
well with the measurement of the same angles in other natural tectonites
(Fairbairn, 1941; Christie and Raleigh, 1959). Carter et al (1964) have
pointed out significant differences for the distribution of the angle
between the poles to lamellae and the c-axes in naturally and experimentally
deformed tectonites. Expefimental lamellae tend very strongly to form in
an orientation close to the basal pinacoid, so that angles (c-axis to poles
to lamellae) form a maxima in the range 0-12°, A lesser maxima occurs at
about 35° (Carter et al, 1964, Figs. 3 and 6). For two examples deformed in
the cube apparatus 80% and 57% of the lamellae lie within 1-6% of the basal
pinacoid, compared with 7.7% for the Broken Hill sample. A concentration of
the'lamellae at angles of 10-30% is much more evident in the Broken Hill
example. A

In one specimen deformed in their cube apparatus (Spec. C-127) Carter et al
(196&) found that increase in the angle C’ﬁble to lamellae could be correlated
with increase in strain and temperature in the central portion of the specimen.
There is no indication in the shape of the grains to confirm that the lamellae
have rotated out of their basal orientation by anothér active slip system.

The orientation of the poles to lamellae is shown in Figs. 3.25a, b.
Fig. 3.25b is for lamellae whose poles are at an angle of less than 20? to C
in the quartz, The distribution of poles is essentially a double maxima, with

possibly a weak tendency for poles to lie on two small circles with radius of b3f



52.

An addiiional_48 measurements of lamellée in a thin section specially oriented
so that basal lamellae whose poles (in projection) would plot on one of these‘
small circles (the E-W axis small circle) away from th; maximum should be
prominent, revealed no further basal lamellae. The plot has some affinities _
with those published by Riley (1947); Christie and Raleigh (1959, Fig. 4);
Hansen and Borg (1962, Fig. 5) and perhaps Fairbairn (1941, Fig. 1). The
experimental work of C#rter, iristie and Griggs (1964%) has shown that for
rocks subjected to a general state of stress (maximum stress 676, > minimum
stress o ) the strongest concentration of poles to lamellae may bé expected
to form, in projection, two maxima in the ¢-¢ plane at 450 to ¢, .
67 and ¢, are not uniquely specified by the plot in Fig.
However, consideration of the axes with respect to the geometry of the kink
bands removes the ambiguity. Fig.3.26 indicates the relationship of the stress
axes deduced from Fig.3.25¢c , with respect to the geographical orientation of
the kink axes in 84. One axis is norm;l to a plane that falls between the two
sets of conjugate kink bands in tﬁe specimen, and is at an angle of 64° to the
pole to the schistosity (outside the kink Bands)at this locality. Kinking
could not have occurred on S1 unless this axis was the maximum compressive stress;
had this axis been G3 , presumably kinking would have occurred about kink
axes normal to those developed; The position of the stress axes inferred from
the deformation lamellae agrees in a general %ay with the experiments of
, Paterson and Weiss (1962). They observed that the main compressive stress was
located in the oblique angle between the two conjugate sets of kink bands.
Also the kinking of biotite flakes in specimens of the WESterly Granite.deformed
by Griggs, Turner,. and Heard (1960) occurred preferentially in those flakes

with their cleavage oriented at 32° to the maximum compressive stress.



Fizure 3.26
Pl S St 2oy

Geographic orientation of the stress axes deduced from Fiz. 2.25cand the
clements of the Bu fold. The orientation of the three stress axes are:

D
G, plunges at 10° towards 306

ses at 60° towards 203O

<

6, plun
o o
6 plunges at 28 towards 040
; ~ s o e
The angle between 6; and the pole to b1 is 64 measured in the plane cont-

aining ooth elements,



Active elements in the kinking are S, S1 and LZ. The last involves either the

- surface structure of S (intersecting foliations) or causes local inhomogeneities

in S (quartz rods). }n schists where L 1is virtually absent (e.g. even-grained
2 .

mica1schists) the symmetry of the array of kink bands in B or B tectonites is,

because of the unequal development of the congugate set, mznoclizic. A wonoclinic
fabric may result from the imposition of a stress system with orthorhombic symmetry,
on a fabric with axial symmetry (S parallel to S ) with one plane of symmetry in
common (Paterson and Weiss, 19561). 1

Where L 1is present and at an angle to L, or L , which is the general case, the
final fabric is triclinic and the movement gicturz for the deformation must also
have been triclinic. Much of the irregularif& of the kink bands in less porfectly
foliated schists (which usually corresponds to increasing prominence of L ) is no
doubt due to the presence of L as a kinematically active element in the iovement
picture. ¢

The plot of the 182 poles to lamellae (Fig. 3.255),15 not very different to
the plot of basal lamellae (Fig. 3.25c¢), although the latter contains only one
third the number of poles. This suggests that the lamellae of orientation other
than nearly parallel to (0001) also form in planes of high shear stressfl However,
the few lamellae in the centre of fhe stereogram are anomalous.

We might expect that extensive gliding on a second set of slip planes would
cause rotation of the first set out of a rational orientation. The fact that

the tuwo sets seldom develop in the same portion of the grain, and the poor develop=-

ment of one of the sets, suggests thal slip on one plane had only just



begun or was limited.

in conclusion, we can note that tho'results given in Fig. 3.24 indicate
that lamollae may parallel {11203, {10713 , {01713 , {0171 , {1012} , {0172
and {1121} or {27711 . However, it is not certain that lamcllae are parallel
to all these forms, since it is impossible to distinguish beiween two possibila-
ities in some instances (e.g. {1071} or {0171} if the second set of lamellae is
parallel to {11214} , see right hand of column of Table 1, Fiz. 3.24.)

The kink bands are always symmetrical. To maintain symmetry during
progressive deformation either the kink boundary must rotate (with respect to
external axes) or equal slip in opposite senses must occur on each side of the
kink boundar& (Caristie, et.al, 1964). The fact that there are marked changes
in the angle botween the kink boundary and S without significant change in
the orientation of the boundary (e.g. see Fi;.341&-) suggests the former is
ths case. | |

The fanning of the kink bands about an axis normal to the mean kink axis
implies that the direction of slip in S has varied systematicélly in
direction over fairly 1arge areas of ealh macroscopic domain,  Since the
variation is abdut an axis normal to the kink axes, it is also about the
normal to S in its orientation before deformation. This would seem to
rule out an; variation in S relative to the principal stresses as a cause.
Possible causes are curvatu;e of the lineation L in S or indeed, any
inhomogeneity in the structure of the actual sur?ace o; S .

We can now return to thé second type of variation in t;e geometry of the
kink bands. In ordér to explain the different orientation of the girdles
(in projection) in which the poles to kink bands épread, it is only necessary

to account for changes in the orientation of the mean kink axis, The rest
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of the geometry then follows. Since the kink axes are constrained to lie in

S , simple changes in the initial orientation of S in the various domains
1 1
is implied, This certainly seems to be the case for the domain at the Black

Prince Shafts (see discussion of sub-area 4, next chapter). The axes of
the girdles (in projection) for both types of variation about the kink axis
tend themselves to spread in a plane that is vertical and strikes 0300.

The kink axes are normal to the direction of slip on S in its initial
1
orientation. Thus the variation in S must have been such as to cause
1
differences in the direction of slip. The nature of the variation could only

be found if the absolute magnitudes of the principal stresses were known, for

it is the resolution of the stresses on S that determine the direction of
1
slip (assuming that slip is equally possible in all directions on S ). There
1
is no grounds, for instance, for assuming that the different orientation of

the kink bands has resulted from superposition of S on a surface (S )
-1
previously folded about a horizontal axis striking 120°,

Summary of mesoscopic structures

It is useful at this point to summarise the nature of the vgrious Mmeso-
scopic structurgs described. The mesoscopic structures, when style is used as
a criterion, can be divided into three separate groups. The gfoups can be
distinguished by the following criteria:

(1) B folds are characterised by the presence of a foliation (schistosity)
1
parallel to their axial surfaces. The folds are isoclinal and development of

mullions in more competent layers is usual. Lineations in B folds lie in
1
the axial surface at some angle to the fold axis.

(2). B folds lack any penetrative surface parallel to their axial surfaces.
2
The only lineations visible in B folds lie in the folded surface and are
2
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disposed in a plane whose normal makes a variable angle with the fold axis.

(3). BA and B folds (as defined here) are concentric folds with an angle

of 60-950 bethen the limbs. Microscopic kink bands are concentrated in the
hinge region of the folds. There is always in the hinge region, a "crenulation®
lineation parallel to the foldAaxis. Other lineations in the folded surface

are disposed on the surface of a cone co-axial with the fold axis.

Weiss and McIntyre (1957) have given criteria for recognising different
generations of mesoscopic structures. They state that:

(i) structures of similar style and with similar patterns of preferred
orientation (not necessarily with same directions of preferred orientation)
are assumed to be of the same generation; (ii) structures of consistently
dissimilar style and consistently dissimilar patterns of preferred orientation
are ascribed to separaté generations",

Clearly B and B folds are sufficiently different in style and pattern
of preferred1orientition (e.go S1 and L2 with respect to 821 and BZZ) to be
regarded as separate generations by the above criteria. Overprinting criteria
indicate that B folds formed after the completion of B folding.

B folds dif?er from B and B ’folds by the absence ;f kink bands and a
lineition parallel to the fold aies in B folds.  Overprinting criteria indic-
ate that B folds formed after B folds.2 The relationship of B folds to B
folds is mgre difficult to assesg. If we ignore the microscopii kink bands,
then 3 folds cén be regarded as a tighter form of B folds. From the argum-
ents agvanced in Sect. 3,40 , the different disposgﬁion of lineations (other
than crenulations) is then only a matter of the degree of folding. Evidently,
however, we cannot ignore the kink bands, for there is no way that they could

be obliterated without trace during progressive deformation. The kink bands



are a persistent style differcnce between 3 and 3 and B Lfolds and must
2 3 4

reflect .somo vital difference in the conditions of formaticn (since toin

folds scom to depend on slip on a surface that is folded during the deformation).
The grouping of folds with the same kind of style into scparate zencrations

ation has & reproduciblo kirk of geometry which facilitates ithe brezkdovm of

o
a complex Iabric into simpler geometrical units during analysis. Thus the
seperation of B and B folds, even though they have similar styles, i

. 3 L} .

convenient, provided the overprinting relationships seen in only one area arc

o

]

valid everywhere.,

The results gained earlier in this chapier suggest a valid and useful

orientation-criteria can be erccted and two generations of kink folds

The chronological relationship of 3 1o 3 folds is not known, since no
2 3

example ol intcrlerence of the folds has been discovered. Considering the
scarcity of mesoscopic folds of both types, this is perhaps not surprising.
Some rcasons for believing 3 folds are probably closely associated with B

> L
folding, and post-date B {olds, will be advanced in Chaptor 7.

2
It is obvious that style is much more than a "meiter of geometrical

)

convenlence', B folds, except where parasitic folds occur in quarizite
1

layers, usually have a very constant siyle whether the folds are a few inches

or many feelt ecross. One limb is parallel to the schistosity and the other

limb curves away gradually from the hinge to nearly parallel the schistosity.

The constancy of the shape of the folds implies the cxistence of o fundamentel,



if heterogencous, unit of strain for the deformation. The size of the

ot

unit of strain varies from voint to point, but the propagation of such a
unit is very basic to the deformation. A further implication is that
variation of the mechanical propertics of the rock are not, in gencral,

important,

[¢2]
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CHAPTER L

THE MA QROSQOPIC STRUCIURE

4.1 Introduction

Map 1%, which embodies the results of the lithological mapping of the area,
reveals that the metamorphic rocks have a very complex macroscopic fabric.
(Most of the pegmatites and certainly all the larger bodies are intrusive
rocks not present before the first phase of metamorphism and deformation;
Chapter 5). The nature of exposure within the district allows the location of
most lithological boundaries to within less than 5 feet. Initially the
boundaries were fixed in air photos at a scale of 400 feet = 1 inch, and later
reduced to the scale of the map presented. Hence the final map is a very
accurate picture of the macroscopic fabric, and because of this and the complex«
ity of the fabriec, -the extrapolation of boundaries across arsas of no outcrop
has not been attempted.

The macroscopic structure has been analysed by a method similar to that used
by Weiss and McIntyre (195?) in their study of the loch Levin areca. The
mapped area is divided into sub-areas in which the structure is homogeneous.

In the present study, the geomeiry of the schistosity rather than S has been
used to delineate the sub-areas. Because of‘transposition,vthe geometry of S
is the same as that of S1 over large areas. The large-scale structure of the

area is mainly determined by folds that post-date the formation of S . Since
‘ 1

S 1is more penetrative and usually more prominent than layering, it is more

1

sensitive to changes in the homogeneity of later structures. Obviously, where
the geometry of more than one surface is to be considered in a complex fabrie,

the sub-areas for one surface may not be convenient for other surfaces.

¥ In pocket in back cover of thesis,
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Onc of the most important sub-areas (1) is at lit. Franks

[
O
ry
Q

bl

lithological units form an open fold. From cast to west across the sube
arca five units can be mapped:

(1) poorly schistose, fine-grained, guartz-plagioclasc-muscovite rocks
with some fine laminae ricn in blotitle,

R £ 3 SO AY NG o vy et A v} l . V1 q e . vrd
(ii) fine-grained grey schists (guarts-muscovite-plazicclasc-biotl with
minor andalusitc); often fincly layercd. Tais unit and (1) are often deformed

small B {olds,
1
(ii1) purple cniestelite schists, wilh minor andalusile schists, often well

laycered,

3 \ s - ™ . - .
(iv) poorly foliated, quartz-muscovito-t slotit c-andalusite schists, with
nunerous fine layers (&1 fool) richer in guarlz and biotite,

V) even-grained guartz-muscovite-andalusite schists, with thin laycres

I’y

"( & 3 feet) of guartz-plagloclese rocks and cuartz-plagioclasc-biolite schists.

The thin layers in this unit provided most of the information of Lransposition

N .

The lithological laycring in the sub-arca is homogencously folded zbout an

) . o O e 1 .
axis plunging at 407 towards 135 (& L.1a); S is folded about an axis

. , ' o el , . e e
olunging at 30° towards 230° (Fiz. 4.1, 1b). Over almost all of the arca

> by . AY N . 3 v . . )
occupicd by unit (5) in the sub-arca, 5 is deformed by microscopic kink tands;
. .

) . . .0 0O .. . L . e .
the mean kink axis plunges at 35 to 225, which is coincident with the fold in
S>> (this is also the plunge of ithe mesoscople folds with the kink bands as

1

axial surface; where the plunge of the mesoscopic i

to a sct of xink axes, the mesoscople axcs arce included with L or L .j3 is
3 L
used for fold axes deverained Irom a sterecograpnic plot of the surfsce denoted

by the subscript). The kink bands plot in projection, along a
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(Fiz. %.1, 1b) and can be classified as S by compariscn with the type area.
| oo
Thus the kink bands and kink axes are 3 and L respectively., The spread of
L L
the kink bands in a sub-horizontal plane is not very evident in the plot of

the S poles, but the distribution of L in such a plane (Fig. 4.1, 1g) suggests
L b Sy
somg Dias in sampling may have maskcd the effect. Evidcntly/QS cquals 3 .
5 1 51

However the fold in S is not a BS“ fold, since the orientation of/gs
coincides with only 1% of the measured L lineations. Also the average S
surface dips at 75o towards 3150 (Fig. h%1, 1£), and this cannot possibly%give
the trace of the axial surface (on the topographic surface) of the fold in S.
The trace of the axial surface is best judged from the smaller fold on the
eastern side of the mountain, for the hinge points of this fold are all
approximately the same topographic level. In contrast the hinge points on the
larger kwestern) fold are separated vertically by about 750 feet, and this has
the e¢ffect of displacing the northern-most hinge in the surface between units
(&) and (5) westwards (as viewed on the horizontal surface of the map). The
shape of the whole fold is considerably distorted by the topography.:- Thse trace
of the axial surface and the fold axis are located in a plane that dips at
about 80O towards 2?00° Now along the eastern side of the sub-arca S changes
its strike from 000-020° in the elbow of Eldee Creek to 340-360° in t;e south
eastern portion of the sub-arsa. Thus the trace of/ss is éloser to the
average orientation of S than S , and S ,in a general way, follows ths trace
of the axial surface. VAisd the Zlunga 0;/38 is parallel to the few L1 lineat=
ions measured in the sub-area (Fig. 4.1, 1¢ ). The fold in S is apparently
a macroscopic Bz1 fold. —

- Possibly S forms a largc fold on the north-western side of the sub-area
where litholo;ical layering is virtually absent. Otherwise, S can only bs

1
folded locally, since there is no pronounced girdle in the plot of S that
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corrcsponds to the fold in the schistosity.
The iit. Franks sub-area contains the clearest examples of macroscopic
B folds. The folds correspond in style with parasitic folds on the limbs

1
on some of the larger B macroscopic folds (e.g. Fig. 2.6a).

The five units descr;bed above can be traced continuously to the northern
boundary of sub-area 2. Numaroﬁs amphibolite Bodies outcrop along the western
'side of these units, and with S , trace.out a macroscopic structure with a
hinge just to the south of the ;lack Prince Shafts.,

A 5 and[381 plunge at80° towards 240° (Fig. &.1, 2a, b). Kink bands
are not prominent in this sub-area, but at two localities, kink bands
corresponding to S are found. The axes of the kink bands at these localities
have a mean plungehof 75o towards 225o (Fig. 4.1, 2g). Kink bands at several
other localities cannot be identified as either 83 or Sh' The three main
concentrations in the plot of L2 are located (approximatély) on a small circle
of 350 radius about /ﬂ s, . |

The structure in sub-arca 2 abutts a similar structure in sub-area 4.
However, in the latter ca.se,/3'S1 plunges at 60° towards 262° (Fig. 4.1, bb).
The whole area west and north of the Black Prince Shafts is deformed by kink
bands. The kink bands whose normals form the sub-vertical great circle
in Fig. 4.1, 4f,have shallow axes plunging to the north. These kink bands
are mainly found to the north of the Black Prince Shafts. Some kink bands in
this area, still with shallowly plunging axes, have normals that plot on the
peripheral great circle (Fig. 4.1, bf).. Kink axes plunging steeply to the
southe-west are mainly found in the area to the west of the Black Prince
Shafts. Geometrically, then, it is possible to sub-divide the area into two

domains, but there is no spatial discontinuity iﬂ‘thé development of the kink

bands.,
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The veritical great circle in the projection of the normals to the kink
bands in Fig. 4.1, & are tentatively designated S , although the girdle
nearly bridges the S and S maxima at the type arei (see Fig. 3,20b ). Kink
bands whose poles prgject og the peripheral great circle are difficult to
classify, although the poles of many of them fall within, or are very élose
to, the 1% contour for S poles at the type area (Fig. 3.15). Consequently,
they too are identified is S .

None of the kink axes hav: a plunge near that off3s1. When this is added to
the sympathetic variation of S and L as S changes from a northerly to a
westerly strike, it appears cht Sb aid L4 ;ost-date/331. The changing orient-
ation of S then has affected the ultimate orientation of the kink axes as well
as the kin; surfaces in a systematic mannerv(hence the spatial continuity of tﬁe
domain). In this case the structure in sub-area 4 pre-dates B folding.

Tne pegmatites have obscured the actual junction, between sub-areas 2 and
4 but some discontinuity must be involved. This is most evident just to the
south of the Black Prince Shafts. The amphibolites in sub-area 4 are inter=-
calated with even-grained andalusite schists with some quartz schist (and quartz-
plagioclase schist) horizons. On the eastern side of this unit are schists
similar to those of unit 4 at Mt. Franks. Scattered outcrops of purple schists
similar to unit 3 at Mt. Franks have been found to the east of the above unit.
Tne eastern edge of the mapped area at the Black Prince Shafts corresponds to
the edge of a sandy plain drained by Gun Creek and its tributaries. Hence, it
is impossible to completely trace out the pattern of these units. Still, the
units in sub-area & can be correlated with those of sub-area 2; an iﬁterpre-
tation of the relationship of the structures in sub-areas 2, 3, and & is given
in Fig. &.2.

The actual location of the fault shown in Fig. 4.2 to the west of the Black



FIGURE 4.2

Interpretati§n of the distribution of lithological units in the vicinity of
the Black Prince Shafts. Tho units referred to are those‘defincd at Mt.
Franks. S 1o shown as broken lines.’ Amphibolipes‘and pegmétites are

1
‘omitted (Scale: 1 inch = 1 mile).
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Prince Shaft can only bc guessed, since the pegmatites and strong retrogression
of the schists and amphibolites (virtually obliterating S and L ) have
obscured the situation. From Fig. 4.2 itAseems clear thal the siructures
in sub-arsas 2, 3, and 4 are parts of a single, inhomogeneous structure. The
structure may have been initiated as a fold-like structure, but faulting must
have occurred early in the development, so that the "folds" on either side of
the fault could form about different axes. The axis of ihe "fold" in sub-area
2 is close to the orientation of some of the kink axes developed in the hinge,
bﬁt this may be a coincidence, resulting from the imposition of S on the
already folded surface. ¥
Subearea 5 contains the MHt. Robe Synform; a fold in 'S and S plunging at 500

towards 230o (Fig. 4.1; 5a, b). The shape of thé fold is outlined by a broad
band of amphibolites, composed of numerous layers of amphibolite broadly
parallel to S . From the Consolation Shafts to the hinge of the fold, the east-
ern edge of tle band of amphibolites coincides more or less with the edze of the
sandy plain mentioned above. However, &an: asro-magnetic map published by the
Bureau of Mineral Resoufces (Canberra) - Which faithfully traces out the oute
crops of amphibolites in the Mt. Robe District and elsewhere in the Willyama
Complex (b& comparison with the 24,000:1 field sheets of Zinec Corporation) -
indicates that there are no further amphibolites to the sast. Also, if amphibe
olites were present to the east, it is likely that they ﬁould form ridges similar
to those formed by amphibolites along the eastern margiq of the area. The band
of amphibolites constitutes a mappable form surface.

- The schists on the eastern limb of the lit. Robe Synform can be correlated

with units in sub-areas 1, 2, and 4. The amphibolites in the limb of the synform

are intercalated with evén—grained andalusite schists that closely resemble Unit
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5 at Mt. Franks. The presence of numerous thin layers of quartz schist is a
further point of resemblance. Thicker un;ts of quartz-schist are also prominent
in the eastern limb of the Synform, and although such units are absent from Unit
5 at #t. Franks, their presence is not inconsistent with the general nature of
the unit. Along the eastern edge of the unit above there is a layer of schists
resembling Unit & at ift. Franks. Further again to the east, and largely obscured
by alluvium, are sporadic outcrops of purplish andalusite schists and andalusite
schists correlatable with unit 3 in Sub-area 1. As in sub-areas 2 and ﬁ, the
amphibolites are found mainly in Unit 5.

In the hinge of the synform,.the andalusite schist of Unit 5 4s +transitional
across a motamorphic zone boundary to rodded sillimanite schists. fhe content
of quartz schist in the unit decrcases westwards. The other units have not
oeen traced around the hinge of the synform. The amphibolites in the eastern
1limb of the it. Robe Synform (away from the pegmatite) form regular units with
contacts strictly parallel to quartz schist. versus andalusite schist boundaries.
The persistence and regularity of thin quartz schist units between and in the
amphibolites sugéests they are sedimentary rocks. There is evidently a fault
Just to the north of the Silver King iine, offsetting the amphibolites on the
northern side to the east. There is a complication in thc pattern of amphibolites
just on the northern side of the fault in the hinge of the 4t. Robe Synform. An
interpretation of the actual distribution of the units across areas occupied by -
pegmatite and alluvium is given in Fig. 4.3 . The pattern can be interpreted
in terms of isoclinal folding if the fold dies out to the north-west. The
appearance of numerous mesoscopic B folds in the schists, suggesting that

1
layers in the schist are also trending across S , supports this idea. But, since
' 1

the amphibolites ﬁay be intrusive rocks, there is always the chance that the

structure may be a modification of a cross-cutting portion of the original.
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FIGURE &. '
Interpretation of the outcrop pattern north of the Silver King Mine. The

(dashed

amphibolites pattern suggests the existence of a fold with S
: 4 1
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intrusion. In dealing with the amphibolites it is difficult to avoid
circular arguments by using structure to determine origin and vica-versa.
Those difficulties are a definite handicap in attempting to interpret the
macfoscopic structure. .It‘is unfortunate that amphibolites provide‘the only
form surfaces over a great part of the mapped area.

Xink bands are found'in scattered domains along the eastern limb of the
fold, but the greatest concentration of kink bands is found in the hinge region
of the fold. The kink bands measured over the whole sub-area form a fairly
homogeneous great circle}in projection that corresponds to S,at the type area
(each individual domain can also be identified as S )e The kink axes (L ) form
a maximum (in projection) corresponding to a plunge of 45° towards 216° (Fig.
4.1, 5f). The shallowly plunging kink axes came almost eiclusively from
domains just insidé the southern edge of the sube-area and are continuou5~with.
similar kink bands in sub-area 4. |

The trace of the ;xial surface of the Mt. Robe Synform on the map cannot be
fixed with much precision; Nevertheless it is clear that the axial surface of
the fold -‘caléulated from the trace shown énd the fold axis - must be close
to the mean S surface. The value calculated is a plane dipping at 70° towards
280", ) B

The lineation L2 has a plunge very close tO/% in the hinge of the fold and
a different plunge in each limb. The more central maximum in Fig. 4.1, 5d is
made up of lineations in the hinge. Ooncentrated measurements of L in an area
on the eastern limb of the Mt. Robse Synform in which S is homogeneius, indicate
that L varies considerably (up to 25°) in pitch in S I As shown in Fig. 4.1,
5, thi main concentrations of L2 fitson a sﬁall circie on the projection with
a radius of 15° about,ﬁs;.Similably 831 and L are located on a small ci:cle on

1 1 .
the projection with a radius of 25o aboutﬁ?s (this means, at least statistically,
1 ,
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that 3 (L ) and L could not have becn parallel over the arca in which oh

ieh the
1 1 o
3 folds occur. This covers most of the area of the hinge of the synforn

and part of the western limb. The actual discre >pancy observed is often lass
o 0
than 10 ) -

lesoscopic B folds in amphibolite-schist contacts are zbundant in the
4
hinge region of the IMt. Robe Synform. The folds appcar as indentations in

the boundary, of

»>

the amphibolite with S, (in amphibolite and schist) faiinfully
[
tracing out the folds. "Kink bands are common in the indentztions. The folds

. 3

are occasionally transitional to faults and much of the irregularity of the

v

outcrops of amphibolite are duc to the combined action of folding and fauviting.

Py

Zegmalite dJk s in the amphibolite form a prono

-

radial pattera in thc

Cv
Q,

-~

[N : L o~ .
4inge ol Tas syniori.

-

The MU. Robe Synform is a fairly open fold with two almost vertiical limus,

with siight overturning on the eastern limb. Since it is nol knowa waich

\

wWway is up in the sequence of units, the fold is beiter refcrred to as a

Fy

synform (a £old in a form surface that closcs downwards) than a syncline.

The coincident of and with L and the axial surface of the macroscoplce
S 51 4 ‘
fold with S , the distribution of the lincation (LZ) and the concentration of
~ .
kink bancs and mesoscopic B folds in the hinge, all indicate that the Mt. Robe
L 5y, S&
Synform is a macroscopic : 3  and 3
o
2 S

0
Ramsay (1960) and Weiss (1959a) the dis

fold. As has been pointed oul Ty

ot -

ribution of a lineation on a small circle
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about the fold axis in projection is indicative of flexural slip folding (as
a kinematic model). Before folding, L must have plunged at an angle between
2

35° and 650. Similarly B could have.plunged before folding at an angle
| 1 ,

between 250 and 750.

S

BS2 folds have been found only on the western limb of the Mt. Robe Synform.

They ;re particularly common at one loecality( 31800130900 ) on the northern
end of the limb. Here they have steep plunges and cause local reversals (in
one limb) of the plunge of L . In the same area L sometimes changes plunge,
withbonly a minor variation %'< 100) in the orientition of S, in Strips

several hundred feet long. The effect is assumed to indicate the presence of

macroscopic Bgz folds with nearly isoclinal limbé,‘of which the hinges have

1 , : S :
not been found. This is in accord with the style of the observed BS2 folds,
1

/3 S in sub;area 6 is essentially a sheet dipping to the north-west (70°
towalds 3040; Fig. 4.1, 6a, b). The considerable variation in strike evident
in the plot is present in much smaller domains than the sub-area.. L plunges
to both the north and south; the plunge to the south prevails over mgst of the
sub-area, whereas the northerly plunges are vefy local. As in the preceedihg
sub-area, the latter are believed to bs due to undetected B folds,

Kink bands are scattefed in numerous small domains and ciuée only minor
folding of S . Exceptvat one locality (35600138300), where the kink bands are
not obviousl; S or S, they can be classified as S (Fig. 4.1, 6g). Kink axes
have a wide varzety og plunges to the norfh and south (Fig. 4.1, 6f£). Many of
the kink axes plunging more steeply to the north are found at the terminations
of amphibolite bodies, especially in the extreme northern corner of the sub-area.

S in this sub-area is usually parallel to schistosity, with a few notable
exceptions., In the central portion of the sub-area (around point 38000132000

on Map 1), the amphibolites are apparently isoclinally folded with S1 as axial
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surface. In the hinge of these structures S in the schists passes contine
uwously (in orientation)linto the foliation il the amphibolites, at a high
angle to the gmphibolite-schist contact. Oonsequently, S1 in the schists and
the foliation in the amphibolites havé identical significance. Similarly L
is continuous in orientation across the amphibolite contact. 2
As before, there is a chance that the 'fold$'above may be modified pre-
metamorphic structures (e.g. bifurcating dykes or sills). However, as the
number of these structures increase, all with the same basic and regular style
similar to mesoscopic B folds, it becomes inqreasingly probable that they are

1

simply macroscopic BS1'folds. They will be accepted as such here (other

S
examples will be cited'belowi " Accurate plunges cannot be found for any of the
folds in the amphibolite, but it is fairly certain that most plunge at 60-70°

to the south. The mapped shape is then appro%imately a profils.

The total structure in the above area is not very clear. If we assume that
there is only one amphibolite layer, then it is necessary to introduce a com-
plicated system of faults sub-parallel to S to explain the observed fabric.
Even so, the results aré not very satisfactlry, although faulting of this type
might be predicted from a study of mesoscopic B folds. It seems probable that
more than one layer was present before fold.’mg.1

S1 in Sub-area 7 is folded homogeneously about an axis plunging at 40°
towards 340° (Fig. 4.1, 7b). Both limbs dip towards the north-west. L is
distributed in a great circle on the projection, with an axis at 64° tozthe fold
axis. ' The distribution of L2, and the sﬁyle of the fold, strongly suggests that

S ) '
the fold is a macroscopic BS2 fold. No kink bands are found in the hinge region.
. 1
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The folds in sub-area 8 (in S ) plunge uniformly at 30° to 010° (Fig. 4.1,
1 .
8b). This is parallel to a set of kink axes in the sub-area (Fig. 4.1, 8f),
and kink bands are poorly developed in the hinge region of the folds. The

kink bands are classifiable as S . Apparently the macroscopic folds are B
L

. L
folds developed mainly on the lower limb of the B fold in subearea?7.
) 2.
L is not sufficiently developed to be measured.
2

There 15 in the south-eastern corner of sube-area 8 a single mesoscopic B

3
fold (Fig. %#.1, 8h). The poles to the kink bands plot exactly in the S

3

maximum at the type area.

Sub-area 9 is only a small area penetratively deformed by kink bands. The
kink #xes have a shallow plunge northwards (Fig. 4.1, 9f). The kink bands are
distributed in two great circles in projection parallel and normal to the kink
axes (Fig. 4.1, 9g). One of thess great circles is coincident (within a few
degrees) to the sub-vertical great circle of S4 at‘the type area., The other
passes through the S and S maxima, although no peles actually coincide with
poles to S at the tgpe areg. Since the kink bands are developed in a
continuous domain, and fhere is no evidence of the interference of kink bands
of different orientation, all the kink bands can be regarded as S .

The structures in sub-area 10 are mainly outlined by numerous 2heets of
pogmatite parallel to S and fine layers of quartz-plagioclase rock. The
prevailing trend of S a;d S over the sub-area is sub-horizontal, a fact that
is not very clear from the ;lot of the surfaces (Fig. 4.1, 10a,b, most of the
steep dips are found near the eastern edge of the area). S and S are folded
about an axis plunging at 30° towards 210°, Folds with kink band; parallel to
their axial surface abound. The kink bands can be identified as S (Fig. L,1,10g)

The kink axes generally plunge shallowly to the south (Fi L.1, 10f)
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Sub-area 11 is bounded on its southern side by a fault./é?s for this sube
1
area plunges at 25° towards 230o (Fig. 4.1, 11b). Kink bands, which are only
developed in the hinge of the fold, are classifiable as 84. L 1is parallsl to
‘ . L

/% . Several possible B folds in amphibolites are present in the sub-area
1 1 )
and, on the sastern side of the sub-area, the total array of amphibolites seems

to form a layer crossing S at an angle.
The fault on the southern margin of the sub-area is marked by an abrupt

change of dip of S and the truncation of amphibolite layers, inecluding one
1
folded isoclinally. There is also a discontinuity in the gross structure between

sub=areas 11 and 12. S in subearea 12 is virtually a plane sheet dipping 35°
towards 1860 (Fig. 4.1,12b). L plunges uniformly at about 30° towards 210°
(Fig: 4.1, 2d). Lithological liyering in this sub-area is either parallel to S
or is deformed by visible BZ1 folds. The.fold axes and L1 are generally at a 1
high angle to L . Kink bands are not developed, but a few B folds are scattered
throughout the iub-area. :

Sub-area 13 lies along, or close to, the trace of the axial surface of the
Mt. Robe Synform. The poles of S1 fall on a g?eat circle in projection (Fig.
L.1, 13b) with-an axis plunging at 20° towards 216° but there is little evidence
in the trends of S or S of a major fold. Form surfaces are only poorly developed
Along the summit ridge lf Mt. Robe a distinctive layer of quartz-muscovite-biotite
schists overlies muscovite schists. The cgntact dips uniformly at a low angle
southwards and the two units are underlain and overlain by rodded sillimanite
schists. The last typically contain numerous fine (41 foot) layers of quartz-
plagioclase rock just to the weét of the Mt. Robe Mine. Further westwards the
fabric of the schists is totally linear and, as a consequence, the structure is
undefined. A few scattered bodies of amphibolite provide the oniy other;form

_ Sq .
surfaces.in’, the sub-area. Except in mesoscopic BS folds,
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S 1s parallel to S throughout the area.
1

Only sporadic kink bands are present. These can be idéntified as S
(Fig. 4.1, 13g). Kink axes plunge shallowly to the south (Fig. %.1, 1§f;
20° towards 1900). The maximum in the projection of L represents a lineaﬁion
plunging at 40° towards 237°. ?

The direct relationship betwesn S and S in sub-areas 5 and 13 can only be
seen in the area neér'the huts at Mt. Robei In this area thers is an abrupt
change in the orientation of S across a fault.

The fault is marked at onse ;oint by a narrow zone characterised by a new
phyllitic cleavage (point 39800122400 , the zone is marked on Map 1). The
phyllitic foliation dips at 70° towards 200°. S , and the amphiboiites, seens
to swing slightly westwards on the western limb lf the Mt. Robe Synform as
the fault is approached from the north. Clearl& neither the amphibolites nor
S in sub-area 6 can form a continuous structure with the same elements in
slb-area 13. To the east and west of the huts at Mt. Robe the course of the
fault is largely obscured by the pegmatites. However the dips between S in
sub-areas 6 and 13 appear to be-discontinuous across the extrapolatéd trlce
of the fault for a considerable distance eastwards. The fgult separating
sub-areas 11 and 12, and 5 and 13 are continuous in orientation and position
and are apparently parts of a major fault crogsing the mapped area. It is
proposed %o call this fault the Mt. Robe Faﬁlt.

If the Mt. Robe Fault is continuous to the east, it must eventually inter-
sect the eastern limb of the Mt. Robe Synform somewhere near Gun Creek. The
fault has not been located in this area, but unfortunately there is a gap
where Gun Creek crosses the band of amphibolites. There is, however, no

apparent lateral displacement in the limb across the gap. The strike of the

amphibolites and other units in this area is nearly normal to that of the



FIGURE 4.4
Poles. to 8 1in the western limb of the Mt. Robe Synform and the sub-area
1
6. The poles are distributed in a great ecircle of the projection with a

0 Q
axis plunging at 40 to 230 .

(200 poles; Gont. 20, 15, 10, 5, 3, % per 1% area).
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fault and the dips are nearly vertical. Hence only a large lateral move-
ment on the fault would produce any lateral~displacement of thé units, .

The band of amphibolites along the north-western edge of the mapped area can
be tentatively correlated with the amphibolites in the western limb of the
Mt. Robe Synform. As noted before, the latter seem %o swing westwards just
before reaching the Mt. Robe Fault towards sub-area 11. From sub-area 11, the
amphibolites c;n be traced, albeit discontinuously, to the north of Big Aller
Qreek where they again form a band similar to that in subearea 5.

Accgptance of the correlation leads to the recognition of a second fold
to the west of the Mt. Robe Synform, with a western limb dipping more or less
parallel to the eastern limb of thé Mt. Robe Synform. If the pole; to 5 in

_ 1
sub-area 6 are plotted on a stereogram with the poles to S in the western

limb of the Mt. Robe Synform, then a fold plunging at 40° lowards 230° is

obtained (Fig. 4.4). This is close to the plunge of'the Mt. Robe Synform.

The dip of S and S in the two limbs of the proposed fold indicate an antiform.
If the above colrelation is invalid, and S and S are merely changing dip

about the vertical on the western limb of the Mt. R;be Synform, the north-

western band of amphibolites should close to the north of the mapped area

around the lMt. Robe Synform. The mapping of Zinc Oorporation (King and Thomes

son, 1953) and Leslie and White (1955) and the aero-magnetic map cited

previously all indicate that this is hot so. (onsequently a major fold -

to be called the Western Antiform-~ can be postulated with :someconfidence.
There remains one difficulty. Over much of the area covered by the

Western Antiform (sub-areas 6,7,8,9,10, and 11) there are kink bands identif=-

ied as S# with kink axes plunging at various angles to the north. From its
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association with the Mt. Robe Synform the Western Antiform should be a B
br
fold, in which case the kink axes are anomalous. Subearea 8 is eritical for

it lies very close to the hinge of the antiform. However, S1 in sub-area 8

has an orientation controlled by a ﬁacroscopic 82 fold that closes in sub-area

7. 'The orientation of S before B folding in what is now sub-area 8 may have
been different from the ;vérage and resulted in the appeafance of kink bands
of a different orientation. Similar arguménts can be applied to all of the
kink bands plunging to thé north in sub-area 6. The kink bands with axes of
ihis direction of plunge are all found around the termination of amphibolite
iayers where S may have been &isturbed before 84 folding. In sub-area 11,

1 .
which is located in the hinge of the fold, and~in parts of sub-area 6, L

plunges nearly parallél to 54 for the Wésterp Antiférm (the plunges are zlightly
shallow in sub-area 11, see below). The situation is not very different to that
in the Mt. Robe Synform, where kink axes near the Consolation Shaft are sub-
horizontal, although the kink surfaces have a similar orientation to those in the
hinge of the fold with more steeply plunging axes. Near the (nsolation Shafts,
S differs only slightly in orientation from S further to the north in the
e;stern limb of the Mt. Robe Synform. 1

The kink axes in sub-areas 9 and 10 are less critical, for the flat dips of

S and S across both these sub-areas might indicate the presence of another
i :

macroscopic fold .along the western edge of the mapped area. It is not possible

to confirm this idea, for the area to the west is covered by the alluvium of the.

Mundi Mundi Basin.
The trends of S in sub-area 14 indicate the presence of a macroscopic fold.
1
There is no form surface to delineate the fold as a whole. In general the sub-

area is composed of rodded sillimanite schists and often, especially along the



western side of the area, linear fabries and soor outcrop limit the structural

o
iaterprctation. /38 plunges at 55 towards 210° (Fig. 4.1, 14b). The

caleculated axial su;faca dips at 72° ‘towards 276°. Litholoziecazl laycring
cormonly cuts 3 din this sub-area, but in most cases the interscetion is oo

fine to allow mlaningful calculation of L {L here, and elscwhere in thc arca,

is seldom exposed as a lineation that can1be1measured directly. ‘This is partially
vecause of the character of the schisis and pariially due to the nature of
cxposure). L lineations plunge southwards, and ;ppear to plot on a small

circle on the grojection with a 150 radius about/gé (Fig; L.1, 144d).

Kink bands arc not very prominent anywhere in th;s sub-area, and are notably
inconspicuous in the hinge of the macroscopic fold. Those found can be identified
as S (Fig. 4.1, 14). Waile the orientation of the axial surface of the
macriscopic fold and the geometry of L suggest a B fold, the lack of kink
bands is unusual.,

Scattered bodies of amphibolite outcrop on the southern side of the Mt. Robe
Fault in sube-areas 13 and {4, but there is n&ﬁhing comparable to the band of
amphibolites north of the fault. This would seem to set a limit oa the direction
of movement of the fault. The limited amount of lateral movement on the fault
means that subearcas 13,and 12 and 14, are extensions of the it. Robe Synform
and Western Antiform respectively. The limb between the two folds on the
soutnern side of the fault is not easily detected, because of the predominance
of rodded sillimanite schists lacking proper foliation to the west of MNt. Robe..
If the fault had moved upwards on the southern side.then the hinge and limbs of
the Western Antiform would be repeated somewhere on the southern side of the
fault. If the amphibolites near Mt. Eltie are considered as equivalent to the
hinge of the Western Antiform in sub-arca 11, then amphibolites should strotch

back to the fault from the hinge. A sufficient portion of the area south of the

fault has been mapped to eliminate this possibility.
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Down movement of the fault on the southern side means that the rocks on this
side of the fault are part of a éequonce not seen on the northern side of the
fault. The sequence on the northern side might then correlate with portions
of tho sequence displaced by pegmatite in the hinge of the Mi. Robe.Synform
and covered by alluvium on the western side of the Western Antiform.

The {t. Robe Faultuils apparently located in a region where the plunges of
the two major folds to the north of the fault flatten. The dips of S in sub-
area 13 cannot be fitted to a fold that has a plunge of SCP and a dirlction of
plunge of 230° (note thé last two elements must be considered simultaneously,
since we do not know which pafﬁ of the fold the dips are in). Rather, 81 in sube
area 13 are folded about an axis plunging at 20° to 216°. |

The plungé of the Western Antiform is 150 shallower than the plunge calcul-
ated between sub—areés 5 and 6. The dips in.sub-area 12 on the southern side
of the fault are compatible with a shallower plunge. In sub-area 14 the plunge
"is again steep. >Therefore,the Mt. Robe Fault can be viewed as a steep normal
fault, downthrown on the southern side, probably resulting from inhomogencous
movements where thé plungs of the two major folds changed.

A model of Fhe shape of the Mt. Robe and Western folds is provided by a hand
specimen from an outcrop in Little Aller Creek (Fig. 4 .5 ). The mesoscopic
fold reproduces the open hingé of the Mt. Robe Synform and the more acute hinge
~ of the Western Antiform, even down to the concentration of kink bands in the area
of the former and their relative absence in the latter. The radical pattern of
quartz segregations in the larger vein of pegmatite approximates the radical
pattern of pegmatites in the hinge of the Mt. Robe Synférm.
~ In one respect the macroscopic and mesoscopic fabrics do not compars very
well., There is less isoclinal foldihg (B ) and less evidence of transposition |

1 .
in the macroscopic fabric than may have been expected from a study of the meso-



Pegmatite

FIGURE 4.5
Style of B folds in a hand specimen from Little Aller C(reek. The layers
L .

are pegmatites concordant with S . Note the radial® quartz "veins" in the
1 .
pegmatite (drawn from polished slab perpendicular to fold axes, actual scale).



77

scopic rabric. Indecd there seems to be no major isoclinal folds in the
mapped arca that cause a complete reversal of the layers. The length the band of
amphibolites traces out around the Mi. Robe Synfofm and the Western Antiform is
about 14 miles and in this distance there is no sign of an isoclinal closure
in the band of amphibolites as a whole. (ortainly there is some isoclinal
folding of the amphibolites in sub-areas 6 and 11, and perhaps near the Silver
King Mine, but these do not significantly alter the trend of the amphibolites
parallel to S . Apparently the gross parallelism of layering and schistosity
at all scales1is a feature of the Willyama Complex. Gustafson, Burrell, and
Garretty (1950) and King and Thomson (1953) comment that schistosity is always
parzllel to bedding, even in the closure of folds. However, Andrews (1922,Fig.8,
11,28 ) gives a number of examples, including Mt. Franks, of schistosity
intersecting layering. |

Two alternatives can be coﬁsidered;
(1) there are no isoclinal folds larger than those known. Schistosity has
been imposed nearly parallel to the mean orientation of layering before deform-
ation and it is only where S crossed S (because of some inhomogeneity in the
initial layering) that S bec;me folded. It should be pointed out that S 1is not‘
an example of a "concentric' schistosity in the sense used by deSitter (}960,
p.292) with respect to the macroscopic B folds in the area. Although the
" schistosity passes around the folds paraglel to layering, the folds and the
schistosity belong to two different tectonic and metamorphic episodes ( Chapter
3). It may, however,lﬁe a concentric schistosity with respect to other macro-
scopic folds of which we are seeing only a portion in the Mt. Robe area. The
cencopt seems to be implicit in the writings of Gustafson et al (1950) and King
aﬂd Thomson (1953). Nor is the schistosity a "load" schistosity since it is

often associated with intense mésoscopic folding (for a more general criticism of



the concopt of "load" schistosity see remarks by deSitter, 1950, p.278;

Turner and Weiss, 1963, p.455, concerning imposed fabrics in such regionsy
There aré some difficulties in reconéiling this hypothesis with the

symmetrios of the various sub-fabriecs. The schistosity in this model is

wholly an imposed element and, as noted previously (Sect. 3.25), it is difficult

to see why the symmetries of the quartz and mica sub-fabriecs should -thea differ.

(ii) the Mt. Robe Synform and the Western Antiform are superposed on one limb

of a large B fold in which transposition equivalent to that observed in the
“mesoscopic f;bric has acted to bring S parallel to S . Areas such as Mt. Franks
represent parasitic folds on the limb of the major B1 fold. It is not possible
to reconstiruct much of the details of such a fold wiéhout making assumptions

about the orientation of B . The difficulties are manifold;

(a) apparently the axes o; B .folds were not homogeneous at the conclusion of
B folding. Presumably any m;jor B fold would also be inhomogensous,

(;) the initial orientation of B 1is not known, for there is no place in the
mapped area that we can be sure i; beyond ‘the influence of later folding. It

is not possible to unroll the B folds to find the internal orientation of B ,
' 4 1
since we do not know the true orientation of any element before B folding.

All we know is that B varied with respect to L in different areas.

It is possible, ho;ever, to obtain some ideazof the initial plunge of B if
it is at a small angle to B. B and L (and L ) are apparently distributld
on the surface of a cone cofaxiai with ; durinz folding. Where the angle of
the cone is small, no matter how much B 4has been rbtated, it is still not very
Tar from its original orientation. Unflrtunatoly the possible error is twice
£he angle between B and B so that the usefulness of this criteria is limited.
Still it appears 811may have plunged south or south-west over much of the mapped

area

(iii) the plunges in the mapped area, if they are located on one limb of the
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macroscopic fabric. Where B folds are present in the mesoscopic fabric their
2
axial surfaces are usually at an acute angle to the prevailing orientation of

S1 in adjacent areas. Thus on the westérn limb of the Mt. Robe Synform S is
steeply dipping, whereaé at two localities at Mt. Robe it dips shallowly.2 The
relationship imélies that S has been rotated with S by B folding and B folds
pre=-date 34 folds._ 2 1 ¥ ;

4.3 (leavage zones

Zones of retrograded rocks, charactorised by a phyllitic cleavage, are spor-
adically developed ;hroughout the area. One example, located on the Mt; Robe
Fault, has alrsady been cited.» Otherwise, it is impossible to détermine if
there is a discontinuous displacement across the zones, and so they will be
referred to as cleavage zones rather than fault zones. The zones aré linear
and up to 50 feet wide (e.g. at the Consolation Shafts) and cut across layering
and ‘schistosity. The rocks in the zones are typically phyllitic in appearance
with a prominent cleavage parallel to the margins of the zone. Avsecond, more
widely spaced clesavage intersects the first at an angle of 10-20o about a steep
axis. A faint lineation parallels this axis. Both cleavages are near vertical
in the examples known and the lineation plung;s vertically. The cleavage
develops where the zones cross amphibolites (e.g. near the adit of the Nt. Robe
Mine). Kink bands, with an orientation typical of S , are found deforming zones
at three localitiés‘where S 1is present in‘adjacent rocks:

(i) the zone west of the summit of Mt. Robe
(ii) at the Consolation Shafts
(iii) in zones to the north-east of Mt. Franks (loc.3400078000 and northwards)

Thus, at least some of the zones pre-date the completion of B folding. On

the other hand, the zone on the Mt. Robe Fault is probably synchronous with

the final stages of B folding. Either the zones have formed at different
4 ,
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stages of B folding or arc separated into several distinct episodes. There
is no cvidence for the unsupported claim made by Binns (1963) that kink bands
are marginal or transitional to zones of this type. Generally the zones
trend at a high angle to kink bands in adjacent rocks. At Mt. Franks zones
nearly parallel to S4 are developed, but the zones are separated from the main
concentration of kink bands by rocks in which kink bands are only very spor-

adically developed.

L4  The Mt. Franks Fault

A fault running along the eastern flank of Mt. Franks and disappearing near

the Terrible Dick Mine was first recorded and named by Andrews (1922) as the
Mt. Franks Fault. King and Thomson (1953) show a similar fault, but extended
a further three miles north on their map. Binns (1953) extended the fault a
further 10 miles north to Brewery Well. None of these authors has demonstrated
any lithological or structural discontinuity that might indicate the presence of
a fault, and in the cass of Binns, tﬁe extension is unsupported by mapping.
Apparently Binns' main arguments for the existence of a fault are concernced with
metamorphism. He believes that thermal metamorphism associated with the fault
has caused retrogression of a belt of sillimanite schists from south of Mt.
Franks to Brewery Well to andalusite schist, In contrast to the foliated and
lineated fabric of the schists, the same retrogression has caused the destruction
of foliation (S ) in amphibolites. |
There are no1compelling reasons to beliéve a fault of the type envisaged by

Binns or King and Thomson exists. Near Mt. Franks there are a number of cleavage
zones, but the 1ntensity of these dies out rapidly northwards. If we assume, as
in the case of the Mt. Robe Fault, these zones are sporadlcally developed along

a fault and project the fault northwards (Fig. 4.6 ), then the fault crosses

the units mapped in sub-arca 2 at an acute angle. There is no evidence of
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FIGURE 4.6

Location of lt. Franks Fault proposed by King'and Thomas (1953) and Binns
(1963). Note how the fault crosses units of schist at a low angle without
causing any displacement (S dashed; lithological units as defined at lMt.

1
Franks. Scale 1 inch = 1 mile).
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displacement of the units. Nor is thers any discontinuity of structure across
the proposed fault. It is possible that the cleavage zones near Mt. Franks merk
faulting, but there are no reasonable .grounds for placing a major fault along
the eastern side of thc mapped area. The genesis of the andalusite, which does
not require a distinctive ﬁetamorphism in this region, is discussed at the end

of (hapter 5.
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CHAPTER 5

METAMORPHIC PETROLOGY

5.10 Introduction

The contributions of Browne (1922) and Binns (1962, 1963) to the
study of the general metamorphic petrology of the Willyama Complex
have been noted in the introductory Chapter. A more detailed review
of the conclusions of these authors is given below. This review
serves to establish’the regional setting of the Mt. Robe area, and
also to record comments particular to this area.

Browne (1922) recognised three definite stages in the history of
metamorphism at Broken Hill:
(1) A regional high grade metamorphism producing sillimanite
schists and gneisses. .
(11) Local metamorphism associated with the intrusion of igneous
rocks, The genesis of andalusite, sericite « and in part' -
staurolite, kyanite, chloritoid and chlorite is ascribed to this
phase of metamorphism.
(1i1) A "stress" metamorphism. Assemblages in&lude sericite, staur-
olite and kyanite.

A very local metamorphism, concomitant with faulting, is also noted by
Browne. |

Widespread development of andalusite (including the variety chias-
tolite) is apparently restricted to the northern pértion of exposed
'Willyama rocks. It is particulafly important in the afea northwards
and eastwards of Mt. Robe and Mt. Franks. Browne was apparently perplexed
Aby the genesis of andalusite, He was cleafly unable to reconcile its
mode of occurrence wiﬁh the then (1922) current acceptance of andalusite

as only a contact metamorphic mineral; particularly as the only visible
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thermal source, the pegmatites, seemed insufficient to create the
required intensive alteration. Browme, however, tentatively accepted
the contact metamorphic origin.
The even grained mica schists and carbonaceous phyllites (the
rocks typically containing andalusite and chiastolite respectively)
were believed by Browne to have formed during the same metamorphic
period és the sillimanite schists, but in areas of lower lomperature.
Binns (1962, 1963) defines four metamorphic periods, designated
M,M, M, and M, in chronological order. ‘
1 2 3 L ‘
(1) M : Regional high grade metamorphism, divided into three
1 zones on the basis of both pelitic and basic assemblages.
The N.W. Barrier Ranges lie completely within the zone
of lowest grade rocks - Zone A. The critical minerals
for this zone are (Binns, 1962);
a. Sillimanite-muscovite in pelitic rocks
b. Pleochroic green-blue hornblends (z) in basic rocks.

(1) M i A period of metasomatism, the main expression of which is

‘ the growth of unoriented porphyroblasts of muscovite.
(iii) M : Thermal metamorphism along the Mt. Franks Fault to form
3 andalusite in pelitic assemblages, and pale blue-green
pleochroic hornblendes in amphibolites.
(iv) ML : A dynamic metamorphism along "shear" zones; chloritoid

is assigned to this phase.
Binns, in common with Browne, records the differenﬁ habit of silliman-
ite and the overall intensity of retrogressive metamorphism in the N.W.

Barrisr Ranges.
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A still different origin for the andalusite is postulated by Leslie
and White (1955), as a result of their study of the area around Brewery
Well (Map 1). Although they note that andalusite (chiastolite) may be
related to the Brewery Creek Granite, Leslie and White conclude that
andalusite is probably the product of primary regional metamorphism.'

In this thesis metamorphic events are divided into four categories, labelled:
(1) ¥ - regional high grade metamorphism
(2)¢ M - local metamorphism associated with faulting
(3) ¥ « local contact metamorphism associated with the intrusion of

the pegmatites -
(4)s M - retrogressive motamorphism, irregularly distributed at a regional
scalse.

Later we shall have reason to bslieve that M and M are different aspects
of the same phenomena, but the separation is coivenient for descriptive
purposes. The symbols denote a probable chronological order of events.

Again for convenience,the descriptive material is arranged in the order
4 (Chapter 5), M, M, and finally ¥ (Chapter 6).
5321 The mineralogy og M rocks ‘

1
The rock types included in this group are the schists and unfoliated

quartz-muscovite-biotite rocks and minor unfoliated quartz-feldspar rocks.
Most rocks which contain more than a few percent of mica are sufficiently
foliated to be termed schists, even though in certain sillimanite schists
the foliation may be very poor and the fabric mainly linear. ‘Other

exceptions are fine-grained sillimanite (andalusite)-
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muscovite-biotite-quartz rocks containing 20-30% of micas, but in which
the mica sub-fabric is virtually isotropic. Similar rocks lacking either
sillimanite or andalusite also occur. The fabric of the schists has
already been described in Chapter 2.
Assemblages typical of M schists are:=-
(1). Sillimaniteémuscoviteibiotite-plagioclase-quartz
(2). Sillimanite-muscovite-garnet-biotite-plagioclase-quartz
(3. Sillimanite-muscovite-biotite-quartz-(t garnet)
&). Andalusite-muscovite-biotite-quartz-(t garnet)
(5). Andalusite (chiastolite)-muscovite-quartz-graphite
(6). Quartz-muscovite-garnet
(7). Quartz-muscovite-biotite-(t garnet)
(8). Quartz-muscovito-biotite-plagioclase-(f garnet)

5.22 The sillimanite schists

The sillimanite in .the schists invariably occurs as fine fibres up to
1 em. long and less than 0.01 mm. in diameter. The organisation of ths
fibres to form cylindrical aggregates is typical of most schists, More
rarely the sillimanite is dispersed as felted laminae parailel to the
schistosity or in wisp-like aggregates.

The mode of occurrence and the dimensions of tﬁe cylindrical aggregates
of sillimanite have been described previously in Chapter 2. At some point
along the length of each cylinder there is a slight bulge which contains a
fgw grains of biotite, muscovite and quartz, about which the fibres form a
swirling mass. Away from this bulged region the c-axes of the sillimanite
are co-axial with the cylinder axis. The muscovite and biotite crystals in

the bulge distinctly lack the preferred orientation of the same minerals in
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the enclosing schist, but have the same optical properties. A variety of
the sillimanite schist has finer rods than those described above, approx-
imately 1 mm. in diameter and a mean length of 1 cm. Muscovite and biotite
crystals have not been observed in rods of this type and the fibres parallel
the length of the rod throughout the aggregate.

The rods are restricted to sillimanite-rich schists, and as the
sillimanite decreases, which can be correlated in a general way with an
increase of quartz and feldspar compared with micas, the sillimanite is
distributed in the felted laminae and wisps mentioned above. Fibres of
sillimanite also appear as inclusions in quartz and to a much less extent
in biotite and muscovite. Muscovite is generally the predominant mica in
sillimanite schist. The muscovite forms small tabular flakes (0.05 rum.long)
which define the foliation of the rock. Some sillimanite schists.also
contain a few porphyroblastic flakes of muscovite; further details of these
and the discussion of their origin will be delayed until Sect.b6.43. . The
smaller grains of muscovite seldom contain inclusions, and then only
sillimanite.

The biotite of the sillimanite schists, and indeed in all M rocks, is

essentially dichroic with Y and Z a vivid red-brown and X a pall straw yellow.
The tints of the colours vary very little from rock to rock. The biotite
has a 2V of only a few degrees in thicker flakes separated from the rock,
and in tﬁin section is often sensibly uniaxial. Biotite usually tends to

be porphyroblastic (up to 2-3 mm.) and more weakly oriented than muscovite.
The larger flakes, commonly contain inclusions of sillimanite, quartz, and
regularly arranged inclusions of skeletal (7) rutile. Haloed zircons are

rarer inclusions.
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Plagioclase is only a minor constituent of schists which bear only
a small percentage of sillimanite and is entirely absent from those
richer in sillimanite. The plagioclase is uniwinned and is either andesine
or labradorite. Plagioclase, like quartz, has an average grain size of 0.2 mm.

A pinkish garnet is present in many schists as small idioblastic -
grains but never forms more than 1% of the rock. The garnet,grainé
intersected in thin section are generally léss than 0.2 mm, in diameter,
but a few coarser grains (1-2 mm.) have been observed in hand specimens;

A black tourmaline (Schorl), pleochroic from olive-brown to colourless
is a common accessory in the sillimanite schists. Traces of tourmaline in
the schists may have been derived during the metamorphism from detrital
material present in the parent rock. However, tourmalinisation of the
schist, bost-dating M metamorphism, is widespréad in the Mt. Robe District
(Chapter 6) and henceiaccassory tourmaline might also mark the incipient
stages of boron metasomatism, particularly as the accessory tourmaline ié
optically identical with that produced by the tourmalinisation.

5.23 Andalusite schists

The typical andalusite schist is composed of porphyroblasts of andalusite
set in a fine-grained, well foliated matrix of quartz and muscovite and
minor biotite. Metamorphic lamination is usually promihent in the andalusite
schists. The andalusite is generally confined to quartz-rich laminae.

The andalusite is strongly idioblastic in all but a few schists and may
be up to 7 cms. long, although 1 cm. is a more typical size. Cross twins
on (101) are common. thically the andalusite is colourless with a

negative 2V of 70-80°. The porphyroblasts always contain numerous inclusions
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of quartz and occasionally plagioclase, garnet and biotite. Biotite
inclusions have the same pleochroism and 2V as biotite external to the
porphyroblasts.

The optical properties and mode of occurrence of the biotite, plagioclase,
muscovite, garnet, and accessory tourmaline are the same as the corresponding
minerals in the sillimanite schists. On the whole the andalusite schists are
finer and more uniformly grained than the sillimanite schists. Grains of
quartz have a msan diameter of 0.1 mm. Garnet is very rara. It is possible
to distinguish two distinct varieties of andalusite schist; quartz-muscovite-
biotite~andalusite schist, and quartz-muscovite-andalusite schist with only
minor biotite. Biotite may compose as muéh as 30% of the first, and at lt.
Franks forms delicate layers 1-5 mms., thick. In contrast, the second variety
which is the commoner of the two, contains less than 3% of biotite and
génerally more andalusite. The two varieties can be mapped as distinct
lithol§gical units.

Chiastolite‘fcrms in schists which are rich in a black opaque mineral.
Detorminationsby Browne (1922) indicate that the opaque mineral is graphite.
Chiastolite schists are also well foliated and very well laminated. The
chiastolite typically forms "finger-shaped" porphyroblasts up to 7 ems. in
length. The average grainsize of quartz in the chiastolite schists examined
is 0.01 mm., which is much less than the grainsize of quartz in intercalated
andalusite schists.

5.24  Andalusite in sillimanite schists

Isolated andalusite crystals are sporadically distributed throughout the
schists in which sillimanite is the dominant Al-silicate polymorph. The

texture of andalusite in these schists is very distinctive; the'andalusite
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is always surrounded by a partial or complete "ruff" of muscovite. The

ruff is composed of clear flakes of muscovite with a grain size (1.2 mm.)
slightly larger than muscovite elsewhere in the schist. The mica composing the
ruff is noticeably free.of inclusions of sillimanite but may contain numerous
inclusions of quartz and sometimes tourmaline.

The ruff is only absent where the andalusite is in contact with a quartz-
rich lamina containing no trace of sillimanite. Otherwise the ruff forms a
complete shield between the andalusite and any nearby sillimanite.

The aggregate of muscovite plus andalusite in Fig. 5.1 (Plate 1), has a
square outline about which the schistosity diverges,'with a structure similar
to that of andalusite in the ordinary andalusite schists. In this particular
ekample small inclusions of andalusite in the muscovite with an optical orient-
ation the same as that of the core of andalusite extend almost to the edge of
the square. The total shape of the aggregate (mica plus andalusite) is the
same as that of a basal section of andalusite and thus it appears that muscovite

.is replacing the andalusite.

Apart from the presence of andalusite the assemblages of the rocks are

the same as riormal ¥ sillimanite schists.

1
5.25 Other rocks

Schists or non-schistose rocks‘compOSed of quartz,plggioclase and micas,
but bearing no sillimanite and andalusite, are only minor constituents of the
body of metamorphic rocks. The most important of these are the quartz-muscovite
schists that outcrop along the eastern edge of the area north of the Rlack
Prince Mine. These rocks usually contain quartz and muscovite in the

proportions of 2:1 and sometimes minor biotite (the proportions vary quite



FIGURE 5.1 (PIATE 1)

Andalusite porphyroblast partially replaced by muscovite (Spec. No.,
28279). The section is normal to {001}in the original grain and the
rectangular outline of the andalusite in this section has been preserved.
The core of andalusite (high relief) is surrounded by coarse flakes of
muscovite (mainly with their basal cleavage sub-parallel to the section).

(Field of view is 2 x 1% cm., crossed nicols)
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considerably from specimen to specimen) and have grainsizes comparable
to the andalusite and sillimanite schists. |

Garnet is never more than a minor component, and then is mainly found
in quartz;muscovite layers often with a higher biotite content than is
usual in sillimanite schists. At Mt. Franks andesine and biotite are
more common in the quartz-muscovite schists than elsewhere, but still only
constitute 10-15% of the total volume of the rock.

To the north and east of Mt. Franks there is a unit of much finer
grained ( 0.01 mm.) poorly foliated quartz-andesine-muscovite rocks which
may be finely layered (1.5 mm.) with layers of biotite and andesine.
Muscovite is only 10-20% of these rocks and quartz and plagioclase in equal
amounts make up the bulk of the rock. .

Rock which might be classified as true quartzites are very rare,

5.26 Petrography of the foliated amphibolites.

It is only the well foliated'amphibolites that have simple mineral
assemblages combined with simple arrays of grain boundaries and an even
grain size. These amphibolites are interlayered with andalusite and
sillimanite schists that show a minimum of retrogressive effects: This
association, combined with the fabric of the rocks and the assemblages
indicate that the féliated amphibolites are a result of the primary highe
grade metamorphism,

The foliation is due to a planar preferred orientation of the horne
blendes and is further emphasized in some rocks by a crude layering of
quartz and feldspar. The amphibolites are fine-grained with hornblends
grains of 1-2.5 mm. longvand a cross-sectional diameter (average), of the

same order as plagioclase and quartz, i.e. 0.1-0.5 mm. Plagioclase grains
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ars slightly elongate parallel to {OO% (0.5-0.6 mm.), but in general

grains of plagioclase and quartz are equant.

Assemblages of the foliated amphibolites are:-

1. Hornblende-plagioclase

2. Hornblende-plagioclase-quartz (% minor epidote)

3. Hornblende-plagioclase-quartz-garnet |

&, Hornblende-plagioclase-quartz-biotite*‘

5. Hornblende-cummingtonite-plagioclase-quartz-bioti£e*

6. Hornblende-cummingtonite~plagioclase~-quartz-garnet-biotite*

7. Hornblende-cumuingtonite-plagioclase

8. Hornblende-plagioclase-epidote

9. Hornblende-plagioclase-duartz-sphene'*

The modal composition of three typical varieties of amphibole are:
Volume percentage composition |
(1) (2) (3)

Hornblende 50.9 73.2 4.1

Plagioclase 48,1 15.5 56,7
Cummingtonite 161
Quartz 9.9

Opaques 0.9 1.4 3.2

3,000 points counted in each specimen. Apatite ( 0.1%) is presént in all
specinens.

(1). Specimen No. 28389 , typical amphibolite,

(2). Fine grained, dark coloured variant of amphibolite, (28377)

(3). Two amphibole amphibolite. (23317)

*Apatite and opaques (mainly ilmenite) are present as accessories in all
assemblages, except (9), examples of which contain no opaques. Biotite is

only a minor member of assemblages (%), (5), and (6).
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the hornblendes of the amphibolites are pleochroic with X=pale yellow,

Y=medium~dark green (brownish) and Z=medium-dark green or, medium—dérk green
(bluish) or, medium-dark vivid blue-green. The absorption is always Z=Y X,

The Z% angles in the hornblende lie in the range 18-2@0, neasured on a
flat stage in {Q1d} sections. A few values determined with a Universal Stage
agree with those measured on the flat stage. Due to the strong absorption of
the hornblendes, the former are probably Ao more accurate than values determined
with a flat stége (See Turner, 1947).

The ZV_Z vary from 102-1086°, The hornblende is genéraily nearly idioblastic
and contains only rare inclusions of quartz and feldspar. -

Amphibolites with a sccond amphibole are not widely distributed and examples
(5), (6), and (7) are from specimens taken at three localities (37200132800,
23000123200, 28500111300 ). The cummingtonite in one specimen sectioned
(28281) forms lamellae in the hornblende (Fig. 5.2, Plate 1) as well as aiscrete
grains. The latter contain no inclusions or lamellae of hornblende. The
cummingtonite is a pale green variety, non-pleochroic, with a ZVZ of 80°
(i 1.5°) and a 2% angle of 17° (f 1.5°) ~ (averages of 6 measurements).
Lamellar twins parallel to {100} in the cummingtonite are common. There 1is
a distinctive relationship between the optical orientation of the ;ummingtonite
lamellae and the host hormblende grain. Both minerals share common {31Q}
cleavages and also X and Z axes withip the limits of measurement® (: 3° in

the hornblende,. due to absorption). The only difference in the optics of the
two hinerals is the location of the optic axes, with a ZVZ of 106° (f 2°) in
the_hofnblende and 80° (¥ 2°) in the cummingtonite. One set of cummingtonite
lamellae have poles that make an angle of 4-5° (four measurements) with Z in

the hornblende and cummingtonite, and at the same time are

*Average of ‘measurement in four different grains with cummingtonite lamellae



FIGURE 5.2 (PLATE 1)

Cummingtonite lamellae in hornblende. The fine cummingtonite lamellae
crossing the hornblende grain vertically (appearing mainly as fine black
lines resembling cleavage) are probably parallel to {QOﬂ in .the hornblende.
The broader lamellae slanting along the diagonal of the plate (and parallel
to the trace of the cleavages) are parallel to ﬁO@-in the hornblende.

(The field of view is 8 x 6 mm., crossed nicols, Spec. No. 28281)



FIGURE 5.2 (PLATE 2)

Sieve structure in a garnet porphyroblast in amphibolite. The garnet
(high relief) contains inclusions of quartz (white), hornmblende (dark
grains in quartz cluster), biotite(far right) and opaques.

(Field of view approximately 1 x 0.75 mm., nicols uncrossed, Spec. No. 28285)
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at an average angle of 1?0 to ¢ (Fig. 5.3), suggesting the lamellae
are'éarallel to {001} in the hornblende. The second set of lamellae
are parallel to §100} in the hornblende.

The composition of plagioclase is very variable (An - An )¥* (Binmns,

10 55

1964, gives a range.of An -~ An  for plagioclases of Zone A amphibolites.,
However, this includes maﬁg amphzgolites from outside the area studied).
All plagioclase determined are lqw-temperature varieties. Twin types
recorded include albite-ala, albite-carlsbad and carlsbad. Albite twins,
with one or’two bréad lamellae crossing the whole grain, are probably the
commonest £ype. 4 large percentage of grains are untwinned.

Garnet is widespread in the amphibolites bearing quartz and a minor
quantity of biotite. The garnet forms scattered xenoblastic porphyroblasts
(5-10 mm.). The grains often give the impression of a matrix (Sieva
structurs), pervading the qﬁartz rich portions of the rock (Fig. 5.2,

Plate 2). Quartz and opaques are the commonest inclusions, but the garnet
may include all other components of the amphibolite except plagioclase.

As mentioned éreviously. variation in the internal composition of thé
foliated amphibolites is uncommon. 4 few important instances are described
below. . bl

An ogtcrop of amphibolite in the cresk just below the adits of the Mt.
Robe Mines contains, over a limited area 10-12 feet long and 2.3 feet wide,
numeroué prism éﬂaped fragments of a biotite-andesine-quartz rock. The
fragments are usually 10-15 cm. long and have an approximately square end
section of 3-5 cm., and are not systematically aligned. The portion contain-

ing the fragments is close to contact of the amphibolite with sillimanite

*Determined optically by Yniversal Stage, u51ng data given by Slemmons (1963
by the method of Turner (1947).
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Optical orientation of cummingionite lamellze in hornblende. (Data

4,

rom grain in Fig. 5.2, Plate 1.) The pole to one sect of lamellae (a)
o _. o a . . .
makes an angle of 5 with the 2z axis of the hornblende (and cwimingtonite)
. o . . . s
and is at 17 to the c-axis of the grain, suggesting the lamellae are

parallel to {901} in the hornblende. The pole of the sccond set of

s located mid-way beiwesn the poles of theip103 cleavages of the

[

lanellae
hornbl;nde, and hence the lamellac arc parallel to {100} in the hornblende.
{(Lower nemisphere Wulf Noti; C=pole to {010} éleavage in the hornblende,
O0A(h) and QA(c) = position of one opitic axes of the hornblende and the

cwaningtonite respectively)
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schists. Unfgrtunately the amphibolite is partiall& retrogressed, but
in the specimen sectioned (Spec. 28'324') the effects areAnof extensive
enough to cause any real ambiguiéy; The prinéipal effect is the replace-
ment of plagioclase (in the amphibolite and fragment) by se?icife and very
fine (?) clinozoisite. | ‘

The mineral assemblage of the'aﬁphibolite is hornblende, plagioclase
and biotite (red-brown), and accessory apatite and opaques. The fragment
is composed of andesine (extensively sericitised), biotite, quartz, hornblende,
and minor chlorite. Most grains a;e untwinned and a few grains are
indistinctly zoned. The texture and grainsize of the rock are the same
as those of quart;-feldspar layers in the schists. The biotite (3-5%) is
the usual vivid red-brown variety and is apparently little altered, and the
flakes are roughly aligned to define a foliation that is continuous with
the.ﬁeak foliation of‘the amphibolite. (The foliation in the fragment
cannot be seen in Hahd-specimen, and an attempt in the field to decide if
the foliation isAindependént of the orientation of the fragments was
inconclusive. Presumably the parallelism of the foliation in the fragment
and the amphibolite in the above speciien is typical.) Small needles of
hornblende (0.5 mm. long, simila? to that in the amphibolite, are disseminated
throughout the fragment. Hornblende is also concentrated in strings that
sweep across the contact between the fragment and the amphibolite and penetrate
the former for a distance of several millimetres, along surfaces parallel to
the foliation of the amphibolite. Chlorite is only a very minor component and
may well be due to local retrogression of the biotite.

There is an increase in the hornblende content of the amphibolite néar its

contact with the fragment with the hornblende forming distinct clusters. A



fine "halo" of hornblende can be observed around most of the fragments.

The anmount of biotite in the amphibolite is a litile unusual (particularly

as quartz is absent); and a specimen scveral feet from the fragments, although
strongly retrogressed, contains no trace of biotite or anything that might be
interpreted as 2ltered biotite (Spec. 28325).

Layers of quartz-andesine~garnet (pink)-biotite rock are sparsely disseminated
throughout the amphibolite bodies. The layers are usuzlly less than 2" thick
and a few feel or less long. The proportions of quartz and andesine in the
layers varies widely from approximately equal volumes to 707 quartz. Scattered
grains of pink garnst, exhibiting pronounced:. sieve structure, are always present;
flakes of red-brown biotite are sometimes abundant enough to impart a foliation
to the rock (S ) but are often entirely absent. Hornblende, identical with

1.
that in the enclesing amphibolite, is an important component (104-15%) in some
layers (c.g. Spec. 28337). Unlike the fragments from Mt. Robe just described
there is no concentration of biotite and hornblende in the amphibolite near the
layers. The texture and grainsize of the layers are similar to those of
quartzose layers in the schists.

The recognition of retrogression in the calc-silicate rocks that outcrop
in the arca is hampered by their lack of a distinctive (imposed) fabric
similar to that in the schists and their nineralogy. Many of the minerals
that characterise these rocks (e.g. diopside, epidote, clinozoisite) appear
in the retrograde amphibolites. Bocause of uncertainties in distinguishing
M, M and ¥ mnmetamorphism, the calcwsilicates contribute little o our

1 3 L
“knowledge of the metamorphic history of the area; consequently their description

is deferred until the end of Chapter 6, where they can be discussed in the

light of the metamorphic history deduced from the schists and aﬁphiboliteso
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5.30 Microstructufe of M Rocks
1
The configuration of grain boundaries in many M rocks is very similar
1
to that of certain metals, ceramics and rocks recrystallised experimentally.

Invmetals, where the details of microstructural changes during recrystallisat-
ion have been much more extensively investigated experimentally than in rocks,
microstructures of the type we shall be interested in are commonly formed
during annealing of cold worked metals: The microstructuré is the result

of migration of the grain boundaries in the aggregate under the sole influence
of differences in interfacial energies, and tends to minimize the interfacial
energy of the aggregate as a whole., Recrystallisation of this type (during
the annealing of cold'work metals) is usually referred to by metallurgists

as grain growth (recrystallisation) (Beck, 195%#). The characteristic geomet?y
of grain boundaries that is created during grain growth, and its dependence on
interfacial tensions was first noted by Desch (1919) and later generalised

by Harker and Parker (1945) and, in particular, Smith (1948, 1954).

In addition to the empirical studies a sound theoretical understanding of
this type of microstructure is also available (Smith, 1948, Herring, 1951,
1952, Maclean, 1957, Swalin, 1962). Since the theory is couched in terms of
macroscopic thermodynamic quantities it can be applied equally to rocks or
metals, even though knowledge of the structure of grain boundaries between
silicate minerals is almost totally lacking. Before describing the micro-
structure of M rocks a brief review will be given of the equivalent micro-
structurs.in mltals and the thermodynamics necessary for understanding its
formation.

The important features of an aggregate resulting from grain growth recryst-

allisation is the array of strain-fres grains with planar, or very slightly
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curved boundaries; three boundaries intersect in line (a triple junction)
and four boundaries intersect in a point (Smith, 1948).
The condition for the stable configuration’of three grain boundaries

intersecting along a line is given by Herring (1952, p.157) as:

3
37 i
L A S = b
Z] <7i'i.+ ST ) 0 — (1)
where v; is the interfacial tension in the ith face and t; is a vector in
the ith surface normal to the triple junction (and pointing away from it).

If the term '%%%L=o, that is if the interfacial tension-is independent of the
i
orientation of the interface with respect to the crystal lattice, then

equation (i) for the three interfaces between three phases reduces to the

usual form (Smith, 1948):

Y - Y Y _
Sin a sina = 3ina (2)

where 7,2, are related to the interfacial anglesa,a ,a,as shown in Fig. s..
If the values, or the relative values, of the interfacial tensions are
known then measurehent of the interfacial angles can be used as a criterion

of the completensss of grain growth,

Surface energy and surface tension (and the corresponding terms for
interfaces*) are macroscopic thermodynamic quantities which are iﬁdependent
of the atomic structure (or type of bonding) of the surface region. Here
independence means that the physical nature of the thermodynamic quantities
is not a function of these properties, although the numerical values of the
quantities will depend on these properties of the material, and possibly also
the structure of the interfacs.

*Some authors, in the discussion of solids, (Swalin, 1952, Maclean, 1957)
retain the term 'surface! for the external boundaries of a solid (solld/
liquid, solid/vapour) and 'interfaces' for the internal boundaries between
grains of the solid. This convention is used hers, although it should be

noted that there is no difference in the physical nature of the thermodynamlc
quantities. Grain boundary is synonymous with interface.
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FIG. 5.4

(a). Relationship between the inﬁerfacial angles a, as, and a3 and the inter-
facial tensions7? ,¥ and % at a triple point. The line of intersection of the
two-boundaries is normal to the page.

(b). 0O is a triple junction between three grains of the same phase, at which
the three boundaries AQ, B0, and OC meet at 120° (tﬂé faces and triple junction
areAnormal to the page). The interfacial tension is assumed to be independent
of orientation of the lattice of the phases. Idovement of the triple juncltion
to 0', with a corresponding change in the three interfacial angles leads to an
increase of the total interfacial energy of the system if the points A, B, and
C are fixed (at ﬁriple points). The increase is demonétrated by the greater
length of AO'+ BO'+0C' (4.7 units) compared with AO+BO+0C (4.4 units), and is

equivalent to an increase in area in three dimensions.



Some confusion in the usc of the thermodynamic quaniilties associated

urface or interfacisl

19}

with solid surfaces particularly in the definition of
tension is apparent in the metallurgical literature. The surface tension
defined by Gibbs {1906) is a scalar encrgy-function, while that devised by
Shuttleworth (1950) is a symmetrical sscond-rank tensor which only reduces
to a scalar in special circusstances. Part of the difficulties is due to
terminology and part to the ‘comparison of solid surfaces with liquid surlaces,
for which the surface Iree cnergy, the surfacc-tension and the surface stress
are all numerically equal, whcreas for solids this is not generally irue.
The circumstances in which the quantities can be considered equivalent can
be scen from the equations defining the gquantities.

Givbs (1506, p. 221) showed how to assign definite quantities of energy
(US) and entropy (S ) to an interface between two phases. The Helwmholtz

. S
free encrgy (Fs) of a surface at temperature T is then:
F, o= Ug - TS —mmmnmmen ()

Gibbs (1908, p.228, p.315) then defined the surface tension Y for both

solid and liquid surfaces as:
Y= F_ - Lpimi mmmmmeeen (5)

where "; is the surface density of the i th phase and m; its® chemical potential.

The surface energy is a measuré of the difference in total energy between
a homogeneous phase with no surface ssd the same phase with a surface
introduced. The surface energy of all crystalline solids is positive (Shuttle-
worth, 1950). The mathematical specification of ¥ is dependent on a
convention for locating the surface (Gibbs, 1506, p.315). The term Y"Helmholtz
surface free cncrgy" of Shuttleworth (1950) is equivalent to defined as zbove.

The "surface teasion" derived by Shuttleworih for solid surfaces is
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a particular case of the surface stress of Gibbs (1906) or the surface
stress tensor G,y used by Herring (1952). Changes in G;x measure the work
required to deform a surface. In generalG;y is a symmetrical second-rank
tensor with two principal components in the surface layer.

For the very special case of a crystal surface with a normal axis of
three-fold or greater symmetry the tensor can be reduced to a scalar
(Shuttleworth, 1948). Surface stress is related to surface tension for the

reversible deformation of a surface by the equation:

%Y= ¥t A{@%) ——(3)

Thus the two quantities are numerically equal if %{ =0 ; that is if the

atomic mobility is sufficient to keep the separation of surface atoms constant
during deformation of the surface. This is true for a liquid and may be
approximately true for solid interfaces at temperatures approaching the
melting point of the solid, in which atoms can move to the surface at a rate
comparable to the ra te of expansion of the surface.

It is a result of the above discussion that equation (ii) should not be
literally interpreted as a tension tending to pull grain boundaries into
equilibrium?configurationé during grain growth. Triple junctions compatible
with equation (ii) are stable because any motion of the triple junction
requires the creation of a positive amount of new surface; and hance an
increase in the interfacial snergy of the system around that triple junction.
A simple graphical demonstration of this, for a system in which jy,= y, =)3 1is
given in Fig. 5.4b .; the demonstration can easily be extended to cases in
which Y7 ¥ 74 Y3 ¢ It is only when %KK i:n equaf.ion’ (1) is not equal to zero
that there is a "torque" tending to rotate the boundary.
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5.31 Doscrivtion of the Microstructure of M1 rocks

The minerals of M1 rocks, in which there is no trace of retrogression,
are strain free. Quartz is free of undulose extinction, the cleavage of
the mica graiﬁs is planar and free of kinks. None of'the other minerals have
any micro-structural features that could be interpreted as evidence of
strain in the aggregate, At the coﬁclusion of M1 metamorphism, any recrystalla-
isation* thalt was procseding, ﬁas taking place in a strain-free aggregate.
Hany rocxs that show min;mal traécs of retrogression also show signs of inira—
granular strain. The main expression of this is slight undulatory extinction
of the quartz. However, the invariable association of the intra-granular
deformation with retrogression, proves that it is not a primary feature of
M rocks (Chapter 6).

1 hggregates of quartz grains best exhibit the features to be expected from
grain growth recrystallisation. The grains (in section) are usually five or
six sided polygons whose diagonals tend to be equal (equiaxial polygons).
Three edges invariably meet in a triple point. The commonest deviation from
this situation is for the polygons'to become less regular (yet still with the
same number ofvsides) and for angular bends.to appear in the boundary between
two triple points. However triple points are universal in quartz aggregates;
the intersection of four boundaries at a point has not been encountered.

With a Universal st#ge, it is simple to show that the grain boundaries are
generally planar in three dimensions, and hence the line of intersection of
three boundaries must be straight. On a flat stage the angles at the tripie
*Recrystallisation is used here in the sense of Beck (1954) who proposed
", eeseall boundary migration phenomena connected with the movement of ordinary
high angle grain boundaries are designated by the generic term 'recrystallisat-

ion' ", Apparently this is the sense intended for the term "anhealing
recrystallisation" of Griggs, Paterson, Heard_and Turner, (1960).
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point are often near 120°; angles more acute than 80° are exceptional.
To avoid effects of the orientation of the slide with respect to the triple
junction, the determination of the interfacial angles is best made with a

Universal Stage.

5.32 Measurement of interfacial angles at triple junctions between quartz

grains

The interfacial angles between three quartz interfaces were determined by
use of a Universal Stage by the measurement of each interface. The inter-
facial angles were then calculated on a stereogfaphic nett. Grains were
checked simultaneously for undulose extinction by testing the homogeneity of
the extinction of the grain.at the optic-axis position.

An estimate §f the error involved in the measuremenis can be gained from the
"triangle of error" formed at the intersection of the three great circles
represénting the interfaces on the nett. Where the sides of the‘triangleé
exceeded three degrees the measurements were usually rejected, unless some
very obvious error had been made. This means that the probable error in the
measurements of the interfacial angles is less than 2°. The failure of the
three great-circles to meet at a point may be either the result of a
proceedural error or measurement in an oblique section through a slightly
curved triple junction. Each interfacial angle was determined separately,
and the sum checked against 3600. Specimen 28371  (a quartz-plagioclase-
garnet rock)was traversed at regular intervals and all the triple junctions
crossed were counted. The results are given in Fig.5.5a . u48% of the inter-
facial angles lie within the range 113° to 1270; 16.6% afe within 2.5° of 1200.
The distribution is slightly skewed about 1200, a featurse that results from

o
the absence of one angle near to 120 at some triple points. However, at least
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: o
one angle of 120 appears at most triple junctions. The Universal Stage

revealed that the’ homogensity of the grains in this specimen was not as
good as the preliminary examination had implied. Curvature of the boundary*
is also more common than in the rocks measured below.

The results expressed in Fig. 5.5b , have been obtained by measurement in
quartz aggregates with well developed triple junctions in a number of spec-~
imens, mainly quartz-muscovite schists. (Sections from Specimens 28291, 28297
from the Silver Xing Mine provided the bulk of the results). The distribution
in the second plot is more symmetrical, and 55% of grains lie in the range
113o to 12?0. The quartz grains at the triple junction in ihe secorid case
are free of strain.

The following points are relevant in evaluating the significance of the
plots (in terms of interfacial tensions):

(1). Adjustments of the grain boundaries under the influence of interfacial
tension is complete; ultimately all the interfacial angles would closely
approach 120°.

(2). The interfa;ial tension of quartz is not independent of the orientation
of the underlying lattices at the boundary. If the termg%zin equation (1) is
not zero, then thé equation expands into three equations with five indepéndent
unknowns. Determination of the unknowns depends, in part, on determining the
orientation of an interface with respect to the quartzvlattice. Knowledge
 of the orientation of the c-axis, the only easily determined direction in
quartz, is insufficient. Nevertheless, measurement of the angle between the
boundariss and the c-axes of quartz grains (in the first Easél at triple
Junctions whose interfacial angles are close to 120° (: 3° as determined)
showed that no simple relationship existed. A complgte. and apparently

*Triple junctions at which curved boundaries intersect werse not measured.
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haphazard, scatter of angles was obtained. Further determination of the
angles for grains at another 26 triple junctions (for all ranges of inter-
facial angles), when combined with the above, indicated that the boundaries
between the quartz grains are general high angle boundaries.,

Brace and Walsh (1962) made direct measurements of the surface enerzy of
quartz in known latlice planes. The surface energies varied by a factor of 5,
so that the surface energy of quartz is anisotropic. However, these results
cannot be applied immediately to aggregates, since the situation in aggregates
is much more complicated. Across a boundary between two solid phases of the
same composition there exists the possibility of a compromise structure forming,
so that the interfacial energy may bs less than the energy of the two juxtaposed
suréaces taken by themselves (unless the interface consists of a fairly thick
zone with a éompletely chaotic, and hence structureless, nature; MaclLean,
1957). The structure of high angle boundaries in metals is not proverly under-
stood, cven less is known of silicates. The "island" theory of Mott (1qug)
and Smoluchowski (1952), in which the boundary is conceived as a thin region
broken up into areas of complete mis-fit of the adjacent lattices and isolated
regions of good fit, is the only model that has some acceptance. Bubble rafts
constructed by Lomer and Nye (1952) approximate to this structure. ‘However
the model has failed to predict adequately other experimental results, such as
grain boundary sliding rates; MacLlean, 1957). The interfacial energy will then
depend in a complex fashion on the orientation of the contiguous lattices, and
the extent of anisotropy on the nature of the compromise structures.

(3). Assuming the interfacial tension of quartz is isotropic, the nature of
other boundaries acjacent to the quartz aggregate (e.g. quartz-plagioclase,
quartz-muscovite) begause of their different interfacial tensions, necessitate

compromises at nearby all-quartz itriple junctions. This effect should
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disappear with the possibility of prolonged adjustment of the boundaries.

Still, even allowing for these uncertainties, the results obtained point
to one conclusion. The approach of the interfacial angles to 120o is closse;
and no matter whether the departure from 120° is due to imperfect annealing
or anisotropy of the interfacial tensions, these effects are subsidiary to
this general trend. If the spread of the interfacial angles is due to
anisotropy of the interfacial tension, ‘the total variation is only small
compared to the mean value of the interfacial tension.

5.33 Plagioclase aprregates and guartz-placioclass aggrerates

Aggregates of plagioclase grains also tend to form polygonal grains with
good triple points, especially in the amphibolites. However, the impression
is given that the polygons are generally less regular than those of quartz.~
Mixed quartz-plagioclase aggregates are similar to aggregates of either
mineral by itself; except that acute angles (mainly in the quartz) are more
abundant. Hoﬁever triple points with the interfacial angles approaching
120° seem to be the rule. Hence the interfacial energy of general quartz-p
plagioclase boundaries must be of the same order of magnitude as plagioclase-
plagioclase boundaries, which in turn, are of the same order as quartz-quartz
boundaries.

Measurement of the interfacial angles between three plagioclase grains at
a triple junction (Spec. 28371, Fig. 5.6) indicates a wider distribution
about 120o than that of quartz in the same rock. The prevalence of angles
around 90o often corresponds to the intersection of boundaries against a
surface nearly parallel to the cleavage in the third grain. Triple junctions
between combinations of quartz and plagioclase grains have not been measured.

5.34 Quartz-mica interfaces

Voll (1960) suggested that the intexrfacial energy of a quartz-muscovite
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interface parallel to {901} in the mica 1s infinite compared with the
energy of a quartz-quartz interface, Thus, at a triple junction between
two quartz grains and a mica grain the quartz-quartz interfaces will tend
to meet the {001} plane of the muscovite at right angles.

Triple junctions betwsen two quartz grains and a muscovite flake are
very prominent in the Broken Hill schists. The interfacial angle in the
muscovite (oéposite the quartz-quartz interface) is always 180o (: 1°%) (vy
measurement at 100 triple péints*) and the quartze-mica interface is parallel
to {001} in the mica within the limits of observation. The angles between
the quartz-quartz interface and the two quartz-muscovite interfaces ars
given in Fig. 5.7 + Since the two angles must be symmetrical about 90° onl&
100 of the 200 measured angles are plotted. 74% of the interfacial angles
are situated in the range 90° to 97° and 90% within the range 90° to 101°.

The boundaries involved at the triple junction are general high angle
boundaries (from measurement c-axes of quartz and {001} in the muscovite).

Again the spread in thé results hay indicate insufficient annealing for
the attainment of a stable configuration, or anisotropy of interfacial tension.
If the latter is the cause, the anisotropy of the quartz-muscovite boundary is
probably ﬁore significant than that of the quartz-quartz interface (since
the latter is only a very small proportion of the energy of a general quartz-
muscovite boundary).

Quartz-mica interfaces trending at an angle to {901} in the muscovite are
much less regular than the corresponding quartz-muscovite boundaries parallel
to {001} in the muscovite. ﬁoundaries of the former type are found at the
ends of single grains of quartz and quartz léminae one grain wide. Although
the boundary trends as a whole across {001} in the mica, closer examination
*That the angle is sensibly 180° can be observed in almost any M, schist on a

flat stage. The angle is unaffected by variation in the orienta%ion of the
plane of the section. '
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reveals numerous fine "tongues" of quartz penetrating along the basal
cleavage of the mica (Fig. 5.8a ). Strong curvature of the trend-of the
quartz-mica boundary is also common. B§th types of structures can be
observed in schists in which boundaries between quartz grains meet at good
triple points. Often the termination of the quartz grain by a boundary
transverse to the muscovite cleavage is avoided, by formation of wedge-
shaped grains as illustrated in Fig. 5.8a.

| Where a single grain of muscovite forms a triple point with two grains

of quartz the interfacial angles often take the form depicted in Fig. 5.9. .
Actual values have not been'determined, mainly because of the imperfect
nature of the quartz-mica boundary across {901} in the mica. Angleeg(in
section) is usuaily of the order of 100-110%; angles less than 90° have not
been observed. Contrary to the experience of Voll (1960), quartz-quartz
boundaries are seldom attached to the ends of muscovite flakes, except

where the situation is unavoidable (e.g. where muscovite grains are separated
in a quartz matrix). The quartz-quartz interfaces in the Broken Hill schists
are normally attached to the central portion of the muscovite grain.

If we accept the configuration in Fig. 5.9 as an approximation to stability,
then by resolving the interfacial tensions parallel to ox, we obtaiﬁﬁ

ya (cos(180 -93) + ¥,c0s(180 -91) -¥%=0 (6)
Now 1 is very small compared to ), » SO that, to a first approximation
Y = yc0s(180 - 8,) (7)

Thus, if 6, is more than 90° - as 1s observed - 1, is greater than jy, . The
conclusion is supported by the penetration of quartz algng the basal cleavage
of muscovite grains; thus reducing the total interfacial energy of the aggregate.

The above results have immediate implication in the study of some of the

features of the micaceous schists; some details of quartz-muscovite aggregates

*Vote that in using this equation we are assuming there are two very distinect
minima in a function describing the variation of against direction for quartz
-muscovite boundaries.



Fizure 5.8 (a, b, ¢).

Features of quartz-muscovite aggregates in M1 schists (sketched frpm thin
sections; quartz grains stipled, muscovite dashed parallel to traces of {OO[}
cleavage). Of importance is the conformity of the quartz-muscovite boundaries
to the basal cleavage of the muscovite, except where the irregular, and strongly
curved boundaries cross the miea grain: |
(a). Examples of quartz-muscovite boundaries(from Specimens 28372, 28350).
(b). Layers of quartz grains in muscovite aggregates (Spec. 28372).

(c). Shape of quartz aggregates composea of many grains (Spec. 28372);

section normal to LZ).'
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(a). The frequently observed arrangemant of interfaces at a triple
point between two quartz grains and a muscovite flake. The trace of 001
in the muscovite is shown as a dashed horizontal line.

(b). Relatiqnship of interfacial tensions and interfacial angles for the
calculations in equations (6) and (7). The arrangement of the various

interfaces is as shown in (a).
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in rocks of this type are given in Fig.5.8b. Single grains of quartz in
a matrix of muscovite grains are'd}mensionally elongate in section; ratios
of width/lengtﬂ of between 1/15 to 1/20 are common (see especially Spec.
28372 ). All values from 1/1 up to 1/20 can be found, obviously the
location of the plane of the section with respect to the shape of the grain
will be a méjor factor in determining the ratio. Loose sampling of the
various specimens has not revealed ratios in excess of 1/20). The dimensional
elongation is always parallel'to the schistosity of the rock. Elongation of
the grains is similar in sections at right angles from the same specimen.
Sections sub-parallel to the foliation of the schists suggest - when combined
'with the abo#e - that the grains are very roughly disc-shaped. Development
of this shape might reflect the balancing of the interfacial tension of
boundaries across the cleavage'of the muscovite flakes at the ends (in section)
of the quartz against that parallel to the cleavage of the muscovite. The
two tensions will be balanced when the area of the side of the disc is in
the same proportion to the area of the circular ends as the values of the
two interfacial tensions. (If the grains are considered as ideal dises, and
the ratio of 1/20 represents an average for thickness to diameter of a stable
disc, then the ratio of the area of the edge of the disc to the area of two
circular ends is close to 1/10. Substituting this value in equation (&)
gives a value of 6; equals 96°. A ratio of 1/15 for the thickness/diameter
ratio yields &;equals 990. These angles are of the same ﬁagﬂitude as the
interfacial angle frequently observed in the muscovite flake at a quartz-
quartz-muscovite triple junction).
It is noticeable that elongate grains of quartz (in section).never
transgress the cleavage of the mica flakes they contact, except at their

lateral termination. Again this probably reflects the interfacial tensions
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of the various quartz-muscofite boundaries.

0f very common occurrence in the schists, are laminae one grain thick
(Fig. 5.8b ) composed of dimensionally elongate quartz grains. The laminae
are strictly parallel to the schistosity. The width/length ratio of the
individual grains is usually 1/5 to 1/10. Except for the internal boundaries
and their overall dimensions, the laminae are very similar to the single
grains of quartz just déscribed; and have - with one difference - probably
developed in a similar fashion. The much smaller tension §f a quartz-gquartz
igterface compared to quartz-muscovite interfaces parallel to the mica
cleavage, mean that thickening of the laminae normal to the schistosity, with
corresponding reduction of the area of quartz-muscovite boundary, is a
favourable process. The result is a lowering of the total grain boundary
energy of the aggregate. However the.thickening increases the area of quartz-
muscovite interface that transgresses the micas (at the ends of the laminae);
'hence, the ultimate dimensions of the laminae will.depend on a balanciné of
these three tensions. Since the arsa of the quartz-quariz interfaces is
relatively largé, the contribution of-these interfaces may be'significant.

There is a marked contrast between the shapes of quartz grains in layers
many grains thick and the two structures just discussed. The quartz grains in
the layers arse polygons with ﬁo,noticeable dimensional elongation. Measurement
of the interfacial angles at all-quartz t:iplé junctiohs in layers of this
type provided the data for Fig. 5.5 . The shape of these layers in a section.
normal to L is shown in Fig. 5.8b (other examples have already been
illustratedzin Fig. 2.2 of Chapter 2). The slightly lenticular outline is
characteristic, and as mentioned previously in Chapter 2, with decrease of

the length relative to thickness (using S as a reference plane) the laminae
' 1
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grade into rods. In terms of interfacial tension, the development of the
lenticular section allows an increase of the area of quartz-quartz interface
without producing any quartz-muscovite boundaries that cut across the
mascovite flakes at a significant angle. The area of the ends of the layers,™
are correspondingly decreased.

The behaviour of quartz-biotite aggregates parallels that of quartz-muscovite
aggregates, although the dimensional elongation of quartz grains isolated by
biotites seems to be less marked. It was noted earlier that the absence of
intragranular strain in ¥ rocks, when combined with the Knowledge that the
rocks have been metamorph;sed (i.e. recrystallised), indicates that grain
growth recrystallis;tion was a possibility in M rocks. The micro-structure
of quartz and plagioclase aggregates agrees well with the micro-structurs
of aggregates formed experimentally by grain growth in metals (Smith, 1948,
HlacLean, 1957, for grain growth recrystallisation of rocks see Griggs,
Paterson, Heard and Turner, 1960), and with predictions from thermodynamics.
The two strongest points in this connsction are the reduction of curved
boundaries to a minimum and the creation of triple junctions. The relative
interfacial energies of quartz-muscovite interfaces and quartz-quartz
interfaces allow a ready explanation of some of the features of quartz-
muscovite aggfegates. However it is necessary to try to svaluate whether
interfacial tension has been the prime cause of the structures observed, or
if the grain growth is merely modifying structures inherited from the pre=~
grain growth fabric. The relevance of this question is indicated by the fact
that the lenticular laminae in the schists are part of the imposed schistosity

»and lineation (L ) of the schists.

2

The fabric of M rocks, amphibolites and schists, is dominated by one or
1



poth of the fabric elements, S1 and L1 imposed during B1 folding (Chapter 2).
In turn, these fabric elements are de?endent on the dimensional oricentation of
muscovite and biotite and to a much lesser extent discoid grains of quartz
(81), and for the variation in orientation of micas from point to point to
form L_. Dimensional orientation of sillimanite, andalusite and hornblende

2

also contribute to the lineation L2. The orientation of these minerals, plus
their lack of intra-granular strain, proves that M1 metamorphism can only have
been synchronous with, or poste-dated B1 folding. The grain growth texturé of

quartz and plagloclase signifies that M, metamorphism has concluded after the

1
finish of B, folding.

1

Sone aspects of the fabric of the M1 rocks favour the operation of mel-
amorphism during B1 folding. This relationship has been proposed previously
to explain the closed internal layering in the ellipsoids (Sect. 2.33 ). The
data offered by the preferred orientation of the minerals‘produced by M1
metamorphism is less equivocal, since final interpretation must depend on
the vexed qﬁestion of the mechanisms of orientation. All the major phases
produced by M1 metamorphism - except plagioclase and garnet, are known to have
a preferred orientation of some sort. Quartz apart, the orientation of the
minerals (sillimanite, andalusite, muscovite, biotite, hornblende) is a
dimensional orientation; hence mimetic recrystallisation may have played a
significant role in the evolution ofithe'pattern. This certainly seems to be
the case for tufted aggregates of sillimanite and perhaps twinned andalusites
growing with random dimensional orientation in the schistosity.

The reason for the aggregation of sillimanite into rods in the sillimanite
scnists is not clear,'glthough it seems, at lcast for the coarser rods, that

the presence of the few flakes of mica (unoriented) and grains of quartz are

vital for their formation. Binns (1963) has proposed that the aggregates are
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replacing kyanite porphyroblasts; this might account for the quartz and nmica
and also the swirling of the sillimanite around these particles. However the

almost perfect cylindrical shape of the rods (and also the finer rods without)

o

core of quartz and mica aggregate) away from the bulged region might result
from the dircct influence of stress on recrystallisation; the shape 1s not one
likely to result wholly from replacement éf kyanite or any other phass,

We concluded in.Sect. 2.35 , that the preferred orientation of quartz in
31 by tectonites probably reflects the symmetry of the siress field that caused
the deformation. This is compatible with the recrystallisation of guartz
during the course of deformation; but it is not possible to eliminate critically
the growth of the pattorn from "seed" crystals developed during.deformation in
a distinet, and later, episode of melamorphisnm.

The shape of the discoid quartz grains is almost cortainly the result of the
action of interfacial tension, as shown by the close conformity of the quartz
grains to the dimensional shape of the mica grains (e.g. where the grains form
wedges between two mica grains). The fact that the shape of the grains have
synnetry elements in common with the other fabric elements of the schists (and
cOnsequehtly might be interpreted as evidence of ths symmetry of strain of the
rocks) is a secondary effect, resulting from ths interplay of interfaciél tensio
and the pre-existing preferred orientation of the mica lattice. Any influence
the deformation may have had on the shape of the quartz grains, either in
muscovitc or quartz aggregates, has been long since obliterated by the influence
of interfacial tension.

The rods and laminae present a different pictﬁre. Conceivably the rods may
have originated by lateral contraction of laminae to gatisfy the reguirements .
of interfacial tension. However several facts coniradici this hypothesis. The

muscovites and biotites doviate around the rods; the deviation is notl simply a
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matiter of srain shape, but also involves the orientation of {OO{} in the mica.
While grain boundary adjustment might alter the dimensional elongation of the
grains relative to the lattice, it can hardly alter the actual orientation of
tha latiics. Also, tﬁe elongation of the aggregates to form rods is a deforme
ation feature. It seoms that the rqu had—much the same shape during the
initial stages of recrystallisation (before the onset of grain growth) as they
have now, Grain growth has probably caused the rods to conforam more closcly
Lo the pattern of the surrounding micas énd also contributed to some cexteni to
the lenticular cross-section of the laminze, but it is not an important factof
in their overall genesis. The reason laminae developed (predominantily) in
some rocks and rods in others, seecms to depend on some intrinsic property of
the original rocks and its -influence on the deformation.

Finally, a comment should be made oﬁ the.micro-structure of the chiastelite
schists. Tac grain size of quartz and muscovite in these rocks is much less
than that of the samc minerals in the adjacent schists (Sect. 5.2% ). 4
further contrast is provided by the irregularity of the quariz-quartz interfaces
and the shape of quartz grains in the chaistolite schists. The presence of
numerous fine inclusions of (?) graphite in the quartz boundaries suggests
thaﬁ locking of the grain boundaries during grain growth may have been the
cause of these differcnces,

There is no change of the microstructure or grainsize of M schists across

1
glide surfaces (Spec. 28350). Nor is there any sign of straining of quartz or
~mica in the vicinity of the glide surface. This indicates the glide

surfaces must pre-date thc grain growth phase in the schists and are

thus an .intrinsic part of B folding.
1
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5.35 Distribution of the Sillimanite and andalusite schisté

The distribution of sillimanite and andalusite schists is given in
Fig. 5-€0- Data for the compilation of the figure are derived from thin
sections and the examination of hand specimens in the field. Areas in
which andalusite grains are present in the sillimanite schists are denoted
by the overlap of symbols. The latter arsas should be regarded as the minimum
distribution of andalusite in sillimanite schist. For example in one thin
section of a sillimanite schist from north of Eldee Creek (Loc. 5240011500 ;
Spec. No. 28385 ), a single grain of andalusite was encountered in the
thin section, although andalusite was not evident in the hand specimen
(before cutting) or in numerous other hand specimens from the same area.

The area can be divided into distinct zones, as can be seen in Fig, 5./0
in which either sillimanite or andalusite is dominant. Thé nature of the.}
boundary betwesen the two zones is well illustrated in the hinge of the Mt.
Robe Synform. The transition from andalusite schists to sillimanite schists
is abrupt and occurs in less than 300 feet. There is a region between the
andalusite and sillimanite zones in which sillimanite and andalusite scﬁists
are mixed, with andalusite occuring predominantly in the more quartzose
layers and sillimanite in the more micaceous layers. However to the west of
this mixed region andalusite is either absent‘or appears only as scattered
grains (never more than 1% of the total volume of the rock, as opposed to
15% or more sillimanite) in the sillimanite schists. A

Much the same situation is reproduced along the boundary between sillimanite
and andalusite schists to ths north of Mt. Franks,.towards and at, Mt. Robe.
In particular, about 1% miles north of Mt. Franks an outcrop of chiastolite

schists and sillimanite schists are intermixed in a region several hundred
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feet across (normal to the general N-S boundary). On the eastern side of
this boundary chiastolite is totally absent from the sillimanite schists.

The reason for assigning the andalusite and sillimanite schists to the
same metamorphic event relate mainly to the identity of the fabric of both
varieties of schist. The situation is most clear at the locality just to
the north of Mt. Franks mentioned in the previous paragraph. Both the
andalusite and sillimanite schists are moderately well foliated and the
lineation (L ) although not prominent is clearly recogniseable. The linea-
tion is visiile mainly as a '"mineral streaking" in the foliation, but there
is also a tendency for chiastolites to be aligned“parallel to this direction.
Sillimanite rods also define the lineation in the sillimanite schists. There
is a complete continuity in style and orientation of the schistosity and
lineation (as mineral streaking) passing from the andalusite (chiastolite)
schists to the sillimanite schists from east to west. The same is true
passing around the hinge of the Mt. Robe Synform, although there is a gradual
(and continual) change of the gross orientation of the schistosity and
lineaiion around the hinge of the fold.

It is quite clear that the schistosity (S ) and lineation (L mineral
streaking) in the andalusite and sillimanite?schists are basicaily identical,
although the lineation is commonly more prominent in the sillimanite schists
and foliation is more prominent in the andalusite schists. However even this
_ differsence is missing.in the quartz-muscovite schists and amphibolites that
are intercalated with the andalusite and sillimanite schists; the fabric of
these rocks is completely identical in both zones. Finally the microstructure
of the rocks which is an intimate part of the fabric of the rocks, is the same

in rocks of both zones; and in each case has been created by a melamorphism



that emphasised fabric elements associated with the first phase of folding

(8 ).
1

The crux of Binns' argument for associating the formation of andalusite
with the Mi. Robe Fault is a supposed relationship between andalusite and
"erenulations" (S and S in this text) in the andalusite'schists. This
involves (3inns, ?962, 1g63);

(1). The identifi;ation of the kink bands as a result of the same deformation
as the Mt. Franks Fault, and marginal to the fault.

(2). A genetic relationship between andalusite and the kink bands, as a
result of which "knots of andalusite often lie at the axes of puckers" (Binns,
(1963).

Andalusits is scattered fairly uniformly throughout the andalusite schists,
whereas S and S are concentrated in discrete regions. It is only where S
or S tengs to bicome penstrative and the andalusite prisms are aligned roughly
paraL{lel to L or L that the rélationship in (2) is observed. Given that the
average cross?sectign of the andalusite prisms is of the order of Lx5 mm., a
high proportion of grains will be intersected by a kink surface in a rock in
which the kink bands are less than a centimetre apart on the average. The
alignment of the prisms with L or L occurs in areas where L is parallel to
L or L, and results from pregerreduorientation of andalusiti parallel to L .
Wgere Lu is‘at an angle to L or L , the andalusite prisms can be observed ti
have a gifferent orientationBin eath limb of a B or B fold or inside and
outside a kink band. The whole range of relatiogshipshcan be observed passing
around the hinge of the fold at Mt. Franks. |

The presence of andalusite in the sillimanite schists might imply that the

rocks of the sillimanite zone have passed progrsssively through the andalusite

zone (in time). However the aggregates of muscovite replacing the andalusite
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are very distinctive, and would be recognised even if the andalusite had
peen totally replaced. Yet aggregates of this kind do not occur, either in
the schists with partiaily replaced andalusites, or in the sillimanite schists
in general. Thus, the number of andalusite porphyroblasts probably never
exceeded the number of partially replaced grains now observed. The volume
of andalusife in the sillimanite schists is small, and andalusite has never
been the dominant polymorph in the sillimanite zone. The preference of
andalusite for the more quartzose laminae and sillimanite for the micéceous
laminae (in all rocks bearing both or either mineral) suggests that metastable
nucleation of andalusite schists in the sillimanite schists has occurred,
where the environment has been unfavourable for the nucleation of sillimanite.
The sillimanite-andalusite zone boundary predates the main macroscopic folds
of the area (Chapter 4). The zone boundary, in fact, may dip quite shallowly
under much of the area, and the andalusite in the sillimanite schist might
indicate this fact. Finally, it is worth noting that the zons boundary
cannot continue very far to the south of Mt. Franks. Reconnaissance mapping
by the author in the region south-east of Mt. Franks (not included here)
indicates that the boundary swings sharply eastwards or north-eastwards a
half-mile to the south of Mt. Franks.

The constantly recurring mineral assemblages hornblende-plagioclase-almandine
is recorded by Turner and Verhoogen (1960) as diagnostic of the almandine-
amphibolite facies. Cummingtonite can be expected to a§pear in rocks rich
iﬁ MgO. The association of sillimanite and muscovite in the pelitic rocks
of the sillimanite zone places these rocks in the sillimanite-almandine-
muscovite sub-facies of the above facies. The association of sillimanite

wilth orthoclase which marks the upper limit of this sub-facies has not been
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found in the area mapped.

No particular difference between the ampﬁibolites of the andalusite zone
and the sillimanite zone is discernible. On the basis of the assemblages of
the basic rocks, the rocks of the andalusite zone - characterised by the
association andalusite-muscovite are also to be classified in the almandine-
amphibolite facies. Rocks of a very similar nature in the central Abukuma
'Plateau of Japan have been placed in the same facies by Miyashiro (1958, 1961)

Binns (1964) has proposed that progressive regional metamorphism of the
Willyama Complex passes downwards from the sillimanite-muscovite zone (his
Zone A) to a zone characterised by kyanite. The extension into the kyanite
zone is based mainly on a supposed correlation between the Willyama Complex
and the metamorphic rocks exposed in the Olery Hills of South Australia (50
miles west of Broken Hill); the correlation has yet to be substantiated by
mapping to the south and west of Broken Hill, Meanwhile the progressive
sequence from Zone A (of Binns) to the aﬁdalusite zone is ﬁore confidently
established, and the relationship of these }ocks to the kyanite rocks of
South Australia remains as a separate problem. The sequence of zones estab-
lished in the Willyama Complex (andalusite-muscovite; sillimanite~muscovite;
sillimanite-orthoclase-cordierite is very similar to the sequence of zones
in the central Abukuma Plateau of Japan established by Miyashiro and co-workers
(Miyashiro, 1959, 1961).

5.37 The origin of the amphibolites

The chemical composition and nature of éccufrence of the amphibolites throw
some light én their pre-metamorphic origih. However,if they are ortho- or
para- amphibolites‘cannot be decided unequivocally at the moment. The
chemical analyses of Broken Hill amphibolites published (Mawson, 1912; Browne,
1922; Edwards, 1958; Binns, 1962; a total of 22 analyses, none from the Mt. Robe

District) show that



.the amphibolites have a composition close to that of an average basalt.
However Binns (1962) comments on‘two anomalies; the total iron of the
amphibolites is higher and the alkalies lower, than in an average basalt.
The analyses are all of single specimens from widely separated outcrops;
Leake (1954) has poinped out some of the difficulties iﬁherent in using
samples of this type to distinguish ortho- and para- amphibolites. Edwards
(1958) and Binns (1962), from a review of their data, both favour the meta-
morphism of rocks of basaltic composition rather than sediments of unusual
‘composition.

The regular boundaries of the amphibolites over many miles of contact,
their concentration in a discrete layer (even if transposed) and gross conform-
ity with lithological layering at each point (Chapter &), would seem to eliminate
intrusive igneous rocks (gabbros) as a source. The general lack.of.internal
layering (especially relict conglomeratic layers) and the apparent homogeneity
in bulk composition of the amphibolites throughout the area favours basaliic
flows rather than basic tuffs.

The fragments found in the amphibolite at Ift. Robe are compatible with the
reaction between quartzoss xenoliths and a basic magma. The modification of
the magma to produce a fim of more acid differentiate (as glass) around the
xenolith and the crystallisation of excess pyroxene in the magma near the
xenolith are typical of such assimilation reactions (Turner and Verhoogen,
1660). On metamorphism, the formation of éxcess hornblende and of biotite
could mark these reactions. Other quartz-plagioclase layers in the amphibolite
hay represent sireaks of pegmatitic material generated during crystallisation
of the magma. It seems likely fhat the amphibolites are basaltic flows repres-

enting (broadly) a stratigraphic horizon in the unmetamorphosed Willyama rocks.
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6.10 Introduction

Following M metamorphism the fabric and mineralogzy of the schists and
_ 1 .
amphibolites were modified by metamorphic (metasomatic) changes. If we

ignore M metamorphism for the moment the changes can be divided into two
2

groups. It is not certain yet whether these two groups - ¥ and ¥ metamorphisms

3

- reprasent two distinct metamorphic events, for both are almost certainly
connacted with the intrusion of the larger bodies of pegmatite. However
there are several significant differences between M and M netamorphism and
it is worthwhile making the division to emphasise tgese di?ferences.

¥ matamorphism is evident as the contact metamorphism (metasomatism)
of tge schists and amphibolites and can be visibly related to specific bodies
of pegmatite. metamorphiém is a general retrogressive metamorphism of
the schists] amphibolites and calc-silicates. The correlation of X metamor-
phism with the intrusion of the pegmatites can only be inferred andunot directly
observed. One reason for the division is to emphasise the degree of uncertainty
in this correlation.

M metamorphism is very local, intense, and has definite (usually sharp)
boungaries with the surrounding rocks. ‘In contrast ML metamorphism is more
pervasive, of regional extent and is ﬁsually not very intense. Very few
rocks in the area are totally unaffected by M metamorphisﬁ. There is no
apparsnt gradation between rocks classified az M and M products. It is

3

possible that M metamorphism was a particular, and very local effect of the
. intrusion of thz pegmatites, the main effect of which was M metamorphism.
This, and some other alternatives, will be discussed in Sect.6.47 .
One exception to the classification adopted is certain rocks produced by intense

local epicdotisation ("patch-epidosites"Sect. 5.43) of the amphibolites. None

of the examples discovered can be
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connected to a particular body of pegmatite; nevertheless their
affinities with the tourmalinised séhists are so strong that they are

classified as M products.

3

6.21 M metamorphisnm

3

Contact metamorphism and metasomatism of the schists and amphibolites

by pegmatite bodies can be recognised by abrupt changes in the fabric and
mineralogy in close proxzimity to a pegmatite. Distinctive contact met-
amorphism is only noticeable in the presence of quartz-rich pegmatites
be#ring soms quantity of sulphides (galena, chalcopyrite, pyrites,
sphalerite), flourite and tourmaline.

An excellentkexample of the contact metamorphisn of an amphibolite
occurs at the Diamond Jubilee Mine. The amphibolite is altered for 40-50
feet about a narrow, steeply-dipping pegmatite dyke located wholly within
an amphibolite unit. Intense alteration is confined to within 10-15 feet
of the dyke. The intensity of alteration is very irregularly distributed.
The amphiboliﬁe at some distance from the dyke is a foliated hornblende-
plagioclase variety. The first manifestation of alteration is the
replacement of the opaque mineral in the amphibolite by sphene, and the
introduction of numerous fine "veins" (1 mm.) of epidote and albite and
rare tremolite. The sphens forms granular aggregates with occasional cores
of the opaque. The veins are surrounded by an area of intensaly sericitised
plagioclase, interspersed with rare grains of completely clear albite.

Awa& from the veins the plagioclase is moderately sericitised, but it
is difficult to determine if this is due to the contact metamorphism br
the effects of M . Even in heavi;y sericitised grains the outline of the

2
+ original plagioclase grains can still be distinguished. The veins cut
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across individual grains of hornblende and plagioclase grains without
disturbing them structurally (Fig. 6.1, Plate 1). Instead a narrow
portion of the hornblende grain is replaced by either epidote or, more
rarely colourless tremolite. In some instances ﬁhere is almost complete
optical continuity of the tremolite and the host hornblende, but generally
thers is a difference of 1-2° in orientation of Z in the two minerals.

The Z%c angle in both ﬁinerals is close to 1?0, although the value in the
trerwolite is probably slightly less ( 10) than this value. The tremolite
has a negative 2V of 740 (f 1°) in contrast to the 2V of the hornblende
(76° £ 1°), Veins.of this type are common in the foliated amphibolites
throughout the whole arsa. A discussion of the origin of the veins is
given in Sect. 6.30.

Specimens taken closer to the pegmatite have the following mineral
assemblages:

(1). Diopside-epidote-sphene (accessory carbonate, quartz and apatite.
(Spec. 28321)
(2). Diopside-epidote-actinolite-carbonate~quartz (accessory sphene).
(Spec. 28322)
(3). Garnet-quartz-epidote-actinolite-carbonate (Spec. No. 28320)
(4#). Epidote-clinozoisite-quartz-garnet (accessory apatité, muscovite,
| sphene. ‘

The minerals are given in order of abundance, but the distribution
varies considerably even within a single thin section. Pods composed of
coarse grains of alkali-feldspar and black tourmaline are scattered throughe
out the rocks near the dyke.

vThe garnet in Spec. 28230 is a yellow-orange variety and makes up

60-70% of the rock. With the exception of Spec. 28321, which is composed of
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FIGURE 6.1 (PLATE 1)

Tremolite-epidote vein cutting hornblende grains in a slightly contact
metamorphosed amphibolite (Spec. No. 28290). The vein passes horizontally
across the plate and is composed of epidote in the horizontal lath of
hornblende on the right hand side of the plate. To the left of this lath
the vein is composed of tremolite and the cleavage can be seen passing
continuously from the tremolite to the hornblende.

(Field of view is 8 x 6 mm., crossed nicols)
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70% diopside grains in aggregates of grains with the shape of equi-axial
polygons with well developed triple points, the textures of the rocks are
very irregular and the grainsizes variable.

A quartz-rich pegmatite dyke bearing minor copper sulphides is revealed
by several shallow shafts 400 feet N. of the main Black Prince Shafts (at
the tank and wind-mill). At the margin of the pegmatite the amphibolite_
has been changed to an albite-epidote-tremolite hornfels. The tremolite
(Z=very pale green; ¥, X,=colourless, 2"e=20°) appears as fine fibres up
to 3 mm. long. Granular epidote is by bulk the main cénstituent (80%) of
the rock and occurs as minute granules or as grains up to 0.5 mm. in
diameter. Finely twinned albite laths are concentrated in a few small
lenticular aggregates (1% rock). Sphene and opaque minerals, as accessories,
are the only other constituents.

The pegmatite itself contains small patches rich (80-90%) in prismatic
epidote (1-6 mm.long), which apparently represent fragments of amphibolite
incorporated in the dyke.

6.22 Tourmalinisation of the schists

Around the main Black Prince Shafts thers is an area.of intenss tourw
malinisation of the schists. The altered zone has an areal extent of
several hundred square yards. The tourmalinised rocks have the appearance
in hand specimen of dense black, laminated hornfels and are composed almost
entirely of alternate laminae rich in black tourmaline and quartz. The
lamination in the rock is generally continuous in orientation with.the
surrounding (unaltered) mica schists; althouéh in places the laminae form
structures that are similar té B, folds in the schists., Small relict

1
patches of unaltered mica schists are found in the tourmalinised zone.
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The former, and the mica schists surrounding the tourmalinised zone
are moderately deformed by By folds, but there is no trace of Sy,
surfaces in the tourmalinised rocks proper.

The tourmalinised rocks vary between quartz-rich varisties (80%
quartz) and tourmaline-rich varieties. In the quartz-rich rocks the
tourmaline is dispersed as fine needles (0.1 mm. long) throughout the
rock as well as in laminar aggregates. ' The tourmaline is pleochroic
from medium-deep brown (olive) to pale yellow-brown, which combined with
iis black body colour, indicates the tourmaline contains a high percentage
of the schorl (Fe) molecule (Deer, Howie, and Zussman, 1960, Vol. 1).
The.quartz also occurs in aggregates with fine grains of partially
sericitised albite (An8_10, minor quantity). The quartz has discontinuous
undulose extinction and fine deformation lamellae. Although the grain
boundaries are serrate, the overall ghape (in section) of the grain is
regular equi-axial polygons with triple points approaching 120 degrees.
The size of the quartz is 0.2 mm., which is of the same order as the
average schist in the area. |

The tourmaline is coarser grained in the tourmaline rich varieties
(1-1.5 mn. long) and occasionally has fine cylindrical cores of a bright
chrome-green tourmaline. Quartz is also coarser grained (0.2-0,5 mm.)
with some very coarse layers (1-2 mm.).  Quartz grains are much more
ragged in the coarser grained rocks, Flakes of muscovite are scattered through
all th9 rocks. |

The rocks are cut by numerous fine quartz-albite veins that carry little or
no tourmaline.

Something of the nature of the process of tourmalinisation can be
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deduced from a study of two specimens (28269-70) from a locality to
the west of Mt. Robe. Whatever the process is, it is capable of
reproducing many of the features of the structure of the parent rock.
This is beautifully illustrated by Specimen 28269.

The country rock surrounding the tourmalinised schist is a poorly
foliated, rodded sillimanite schist. The foliation of the unaltered
schist (5 ) is emphasised by biotite laminae 1-5 mm. thick and quartz
plagiocla;e and muscovite laminae.

The completely tourmalin;sed rock, which outcrops over 100 square
yards, has rods (2-3 mm. in diameter) of the same general dimensions
.composed of white microcline, with abundant inclusions of tourmaline
and minor quartz. Often in thin section, the cross section of the rod
is largely occupied by a single grain of microcline (3-4 mm. in diameter)
crowded with inclusions of tourmaline surrounded by a smaller grains
(0.3 mm.) of microcline with fewer inclusions. The larger cylinders in
the altered rock contain ﬂhe usual bulged region typical of the rods in
the sillimanite schists. In the altered rock this is now the site of a dense
concentration of tourmaline with an overall shape that looks very like
the structure of biotite flakes in rods of sillimanite. The total structure
of the larger diameter ro&s, except for mineralogy, is identical in style
with the rods in the unaltered sillimanite schist.

The tourmalinised rock.is also foliated. Dense aggregates of tourmaline
form irregular black laminée, up to 4-5 mm, thick. Between these laminae
are lighter coloured layers of numerous thin foliae (0.2-1.0 mm.) thick
composed alternatively of microcline and quaftz, and tourmaline. The

tournaline in the laminae and foliae, unlike the inclusions in the nicro-
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cline, have a strong prcferred orientation of their axes parallel to the
length of the rods.

The tourmaline (Schorl), both as inclusions in the microcline and in
the pbody of the schist, is.black and pleochroic from a medium brovn {olive
tint) to colourless. Tae included tourmaline (in microcline) averages one
third the size of the grains throughout the schist, wnich are needles 0.1 mm.
in diameter and 1 mm. long.

The microcline is microscopically perthitic and has typical poly-synthetic
twinning. A few flakes of muscovite appear as inclusions in the coarser
microcline, and are also scattered throughout the rock.

A partially tourmalinised specimen (28270) from the same locality posesscs
sorie interesting and peculiar features. The specimen is a poorly rodded
sillimanite schnist with thebfollowing minerals; sillimanite, andalusite,
Quartz, muscovite, biotite, microcline and tourmaline. Aggregates (not rods)
of fibrous sillimanite are concentrated in a thin layer (3-5 mm.) which crosses
the foliation of the rock, and only a few rods of sillimanite arc scatiered
through the rest of the schist. The sillimanite is fresh, and apparently
unaffected by metasomatism., The bilotite, the typical red-brown variety where
fresn, generally has a slightly bleached appearance. Fresh bilotite and
sillimanite go together and tourmaline is less prominent in these portions
of the rock. Numerous needles of tourmaline have grown through the altered

bilotite flakes to give the densest concentration of tourmaline in the

rock. The microcline forms grains up to 5 mm. across



and 1is croﬁded with inclusions of guartz, tourmaline and nuscovite.
The tourmaline and microcline are optically identical to that described
in the previous specimen. In section (parallel to the LZ) the andalusite
forms ragged laths up to 1 cm. long, with numerous inclusions o? guartz,
biotite, tourmaline and muscovite. There is a tendency for slightly
coarser muscovite (1-1.5 mn.) to concentrate ét points around the margzin
of the grains. The andalusite is colourless and shows no trace of
sericitisation. Single grains of andalusite seem to contain whole sections
of the S, and L2 of the original scaist (Fig. 6.2, Plate 1). Examination
of the hand specimen reveals that the andalusite grains form rods éeveral
centimetres long. The rods are elliptical in cross-section with the
maxinmum diameter (1.0-1.5 mm.) in SZ. Andalusite, by volume is about 10%
of the rock. The andalusite grains arc apparently oriented with their
c-axes roughly parallel to the le;gth of ‘the rods.

Tae andalusite is not easy to account for in this environment. It
seems to be a transient phase in the process of tourmalinisation, since there
is no andalusite in the completely téurmalinised rock, and only a few grains
(1%) are present in the untourmalinised sillimanite schist. Its' habit
is in no way akin to the usual occurrence of andalusite in the sillimanite
schisis; the only point of resemblance is the few grains of coarse muscovite
around the edge of the andalusite grains. Three tentative suggestions are

3

(1). The andalusite has grown from pre-cxisting andalusite grains in the

sillimanite schist. Thils theory encounters difficulties in explaining the
number ol andalusite grains, even if we permit the volume of andalusite to

1

increcase by growth; the nuuber of rcds in this schist is far greater



FIGURE 6.2 (PLATE 1)

Details of inclusions in an andalusite grain in a partially tourmalinised
sillimanite schist (Spec. No. 28270). The plate illustrates portion of an
andalusite grain (medium grey - high relief) containing a lamina composed
of quartz grains (white) which passes out laterally into a muscovite lamina
(centre-left). A few tourmaline inclusions (high relief - dark grey) are

also present.

(Field of view is 6 x 8 mm., crossed nicols)
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than the usual number of andalusite grains in the sillimanite schist.

it is necessary to assume that the original rock was a very particular and
very local instance of andalusite occurring in sillimanite schist. However
this theory might account for the partial ruff of muscovite as a relict
from the parent rock.

2. The andalusite represents a stage in the replacement of sillimanite

by microcline. This would certainly explain the shape of the andalusite
grains and their volume. It fails to fully explain the few remaining rods
of sillimanite and the layer of sillimanite. This difficuliy is resolved

to some extent by the previously noted observation, that the degree of
alteration is very'irregular and that the sillimanite left is not associated
with tourmaline. The layer of quartz crossing the andalusite grain in

Fig. 6.2 , may represent the material contained between the two arms of

2 bifurcating rod in a section slightly oblique to the two rods.

(3+ The andalusite is a result of the reversing of the reaction andalusite
—_— miscovite. Andalusite grains nucleated and grew preferentially
along thé intergection of two trains of muscovite(1), which parallels L

in the rock and the 6rientation of the sillimanite rods. Growth in thii
fashion would produce the present shape of the andalusite grains. Presum-
ably if the grains also expanded out along the muscovite lamellae in the
schists they might enclose rods of quartz, to produce the structure
illustrated in Fig.6.2 .+ This explanation is : favoured, for the rods of
‘Mandalusitémvpass laterally into mica-rich baﬁds (in section) of the schist.

‘ With a lack of‘specific chemnical data it is impossible to state definite-
ly which elements have been added and which removed during thé metasonatisn,

(1)

See Section 2,21 for description of fabric of sillimanite schists.



Certainly boron, iron and water must have been added and possibly
manganese and alkalis (mainly X 0). The tourmaline aﬁd ricrocline

have not replaced individual miierals, but the preservation of the
structure of the rock, and the tendency for tourmaline to concentrate

in biotite laminae and microcline in micaceous laminac (in the partially
replaced specimen) and the sillimanite rods suggests that the added
material is fixed by very short-range reactions; that is, the reactions
ars governed, to some extent, by the availability of eiements already
present in the parsnt rock. The preferred orientation of the tourmaline
can be explained, if individual tourmaline grains are influenced either
during nucleation or growth(1), by the orientation of the lattice of the

enclosing grain.

6.30 The patch epidoéites

A type of epidosite occasionally found in therufoliated amphibolites
shall bs referred to as "patch-epidosites"., The patch-epidosites are
small (12-30 cm.) and roughly sub-circular in plan, and are traversed,
particularly in the outer portion of the patch, by numerous veins of
epidote with or without minor albite and quartz. The specimens to be
described in detail are‘from a small patch of epidosite (Locality
Specs. 28299, 28300, and 28301) in a body of well foliated amphibolites.
A second suite of specimens from Eldee Creek (Loc. 53406107000 .
28350, 28351, 28352) exhibits only minor differences. In neither inst-
ance =~ as is typical - 1s the epidosite visibly connected to a
pegmatité dyks, and thé enclosing amphibolites show negligible traces of
retrogression. The patch at the first locality, has a bright green

épidosite core, which grades outwards, by decrease- in the intensity of

(1),

i.e. nuclel of all orientations are formed, but those of a particular
orientation with respect to the surrounding lattice grow preferentially.

129,
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colours into the amphibolites. The .foliation can be traced from the
amphibolite right through the patch of epidosite, although in the core
it is less distinctive.

The amphibolite is a normal M type, composed of 50% hornblende, 50%

1 .
plagioclase (An ) and a trace of opaque mineral. The rock in the outer

part of the corgzis composed of an array of hornblends grains similar in
shape, distribution, and optical properties to the hornblende in the
unaltered amphibolites. The granular epidote (0.1-0.5 mm.) £ills all the
space between the hornblende grains and laminae of hornblende and epidote
define the foliation.

The.epidosite in the core of the patch (Spec. 28301) is composed of an
amphibolo, epidote and sphene. The amphibole, with X=colourless, Y=pale-
medium green, Z=pale-medium blue green, has the same general pleochroism
as the hornblende in the amphibolites, but the absorption is many times
weaker. The Z"c¢c angle averages 1&0 and the amphibole may be either the
hornblende or, more likely, an actinolite. The gr;ins are ragged with
the average grainsize (0.5 mm.) much the same as that in the amphibolite.
The granular epidote (0.1-0.5 mm.) is slightly greener (pale-green) in
thin section than the epidotes encountered in most rocks. Sphene (less
than 1%) appears as string-like aggregates. Of some importance is the
preéence of quartz as scattered grains.\ Judging from the hand specimen there
is every gradation in composition from the epidosite at the core to the
amphibolites.

Veins which traverse the patch epidosite are 1-5 mm. thick and are

.made up entirely of granular or bladed epidote. Blades up to 5-6 mm. long

are found in some of the thicker portions of the veins. The margins of



the veins are sharp and truncate individual hornblende grains without any
structural disturbance of the grains. A thin layer of very finc epidote (
(410.01 mm. ) separates the coarser epidote of the veins from the enclosing rocks.,
The fine and coarse epidote in the vein and the epidote in the enclosing rocks
arerall optically identical {monocliniec, negative with a 2V of 80-850) ané there
is no trace of zoning in individual grains.. In one specimen (28300) where a
number of veins intersesct, numerous prisms of epidote criss-cross a void.
Numerous fibrous projections from the prism suggest they may have grown in a
non-solid medium. The open spaces are apparently not due to weathering out of
some component, for the rocks are only superficially weathered. Moreover, in
one of the specimens from Eldee Creck there is a distinct tendency for the
b-axes of the epidote to be aligned normal to walls of the vein.

The specimens from Eldee Creck differ only in that the epidosite and the
amphibolite are both richer in quartz than the specimens above. Aiso veins
cutting the rock carry a few percent of ciear albite and scattered quartz.

Initially only the plagioclase is replaced by granular epidote with, judging
from the optical properties, no participation of the hornblende. The epidote
effectively "pseudomorphs" the plagioclase, leaving the structure, and in
particular the microstructure, of the rock intact. With more intensive alter-

_ation the hornblende is also affected and the §paque mineral (?ilmenite) also
reacts. At this stage, the distinctive structure of the amphibolite is only
crudely preserved by the alternation of epidote-rich and epidote-poor laminae

and the microstructure is largely obliterated.



The fabric of the partially altered amphibolite (Spec. 28300) impliss,
as a first approximation, that the law of equal volumes (Turner, 1948)
can be applied to the reaction plagioclase o _ ~ epidote. This is
most obvious in the case of single grains of plagioclase in an aggregate of
hornblendes. By applying calculations of the type similar to those used by
Turner (1948, p.111) we can make an estimate of metasomatic changes involved
in the reaction. We shall assume the plagioclase is anorthite, since the
replacing mineral is calcium-bearing silicate, and this assumption sets an
upper limit to the amount of calcium that can be contributed from the
replacement of the plagioclase. The data assumed for the reactionaars:

3+
epidote, Ca Fe Al 0.0H (Si 0 )(sio ), S.G. = 3.49
2 2 27 L
anorthite, Cadl Si 0, v S.G. = 2,76
2 28
Then the equation representing the equal volume replacement of anorthite

by epidote of this composition can be written as;

CaAl S1 O + O.44 Ca0'+ 0.17 Si0 + 0,72 OH + 0.72 Fe0 ——3

2 28 . 2 .

278 gm. 24,9 gn, 10.1 gn. 12.3 gn. 52 gnm.

0.72 Ca FeAl 0.0H (Si 0 )(Si0 ) + 0.28 A1 0O (1)
2 2 27 In 23

348.3 gn. 28.3 gm.-

This can be re-written (approximately)‘as;

3CaAl S1 0 + CaO + % Si0 + 30H + 3 Fel
2 28 . 2 ~
3 Ca FeAl 0.0H (Si 0 )(Si0 ) + $ A1 O (2)
2 2 27 4 23
The composition of plagioclases determined in the amphibolites does not

exceed An , so that in natural examples an even greater supply of Ca0 than
that of equation (2) will be required to satisfy the right hand side of the

equation. If, as the lack of change in the optical propsrties indicates,
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the amphibolé is unchanged during the initial staées of metasomatism,
then the Cal0, Si0 , OH and Feb can only bz of metasomatic o#igin.

A source for sime of this material can be found in the cors of the
patch. For example, the breakdown of the opaque mineral nay yield some
iron, but it seems unlikely, particularly if the volume of epidote veins
is considered , that all the materizl nccessary can be derived interpally.

It is more difficult to specify the changes in the core of the patch,
for the amphibole is now participating in the resaction, and the precise
nature of the changes in its composition are unknown. If we assume the
change is from hornblende to an actinelitsc then it is doubtful-that the
rcaction could supply in any quantity the material on the left-hand side
of equation (2). It may, however, contribute alumina to the right-hand side.
Also the breakdovn of the opagque to sphens could supply some iron to the
system, but the total volume of opaque is very small. Considering the
overall volume of epidote in the epidosite énd veins it seems fairly certain
that there has been introduction of all the clements (other than anorthite)
on the left-hand side of equation (2). The tourmalinisation of the schists
also signifies the metasomatism of at least ifon and water, and in this
respect,_the epidotisation is similar.to the tourmalinisation of the schists.
In fact, it seeﬁs probable that the two processes ére genetically related,
and that the elements fixed from the metasomatic agents are dependent on the
bulk chemistry of the roék being metasomatisedi This also agrees with the
observation that in the tourmalinisation of the schists, the metasomatic
material is fixed by very localised reactions, apparently dependent in part,

on the chemical composition of the rock at each point.

The explanation in the previous paragraph can bo extended to the veins
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of epidote, albite and quartz cutting foliated amphibolite and the contact
metamorpnosed amphibolites at ths Diamond Jubilee Mine. Micro-fractures
cutting the rock and rupturing without displacing individuzl zrains could
provide a path for permeating "volatiles" or fluids carrying lime, silica
and iron.

N meltamorphism is found in a numbser of other lécalities apart from those
Speczfied in the preceeding discussion. Tourmalinisation of the schists is
fairly common over restricted areas in the strip of rocks along the eastern
margin of the ¥i. Robe Stock and in the area northwards and westwards of
Mt. Robe. However, tourmalinisation has not been detected in the whole area
norinh and west of the Aller Creek Stock. The intensity of tourmalinisation
variss greatly from locality to loéality but is more or less uniform at any
one locality. Diopside and diopside-epidote rocks in amphivolite:are also
located around a sulphide bearing pegmatite north of Eldee Creek (50000113200)
Numerous other examples of patch epidosites occur in the general area from
which the first suite of specimens described were taken.

6.4} ¥ metamorohism

L

Two different circumstances are involved with regard to M metamorphisa.

The schists and amphibolites throughout the area have been affected by a2 mild
or even moderately intense retrogressive metamorphism that leaves the original
fabric of the rocks lérgely unaffected. This type of metamorphism is confined
mainly to the alteration and pseudomorpning of individual grains.

The most obvious evidence of this in the schists is the replacement of
andalusite by a fine mesh of sericite. The idioblastic outlines of the

andalusite porphyroblasts remain, even where replacement is almost complete.



The systematic array of quartz inclusions in the firesh andalusite also
persisis in some aggregates. Relict cores of andalusite and the distinctive
shape of the andalusite porphyroblasts eliminate any problem of identifying'
the replaced material.

Coincident with fairly oxtensive alteration of the andalusite is a ;hange
in biotite. Froesh porphyroblasts of red-brown pleochroic biotite may cxist
side by side in a thin ssction with an altered variant. Rcliet cleavage is
still visible in the altered material and sections of the altered biotite
normel to {bO?} are still strongly plcochroic from a dirty brown to a pale
(dirty) yellow. However the interference colours in all sections are low
first order colours, which are often slightly ancmalous. At wvery high
nagnification (X1200) the porphyroblasts can bes resolved into fine plates
of interleaved chlorite, biotite, and muscovite, in that order of abundance.
Rare plates of a fine opaque mineral ara disseminated in the relict cleavage.

The chlorite is pale green and virtually non-pleochroic, so that the
stronger pleochroism of the biotite is seen on rotation in plane-polarised
light. However the plates of both biotite and chlorite are apparently very
fine, so that the birefringence colours are low, and reflect the anomalous
colours of the chlorite. It is not evident whether the muscovite is a
rosult of alteration, since muscovite and biotite are occasionally interleaved
in fresh biotites. With pfogressive alteration distinct laminae of chlorite
may appear in the altered biotite. |

Discrete flakes of chlorite accompany the altered biotite in many schists,
but chlorite never accompanies fresh red-brown bilotite. The chlorite is
apparently the ultimaie product of the alteration, and not a membor of the

original assemblage. -



Alteration of the plagioclase to fine sericite and {7) clinozoisite
as with andalusite and biotite, does not obliterate the shape of the grain.
The outlines of fairly extensively altered grains of plagioclase forming
triple junctions with each other and with cuariz grains zre easily discernible.

The alteration of sillimanite is more difficult to trace. The original
fibrous nature of the sillimanite would make the detection, even if such
occurs, almost impossible. However in some sillimanite schists,‘with well
developed rodded structurs, part of the rod may consist of 4 fine mesh of
sericite in which only a few fibres of sillimanite are visibls. The assoc-
iation of sericite and sillimanite is forelgn to the schisis in which the
biotite and plagioclase (and garnet) are fresh, but is typically found in
schists with altered biotite and chlorite. It seems certain that some of
the sericite is the product of the alteration of sillimanite.

Carnet is sometimes partially replaced, especially along fractures, by
an indefinite chlorite material.

4 peculiarity of many slightly retrogressed schists is the presence of
porphyroblastic flakes (up to 6 mm.) of muscovite which are oriented with their
basal cleavage at a high (but variable) angle to the schistosity. Fine
fibres of sillimanite and dimensionally elongate grains of quartz, both orien-
ted parallel to S , ars usually prominent as inclusions iﬁ the muscovite.

1
Tne quartz grains resemble the isolated gquartz grains found in muscovite-
rich portions of M schiéts. The muscovite porphyroblasts themselves are
1
situated in muscovite-rich laminae in the schists and are normally bounded
by finer muscovite flekes similar to those in-a typical M? schist. Only a

few scattered porphyroblasts occur in any one specimen and there is a

complete contrast in grainsize betwecn the coarser muscovite and the finer
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flakes inherited from the M schist. The retrogressive effects in some

‘ .
of the schisis bearing muscovite arc minimal and consist of little more than

mild chloritisation of the biotite.

The retrograde effects described so far are relatively mild and the

nature of the original ¥ rock can oe discerned without undue difficulty.
1

This type of metamorphism is independent of the proximity of pegmatites.
More intensive retrogression in the schists results in the gradual oblite
eration of 8 and L fabric by the growth of disoriented flakes of muscovite

1 1
and chlorite. ¥While it is true that this type of metamorphism is often
spatially associated with the pegmatites, the converse is not true. Schists
sbutiing the pegmatites, or enclosed with pegmatites, may show little or
no retrogression.

s the intensity of the retrograde metamorphism increases, the choice
of 2 standard for comparison becomes harder. Consequently it is more
difficult to distinguish critically between featurss that may be the sole
products of M metamorphism and features that may be due (at least in part)
to some variation in the M rocks not previously encountered in the less

tered or unaltered rocks: The problem is less acute in the amphibolites,
because of their greater initial uniformity of composition.

The most obvious difference betiween the less altered and more altered
rocks is the prominence of unoriented, coarse flakes of muscovite (5-10 mm.).
In thin section there is generally a continuous gradation of size of the
muscovite from the finest sericite to the coarse flakes. In specinens from
the north-east side of ¥Mt. Robe (Spec. Nos. 28262, 3, &), the coarsar grains

of ruscovite are located in trains of Ziner muscovite, through which fine

wisps of sillimanite can still be discerned. In hand specimen the aggregzates
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of rmscovite (coarse and fine) form 2 streaky lineation on the crude
foliation present in the specimen, resembling the lineation sometimes
formed by aggregates of sillimanite in S (in unrodded sillimanite schists).
1
It appears that the coarser muscovite is growing from sericite that replaced
sillimanite. The same specimens as mentioned above have numerous flakes
of muscovite that are the same general size as muscovite in M schists.
' 1
Rosette-like aggregates of muscovite are also common (Spec. No. 28263).
These flakes are oriented throughout the rock, and seem to be relict flzkes of
muscovite from the M rocks. The muscovite developed during more extensive
' 1
retrogression of the schists differ from the porphyroblastic muscovite found
in slightly altered schist in its lack of inclusions and complete gracdation
of grain size,

Very often in specimens in which the growth of randomly oriented muscovite
is quite marked, chlorite flakes have a distinct, although poor, preferred
orientation. The chlorite zlso tends to be concentrated in laminae. The
superposition of these two effects gives rise to a crude foliation in the
rock which parallel any trace of relict S . The chlorites in this case seem

1
to be the end product of the reaction biotite ——— chlorite, thus retain-
ing the preferred orientation of biotite in the parent M rock. A brownish
1 .
tinge in the pleochroism of some chlorites and the similarity of size of the
chlorite and biotite in ¥ rocks support this contention. In other
1
specimens” the chlorite lacks any orientation; but even here there are traces
of what appear to be chloritised biotite (Spec. Nos. 28362, 3).. It is
possible that a chlorite fabric of this type could result from tﬁe replace-
ment of randomly oriented biotite in a parent quartz-muscovite-biotite rock.
M rocks in which biotite is unoriented were mentioned briefly in Sect. 5.21.
1 R

Very little or none of the chlorite then mey have been nucleated as discrete

grains,
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Quartz in the strongly retrogradéd rocks has much wider limits of graine-
size (0.1 to 2 mm.) and the average grzinsize is much coarser (1-1.5 rm.)
than in ¥ rocks. Since the coarser grainsize is limited to strongly

1
retrograded rocks, and the grainsize of M or slightly altered M rocks

1 1
never exceeds 0.2 mm., the coarseness of the grains must be related to the

o

processes of M metamorphism. The nature of the microstructure of cuartiz
L
aggrezates in M rocks contrasts strongly with that of M rocks, this topic
L - ' 1

is taken up in the next section.

Clear, well twinned grains of albite (Ana 9)where determined by Universal
stage), of much the same grainsize as quartz, are present in some specimens
in which coarse muscovite and chlorite abound. Unlike plagioclase in the

P

¥ schists, the shape of the albite is irregular and the grains are divided
1
into many fine twin lamellae (albite-low). The absence of alteration in
strongly altered rocks proves that the albite is a product of M metamorphism.
Chloritoid has only been encountered in rocks at Mt. Robe. In a specinen
described previcusly by Browne (1922, ».305, Spec. No. 13517, the description
here is from the authors own examination of the slide), <he chloritoid occurs
with sillimanite, andalusite, altered biotite, muscovite, garnet, chlorite,
qﬁartz, and sericite. Tourmaline and an opaque mineral are important
accessories. Retrograde metamorphism is expressed by the almost complete
alteration of the biotite to chlorite, and probably sillimanite to sericite.
The andalusite is partially replaced by a ruff of muscovite. Garnet is dis-
tributed as a few small polygonal grains throughout the slide, and also a$
rare inclusions in the andalusite and the muscovite replacing the andalusite.
Chlorite, only weakly pleochroic in light greens, is only a very minor

component. Smaller grains of quartz in the slide (0.1-0.2 mm.) have only slight
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undulose extinction. However ithe larger grains are trayersed vy fine
fractures filled with sericite., Only a few grains of chloritoid are gresent,
with optical properties in agreement with those to be described below.

Chloritoid has also been examined in two specimens (Spec. 28276, 28277)
from outerops a hundred yards west of the ML, Robe Trig. Station. 2oth specimens
are unfoliated. The chloritoid in both specimens. forms ragged, unoriented laths
up to 1.5 mm. longz, with {OOf} lamellar twins. Rosettes of chloritoid are
visible in Specimen 28277. The minersl is optically negative with a 2V close
to 900*. The pleochroic scheme is X=medium green, Y=medium blue-green, and
Z=colourless, Quartz is the only mineral detected as an inclusion in the
chloritoid, and then only in ninor gquantities.

The bulk of both specimens is hade up of a ragged collection of grains of
chioritised biotite, quartz and muscovite set in a matrix of sericite. The
muscovite forms a few flakes up to 2 mm. long but ranges over all sizes down to
less than 0.01 mm. The grains almost always exhibit some evidence of deform-
ation, particularly by kinking and flékuring of the basal cleavage. Many of
the larger flakes have a peculiar fragmented appearance, in which the muscovite
is separated along thne {901} cleavage by a fine layer of sericite. Sillimanite
fibres are included in some flakes of muscovite.

The quartz, like the muscovite has a very variable grain size (0.1-1 m. )
and is extensively strained (discontinuous undulose extinciion) with deform-
ation lamellae in & few grains. The grains are cut by numerous fine fractures
filled with sericite. A dirty mixture of chlorite, an opaque, muscovite, and
minor biotite apparently represent the last remmnants of biotite porphyro-
blasts (2-3 mm.) in the parent rock. Chloritoid grains sometimes cut across
these altered biotites, but the writer has not sesn any evidence, as suggested

* Talues measured for a chloritoid from Mt. Robe by Misar (1963) have an
average 2Vx of 82 degrees.



(compared with that normally cobserved in ¥, rocks), but not of the same
&

kind as obscrved in rocks from i, zones (Scct. b-yb ). These rocks arc

2
located in a thin layer (1 foobt thick) which is unfoliated; there is in tais

layer and the adjacent schisis considerable developn
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If the retrogression of the schists had been carriced to iis conclusion, ©

o

ultimate rodk would apparently have been a quartz-chlorite-zlbite-muscovite

D S~

nornfels, with, very locally, chloriioid. However, in no specimens examined

have 211 the itraces of the original schist bezn totally obliterated. The

pe

ultizate Ku rock has a minersl assewmblaze typical of the albite-epidote hornie

facics (Turner and Verhoogzen, 1580). The mineral assemblages of the unfolizted

amphitolites, to be describsd in the next section, signify the same facies.
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in the scaists. The nature of the problem is bost cutlined by reference

g Trom the Blaclk Prince Mine to the Silver King Mine,
where numerous large units of amphibglite outcrep,

The basic meteamorphic rocks within this area consist in part of wella-
foiiated and lincated amphibolites and in part of rocks whose main nafie
comvo :ent i1s xenoblastic grains of a pale coloured ampaibole. A very cruds
foliaztlion nzy be detected in some specinens of the latier, but usuvelly they
are "zmottled® (built up of irre gularly shaped aggregates of auphibole and
quartz-feldspar).

3

The amphibole is only weakly or moderately pleochroic according to the

scheme -

X = vory pale green

ft

Y = pale or medium green
Z = pale or medium blue-grocn
Absorption Y=Z>X.

The pleochroism and absorption arc weaker than that of the hornblendes
in the foliated amphibolites. Also the 27 ¢ angle in the paler amphibole

o o

is generally less than that of hornblendes, ranging from 13-18 (18-24 for
the hornblendes). The amphibole is opt cally‘nggatlvo with a large 2V
(measured values lie in the range 2V = 101-10& ). Twinning on {QOﬁ is
cormon. Xerzy powder photographs ofuthe strongly pleochroic and the less
pleochroic verieties of émphibole.aro virtuelly identical. Tho propertics
of trhe amphibole lie in the overlap range between mcubers of the tremolit

ferrosctinolite scrios and the hornblende series (Decerc, Fowle and Z seman,

1962, Vol. 2). Distinction between members of these two scries can only b
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properly made by chemical analysis. !

The remainder of the rock is occupied by grains of plagioclase in
various stages of alteration and minor quartz, In some specimens the
plagioclase is almost wholly replaced by a mesh of sericite and an epidote
mineral (clinozoisite, w?ere the optical properties are determinable), and
it is only with difficulty that the relict grains can be distinguished.

In the midst of the altered plagioclase there may be a few grains of
clear, unaltered plagioclase, and in one specimen from another locality(1)
interstices between the amphibole grains are entirely occupied by clear
albite (An ¢ ). Unlike the plagioclases of the foliated amphibolites these
grains are elongate laths, multiply twinned on the albite law with numerous
fine lamellae. The grains are crowded with inclusions of fine acicular
amphibole, with the optical properties of the main amphibole, and quartz.

A few zoned grains have been detected in Specimen 28339,

There seems little reason to doubt that the unfoliated amphibolites have
resulted from the retrogressive metamorphism of the foliated amphibolites,
although details of the changes are lacking. Slight retrograde metamorphism
of the foliated amphibolites proceeds by sericitisation of the plagioclase,
but leaves the amphibole and the fabric of the rock unchanged. There is a
gap between alteration of this type and the more extensive changes nscessary
to produce the unfoliated amphibolite.

Scattered areas of foliated amphibolite do occur in the bodies of
unfoliated'ampﬂibolite, testifying to the pre-metamorphic origin of the whole
body. Grains of plagioclase in the follated rocks are heavily sericitised;
similar grains, with polygonal outlines exist in the unfoliated amphibolites.

The lack of foliation in the unfoliated amphibolites is also significant. It



is unlikely that any rock could have survived B folding and M metamorphism
_ 1 1

without some imprint of the deformation. Intense retrogressive metamorphism

of the schists has occurred in an environment where the new phases were not

directly oriented and the final rock is unfoliated. The comparisonvbetween

the retrograde schists and the unfoliated amphibolites is obvious.
The intensity of alteration of the amphibdlites, judging by the extent to

which the initial foliated fabric has been destroyed, must have been greater
than in most of the enclosing schist. Some poorly foliated muscovite-chlorite
schists outcrop between the layers of amphibolite but well foliated andalusite
schists, only superficially altered, are aiso present.

The greatest concentration of unfoliated amphibolites is found in the
Blackarince - Silver King area, and there is an abrupt change from a predomin-
ance of unfoliated amphibolite to a predominance of foliated amphibolite in the
unit north of the Silver King Mine (around the hinge of the Mt. Robe Synform),
Unfoliated amphibolite is fairly" extensively developed south and south-west
of the Black Prince Mine and in the extreme north-western portion of the area.
In both these areas the unfoliated amphibolites are associated with strongly
retrogressed chlorite-muscovite-quartz schists.

Units of amphibolite enclosed within the larger bodies of pegmatite are very
variable in character. Some amphibolites of this type.are well foliated and
virtually unaltered; an excellent example is Spec. 28309 a sample from a
small bar of amphibolite in Little Aller Creek (403001129300). The only trace of
retrogression in this specimen is élight sericitisation of the plagioclase

(Anss). Many of the amphibolites around Big and Little Aller Creeks are of



are of this utype.
Amphibole grains in many of the unfoliated amphibolites exhiblit discontine
uwous undulose cxtinction. However flakes of muscovite which have grovma from

the sericite aggregates replacing plagioclase show no trace of deformation.

The situation is similar to that in quariz to be described in 3ection 6.43;
the undulose cxtinction is probably inherited from the deformcd foliated
amphibolitc and does not indicate post-recrystallisation strain.

6,41 The csidosites

Accompanying the unfoliated amphibolites in the eastern limb of the
ste Robe Synform are large quantities of epidosite. The eplidosites form
irregular masses in the amphibolite and locally over quite large arcas (10-
20,000 square yards, e.g. east of the 3lack Prince Shafts) may make up 50~
50% of th; ampnibolite unit. The contact of the epidosites with the wafollated
amphibolitos.is sharp and there are no mixed rocks.

Epidosites are not common away from the eastorn limb of the Mt. Robe
Synform, even where unfoliated smphibolites are relatively abundant. 4 fow
examples are found in the north-west limb of the i{t. Robe Synform. Some
epidosites in the latter area occur in foliated amphibolite and to some
extont resemble patch-epidosites.

In hand specimen the epidosites ars fine grained, green rock lacking either
foliation or layering. The commonest variety is composed of a mosaic of
epidotc (monoclinie, negative with 2V close to 90°) and quartz with minor
quantities of accessory opaques and s?hene. The ratio of epidote to gquartz

is usually 3 to 1 or more. The quartz and
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epidote occur as polygonal, equi-axed grains bounded by almost planar
interfaces meeting at triple junctions. However many quartz boundaries
are serrate at a vory fine scale,

A second variety of epidosite (Spec. as834s ) is deficient in epidote
compared to the above and contains some amphibole, chlorite and opaques. The
amphibole is pleochroic in vivid blue-greens and is apparently an actinolite
(2% = 14°).

The contact of the epidosite with the surrounding unfoliated amphibolite
has not beon found in a single hand-specimen in the above area. However the
structure of an epidosite of a similar nature from another locality (Locality
30300132000 , Spec. 283367» ), in contact with a foliated.and lineated
amphibolite is illustrated in Fig. 6.3 . The amphibolite in hand specimen is
a dark, well lineated.variety: composed of hornblende, albite, epidote, quartz,
clinozoisite, and accessory sphene and apatite. Opaque minerals are conspic-
uously absent. The hornblende (1 mm. loné),grains are bounded by rogular faces
and have a Z-plé;chroic colour of deep green. The albite is universally
untwinned and'ié slightly altered to sericite. Very fine (?) clinozoisite
granules are often included in the albite.- The albite grains are ragged and
variable in size (0.01 - 0.1 mm.) and their texture is quite different to that
of the normal M, amphibolite. Quartz (10%) and epidote (3-5%) are scattered
throughout the rock. A few prismatic grains of clinozoisite are associated
with a quartz aggregate in one portion of the slide. There is, in the amphibol-
ite, a slight concentration of hornblenée along the contact of the amphibolite
with the epidosite. .

The epidosite (E) is composed of epidote and quartz in the proportions of

b1, Sphene (0 02 mm.) is a constant accessory.



FIG. 6.1

Details of the contact between a foliated amphibolite'and epidosite

(see text for description and details of various layers).
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Layer C which has the appearance of a vein of "éegmatitic" material in
hand specimen, is composed of large grains (1-3 mm.) of quartz and orthociase,
with strongly sutured interfaces. The orthoclase is clouded with very fine
particles of an unidentified high relief mineral. Clusteré of clear,
priématic clinozoisite (up'to 1 mm. long) and a few exceptionally large grains
of sphene (0.5 mm.) are the only other components.

Layer D, repfesented by the dashed line in Figure 463 has an actual width
of 0.5 mm, and is made up of prismatic grains of epidote. The epidotes are
arranged with their b-aies at a high angle to the margin of the layer. At
one point in the layer a single large grain of quarté (0.5 mm.) is fringed
by a number‘ef exceptionally well formed prisms of epidote. Layer B, which
slants across the other layers is approximately similar. Although the layer
has not been intersected in thin section, exahination of the hand specimen
leaves little doubt that this is so. Where Layer B reaches the amphibolite-
epidosite contact it seems (in the hand specimen) to paés laterally into a
thin epidote filled "fracture" in the amphibolite. In thin section the

continuation is marked by a fine "vein" (0.01 mm.)»containing a fine epidote
mineral (7 epidote). A series of similar veins almost normal .to Layer B also
traverse the amphibolite and the epidosite.

The epidosites described in the preceeding Section differ in several
respecté from the patch-epidosites (Sect. b-30). Two important differences are
the lackvof foliation and the small or zero volume of amphibole in the epidosites
compared to the patch-epidosites. These differences are most noticeable in
Spec., 28336 where they might be mos? expected if the epidosites are to be
reconciled with the patch epidosites. Also noticeable in Spec,at336 is the

sharp transition between the amphibolite and the epidosite. The amphibolite
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in this specimen can hardly be considered a normal M variety, even

though the rock is well lineated (§4)' The associat;on of albite and
epidote and the ragged texture of tﬁé albite are atypical of the M
amphibolite (the co-existence of albite and epidote is, of course,1
inconsistent with the almandine-hornblende facies assemblages of the M
amphibolites). Apparently the rock is the result of the retrogression1of

a well lineated amphibolite, in which the hornblende has survived unaltered.

In considering the origin éf the epidosites we are faced ﬁith two
alternatives:

(1). The epidosites are primary features,that have resulted from the
metamorphism of some compositional variant of the rock which yields the
amphibolites.

(2). The epidosites are a secondary feature, resulting from epidotisation
of the amphibolites of a different kind to that which produced the patch-
epidosites.

A number of facts oppose a primary and favour a secondary origin. Of
importance are the consistent associations of the epidosites with unfoliated
amphibolites and the relative restriction of large quantities of Eoth rock
types to a particular area (the Black Prince-Silver King Area). The sudden
disappearance of epidosites in the amphibolites to the north of the Silver
King Mine is concomitant with a predominance of foliated amphibolite in the
amphibolite units. With regard to the epidosites alone, this might be

regarded as a simple lateral variation in the environment (igneous or

sedimentary) of formation of the amphibolites (metamorphic equivalent).
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Howaver, the decreasc in epidosites occurs in a number of units, not a
single unit. In this light it is very difficult to sustain the idca of a
suddon lateral variation in a number of units. The irrczular distribution

of the epidosites is not a critical factor, for it could arisc in threc
unrelated ways:

(1). Irregular distribution of the primary processes.

(2). The effects of transposition of the regular or irrcgular primary
structure within the amphibolites.

(3). Irregular distribution of a secondary process (epidotisation).

By assuming the epldosites are a result of an epidotisation process we
can reasonably combince the two facts which oppose the primary origin.

Tae differences betwecn the patch-epidosites and the epidosites may be
dependent to a large extent on their respective environments. The patch-
cpidosites are a very local phenomena, whereas the epldosites in the 3lack-
Prince-Silver King area are situated in a much broader environment of rotro-
gression (marked by the unfoliated amphibolite). It is possible that changes
accompanying the epidotisation in the latlier instance have proceeded much
further, more or less ohliterating any influence of the original amphibolite,
than in the case of the patch epidosites.

The changes in composition of the amphibolite during its conversion to
epidosite must be similar in many rospects tO'éhanges associated with the
formation of the patch-epidosites; although the lack of actinolite in the

epidosites may indicate some differences, The sharp but irregular contact

in Spec.28336 , is consistent with metasomatic alteration. Beyond the aresa
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of definite metasomatism, the metamorphism has produced the unfoliated

amphibolites. The effect of this reasoning on the division of M and M

3 4
metamorphism will be discussed in Sect. 6.52.

6.43 _The microstructure of M rocks
1
One of the more obvious aspects of M rocks in this section is the evidence
4

of ;ntra-granular strain in the aggregates, whether microscopic-mesoscopic
fabric elements th#t post-date B folding (e.g. S , L , etc.) are present or
absent.  The intra-granular straln is seen as: v

(1). Undulose extinction, either continuous or discontinuous, in quartz grains.
Undulose extinction is also visible in some of the paie amphibole grains in
unfoliated amphibolites.

(2). Bent flakes of muscovite, biotite and fibres of sillimanite. Kink bands
(sub-normal to the‘{001} cleavage) are also common in muscovite.

The microstructure of quartz aggregates in M rocks differ markedly in one
respect from similar aggregates in M rocks; the boundaries between quartz grains
are serrate and often strongly curve;. With one exception (the chiastolite
schists discussed in Chapter 5), the presence of undulose extinction in quartz
grains is always accompanied by serrate or curved boundaries between contiguous
quartz grains (this statement is also true of M and M rocks). The converse
is also apparently true, that the curved or seriate boanaries occur only in
quartz grains with undulose extinction. One difficulty in confirming the latter
is due to the observation of undulose extinction. Undulose extincfion in M
rocks, wheth er continuous or discontinuous, tends to form discrete bands inihe
grains. Thus undulose extinction will be invisible, or at least very much
suppressed, in many grains due to the orientation of the bands with respect

to the plane of the section. However it is very rarelf that undulose extinction
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cannot be observed in one of two contiguous grains with a curved or serrate
boundary.

There is a correlgtion'between the intensity of undulose extinction
developed in the grains of quartz, the shapes of the grains and the nature of
the boundaries between the grains of the apggregate. Where the undulose extinct-
ion is continuous and not pronounced, the serrations in the grain boundaries
are fine and curvaiure of the boundary is weak (i.e. the radius of curvature
is very large or nearly infinité). An aggregate of this type may retain the
most of the details of the eauiaxial polygons that are characteristic of ¥
rocks., In contrast, where undulose extinction is predominantly discontinu;us
(with perhaps deformation lamellae in some gréins), the boundaries between
quartz grains of an aggregate are coarsely serrated and strongly curved, and
the shape of the grains is irregular. Aggregates of the latter type are typical
of the coarser grained M schists,

TheAcorrélation in the previous paragraph can also be discerned in some B
and B, tectonites. . Discontinuous undulose extinction and deformation lamellae

L

in quartz are more prominent in the hinge region of mesoscopic BBYand Bu folds
than in the limbs of the folds (Sect. 3.27). The quartz grains (in aggregates)
in the hinge region have more strongly curved and stroﬁgly serrated boundaries
than the less strained grains in the limbs,

Serrations in quartz-quartz interfaces are often found to coincide with the
termination of sub-grain boundaries against the grain boundary in grains which

possess discontinuous undulose extinction. The same obvious observational

difficulty as mentioned above applies. The
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interaction of the sub-grain boundary with the grain boundary takes two
forms (Fig. b-y ).

Usually the two boundaries produce a triple junction (Fig. b-ye ) that
resembles that development at the intersection of three grain boundaries in
a grain growth texture. The interfaces near the triple junction are normally
curved but nevertheless, the angle opposite the sub-grain boundary (&1 in
Fig. b -y« ) is always significantly less than 120°. Less commonly the
situation depicted in Fig.lﬁ-q & is encountered. Curvature of the boundaries
along the triple junction in this case is usually strong. The angle opposite
the sub-grain boundary is usﬁally much larger (nearer to 270°) than 180°.

The resemblance between the triple junction in the first case (Fig. Gy )
and the triple junction between three grain boundaries suggests an analogous form-
ation. Thus the serration can be thought of as resulting from an attempt to
balance the sub-grain boundary energy against that of the grain boundary. With
the strong curvature of the boundaries nea r the triple junction the array of
boundaries can hardly be stable; nevertheless if the model above is accepted
the_usually;smaliiangle opposite the sub-grain boundary tentatively suggests
the sub-grain goundary is much less than the grain boundary energy. This agrees
with the experience in metals (see below) and is intuitively very acceptable.
The second case cannot be as simply explained, for this would require that the
subwgrain boundary energy be negative.

Mullendore and Gfant (1961) in a study of serrate boundaries in deformed
Al-)Mg boundaries also noted the coincidence of sub-grain boundaries with the
peak of serrations. However they dismiss.(for the alloys they studied) the
hypothesis that the sérrations may have resulted from efforts to balance the

energies of various b oundaries; the energy of an average sub-grain boundary



es of the two forms in which sub-grain boundaries (1) i

ndaries (2) betwecen quartz grains (not drawan to scale).

ntersect



in the alloy is too small to create other than a negligible deviation of
the grain boundary. The creep tests performed by Mullendore and Grant (1961)
favoured intra-granular slip and grain boundary sliding, and they believe‘that
differential slip in the grain boundaries results in the build up of local
concentrations behind the grain boundaries. They further propose that the
concentration of dislocation will influence the rate of migration of the
boundary (during annealing) at different points; thus creating serrations.

The explanation of Mullendore and Grant is an attempf to provide a mech-
anism for "strain-induced" boundary migration, a phenomena first documented
by 3eck, Sperry and Hu (1950). They found that boundary migration could be
induced ipto previously annealed metals by;first cold workiné and then re-
annealing the metal. The energy for the boundary migration is derived {rom
residual strain energy stored in the grains (as dislocations) during deforﬁation
aﬁd relea;ed during annealing by replacement of the strained lattice by a
homogenseous lattice. Replacement of the strained grain by the more homogeneous
grain” appears to be proceeding in bo@h of the cases shown in Fig. 6.4.

Thé reason the serrations develop can be explained if a number of relation-
ships discovered during the investigation of boundary migration in metals
also hgld for silicates. It appears in most circumstances in metals that the
angle of mis-fit of the contiguous lattices across the boundary determines
the relative mobility of the boundary; low.angle boundaries are less mobile
than high angle boundaries¥  During the measurement of deformation lamellae
in Chapter 3, the angle between the c-axes in the various sub-grains of 30
quartz grains with prominent (discontinuous) undulose extinction were determined.
The maximum angle measured‘(from a stereographic plot) between two adjacent
sub-grains was 13°, and angles of 8-129 were numerous. Few angles of less

than 7o were encountered (no doubt these angles would be found if grains

»

Beck, (1954} ,icLean (1957)



exhibiting less prominent undulose extinction had been measured). Thus

a considerable difference of orientation exists between the two lattices

on either side of the line of impingement of the sub-boundary on the grain
boundary. The effect of this additional displacement has been on the
original angle of misfit of the two lattices - by increasing or decreasing
the misfit near the sub-grain boundary, could produce the two different
types of serrations obse:ved. Obviously this hypothesis will require mors
experimental information on mobility rates of boundaries in silicate aggreg-
ates before it can be regarded with confidencs.

The arguments outlined, comcerning the mobility of boundaries of different
misfit, also allow explanations for two other phenomena conneéted with M
metamorphism. The growth of disseminated porphyroblasts of muscovite atua
high angle to S in rocks only superficially affected by M metamorphism is
analogous in ma;y respects to the formation of "duplex" stﬁucture in metals.
The argument that follows parallels that summarised by Beck (1954)* for the
formation of duplex structure in metals. The general boundary between grains
in an aggfegate with a strong preferred orientation - as occurs in aggregates
of muscovite flakes in well foliated M rocks - will be a low angle boundary.
If then, by accident of nucleation, thlre are isolated grains in the aggreg-
ates with»a lattice orientation radically different to the average, then the
growth of these disoriented grains will be favoured in circumstances favouring
grain growth. This follows from the greater mobility of the high angle
boundaries of the disoriented grains against other grains of the aggregate,
compared to the low angle boundaries throughout the rest of the aggregate.

The presence of dimensionally elongate quartz grains, similar in nature and
size to grains found in the muscovite-rich‘portions of a normal M schist..

1
*See also, for a summary, McLean (1957)..
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probably signify that the volume occupied by the porphyroblast now was
originally a muscovite aggregate. The porphyroblasts are located in
micaceous laminae. A second explanation of duplex structure (McLean, 1957)
depends on the release with prolonged annealing of some boundaries from
inhibition of movement by dispersed particles in the interface. If the
release of the boundary is independent of the structure of the boundary (i.e.
low or high angle boundary), then this process is unlikel& to favour grains
of any particular orientation. This is, of course, contrary to the observed
nature of the porphyroblastic muscovite. If the release is dependent on
boundary orientation, then observation of the completed (or arrested) process
will not be able to distinguish this from the process above.

In either case, the growth of the muscovite could have occurred during
any period (ﬁetamorphic) in which muscovite was a stable phase and annealing
conditions pertained. These circumstances were probably fulfilled towards
the conclusion of M metamorphism (Sect. 535 ) and perhaps again during M
metamorphism, Cert;inly muscovite was capable of gréin growth during M ¥
metamorphism:. The appearance of the porphyroblastic flakes in schists which
have suffered minimal retrogression (given that very few rocks are unaffected
by M metamorphism) probably signifies that growth of the porphyroblasts was
initgated during ¥ metamorphism. |

A similar type lf argument might explain the more extensive obliteration of
the S fabric in the unfoliated amphibolites compared to the adjacent schists.
In Well foliated amphibolites which are not well lineated, most hornblende
grains are oriented in S1, but the orientatidn in this surface is poor. Hence

the contact between many grains is a high angle boundary. Grain growth of

selected hornblendes, without nucleation of new grains, during the initial
*See Sect. 6.44,



stages of K’ mctamorphism could give rise to the relative cocrscncss of
& .

these rocks and also crecate the mottled .fabric. The mottled fabric, is

then merely a more ragged version of the laminated fabrie of the foliatced
amphibolite. Iv is noticeable that hornblende in bodies of well lincated
amphibolite in the Silver King - Black Prince area survive quite extensive
retrogressions without any apparent change in the dimensions or shape of the
hornblende grains (the retrogression is shown by the extensive replacement of
plagioclase - of the same order as that in the unfoliated rocks - by sericite
and clinozoisite; e.g. as in Spec. 28342. |, The effect of a similar type of
grain growth in the schists is limited, excopt possibly for quartz, by the low
angle boundaries between aggregated grains (muscovite, sillimanite) or the
isolation of the phases as porphyroblasts (e.g. andalusite, biotite).
Superimposed on growth of the amphibole by boundary migration must be chemical
and structural changes to producé the optical differences between the pale
coloured amphibole and hornblends. Unleés these changes can be made relatively
easily, the process'could not proceecd asloutlined above.

6.5 The relationship between M3 and M#'metamorphisms and the tectonic

history of the area

- Relict B1 folds and associated structures can often be recognised in the

4

of a3, 3, or B4 folds deforming the tourmaline rocks hus been discovered.

2° 3

This is particularly significant in the area around the Black Prince Shafts,

tourmalinised schists, but no instancoc of a relict«Bz, BB, or B folds or

since the schists surrounding the tourmalinised rocks, and relict patches of
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schists within the altered rocks are moderately deformed by B folds.
L
Consequently we may conclude that the tourmalinisation has post-dated B
1

folding, and pre-dated the B . The tourmaline rock, although well foliated,
lacks the micaceous foliatioi necessary to deform by kinking (Sect. 3-27 ).
dowever B folding is recorded in the tourmaline rocks by intra-granular
deformation of the qﬁartz in the rocks at the Black Prince Shafts (See below).
The absence of 82 and 83 folds may be fortuitous, since mesoscopic folds of

either generalion are not abundant in any schists surrounding a tourmalinised
area.

Xink bands (Sb) in a tectonite from north of the Silver King mine (Spec.
:28389.100.22400128000 . are emphasised by a‘new quartzose layering that cuts
across layering, ;Aé“ﬁétamorphic lamination parallel to S ; A modal analysis .

1
of the rock yielded the following results:

Quartz Muscovite . Tourmaline
(1) 11.6% 84.,3% 4,1%
(2) 31.2% 63.1% 5.7%

(1) Area outside the kink bands (1,000 points)
(2) Area inside the kink bands (1000 points)
Data from a section normal-to L .
, 4
The concentration of quartz inside the kink band (relative to muscovite) is

marked. Incipient tourmalinisation of the rock has apparently been concurrent
with the formation of the layering, and probably some of the silica is of

metasomatic origin. Less spectacular layéring is visible in a L tectonite
' L
collected several feet beyond the area of tourmalinisation at the Black Prince

Mine. The layering is due to the growth of quartz grains in the S surface in
L
mica-rich portions of the schist (Fig. b-sa ). Again the layering is at an

angle to transposed S and metamorphic lamination. Because layering of this

type is not general in B or (B ) rocks elsewhere, we may conclude that
.creation of the layering in this instance is also due to M metamorphism. In

3
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" Firure 8.5

(a). Development of incipieni layering in an 34 tectonite from near the
Slack Prince Mine. The layering consists of quartz grains located along
the 55 surface, at an angle to a quartz layer parallel to S‘. A11 quertz
grains in the mica layer that are present are shown (quartz, stipled;
orientation of micas indicated by dashed lines).

(o). Zvidence for grain growih of muscovite in the domain defining SQ' Note
the way muscovite grains of either limb of the kink interlock with each'other
and with quartz grains with no evidence of strain (Q = quariz; muscovite,
dashed).

(e¢). Porphyroblastic muscovite grain, growing across the Sy, surface containing

fibres of sillimanite oriented parallel to S, in either limb of the kink

‘ 1
(Spee. 28365; i, muscovite; &, quartz; Si, sillimanite; quartz-sillimanite-

muscovite-biotite schist).






both of the cases just described, M metamorphism has been synchronous
with 3 folding.
L
Nothing can be determined of the relative ages of M metamorphism of the

3
amphibolites, except that it post-dates S and L . Nor is the age of B and
1 2 2
B folds with respect to M metamorphism known; however, ¥ metamorphisn
3 3 3

cannot pre-date either episode of folding.

Some recrystallisation of muscovite has occurred after 3 folding; the

L

evidence for this conclusion is contained in Fig.é-s% . In the domain that

constitutes the S surface there are regions in which there is flexuring of
4

the basal cleavage of the micas across the domain, and other regions in which
strain-free micas interlock across the surface. The interlocking is, at least

in many‘cases, due to boundary migration of grains (in S ) on either side of
1
the S surface that existed prior to the kinking. Some smaller grains, however,
4
may have actually nucleated in the S domain. This type of structure is b
4

common in L tectonites affected by M metamorphism, and identical examples
L

‘can be found in B tectonites. Fig. b-5¢ shows a muscovite flake in a

3

sillimanite schist extensively affected my M metamorphism. The flake is
4

located across an S surface and contains fine fibres of sillimanite oriented

Fin
in 3 on either side of the surface. Obviously in both cases, M metamorphism
T L
post-dates 3 folding.
' L

The source of the intra-granular strain in M rocks, where it is unaccompanied
L

by visible mesoscopic fabric elements, is not immediately obvious. However

it 1s reasonable to equate this deformation with B or B folding, especially

3 L
as the same effects are present in B and B tectonites. The rarity of meso-
. 3 L
scopic and macroscopic B folds outside of the north-western portion of the

2
area, when contrasted with the more uniform spread of the intra-granular

aeformation over the whole area, makes it improbable that B folding is
2

responsible for the observed strain. Undulose extinetion in quartz grains is



often most evident in rocks which were poorly foliated (in the unaltered
state) and, hence, least likely to deform by kinking of S, (See Cnapter 3
and also Weiss and Turner, 1964, pp. 98, 114, and 475). However, the
deformation of the rocks may be accomplished by .more diffuse movements
throuzhout the aggregate, giving rise to the intra-granular features.

Tnc close connection beiwcen the undulose extinction in quartz and serration
of quartz/quartz interfaces proves that the undulose extinction is due to
deformation either synchronous:with, or pre-dating Mﬂ metamorphism. The
development of distinet sub-grains in the quartz is not incompatible with the
general coarsening of the quartz grain size; those grains in which undulose
extinction is best developed may grow more rapidly. Homogencous sub-grains
in contact with less homogeneous sub-grains in adjacent grains will tend to
replace these grains, with a cdnsequant lowering of the strain—enefgyystored
in the lattice by deformation. The situation is analogous to the growth of
homogeneous grains in a strained aggregate, excopt that many of the internal
boundaries are sub-grain boundaries (this ;ituation will probably be transient;
it is obvious that we are looking at rocks in which the motamorphic reactions
are far from complete).

Before concluding the discussion of M

3

to examine the pegmatites and their possible role in the metamorphic history

and Mﬁ metamorphisms it is necessary

of the area.
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6.45 The pegmatites

No comprehensive petrological or mineralogical study of the rocks
grouped collectively as the 'pegmatites" has been undertaken during the
present study. It should be obvious from the brief discussion that follows
that the pegmatites are a véry heterogeneous and complex group and work
necessary to sample and prepare even a summary of their petrology is beyond
the scope of this thesis. The brief review that follows is based mainly on

- field observations and is only intended to bring to light the variability of
the pegmatites and their age relative to the tectonic and metamorphic history
of the schists. |

The pegmatites are acid rocks composed of various gquantities of quartz,
alkali feldspar (usually microcline), albite and pale green or colourless
mica. The microcline, with typical polysynthetic twinning, is commonly both
graphic and perthitic. Tourmaline (Schorl), with the same optical properties
as that in the iourmalinised schists (Sect. b-22) is always important as an
accessory, and sometimes makes up 3-5% of the rock. Sulphides (chalcopyrite,
pyrite, arsenopyrite, galena and sphalerite), oxides (magnetite), flourite
and very rare beryl are occasional componénts of quartz.rich pegmatites.
Sillimanite, garnet and epidoté have also been discovered in a féw pegmatite
'dykes, but are faifly obviously derived locally from the schists and amphib-
olites by assimilation.

The grainsize ranges from 0.5 cm..to’more than 100 cm.; and extreme contrast
of grainsize between different components is usual. Alkali-feldspar is norme
ally the coarsest component in an} particular sample. The larger pegmatite
bodies locally contain small bodies of acid rocks with a grainsize of 2-5 mm.

and a granitic texture. These rocks contain more albite and less alkali-
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feldspar and mica than the coarser pegmatites, and are often rich (5%) in
small needles (0.5 x 3 mm.) of tourmaline. One body of this finer grained:
rock'sampled (28350) consists of 97% of perfectly aligned laths of albite
and 3% of quartz and a pale green muscovite. The volume of these finer
grained rocks is éomparatively minof relative to fine and coarse grained
pegnatite.

The three stocks of pegmatite are made up of two fractions of different
grainsize and structure mixed at all scales. Generally one fraction consists
of pegmatite with a grain-size roughly in the range .5-10 cm. and is fairly
uniformly grained. The second portion consists of coarse.grains of alkali
feldspar ( a mﬁximum of 100-cm$) with finer quartz distributed between the
alkali feldspar. Coarse books of muscovite (10-20 cm.in diameter) and
tourmaline (3-15 cm. long) are scattered throughout the coarser fraction.
Finer muscovite and tourmaline are also found in the finer grained pegmatite.
It is impossible to estimate the comparative volumes of the tourmaline and
mica in the two fractions, for the two minerals are not uniformly spread
throughout either type of pegmatite. Often there is a distinctive contact
between the two types of pegmatite. The coarser pegmatite may appear as
"small irregular shaped bodies within a fine pegmatite, or the two are sep-
arated by a sharp, but irregular contact, with tongues of the coarser
pegmatite penetrating the finer pegmatite. Equally often it is impossible to
define a sharp contact between the two types of pegmatite, and there is a
rapid transition over a short disténce (a few feet) from one typs to the
other. Although the two fra;tions are apparently mixed on all scales and in
differing proportions, some definite trends can be noticed in the three stocks.

Much of the Aller Creek Stock is compésed of fine»grained material, some of



which borders on, or is slightly loss than, the lower limit of the

pegmatite size range{ in particular the portion of the Stock that is cut by
the lower parts of Big and Little~Aller Creeks, mear the edge of the Mundi
Mundi Plain). The composition of this finer pegmatite is fairly uniform and
an average composition is; microcline 50%, quartz 40%, albite 5%, muscovite
and tourmaline 5%. Tourmaline and muscovite with blue-grey quartz (in
roughly equal proportions) are found in small blebs. The blebs which aré
often sub-circular in section are only a few incheé across.

North and South of Big and Little Aller Cresk the pegmatite of the stock
coarsens and more neariy resembles the character of the other stocks.

The Mt. Robe and Eldee Creek Stocks are composed of a large proportion of
coarser material, especially the latter. Tourmaline and mica are svenly
dispersed through the portions of pegmatite within which thsy occur; in
contrast to the Aller Creek Pegmatite. There appears to be a higher proportion
of fine grained pegmatites and acid rocks (the 2-5 mm. size range) along the
northern and no:th-western contact of the Mt. Robe body than at any other
locality. The contact of the three stocks is seldom simple. Pas;ing from
the schisfs there is a zone of ever increasing profgsion of pegmatite dykes
and sills of pegmatite separating blocks of schistvand amphibolite before
the solid pegmatite is sencountered. Where the dip of the contact of the solid
pegmatite can be deduced, it is invariably fairly steep.

Smaller dykes and sills of pegmatite show as much variation in composition
as do the larger bodies, although the character of any one body is usually
uniform throughout. Many of the dykes are Qompositionélly and structurally
zoned., A systematic and constantly recurring example is zoning from a fins

. grained quartz - microcline - albite maigin (5-10 mm;). through a zone of
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coarsor microcline (10-20 cn.) with less quartz and albite, to a core of
coarse grained quartz (10-20 an.) with little or no microclinec.

The volume of pegmatite in the Mt. Robe District is enormous, even if
all the larger bodies have shallow bases. By volums, pegmatiies are very
important components of the Willyama Complex, whereas rocks which 'mignt
be classified as "granites" are very minor*. The consistent crystallisation
of the acid rocks as pegﬁatites rather than "granitic" rocks myst be attributed
to some factor inherent in the source of the rocks. The complex structure
of the larger bodies could result from multiple intrusion, bul the close
intermingling of fine and coarse pegmatitsc at all scales, with. the whole
forming a homogeneous body, seems to rule this out. The zoning of the dykes
also confirms that the same structure could arise from complicated crystall-
isation in the pegmatite, rather than multiple intrusion.

The sequence of crystallisation in systems quh as the alovite-water systen,
which might represent very crudely the behaviour of pegmatites, 1s very
complex; in all probability the crystallisation of pegmatit¢ magmas will
ve equally, if not more, complex (Turner and Verhoogen, 1960). A host of
different factors may affect the actual path that crystallisation may take at
any point during the crystallisation (Turner and Verhoogen, 1960). The complex
structure and different distribution of ninor phases such as tourmaline and
mica in different pegmatite bodies agreés with complexity predicted from
experimential systems.

* The petrography or minerélogy of the acid rocks have hardly been touched,
excopt for the pionecring work of Browne (1922). However, there is little doubt

that throughout the complex, as in the Mt. Robe District, that rocks with
pegmatite grainsize predominate.
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6.46 The agc of the pegmatites relative to the tectonic history of the:

metamerovnic rocks

No instancc of

1

pegmatite vein folded with S as axial surface has been
1
found. Examples of pegmatite sheets, gzenerally concordant with the schist-

osity, folded about B folds are plentiful in the arca along the wesiern side
2
of the Aller Creek Stock. Thin layers of pegmatite are also commonly folded

by B and B folds, but no clear example (at a mesoscopic scale) of a pegmatite
3 4
-

cutiing a fold of this type has been encountered. However, other evidence

[}

suggests that pegmatite has crystallised simultaneously with 3 foldinz.
: 4
Stringers of tourmaline and mica, and to a less extent, quartz, are concentrated

in the hinge region of B folds in pegmatites (Fig. 6.6). The stringers are
L

parallel to the axial surface of the folds and resemble (in style) fracture

cleavage sometimes developed in quartz-feldspar rocks and suggests that final

crystallisation of the pegmatite post-dated the folding. This type of

structure is fairly common in pegmatite veins folded about S and S as axial
. 3 N
surfacc,

The Aller Creek and Mt. Robe Stocks are easily dated, for they cut across,
and obliterate, the Mt. Robe Faull over much of its length. Consequently they

must post-date B folding. The situation of the two stocks in the hinge of
L

macroscopic B folds, and their gross conformity to the shape of the folds
L
probably results from the influence of S and perhaps the amphibolites on the
1
intrusion. Along their margins, partially enclosed by projections from the main

body, or within the pegmatile are numerous bodies of amphibolite and scnist.

The foliation S in these bodics trace out the macroscopic B folds, parallel
1 L
to S in rocks outside the stock. MNorecover it is doubiful that macroscovic
1 .
B folds, with their dependence on slip on the schistosity could have

n



FIGURE 6.6
Arrangement of quartz and tourmaline veins in a sheet of pegmatite (stipled)
folded with S as axial surface. The pegmatite is concordant with schistosity

4
in the schists (sketch; Loc. 312001C4800).
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the pegmatites pre-dated the folds,

The Zldes Creek pegmatite is more difficult to date. It zpparently poste-
dates the macroscopic structurc developed at the Black Prince Shafts. The

latter structure of course pre-dates B folding (Chapter 4). Insofar as the
L

Eldee (reok pegmatite seems to be continuous with the Mt. Robe Stock, it is

tentatively assigned the same age.

o4
4

Fron their age relationships, the larger bodies of pegmatite must bs of

am
intrusive origin. However, this might have been concluded separately from the
nature of theilr contacts, characterised by tongues of pegmatite penctrating
the schists at all angles‘to lithological layering and schistosity. Any

sheet of pegmatite that cuts across SA othsr than in the hingo of an isoclinal
fold, can scarcely be considered as p;e-dating B folding.

Thin sheets of pegmatite that are concordant &ith S cannot be dated, although
many ol these must pre-date 82 folding (above). Howev;r it is unlikely that

these pecgmatites represent transposed felspathic layering inherited from the

pre-3 fabric. They are undeformed (mullions, fracture cleavage) and there
1

seems no reason why they should diffor significantly in their microstructurs

and grain size (as they do) from other ¥ metamorphic rocks. Zven if we allow

1
that all these rocks originated during the later stages of M metamorphisn, it
- 1
is clear that by far the bulk of the pegmatites has been intruded after 3

L

folding. The radio-metric dates of R.Pidgeon ((hapter 1) suggest there has
been pegmatitic material introduced over an extended period.

6.47  Discussion of M ,and ¥ wmetamorchism
, 3 L
¥ metamorphism is not a simple contact metamorphism associated with the
L

intrusion of the pegmatite, for, as has already been emphasised,a number of

times, there is no simple correlation between the apparent intensity of i

{

metamorphism and proximity to the pegmatite stocks. In view of the discussion
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of bouncary migration cffects in M4 nmetanorohisn (Sect. by3) and the
incompleteness of the reactions, comparison of intensity of alteration at
different localities are best confined to stiructurally and compositionally
homogeneous rocks. The amphibolifes are the only group of rocks that
approximate these conditions. There is a very marked discrepancy in the
amphibolites in the two limbs of the }t. Robe Synform, althougﬁ both limbs are
closc to pegmatite.

Nevertheless, some degroe ol correlation exists for bodies of amphibolite
enclosed in the pegmatites, if we consider the nature of the pegmatite. Almost
all the amphibolites enclosed in the Zldee Creek and Mt. Robe Stocks are intens-
cly altered. <Quite intense retrogression is zlso typical of amphibolites in
the southern, coarser portion of the Aller Creek Stock, where the character of
the pezmatite is more like that of ﬂhe other two stocks. The finer grained
vortion of the last stocik is charactérised by only incipient retrogression of
amphibolites. Intensive retirogression is apparently associated with predominance
of the coarser-grained pegmatite. |

Toe rapid variation in M4 metamorphism in the amphibolites outside the stocks
implies that the retrogression is not z "blanket" metamorphism, but rather a
localised phenomena recurring over a wide area. Factors which might have
contributcd to the localisation of the retrogression are;j the incidence of
strain, variation in thermal intensity . »f the source, and perhaps availability
of metasomatic elements. The close association of strain can hardly be accident-
al. At low intensity of reirogression, the association is sensible if slight

straining assists the initiation of retrogression. For example, the introduction

of dislocations into the biotite lattice, by creating regions in which the bonds

are distorted, may lower the activation energy for the reaction biotite

[
td
’
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motarorvhism may reflect sub-grain growth from sub-grains farmed as incipient
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deformation bands during 3 and B foldin

>
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The retrogression may involve metasomatic elements. The reactions of I

L
motamorpnisn (andalusite, sillir imanite ——= rmuscoviie; blotile ——>
itc; plagioclase ———> sericite) favour the replacement of the ¥
1
phases with more hydrous phasss; unless M muscovite were consumed during the
1
retrogression (which is most unlikely) at lecast water is required from an extern-

al sourcc. Tae epidosites also seem to be at least partially metasomatic in

orizin., t can be argued that the cpidosites would be botler classified as =&

products, in spite of the fact that they cannot be connected with a specific ’
source. in this case the closc associaﬁion of the epidosites with unfoliated
amphibolites (Sect. 6.42), implies that M3 and M metamorphism be considered as
a single episode.

Thers are some advantages in this view, The maximum development of botih
types of metamorphism in the one area - along the eastern side of the Xt. Robe
pegmatite - could point to something inherent in the relatlonship of the pegmat-
ite to the country rocks (or the pegmatite itself). The same factors were then
absent along the north-western margin of the pegmatite. Turner and Verhoogen
(1960) have proposed that conditions in the wall rocks adjacent to a pegmatitic
"mazma' containing volatile phases may exert a considerable influence on the
crystallisation history of thc magma and the escape of the volatiles.

However, one fact tends to contradict this hypothesis. The dated examples

Fad

of M netamorphism pre-datec B folding, whereas M metamorphism and the intrusion
3 L L
of the pegmatites post-datc 3 folding. The combination of the {hree events into
L .
a singzle episode is only possible tnej are centred about B folding; that is
L
co N .

if the sulphide-bearing pegratites are a preliminary phase oI, and genetically

related to, the pegmatite stocks introduced just after the .conclusion of 3



m
o
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folding. i metamorphism (as dofined here) has then beon produced in a genceral

L
environment created by the intrusions. As the thermal environment evolved it

LS

may have exeried an increasingly important influence on the straining of the
rocks. There is nothing inconsistent in the information gathered with this

view; out, by the same token, we are justified in considering M and M
3 L
metanorphism as discrete and genetically unrelated episodes.
In any case, it sccms that X metamorphism may be related to the inirusion
L
of the pezmatites on separate grounds. 4 low intensity thermal environment
(from the general nature of M mninerals, c.g., chlorite and albite) of variable

.. )

character, depending on the -crystallisation behaviour of the pegmatites a

ct

different points (and perhaps expressed by the relative proportions of coarse

and fine pezmatite), and combined with variable release of metasomatlic agents

H,

rom the pegmatites could account for the apparently capricious development of

M metamorphism.

L
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Trhe 2ocks in the cleavage zones contain no trace of the distinciive "niol

nornblende), &although these wminerals (vossibly sartially
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associcted with the cleavagce zones., ‘here the zones cul Schists the rocxs

usually guariz-muscovite phylliites thal may or wmay nol coatain calorite.

s orae arransed t i .- he tw A aceS doo i el Mmyes ion 1 ",

muscovites are arranged to form the two cleavascs desceribed previous in

Caapter 4. 1In one specimen from near ft. Frarks, hematits is an imporiant

- Py

comgonent along with minor guantities of tourmeline (Spec. 28250 ). Tas

are very Iinc

s in the specimen already cited, form polygonal grains meciing in tripleo

£

. . 5

23265 ) exhibit discontinuous undulose extinction and individual grains
with sharp sub-boundaries. Juartz grains with a similar sub-structure nav
been found in quariz lenses from a cleavage zone crossing amphibolitc neur

)

adlt of the Mt. Robe Hine. The

H

epresent recrystallisation products while the strained

by

ron the parent rocx.
Where the cleavage zones cub amphibolite the rock produced 'is conposed

5 . . . o p \
of chlorite and albite with only minor quartz {e.g. Spec. 28305 Je

Since the cleavage zones cither pre-date or are synchronous with 3

zrained (£ 0.05 mm.). Tne guartz is ofton frec of strain and

N e

RO P4

However, the auariz in a vein intersected in a specimen from Mb. Robo (3¢

b
N ey
LALSX

mainly




assemblases found in schists and ampnibolites are consisient in a seneral
way with tine itendency of M wmelamorphism to produce asscmblagcs of thz
3 .
sreenschist facies. For zones formed during B folding (e¢.z. alonz the Mi.
Robe Fault), the actual motamorphic conditions may have been those of i
. L
metamorphism. However, because of deformation in the zones, as witnecsad by

the formation of a new foliation to produce fine grain sizes, the displacsment
of the ¥ assemblages by greenschist assemblages has been much morc complete
than in ﬁ rocks in general., Still the possibility exists tnat the zone
1.
completsly pre-dates MI metamorphism and the rocks now obscrved reflect a
H

distinct metamorphism localised along the cleavage zones.
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Although the mincral assemblages of the cale-silicates are often similar
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to those produced Dy X nmetamorphism of amphibolitcs, the cele-silicates

have &« scparate existcnce., The thin layering
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> 2ltered amphitolite. The commonest minsral
lage in the calc-silicates is diopside and guariz with accsssory

apatite and sphene., Variation in the ratio of diopside to quartz and the
srainsize of cach component diffcrentiate the layering ol the cale-sillcalzs.

Grainsizes range between 0.1 and 1 wma.; a fairly constant sizc preveils in

any one layer. Plagioclase, now mainly sericitised, is only occaclionally an

important component in some of the layers. Overall, dicpside usuzily con
~ ~ N o s .
30% oxr morc of the portions of the rocks sampled.
A orange-pink garnet sometines forms distinct layers in the calce-silicatcs,
o Py o
especially in the thinner, boudinaged layers. An amphibole, that is probably
- '3 Iy — o 3 - < 2 i~
an actinolitc (Z"¢ = 12-147, pleochroic in brilliant bluc-
only soxctimes imporiant.
Epidote (in thin soction pale greocn slightly pleochroie, monoclinic nc
. e v n o} o . . e Mt mas
with o 2V of 75 to 85 ) and clinozoisite (colourless, monoclinic positive,
~ O Q ' . . e
2V of 80-85") are constantly cncountered, often in the samc rock. Iinozolsite

is ofton associated with layers of coarse guarts (ub to & mm.) that mors or

v

less parallel the quartz-diopside layers. The quartz exnibiis marke
tinuous undulose extinction due to the presence of polygonal sub-grains. The

sub-structure is distinetly different to that encountered in quariz in the

schists or amochibolites,. but is fairly typical of the pegmatites. Inclusions
. LR &

Cyvess

“

/
of diopsidec arc not uncommon in the quartz, and they and the diopside bordering
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the quartz have a peculiar cloudy appearance. .The clinozéisite is present
in layers laterally continuous with the quartz or along the margin of the
quartz layer. Small quantities of epidote and/or clinozoisite are found in
fhe diopside rock bordering the quartz layers. It appears that the quartz
layers and the clinozoisite represent aAtype of M metamorphism imposed on
-the diopside-quartz rocks.

¥ melamorphism of a different type is evident in a calc-silicate enclosed
1i pggmatite near the north-~wostern edge of the area (Spec. 28261). The
specimen contains layers parallel to the diopside-quartz layers of vesuvianite
(up to 3 mm. grainsize). The vesuvianite is riddled with inclusions of quartz
and diopside with distinctive"shard-like" shapes, Again the diopside in and
near the vesuvianite has a cloudy aééearance. The vesuvianite is apparently
'replacing whose layers of diopside and quartz in the cale-silicate and is a
result of M metamorphism,

Cﬂinozoiézte.and epidote also occur in circumstances which suggest they may
have been members of the original M mineral assemblage. Layers composed of
clinozoisite and sphene are promine;t in the small calc-silicate body at Mt.
Franks where neither M nor M metamorphisms are prominent (Spec. 28254).
dowsver, clinozoisite ?which gs more common than epidote) in 6ther spécimens
(e.g. Spec. 28332) form granular aggregates thai have a distinct grain shape.
Apparently the clinozoisite is replacing some other phase in this instance. The
more quartzose parts of the calc-silicates are composed of up to 50% quartz
wi£h biotite (10-15%) and minor garnet (Spec. 28332). In the specimens examiﬁed
clinozoisite or sericite constitutes the remainder of the rocks, but both minera
may be replacing other minerals.

The M1 minefal assémblages of the calé—silicates‘were probably diopside-quarti

(* plagioclase), garnet-diopside-quartz, and actinolite-plagioclase-quartz with

minor amounts of epidote, biotite, sphene, and apatite.



CHAPTER 7 173.

CONCLUSIONS AND SUMMARY

When the fabric of the metaﬁorphic rocks is studied in detail at the
mesoscopic and macroscopic scales, a picture of an intensely and répeatedly
déformed complex evolves. Due to a combination of circumstances the major
structure of the mapped area is dominated by two relatively simple félds. Thé
apparent simplicity of these folds belies the complex tectonic history of the
area. It seems possible to divide the history of thé mapped area into two
broad episodes: \

(1) B1 folding and M metamorphism

1
(2) B folding, the intrusion of the pegmatites, M and M metamorphisms,
L

If the radio-metric dates of R. Pidgeon are reprzsentatgve of all the peg-
matites, then the two episodes may be separated by nearly 300 million years
(further dates are given by Binns, 1963, including some from the area mapped.
The dates obtained from a single specimen by two methods or by using two
different minerals sometimes show marked discreéancies - up to 600 millions
years. The results, because of their internal inconsistency, can be interpreted
in a number of ways and are of no value in clarifying the history of the region)

Knopf and Ingerson (1938, p.190) warned of the difficulties of recognising
transposition fabrics. Where, as in the area mapped, the transposition is
nearly complete the difficulties are particularly evident. However, the persist
ence of isoclinal folds and fold hooks throughout the area are clear evidence of
transposition. The effect of the transposition on the stratigraphic sequence
is not very clear. There seems little doubt that useful units can be mapped in
the schists, but if macroscopic B folds are similar in style to observed

1

mesoscopic B folds, the compilation of a stratigraphy over large areas may be
' 1 ‘ .
difficult.

The principal axes of stress for B folding were probably oriented normal and
1
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Xis wnormal t¢ 5 may have boen the major axis. The analysis of the variosus
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sub-Tabrics, inherited and imposcd, suggest the presence of an earlier goneratior

cf folde. 3road concentric folds with fracture cleava
the more snaly rocks best fit {he properities deduced from ths geomeiry and
the sub-labrics of 3 folds. If 3 folding took place more or less synchronous-
1 1
ly with M metamorphism - that is at relatively hizgh temperatures of the
1
2lmandine-amphibolite facies - then it is likely that viscous flow or diffusion

were the primery mechanisms of deformation. In this case the mechanical

propervices of layering and the old foliation may have dbeen suppressec and thc

(l
[ 8]
¢t}
o

movement picture orthorhombic., Alternatively the movement piclture may nave
monoclinic - and the presence of glide surfaces tends to confirm this - aznd the
. s
preferced orientation of quartz and layering in the boudins are related dircctly
1o siress.
¥ motamorphism outlasted deformation and interfacizl tenslions played &
1 .

significant role in determining grain shapes. The very lar
tensions of gquartz-mica boundaries compared to quartz-quartz interlaces wmcant
that the preferred orientation of mica was the most important influcacs. The
offect of interfacial tensions is to produce an image of the
determined by deformation. Thus no part of the fabric of B8 folding has bzen

1
lost because of grain growth. It will always be impossible to tell if the
(&7 o By

s

departure of thc interfacial angles from 120° 1h quartz aggregdates is due te
imperfect annealing, the offccl of boundaries with other phases, or True
anisotropy of the interfacizl tensions for different orientation ol the boundar-
ies with respect to the contiguous lattices and different angles of mis-fit of

R -

the lattico. We may suspect that the last is important. Otherwisc the boundary
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14 - . . o . .
\quaruz-quartz) must possess a characteristic structure for 211 orientatiocn

i

&}

capable of nullifying the influence of each of the juxtaposed lattices.
Measurements of interfacial angles in natural quartz aggregates in contact with
differsent phases in a wide variety of rocks {contact and regional metamorphics)
would tend to indicate anisotropy, if the interfacial angles have a psax
frequency that is repeated and a fairly characteristic spread.

The second generation of folds are not important enough in the M. Robe
District to be considered a major episode; apparently they represented & minor
episode confined to the north-western portion of the area. There is apparenily
no metamorphic event associated with B folding.

2

The second major episode is less surely established and the possibility

remains that the events added together here may have been separate. The style

of B folds contrasts markedly with B folds. However both generations ol icids
4 2

are very widespread. In any case the orientation of the initial fabric 15 nov
a factor thait affects the style of B folds or associated kink bands (from the
L )
wide range of oriéntation of L ). The differences in style, then, nay reilect
L
a change in the whole metamorphic environment of the complex. By significantiy
altering the mechanical properties of the rocks between B and B Ifolding, the
2 L

metamorphic environment may have influenced the mammer in which the rocks
responded to deformation. (Other factors may be important, suca as the mag-
nitude of the Stresses and rate of strain).

A change in the thermal conditions was not sufficient to cause retrosression
of the schists and amphibolites by itself. The retrogression is partially
dependent on the introduction of material from the pegmatites. On the other

hand, the occurrence of significant retrogression at a distance from Th

pegmatites tending to produce mineral assemblages of the Albite-Epidote-Zorniels



5

Tacies, wust depend on a theraal enviromment creatcd by more ihan thc locel
oegmatites,

Apparently obther major folds similar to the it. Zobe Synform and the

estern antiform are nol uncommon in the Hillyama Complex. Hing and Thonszs
(1953) =zccord & large numver of synforms in which schistosity (vne¢us sity)
closes arouné the hinge parallel to layering and with the same open shaoe {(in
the hiage) of the Mt. Robe Synform. They note, however, that antiforms scldo.

o

nave tnis shape and are usually much tighter and faulted in the hinge rczion.

The {irst oert of this description at least fits the Western Antiform. Hing
and Thomas (1953, p.549) also comment on & lincation "due to mineral clonzation

-

cenerally sympathetic with the plunze of the folded stiructurcs”. Lzain

i}
3
1

which i

6]

.

the Ht. Rode Synform is apparently typicel, although the lineation (L ) is »ot
2
strictly parallel to the fold axis. The actual distribution of L is cn o conc
) 2

about the fold axis and thc results point to the value of the stercographic noly
in distinguishing apparent patierns from real patlierns.
The schistosity imparted to the rocks during B folding was the dominont

factor in the mechanical behaviour of the rocks during 2 and 3 felding. One
3 L
the influence of S 1s apparont in the lack of 3 and 3 folds in
1
layering and schistosity in arcas where they

aspect of

folds in the schistosity occur in between

units themselves. The discontinuity of the structure of S belween two unilis
. 1

(evg. mica-schist and a quartzose mica schist boundary) is sufficient o

provent folding across the contact. It is doubiful that the t. Robe Synlcra

and Western sntiforms could have developed if transposition had not been eo

CI"

complete, I this is the gencral rule the Willyana Complex may be diviced

into two types of macroscopic domains consisting of B or 3 folds on the

3 &
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Thoe pegmatites have a long nistory and may provide the best source o
deterniaation of absolute ages of the tectonic and metamorphic events. EBvidently

tarougnout the history of the Willyama Complex after 3 folding therc vwac <
- 1
roady source oif acid materisl. The recognition of the second major cplscosz

cdepends on the recognition of ¥ metamorphisa which pre-dated B folding, as a
: 3 L
o the intrusion of some pegmatites during 3 folding and the main
L
phase of intrusion after BL folding. To a largsc extent the structure of the

metamorohic rociks controlled the shape of the intrusions.

Absolute ages from pegmatites from the following situations should clorify
the history of the area:

(1) ~From pegmatites in glide surfaces in B folding.
1
(2) Frou pegmatites folded by 3 folds and pegmatites occurring alonz tho hing
2
of B folds.

(3) From sulphide-bearing pegmatites at the Black Prince Shafts which pro-date

3 folding.
L
() From pegmatites that have apparently crystallised during 3 folding.

(5) From the Aller Creek Stock whore it cats across the lit. Robe Fault.

B feolds have styles that are indistinguishable from those of B Iolds. The
3 4
infrequency of 2 folds {and hence the much less penetrative nature of the

3

deformation) siznifies that metamorphic conditions rather than magnitude of -

stress-determined the style. Thus B folds may have developed in much the samc



metamorphic cavironment as 3 folds and represent a low intensity deformation
L«(
orior to the main phase of B folding.
L
The fault-fold structure at the Black Prince Shafts recpresents a single,

non-pencirative event that occurred sometime between 2 and 3 folding. From
1 b
the distribution of the lineation L in the fold structure on the southcrn side
2
£ the fault (sub-area 2) slip on schistosity was the main mechanism of

deformation away from the fault. If vertical, the favlt has an orientaiion
similar to some of the cleavage zones in the area (e.g. at the Consolation

aTter 2

4
i

-
<

Shafts) and may be a particular development of a pericd of faultin

folding. Many of the cleavage zonss pre-date B folding.

4
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The Structural and Metamorphic Petrology of the Mt, Robe District,-
Broken Hill, N. S. W, covcone D, E. Anderson.

The tectonic and metamorphic histories of a portion of the Willyama
Complex are clarificd and described, |

Four generations of folds are distinguished., Folds of the first
generation are 1soclinal and are characterised by an axisl-surface
schistosity. Tﬁb lineations, usually at an angle to each other, are
osity is almost complete. Analysis of the various sub-fabrics
contributing.to the triclinic symmetry of the folds suggests the existence
of an even earlier phase of folding. Folds of the second generation are
also isoclinal, but lack an axial-surface foliation.

The third and fourth generations of folds are characterised by the
development of a conjugate set of kink bands in their hinges. The style
of the folds is very variable and reflects the properties of the initisl
fabric. The preferred orientation of basal deformation lamellae in quartz
in a fourth generation fold allows the fixing of the principsl axes of
stress for the deformation. The minor and major axes are sub-horizontal
;;ﬁé ;ggﬁinterm;digte axis plunges steeply parallel to the fold axes, A
study of the geometry of two sets of deformation lamellae in a single grain
indicates that they may be parallel to a number of the common forms of
quartz, o ' . »

The major structure of the area is determined by one f;nstggéneration
fold, two fourth generation folds and an inhomogeneous foid,fﬁﬁiﬁistructure.

Metamorphism to produce mineral assemblages of the Almandiné.Aﬁbhfbolite
Faclies followed or accompanied the first generation of folds, The area can
be zoned with respect to the distribution of andalusite and sillimanite,
Interfacial tension played a significant role in determining the shapes of

grains but probably did not alter the shape of aggregates determined by
deformation, The relative tensions, as determined from the measurement

of interfacial angles at triple -junctions, of quartz-.quartz end quartz-
‘muscovite boundaries are the most important factors determining grain
shape. Local metamorphism assoclated with the intrusion of pegmatites
and a more general retrogression followed the first phase of metahorphiam.
The various phases of folding and metamorphism probably represent twd

ma jor episodoslin the history of the Willyama Complei. '
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