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SUMMARY,

- Many geological problems are still unsoived in the much

studied and classic Scourie - Laxford region'of the Lewisian’
.basement. A small part of this region has-been mapped in detail
by the present writer. The results of previous work are not
reiterated, but instead new data arising from field work are
presented., The distinction between Scourian and Laxfordian
structures and associated mineral fabrics is emphasised., The
Scourian pyroxene granulites, ih the area studied, have been
affected by a late Scourian deformation during which the rocks
were hydrated, and by a Laxfordian deformation during which the
rocks were further hydrafed and significant quantities of
biotite appeared, Petrological studies have enabled the two

' metasomatlc events to be closely defined - the late Scourian -
event involved addition of only water, while the Laxfordian
~event involved addition of water, potash, barium, and possibly

' other minor elements. Analyses of both Scourian and Laxfordian

'Q.mlnerals are presented. Chemical reactions are presented which
‘“deseribe the degeneration of pyroxene to hornblende and of
" hornblende to biotite. The stability of muscovite in Scourian
granite sheets, and the presence of kyanite, staurolite and
corundum in an aluminous gneiss group are'investigated. The
presence of these minerals in Laxfordian shear zones permits
" the PT conditions during deformation and metamorphism to be
deduced. Whole rock analyses show that assemblages in shear
‘'zones are oxidised relative to assemblages in adjacent rocks.
- The amount of water necessary to cause thls oxidation is
'calculated and this provides the key to the significance of the
Laxfordian shear zones, The regional shape change resulting
from the shear zones'is very small, and it seems that the shear
zones are more significant as channels for migration of



moderate quantities of fluids. The abseﬁce of Laxfordian
deformation in areas where there 1s no Laxfordian metasomatism
is analysed in terms of the thermodynamics of irreversible
processes, It is shown that the process of deformation is not
a spontaneous process considered alone, but is coupled with
processes of fluid diffusion and chemical reaction, these
latter processes occurring spontaneously, The fluid source is
‘considered to be the Laxfordian granite ébmplex at Laxford and
a model, based on a stress function analysis, is built up to
show how the fluid diffused out of this region and how ‘
instabilities leading to the. generation of shear zones in the ‘ '
. Scourie block were initiated ' ’
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CHAPTER 1,

INTRODUCTION.,

During the late nineteenth century the Geological
Survey of Great Britain carried out extensive mapping of the
rocks in the North West Highlands of Scotland. This resulted
in the publication of the now classic memoir (Peach et al 1907).
The quality of this work .is perhaps indicated by the virtual
absence of further research into the Fundamental Complex,
as it was then named, until Sutton and Watson published the
results of a more detailed survey. They had studied the areas
around Torridon (Ross and Cromafty) and Scourie (Sutherland)
and their paper (Sutton and Watson 1951) created a more general
interest in the geological problems of the Lewisian basement.
Sutton and Watson established a generalisation that later
‘work has confirmed. They followed the Geological Survey in
showing that it was possible to differentiate between an oldeér
-~ and - a younger part of the basement, Dolerite dykes cutting the
‘Scourian were unaltered, whereas their equivalent in the

 Laxfordian were metamorphosed, Field observations led Sutton

and Watson to cohclude that the Laxfordian event was essentially v
 a remetamorphism of the Scourian rocks, and from this they
- suggested that regeneration of the original basement complex

+ could be observed.

Though the idea of regeneration has been challenged since
then; it is evident that it can still be applied to many parts
of the Lewisian. However few atiempts have been made to examine
in detail the effects of the metamorphic and tectonic processes
involved in regeneration since Teall published some fundamental
conclusions and asked some very pertinent questions (Teall 1885).
Teall showed that a foliated amphibolite was derived from an
igneous dolérite, the extent of the amphibolité defining a shear
zone in the dolerite dyke (this dyke being the Scourie Dyke
at Poll Eorna, Scourie). The close association of mineral
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transformations and tectonic deformation was thus demonstrated,
There is a curiousdichotomy apparent in the method of

approach to field observations between Teall (1885) and Bowes

and Khoury (1965)., Figure 1 of Teall and figure 1 of Bowes and

Khoury both in fact refer to the development of amphibolite

by shearing of a dolerite, but the observations of the latter

appear to be governed by interpretation., It is this reversal

of scientific method that makes a summary of much of the previous

research in the Scourie district difficult.

1.1 Scope of the present:work.

In a second paper (1961) Sutton and Watson described the _
- nature and distribution of shear zones of Laxfordian age within
otherwise little modified Scourian rocks at Scourie., The shear
zones were interpreted as being coeval with the strong

Qi'ﬁzlaxfordian metamorphism and deformation seen at Laxford Bridge.

o Follow1ng the detailed analysis of shear zones elsewhere

" made by Ramsay and Graham (1970), it was decided that since

, shear zones were recognised as common.products of deformation
“in basement rocks, further research into the nature of shear

zones was necessary. Papers in preparation by Graham present

the results of research into the shear zones of South Harris

- in the Outer Hebrides, while this thesis is a report on research

into the Shear zones found near Scourie,

1.2 Lewisian terminology and chronology.
Terminology and chronological classification aretwo aSpectsH
of the same problem, that of relating tectonic structures and
metamorphic events to a time scale, thus permitting correlations
to be made between apparently dissimilar areas, Misleading ideas
arise when field geologists correlate between areas on the
basis of similarity (of folé styie, dykes, etec.), and when
isotope geologists collect samples with an incomplete knowledge
of their structural relationships, A recent paper by Park (1970),
though it does not solve all the problems pertaining to ‘
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Lewisian terminology, clarifies their nature and gives a summary
of knowledge to date,

Following from the work of Giletti et al (1961), many
local and detailed isotopic studies have been made, a number
concerning the Lewisian in Sutherland (Evans 1965, Evans and
 Parney 1964, Lambert and Holland 1970).

The meaning of the three most prominent terms in use -
Scourian, Inverian and Lexfordian - has been extended by some-
to denote an orogeny in each case, The terms were originally
used to describe particular tectonic and metamorphic associations
that could be defined in the field. It is only since the attempt
to apply'these'terms to areas other than those where they were
‘initially defined that confusion has arisen, It wbuld thus -
seem more logical now to redefine these terms as periods of

- . time in which separate tectonic and metamorphic events can be

" placed as more isotopic data become available.

" There has also been a tendency to define these fterms
(Scourian, etc) on the basis of the metamorphic facies that
- 'is seen in the type areas., Thus the Scourian is said to be
~granulite facies and the Laxfordian is migmatite and amphibolite
* facies., Only when the terms are defined as strict periods of

;'ﬂjfimg, with isotopic events fixed in these time spans, will it

be possible to discuss different areas of Lewisian in a

~ reasonable way and attempt to correlate varlaxions in metamorphism
ete., between these areas,

Terminology adopted in this work.

The sequence and range of isotopic age dates obtained from
Lewisian rocks is now well known (see the recent summary by o
Park 1970). There is still little agreement concerning the names
that should be used to describe the known events or the
interpretation that can be placed;dn these names, It amounts
to an expressed bias to use any but the division into Scourian
and Laxfordian in the most general séhse. A

The reasons for rejecting termlnologies such as that
suggested by Park (1970) are as follows:
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a) The sequence of events in the Scourie area is still not
known with any certainty. '

b) In spite of the attempts of some workers to impose a
regularity on the structural and metamorphic sequences on the
mainland and the Outer Hebrides, the similarities between the
sequence at Scourie and in other areas are becoming fewer,

¢) In the Scourie area there are at least three different
hornblende fabrics developed, one main age of biotite fabries,
and a number of pegmatites and grénites of different ages,
Coward (personal communication) has observed that axial surface
hornblende fabrics at Badeall (near Scourie) are cross cut by
pegmatites that have been dated at 2600my (Lambert, personal
communication)., Early hornblende fabries.such as'this have not
been generally recognised.

d) There is no continuity between Scourie and Badcall - an
area of pyroxene granulite separates the two areas where amph-
~ibolised and folded rocks are seen, and correlation over just

.. a few kilometres 1s very difficult.

- Until it has been decided which of the metamorphic and
structural'events are the most significant in the history of
the Lewisain, it is very difficult to choose a terminology

" that is objective and meaningful, For example, the term

"Badcallian' introduced by Park (1970) is certainly an
objective and non genetic term (though it refers to a granulite
facies metamorphism) because of its derivation from an obscure
and previously little published place name; it becomes a little
" meaningless when 1t is realised that many equally objective
terms could have been introduced, such as Geisgeilian,
Duartmoreian, Newtonian, Drumbegian, Neddian - or even perhaps
Scourian, Undoubtedly one of the most firmly established events
.on the mainland is the age of intrusion of the Scourie dyke
suite. The terms Scourian and Laxfordian, as used by Sutton
and Watson (1951), are considered to be entirely adequate and
without confusion, The words 'Inverian', 'Badcallian' etc, have
not attained the generality in meaning that 'Scourian' and -
~ 'Laxfordian' have and so cannot be used without the specific and
implied meanings that they carry. For this reason they have not
been used in this thesis, ' ‘
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1.3 Summary of past work in the region,

The area studied in this thesis is small and it is
necessary at the outset to outline the regional context of this
area, Fig.1.,1 gives a synthesis of the major tectonic structures
that have been mapped in the Lewisian of Sutherland. Sources of
information for this compilation were Evans (1963), Dash (1969),
Holland (1966) and Beach et al (in preparation)., The location

of the area studied by the writer is also shown on this figure.

' The north west trending line through ILaxford is significant
- it divides this region into two parts about which the following
generalisations can be made:

a) to the north of this line the rocks are granitic and
vpegmatitic; they record large finite Laxfordian strains and givé
Laxfordian isotopic ages;

b) to the south of this line the rocks are non granitic, and
remnants, ranging in sizge from a few millimetres to many |
kilometres, of Scourian granulite facies assemdgﬂges can be
seen. | . '

The transition zone in the Scourie - Laxford region is
‘thus of fundamental 1mportance, and was recognised by Peach
et al (1907).

Since Evans (1963) suggested that the Lochinver Antiform
was of late Scourian age, the real age of the geometrically
 similar structure in the Scourie-ILaxford region has been in
dispute, One of the principal results of remapping in the latter
area has been the recognition of certain tectonic structures,
regarded as Laxfordian bt Sutton and Watson (1951,1961), that
formed prior to dyke intrusion., The details of these structures
arepresented in the next chapter. A series of Scourian folds
have been mapped in the transition zone by Beach et al (see
next section) and it has been found that the strong Laxfordian
deformation is concentrated in the northern part of this fold
belt. The most southerly of these major folds lies mnear the
northern boundary of the area studied in this thesis, This
fold, referred to as the Tarbet Antiform, is geometrically
asymmetric, and the.outcrop of the steep northern limb, referred
to as the Tarbet Steep Belt, corresponds closely to the extent
of the Claisfearn Zone of Sutton and Watson (1951).
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The Ben Stack line, shown on fig.1.1, is based on the
work of Holland (1966) and marks a geochemical boundary defined
by him in terms of bulk rock chemistry. It thus forms the souther
limit of the maximum development of the Laxfordian granites,
and as such was recognised by Peach et al (1907). The tectonic
significance of this line 1s difficult to judge. Peach et al
report it as being regionally transgressive to the foliation
(1907, p126). This will be referrsd to again in the next section,

1.4 Summary of work by Beach, Coward and Graham,

.No systematic mapping of the tectonic structures in the
whole of the Scourie - Laxford region has been carried out since
the work of Clough (in Peach etal 1907). A number of workers
have expressed, but not published, ideas concerning the structure
of this region, but without a structural map to refer to it is
~difficult to judge which of these ideas is correct. In an attempt
- to remedy, at least partially, this state of affairs, Beach,
Coward and Graham recently mapped part of the Scourie - Laxford

B . reglon on the scale of 6 inches to one mile, The results of

this work will be presented in a separaté paper (Beach et al,

< in preparatlon)

' Fig.1.2 is a simplified and reduced version of this new

‘\f map.‘A brief summary of this work is now presented,

There are a large number of igneous bodies present in the
- area mapped, a far greater number than are found to the south of
this area, These igneous bodies have been mapped as lithologic
units, and the following assemblages have been recorded:
a) microcline-plagioclase-quartz-muscovite-(biotite)
b) plagioclase-quartz-muscovite-biotitél(hornblende)
¢) plagioclase-quartz-biotite-~hornblende
- d) microcline-plagioclase-hornblende-diopside-sphene
. e) plagioclase-hornblende-pyroxene b
f) plagioclase-pyroxene-garnet '
' g) pyroxene-garnet-olivine
h) anthophyllite-talc - oo
i) plagioclase-quartz-(biotite) o B ‘
j) garnet-quartz ‘ '
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The greatest concentration of these igneous bodies is in
the Foindle Zone of Sutton and Watson (1951) and its south-
eastward extension. Frequently in this area gneissic
assemblages consisting of garnet—biotite-blagioclasefquartz—
sulphides (the brown gneisses of Sutton and Watson 19513 the
distinctive brown weathering of these rocks is a result of the
decomposition of metallic sulphide phases) are closely associated
with the igneous bodies., This association has been described .
‘in the Lewisian of the Outer Hebrides by Coward et al (1969)
and the brown gneisses there were interpreted as relicts of
metasedimentary rocks because of thelr similarity with the
undoubted metasediments of South Harris., In the Scourie area
it is possible to draw a line marking the southern limit of
the outerop of the brown gneisses (fig.1.2). So far rocks of
this type have not been recognised morth of Laxford.,

The igneous bodies undoubtedly pre-date the granulite
facies metamorphism ending at 2600my. since they contain
granulite facies mineral assemblages (though these arefrequently
altered to more hydrous assemblages) and the mineral banding
'in these bodies is continuous with that developed in the more
acid gneisses during the granulite facies metamorphism, ,

" '~ By mapping the different igneous bodies, the brown
~gnelsses and the minor fold vergence, a number of major folds
"have been defined, The axes of these folds trend ESE, and a
few are shown on fig.1.2. These folds post-date the granulite

- facies metamorphism and are cross cut by members of the Scourie
dyke suite; they are thus Scourian in age. On the coast the
most southerly of these folds lies just south of Tarbet
(GR.165488), but in going inland in a south easterly direction
to Ben Auskaird (GR.210402) successive folds are seen to
develop in an en echelon fashion (see fig.1.2).

Laxfordian deformation has been superposed on the Scourian
folds. On the northern slopes of Ben Auskaird the axial surface
fabrics of these folds are vertical, The dykes in this region
are slightly deformed but this Laxfordian deformation was
evidently not strong enough here to overprint the mineral
fabries in the gneiéses to the extent that new Laxfordian
fabrics were developed. North of Ben Auskaird there is evidence
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that the Scourian folds have been flattened. The folds become
isoclinal and the axial surfaces dip to the SSW, becoming
progressively less steep towards the north. The fold axes

have been deformed in the plane of the foliation, and variations
of up to 90°% in the pitech of the fold axes have been mapped.

It is only about one mile south of Badnabay (GR.220466) that
new Laxfordian mineral fabrics become prominent in the gneisses,
This contrasts with the coastal section where Laxfordian fabrics
~can be seen right up to the southern limit of development_of.
Scourian folds. ‘

The line marking the southern limit of Laxfordiaqhgranite
is shown in fig,1.2. The transition from granitic to nq&granitic
rocks is very rapid and it is evident that the line marking
~this transition cuts across the axes of the Scourian folds,

It is in this region that the Laxfordian flattening deformation.
mentioned above reaches a maximum, The Scourian fold axes now
plunge consistently to the south east (though the angle of
plunge varies between 15° and 40°) and they are parallel to the
Laxfordian mineral lineation (for reasons presented later this
mineral lineation is interpreted as a finite stretching
direction). Northwards into the granitic rocks evidence of a
‘Scourian phase of folding is obscured, partly because of the

. 1intense recrystallisation here, and partly because of the large

’duahtity'og pegmatitic and granitic material present in these

~_rocks. Howver, it is here that the first evidence of a second

phése of Laxfordian deformation is seen. The planar fabrics in
the Scourie dykes are folded, and a set of minor folds (with

a vergence consistent with their being on the southerly limb

of an antiform) can be seen in:the gneigses, This deformation
increases in intensity northwards to Rhiconich (GR.255522),
where the earlier foliation is almost flat lying and is folded
into a number of asymmetric folds with short steeply dipping and
northerly facing limbs. A few miles north of Rhiconich, Dash
(1970) has mapped the Strath Dionnard Antiform (see £ig.d.1)

and this records the effect of a third phase of Laxfordian def-

~ormation, This antiform is an open fold with gently dipping
1imbs, '
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Thus, four phases of deformation have been recorded (one
Scourian, three Laxfordian), the interesting features of this
sequence being that the southern limit of each successive phase
of deformation occupies a more northerly position than the
preceding phase, and that the different phases of folding are
v1rtually coaxial. ,

In conclusion fig.1.3 shows a simplified cross section
of the area between Ben Auskaird and Rhicomnich,

1.5 Distribution of the rock types at Scourie and the foliations
developed in them. '
The gneisses in the Scourie area everywhere vary in
composition from acid to ultrabasic (see Peach et al 1907,
chapters 8,9; Sutton and Watson, 1951). However, it was
recognised early in the course of this work that .a general tri-
-partite division could be made - a division into pyroxene,
“hornblende and biotite bearing rocks respectively.
- Pyroxene bearing assemblages generally belong to the early
© Scourian granulite facies rocks. These rocks are excellently
exposed in the area between Scourie and Badcall, but northwards

" from Scourie to Tarbet much of the original pyroxene has been

"1 replaced by or recrystallised to hornblende, It will be seen late
'Af‘tthat the appearance of hornblende reflects an important event,
,,LAbuyvone wh1oh is localised in space, In the area northward from.

Scourie unaltered granulite facies rocks are restricted in
occurrence to small irregular patches that escaped amphibolisatio
Thus a north west line through Scourie Bay marks broadly the
southern limit of the major development of hornblende in this
. area, . .
- Biotite may be found in many rock types at Scourie, but
the third division set up above of biotite bearing rocks includes
only assgemblages in which biotite is an important phase iﬁ@erms
of both rock chemlstry and fabric, Biotite is. then essentially
restricted. to rocks that gained there present day characteristics
during the Laxfordian period. :

' Mapping of lithologic units within gneissic basement
terrains is generally difficult due to the lack of clear



22

definition and persistance of such units, It is more important
to map foliation and to distinguish foliations of different
ages. Peach et al (1907) and Sutton and Watson (1951)
distinguished two different foliations in the Scourie area, the
mineral banding of the granulite facies rocks and the mineral
foliation in rocks of Laxfordian age. This distinction has to
be modified slightly in the light of the work by Beach et al.
An important axial surface fabric developed with the Scourian.
folds and during the Laxfordian this fabric increased in intensit
~ Thus the second foliation of Peach et al (1907) is made up of
two distinct components.

In the area between Tarbet and Scourie, and also at Badcall,
hornblende fabrics are associated with Scourian folds, but since
these structures are nowhere continuously developed, correlation
northwards is difficult. These fabrics are discussed in detail in
the next chapter.

1,6 A note on magnetic anomalies.,

. Part of the original one inch aeromagnetic survey of
Great Britain (carried out by the IGS.) is reproduced in fig.1.4,

. which shows the gggnetlc anomalies in the area around Scourie.

It is evident from a study of the magnetic anomalies in
the area between Lochinver and Scourie, and occurring in the
regions where Lewlsian rocks are exposed, that the most pronounced

- positive anomalies correspond very closely with the known outcrops

of Scourian granulites., Thus the area of Scourie Mor (south of
Scourie Bay) has an anomaly on the regional map of +400 gammas.
There is a very steep magnetic gradient northwards across Scourie
‘Bay until near Tarbet there is a magnetic low of =250 gammas
on the regional survey, The fall off in magnetism of the rocks
is a result of the granulites in this area being amphibolised
(Bernius, personal communication)., Thus the magnetic gradient
across Scourie Bay coincides with thé southern limit of major
development .of hornblende in once granulite facies rocks.,

The work of Evans (1963) in the Lochinver region suggested
that amphibolisation of the granulites commenced in the steep
limb of the Lochinver Antiform and spread outwards, in' particular
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southwards, from there, There is an anomaly of -400 gammas
corresponding to the outcrop of the steep limb of the Lochinver
Antiform, It will be seen in the next chapter that there is a
geometrically similar structure in the Tarbet area. Again,
the magnetic anomaly of -250 gammas corresponds very closely
with the outcrop of the steep limb of the Tarbet Antiform.
It is suggested that the correspondence is real, and thet the
magnetic lows mentioned were produced at the same time as the‘
formation of the major folds and amphibolisation of the granulite
Northwards from Tarbet there is a steady gradient up to
the magnetic highs of the Strath Dionnard. The rocks between
Laxford and Durness are all Laxfordian in age, and Holland
(personal communication) haé suggested that the rising magnetic’
gradient towards Strath Dionnard indicates that the Scourian
granulite facies rocks are rising nearer the surface in this
region., At present there seems to be no firm basis for this

supposition, )

7 A note on Iormat.

. Samples collected durlng the course of field work are
referred to throughout the text and tables by numbers assigned
them in the field., Not all the samples are ir the Imperial
- College collection, but those that are can be easily located
by using the field number quoted, |

The use of abbreviations has been resiric¢ted to commonly
accepted contractions of units of measure, metric measures _
- being preferred. Mineral names have been shortened only in the
tables. B "

Stereograms are presented as lower hﬁ@sphere, equal area
projections, - '
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CHAPTER 2.

A CONSEQUENCE OF FIELD MAPPING.

A presentation of essential field obsarvatiqns and some
preliminary discussions in this chapter will provide a
framework for the detailed petrologic studies which follow.

A large amount of field data has already been published for
the area in which the present work has been carried out.

The reader is referred to Peach et al (1907) and Sutton and
Watson (1951, 1961) for many details. The main points which
need to be discussed are the development of hornblende and
biotite mineral fabrics from originally pyroxene bearing rocks,
the spatial extent of the structures with which these fabrics
are associated, and the age relations of the different fabrics
and structures.

The structural analysis of basement terrains is generally
more problematic than similar work in younger orogenic belts,
The main problem encountered in the work in Sutherland was a
‘lack of markers which defined geometry sufficiently precisely
for detailed analysis to be carried out., It is for this reason
that the techniques of Ramsay (1967) are virtually absent from
the work presented here.

_ In a terrain where the finite structure developed 80
heterogeneously it is difficult to adhere to a strictly
chronological sequence in presentetion. This account is divided
into the following sections: | . .

2.1 The Scourian granulltes

2.2 Amphibolisation of the granulltes

2.3 The Scourie dyke suite,

2.4 Major structure, ,

2.5 The Laxfordian shear zones,
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Sutton and Watson (1951) divided the area between Scourie
and Laxford into a number of structural and metamorphic zones,
related to the effects of Laxfordian reworking., Field work
described in this chapter is based mainly on the Scourie Zone
(in which the effects of Laxfordian deformation are localised
in extent) and in part of the Claisfearn Zone,

A structurel map of the region to be discussed is to be
found in the cover pocket. Place names referred to in the text
can be located on the map.

2.1 The Scourlanggranulltes.

The Scourian granulite facies rocks are the oldest
components so far recognised in this part of the Lewisian complex,
Only a small'amountgof pyroxene granulite remains in the portion
of the Scourie Zone studied here, but it is sufficiently
. widespread to enable the first processes of alteration to be
‘frequently observed. The granulites have a number of characteristi
features which are considered to have been established prior
to the events which are the main topic of discussion in this .

;.. chapter. The later structural and metamorphic effects are over-
~printed on those established during the formation of the
granulites. These characteristics may be briefly summarised
as follows:

a) the granulites have a flat 1lying mineral banding, the

. only observable perturbations of which are occasional small

relict fold hinges and pods lying between mineral bands;

b) there is a general absence of planar and linear mlneral
fabrics defined by pyroxene (weak lineations parallel to the
relict fold hinges may sometimes be seen); coarse quariz
schlieren are fairly frequently developed and this lineation
is also parallel to the relict fold hinges; ‘

c) there is a large range in rock _.composition in the
granulite sulte, and these contrasting assemblages are’
simultaneously involved in later events.

-~



2.2 Amphibolisation of the granulites.

The area to the south of Scourie Bay consists dominantly
of pyroxene granulite, However, there is a rapid transition
(cf., note on magnetic anomalies) across the Bay to mostly
amphibolised rocks on the north side. The process involved is
one of hydration of the pyroxene bearing rocks and will be
discussed in detail later. At present it is sufficient to note
the association of hydration and heterogeneous deformation as
ouilined in the next paragraph,

A). Observed structures.

The Scourian mineral banding is folded into a number of
large asymmetric folds consisting of long flat limbs and short
steep limbs,., It is only by virtue of the latter that the
structures are recognised, since the flat limbs often consist
of unaltered or little altered pyroxene granulite and conform
to the general structural style of the granulites, The fold
axes of these structures plunge from 20-300, their orientation
changing from SW on Sithean Mor to W in the area south of
Tarbet. The steep limbs are invariably amphibolised, and the
granulite mineral banding shows only a little thinning., These
limbs vary from 10m to 500m in width.

In some areas (eg. Sithean Mor) minor folds parasitic
on the larger structures are common, Thesge folds have wavelengths
and amplitudes up to 1.5m and the pyroxenes have been
amphibolised throughout the structures.

B). Fabrics related to structure. )

Mineral fabrics varying from IS to I (Flinn 1965) arec
associated with amphibolisation, The large asymmetric folds
have certain fabric elements associated with them, and in
particular their steep limbs have an LS fabric, The lineation,
denoted L1, is a coarse mineral rodding definedAby aggregates
of hornblende and sometimes of quartz, and is parallel to the
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fold axes. The hinge zones of the larger of these folds have

a linear L fabric; in them the mineral banding is broken and

- folded into a coarse rodding lineation (see plate 2.1) that

is again parallel to the axes of the folds, In the smaller
asymmetric folds the mineral banding is continuous through the
hinge zones, The planar element of the fabric is developed
parallel to the axial surface of the folds: in the asymmetric
folds this is very nearly parallel to the steep limb, whereas.
in the minor folds it more obviously cross cuts the mineral
banding, In the flat 1imbs of asymmetric folds which have suffered
amphibolisation a variety of fabrics are seen, Where the banding
is not folded, pyroxenes are merely pseudomorphed by hornblende
and the granular texture is preserved. The axial surface fabric
of the minor folds has a variable dip and nowhere completely
overprints the mineral banding. A lineation L1 of hormblende
aggregates lles parallel to the fold axes., An extreme development.
- of this lineation is seen where originally dispersed granulite
lpyroXene grains alter and collect into hornblende segregations.
The banding is destroyed and a perfectly linear fabric is
produced., The process of segregation is seen to take place over
a distance of a few centimetres and the resulting pods measure '
'up to 3cm across and 20cm in length,

- C). Age of structures and fabriecs.

A1l the fold structures described above are found to be
truncated by the Scourie dykes., The fabrics which are closely
associated with the structures were also formed prior to
dyke intrusion. '

It is evident that amphibolisation and deformation were
' associated phenomena, and that a system of LS fabrics was .
produced which reflect variations in deformation in the rock,
There is no evidence that the structures and fabrics so far
described formed during more than one phase'of deformation.

South ‘of Tarbet the lineation Li is seen to be folded
by structures shown to be Scourian by Beach et al (in preparation)
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Thus there are two ages of Scourian folding in this area, It
is impossible to tell if there was further hydration of the
complex coeval with the second Scourian folds or whether
amphibolisation was restricted to the first Scourian fold
phase, ’ _

Some of the first fold structures mentioned above may be
adequately described as shear zones from the point of view that
the steep limbs of asymmetric folds are approximately linear
zones of amphibolised and deformed,gnéiss, while the adjacent
flat limbs are undeformed pyroxene granulite., Other fold
structures belonging to the same suite do not record this
 special type of strain distribution (see Ramsay and Graham 1970
for detailed strain analyses of shear zones), and must be consid—
~ered as folds in the more general sense., There is a complete
gradatioh between the two types of structures, |

A number of samples of pods of hornblende were collected
from a number of different structures belonging to the first
Scourian folé phase, and from other rocks recording the effects
of amphibolisation, It is hoped that these rocks will be dated,
using the potassium-argon method, in the near future and provide
some knowledge of the true age of amphibolisation.

2.3 The Scourie dyke suite,
B The Scourie dyke suite has already received much attention
(Peach et al 1907, Sutton and Watson 1951, 1961) and for this
reason reiferation of general field relations is unnecessary.,
A discussion of dyke chronology is presénted by Park (1970).
The general outcome of this is that the dykes represent a unique
‘timevmarker. '

The usefulness of the dykes in attempting to unravel
the various deformations in a particular region can never be
overemphasised. For this reason, the.topic discussed in this
section is some detailed mapping of deformed dykes in the
immediate area of the Tarbet Antiform. The following dykes
are described, their locations being shown on the map:
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 a) Natural Arch Dyke,
b) Mullach Dyke,
¢) Tarbet Dyke,

4), Natural Arch Dyke,

This is the best exposed dyke and a detailed map is
presented in map 2 (cover pocket). Mapping of the mineral
fabric in the dyke is purely qualitative.“

It is evidént that the dyke has been both thinned and folded
and it is possible to show that these effects are results of
separate phases of deformation., This is most obvious from -
inspection of the main antiformal hinge zone of the dyke (see
map). Here the dyke has been thinned (thoughvnot actually
broken) and éfter extensibn, this zone has been compressed and
the cusp structure formed. Boudinage of an igneous dyke indicates
that during this deformatioh the dyke yas more competent than
the surrounding gneiss, At a later stage cusps formed, and it
is apparent that the gneiss was more competent than the
'amphibolite‘in the cusp. This'phenOmenon of chénging relative
. competency with a change from dolerite to amphibolite has alrea&y
been described by Coward (1969) and Francis (1969) in the Outer
-Hebrides, .- o '

Distinct fabrics were formed during heterogeneous thinning
- and during folding of the dyke. In the first phase of deformation

(thinning) a planar fabric was formed in an amphibolite skin

to mainly undeformed cores of dolerite., This planar fabric is
parallel to the contact of the dyke, During folding more complex
fabrics were formed. The dyke is crossed by a number of zones

of high strain which are approximately parallel to the fold
 axial surface. These zones are analogous to the shear zones
‘described by Ramsay and Graham (1970), except that the boundary
condifions specified in that paper are not completely fulfilled
here, For this feason the strains developed in these zones cannot
be analysed in terms of simple shear. However, the zones are
bounded by'undeformed dolerite and where the direction in which
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‘the foliation curves at the margin of the zone can be seen, a
sense of displacement may be defined, The mineral fabric
developed in these zones is an LS fabric and by analogy with the
structures analysed by Ramsay and Grakam (1970) the lineation
is considered to define the direction of maximum finite extension,
Fig,2,2A shows a plot of the lineations from the dyke, ‘

The fabrics formed during folding are often superposed
on the earlier fabric, It can be seen in.the field that strong
linear fabrics result from this superposition,

The brevity in extent of outcrop of this dyke severely
hinders any interpretation of the original relation of the dyke
and the gneisses. Two points are clear from the existing
exposure:

a) the southerly fold limb shows a lesser development of
fabric than the northerly fold limb, and '

b) the thinned parts of the souther1y fo1d limb did not form
axes of folding in the secénd phase of deformation in a manner
similar to the formation of the main fold hinge (see map).

It would appear that the southerly fold limb has been modified
little after initial extension,

The foliation of the gneisses is parallel to the axial
surface of the fold defined by the dyke, and the lineation
in the gneisses is continuous with the lineation in the dyke,
The latter has already been interpreted as a finite stretching
direction, and this interpretation must be extendedto the
gneissic lineation, .

An interpretation of the fold either in terms of single
layer buckling or in terms of heterogeneous shear is difficult,
© Finallyit must be pointed out that few other dykes 1n thls
region have been folded like the Natural Arch Dyke,

B). Mullach Dyke.
This dyke differs from the Natural Arch Dyke in that it
lies on the south, rather than the north, of the Tarbet antiform.
Fig.2,1 presents an outcrop map of the dyke. The outecrop lies
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on a steep slope and there is no topographic control. The map
is presented as it would be seen looking directly down on it
" and for this reason the fold shape is accentuated.

Two observations made here need emphasising:

a) the dyke has a steeply dipping branch which consists of
undeformed dolerite (both centre and margins), and this branch
cuts through steeply dipping foliation;

b) both the main dyke and the gneissic foliation are folded.

The first observation indicates that the original mineral
banding of the gneiss had been folded in part into a steep
position prior to dyke intrusion, in a similar manner to that -
already described in section 2,2, The folding of the dyke is
a result of Laxfordlan deformation, The geometry that is now seen'
is the pattern that results when two discordant surfaces (ie.
the dyke and- the gneissic foliation) are folded together
(Rmsay 1967, ch.9). However, with an apparently variable dip
of the foliation.prior to folding, plots of the dihedral angle
across a fold profile are difficult to 1nterpret Modification
of this geometry by superposition of additional flattenlng
strains (Ramsay 1967, p411) would result in alternate dyke
fold limbs dipping more and less steeply than the- gne1s31c
follatlon.

'C). The:Tarbet Dyke.
This dyke is situated in the Tarbet Steep Belt and it has
been mapped straight on to the areal map (cover pocket).
It differs from most other dykes in its greater thickness and in
‘the predominance of gabbroic (rather than doleritic) textures,
' - The important observations are:

a) Within the dyke, strains are heterogeneous, high strains
being developed mainly in zones which again approximate . to the
shear zones described by Ramsay and Graham (1970). Large portions
of the dyke remain undeformed., The lineation within the strain
zones has the same plunge as and is continuous with the
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lineation in adjacent gneisses (cf section 2.3%A and fig.2.2A and
2.4). '

b) The dyke has a wave-like outcrop, the parts of the dyke
striking southerly being the least deformed, whilst those parts
striking south east contain a greater number of the shear zones.

¢) The dyke contact cross cuts the gneissic foliation., In
general the strike of the contact lies in a clockwise direction
from the strike of the foliation,

D). Other dykes.
A number of other dykes have been mapped in the Tarbet
Steep Belt., The usual features observed are a dyke up to
one or two metres gide, with a foliation developed throughout,
cross cutting the pre-existing gneissic foliation. The relation
between the dyke contact and the gneissic foliation is shown in

fig,2,2B, In all cases the contact lies in a clockwise direction
from the foliation, and in all but two cases the contact dips
~more steeply than the foliation, This is an important relation
that will be referred to later,

~

2.4 Major structure,

The presence of a major fold structure in the Scourie-
Laxford region has been proposed by both Lambert and Holland
(unpublished). Lambert details a structure similar to the
antiform dated as late Scourian by Evans (1963, 1965) at
Lochinver (personal communication) and very different from
that described by Sutton and Watson (1951, 1961).

The recent work of Beach et al (in preparation) has shown
beyond doubt the existence of a series of folds of Scourian age
(cf, section 1.4), though these do not correspond at all
closely to the early structures envisaged by Lambert. This section
wlll present details of some work carried out by the writer in
the area around Tarbet, with particular reference to the nature
of the strains resulting from Laxfordian deformation, and to the
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nature of the transition between the area of low and the area of
high Laxfordian deformation.

From detailed mapping along the coast a contlnuous section
across strike has been compiled. Part of this section is
reproduced in fig.2.3, and its location is indicated on the
map (cover pocket).

The flat lying Scourian banding and modified banding is
overturned across two antiformal fold hinges, the main Tarbet °
antiform, and the subsidiary South Tarbet antiform, to the
south. Northwards from the Tarbet antiform is a tract of gneiss
one kilometre wide which forms the overturned limb of the
Tarbet antiform and is named the Tarbet Steep Belt. The
characteristic features of this belt are the steep, south westerly
dipping foliation, the presence of strong LS mineral fabrics,
and the almost complete absence of remnants of minerals and
textures that were formed in the early Scourian (granulite
facies) metamorphism, V

A). Fabrics and minor structures in the Tarbet'Steép Belt.
The Scourian minersl banding can be traced over both the
South Tarbet and the Tarbet antiforms, The South Tarbet antiform,
‘and the folds immediately north of it (see-fig.2.3), fold the
lineation L1, This feature: cannot be-seen-at -the Tarbet antiform
because of the poor exposure in: this area, i - “vutivi o |
Within the Tarbet Steep Belt -itdis ‘stillipossible: to

..~ .. recognise modified Scourian banding. Layers of hornblende replacing

pyroxene can be seen, and in:basic!bodies, remnants of granulite
.facies assemblages can -be found. It is-also possible to trace
Scourian-granite-shéets‘fin'théﬂunmddified Scourian these sheets
are conformable with the main mineral layering) as continuous
layers in the Tarbet Steep Belt, :North of Tarbet village it
-becomes more. difficult to recognise modified Scourian banding,
except in the basic and‘ultrabasic'bodies {ef. Sutton 'and

Watson 1961, fig.4) because of the intense recrystalllsation

in this area, G L NS .AL.;‘\ ooy b

- ) N N :
J I [V U ST . i N BN
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It is not possible to separate Laxfordian and Scourian
mineral fabrics within the Tarbet Steep Belt, as can be done
in some areas (cf. section 1.4). This is because the Laxfordian
deformation and recrystallisation is sufficiently strong to
overprint earlier fabrics. However, it is known (Beach et al)
that the Scourian folds did have axial surface mineral fabrics.

The mineral fabrics dominant in the Tarbet Steep Belt
are LS fabrics, with comégents S2 (this is the second foliation
of Peach et al 1907) and L2, This LS fabric is also present
in the dykes, thus showing that its present form is a result
of Laxfordian deformation and recrystallisation.

It is a feature of the more competent bodies (ie. Scourle ,
dykes and early basic igneous bodies) that Laxfordian deformation
resulted in a heterogeneous strain distribution within these
bodies, In particular, zones of high strain are frequently
seen, In both dykes and basic bodies these shear zones have a
sense of downthrow to the south (c¢f. Sutton and Watson 1961
fig.4). Beach et al (in preparation) have shown that this
statement can be generalised to the whole region affected by
Laxfordian strains, This phenomenon indicates that the shear
zone structures are related not to the fold forming phase of
(Scourian) deformation, but to a phase of deformation superposed
on the folds, This is apparent immediately in the case of the
dykes since they are themselves younger than the folds, but it
must also be true for the basic bodies,

By analogy with the analysis of Ramsay‘and Graham (1970)
the lineation within these shear zones is interpreted as
recording the finite stretching direction. This lineation is

continuous from dyke (or basic body) into gneiss, and thus the
' lineation L2 in the gneisses is also interpreted as regording
the finite Lexfordian stretching direction, Minor folds are
not common in the Tarbet Steep Belt, but ‘invariably the minor
fold axes are parallel to L2. This is consistent with the
interpretations meade above, since~thé.axes of Scourian folds
will be rotated into the finite stretching dlrection after
a moderate Laxfordlan deformation.
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At any one outcrop the lineation has a constant plunge,

but this plunge varies from outcrop to outecrop., Fig.2.4A is a
plot of the lineation L2 in the Tarbet Steep Belt. There isca
pattern in the variation of direction and amount of plunge of
the lineation which suggests that the finite strain considered
across the strike of the foliation is not homogeneous, This is
most clearly seen by reference to the wave-like form of the
Tarbet Dyke (see map). The lineation is steeper in plunge in
the gneiss tracts along strike from the pafts of the dyke
striking nearly southerly (ie. the least deformed parts of the
dyke, see.above section 2,3C), and similarly, L2 is less steep
in the gneiss tracts along strike from the parts of the dyke
having a south easterly strike., The latter are inferpreted as
the more deformed belts, Two interpretations of this patternare
a) L2 has been deformed in a plane subsequent to its formation,

b) rotational strains were present during the formation of L2,

B). Deformation in the area between the Tarbet and the South

Tarbet antiforms. | '

This is an area that is structurally heterogeneous~ the
- following- structural elements can be seen:

2) flat lying but amphibolised Scourian mineral banding,

b) Scourian banding folded by Laxfordian deformation. (see
above section 2.3B),

¢) deformed Scourian fold structures.

The existence in this area of pre-dyke structures similar
to those described earlier in section2.2 is shown by the fact that
a) vertical foliation is cut by undeformed parts of the Mullach
Dyke, b) the dykes truncate the lineation L1 in the areas where
the Scourian banding is still flat lying, and o) the dykes '
truncate axial surface hornblende fabrics,

The Laxfordian modification of the earlier steep belts
will be deséribed here., The lineation L1 is developed strongly
in these steep belts and there is no evidence to suggest that
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the lineation did not develop at the same time as the steep belts
Laxfordian deformation of these structures is shown by:
a) change in strike and dip of the foliationm,
b) rotation of L1 in the plane of the foliation, and
¢) growth of S2 and I2, L1 eventually being overprinted.
Fig,2.4B shows the geometry of this rotation., The rodding
lineation L1 is rotated through about 150°v(measured in the
plane of the foliation) and is seen to be rotated through the’
direction of the lineation L2, The latter lineation has already
been interpreted as the finite stretching direction, For the
observed rotation of L1 to be compatible with this, it is
necessary that an earlier deformation, pre-dating the formation.
of 12, resulted in substantial rotation of L1, This earlier
rotation could either. be pre-dyke or post-dyke in age. There
are reasons to believe that both a pre-dyke and a post-dyke
(but pre 1L2) rotation could have occurred. The evidence is as
follows: -
a) it is thought that L1 formed prior to the second phase
of Scourian.deformation, and that it is deformed by these
structures; ‘ : _
b) in mapping the Natural Arch Dyke, two phases of (Laxfordian)
deformation were distinguished, and it was during the second
' 0f these that the main Laxfordian LS fabrics were produced.
_ Whilst L1 was rotated in these deformed steep belts, the
foliation also changed from a dip of 80-90° to the south east
to a dip of 40-50° to the south south west. ‘

¢). Discussion. S

The work described in this thesis was carried out prior
to the recent mapping done by Beach, Coward and Graham. Initially
it was necessary to deduce, from the work done in the small area
around Tarbet, the age of the Tarbet .antiform, This is no longexr
necessary chause_the mapping carried out by Beach et al, covering
a larger region, has shown that the Tarbet antiform is one of
a series of Scourian folds. In this section attention is still
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focussed on the Tarbet Steep Belt as defined earlier, and an
attempt is made to evaluate'the nature of the dominant
Laxfordian strains in this area. The arguments are based on
the relationships between the Scourie dykes and the gneilssie
foliation. Two general models are proposed, one involving
flattening strains, the other involving simple shear strains,
The problems are considered in two dimensions only.

The present positions of the dykes and gneissic foliation
are known. The dykes dip consistently more steeply than the
foliation (this generalisation has been confirmed in the whole
region mapped by Beach et al) and in the Tarbet Steep Belt the
discordances seen in vertical section are about 5-10°, The dip
of the foliation prior to Laxfordian deformatlon is known to
be 90° in the little modified folds north of Ben Auskaird
(section 1.4) and it is assumed that the pre-Laxfordian foliation
2t Tarbet was also vertical.,

It is thus possible to construct fig2.5, which shows a
~section across part of the Tarbet Steep Belt and the discordant
‘relations given aﬁove.'In fhe first model it is assumed that
the Laxferdien strains are the sum of increments of irrotational
'flaftening strains, In this case the changing angular relations
- between two lines (or planes) during deformation are dependent
only on +the ratio of the principal strains, and this is
‘described by the Wettstein relation (see Ramsay 1967, p67,129).
The position of the trace of the XY plane of the strain ellipsoid
has to be assumed, The position of the foliation now seen is
the result of the sum of Laxfordian and earlier strains, and
1f the strain is to be removed with the foliation considered
2s a passive marker, the XY plane cannot be coincident with the
plane of the foliation, since this would involve theorétically
infinite strain ratios, In this example the trace of the XY
plane is taken to be a few degrees less steep than the trace

£ the foliation (see fig.2.5).

Using the Wettstein relatlonship, the strain has been
removed from the angular discordance shown in fig.2.5 until the
trace of the foliation is vertical., In this particular example
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the strain ratio necessary to cause this deformation is found

to be 1+el1/1+e2 = 10/1. The strain is then removed from the dyke
in the same way, but this time using the calculated strain ratio
and leaving the initial position of the dyke as unknown. It is
then found that in-the undeformed state the dyke dips 60°

to the north east, |

In spite of the simplicity of the calculation, a strain
ratio of 10/1 is compatible with observed rock fabric (thinning
of mineral banding) in the Tarbet Steep Belt, and the estimated
initial position of the dyke is the same as the orientation
of undeformed dykes in the Scourie Zone (Sutton and Watson 1961),
and throughout Assynt in general, ‘ |

The strain has been removed from the same angular relations
as shown in fig 2.5 until the foliation is vertical on the
basis that the finite strain is the sum of incremets of simple
shear., The equations of Rmsay (1967, section 3,10) were used
in this second. model., It will be appreciated from these equations
that small variations in the angles of discordance affect the
computed value of shear strain very much. This is a featﬁre of
simple shear type deformations, For this reason the results of
three different calculations are presented in fig.2.6. Again,
the initial orientation of the dyke has been computed. In each
' case an orientation very different from that of the undeformed
dykes at Scourie is obtained and it must be concluded that
rotational simple shear strains played only a minor role in
the development of the Tarbet Steep Belt during the main
Laxfordian deformation.

This simple analysis suggests that the main Laxfordian
deformation in the Tarbet Steep Belt was accomplished by flattenin
emounting to a bulk strain of about 10/1, the finite XY plane
of the strain ellipsoid dipping to the south West; the principal
elongation direction (that is, L2) plunges about 30-40° to the
south east in this plane. This statement must remain a generalis-
-ation because of the variations in structure within the Tarbet
Steep Belt that have already been discussed, and because of the
assumptions made in the computation. The sharp transition from
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high to low finite Laxfordian strain southward across the Tarbet
antiform results from the fact that Laxfordian strains have beep
superposed on an earlier (Scourian) structure consisting broadly
of steep foliation to the north and flat lying foliation to the
south of the Tarbet antiform. '

2,5 Shear zones.

4). Ideal geometry.
The Laxfordian shear zones in the Scourie region have
been described by Sutton and Watson (1961), and shear zones of
similar typés are the subject of a paper by Ramsay and Graham
(1970). From the analytical work of the latter, a number of
" features define the ideal geometry of a shear zone:
a) the walls of the zone are parallel planar surfaces,
'b) outside the zone, the rock is undeformed during the period
of formation of the =zone,
) there_muét be a constaﬁcy of structure in one direction
‘w;thip:the zone, ilg. the zone possesses certain elements of
léﬁﬁmétfy,
~.d) the rock undergoes no volume change.
' If these conditions are fulfilled, strains can be analysed
. precisely in terms of simple shear within the zone, It must be -
emphasised that no genetic implications are made by defining a :
shear zone in terms of geometry and strain distribution,

N
B). Departures from ideality.

In the Scourie area the commonest departures from these
conditions are that the bounding sufaces of the zones are not
always planar and parallel, and that -the shéar zones are in
fact finite\in length, Often volume changes can be inferred

" to have occurred within the shear zones. Proof of low to
negligible strains in rocks flanking a shear zone is most
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easily obtained when the zones cut across otherwise undeformed
igneous rock, It is more difficult to demonstrate this point when
the zodes cut an already foliated or banded gneiss,

It is mainly because of this last point that it has not
~been found possible to analyse the strains in the shear zones
at Scourie quantitatively using the methods described by
Ramsay and Graham (1970).

C). Essential characteristics of the shear zoneé at Scourie,

The locations of the shear zones studied here are shown
on the map (cover pocket), They are broadly the same ones as
those studied by Sutton and Watson (1961), Three features are
used to distinguish Laxfordian shear zones: |

a) Geometry., o |

The shear zones rotaje the Scourian mineral banding to
a vertical or steeply dipping position, and the zones are
geometrically monociinal. They are essentially paraliel sided
and finite in length, their dimensions being up to' 2m in width
and 200m in length. The lipgeation L1 is folded into the shear
éones; However, the angular-divergencé 0f the monocline fold
axis and L1 external to the shear zone is often small, and the
locus of the deformed lineation cannot be clearly defined and

~used in the way described by Ramsay (1967, ch.8). In a few
cases, L1 lies initially at a high angle to the shear zone.

" The locus of one such deformed lineation is shown in fig.2.7.
Interpretation of this and other loci is difficult, and since no
additional information was gained from the loci, discussion is
ommitted. " | '

b) Mineralogy and fabric,

The rocks within the shear zones show a thorough
recrystallisation, both new fabrics and new minerals appearing.
Biotite (a new phase) and hornblende (generally a recrystallised

 phase) are the most conspicuous minerals in the shear zones,
and the fabrics result from the orientation of these minerals.
The fabric developed in the shear zones is denoted LS, the planar
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element of the fabric lying parallel to the original Scourian
banding in the main part of the zone, Very rarely the new planar
fabric is seen to cross cut the older banding in the margins
of a shear zone.

c) Age. :

Shear zones provide the only evidence of ductile
deformation (in the area in which they occur) after the intrusion
of the Scourie dykes and before the pre-~Torridonian faulting. .
The shear zones displace the dykes, horizontal displacements
often being only one or two metres, The small scale of the
displacements results from the fact that the direction of
inferred movement in the shear zones (cf. section 2.4A and see
later) is very nearly parallel to the dyke walls, The
displacements have not been shown ‘on the map. ‘

D). Displacements on the shear zones,

Because of the small angle between dyke wall and movement
direction in the shear zone, any calculations of the amount of
displacement on a shear zone are very sensitive to small errors
‘in this measured angle. Only in one example was it considered
that an accurate calculation of this displacement could be made.

The shear zone described by Teall (1885), from the
Scourie dyke at Poll Eorna, can be traced from the dyke into
the adjacent gneisses, The dyke at this point is about 25m
wide., The shear zone within the.dyke is about 1m wide and is
bounded by undeformed dolerite., It can be traced northward into
the gneisses as a linear zone of approximately constant width.
However, when it is traced southward into the gneisses it in-
-creases in width to about 10m. This is partly due to interference
of the shear crossing the dyke with an earlier shear along
the southern margin of the dyke. For this reason only the northern
~margin of the dyke is considered, where no earlier shear zone
is present.

The data collected at this locality is conveniently
shown on a stereogram (fig.2.8). The horizontal displacement
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of the dyke contact, measured in the plane of the shear zone
foliation, is 11.3m, The position of the foliation in the
shear zone records the position of the XY plane of the finlte
strain ellipsoid in that zone (see Ramsay and Graham 1970).
It is not necessary for the finite strain ratio to be very large
before the foliation becomes nearly parallel to the margins
of the shear zone, This is easily appreciated from the graphs
presented by Ramsay (1967, p86). Thus it can often be assumed -
that the finite elongation direction in the centre of the shear
zone is parallel to the actual movement direction, This has been
done in this example,

It 1s a simple geometrical calculation to compute the
real displacement on the shear zone from the measured data,
It is found to be 22m, for this example. It is unfortunate that
this procedure could not be applied to a number of shear zones
in the area.

A series of shear zones have been mapped across Sithean
Mor (see map) which all have roughly the same width as the one
at Poll Eorna, In order that some idea of the bulk strains
resulting from displacements on shear zones in this region may ‘
be gained it has been assumed that each shear zone has a
displacement of 20m, The movement directions are all slightly
‘different for this set of shear zones (see map) and so a vertical -
section has been constructed. This 1s shown in fig.2.9. The
mosf‘interesting feature of this construction is that the
calculated bulk regional strain resulting from the narrow zones
of shear is very small.- a shear strain of 0.23 gammas in a
vertical direction., The implication of this is that in this area
deformation by formatioh of shear zones was not a means of
producing a large finite regional shape change., This contrasts
with a region such as South Harris where deformation by shear
zones has resulted in a large finite regional shape change
(Graham personal communication). What is the significance of
the shear zones at Scourie 1f regional deformation during their
formation was relatively insignificant? This question, and
related topics, are discussed in detail in chapters 9 and 10,
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" E)., Discussion of field relations.

The general field observations are very much in agreement
with those of Sutton and Watson (1961, p92-96), and for this
reason it is unnecessary to give details here, However, a few
points will be discussed,

There seems no doubt that the shear zones form a conjugate
set with preferential development of one half (those with "down-
—~throw" to the south east). The direction and angle of plunge’

. of the line of intersection of the two shear planes is important
if an interpretation of the stress orientation initiating
shearing is to be made, The axial surface of the monoclinal _
fold geometry of the shear zones is very nearly parallel to the,
foliation within the shear zones, and so it is sufficient to
plot the poles to this foliation in conjunction with the sense
of asymmetry. This has been done, taking small areas at a time.
The general result, though not precise, indicates a plunge of
20° to the south west of the line of intersection. The difference
between this and the figure obtained by Sutton and Watson

(70O to the south west) must be accounted for. Two factors
~contribute to this difference., First, Sutton and Watson _
included in their assessment structures that are now known to

be Scourian in age (ie, the steep belts described in section

2.2 here). Second, the orientation of some shear zones 1is
governed by these earlier structures in that the shear zones
develop parallel to the earlier steep foliation., In the assess=
-ment made here, both these categories were excluded, The

angle between the planes of shear in the conjugate set was

found to be about 20-30° (=28).

In agreement with Sutton and Watson (1961) it is found
that thereis no reason to suppose that the majority of shear
zones formed at more than one distinct time, Strictly, this
idea needs slight modification, Along dyke margins the gneissic
banding is often deflected into a vertical position (Peach et
2l 1907, plate XXI). From the point of view of linear
distribution of strains and development of LS mineral fabrics,
these structures must be grouped with the shear zones., However,
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these structures contain no biotite and are deformed by shear
zones which contain biotite. The importance of this mineral=~
—-ogical distinction will become apparent later, For the present
it is sufficient to distinguish an earlier set of shear zones
along dyke margins, The dykes are affected by these shear

zones and this leads to a characteristic pattern often seen in
the dykes of this region - the margins of the dyke are
foliated, while the central portions are undeformed. This
relationship, produced by heterogeneous development of strains,
has been cited as evidence for multlple dyke intrusion by

Bowes and Khoury (1965),

There is no evidence of multiple ductile deformation
within the shear zones as proposed by Sutton and Watson (1961).
Flinn (1965) has suggested that mineral reorientation during
deformation is governed by the shape of the crystal and by the
shape of the strain ellipsoid, The shear zones described by
Ramsay and Graham (1970) show equal development of linear and
planar fabriecs (ILS) which is compatible with a constarwb—r

constant volume, plane strain deformation ellipsoid. In a
similar way, most of the shear zones described here have LS
fabrics, and though there is no way of proving it, it seems
very likely that the strains are predominantly of the simple
shear type. By anslogy with Ramsay and Grzham (1970),
lineation is interpreted:as the finite elongation direction
within the shear zone, Seen in this light, the shear zones
are the result of one phase of deformation.

The interpretation of shear gzones forming a conjugate
set impliés certain assumptions have been made regarding the
genesls of the shear zones, However, the elaboration of a
mechanistic model for the origin of the shear zones is
‘delayed until later in the thesis.
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CHAPTER 3.

MINERAL FABRICS.

Many studies have been made of the relationships between.
the different mineral grains in metamorphic rocks. Work by
Kretz (1966,1969),. Flinn (1969) and Vernon (1968,1970) has aimed
at defining the criteria that may be used to judge whekher mineral
grains are in equilibrium with each other. Other studies (eg.
Stauffer 1970, Beach 1969) have considered that information
'concerning the mechanism of deformation of a particular rock can
be gained from microscopic examination of the mineral grains
in that rock. | ‘ ,'

In most metamorphic rocks recrystallisation masks any
evidence that individual grains may have been deformed (eg. Dby
glide planes), and the recrystallised grains now seen are judged
to be related to late~ or post-tectonic annealing, The process
of recrystallisation is little understood and the controlling
factors of such a process in silicate rocks are far from clear,
It scems doubtful if studies of optic orientation of minerals
in such rocks could give information on, for example, the stress
history during deformation.

In this chapter brief con81derat10n will be given to three
aspects of mineral fabrics, These are a) optic fabrics, b)
dimensional orientation of minerals, and c) redistribution of
material during deformation and metamorphism,

One of the problems that hinders interpretation of
metamorphic fabries is that end products, and not processes, are
observed., From a study of shear zones such as those referred to
in chapter 2 it is possible to observe. the initial and final
febrics, and inferences as to the processes llnking both states
may be more easily made, '
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3.1 Optic fabrics.

An initial study of optic fabrics in shear zones has been
made by Graham (in Ramsay and Graham 1970); studies of quartz
orientation in relation to variations in finite strain

suggested that there was a connection between mineral fabrie
and finite strain, With this in mind quantitative work has been
carried out on felspar and quartz fabrics from shear zones at
Scourie, .
_ The initial study was based on a dolerite from Castell‘
Odair in North Uist (Ramsay and Graham 1970) and similar rock
'from a dyke at Scourie (sample 2), The undeformed igneous rocks
have a sub-ophitic texture of randomly oriented plagioclase crys-
~tals., In the shear'zope (the boundary conditions are those
of simple shear, see Ramsay and Graham 1970) the dolerite is
converted to an amphibolite (cf., Teall 1885). The sub-ophitic
texture is flattened but preserved in outline, and each original
plagioclase crystal has been recrystallised to an aggregate
" of 20-30 grains, the self boundaries of which are polygonal.
The orientation of all three optic axes (ie, X,Y,2) of
" the plagioclase has been measured for the two shear zones
mentioned. It was found that for both sémples the X and 72 axes
show a near random distribution whereas the Y axis shows a
bread girdle distribution. Fig.3.1 shows one of these girdles
" of Y axes. This procedure has been repeated for plagioclase
in samples collected from shear zones cutting the granulites at
Scourie, The result, a girdle of Y axes and randomly
distributed X and 2 axes, is the same as before except that the
girdle is much broader in the sheared granulites.,

Two factors are suggested that may control or influence
the development. of such a fabric:

a) Host control. ,

When a large crystal recrystallises into smaller grains
it is possible. (see for example Hobbs 1969) that the host grain
lattice controls the orientation of developing nuclei, The
essential initial difference between the plagioclase in the
dolerite and in the granulite is that in the dolerite the
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crystgls had a high shape anisotropy, whereas in the granulite
the qystals were approximately equidimensional, Thus the
plagioclasée in the dolerite will undergo a marked rotation
during the first increments of strain and a preferred shape
(and hence optic) orientation will be initiated. The plagioclase
in the granulite will undergo relatively little rotation during
strain, If the orientation of the recrystallised grains is
controlled by the host lattice orientation, then stronger
preferred orientations are to be expected in the sheared
dolerite. ' ‘

In an attempt to define this effect, a further
quantitative study of undeformed dolerite (sample 2) was made.
It is found that though the rock is undeformed, the large
plagioclase crystals contain small and often discrete
recrystallised grains. The study involved measurement of the
optic orientation of these discrete grains and of their host
crystals, The orientation of the grain boundaries of the discrete
grains was also measured. The data vere plotted in a number of |
ways, as follows and as shown in fig.3.2:

4A) The host crystal optic axes (X,Y,Z) are.plotted in a cartesian
framework (x,7,2). ,
B) The optic axes of the recrystallised grains (X',Y',Z') are
plotted in a cartesian framework (x,y,z).

C)‘The boundaries of the new grains against host crystals are
plotted in a cartesian framework (x,y,z).

D) The axes of each new grain (X';Y',Z') have been rotated to

a fixed position, and the orientation of the grain boundaries
is plotted in this framework.

E) The axes of the host crystals (X,Y,%) have been rotated to a
fixed position, and the axes of the new grains (X',Y',Z') are
plotted in this framework. |

Far more data are needed before any firm conclusions can
be made concerning the control of host crystals on new grain
orientation, From the limited data presented there is no apparent
relation between host crystal and new grain orientation.
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b) Surface anisotropy(Spry 1969, table 7, p148).

The most abundant phase in the shear zones being
considered is hornblende. In this mineral shape anisotropy is
a reflection of lattice structure and of surface anisotropy.
Hornblende crystals become oriented during deformation because
of their shape anisotropy, and with hornblende and plagioclase
growing in close proximity, the surface anisotropy of the
hornblende could affect the orientation of the nucleating
plegioclase, The magnitude of this effect must depend on the.
number of hornblende-plagioclase boundaries,

It is suggested by the present writer that the quartz
fabric diagrams presented by Ramsay and Graham (1970, fig.17)
show the control exerted by the hornblende crystals on the
orientation of the guartz grains. In these altered dolerites
~quartz occurs as small grains contained within individual
hornblende grains. In any one hornblende crystal it is likely
that the orgentation of the smaller quartz grains will be very
much influenced by the orientation of the hornblende. It is
because of the fact that the hormblende crystals adopt a preferre
orientation themselves (because of their shape anisotropy)
after a2 certain amount of deformation that the quartz grains
within these hornblendes also adopt a preferred orientation,

If this hypothesis is correct, then the changing quartz fabrics
in these shear zones (see Ramsay and Graham 1970) do reflect
indirectly the changing finite strain states across the
shear zone.

" Quartz fabric diagrams from a shear 2zone oﬁtting a
granitic gneiss at Scourie (sample 18) show a random orientation
of the quartz optic axes, This rock consists dominantly of

quartz and felspar, both shape and surface anisotropies being
small., | : |

3.2 Shape anisotropy.

The dimensional orientation of minerals in metamorphic
rocks is an important aspect of mineral fabrics, Alignment of
minerals in planar and linear fabrics is partly a reflection
of the amount of strain and type of strain in a rock (Flinn
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1965), When a rock is deformed crystals with a shape anisotropy
will rotate: they can be considered as planes and lines within
a strain ellipsoid (Ramsay 1967, p162). Coward (1969) and
Graham (1969) expanded the idea that obliquely superposed
strains could account for changes in mineral fabrics in areas
of polyphase deformatioﬁ, and applied this boncept to the
TLaxfordian rocks in the Outer Hebrides.

In addition to external rotation of crystals by strain,
there may be internal rotation of a crystal (eg. by gliding,
see Carter and Raleigh 1969). In most metamorphic rocks this
latter process is masked by recrystzllisation,

It is commonly observed that minerals such as hornblende
and biotite recrystallise to produce planar and linear fabrics.
It is less readily apprediated that recrystallisation can be
itself a2 mechanism of strain in a rock, The principle of least
work 1s equivalent to saying that when rocks deform, they do so
by the easiest possible process, Experience in metallurgy has
shown that cataclasis becomes less important as a mechanism of
deformation at high temperatures. If recrystallisation, a
temperature controlled process, is the only process operative
in a rock under deviatoric stress, then material will be
redistributed to accomplish maximum strain with minimum work.
In general where recrystallisation is merely dominant, this
process only contributes to the total strain,

- Two examples of a strain resulting from recrystallisation -
will be described. '

Plate 3.1 shows a specimen from a shear zone crossing
Scourian gneiss (sample 53). The undeformed equivalent of this
sample contains spherical garnets (for details see chaptexr 6).
in the shear zone these garnets have been altered to aggregates
of blotite. The biotite has not formed spherical aggregates,
but aggregates which in two dimensions are seen to be elliptical,
The growth of biotite in a preferred direction has formed a
crude foliation in the rock, and has accomplished a shape
change relative to the undeformed'rock.

Sample 22 was collected near Sithean Mor and is from a
minor fold of Scourian age (see section 2.,24,B). Hornblende
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aggregates pseudomorph the earlier granulife facies pyroxenes
in many rocks in this area. In the fold sampled the hornblende
aggregates are ellipsoidal in shape, Orthogonal faces were cut
in the sample using the axial surface and fold axis as reference
directions., In each section prepared the hornblende aggregates
were then treated as ellipses and the orientation and dimensions
of the major and minor axes measured, It was only possible to do
tThis analysis for two faces because on the third face the ‘
elliptical shape of the aggregates was not -defined clearly enough
to permit accurate measurement. The results are plotted in
fig.3.,3 vhich shows that on this Rf/§ plot the points form a
symmetrical cluster (see Dunnet 1969). There is no cbvious )
reason why the results presented here should not be interpreted -
in the same way as described by Dunnet (1969). Thus the strain
ratio of the measured aggregates is approximately 1+e1/1+e2/1+e3
= 3/1.5/1, and the initial shape factor is approximately
2/1.5/1. |
' The principle of these examples is that if recrystallisation
occurs in a deforming rock then it will contribute to the strain
in that rock. It is not implied that recrystallisation
necessiatates strain, for example post-tectonic annealing will
not in general alter the shape of the rock,
Recrystallisation is dependent mainly on temperature and if

& stable phase is recrystallising the rate Controlling factor
may te temperature, This relationship is sufficient reason

for proposing recrystallisation as a mechanism of strain at
‘high temperatures, The strain pétterns produced in this way will
depend on the'precise mechanism by which recrystallisation
- takes place, a subject still in dispute.

3.3 Redistribution of material,

In general the rocks studied here suggest that migration |
of the mineral phases has taken place only over very small |
distences, with the result that processes of transposition
ere unimportant in the evolution of these rocks,. Theo following
evidence is used to infer the absence of large scale mineral
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migration:

a) The pyroxene in the granulite is often merely replaced
by hornblende during amphibolisation, and the granulitic
texture is mimeticallyretained. The banding is seldom destroyed
during this amphibolisation.,

b) In the process of segregation described in section 2.2B
the minimum distance of migration of hornblende necessary to
produce the observed fabric is of the order of i-2cm,

c) Within the shear zones no new segregation banding is
produced, The discontinuous banding developed in some shear
zones 1s the result of flattening and elongation of original
single crystals., In shear zones cutting sub-ophitic dolerite
the strained suo—ophltlc texture can still be seen, This suggesits

sence of processes involving mineral migration in these

The Scourian granulites are characterised by an absence of
potash bearing phases. During the Laxfordian such phases

a ar in the shear zones and other Laxfordian assemblages.,
Scourian granitic rocks do contain potash felspar, dbut during
Laxfordian metamorphism and deformation of these rocks this
votash felspar does not migrate out of its host rock to react with
atjacent assemblages. Thus though potassium in some form is

very mobile during the uaxzordlan metasomatic event, potash

ar is relatively immobile.

Quartz veining is in general absent from the area studied.

These observations suggest that processes of solution,

migzration and redeD031ulon, the results of which are frequently
en in greenschist facies rocks, were almost inoperative in the

cks studied here.

3.4 Some comments on the deformation of polycrystalline

czoreggtes,

LIS

It is possible to recognise a number of mechanisms by which
rysvalline-aggregates deform when subjected to a deviatoric
ess system, It is much more difficult to derive comstiitive
juations for these mechanisms, In this discussion reference

[0}
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will be made to the following types of deformation mechanism:

a) cataclasis, including gliding, glide twinning and grain
boundary slip;

b) pressure solution, including grain boundary diffusion
and diffusion through a fluid phase;

¢c) lattice diffusion - this can be considered in two ways,
first, movement of a unit of given composition through a crystal
of the same composition (ie, diffusion of vacancies in the
opposite direction) leading to a shape change, and second,
differential migration of certain ions, etc. through a lattice
leading to changes in composition;

d) recrystallisation.

In general, mechanisms of deformation may be divided into
2 stress induced group and a temperature induced group. Each
mechanism has a particular activation level, and over a range
of geological conditions, different mechanisms will become
dominant under different conditions.,

Gliding and cataclastic deformation are stress induced,
and evidence that this mode of deformation has occurred in a
rock 1ls most readily obtained from rocks deformed under dry
or low grade metamorphic conditions. The brittle strength of
a crystal decreases with increasing temperature, and it might
be expected that deformation resulting from cataclasis would
increase with temperature, However, under conditions of rising
temperature, new temperature activated mechanisms begin to
‘operatg, and it is possible. that the lower deviatoric stresses
that these high temperature systems can sustain (see Heard 1963,
Price 1971) preclude deformation by gliding. Unfortunately
there 1s no way of telling if cataclasis has been important
during the deformation of high grade metamorphic rocks because
of the recrystallisation that most phases have undergone.

4 1ittle more is known about diffusion mechanisms, both
from observations made on natural rocks and from experimental
and theoretical work., The results of processes termed pressure
solution. are most frequently seen in low grade metamorphic
rocks., It is not clear whether pressure solution occurs by



69

by diffusion through grain boundary layers of a crystal or throug
an intergranular fluid phase, Because of the small dimensions

of intergranular spaces that are likely to have existed in metam-
~orphic rocks, it seems probable that surface layers of the
crystal must have been involved in diffusion, Experimental

work in metallurgy has shown that activation energles for
grain boundary diffusion are lower than for lattice diffusion
(see LeClaire 1951), and that this difference is larger at lower
temperatures. '

Green (1970) has considered crystals under deviatoriec

stress and presents equations defining the chemical potential

f the crystal throughout and at the boundary of these crystals.
Stress—-strain rate laws are then derived for grain boundary and
lattice diffusion (see Green 1970); neither of these laws
predicts a steady state creep. One possible reason why the results
of pressure solution are more frequently encountered in
unmetamorphosed or low grade metamorphic rocks may be the hilgher

~ stress differences that probably existed in these rocks during

deformation, since then larger gradients in chemical potential
of each phase will also have existed.

Self diffusion of vacancies in metals is known to become
an important mechenism of deformation above temperatures of half
the melting point, and the stress—strain rate law for- this
process can be calculated theoretically (see McLean 1965).

L1 high temperatures and low differential stresses vacancy
diffusion must be considered as a feasible mechanism of
delormatwon in crystals,

The term recrystalllsatlon is used to de§&1be processes
whereby dislocations, etc. are cleared: from crystals and
lattice blocks become reoriented. Recrystallisation may involve
nucleation and growth, or simply growth of strain free blocks,
and the driving forces involved are latticé strain energy and
grain boundary energy. Lattice diffusion is enhanced by the
presence of many dislocations that result from deformation of a
crystal, and fast rates of lattice diffusion may occur if
recrystallisation takes place‘during deformation, The +time
reguired for a given amount of recrystallisation %o occur
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decreases logarithmically with increasing temperature.

Formation of new and stable grain nuclei requires that
any nucleus has a low interfacial energy (ie. it has a coherent
boundary with its host), whereas further growth of the nucleus
is promoted by high interfacial energy (ie. nucleus-host
boundaries are incocherent). If recrystallisation occurs by growth
of strain free blocks then the nucleation stage is no longer
necessary, and incoherent boundaries méy migrate relatively._
quickly. The data presented in fig.3.2 shows a) that the
boundaries of new grains'are irrational and incoherent, and
b) that there is no relation between the lattices of the host
crystal and the new grains. This suggests that recrystallisation
oceurred by growth of strain free 5locks. If nucleation had
occurred then preferred orientations should be apparent in
fi2.3.2 because only favoured nuclei would have grown.

The textural evidence presented in the previoussection
suggests that grain boundary diffusion of mineral phases did
not occur to any extent in the rocks studied. One very convincing
example is provided in rocké consisting of pyroxene, hornblende,
plagioclase and quartz. Along initially pyroxene-plagioclase
boundaries these two minerals have reacted to form hornblende
(this is described in chapter 5). However, -along quartz—
pyrexene boundaries no hornblende has been formed and it must
be supposed that the plagioclase could not diffuse along the
guartz~pyroxene boundary and react to form hornblende.

It is concluded from this discussion that in the rocks
studied the mechanism of deformation involved temperature
activated processes of recrystallisation with simultaneous
short range lattice diffusion, ' ‘
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CHAPTER 4

AN INTRODUCTION‘TO THE MINERALOGICAL STUDIES.

Two generalisations relative to the work to be discussed
now can bhe made from the field studies., They are, firstly,
that in a terrain that consisted originally of granulite facies
rocks, two important periods of subsequent tectonic deformation
(Scourian and Laxfordian) can be distinguished, and secondly,
that each set of structures has associated withiit distinctive
mineral fabrics and mineral assemblages, '

For these reasons, sampling was carried out within the

fremework of tectonic structure, and the chapters that follow
present the resulits of laboratory investigations of rocks
collected from a variety of struciural eﬁvironments. The samples
may be grouped as follows: ‘

&) Partly altered Scourian granulites, with pyroxene still
present., These are used %o substantiate a link between the altered
and unaltered granulites. The petrochemistry of the latter has
been studied in detail by Muecke (1969),

b) Samples from the steep and flat limbs of the asymmetric

wn

courian fold structures (see section 2.2), These rocks are

dominantly hornblende bearing; sometimes the steep limbs of these
folds contain sigrnificant quantities of biotite which, for

reasons that will be discussed later, is attributed to later
Lzxfordian introduction of potash. These biotite bearing rocks
can be distinguished from Laxfordlan shear zones by differences
in mineral fabric, )

c) Samples from Laxfordian shear zones, these containing
mainly biotised aséemblageso With each sample from a shear zone,
another sample from the immediately ad jacent rock was
collected for comparative purposes, '
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d) Samples from the Tarbet Steep Belt. This is another
structurally distinet unit (see section 2.4) and consists of
strongly recrystallised hornblende and biotite bearing
assemblages,

e) Samples from hornblende pods. These result from the
amphibolisation of mafic Scourian granulite facies pods., Some
of them are also involved in the later Laxfordian shear zones.
These pods were collected with very specific reference to
tectonic structure, not only for petrologic study, but also for
a programme of potassium-argon radioisotope dating. It is
hoped that this latter work, the results of which will be pub-
-lished elsewhere, will help solve some of the geochronological
problems in this structurally complex region, ' i

Table 4.1 presents a list of samples referred to in the
text; the sampling locality is given as an eight figure
National Grid reference, the prefix NC being assumed in each
case, The structural map presented with this thesis (cover
pocket) shows the national grid one kilometre squares in the area
mapped, enabling sample localities to be found rapidly. Table
4,1 also indicates briefly the fabric elements visible in hand
specimen for each sample, | ' '

4,2 Petrography,

t i1s possible to define events of amphibolisation and
biotisation because the parent granulite facies rocks as such
are mineralogically dry and depleted in potassium (Muecke
- 1969, Holland and Lambert 1971). Amphibolised and biotised
aasemblages are readily observed to be derived from the granulites
sipce remnants gf pyroxene and pseudomorphs after pyroxene
are often preserved, and this forms the basis of the notion of
regeneration. The prime object of this study was to define the
various mineral transformations, and “to evaluate their =i -+ nwwu

LN

relevance and relation to the tectonic structure in which they
occur, |
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TABLE 4.1.

TOCALITIES AND BRIEF HAND SPECIMEN DESCRIPTIONS OF SAMPLES

MENTIONED IN TEXT,

No.

2.2

t\)g -

17
18
19

22

25

26

28

38

41
42
43
44
45

46

47

Grid ref.

14994618

14594618
15034666

1515468%°

14934588

14934588
14814595

15244622
15244622
15174623

15174623

15234622

15234624

15234624
15834816
15834816
158%4821
16004824

16024825

16074829

Chief characteristics.

undeformed dolerite with sub-ophitic texture,
from a Scourie dyke, adjacent to shear zone
sample from zone of simple shear, LS fabric
amphibolised granulite from large Scourian steep
limb, mineral banding destroyed

amphibolised granulite from large Scourian steep
1imb, mineral banding destroyed '
Scourian granite sheet adjacent to shear zone,
coarse quartz and felspar schlieren
Scourian‘granite sheet in shear zone, L2852
amphibolised granulite from Scourian minor fold,
axial surface hornblende fabric

shear zone, weak L2S2

ad jacent to 24, granular texture

amphibolised granulite, shows developing
hornblende segregations '

amphibolised granulite, coarse linear segregations
of hornblende and felspar, L1

pyroxene granulite ‘

ad jacent to small shear, granular hornblende
texture .

ad jacent to small shear, coarse hornblende texture
amphibolised granulite, well defined banding, L1
amphibolised granulite, modified banding, L1
amphibolised granulite, modified banding, L1
amphibolised granulite, modified bandingvnear
vertical, L1 .

steep foliation, not overturned, banding thinned,
weak L1,L2

Scourian granite sheet in overturned foliation,
strong L2S2
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table 4.1 continued,

52
5%
55
56

100
102
103
123
124

126
127
140
141
142
143
147
148
149
152
153
162
164
167
168

171
173
174
175
177
178
179
180
184
185

14994615
14994615
14994615
14994612

16094838
16154840
16234839
15834653
15834653

15834653
15834653
15814732
15814732
15794741
15794741
15274723
15274723
15274723
15204706
15204706
14374582
14734596
14794594

14784595

14724610
14724610
14724610
14924609
14684618
14724612
14724612
14724612

14784644 .

14784644

GK gneiss from shear zone, strong L2352

GK gneiss from shear zone, strong L252
strong L2S2

GK gneiss, granulite facies assemblage near to
above shear zone '

from Tarbet Steep Belt, L2S2

from Tarbet Steep Belt, L2S2

Steep Belt, L1252 .
strong L2, thin banding visible
steep limb ‘of Scourian fold, no L2, granular
texture

GK gneiss from shear zone,

from Tarbet
shear zone,

12s2
L2582
12S2
140, granular and banded, L1
thinned banding, L2

ad jacent to 142, granular and banded, L1
steep 1limd of Scourian fold, thinned banding
steep limb of Scourian fold, granular texture
banded pyroxene granulite adjacent to 147/148
shear zone, L2S52

shear zone,
shear zone,
shear zone,
ad jacent to
shear zone,

ad jacent to 152, granular texture, L1
hornblende pod in amphibolised granulite
shear zone, IL252

hornblende pod in amphibolised granulite
amphibolised granulite, pseudomorphed pyroxene
aggregates

undeformed GK gneiss

undeformed GK gneiss

undeformed GK gneiss

shear zone, L2S5S2

hornblende pod in Scourian

hornblende pod in amphibolised granulite
hornblende pod in shear zone, strong L2
shear zone, thin banding wvisible, 1282
margin of hornblende pod in shear zone
centre of 184
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table 4,1 continued.

187
188
190
191
192
194
195
199
200
201
202
220

14874661
15014655
15004603
15074600
15074600

15194595

15134585
16074829
15884800
15884800
16264845
15074625

pyroxene bearing mafic pod

hornblende pod from steep limb of Scourian fold
GK gneiss in shear zone, 1L2S2

shear zone, thinned banding visible, L2S2
hornblende pod in shear zone, I2

GK gneiss in steep limb of Scourian fold, L1
shear zone, banding still visibie, 12

from Tarbet Steep Belt, L2S2

amphibolised granulite adjacent to 201

shear zone, L2S2 o

hornblende pod in Tarbet Steep Belt, L2
shear zone, L2352
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TABLE 4.2,

SUMNARY OF MINERAL ASSEMBLAGES FOUND IN DIFFERENT PARTS OF THE
SCOURIE~-LAXFORD AREA, '

1). Principal assemblages of the Scourian granulites,

ultramafic division: :
cpx=0pxX~parg-op+plag—(ol-ap~-sp~bioct-~hbl)
mafic division:
cpx-opxtparg+gar-plag-op-{(qtz—ap~biot-hbl)
intermediate division:
plag+qtz—cpx+opx—(scap-ap-biot~hbl-cal)
~acid division:
plag-qtz-opxtcpx—op~—(gar—ap=-cal~biot=hbl)
gar-qgtz-plag-(opx) :
qtz-plag-Kfsp~(cal-op)

2). Principal assemblages found in amphibolised Scourian rocks.

hbl-(op-plag-biot)
hbl-plag-op-(gtz—ap~epid-zir)
hbl-plag=-gtz-op~(ap-biot)

3). Assemblages recorded from Laxfordian shear zones,

biot-hbl-plag-qtz~op-{ap-rut)
hbl-biot-cal-epid

hbl=epid=-plag-gtz-~haem=il
gar-biot-plag-qtz~ky~op~-(str-sp~cor-musc~haem)
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4).

4,2 continued,

77

Assemblages found in the Claisfearn and Foindle zones of

Sutton and Watson (1951).,

plag-gtz~hbl-+biot-{op)
hbl-epid-plag-qitz-{(chl-haem)

- gar-biot-plag-gtz-sulphides

5).

basic

plag-Kfsp-qtz-musc~(biot)
plag~Kfsp-hbl-cpx-sph
plag-pyx-gar+ol
plag~atz—(biot)

gar—-qtz

anth-talc-trem

Assemblages found at Laxford Bridge,

gneiss:
hbl-epid-plagtgar-op

'grey gneiss:

biot-hbl-epid-plag~qtz-op+Kisp

granite sheets:

plag-Kfsp-qtz—(biot-hbl-cpx-0p) -
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Portunately, it is unnecessary to give detailed petrographic
descriptions in this thesis since the excellent works by
Peach et al (1907, chapters 4,9), Sutton and Watson (1951) and
Muecke (1969) deal with this topic. However table 4.2 gives
for reference a list of the main assemblages found in the areas
covered by this thesis,

The methods used in this investigation started with
microscope inspection of thin sections, and techniques included
modal analysis and use of the universal stage microscope.

T2 statistics of modal analysis have been discussed by

Chayes and Fairburn (1951), Chayes (1954) and Kalsbeek (1970), .
and it was in the light of these discussions that the counting
interval used was the minimum possible (0.05mm) and the number
of counts per assemblage was maximised (more than 3000 counts
per analysis was aimed at). It was still not possible to make
counts of the fine inclusions present in some of the phases,
The result of the method used is that the assemblages are dealt -
with on the scale of a thin section, except in special cases
where larger or smaller scales are used. The number of counts
made in each analysis is indicated in table presenting this

- analysis, Plagioclase compositions, determined optically using
a universal stage microscope, are also given in the tables of
modal analyses. |

.4.3 Analvyvtical technigues., S

- Microscope work was followed by a programme of qualitative

and quantitative chemical analyses of selected minerals and

mineral assemblages, using the Geoscan electron microprobe.

This instrument provides a powerful and rapid method of analysing

minerals, The construction and mode of operation of the instrument
described in papers by Long (1967) and Philibert (1970).

The great advantage in using a microprobe is that single grains

or parts of grains can be analysed sefaraﬁely, 2 necessity in

rocks where disequilibrium assemblages may be present, In the

present work, a number of grains of the same phase in each

agsemblage have often been analysed,

are
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The techniques generally used in obtaining quantitative
analyses are documented clearly by Philibert (1970). A number
of the features of the analytical technique used in this work
will be briefly mentioned.

Machine drift may be one of the largest sources of error
duriqﬂanalysis, and it is difficult to correct adequately for
this error. Thus before an analysis set was commenced, tests
for drift in counting rates on standards were carried out for.
periods of up to one hour, If a drift of greater than 1% was
encountered during an analysis, then the data were rejected.
Brief tests for compositional homogeneity of the grains
selected for analysis were also carried out, It is possible,
using back-scattered electron and X~ray pictures, to ensure N
that the surfaces of the grains being analysed are indeed flat,
and this is necessary if accurate results are to be obtained.

VAnralysis was then restricted to small homogeneous and flat areas
of the grains selected. Analysisvwas not restricted to one
spot {this being only a few microns in diameter) on each grain
because hydroxyl bearing silicates tend to decompose under
electron bombardment, This procedﬁre also reduces the errors
that might result from the presence ofminute and unseen
impurities in the specimen., Counting was carried out over

“intervals of ten seconds, and the position of the beam was moved
after two such intervals. The total number of counts accumulated
for any one element in a grain is determined by many factors.
Statistically, counting errors are reduced to below 2% of the
measured concentration if the total number of counts collected
on each grain is of the order of 105. Corrections for counting
dead time require that an upper limit of 1O4counts per second
be placed on the count rate. These factors must be taken into
account in deciding the conditions (ie. specimen current,
accelerating voltage) under which the analysis is to be carried
out. ) ’

» During an analysis the followiﬁg Sequence was used, With
the Geoscan two elements can be analysed simultaneously, First,
counts on the relevant standards'(oxide and synthetic standards
were used) were accumulated, then counts for the element pair
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were accumulated for each grain or parts of grains selected.
The standards were returned to and further counts accumulated,
and this was followed by counting of the backgrounds of both
standards and specimens, Two sets of standard counts permits
linear interpolatiohs to be made, and small amounts of drift
can be corrected. This procedure is written into the correction
programme, The time taken for analysis of each element pair'
was about half an hour, An analysis set is made up of any number
of element pair analyses. It is not necessary to carry out each
element pair analysis under the same operating conditions, and
this permits a flexibility necessary if the statistical
counting errors mentioned above are to be reduced. Care was
taeken to aralyse the same parts of grains for all the element
pairs within an analysis set,

The raw data were submitted on paper tape and run with
the BM-IC-NPL correction programme (Mason et al 1969) using the
'IC computer facilities (CDC.6600), A turnaround time of about
.24 hours between carrying out the analyses and obtaining
corrected results permits.easy corrections to be made to any
operational errors that may have occurred. The computer
programme used makes corrections for dead time, mass number,
- atomic absorbtion and fluorescence (sece Sweatman and Long 1969),

It is of considerable value if there is a method of
checking independently the accuracy of the analyses, For this
reason selected homogeneous minerals containing all the elements
being analysed were included in the standard blocks. These
minerals have been analysed by wet chemiéalvmethods and by
various persons using the Geoscan, An analysis of one of these
minerals was included in each analysis set to act as internal
standard,
“ A large amount of information can also be gained by using
the Geoscan In a2 qualitaive way, The two methods used are called
wavelength scans and Geoscan traverses, The first method involves
gscanning of the spectrometer throughhlarge angﬁlar ranges, wvwhile
the electron beam is focussed on one mineral grain, In this way
peaks porresponding to all the elements present in the mineral
are obtained on the output chart, This method is valuable in
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determining the various minor elements present in different
phases, The second method is essentially the reverse of this,
that is, the spectrometer is set at an angle corresponding to
a particular peak of the element required and the specimen is
moved at a controlled speed and in a coantrolled direction
under the electron beam, This methdd provides a means of
detecting zoning in crystals, etc.

I would at this point like to thank Mr Paul Suddaby and.
Mr Malcolm Frost for the large amount of time they spent
ipstructing and helping me in the use of the Geoscan and the
data processing methods,

4,0 Tm wmgggmamics .

iz Th¢ Zellowing chapters mineral reactions have been
evaluated, where possible, thermodynamically using known data.
The source books for these data are Robie and Waldbaum (1968)
and Burnhem et al (1969), these being the most up to date
catalogues available., Standard symbols are used throughout,
as follows:
' pressure, bars
molar volume, cm3 :
temperature, °c
entropy, cal/deg/mol
free energy of formation, cal/mol
equilibrium constant of formation
fugacity, bars

chemical potential -

=R = B = R 5 T RS v
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.5 Tables and abbreviations.

For convenience the contents of the tables presented in
the following chapters are summarlsed ‘below,

Table 5.1 Modal analyses of Scourian and amphibolised
Scourian rocks, :

Mineral analyses from amphibolised Scourian rocks.,

Modal analyses of the hornblende pods,

. Mineral analyses from the hormblende pods.,
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Modal aznalyses of samples from shear zones and

ad jacent rocks, .

Modal analyses of the GK gneiss,

Mineral analyses from biotised gneiss.

Mineral analyses from the GK gneiss,

Barium and manganese analyses of selected minerals.,
Whele rock analyses and CIPW norms of the GK gneiss,
Mineral analyses from oxidised assemblages,

Modal analyses of oxidised agsemblages,

Modal anlyses of samples from the Tarbet Steep Belt.:
Mineral analyses from the Tarbet Steep Belt.,
Statistical data for the hornblende analyses,

abbreviations of mineral names have been used:

Plag(P) plagioclase
Pap plagioclase antiperthite
ADb albite ‘
An anorthite
Kfsp potassiun felspar
Qtz quartz
Gar(G) garnet
o Hbl (H) hornblende
Parg pargasite hornblende
Trem(T) tremolite
Ged gedrite
Anth anthophyllite
01 olivine
Cpx clinopyroxene
Opx orthopyroxene
Hyp hypersthene
Biot(B) biotite
Muse (M)  muscovite
Ky kyanite
Str{Ss) staurolite
Sp spinel
Cor corundum



‘Epid(E)

sﬁbscript
subsecript
subscript
subscript

chi(c)

epidote
‘chlorite
onague
magnetite
ilmenite
haematite
apatite
rutile
sSphene
zircon

Lulucaleite

centre of analysed grain'
edge of analysed grain

= sample from shear zone

sample adjacent to shear gzone

83
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CHAPTER 5.

REACTIONS INVOLVING PYROXENE,

The main concern of this chapter will be a presentation
of data relating to the alteration of pyroxene in the early
Scourian granulites to hornblende, This is the first major
alteration process that affects the granulites in the area
studied here and it has already been indicated (section 2.2)
that initial development of hornblende is associated with the
formetion of Scourian structures, '

In the first sections discussion is confined to the
commonest rock types seen in the field. They are followed by
a short discussion of a rock type that is insignificant in terms
of its total volume percent in the whole complex, but that
occurs persistantly enough to warrant attention, These rocks
are referred to as hornblende pods,

5.1 Petrographv.

A recent study of the Scourian granulites (Muecke 1069)
showed that theﬂcommonest‘rock type in these granuli%es
consists of clybpyroxene, orthopyroxene, a plagioclase of
composition An35 and quartz. In particular primary hornblende
is absent from these rocks and potash felspar cccurs only in
emall ezmounts within the plagiocclase (ie, as antiperthite).

The change from pyroxene- to hornblende -~ bearing rocks is thus
an important event in that it indicates a change from anhydrous
to hydrous mineral assemblages.

Following from the field.observations presented in
section 2.2 it might be expected that hornblendes formed at
this time would vary texturally from grains or aggregates
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merely pseudomorphing pyroxene to cdmpletely recrystallised
hornblende, This variation is seen in thin section and

briefly the following textural sequence is seen with progressive
recrystallisation of the assemblages:

a) Pyroxene is pseudomorphed from the margins inward
(generally it is not possible to tell whether a clino- or an
orthopyroxene is pseudomorphed; if relicts of pyroxene are
found these are invariably a clinopyroxene) bj an aggregate
of small hornblende crystals. Intergrown with the hornblendes
are small quartz graiasg thése are always concentrated at the
centres and absent from the edges of the pseudomorphed
pyroxene (see plate 5.1). The plagioclase is not always
completely recrystallised and the antiperthite texture may still
be vislble, The large quartz crystals in the assemblages '
recrystallise, and the fine inclusions seen in these cfystals
in the grenulite facies assemblages are no longer present,

b) The hornblende begins to recrystallise into larger grains,
though each pseudomorphed pyroxeneis gtill recognisable as an
aggregate of hornblendes, The intergrowﬁ quartz gréiﬁs begin
Yo coalesce but retain their uneven distribution. Any small
inclusions of opaque material that may‘have been present in
The hornblendes have either disappeared or coalesced into
larger grains that generally grow exterior to the hornblende,
This phase is now recognised as ilmenite. : v

c) The original aggregate of hornblendes recrystallise.into
one large crystal. The quartz grains have coalesced further
but are still contained near the centre of the hornblende, The
plagioclase has recrystallised into polygonal grain aggregates
without antiperthite inclusions. I

It is emphasised that quarfz is intergrown with the
hornblende and that this quartz remains within the hornblende
crystal despite the continued recrysitallisation of the latter.
In the early aggregates of hornblcnde the marginal hornblende '
: lways darker in colour than that at the centre of the
egates; this_is in part a result of the translucent nature

I,J
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TAN ASSEMBLAGES: MODAL ANALYSES.
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32 41 38 168 26 28 147 148 149 17
Plag 48,0 40,1 62.7 34.1 28.6 57.3 55.5 45,2 58.0 55,4
Pap  14.0 10,2 . 65.0

Qtz 0.3 7.0 13.1 3.7 4.2 17.0 14,5 0.4 16.8 22,2
Cpx  21.4 6.8. 4.7 2.4 1.8 9.4

Hbl  13.8 34.5 12.4 65.5 61.1 31,2 18.7 36.4 19.5 16.2 10.0
Trem | | tr tr

Ged | tr _

Biot 1.3 4.9 2.2 5.9 1.3 2.9 7.3 11.6
Epid 1.5 1.6

0p 2.2 0.2 1.4 4.8 0.5 1.4 2.6 2.2 2.5 1.3 0.8
Rt 1.2 | 0.3 0.9 tr

ip 0.3 0.5 0.8 0ut 1.4 0.3 0.4 0.3 0.4 tr
Cal 1.5 tr |

2ir 0.6 2.1

counts4900 10100 10900 2900 6100 8900 3700 3500 4000 4600 3200
An% 37 36 38 33 30 31 34 37 30 30



- TABLE 5.2

AMPHIBOLISED SCOURIAN ROCKS: MINERAL ANALYSES,

5102 Al1203 Ti02 PFeO MgO Cal K20 total mg

28H 42,8 11,0 0.7 16,0 10,2 11.7 0.7 93.1 39.0

168H 42.4‘ 12.7 009 1892 902 1108 102 9694‘ 3305
168 41,0 13.4 1.2 18.8 8.6 11.5 1.4 95,9 31.3
168B  35.9 15.4 3.4 18,5 11.1 0.0 9.6 93.9 37.4
12%} 41,9 12,0 1.3 16,1 10,5 11.7 1.2 -94.7 39.5
128 36.1 15.3 4.6 17.3 12.4 0.0 9.5 95,2 41,9
123 35.7 15.3 4.7 16.9 12.4 0.0 9.6 94.6 42,2
128 42,1 12,1 1.2 16,0 10.5 11.6 1.2 94.7 39.6
17H 42,6 12.4 1.1 17.2 10.0 11,6 0.5 95.4 36.8
174 42,6 12,1 0.9 17.3 10.0 11.6 0.6 95.1 36.6
174 42,6 12,3 0,9 17.3 10,3 11.5 0.6 95.5 37.3%
198 25,8 . 16,1 2.5 17.2 13,5 0.1 8.3 93,6 4%,9
178 56.4 1604 2.4 16,7 13.2 0,0 8.7 93.8 44,2
200H  39.8 12.6 1.0 15,9 10.5 11.6 0.6 92.0 39.7
1435 4%.8 11,6 0.9 18.0 9,8 11.2 0.9 96.2 35.2
T4ZH 44,4 11,8 0.6 17.3 9.9 11.1 0.6 95.7 36.5
1432

44.9 11.3 0.4 15.9 11,2 10.7 0.6 95.0 41.3
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6f the quartz inclusions, but also ref ¢1ects a composmtional
i, fference (see later).
Some modal analyses of Scourian and amphibolised Scourian
rocks are presented in table 5.1, while table 5.2 lists the
mineral analyses carried out on these rocks.

It will be noticed that the minerals epidote, blotlte,
calcite and zircon are recorded in table 5.1, Their occurrence

will be discussed in section 5.4.

5.2 The reaction pyroxene ——-> hornblende,

There are a number of:possible ways to describe the
reaction‘equilibria between pyroxene' and hornblende. The
simplest involves idealisation of the complex chemical fomulae
of vyroxene and hornblende; a balanced reaction may then be
written using these simple formulae. This type of description
is useful vhen 1t is wished to evaluate the stability field of
yroxene and the likely interaction of pyroxene with other
phases,

s

-4 very different approach was adopted by Evans (1963).
He analysed the mineral phases in a Scourian granulite and
in an amphibolised granulite, and then recalculated the granulite
facies assemblage in terms of minerals found in the amphibolised
rock, Thus a reaction was evaluated in terms of mineral
compositions actually encountered. This type of description is
very specific and it is difficult to compare the reactions
derived in this way with theoretically or experimentally
evaluated reactions.

The Scourian granulites and their amphibolised equivalents
can be described in terms of the phases clinopyroxene,
orthopyroxene, plagioclase, hornblende, iron oxide and quartz.

4 univariant reaction between these phases is defined if the
composition of these six phases is known in terms of five
components, and other components thaﬁ.may be present are
considered, .from the point of view of the reaction, as available
and mobile. This follows from consideration of the phase rule,
If it is assumed that the composition of the plagioclase, iron
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oxide and quartz is fixed, then knowledge of the composition of
the other.phases enables reaction coefficlents to be calculated.
The calculation involves solution of a number of linear equatioﬁs
this is most easily done by using determinants. It will be
caligsed that a particular solution (ie, a set of reaction
coefficients) is only applicable to one set of mineral
compositions, A family of reactions would be needed to describe

a suite of rocks such as the Scourian granuliites and amphibolised
granulites. '

bt

an
‘r‘
<

One solution is given below as an example, The pyroxene
compositions have been taken from Muecke (1969, sample 17,
tables 4,1,4.2) and the hornblende composition is taken from
table 5.2 presented here, The pyroxene formulae are based on
six oxygens, while ihe hornblende formulz is based on twenty
four oxygens., The plagioclase composition used is An50 and iron -
‘oxide 1s calculated as magnetite,

The number of atoms in each mineral is as follows:

Si A1 i )

@

Mg Ca K Na

cr 1,86 0,26 0.2 0,72 0.9
op 1.9 0,21 0,54 1.23 0,07
>, 2.5 1.5 0,5 0,5
HB 6.1 2.2 0.1 2.1 2,3 1.9 0.2 0,3

With four phases, only three components need be defined,
and the following zrray is written:

CP - OP HB  PL
AT, 0.26 0,21 2
MG | 0.72 1.23 2,
CA 0.9 0.07 1

°

W N N

o O =
L]

v O W

Then the following sequence of determinants is evaluated
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0.21 2.2 1.5 2.2 1.5 0,261 11,5 0.26 0.21
1.23 2.3 0.0 S 2.3 000‘0972 + O.O 0072 1023
0.07 1.9 0.5i¢® . |1.9 0.5 0,9 (0P (0.5 0.9 0.07 |HB

0.26 0,21 2.2
+10.,72 1.23 2.3 - =0
0.9 0.07 1.,9{PL

The reaction coefficients are obiained directly and the
reaction is written as:

2,16 CP + 1.46 OP + 1.62 PL + 0,66 MAGNETITE

= 1.50 HB + 0,67 QUARTZ 5.1)

where the mineral names substitute for the formulae given above,
Thus in a rock containing 40 modal percent hornblende, 1.5%
quartz will have been produced and 2,86% magnetite consumed, This
is consistent with the observed petrography.

Evaluation of many such reactions for minerals of different
composition would have little immediate meaning., However, it
will be appreciated from table 5.2 that Tthe hornblendes that are
formed during amphibolisation of the granulites are remarkably

in a convergence of hornblende compositions,
_ - Within a system consisting of two pyroxenes and plagioclase,
the Fe,¥g for the hornblendes will be derived chiefly from the
pyroxenes. Ca,Al will come from the plagioclase, and in addition
Ca will be supplied by the clinopyroxene., Thus there must be a
complex balance in the reaction between the three phases. While
there is a range in the composition of the granulite facies
pyroxenez (Muecke 1969), a variable of considerable importance
he retio modal clinopyroxeng/modal orthopyroxene, Modal
analyses presented by Muecke (1969) show no obviousrelation
between this ratio and the roek type, except that the mafic
zranulites generally contain greater amounts of clinopyroxene
relative to orthopyroxene,



92

It is also found (compare table 5.2 with Muecke 1969,
ables 4.1,4.2) that the late Scourian hornblendes have a higher
e/Mg ratio than the granulite pyroxenes from which they were

ived., This is consistent with the observation that the modal
quantity of opaque minerals is lower in the amphibolised rocks,

s ol

deri
as is shown by the following average figures:

Granulites: felsic division 2.1%

intermediate division 4,.,8% {(from Muecke (1969).
mafic division ’ 4.5% )

imphibolised granulites: :
table 5,1 1.6%

~These figures suggest that the opaque phase is consumed
during amphibolisation reactions. The reaction 5.1 that was
evaluated above also shows this,

Finally the textural evidence presented in section 5.1
indicates that free quartz was not a weaction product during the
early stages of amphibolisation., The reaction 5.1 describes only
the general balance betvween pyroxene and hornblende, with no =
regard for the development of coronas, Deviations from the general
reaction permit some understanding of the rezaction mechanism;
this is discussed below., , ' _

Pig.,5.1 preseats some Geoscan traverses across aggregates
of hornblende such as that shown in plate 5.1.lThis figure
records counts per second for an AL KA1 peak as the electron
beam traverses the grain, It is evident that the amount of
aluminium decreases towards the centre of the hornblende and that
this decrease is gradual, The sharyp depreséions in this trace
coincide with the positions of intergrown quartz grains., Figh,2
shews a similar traverse, this time across a hornblende aggregate
that has recrystallised (stage ¢ in section 5.1 above), .
Aluminium is now evenly distributed across the hornblende, while
the sharp depressions indicate that quartz grains are still
present near the centre of the hornblende,



FIG 5.1

GEOSCAN TRAVERSE ACROSS HORNBLENDE

showing concentration of aluminium

Sample 168
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aluminium concentration - counts per second

distance across grain



GEOSCAN TRAVERSE ACROSS HORNBLENDE

showing concentration of aluminium

Sample 28

aluminium concentration- counts per second

"
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FIG 5.2

distance across grain
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5.5 Simplified pyroxene -— hormnblende equilibria,

It has been possible to deduce chemical reactions in
terms of simplified mineral compositions which show, in general,
how the corona textures described above could have originated.
These hypothetical reactions are written as follows:

Ca(FeMg)Si0, + 3(FeMg)Sio3 + Cabl,Si,0q o+ H,0

.4~——7 Caz(FeMg)4A128i7022(0H)2 5.2)
AV = =12.7 AVgorigs = +11.6 % H20—5Kb
AS = "'1 02 _900 c

3Ce(Felg)Si, 00 + 7(FeMg-)Sio5 + Cahl,Si04 + 2H29 + %0,

ey 2ca2(FeMg)4Fe’*Alsi7022(0H)2 + 810, 563)
AT = +0.6 AVgo1ids =__+49°1 ) Ppoo=5Kb
AS = -Doo g T__goooc

Initially pyroxene and plagioclase react to form a
hornblende (reaction 5.2). Gradually, as the pyroxene diminishes -
at the expense of a growing rim of hornblende, the supply of
ioclase decreases and the reaction products become a
ecreasingly aluminous hornblende and an increasing amount of
ree guartz, as indicated by reaction 5.3, Since the pyroxenes
contain significant amounts of aluminium (Muecke 1969), an
aluminium Ifree amphibole would not form, Both reactions consume
more orihopyroxene than clinobyroxene9 and this may explain
the general absence of orthopyroxene rellcts in the partlally
amphibolised granulites,

T
ol

»

[T
L

)

There are two factors which could cause reaction 5.2 to
decline and cease: z) decline in the supply of anorthite
molecule, b) consumption of all the orthopyroxene,
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The anorthite will be derived from an andesine plagioclase;
Texturel evidence suggests that at least initially the reactions
teking place are solid-so0lid reactions. The anorthite molecule
will have to diffuse out of the plagioclase and through an
increasing amount of hornblende before it can react with the
pyroxene, The width of the guartz free hornblende rims (eg. in
an aggregate 3mm in diameter, these rims are about 0.2mm wide)
suggest that the distance of solid diffusion of the anorthite.
molecule is small under the conditions at which reaction 5.2
occurred, | |

A decrease in the supply of anorthite necessitates the
formation of a less aluminous hornblende if amphibolisation is
te proceed, and this is apparently inconsistent with the
simultaneous development of free quartz., Formation of tremolite,
an aluminium free amphibole, can be considered as the extreme
case of the reaction system, The following reaction can be
vritten: .

ZCa(FeNg)SiZO6 - 3(Fe1»ig)5103 + 810, + H,0
f—— 0 uNE)gSig0,,(0H), ~ 5.4)
AV = 0.6 NI =  423,7 _
1S = 40,1 s ) heo g ®
1ternatively:
2Ca(Felig)Si,0p + 6(FeMg)S_iO3 + Hy0 Ay
. N .;L b} - .
2510, + 13Tey05 + Cap(Pelig);5ig0,,(0H), 545)
AV = #1401 AV 548 = t42 ) b _opy
AS = +39,5 H20" 5
| 1=900°C
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There are a number of obvious reasons why neither of these
reactions describes accurately the degeneration of the granulite
pyroxenes being considered. Firstly, reaction 5.4 consumes
quartz; secondly, reaction 5.5 produces haematite; and thirdly,
as reaction5.5 is written, the entropy change is +3%9.5c¢al/mol/deg.
irdicating that tremolite is the high temperature side of the
reaction, Reaction 5.1 is quartz producing, as required, but
here the entropy change is again positive (+14,7cal/mol/deg), .
and there is a charge inbalance in this reaction (excess
negative charge on the right hand side)., These factors are all
symptomatic of the difficulty in writing realisticvpyroxene—
hornblende equilibria.

Reaction 5.3 has been written as apossible solution to this
problem, With partial oxidation of the iron in the hornblende
and substitution of a2luminium in the Z sites of the hornblende,
the charge inbalance 1is corrected and the entropy change
becomes negative., The charge inbalance is greater than could be
compensated for by substitution of alkalis into the A sites of
the hornblende, ile, by formation of the edenite molecule,

A preliminary examination of the structural formulae of
some analysed hornblendes (table 5.2) suggesfs that this model
may be ccrrect in principle. & typical structural formula
(hcernblende~sample 28) calculated on the basis of 24 oxygens
is as follows (HZQ has been added to the analysis at the level
of 2wt.% oxide):

Si 6.5 )

IN] 1.5 { 80
INE 0.48 “i |

Ti 0,08 ¢

Te 1,02 % 4,92
Fe? 1,03

Mg 2,31 _3

Ca 1.9

Na 0,08

X 013

(0R) 2.0%
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Ferric iron was calculated so that there was an overall charge
balance, :

The situation is complicated by the fact that the pyroxenes,
on the basis of six oxygens, contain 0,05-0,08 atoms of ferric
iron., Also magnetite is involved in the left hand side of the
reaction, as is shown by reaction 5.1. '

However,. 1f reaction 5.3 is taken as a model, it is
possible to calculate the amount of oxygen necessary to cause .
the oxidation showvm in reaction 5.3, and, on the assumption
that this oxygen is derived by dissociation of pure water, to
estimate the amount of water relative to rock in the system

during oxidation. The calculation is carried out as follows:

— 7
Assume PHZO = Z&b
T = 800°C
P = 10" Bpars
02

le fHZO = 7847Tbars

r = —E0 . - 438, 10°

(H2) (02)7

therefo:e PH2 = 1,082 104 bars

A

A rock containing33 mocdal percent hornblende reaquires
1/1625 mols hydrogen by dissociation of water at
800°C, 1.082 . 10%bars. | |

Assuming that the volume of hydrogen and water are
zsimilar, 4.04 . 10“9g320/cm3rock'are reguired to
¥ cause the necessary oxidation,

This calculation has been repeafed for a different oxygen
artial pressure, and at different temperatures (PHZO constant),

felsic rock containing 10 modal percent hornblende was also
considered. The results are shown graphically in fig.5.3.

b~ g
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If reaction 5.3 is a true description of the second stage
of amphibolisation of the pyroxenes, then it is necessary that
vater, in excess of that contained in the hornblendes, was present
in the system during the progress of amphibolisation, It is
apparent from fig.5.3 that the amount of water required to cause
oxidation at a specified value of oxygen partial pressure is
particularly sensitive to variations in temperature, More
detailed knowledge of the oxidation states of the rocks and .
minerals involved is necessary before the amount of water
present can be defined accurately.

Reaction 5.4 has been investigated experimentally by
Boyd (1954) for magnesium end members and this reaction might be
expected to occur in the systems being considered here, since

xcess quariz is generally present The stability of iron
tremolite

6CaFeSi,0 + 95i0, + Fey0

( o 304 + 3Fe2SiO4 + BHZO
Ly 3Ca2Fe5Si8022(0H)2 + %0, 5.6)
nes been investi gatved experimentally by Erast (1966). The

87ability curves of lron tremolite (QFM buffer) and ofvmagnesium
tremolite, for Puog=Piopays are shown in fig.5.4. The stability
curve of magnesium tremolite has been ex ctrapolated to 5Kb by
calculation, It can be secn rhab tremoclite is stable over a

wide range of temperature, the breakdown temperature at a

efined oxygen partial pressure being determined by the iron/
magnesium ratio, ' f

ih

!"b

3.

Aluminous hornblendes are generslly stable to higher
temperatures thaan tfemolite. The stability curve of pargasite
(Boyd 1956) in a silica deficient system, and of amphibole
in natural olivine tholeiite and high_alumina basalts (Yoder
and Tilley 1962) are also shown on Tig.5.4. The determination
of Binns 1969a) is based on the stability of hormblende in
naturel metabasites; the difference between the curves of Binns
and of Yoder and Tilley may be a result of the iron content of

bl
e



FIG 5.3 100

OXIDATION DURING FORMATION OF HORNBLENDE

Relation between temperature and quantily of water
necessary 10 cause a givén oxidation

A. rock containing 40°% hornblende PH?O 7Kb, Pp» =100par s

B. rock containing 40°% hornblende Puso = 7'Kb,l’02 10 bars

C. rock containing 10% hornblende 6_/20 s 7Kb,P02:10'78bar5
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. STABILITY CURVES OF AMPHIBOLES
(dashed curves have been calculated)

A. Pargasite (Boyd) ‘ ‘ :
B. High alumina basalt (Yoder and Tilley)
€. Olivine basalt (Yoder and Tilley)
D. Hornblende (Binns) |
E. MG tremolite (Boyd) Pyog = ProTaL
F. MG tremolite Pyop =05 Prorar AS =10
G.. MG tremolite Rypp =05 ProTaL AS=1
H. MG tremolite Prorar = Pyogp + O05Kb
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the hornblende or a feature of the experimental technique.

If at a specified temperature and pressures of water and
oxygen, hornblende and tremolite coexisted stably, then the
hornblende will be relatively iron rich, Thus a high temperature
may prohibit the formation of a tremolite of composition consiste
with the bulk composition of the rock, It is suggested that this
is the reason why reactions analogous 1o reaction 5.4 did not
occur during the amphibolisation of the pyroxenes being
considered, In some of the assemblages that have been studied
small amounts of tremolite are seen to coéxist with hornblende
(eg sample 28 - see table 7.1 for analyses), and this tremolite
1s interpreted, on the basis of textural evidence, as having
formed during the final stages of amphibolisation. Sample 28
contains a small amount of hornblende with a very low aluminium
content and an mg ratio of 66, and this coexists with an '
aluminous hornblende with an mg ratio of 35, Based on the
- assuzpiions that '

| a) the relation beiween the iron/magnesium ratio and the
stability temperature of both tremolite and hornblende is
linear, ' _

b) for similar iron/magnesium ratios hornblende is stable
to higher temperatures than tremolite (as indicated by the
experimental results shown in fig,5.4) and this temperature
difference is constant over the Fe/Mg range,

) Pupg = Prggay = Kb,

a) Py, is buffered by QFN,

e) magnetite is present,
vhen, using fig.5.4, the hornblende and tremolitic hornblende
specified above could have formed in the temperature range
750 - 800°C, It is in this temperature range that melting of
basaltic compositions begins (Yoder and Tilley 1962) providing
condition ¢) above is maintained., The validity of this assumption
ig discussed in chapter 9; in general it is considered thait
addition of water to the granulites occurred in the region
o = Ptotal° It is thus possible that incipient melting
1d have occurred during amphibolisation. The perfect linear
T
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in section 2.2B, where complete segregation of hornblende and

stability of the pyroxen-~hornblende equilibrium curves under
conditions where Py, # Piotar» Since this is relevant to

btoth the formation and degeneration of pyroxene, The equilibrium
curve for readtion 5.4 is known (Boyd 1954) under the conditions
Prog = Pyotare Since volume and entropy data are available for
all the phases involved in this reaction, it 1s possible to
calculate the position of the equilibrium curves for the
conditions a) Pyog = %Ptotal’ and b) Puog + %KD =‘Ptotal°

The former has been evaluated for entropy changes of 10 and 1
cal/mol/deg and the latter for zn entropy change of 1 cal/mol/
deg, The results are plotted on fig.5.4. It 1s obviously
critical to know exactly the value of the entropy change for

The reaction and errors in the initial data lead to a possible
nge (AS = 0-5cal/mol/deg) for reaction 5.4. These low values
the entropy change, and relatively large solid volume changes,

)
I ¢

ead to a low thermal stability of the equilibrium curve when

o o

120 £ Piotale Reactions 5.2 and 5,3 have similarly low
entropy changes and though it is not possible to plot
equilibrium curves in PH20~T gpace for these reactions it is
apparent that the stability fields of hornblende will be very
much reduced under condifions where PH2O is less than P

total”®
Not all pyroxene-hornblende equilibria are affected in

: C;- LI =] —— _..;_
the conditions change from PHZO = Ptotal to PH2O = 3Ptota1
{at Prog = 5Kb). Binns (1969a2) proposes a reaction involving

one gram-molecule of hornblende, and gquotes AV as being

3 i . ) ) solids )
-Zcn” . The entropy change for this reaction can then be estimated
as 53cal/mol/deg. Yoder and Tilley (1962) suggest a similar
stability for their determined curves, but in this case there
is no thermoddynamic data to support their notion,

The data presented in this section has an important bearing

on the mechghism of hydration of the granulite terrain, and can



104

be used to evaluate the possible gquantities of heat evolved

3 =

if the reactions occur metastably below equilibrium and are thus
exothermic., This will become a point for discussion in
chaptexr 9.

Finally, there are two problems concerning the formation
of hornblende from pyroxene to which there are at present no
satisfactory answers, Frequently, partially amphibolised rocks
contain relicts of clinopyroxene only, while completely .
amphibolised rocks of the same composition'contain no pyroxene,
It is difficult to write a staightforward reaction describing
the degeneration of clinopyroxene since this mineral contains
eaguzl emounts of Ca and (Fe,Mg), whereas hornblende contains
(Fe,Mg) in excess of Ca. No cazlcium rich minerals occur in
significant quantities in the amphibolised rocks; formation of
sphene is limited by the small amount of titanium available,

It is possible to write reactions involving clinopyroxene and
iron oxides, but the quantity of the latter required is in

4
5

¥

xcess of the modal percentages present in the rocks.

ternatively, reactions involving alibite, with the production

o

j~t

O
-4y

anorthite a2nd relatively sodic hornblende, can be balanced
on paper, Further detailed analyses of partially amphibolised
rocks may detect fluctuations in hornblende chemistry resulting
from such reactions, It is perhaps an indication of the
mineralogical and chemicel complexity of the rocks involved
that these reactions do readily occur.

The second problem concerns the distribution of aluminium
in the hornblende coronas. Initially (fig.5.1) aluminium is
concentrated around the margins of the coronas, but after
recryitallisation (£ig.5.2) it is distributed evenly across
the hornblende, It is not known whether this seéond process
is accompanied by a decrease in the aluminium content of the
hornblende at the margih of the corona, or whether the
norrblende aggregate as a whole becomes enriched in aluminium
during recrystallisation, Again, only careful analytical
workx will enswer this question, |
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5.4 Minor reactions associated with amphibolisation,

It was mentioned earlier that certain other mew minerals
appear during emphibolisation, and these will be briefly dis-
-cussed here,

The anpeérance of biotite in smell amounts is
apparently linked with the disappearance of the antiperthite
blebs from the plagioclase. Biotite equilibria are discussed
at length in the next chapter. lLarger modal quantities of .
biotite occur in some of the steep limbs of Scourian folds
(eg, samples 12 and 17) and it is not known at present whether
this Ffeature is a consequence of the bulk composition of
these rocks or whether the biotite results from Laxfordian
introduction of potash (cf, chapter 6 and discussion in
chapter 9).

 Zircon is recorded from only one set .of samples (26-28)
and its appeareance can only be attributsd tc original rock
composition, '

The occurrence of small amounts of calcite as round grains
within the plagioclase of some amphibolised granulites is at
firss curious, but can be explzined by reference to some work
by Barker (1965).Pyroxzenes separated from a Scourian granulite
(from the Lochinver district, see Evans 1963) were heated and
the gases evolved collected and analysed. Barker found that
aprroximately egual amounts of H20 and €02, and lesser amounts

T H2 and CO, were evolved. The total guantity of gas evolved
aiter heating at 103400 for two hours was 5.3cm3 per gram of
rock at STP., Release of CO02 from the pyroxenes during

mphibolisation could be sufficient to form caleite.

Epidote is often seen occurring as small grains along the
voundaries between hormblende and plagloclase in the more mafic
semblages., Associated with the epldote are small amounts of
tremolite and gedrite. It is suggested (section 7.1) that
{nese minerals result from minor oxidation of the hormblende,

=]

0
6]



TABLE 5.3,

HORNBLENDE PODS: MODAIL AWNALYSES,

167 177 182 188 179 184 185
8.0 19.5
11.0 9.3 3.1
91.4 82,5 82.6 T8.0 61,0 29,6 70.8
5,7 13,8 20.6 38.5 34.7
3.8 6.1
209
1.8 3.6 0.5 1tz
1.4 - 12.8
2.6
2.1 1.8 0.5
counts 3200 2900 2100 4000 2100 2700 3600 3700
28

An%

30

106
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TABLE 5.4,

PODS: MINERAL ANATYSES,
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Si02 A1203% Ti02 TFeO ¥Mg0 Ca0 K20 total .mg
187 43,4 11,1 1.5 13.1 13.9 11.7 0.8 95.5 51..
187H 4292 '1208 148 11 3 ‘14@1 1106 1.2 9500 5505
188H71 46.2 10,2 0.4 10.6 14.9 11.5 0,6 94.4 58.4
188H_| 52,0 6.2 0,2 8.8 16,8 11.4 0.1 95.5 65.6
188HT 53,8 4,0 0.1  T.7 17.4 11.5 0e1 94.6 69,3
1888 42,1 15.7 1.6 10,5 18,6 0.0 6,0 94.6 64,0
1888 40,7 16.0 1.5 10.7 19.6 0.0 6.3 94.9 64.7
178H 43,9 10,9 0.9 16,0 11.4 11.5 0.6 95.2 41.5
178H 43,0 11.4 0.9 16,3 11.0 "11.6 0.6 94.8 40.3
17388 41,6 12.5 1.2 16,8 10.1 11.3 0.8 94.3 37.6
-'62}‘: 44.5 ‘)1¢4" 006 1094- 1506 1107 00‘4‘ 94‘06 5909
1628 42,3 47 © 0.9 10.6 14,6 11,5 0.7 95.7 57.9
162H 42,5 Se3 107 14,8 11.4 0.6 93.8 57.9
162ET 53,2 S 0.1 9.4 20,7 9.7 0.1 96,7 68.6
162HT 52,5 3.4 0.3 T.7 20,3 10.,3 0.1 94.6 72.4
1790} 44.7 11.8 0.4 11.9 14,7 12,2 1.1 97.1 55.3
1792, 52.2 4.0 0.1 9,0 18,6 12.2 0,3 96.5 67.4
179H 48,6 5.8 0.1 8.8 18,2 12.4 0.3 94.4 67.4
179ER 56,1 2.8 0.1 7.5 17.6 12.6 = 0,05 96.8 69.9
1798 38,2 16,2 1.2 10.2 20,6 0,4 5.9 92.8 66.0
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5.5 Hornblende pods.

Hornblende pods are a minor, though distinctive,
component of the amphibolised granulites. Inspection of thin
sections shows that these.: rocks have a variety of mineral
assemblages. Modal analyses of some injeresting assemblages
are given in table 5.3. Not all of these are relevant to the
present section since some of the hornblende pods have been
biotised in Laxfordian shear zones, ' .

L). Petrography.

Though the dominant mineral in these rocks is an
amphibole, a number of samples contain relict orthopyroxene,
clinopyroxene and plagioclase, and one sample (187) contains a
virtually unaltered granulite facies assemblage,

In many of the samples where no relict minerals are present
it is possible to recognise a number of distinct amphiboles,
as follows: _

a) dark green 0 green brown hornblende containing many
opagque inclusions, '

b) green pleochroic hornblende in optical continuity with a)
bput containing no inclusions,

¢) pale green to colourless amphibole, occa@%onally in
optical convinuity with the darker hornblende, but more
usually ococcurring as aggregates between the hornblendes,

The appearénce of opague inclusions is a characteristic
fzature of the retrogression of the pargasitic hornblendes
I¥und in some of the mafic granulite facies assemblages
(¥uecke 1969), These inclusions are probably rutile and are
retained within the host crystal, This feature enables

o
H
'-;
0y

inally pargasitic hornblendes to be terntatively identified
in retrogressed assemblages,

The pale green amphibole (c above) was identified by
analysis as tremolitic hornblende with‘a low alumina content
{see table 5.4).

B). Scurce rock for the hornblende pods,
Sample 187 (table 5.3) falls into the hydrous mafic
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division of the granulites set up by Muecke (1969). It is
possible to predict the effects of retrogression on this
assemblage according to a set scheme, and calculate the modal
percentages of minerals in the resunlting assemblage.

" The composition of the orthopyroxene in 187 was estimated
optically as En75, From the data presented by Muecke (1969,
fig.4,2) an estimate of the composition of the coexisting
clinopyroxene was made, The composition of the pargasitic .
hornblende is given in table 5.4. ‘

The volume concentration of each atom in each phase is
celculated and multiplied by the modal percent of the phase.
Thus a totel number for each atom present in 187 is obtained
in a form that is easily manipulated., The atoms are then
allotted to new minerals, the compositions of which have been
taken from the analyses in table 5.4 of the hornblendes in the
retrogressed assemblages, The following scheme of allottment
is used:

i) 211 AL is allotted to hornblende,

ii) the remaining CA is allotted to tremolite,

iii) excess FE is calculated as oxide,

iv) the pargasitic hormblende is changed to hornblende by
combilnation with tremolite,

7) excess SI is calculated as quartz. .

Following this scheme, sample 187 has beenrecalculated
t0 the following mode: |

hornblende H1 39.0
tremolite | - H2 o 29.7
hornblende derived from pargasitic '

hornblende . H3 20,3 “
guariz . 6.5
haematite 4.5

A number of conclusions can be drawn from this calculation:
a) The zmount of guartz in the horablende pod indicates the
amount of anorthite present in the original granulite because

.

the more anorthite that was present, the more would reaction
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1

.3 have been inhibited. For exemple, sample 177 can be
c

H

alculated according to the reactions presented in section 5.3

V)

and shown to have coniained about 9% anorthite initially,

D) The retrogression calculated above involves a volume
increase of 60%.

¢) If there is no thorough reeryst alllsatlon, a2 number of
hornblendes of different compositions, derived from the
different phases présent initially, should_be seen, (cf the
petrographical note made above).

d) & two pyroxene, plagioclase, pargasite assemblage

converges to a rock consisting almost completely of
hornblende during amphibolisation.

C). Analyses of minerals from the hornblende pods.

Table 5.4 presents all the mineral analyses from the
hornblende pods. Some of these analyses are from biotised pods
which are discussed in the next chapter. These analyses have been
uped in one table for the sake of completeness. It has not '

0ssible to obtain realistic analyses of the centres of
me hornblende grains because of the large number of fine
aque inclusions 1in these areas, Only the clear green
rnblende in optical continuity with these parts can be

}_1
@ @

he other analyses of concern here are those of the
lovrless ampnibole mentioned in 4) above. It is evident

that this mineral is a hormblende with a low aluminium content,
whereas the darker hornblendes have a much higher aluminium

!

I

From the analytiéal data it is concluded that two types
of hormblende are present in many of the hormblende pods.,

is not clear whether this is a result of the equilibrium
existence of two horzblendes (separated by a compositional
xmiscibility gap) or of incomplete recrystallisation,
esulting in non equilibrium assemb{gﬂgeso In view of the
ccmments made above, the latter interpretation is preferred.
A detailed discussion of the mineral analyses will be
presented in chapter 8. ’ |
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5.6 The isochemistry of amphibolisation.

Zvans (196%), after situdying the amphibolisation of the
Scourian granulites at Lochinver, concluded from his mineral
aniailyses of a granulite and of an amphibolised granulite that
the transformation of amphibolisation took'place isochemically
except for the addition of water.

In 2 similar way, by combining the mineral and modal
analyses presented here, the amphibolisation of the Scourian .
granulites at Scourie is considered to be isochemical, The chemic
and tectonic events at both Scourie and Lochinver during the
late Scourian were thus very similar. '

In an attempt to characterise the water iantroduced into
the granulites, a 1argé number of Geoscan wavelength scans on
individual minerals have been prepared, No minor element
contents were found in the hornblendes that could be attributed
to introduction with the water., In particular, no Significanf’
varlation is seern in the alkali, alkeli earth and transition
metal element..contents of the hornblendes., Trace element data
are not avealleble,

It is concluded that during amphibolisation, water was
the only significant chemical species introduced into the
rock system,
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CHAPTER 6,

REACTIONS INVOLVING BIOTITE,

Just as the chapter on amphibolisation was concerned
with the reactions associated with Scourian structures, so this
chapter on biotisation will describe mineral reactions seen
mainly in samples from Lexfordlan structures.

In the rocks siudied here, assemblages in which bilotite
is a major phase are restricted in occurrence to Laxfordian

8]

hear zones and to the Tarbet Steep Belt. These blotite bearing
rocks are strongly recrysvallised and have characteristic
mineral faebrics (see chavter 2). Because of the completeness of
recrystallisation there is a general absence of textures which
help To interpret the way in which biotite formed. There is thus
very 1it{tle petrographic detail that will add to the information
already presented by Peach et a2l (1907) and Sutton and Watson
(1951), and no systematic petrography is presented here.

The most important reaction to be discussed is the
formation of bilotlte from hornblende., This reaction is
recognised because modal analyses (table 6.1) show an increase
in bilotite content at the expense of modal hornblende in the
shear zones relative to the samples collected adjacent to the
shear zZOnes. |

In 2 later section the mineral reactions seen in a group
¢f granulites referred to as the GK gneilss are discussed.

These assemblages are of considerable importance because high
alumina minerals are formed in the shear zones, The presence of
these minerals enables an evaluation of the PT conditions during
the formation of the shear zones to be made, .

A3 N






TABLE 6.1,

SHEAR ZONES AND ADJACENT ASSEMBLAGES: MODAL ANALYSES.,

24 25 140 141 142 143 152 153 220

S a S a S a S a 3
Plag 52,8 51.1 57.1 50,7 62,3 64.2 49,3 62.6
Pap ' 54,0

Otz 24.2 17.5 28,8 29.2 17.0 10.0 0.7 7.8 23.3
Cox Te5 1.7

Bl 9.5 21.3 1.5 19.6 8.5 20,0 43,9 21,9 5.6
Biot 13.5 2.5 10,1 5.2 3.1 7.9

Op 0.3 2,0

ct
ks

0.5 1.5 0.7 2.5 4,3 0.6
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counts’3600 3600 1500 3100 3200 5400 3300 3100 2800

Ao o5 27 35 25 30 33



teble 6.1 continued:
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70T, 200, 1645 191, 195, T9, A8, .7, 2.2,
Pleg 54,0 40,3 48,6 66,0 9,9 52.8 55,0 32.6 29,0
Pap

Kfsp 4,0 6.9

0tz 19.4 25,2 15,6 18.8 8.8 28.6 32.0 8.9 5.5
Cpx

Hbl 15,7 33,1 2,2 50,5 52.4 64,0
Biot 8.0 25.5 15.2 26,5 8.4 6.0 4.1

Muse 6.1

Epid 0.5 5.0 0,8

Op 2.1 1.0 2,9 2,5 0,1 0. 2,0 1.2
2o 0.3 0.2 2.2 tr tr tr tr

Fut oz 1.4 | 0.3
Cal | tr |
counts 2500 4300 4000 1000 1200 2600 2500 4100 3900
Av$s 25 29 24 27 12
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transformation of hornblende to biotite.

6.1 !

The

Published whole rock analyses of the Scourian granulltes
(luecke 1969) show that these rocks have very low potash contents
On average, the granulites could produce a maximum of 5 modal
percent of biotite on the basis of this potash content. The
emphibolised grahulites have a similarly low potash content
(Holland 1966, Holland and Lambert 1971). Since the Laxfordian
ghear zones cut across the banding of the émphibolised granulites,

@]

s possible to compare assemblages from the shear zones with
samples from equivalent rocks immediately adjacent to these

Tzble 6.1 presents modal analyses of such a set of samples.

H

t is immediately obvious that many of the shear zones contain
r aquantities of blotite than the samples adjacent to the she
. For this reason the rocks cannot be linked by isochemical
with the adjacent rocks. This conclusion mekes it difficul
o wrifte and evaluate conventional mineral reactions for the |
hanges observed. _

It is necessary first to consider further the formation
of piotite isochemically within an amphibolised assemblage.
This process is limited by the avallability and balance of atoms
ovher than potassium. The approach adopted here is to take
<“lornblende composition similar to the hornblendes in the
amphibolised granulites (table 5.2) and to split it into a
mineral of biotite composition and a new hornblende. The initieal
nornblende is considered to contain all the potassium present
in the whole rock. The process of splitting used is governed
oy 2) maximising the amount of biotite produced and b) minimising
the esxcesses and deficienciés of the different atoms involved.
The balance of atoms is particularly important with regard to
4%, since no new AL bearing phases are seen in the assemblageé.
A close approximation to what is considered a probable reaction
is as follows

Peteal
Comn

[}
[t
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I
@]

n
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.
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hang
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ot

o

1OKO°20a2(FéMg)4Alzsi7022(0H)2 ey

Kg(FeMg)6Si6A12020(OH)4 + CaZO(FeLg)34P1 SW6A(OB)16
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In fig.6.1 this reaction is presented graphically. The
entire potash content of the hornblende is allotted to bilotite an

then a new hormnblende is formed using up the excess atoms., In
gxemple shown it is seen that only small excesses in Ca and

Si are produced, and only small deficiencies in (Pelg) and

(CH) incurred. It is assumed that both Fe and (OH) are available,

T

or buffered, in a real system, & number of other examples have
been worked in this way, and larger excesses and deficiencies,
were encountered.

The significance of this example is that a rock containing
30 modal percent hornblende can produce 3 modal percent biotite
and maintain an internal balance of atoms. The possibility of
isochemical change of hornblende to blotite is thus limited.
4 further restricition on the formation of biotite exists because
2ll the hormblendes analysed (tables 5.2, 6.3) contain
potezssium. This means that not 2ll the potassium content of
gach whole rock is availeble for biotite formation.

£.,2 The Cermichael evaluation.

It might be expected that if larger quantities of potash
were present in a system, then the above reaction would not
ce in terms of hornblende and biotite alone.
Carmichael (1970) defines a hornblende - biotite isograd
in the pelitic schists of the Grenville Province, and writes
the following ideal reaction:

i
;

;mgs.usisom(omz + - 6CaC0z + 24810, <—p

This reaction is compatible wifh his observed assem@ges
(except that the schists contain hornblende and biotite instead
of the ideslised tremolite and phlogopite) and can be evaluated
.n terms of known experimental data on mineral stabilities.

1
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Thus for counditions where Pfluid = Ptotal =1Kb, and when the
Ffluid is a mixture of E20 and C02 in the correct stoichiometric
ortions, this reaction takes place at about 550°C (see
Carmichael 1970, figs. 23, 25), .

An important consequence of this reaction is that large
amounts of quértz and calcite are produced during the formation
of biotite from hornblende. The Lewisian assemblages studied
here are notable for the general absence of calcite and for °
the lack of evidence for increase in gquartz content in the
biotised assemblages. ‘

To present the problem more clearly, one biotite bearing
assemqgﬂge (sample 164) has been recalculated as a biotite free
-mb@@ge using a similar regression method to that employed
in section 5.5B. In this case the scheme followed is:

a) all FelMig is allotted to hormblende,
b) 21l Ca is allotted to anorthite,

v
[¢1]
9]
O]

¢) all K is calculated as equivalent potash felspar.
Tre recalcwlated mode of 164 is then:

albite 30.2
anorthite 12,3
potash felspar 17,0
quartz _ - 3.5
hornblende 370

Because potash felspar is essentially absent from the

gquivalent to saying that on the basis of constant AL content
the biotite bearing assemblages have been enriched in potassium
and depleted in calcium, while +the silicon variation remains
indeterminate,

It is not possible to write a balancing reaction for biotite
Termetion without the appearance of a new calcium bearing phase,
¢ since no such phaseis observed (the plagioclasecompositions
¢ found to change very little, see ‘table 6.1), it is
tentatively proposed that the loss/gain metasomatism outlined
above actuallyoccurred,
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5.3 The stability of muscovite.,

The majority of assemblages contain no potash felspar,
and since it is unlikely that potassium was introduced as
otash felspar, the application of Carmichael's equilibrium
reaction to biotised assemblages found here is limited. However,

he Scourian granite sheets do contain microcline, though they
do not contain hornblende, When these granites are cut by
shear zones, mineral transformations are observed, Samples 18
and 19 (see table 601), collected from Sithean Mor, are taken
from a sheet in such a situation and the following reaction
can pe written for the transformation seen in the shear zone:

TA183i.0 - g ' . H i 0. AN
2;-18 3“8 ! 2CaA1281208: 4 r20 4 2C0d -
K2A14816A12020(OH)4 - 2ba003 < 48102

Thermodynamic data are available for all the phases involved

| =2
L).

this reaction, Thus

A8 = c,280ce /mc"f/deg a8t Pp,o=5Kb, T=600°C
AG = 92Keal at T=25°C

£% a fluid pressure of 5Kb the eguilibrium temperature
0f this rezction is calculated as 630°C, An error of iﬁOOC
is inherent in the data used. The effect on equilibrium of
other ccmponents in the phases (particularly albite in the
anorthite) is unknown.
The stability of muscovite has been studied experimentally
the results Of Althaus et al (1970) show that under the

Sy
3
£

O

nditlions PHQO = Ptota_ 5Kb, muscovite and quartz are
wmnsteble at temperatures greater than 710 .
The presence of stable muscovite in a shear zone is

N

00

o

01y the most reliable way of putting an upper limit on
temperature durlng deformation. and metamorphism in the
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Y

.4 Biotised hornblende pods.

@ Reference to table 5.3 shows that a number of hornblende
peds conteain blotite. Of these, samples 179 and 184 were
ollected from shear zones with a strong Laxfordian LS fabric,

Sample 184 is from the margin of a pod, while sample
185 is from its centre., It is evident that only the margin has
been biotised. Calcite appears as a new phase in the biotised
rock, while there is an increase in the amount of gquartz in the
biotised rock relative to the hornblende rock, Thus this
particular assemblage is in accordance with the reaction
proposed by Carmichael (1970).

In contrast, sample 179 contzins a large quantity of
biotite, but no new calcium bearing phase is seen, This indicates
that calcium and possibly silica have been lost from an
initially hornblendic rock dur;ng biotisation. The general
ce cof celcite from most assemblages suggests that this
t merely a local phenomenon, but that the excess calcium
1as left the systeﬁ altogether,

Mineral analyses (%able 5.4) show that there is no
substential difference in the composition of many of the
nornblendes and biotites from the different hornblende pods.
In particular the calcium content of the hornblendes varies

little

£.5 The GX gneiss,

Lol

> distinctive group of gneisses has been mapped along

the north side of Sithen Mor (see map, cover pocket) and is

named the GX gneiss (from the presence of two distinctive

minerals, garnet and kyanite). This rock can be seen in two
v

It

n

ies, first with a granulite facies assemblage of

2zl 1ase-quart7-g rned *hypersthene), and secondly, in shear
zones, with assemblages contalning large amounts of biotite.

In the field the gneiss iz easily dlstlngulshed by its rusty
weathering and its maSSlve character, with a general absence

of mineral bancu.nge This gneiss is superficially very similar



TABLE 6.2,

GK GNEISS: MODAL ANATYSES,

56 55 53

190

52 53p
Plag  54.3 61.4 57.0 55.5 28,9 4898
Qtz  17.4 6.1  3.15 10,25
Gar 15,5  14.35  T.17 4.61 5.2 12,2
Hyvp 7.8
Biot 2.5 14.0. 25.32 19,45 20,0 22,2
Muse 0,74 1.6 12,6 T
Ky 4,26 5,66 10,0 2.3
St 0.54 0,32 4.7 9.1
Sp | 0.21 0.18 0.15 2.2
Cox 0.10 0.6 0,5
Op 2.5 4,0  2.56 2,26 15,8 4,9
Ep 0.2
covmds 8900 - 22100 24300 10100 2300 4200

122
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to some of the supposed metasedimentary relicts found in the
Outer Hebrides (Coward et al 1969) .
Since the assemblages found have not previously been

13

ecorded in this area, they will be treated in some detail.

!

n zddition, the minerals present are extremely important in
helping to elucidate the chemical changes that have occurred
in the shear zones, ' ‘

A): Mineralogy.

Table 6.2 presents mocdal analyses of some samples of GX
gneiss, Large counvs were necessary to obtain accurate figures
for the less common hminerals, and to cover the obvious
neity in some shear zone samples,
ple 56 shows the least altered granulite assemblage.
oorly recrystallised blotites clustered around opaque
greins, and a grcen”serbentlnﬁ" mineral around hypersthenes
are the only indications of alteration. The plagioclase
(composition 4An40) 1s not zoned and Geoscan traverses detected
no major element zonation in the garneus°

Sample 55, 53 and 52 were collected from a shear zone
close to sample 56 in order of increasing deformation in this
zone, Table 6.2 indicates that a rather suprising group of
mirncrals are present in these rocks. Sample 190 is from a

i shear zone., '
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The rodal analyses, by covering a number of thin sections
gach case, conceal the fact that certain minerals are always
ociated; the petrology of these rocks must be considered in
ns of domains of ouly a few square millmetres each, The im-
-portant petrographic observations made on the shear zone samples
11 now be presented.

The plagioclase is oftep seen as large crystals that appear
z be unrecrystallised relicts of thg_granullte faclies assemblage.
They have the same composition as those in the granulite facies
ccke, However, the plagioclase sometimes shows a peculiar
mede of alfteration which is visually analogous to an exsolution
prenomenon, In a large felspar crystal numerous small round
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s ar, uwntlil eventually the original host crystal can
onger be made out, and only a mosaic of small crystals

is seen, Opticelly it is evident Tthat two mineral phases are
present in this mosaic., Detailed X-ray diffraction studies and
Zeoscan analyses show that the two minerals are plagioclase
and quertz. The plagioclase does not markedly change its
composition during the development of this texture. Thus, if
quartz is regarded as being exsoived, then some components of.
plagioclase must have been lost, and if it is regarded as
revlacing the plzgioclase, then plagioclase a5 a phase must
have been lost and presumably crystallised elsewhere, No evidence
has been found to support the latter hypothesis, while the
former process does not appear logical, The mode of alteration
remains therefore to be explained.

The garnets of the granulite facies assemblage are found,
in the shear zZones, 0 be broken and reduced in size and
surrounded by sheaths of well crystallised red brown biotite.
It is in these sheaths that the kyanite, staurolite, spinel
znd corundun, noted in the modes, -are found., '

Kyanite occurs Ireguently as gingle euhedral crystals
dispersed throughout the biotite. It is never in contact with

arnet, Staurolite, spinel and an opague mineral (usually
ilmenite) occur as small clusters of grains and are often
rgrown, The spinel is green in colour and qualitative
Gecscan work shows that it is a zinc-iron-aluminium variety.
Coruncurm is the rarest of these aluminous minerals and occurs
as occasional large crystals., In sample 190 the corundum is
embedded in a very large staurolite crystal, while the
relationship found in sample 53 is sketched in fig.6.2. The
nodal analysis of the biotite sheath containing the corundum
in 5% is given in table 6.2 under 53P, V

It is important to note that guartz and plagioclase
ere apsent from the biotite sheaths, except at the margins of
the sheaths wviere small quartz grainé are sometimes seen within
protite crystals., The distribution of muscovite is similarly
linited %o the margins of the biotite sheaths and to the
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RELATIONSHIP OF HIGH ALUMINA MINERALS

Sampte 53

| spinel

kyanite

opaque

corundum

stauroljte



minerals,

felsic parts of the rock,
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Muscovite is associated with opaque

a relation to be discussed in the next chapter.

B). Mineral reactions,

The feesgibility of a chemical reaction is pernhaps too

udged by the ease with which it can be writtean
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icitly in terms of known mineral species, Some work by
mich
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zel (1969) has shown that many complex reactions and

mey be involved in a mineral transformation, and
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the

o
[¢4]
o
(@]
C{A
’ A,

ion that represenis total process, In the rocks being
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the granulite assemblages., The system is thus metasomatic
The

then, must be consldered as an idealisation that

d writing chemical reactions becomes more difficult.,
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The two mafic minerals present in. tbe granulite assemblaﬁe

orngidered a8 follow:

m
H3
{ N
)

to degenerate

quartz +

= Dbiotite + kyanite

> biotite +

thene 4+ kyanite + K20 quartsz

Reactlon 1) is written instead of the following

(¥4
%) gross/pyr/alm + ¥20 ~——> biotite <+ anorthite

(J

ecause analyses of the garnets (see table 6.4) show that uhey
ontein 1ittle of the grossular component, Garnet bearing
ssem blages are common in the Scourian granulites, and,

in the GX

v

except
gneliss, these garnets contaln about 20mol., percent
(Mfuecke 1969) and they would therefore degenerate

to0 reaction 3) above.

}_:

grossular

accoxding

(&)

garnet and hypersthene were present in equal amounts,

I
ezction 1) and 2) above would be coupled. However, garnet

soaenl ¥
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occurs in excess of hypersthene, which is often absent from the
lite assemblage. The result of this is that there is a
¢y for quartz to bpe consumed and for kyanite to appear
S gaction product. The modal analyses (table 6.2) clearly
illustrate these trends. Under these conditions of silica
consumption it is possible for a silica deficiency to arise
within the biliotite sheaths.
Staurolite producing reactions (see Richardson 1968) '
generally involve the production of guartz, and the following
cription allows the continued breakdown of garmnet and
formation of blotlte, Staurolite production releases large

t
unts of guartz and thus lessens the degree of silica

8
O

undersaturation.

{ oo _A i - ey 5 i
9{Felig) ;41,8150,, + H,0 FH—pr 2(1eMg)2A1906(8104)4(0;{)2
+ 19510, <+ 23(FelMg)
KR T £ 1
: xiZQ 3 yA128105
\
.BIOTITE
- There 1s no obvious textural relation between the
staurolite and the garnet, and the reaction written above must

remzin en empirical description. In conjunction with the other
tions written above, it does indicate the probable evolution
ese assemblages. Introduction of potash and water results
in the appearance of biotite and kyanite, and a trend towards
a undersaturation is started. At 'a later stage, the

fermation of staurolite and aquartz counteracts this silica under-—
o

~saturation, at the sane $ime permititing continued formation of
bictite, The formetion of staurolite will be accompanied by a
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decrease in kyanite. The essential difference between samples
55 and 190 is the ratio of kyanite to staurolite (see table 6.2)
nd it is considered that sample 190 represents the later
age in the chemical evolution of these assemblages.

The corundum is always closely associated with staurolite,

S abpeafance is evidence for the development of silica

undersaturation in certain domains of the rock, suggesting that
the cuartz consuming reactions proposged are correct in '

p_.l
3
ct
v
O
2u

uction of potassium and water into the garnet bearing
gneiss, The reactions therefore did not necessarily take place
at equilibrium, and because of the lack of relevant thermo-
-dynemic data, no possible equilibriuwm states can be evaluated.
However, the fact that kyanite and staurclite are individually
Stable phases places certain lower limits on the PT conditions
during their formation. o .
The stability field of kyanite is still disputed, but a
ent devermination by T‘Jrfes, based on a solubility method,
is probavly the most reasonable., This determination places
oin

&t 2.5%Ku and 450°C (Fv¢e, peroonal communication).,

Richardson (1968) has determined experimentally some
invariant and univariant equilibria in the system Fe-£1-Si-0-0H,
The sgvabllity field of staurolite determined by him is for
quarts saturated mixtures only.

Richardson (1968) applies the Schreinemakers® construction
(Schreinemakers 1965) to his experimental system, This
coastruction is a method of determining invariant and univariant
ceullibria within a framework of two variables (these can either
be pressure and temperature, or variation in the chemical

Sl

tential of components such as water that are present in the

tem)., Experimental determination of some of these equilibrie
gnabled Richardson (1968) to fiz the hypothetical eguilibria

PT spa e. From this (see Richardson 1968, fig.4) it is
evparent that reactions ihvolving staurolite in guartz free
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ms occur under muck . -2 same conditions as those in gquartsz

syste

saturated systems. Referring to the work of Richardson (1968),
it can be seen that the zbseance of cordierite in the assemblages
described here places a lower limit on the value of the fluid

pressure of about 3Kb, and the presence of the minerals

kyanite and steurolite indicates that the minimum values of
fluid pressure and temperature were probably about 3.5Kb
and 580°C respectively. The absence of chloritoid (produced
o+

from staurolite and almandine, see Richardson 1968, figs. 4,5)
raises the minimum values of pressure and temperature to
apout 6Kb and 650 °a,

§.6 Chemical analvses from biotised rocks.

Mineral analyses from biotised gneisses are presented
in taeble 6.3, those from biotised hornblende pods in table 5.3
and those from the GK gunelss in table 6.4. A general discussion
0 these and other analyses 1s presented in chapter 8, and they
ed here for convenience, A number of coexisting
veirs of hornblende and biotite have been analysed.

o)

uring a gqualitative survey of biotite compositions,

ut with the aid of wavelength scans, significant
of barium were found in the biotites. The results

of curanztitative analyses for barium in a number of biotites

ere shown in table 6.5 (this table zlso shows the results of

scme mengaacse analyses that were carried out at the same time),

Barium hzs not been found in any of the analysed phases that

xisted prior to bilotisation and it is suggested that barium

vas intreoduced at the same time as potassium., & preliminary

y of whole rock samples of the GK gneiss by optical

rography showed a real enrichment of barium in the shear

zone samples relative to the unaltered granulite assemblages.

The presence of barium is considered.to charaeterise the

ssemblages_resulting from Laxfordian metasomatism{in the area

TU .'d)e ‘

i
o

o

G
Ca
(&t
o
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TABLE 6.3

BIDTISED GNEISS: MINERAL ANALYSES.

5102 41205 Ti02 TFeO MgO Cal0 X20  total me

1325 45,0 10,7 0.8 15.1 12,2 11.6 0.5 95.9 44.8
1522 43,5 11,1 1.2 15.4 11,9 11,6 0,6 95,3 43,5
1525 44,3 11.4 1.0 15.7 11.8 11.7 0.6 96.5 42.8
i0E 42,4 11,2 0.9 16.2 10.4 11.6 0.8 93.5 39.2
180H 43,0 10.9 0.9 16.5 10.6 11.5 0.8 94,2 39.0
1808 35.9 16.5 1.6 17,0 17.% 0,1 4,0 92,4 50,5
1958 39,6 2.2 1.5 18.8 = 9,1 11.6 1.2 93,8 32,7
19583 3%.6 14, 5.0 19,5 11,5 0.05 8.8 93.2 37.2
1955§ 3.0 15.0 5,1 19.8 11, 0.05 8.8 96.2 36.7
“LS3HEL 43,20 12,20 1.2 18.3 9.8 11.6 1.3 97.6 35,0
542 35.7 7.5 2.7 17.4 12.4 0 0,05 9.0 94.7 41.6
16“3 “503 1702 209 1707 1202 0.0 964 94‘07 4‘100
164H 40,2 13,1 1.4 19.4 8.7 11.5 1.1 95.4 31,0
1648 37,2 24.6 0.6 11,3 0,0 23,2 0.0 96.9 -
175B 34.6 16.1 4.9 19.9 9.4 0.0 9.5 94.4 32.1
1425 43,3 11,4 1,0 16,8 9.7 11.1 1.0 93.3 36,6
1425 22,8 11.1 1.0 17.4 10.0 11.2 1.0 94.5 36.6
142C8 32,4 16,8 1.5 19,7 15.6 0.3 3.4 89,7 44,2
14208 33,2 17,0 1.2 19.8 15,8 0.3 3,4 90.7 44.4
201B 36,7 16.2 1.9 17.7 12.4 0.0 9,0 93,9 41.2
2013 37,0 16,4 1.9 16.0 13.3°° 0,05 9.2 93.8 45,2

201E 42,56 12.9 0.6 17.9 9.1 11.1 0.6 94,8 33,7
2014 47,2 12,7 .9 17.6 9.5 1

10.9 0.8 95.6 35,



TABLE 6.4.

G GNEISS: MINERATL ANWATLYSES,

$i02 A120% Ti02 FeO MnO MgO Cal K20 total mg
56, 38.6 21,4 0.2 26,7 0.8 10,7 1.8 0.0 99.6 27.4
56G, 38.6 21.5 0.1 26,5 0.8 9.6 2.0 0.0 99.1 26.6
538 54.6 17.9 4.1 18,3 nd S.2 0.0 9.6 93.7 3%.6
53 %4.8 18,2 3.8 20,1 nd 8.5 0.0 9.6 95,0 29.6
3B 34.6 17.7 4.1 18.4 md 8.7 0.0 9.6 93.1 32,0
57 £3,7 32.1 1.4 2.4 nd 1.0 6.2 40.2 93,0

D ou 27,2 50,8 0,8 11.8 =na 1.6 0,0 0,0 92,2
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TABLE 6.5.
BARIUM AND MANGANESE ANALYSES OF SELECTED MINERALS.
sample Bal ¥nO  mineral analysed
12 1.44 nd biotite single crystal
12 2,18 nd biotite cluster
199 0.68 nd biotite single crystal '
183 1.02 nd biotite single crystal
199 1.85 nd bilotite cluster
164 1,035 _ nd  biotite single crystal
164 2.10 nd biotite single crystal
53 0.39 0.02 biotite in biotite«~garnet band
53 0.40 0.01 biotite in plagioclase
53 0.35 0.01  biotite adjacent to muscovite
168 0,68 0.11 biotite against plag. and opagque
168 1.10 0.186 biotite within hornblende
168 0.03 0.24 hornblende adjacent to above biotite
175 1.29 0.20 biotite single crystal
175 1.24 0.22 biotite single crystal
175 1.67 0,19 biotite single crystal
17 0.48 0.10 biotite
17 0.60 0.09  biotite
17 0.60 "~ 0.11 biotite
17 0.00 0.23 “hornblende

17 0.00  0.25 nornblende



G, GNEISS WHOLE ROCK ANALYSES.

TABLE 6.6,

52 53 55 56 171 173 174 194

5102 57.5 51.2 58.4 56,6 76.3 59.35 54.6 57.6
41203 19.4 20.1 18.8 17.1 11.3 16,0 16,3 16.0
Fe203 4,6 4.9 2,8 1,9 0.6 3.8 3,1 2.7
Fe0 5.7 T3 5.9 8.9 4.9 7.7 11.5 9.2
3z0 2.6 3.8 3.1 4.3 1.6 4.0 4.6 4.3
Ca0 2.2 3,0 4.1 4.5 2,0 3,7 4.1 3.1
§a20 4.2 3.4 3,9 3.7 2,2 2,6 2.4 3,9
E20 2.2 3.4 1.4 0.8 0.5 1.2 0.9 1.3
m302 1.1 1.7 1.0 1,0 0.1 0.9 1.2 1.0
Mno 0.2 0.2 0,2 0.2 0,2 0.2 0.2 0.2
2205 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
total  99.% 99.4 99,7 99.1 99.8 99.5 99,0 99.4
0.R. 6404 57.5 56,3 29.8 19.0 49.5 35.0 37.5
CIPY, NORMS.

Qtz 4.2 3.1 13,9 9.7 51,0 21.7 14,0 11.1
Kfsp 13,7 20,1 8.1 4.9 3.2 7.1 5.3 7.9
Plag 46,5 43,5 53,1 53.4 28,1 39,5 40.1 47.5
iy 10.4 16,4 14,8 24,2 12,7 19.8 28.5 23,9
Moz 6.6 7.2 4.1 2.7 0,8 5,5 4,5 4.0
I1 2.2 3.1 1.8 1.9 0,2  1.7. 2.2 2.0
Ap 0.1 0.1 0.1 0.2 0.1 0.5 0.2 0.2
Cor 6.1 5.5 3.6 * 2.1 3.5 3,9 4,1 2.9

.

(S
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sor Fyfe kidly obtained whole rock analyses of
s of the GK'gneiss; the analyses were carried out
orescence at Maachester, and I would like %o thank
, Dr GC Browvm, an¢ Professor Fyfe for obtaining
sults for me. The aznalyses {(calculated on a dry basis)
and the CIPW norms are shown in table 6.6. The 51gn1flcant
n s analysis set are as follows:

here is an increase in K20 of up to 2.6%, and to a lesser
degree in Na20, in the shear zone samples relative to the

lite samples

D) the sequence 56-55-53-52 (ie, from granulite Lo the centre
of a shear zone) shows a gradual decrease in the Ca0 content;

¢c) aluminium and titanium, the most immobile elements,

show & slight enrlcnmcnt in the shear zone samples;

&) the shear zone Jamnles have the highest oxidation ratios,
e ke 3 T
2TEIT /IR e EEST,

Figs.,0.,34,B and 6.4 illusirate these correlations.
JizsSL 3 ghows a plot of ¥20 agaianst L1203, and fig.6.38 shows
a2 plot of X200 against TiC2, These figures show that the slight
gnrichment of titanium and aluminium is indeed closely
connected with The degree of metasomat ism, Tthis being
conveniently indexed Dy the potash content of the rock.
Similarl )

v, £ig.6.4 shows a positive correlation between the
cocxidation state of the rock and the degree of metasomatism,
Thig point will be returned to later in chapter 9.

&.7 Shear zones cutting dolerite dvkes,
Though the dolerite dykes.are not well exposed in the

ga mapped at ucourle, shear zones are frequently seen crossing

therm. In particular, some shear zones can be traced from the
neiss into the dyke rock. When a shear zone containing large

odal quantities of biotite is followed in this way it is

found that there is an almost complete absence of biotite
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GK GNEISS WHOLE ROCK ANALYSES

plots of A) K20 vs. AL203
B) K20 vs. T102
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GK GNEISS WHOLE ROCK ANALYSES
plot of K20 vs ROCK OXIDATION RATIO
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from the shear zone in the dyke, Burns (1966) presents waole

T many of the dykes in the Scourie-Laxford region,

0
and undeformed ajkes being represented. These

yEes that there is very litile increase in potash conteni
in the deformed dykes, and that the oxidation state of these

7ocks is no different from that of the graenulites and amphiboliseq

sence of biotite in the dyke shear zones is an .
ugh the dolerites and amphibolised granulites have
rent bulk com9081ulon9 they both contain hornblende.

dif e
The chemical differences are thus expressed in different
e

nornblende compositions in the two rock types (see O'Hara 1961
and Burns 1966 for mineral analyses from the dyke rocks).

The dykes have hornblendes which are consistently more iron
rich than the hornblendes in the amphibolised granulites. It is
not clear why this compositional difference should inhibit the
biotite forming T tions, but no other chemical differences

sac
inerals in the dykes and in the gneisses 1is

ey
L @

o}
@
0
j
[}
16
O
o)
Ui
mn
-
O
]
o
i
ct
oy
=3
(
ct
]
e
S
o
i
f-i

i

e
Ffrem the data presented in this chapter it is concliluded
1

that the assembleges seen in the Laxfordian shear zones are
the Tesults of metasomatism, This metasomatism -involved the

introduction of water and potassium (and barium), and the loss
ilica metasomatism cannoct be determined conclusively.,
the addition of water and potash, under the prevailing
onditions, that rendered pyroxene, garnet and
e in the rocks unstable, The change from hornblende
to biotite has been considered in terms of Carmichael's (1970)
¢tion, but in the biotisation of the GK gneiss 1t was
T addition of potash considered as K20 was necessary
¢ account for the minerals formed in these rocks (and in
Pig'ticular, 'for the silica undersaturation that developed),
It haz elready been noted (section %.3%) that when potash
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Q.
felsq; is present in a Scourian assemblage, then this phase

es not appear to be mobile, Thus the biotite forming reactions
cribed here cannot be accurately evaluaied in terms of
bria involving potash felspar. This does not alter the
cesentizal nature of the reaction (ie. calcium producing), but
T
m
L

'he cessatlion of bilotisation is assumed to have been

due meinly to decline in the chemical potential of potassium
in the metasomatic solution, This cen be considered eguivalent
the potash in solution has been effectively

L
O]
8]
£
e
W
]
[& 1
)
}.J

ized within a mineral phase, In a system of
cending solutions, this will take place later at successively
er structural levels., The freguent coexistence of biotite
hornblende, and of varnbt and biotite, could thus be not
the result of establishment of egquilibrium, but of cessation
of reacticn in a system of declining potash concentration.
The exact point at which the reaction ceases in a particular
ook will depend, among other things, on the composition of the
minerals involved in the reaction. However, on a more general
scaielt should be possible to gain some knowiedge of the
original distribution of potassic solutions by plotting
zphically a large number of whole rock determinations
of potassium for assemblages containing biotite and hornblende.
: s not peen done in the present project, but a relevant
bservation is that the most potassic and the greatest number
snear zomnes occur around Sithean Mor. To the east, the
number of shear zones rapidly declines, as does the importance
0f biotite in 'these'zoneso Northwards from Sithean Mor there is
& sgimilar but much more gradual decline. Thus already a possible
three dimensional picture of shear zones is emerging.
I the metvasomatic system proposed is to be accepted,
then it is necessary To consider evidence Ior a source and a
sink, That is, where did the water and potqgvum (and barium)
rom, and where did the calcium go to? The complete
or discussions 6n source has not yet been presented.
The fate of the excess calcium will be discussed here,



e presence of calcite in a few assemblages indicates
that some carbon dioxide was present in the fiuid phase during
biotisation, The chemistry of the possible metasomatic fluid

ing the system could thus be considered in terms of Cad-
20-002, It ig well known that the solubility of calcite
increases sympashetically with pressure, and that this is usually
more than offset by the decreasing sclubility with increasing
emperature, Thus calcium metasomatism by solutlon of calcite‘'is
ot a very viable proposition, However, the solubility of calcit
must increase rapidly to the upper critical. end point, where the
mixture CaCO~~H20 becomes a melt. Odmplete experimental study
of the melting relations of calcite at high water pressures is
lacking, but the work of Wyllie and Tuttle (1959, 1960) should
pe noted, They showed that
melts at 740°C when Pﬁz =1Xkb, and at this pressure the mfnimum
1iquidus temperature En the system Cal-CaC03-H20 is 675°%¢C,

in the presence of water, calcite
{0,

1wer water pressures the minimum liquidus temperatures
ressed to 600°C or lower. In the system CaC03=-H20-C02,
where compositions include carbon dioxide, the effect of the
séditional €02 is to ralse the liguidus temperatures by larg
zmounts. Thus if melting of calcite is to occur, a fluiﬂphase
virtually free from C02 must be present.,
The ebove data provide a means by which calcium may leave
& gystem, Thus it is proposed that during the biotisztion
reactions, the calcium released from the hornblende never
gntered a mineral phase, but under the PT conditions prevailing
that time, formed a melt directly with the fluid phase.
with some CO2 present initially in the fluid phase,
compositions would be uwnlikely to fall in the field H20-C02.
, le., with excess (002, because the C02 present will be

rced by the Ca released from the hornblende.
ite will crystallise from the melt when the temperature
has dropper sufficiently, ie. at higher structural levels.

i ce Ior this crystallisation has been found within the

area,stﬁéied,'except Tor gome calcite veins in the Tarbet Steep
Zelt, The age of these veind is not known,

OH
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&.5 Conclusion,

Biotisation was the result of introduction of potash and

. The chemical rea *ﬁono occurred above the equilibrium of
chael's reaction (¢.580 C at PH20=5Kb). The stability of

clunincsilicates gives PH20=6Kb and 7=650°C as minimum
i

conditions during biotisation (and hence formation of the shear
zones), waile an upper limit of T=710°C at PH20=5Kb has been
deduced from the stability of muscovite. in some shear zones,

e

s of calcium in a melt phase is proposed, and this is
co e with the deduced PT conditions 1f the fluid phase 1is
relatively poor in CO2,
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CHAPTER 7T,
REACTIONS INVOLVING OXIDATION,

Consideration of oxidation in rocis is usually restricte@
to the oxidation of iron., The general principle of oxidaficon
may therefore be stated ass iron bearing phases may be oxidised
Yo ean iron free phase plus iron oxide, The operation of this
principle is well knovn in relation to biotite (cee Eugster 1959),
wiiere the stablllty of biotite at different partial pressures
of oxygen has been determined oxperimcrtallyo Thig principle can
be extended and the oxidation of horrblendc comnsidered; this
2lso i1s an iron bearing hydrous phase. During the netasomatic

ve been ouviined

in the previouns Two chaplers,

il both hornblende and bictite have been
irst of all the oxidation of hornblende during

collected

anphi

bolis

briefiy nmentioned,
biotite in shear zones is discussed,
in the Tarbev Steep Belt are

and then the oxidetion

Data from
then

ation,

emolite and gedrite
e in the amphibolised
¢ 5.5), These minerals
horablende,

(O
( Mg

£

5.5 1t was mentioned that small gquantities of

are scmetimes associated with
gneisses (see for example sample
are considered to arise from

and the following idealised schene

i -

e)fA1817“1092(0F)2



142

inelyses of the coexisting hormnblende and tremolite in
sonple 28 are given in table 7.1, while the approximate formula
of the gedrite in this assemblage is Mg4Fe2A13816022(0H)2
(Geoscan determination)., :

Since the above reaction is uncommon in the amphibolised
rocks, it is concluded that breakdown of hornblende by oxidation
during amphibolisation was not an important process. However,
oxidation appears to have played an important role in the formati

of normblende from pyroxene, This topic has already been discusse’
in section 5.3,

e
=tion in shear zones affe cts both hornblende and
biotite, In terms of the total mineral transformations seen in

ghear zones oxidation is

o

ninor process, but it is imporiant
f its fairly consistent occurrence, The whole rock
analvzes presented in teble 6.6 also show that the shear zone
assemblages are oxidised relative To the unsheared assemblages,
e er2l associations are described here: biotite~potash
felspar, biotite~muscov1ueg and hornblende-~tremolite~epidote,

4) . Oxidation of hornblende, ,

Oxidavion of hornblende is illustreted well by samples
123 and 126, Modal analyses of .these samples are-given in table
2, which shows that moderate guantities of tremolite and
nt in these agsemblages, A similar &geactlon

. aocciAry

above might be thought to havelg but two A
ic feztures point to a different inverpretatior

106 found in the sheaxr zones, and secondly,
£ epidote to new amphibole in sample 123 is

1, wvhereas in the reaction written above it is
:2. The following reaction accounts for assemblage
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TABLE 7,1

OXIDISED ASSEMBLAGES: MINERAL ANATLYSES,
5102

412035 Ti02 TFed MgO Ca0 K20 <+otal mg

2251 41.1 42.2 1.0 17.1 9.2 11.6 0.8 93.0 35,0
2382l 53.4 2.5 0.1 9.0 18,0 12.4 0.05 95.4 66.5
125}1— 4107 110@ 101 1707 100@ 110 101 ‘94‘03 3601
12337 51,9 2,9 0.2 12,4 15.7 42.3 0.1 95.5 55,7
123:: 4501 11:2 009 1709‘ 1000 1 > 192 9508 35«7
123HT 54,1 2,3 0.2 12,4 16,7 4 0.1 98.2 57.3%
7233 3505 ‘_2155 GOA ']596 OGGS fi3° Ooo 940 -
124E 43,8 10.4 1.1 15,0 12.4 11,5 0.7 94.9 45.3
1245 £3,5 10,5 1.1 14.6 12.1 11.7 0.7 94.2 45,2
124E 4L,4 0 1005 0.9 14.8 11.9 11,5 0.6 94.6 44.4
1268 43,6 10.1 0.9 16,1 12.2 11.5. 1.0 95.4 43,0
1284 44,6 9.6 0,8 16,3 12.1 11.4 0,9 95.7 42.7
126% 44,2 10,1 0,9 16,4 11,5 11.4 0.9 95.4 44,1
1268 38,4 23,2 0.4 11.1 0.1 22.5 0,0 96.7 -
1275 40,7 13.5 0.6 19.8 8.5 10.5 0.7 94.3 30.0
{271 41,0 13,1 0.6 19.5 8.7 10.4 0.7 94.0 30.9
127C 24,6 20.8 0,3 21.4 19.2 0,05 0.0

94.% 472
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TABLE 7.2,

WMODAL AMALYSES OF OXIDISED SHEAR ZONE.,

Hbl 39,1 36 .8
Trenm 6.1 -
Tnid 5.5 6.7
Biot 0.6 -
Op Tod tr
Rut 0.5 (I
Ap tr i
counts 7000 3500

Ln 28 nd



20z Mg, FeyblS 7..1022(0.1)2 + 20 s

il 3"' 2 N 7. 2 T
CayAl, Fe 813012(OH) + Cagdg4818022(0h)2

Eeo—

+ Fe,0 + 3310 " A1203 -  QH

SnHi T’H'S.:- i ol - Lie ) . G
0“2!..;_2—e S 019(0.1 (2 3__(,20,,. - o

In samplie 123 heewmetite ccexists with a titanium bearing
12% and 126 are

in tabvle 7.1, The horublexnde and tremolite coexist across
ovtically sharp interfaces.
d explaining concerning the reaction
stly, both modes given in table 7.2 contain
% contains tremolite, I is suﬁveéted thet
te~hornblende recrystallised there would be
2 tendency for the much greater quantity of hornblende to resordb

g

4

tity ¢f Iremclite, If recrystallisation is the

0f the non-appearance of tremolite in sample 126, and

this recrystaliisation is coeval with the deformation, then the
C zgests that oxidation was not entirely post-tectonic,
o evidence that oxidation 4id not occur throughout
ne, For example, samples 127 and 128, collected TLrom

csame shear zone, contain no epidote., There is a small amount
3

¢f well crystallised chlorite in sample 127, Sample 124 is from
the same locality but shows only Scourian mineral fabrics

Minerel analyses Irom samples 124 and 127 are showm in table Tolo
There is no obvious difference between the compositions of the
in'samble 124 and semple 127 that might be used to
tween Scourian hornblendes and the same hornblendes
cd in the Laxfordian shear zonesfcf section 8.4),
ond point 1un this dlscu531on is that cealcium was
0 the reacition written above, It will also .-

ed that though tkcse assemblages are from a shear zone,
they contain no biotite or other potassium bearing phase,



The calcium was introduced into the reaction so that the reaction

t¢zscrited the observed modal ratio of epidote to tremolite,
It will be recalled that in chapter 6 the loss of calcium from
biotised shear zones was proposed, and that at a certain level

the metasomatic solutions will be depleted ia potassium, and
biotisation will cease., It is consistent with this idea that
es 123 etc. were collected at a level in the shear zone
biotisation had ceased and where a little of the excess.
calcium released was fixed in epidote, If calcium had not been

avallable then a reaction similar to that proposed in scction
1

ha thet is seen to be oxidised in the shear

se
pictite. Bearing in mind the general principle of

)
i
(4]
O
ct
s
()]
H
L]

ocn, that iron Ifree silicates and iron oxides are produced,
two different phases can result from the oxidation of biotite,
These ave potassium felspar and muscovitea

zones, snall amounts of potash felspar are scen to replaoe
vioctite. The replacement occurs along the edge of the biotite

zxes and the original biotite grain boundary. can still be

sesgn, Though this feature is fairly common, the total amount
or povash felspar produced must be virtually neglible, Haematite

is rare in these assemblages, the opaque mineral being an ilmenit
£ .. .o PRy . . . o s
(of unspecified composition), The equilibrium of the reaction

ennite %> sanidine + magnetite
has been studied experimentally (EBugster 1959). Extrapolation

ol his data to geologic systems must be treated with caution,
ugster suggests that the experimentally determined results
would not be very different from those that would be obtained
Trom naturally occurring assemblages, At 600°C and PH20=4Kb,

h

. pressures of oxygen of the order of 107 Ibvars are

(S

ci

it

('I"

mecessary 1o oxidise annite to saxnicdine plus magne
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Oxidetion of bWOuéé to muscovite is not as widespread as
idation to potash felspar, and has only been recorded from
the GK gneiss (see mode 53%P, table 6.2), This reaction must be
mplex since the phases bilotite~muscovite-~l iimenite/haematite

¢
cannot possibly balance, and this is undoubtedly why muscovite
has a limited occurrence in the shear zones studied.

Chinner (1960) was able +to show that in a series of pelitic

Delradian rocks modal muscovite and haematite increased as .
modal bpiotite and gerret decreased, and thus he wrote a balancing
reaction in terms of these vhases,

In the GK gneiss it is not possible to tell if the

vhases garnet o kyanite are involved in the reaction since
there is no textural relation between These phases and tThe musc=—
Ct

urred during continued

.

—-ovite, This suggests that oxidation oo
isation of the sssemblage, If garnet is involved in

caction the general absence of this phase from most of the
e

s would ednlalp the absence of muscovite as. a

i
product of the oxidation of biotite,

e steep 1limb of a
om the mineral fabr_ £

th dian recrystallisatior
e g ¢ basic dies, see Sutton and
Watson 1961), and there is no evidence for the present existence
¢f minerals formed during the, Scourian. &4 series of samples
lected to investi

o gate the mineralogy of the southern
T this belt, The samples are Ifrom a coastal traverse
starting south of the Tarbet Antiform in flat lying amphibolised
grzrnulites, and ending &t Port Mor, Modal analyses of this suite
are pregented in table 7.3. Just north of Port Mor, the general

s

ses changes and Irom here anorthwards

inere: Lo no evidence to suggest that the suite of rocks
deszcrined here are ou.uer than the regenerated ecuivalents of
e n 1

cuiv
iltered form at Scourie,
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TARBETDT SUITE: MODAL ANATYSES,

42 43 44 45 46 AT 499 400 102 103 202

48.6 49.5 45,5 47,0 9.7

Flag  3T7.4 45,0 55,6 48,3 57.4 42,%

Pap 10.8

Kfsp , 7.0

Gtz C.4 22,8 15,1 10.0 25.8 34,5 27.6 28,4 38,1 13.%

Hbl 54,2 12.8 16,0 30,4 4,5 +4r 12,8 26;5 £8,.7
Biot 8.0 T.5 8.6 11,7 4.4 18.2 7.5 13.8 51,9
IMusc 11,6

Fpid v 4.7 0,2 2.1 4.4 2,2
0n 1.8 0.2 1.4 2.4 0.5 0.2 0,9 0.9 0.5 0.6 0.6
Haem 0.3 tr i

Aut Tr Tt T oT tr

Ap 5T 0.2 0.4 0.3 0.3 Tr tr tr 0.4 0,2
Cal 0.2 tr 2.2 4.3
Chy S tr tr 0.7 2.9

Soh ! : ' | 1.7 2.2

counts 6600 7400 5000 5200 4700 4300 5300 4700 3600 4700 7800

And %3 28 31 34 25 . 4 24 25 28 32 30
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TABLE T.4.

TARRET STREP BELT: MINERAL ANATLYSRES,
Si02 A120% Ti02 FeO Mg0 MnO Cal X20 total mg

1993 35«3 1701 2.;8 1801 12«‘;7 003 00054 904‘ 9507 4103

1998 34.5 16,4 3.5 18.3 13.1 0.3 0.1 8.4 94.6 41,7
1968 36.8 24.2 0.5 11,0 0,05 0,2 22,8 0.0 95,5

"IA)‘\./H ’1299 1198 1.;3 1703 1007 0051:]09 009 97'4’ 3803
1003 43,6 11.8 1.5 17.% 10.7 0,3 12,1 0,9 98,2 38,2
10083 35,2 17.1 - 2.5 16.3 14.0 0,1 0,05 8.3 9%3.5 46,2
1008 T 36,4 17,1 2.5 171 14.1 0.2 0,05 8.,% 95.7 45.1
100C 24,6 21.6 0.3 19.6 21,1 0.2 0.0 0.0 87.4 - 45.1
10%H  40.5 11,6 1.% 19.0 9.5 2d 11.2 1.1 94.2 33.3
1035 40.6 11,5 1.2 18,6 9.8 nd 11.6 1.1 94.4 34.6
103 41,7 11.4 1,2 18,7 9.8 =nd 11.6 1.1 95.5 34.3
103%E 35.6 24,2 0.5 11.9 0.0 nd 22.% 0,0 95.5 -
202X 42,6 12,7 0.6 13.1 13,1 nd 13%3.0 1.3 96.4 50.0
2025 44,8 11,35 0.5 12,6 1%.6 nd 1%3.0 1.1 96.9 51.9
2023 39,5 16,4 1.5 12,6 16.3 nd 0.0 9.5 95.9 56.4
2008 39,2 16,7 1.6 12.5 17,5 nd 0.0 9.2 96.7 58.3
2028%2 30,2 3.0 36,7 0.6 0.0 nd 27.8 0.0 98.% =~



Samples 42--46 show only incomplete Lazfcrdian recrystallisa
oo, 235 suggecsted by the presence of granular horuablendes
' 1 warts grains, and Dy the presence of blchbs of
nohash felspar in some of the plagioclase grains (a feature of
courizn plagioclases)(see chapiter 5). Samples 199 and 100-~103
1 sation and were collected

b

ete Laxfordian recrystalli
north of the Tarbet Antiform, Semple 47 is an example of the

sonzoréant

Scourian granite shee®s and is included to show the
after Laxfordian

r the original work on

It is apperent that the amcunt of biotite in these
asqemdg@ges varies widely and essemblages without biotite
le 103) are not uncommon. The biotie is generally
ic from derk olive green Yo very pale brown, and
N

plecchro

frequently contains opaque inclusions (these inclusions are

no% entered under 'Op' in %able 7.3)., The pleochroism of these
biotites rentiates them from the biotites in the shear zones

T
to The south, wvhere they are pleochroic in shades of brown and
r

r=d brown, Deer et al (1966) suggest that the green colour of
pictite may be due to the presence of Fferric iron,

e b _
In addition the Laxfordian assemblages are marked by'the
T epidote and occasionally of large grains of well
ed chlorite, Coexisting hornblende and tremolite are
seen, though the latter phase has probably been more

generally homogenised into the hornblende by reecrystallisation

semples. Lt 1s suggested that the assemblages from the
Tarbet Steep Belt show the eifects of Laxzfordian oxidation
simliar o those described in section 7.2 above,

Analyses of minerals from the Tarbet Steep Bblt are

e - o~ Ly
given in table 7.4,

e
Sulphide minerals (usually pyrite) are scmetimes present
e e

ere altered to or rimmed

o
4
a
}_l
1
i
p
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3
ot
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¥
2
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o
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then possible to



consider the opaque phases in terms of the oxide compositional
Tield Fe0-Fe203%-7i02, Though detailed oxide identif o)

hzve not veen made, and no ouantitaﬁive analyses are gvcilable,

two broad coxide associavions have been recognised. These are:
enite or ilmenite and rutile in the amphibolised Scourian
.

b) ilmenite (magneiite) and haematite in the Laxfordian

+

These two associations would represent different oxidation
trends and would not be buifered, except for the possible
assen

blages containing the coxides magnetite~haematite, to
changes in partial pressure of oxygen.,

The detailed study of rock end mineral oxidation should
be & topic for future geochemical research,
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CHAPTER &,

L DISCUSSION OF THI MINERAL ANALVSES,

Mineral compositions in metemorphic rocks are usually :
consicdered in termg of five variables, rock composition, total
ver fugecity znd Oxygen fugacity.
allycomplex minerals hornblende and
Zten difficult to evaluate ssgpnarately the effect
e on mineral compositicn., This problem can be
ertain extent by studying a specific rock type
efined isograd of progressive mefamorphism
ow and Moore ﬂ9679 Cermichael 1970). Such studies,

e whole rocks, individudl
ence of works as
 chemical data is done
results, |

N
S aileble hes perx mvtteu
cnly minegrel analyses to be cerried outv. By discussing 21l the
s in Th chapier it is poseible to compare minerals

s

ferent tectonic structures and to attempt in
ifferentiate between metemorphisms associated

Wi the Scourian and Laxfordian structures.

8.7 A& note towards the definition of a metamorphic svsten,
Perhaps the greatest significance of the mineral analyses
:nted here erises from the fact that the minerals are from

rocks that were initially high grade metamorphic rocks (granulite
fzeies) and that have been subsequently remetamorphosed under

o7
}o
I-4
-4
®
Ly}
[}
o
oF
Q

onditions, These metamorphic systems would thus not
we o included in the general category of nvogreSlec metemorvnic
olog

crotems on wiich the bulk of research in metamorpnic petrology



nes been conceuntrated,

A mumber of concepts Tthat have arigen from the study of
progressive metamorphic S8¥S tems have cften been Shought <o
cheracverise all metamorphic gystens, Significant ideas are

ograd* and 'cloged
e ceble during
orogressive metemorphism, and for this wreason alone progressive
i

ial case of the

The attalmment of eguilibrium between mineral phases
in & rock has been judged in two ways a) that of physical

eguilibriun (Xr ©66,1969,Veracn 1968,1970, Fiinn 1969), and
b) that of chemical eguilibrivm {(Xretz 195%, Saxzena 1969).

oacheg differ in vhe theoretical basis for the
concent ¢of squilibrium in each; in a natural rocik it is
eall v

they are two ways of descriding the sanme

i 4 as one which neither loses
207 geins matter from other external systems., A geologic
1

syoten will in general be more likely +to reach equilibrium if
it ig closed, Petrologic

studies have shown that many progressive
considered 4o have been closed with
ept a fluid phase consiéﬁing
mainly of water, ' ) .
In a system that is closed and at “QUlllelum it is

sograds and (0 evaluate them thermodynamicall

P
u

particuler reaction between mineral phases

ace, The assumption of eguilibrium precludes
ity that the position of the isograd mapped out in
c

terrain could be paritly determined by the rate
c ' '

Once & gysitenm is recognised as having been opern the
priuvm and of the isocgrad are no longer

,

netdsonatic event the possibi

1i%

on due to the intrecduction of
Terenyg QGSCADla es will then

m, and will not in general
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GeTine isograds in the eccepited scnse, For exemple, in an

N
S‘:i
]
ey
’..J
Ol
(e}
s}
j4
0]
@

d granulite fecies terrain the coexistence of
vyroxene and hornblende defines only the gquantity of water that
has peen Tixed in the systenm, The two minerals may or may nov
nave been in equilibrium in e particular sample, but this
gguilibrium deoeg not help to define PH20 oxr T during the
recrystallicsation of this sample,

It hes been shown that the systems studied here were open

igm, Interpretations of the mineral

aralyses must therefore be made with caution, Topics discussed
in the f£ollowing sectioans include the possible control of
te on mineral compositions and the relation
nd the blotite derived from it.

&y

oxidaticn states on the composition of minerals in a
chists from the Dalradizn., Similarly Hounslow and

“oore (1967) have studied the rock and mineral compositions of
of Grenville schists from the stauroclite zone, Three

catemnts can be made from tThese works:

mpegitions of migerals‘(garnet and biotite) do
not e with the bulk rock composition, but they do
correizte with %the rock oxidation ratio,

D) with increasing rock oxidation ratio, the Mg/Mg+Te

ratic of bilotite increases,

he absolute amount

to the wock oxidation

1 compositional
veriable, The changing titanium contenis could veflect a
zse of substitution iz the lattice as the amount of
d olso be due (gzee Chinner 1960, p201)
ngtent titeaniuwm distridution between the
¢



correct then Tthe titanium content of biotvite could pr
e

neans of estimeting rclative oxidation stat

Figz.8.1 and 8,2 show plots of Ti02 against mg ratio

W

for biotiks and hornblendes respectively, while fig.8.3 is
ot for coexisting hornblendcs and biotites OﬂlJo
In these and other figures analyses from wocks of extreme

J
o

-
e
o
'..l
}4

ion such as the hornblende pods have been exrcluded),

.

here is a strong correlaticn betweer the

ot
[y
[41]
k-
ot
[y

ters plotted, Since the assemblages enalysed all contain
an oxide phase (ilmenite) the hovnblende and bictite may,
Tirst, be comsidered to be satureted in titanium, and it
remalns to deduce the control oz saturation level,

otassiuvm and Titanium in biotite

-

analyses to complement the mineral
dy 1% is not possible fo say anythiing

: : s, )

differesnt assemblages.

ot
l_l
Q
i
n
ct
jul
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D
12
63
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i
Q
o
(=]
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pse

e n the minerals is controlled
e extent by the host rock chemistry then these parameters

e use in de% cermining trends that refléct the
vaysical variables PT during metamorphism, The possibility tha
sent in small amounts in minerals may be presen

e
to serturation level, and the concentrations therefore independen’

¢t roek chemistry, has 4o be investigated. Elements that can

S onsidered in this category include Ca,Mn in garnet,
91, o) Ti,X,Na in hornblende, Ti,Fe,Na in muscovite,
in the present study oxnly dasta for Ti and X in hornblende and

a

1965) comsidered tha®t the amount of titanium
comtained in g caleliferous amphibole increased as the temperature
ci cnysuilisation incrsaesed, ihis.Scatement is valid only as

| 5 and metamorphic amphibolesg are

965 rfigs.1,2). Leake (1965) points
nsidered should come from biotite
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FlG 8.2

HORN BLENDE ANALYSES

plot of T102 vs. mg

 Muecke 1969
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FIG 8.3 158
HORNBLENDE AND BIOTITE ANALYSES
plot of T102 vs mg for coexisting pairs
e hornblende
4+ biotite
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e titaniuwe is partitioned favourably into
e assemblages should also contain ilmenite, the
assumntlon being that the hornblende will then be saturated in
titanium, Binns bases an objectlion to this premise on some
histograms (Binns 1969b fig.1), which show high central
terdencies for Ti conteﬂt of hornblendes but also show
vronounced talls towawrds The higher Ti side of each hisftogran.
It is necessary to counsider the posecibility thaet vitanium will

be partitioned between the hornblende and ozide phases an

d
with a linmited amount of titanium i1n 2 rock the modal quantity

U .4

L

itanium

,

of ide D“eaen is a critical facior in determining the
centent of the coexisting horanblende, Thig objection is perhaps
overruled by Leeake's (1965) observation that there iz no :

o L9

corrilation belfween the titanium content of the rock and of the

hornblende in a suite of samples from the Adirondacks. Adequate
scluvtion of thisg problem requires that wvrole rock, mineral and

N

modal analyses sre available for the same suite of rocks,

13 affect the composition of the oxide phase and the
igtenium content of the horxrnblende may be expected to change in
much the same way as the titanium content of biotite changes
with oxidation stzte {see Chinner i960). It will be realised
that vien titanium is distributed between three phases -
hornblende, biotite, oxide - no direct information on PT

conditions oI cyystallisation can bc gained from analytical

problems discussed above, fig.8.4 shows =z plot

st S102 (cf. Leake 4565) for all the hornblendes
zunzlysed., Liso shown are some anelyses of granulite facies
hornblendes taken from Evans (196%) and Muecke (1969). It is
evident that there is a oofrelationg but there is no clear
sevaration betwsen the hornblendes Trom semples with Scourian
fabrics and those from samples with Lex zfordian fabrics, The

fro

o AN Ao
LrmolLences

m o che TvanuTL ve facie S contalin the greatest amount
ol titanium and this may be consistent with their having

cuycvailised at higher temperatu res,

The significence of the potassium coantent of horunblende:
iz not clear, The

act thaei gotassium must be distributed between
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FIG 8.4

HORNBLENDE ANALYSES

plot of T102 vs. SI102
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coils

e oLie I I S’ 0r’
czio A L9}
ou® Ciie@ @
£2ie
czLe . . clie
o8 1
. 2%,
-. E¥ig
sale Glie
he [}
202, 50
eme 3, z91
Zie ¢
SZe o 102
g1 gt oo
[ ]
.@N—. ale .wm—
[ ) 1 e
%l €20 o o0z o'
Q °
e, -
- ®
zzL e €2t
¢ o - * o894
se 2l :
€01
e °
00l ¢ vole
2] © Gl
J
(@]
@
oe|

cold



161

FIG 8.5

HORNBLENDE ANALYSES

plot'af K20 s,

7102
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potagh felspar, biotite, muscovivte and hormblende im many
renders the situation as complex as that
bove when the distribution oif titanium was considere

In the present study the culy potassium bearing phases in

the escemblages zre blotite and horuablendey the potassium
contents of the plagioclase was found %o be very low (in gemeral
below I of accurate detection of the Geoscan). In the

ivm is @ major component, while in hormblende it
omnponent, Thus {the possibility afises that the
distvribution ratio between the ftwo phases is partcly determined
by the bulk composition of the rock, rather than TP conditions
zione. & plot of 20 in howrzblende against K2Z0.in blotite
owaed no consistent pattern,
0

ingt Ti02 for all horablendes
Ic

b
and has been includsd because th S olning analyses
Ircm the Same assemjﬂigeg 0w & fairly consistent trend. The
significance of tais is not known, but the verying X20 and Ti02
z 5 e

tne hornblendes from onc as<ﬁmdgﬂg~ ig indiceative

-

of & lack of ﬁ‘taﬂnmen% of equlllo“iuA in <h sSSem dg)ge

8.4 4 s*:ELSuvcul studv of ho rrnblende commogitlions,

‘

ig coumsicered thiat sufficisnt enalyses of aluminous
nornblendes have been made T0 meke a statistical treatment of

1 forty analyses of aluminous
twenty four of these coming
cs, and the remaining sixteen
from rocks with Scourian fabrics, These groups ere nemed S+IL,
I, ani § respectively, Analyses from the ultremafic hornblende
pods end analyses of the low alumina, or tremolitic, hornblendes
have been excluded, since these form obvious distinet

The analyt¢ca1 date, imput in three groups = S+L,L,5 -

S+L,
rere programiie ”Cuﬁ”eOCOP’ This
virogreamne catputs graphs of element pﬁ*ws plotied in ferms of

£
ficients (ie., after this transformation, the
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JOiTy). This trocedure permlis easy visual appreclation of

covrelations thaet may exist between pairs of el cments,
falls into two groups:

vl
2) parameters of ceanbtral tendency, which show the characte

¢ c¢ne population end enavle different populations to bLe compare
) parameters waich measure the correlatlions between elements

-
[43}
=5
(W]
b
cl

o O
",,.
[
o
)
o
&
o)
=y
(]
=

[1]e]
H
1)
ot
-
(@)
-
]
[
{
o
Fs*
O
1

ve; also given is the standard crror of

en grouns S and L (SED)., The second part of the
rrelation matrix for oxide

r

Zuvnctional wrelationship exists between the oxide pair, waile
a2 figure of 0 indicates & complete leck of correlation, With
& population sample of forty Ffigures greater than 0.8 can be
considered significent, while figures 1n the range 0,6-0.8
can probably be assigned scme meaning,
Considering the parameters of central tendency it can be
scen that there 1s very 1ittie di fference in composition
tetw courian and Laxfordian hormblendes, The only

o
ans that iie outside the standard error of
n groups S and L are those for Fe0,K20 and RBZ.
ater are only JLSt outslide the range of the
© of difference and it would be safer to assume al
oups S and L belong statistically to the same
nclusion is Iinteresting because of the large
erences that exist between the Scourian and
es, It might be expected that during the A
of biotite Ffrom hornblende and ‘duriang recrystellisation
¢ botn phases the composition of the hornblende would change,
througn the establishment of new partition coefficients
cwzen The hornblende and the new vhase biotite, Such an effect
iz not azwparent, It can only be concluded that the interaction



TABLE 8.1

CTANWDARD DEVIATTIONS ANT

COEFTICIENTS

OF VARIATION

A1203 Ti02 FeO

5 g
. L 42,6 11.6 1.0 17.5 10.3. 11.4 .
S 42.7 11.8 1.0 16.6 10,4 11,5 0.8
L+5 42,6 11.6 1.0 .1 1003 11, 0.

S, L 1.5 1,0 0.2 1.3 1.1 0.4 0,2
S 1.4 0,9 0,2 1,2 1.7 0.3 0.3

TS 1,4 0.9 .2 1.4 o1 0.5 0.2
Cv. L 3.5 8.6 25.2 7.7 11.2 3.5 23.9
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of the physicel and comwositional variables is so complex s
7o Terder the composition of the howrablendes of little value in
attempiing to un el the possible changes va the physical

rizples (PO

etc.) during metamorphism of Scourlan assemblages

in the Laxfordian,
In view oi the apparent similerity of groups S and L,
¢rnily one corrvelation matrix has been zresented, for the
¢omuvined group S<L, Correl ons between elements are generally
intzrpreted on the beasis of atomic substitutions within the
crystal lattice, Substituticuns that occur commonly in
hornblendes include:
a) Mg = Tl
b) 81 == A1, Te2T mm 43
¢) Si - Al, Mg — Al
&) Si e A1, Te?T e WO
) PedF em 11
The three pairs of coupled substitutions (b,c,d) are
interssting because different correlation maitrices would result
Trom the individual and separate occurrence of each substitution,
Thue for b) there will be 2 moderate correlation between both
Si-A1l and Fe-~il, for c¢) there will be a moderate correlation
vruzzn Si-A1 and Yg--21, while Tor d) there will be a
correlavion vetween Si-Al, Fewhl and Fe~Si, Parts of the
correlavion matrices for the individual groups S and L are
ziven below: '
Group S Group L
g Fe A YMg Fe AL
53 -0.52 =0.30 «0,.70C Si 0.80 ~0.,85 =0,61
AL -0 .86 0.81 A3 0,83 0,73
There 1s an interesting difference between the coefficients
fox Fgw-S5i., Coupled with the strong negative corrVWaiion “of
Fe-S51 dln group L this suggests that there is e higher percentage
oI The aluminium in the octahedral sites in group L, or that
substituiion TefTomelT is present in this group. Detailed
ron and calculation of
¥y befove any Ffirm conclusiorn:
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CHAPTER 9.

¢

THE RELATIONS BETWIEN METAMORPHIC REACTIONS AND
TECTONIC STRUCTURE.

The previous chapters have been concerned with the
presentation of data with 1little emphasis on discussion. It was
noted a number of times that metamorphic and tectonic processes
were closely associated during the evolution of the rocks studied.
It is now necessary to discuss in detail the relationships
between these two groups of processes, It is inevitable that
cyclic arguments will result in such a discussion unless the
premises of arguments are clearly defined. For this reason, the
following short summary is presented. These statements are then
taken to be true in the discussion that follows. Any general-
—-isation of the discussion to include geologic systems other . than
- those studied here will thus rest on proof of the truth of these
statements in each case.

It is considered that enough evidence has been presented
to show that the Scourian granul%tifgpave been altered
chemically during two metasomatic/, and that tectonic deformation
coeval with each event affected the gneisses, In particular,
the shear zones studied are zones of anomalously high deformation
and of anomalously high chemical change.

Consider the following cause and effect:

a) deformation and metamorphism are coeval,
b) high deformation and high chemical change are associated.

If a) is a sufficient condition of b), then when a)
occurs b) must follow. If a) is a necessary condition of b),
then b) cannot occur without a), (see Ayer 1956, p170). Only
the sufficiency condition is fulfilled and it follows that the
possibility of high strain zones being superposed cn gones of
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high chemical change cannot be logically excluded, The relation-
-ship of the mineral fabrics to the strain states measured in
shear zones (Ramsay and Graham 1970)'excludes the possibility
that chemical changes were superposed on high strain zones,
Despite the logical inadequacy of the argument, it is
assumed that the occurrence of chemical change and strain in
shear zones is a suificient reason for believing that deformation
and metamorphism were coeval, and this discussion is based on
this assumption, In retrospect, this intuitive step may seem
to have been justified.

:

9.1 The concept of fugacity: fluid diffusion in rocks.

The scheme of mineral reactions outlined in earlier
chapters involves the progressive hydration of assemblages
during the formation of hornblende and biotite from initially
pyroxene bearing rocks., It is essential to be able to define as
accurately as possible the mechanism by which the water was
introduced into the rocks studied, and to evaluate the
consequences of such a mechanism occurring in a defined system.

The concept of fugacity needs careful definition, since
the common meaning of something fugacious is evanescent or
fleeting. The fugacity of a fluid would thus imply some measure
of its mobility; this would be misleading.

Thermodynamically, the fugacity'of a fluid is defined
concisely. For an ideal gas, there exists the relation

p = pi(p) + RILnP 9.1)
where P is the partial pressure of the gas phase, For a non-
ideal gas (fluid), it is convenient to define a fictitious
pressure, called the fugacity, to which the chemical potential,
P, of the fluid bears the same linear relationship:

po= P+(T) + RTLnf 9.2)

where f is the fugacity of the fluid.



The mobility of a component in a system is also
thermodynamically defined, and this definition involves some
knowledge of the kinetics of processes occurring in the system.
The comservation of mass in a continuous system is expressed
by the equation of continuity of density,p

“6_8 = '—dinW o 903)

where w is the macroscopic velocity. For a mixture, w is related
to the macroscopic velocities of the different components, i,
by

woo= (& opgwi)/e | | 9.4)

Thus w is the velocity of the centre of gravity of an element
of volume., |

For a two component system in which irreversible diffusion
alone takes place, it can be shown that only one independent
irreversible process can occur, and that the entropy source
strength for this simple system will be ‘

(53) = ¢ (B -$0p Gy -w) > 0 9.5)

(see Prigogine 1967, chapter %; the symbol (SS) replaces o
of DeGroot and Mazur 1962 and Prigogine 1967).

F, is the force‘per unit mass acting on component one,
u1.is the chemical potential per unit mass of component one,
and Wy Wy are the macroscopic velocities of components one and
two, For convenience, the forces and concentration gradients
have been assumed to act along the x cartesian coordinate only.
More general equations may be found in the works referred to
above, - |

The phenomenological relation (ie. the relation between
the flux of a process and the generalised thermodynamic force
causing the process) corresponding to equation 9.5 is given by
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!

- . Lep _ Su
p1(Wi - w2) = T(P1 - 6X1) - ‘ 9.6)

Substituting equ.2.2 in equ.9.6 gives

_ L dlnf
Cilwy = w,) = 7 (FM, - RTS== ¥ 9.7)
where 01 is the concentration of component one in the systen,

and M1 is its molecular mass.,

For a uniform system, ie, é%%i o,
(wy, = w,) = L pn 9,8)
1 2 TC, 11 ®

The coefficient of proportionality, L/TC1, is called the
mobility of component one, and has dimensions of veldecity per
unit force on a mole,

| Consider the system under discussion to be made up of
a rigid framework (component 2) and a number of 1nterconnected
voids (component 1). Equation 9,7 can be rewritten

C

™ % (a2, - Rodiid 9.9)
where PX is the pressure acting on the fluid along the x
coordinate, and a is the crossectional area of the voids normal
to x, | )

The magnitude of the pressure aéting on the fluid can be
conslidered, on such a scale that the system embraces an
effectively infinite number of voids, as a measure of the fluid
source strength, Knowledge of the variation in space of the
three dimiensional tensor P would enable the directions of
fluid diffusion to be predicted.

The interesting point about diffusion of fluid through
metamorphlc systems stems from the realisation that there 1s
a discontinuity in equ.9.9, and indeed this equation is no
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longer directly applicable when the fluid 'source strength'
exceeds a certain limit, Beyond this limit the framework is
no longer rigid and processes of hydraulic fracturing {see
Secor 1969) occur, The main effect of hydraulic fracturing is
to cause an increase in the size of the voids (grain boundary
spaces) in the system, thus permitting faster rates of fluid
diffusion (the fluid can be considered as creating its own
permeability)., The discontinuity in equ, 9.9 exists because
there is a large increase in the  size of the voids for a small
increment in the value of the function P across the limiting
region.

| Little is known about the permeability of metamorphic
systems, but McLean (1965) makes the pertinent observation that
grain boundary spaces between silicate minerals will generally
be too small to allow free transport of water molecules,
Grain boundary spaces are likely to decrease in size with
increasing metamorphic grade since the stable minerals have
progressively closer packed lattices. The problem of free
diffusion is made more acute if water exists as a polymer of
H20 units, These problems described by McLean (1965) do not
seem to have been investigated further by petrologists. Even
so, they constitute sound evidence against the hypothesis that
the fluid phase in metamorphic rocks diffuses passively along
intergranular spaces in response to gradienﬁs in chemical
potential (Gresens 1966), particularly in the higher grades
of metamorphism. Discussions with Professor Fyfe have led
to similar conclusions, The fluid phase in a rock cannot be
considered as perfectly mobile if only chemical processes of
diffusion operate; it is impossible to say how mobile the fluid
was in any system, and misleading to consider it as immobile.

The work of Secor (1969) made a real contribution to the

problem of fluid diffusion by presenting a detailed analysis of
the phenomenon of hydraulic fracturing, Briefly, the analysis
was based on the Griffith criterion for brittle failure and
crack propagation, As the value of the fluid pressure in a
system increases, the values of the effective principal
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compressive stresses acting on the system are decreased. When
the value of the least effective principal stress equals the
tensile strength of the grain boundaries in the system, then
brittle failure in tension of the grain boundaries occurs.
Assuming the usual relation between the stresses at failure
(Price 1966), it is realised that both tensile failure or
shear failure may occur, the mode of failure in a particular
instance being governed by the principal stress differecnce.
It is suggested thatiif geodlogical evidence exists that
moderate to large quantities of fluid have been added to or
passed through a metamorphic system, then processes of chemical
diffusion alone cannot adequately account for this transport,
and processes analogous to hydraulic fracturing must be
considered. The implications of a mechanical mode of fluid
transport in terms of the relations between deformation and
metamorphisn are discussed in a later section of this chapter.

9.2 Amphibolisation as a metasomatic event,

Amphibolisation of a granulite facies terrain involves
addition of water to pyroxene bearing assemblages, and this system
is defined as being thermodynamically open. During the hydration
of pyroxenebearing rock which is now observed to contain 30
modal percent hornblende, approximately 0.5g of water per 100g
of rock has been fixed in the hornblende. The presence of
relicts of pyroxene in some samples is interpreted as indicating
that only a limited amount of water was added to these parts
of the granulites, .

At any temperature and total pressure there will be a
certain pressure of water with which pyroxene can stably
coexist. If the water pressure exceeds this value, then the
pyroxene will be amphibolised. The pyroxene stability curves
evaluated in section 5,3 apply mostly.to the coexistence of
pyroxene and water when PHZO = Ptotal‘ It is possible for large
quantities of water to pass through a granulite system and to
leave no trace, provided a mechanism of water transport below
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the criticél pressure 1is available, The fact that there is, on
a regional scale, a rapid gradation between dominantly pyroxene
and dominantly hornblende bearing assemblages suggests a) that
a regional front of amphibolisation can be drawn, and b) that
this line indicates the position where PHZO dropped below the
critical pressure necessary to cause amphibolisation under the
P conditions in existence at that time, If the system
considered was one of progressive metamorphism, then included
in b) would be the more normal hornblende-pyroxene isograd,

It is impossible to interpret the observed hydration or
deformation of the granulites as either a cause or an effect,
and the two processes are considered to have occurred
contemporaneously. Some of the factors controlling the extent
of hydration and deformation in such systems are:

a) Time duration of the water source strength, which can be
thought of in terms of the rate of production of water available
for transport. Continued source strength is necessary for both
chemical and mechanical diffusion processes to occur to a
noticeable extent. '

b) Rate of diffusion of water. A gradient in the chemical
potential of water will tend to be maintained between the water
source and the granulite system because water is used up in
the formation of hormblende from the granulite facies pyroxenes,
The extent of hydration will depend on the rate of diffusion, .
and, as discussed in the previou section, diffusion is considered
to take place most rapidly by a mechanical process, Seen in the
light of this concept, the amphibolisation front mentioned above
represents the limit beyond which water did not diffuse because
PH2O was no longer sufficiently high to cause hydraulic
fracturing.

¢) Strain rate during the formation of the associated tectonic
structurés. Textural evidence from the rocks sampled suggests
that amphibolisation of pyroxenes was limited to the time period
dﬁring which the associafed tectonic structures (see chapter 2)
formed. If, as suggested, the processes of hydration and
deformation are completely coeval, then evaluation of the strain



173

rate during deformation places limits on the time during which
known quantities of water were added to the system,

Before some of the general points raised in this section
are discussed, the Laxfordian event of biotisation associated
with the shear zones will be considered in a manner.similar
to that laid out above,

9.3% Biotisation as a metasomatic: event.

- Considering only the area in vhich shear zones are found,
it is realised that large modal quantities of biotite are
confined to these shear zones, Formation of biotite. from
hornblende (and pyroxene) involves further hydration and also
fixing of potash, The biotite fabrics developed within the
shear zones suggest that the biotite crystallised entirely
during deformation.

At the margins of the shear zones a biotite bearing rock
passes rapidly outwards into a hornblende or pyroxene bearing
rock lacking Laxfordian fabrics. It is inferred that sharp grad-
~ients in fluid pressure must have existed at these margins,
While fluid must have migrated along the shear zones, there is
little evidence for substantial lateral migration out of the
shear zones, The metastable existence of gradients of fluid
pressure is in aggréﬁent with the hypothesis that chemical
diffusion plays a subordinate role in fluid transport,

Biotite is not restricted entirely in its occurrence
to shear zones, In particular, biotite has been recorded in a
number of samples from the steep limbs of asymmetric Scourian
folds, The biotite in these samples appears as unoriented
clusters, and it is difficult to tell immediately if it is of
the same age as the biotite found in the shear zones,., There are
no apparent differences in chemistry between the two sets of
biotite., They both contain barium as a minor élement, and this
is considered to characterise the assemblages resulting from
Laxfordian metascmatism (see section 6.6).
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The difference between the two modes of occurrence of
Laxfordian biotite is interpreted in terms of the kinetic
model of fluid diffusion presented in section 9.1, Arguments
presented in section 9,5 leave little doubt that fluid diffusion
in the shear zones occurred by a mechanical process at high
fluid fugacity. Slower chemical diffusion at lowercbut variable
fugacity or interrupted hydraulic fracturing in some parts of
the system adjacent to the shear zones led to a much slower rate
of formation of biotite, resulting in the ragged, unoriented
clusters found in these areas, This notion is entirely
consistent with the thermodynamic theory of the kinetic
relations between diffusion and reaction rate that will be pres-
~ented in section 9.7.

Finally, attention is drawn to a set of shear zomes
developed in the greenstone belt at Yellowknife, NWT, Canada.
These shear zones cut across unmetamorphosed lava flows,. in
which igneous textures are easily recognised, and consist of
chlorite~sericite schists., The association of deformation
and metamorphism in zones is strikingly similar to the relations
seen at Scourie, From a classical point of view, the shear zones
at Yellowknife are at higher metamorphic grades than the adjacent
lavas; the physical variable determining this difference must
be the fluid fugacity., The analysis of such situations must
be made through the use of thermodynamics, employing the notions
of the irreversibility and coupling of processes, and the open
nature of the systems being considered, The sections following
investigate in detail these ideas.

9.4 Work done and heat produced in a shear zone.

The work done during a deformation may be estimated by
measuring the area under the stress-~strain curve., In an elastic
solid the work done is Z0e (Ramsay 1967, p287). In viscous and
plastic materials the total strain in the material is time
dependent, and the total work done under conditions of constant
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stress difference is closely approximated by the product of
the. stress and finite strain tensors. '

Any attempt to estimate the work done in the production
of various tectonic structures now observed requires knowledge
of the complete deformation history of the rocks, including
such parameters as rock viscosity, the differential stress
and the constitutive law obeyed during each increment of
deformation, »

Price (1971) discusses the relations between experimental
and field data; in particular, he suggests variou reasonable
values for the strain rate and stress difference that could
have existed in some tectonic environments. ;

Estimation of the work done in a shear zone has been done
by assuming values for the strain. rate and stress difference
(10—1O/sec. and 100bars respectively), considered reasonable

in the light of Price's (1971) discussion, and also by assuming
a value for the finite natural strain in the shear zone of

2.3 (this is equivalent to a strain ratio of 100/1), (cf, Ramsay
‘and Graham 1970). This model does not and cannot take account
of such features as the development of fabric after a certain
number of increments of strain, etc.

If the material in the shear zone deformed as a linear
Newtonian liquid, then it would have had, under the conditions
given, a viscosity of 1015poisea A shear zone with a finite
natural strain of 2,3 would then have formed in 0.6 . 103years,
and the work done would be 23%0bars or 2.5 . 10"30a1/cm3/year,
The latter figure will only be slightly greater than the heat
produced during deformation, '

This discussion has only considered mechanical work
and its equivalent mechanical heat. There exists the real
possibility that chemical heat and work may contribute to the
total heat produced and work done in a shear zone.

The metamorphic reactions that occurred during formation
of the shear zones have been described, the essence of thece.
reactions being thal water and potash are fixed in the new
assemblages, These reactions are also exothermic since the
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formation of biotite/ﬁiace spontaneously below the probable

equilibrium of the reaction. An estimate of the energy released
during reaction can be made by using the Gibbs function at
constant pressure, this being written as:

AG =  ~AS4T

Taking AS as 50cal/mol/deg for the biotite forming reactions,
we have AG = 12.5Kcal/mol if the reaction takes place at 250°¢
below equilibrium under the conditions PH2O = Ptotal‘ In a rock
containing about 30 modal percent biotite, this is equivalent
to an energy release of approximately 14cal/cm3. If the reaction
rate was constant throughout the 0.6 . 103years_during which
the shear zone formed, there is an energy release of 2.3 , 10~
cal/cm3/year. It will be noticed that this figure is one order
of magnitude greater than the estimate of mechanical work
made above,

2

The muscovite producing reéction deScribed in chapter 6
occurred at an estimated 70°C below equilibrium, but the entropy
change during this reaction is Sufficiently large to make the.
energy released about the same as that already calculated above.

One interesting difference between the reactions involved
in biotisation and those involved in amphibolisation is that
during the latter the inferred changes in entropy are very
small (see section 5.,3). Thus during amphibolisation of pyroxene
the rate of release of chemical energy will be very low.

The total heat produced in a shear zone during its
formation will be made up of two parts, a mechanical and a
chemical contribution, Calculation of the resultant temperature
rise would necessitate certain assumptions about the rates of
heat production and would involve solution of a non steady state
equation., This has not been attempted,

. The significance of'the released chemical energy in -
relation to the mechanical work done is difficult to estimate
numerically., Can the released chemical energy contribute to
the work term in a system? The answer to this question must be
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in the affirmative., The difference between pressure-volume and
entropy~temperature terms in the thermodynamic equations of
state 1s that the former expresses.work :done on a system,

while the latter expresses work done by a system, The importance
of the work done by a system is that it lowers the activation
levels for processes that result in work being done on the
system. Put very crudely, this means that the breakdown of
minerals during reaction permits an increased rate of mechanical
working relative to the system where no such chemical

breakdown is occurring,

Considering the two energy terms as simply additive
(2cal/cm3 plus 14cal/cm3 equals approximately 700bars) and
allowing for the continued existence and constancy of the rock
viscosity, the strain rate evaluated is 7 . 10f10/sec.

A shear zone with a finite natural strain of 2.% would then
form in 0,11 . 103years instead of the 0,6 . 103years egstimated
above, This must be considered an approximation, but it does
indicate the important contribution that mineral reactions
-could make to the total work done in systems such as shear zones
similar to those considered here, Derivation of a functional
relationship between work terms seems difficult at this stage.

9.5 The importance of oxidation in shear zones,

The relations between the different iron oxides at varying
temperatures and oxygen fugacities have been determined
experimentally (Eugster 1959). Thus at 600°C the coexistence of
the pair magnetite~haematite means that the partial pressure of
oxygen is buffered at about 10-14bars. In any system in which
a fluid water phase is present there will be a certain partial

pressure of oxygen resulting from the equilibrium dissociation
of this water, The dissociation constants for water at different
temperatures are known thermodynamic constants. In a closed
system it is evident that the actual amount of water present -
determines the amount of oxygen that is available for oxidation
in that system, since as oxygen is used up, the partial pressure
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of hydrogen increases and prevents further dissociation of
water, By increasing the amount of water relative to solid
phases in the system, further oxidation can be accomplished.
An alternative waj of considering this is to assume that the
system was open to water - the observed oxidation then defines
the total water to rock ratio, ie. the quantity of water that
has passed through a given quantity of rock,

, The whole rock analyses presented in table 6.6 indicate
that the shear zone assemblages are more oxidised than the
unaltered assemblages, The amount of oxidation correlates well
with the amount of potash in the assemblage, which can be
considered as a convenient index of the extent of metasomatism,

Haematite has only been recorded in a few assemblages
studied here, and it gemerally forms from a titanium bearing
phase, For convenience, the oxygen partial pressure has been
set at 10" 4bars (ie. the magnetite-haematite equilibrium)
in the calculations below,. This value must be considered as a
maximum for the shear zones studied here, The quantity of iron
that hasibeen oxidised is taken from the analyses in table 6.6,

about 4% FeO is oxidised to Fe203
3

ie, O0.11g FeO is oxidised per cm” of rock
Poo is buffered at 10~ pars

assume water phase is pure H20 ,
no, of mols., H2 = twice no, mols, of 02

the dissociation constant for water is given by:

2 ‘
r (H,)°(0,)

(8,0)°

at 600°C logk = 11.5
X = 3.2 . 10
P = 10'14bars
02 ~ '
— ‘e
assume PH20 = 6Kb, |
ie, fugacity H20 = 4100bars

11
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Using this data, the partial pressure of hydrogen may be
calculated,

thus P 0.128bars

H2 =
FeO + 202 —> 4Fe203
72g FeO uses Zmol, 02

0.25 %20.11 mols, 02

ie., 0.11g PeO uses

This will produce x = 0.5 , 0,11/72 mols, H2 at 60000, 0.128bars
Under these conditions, xmols, H2 occupies 2200m3.
The volume of hydrogen is approximately the same as the volume
of water- . o

thus quantity of H20 = 220cm>/cm’® rock

| at 600°C and Py, = 6Kb
ie. 185g H20/cm rock
66g H20/ 1g rock

If oxygen partial pressures of 10~1 ana 10'18bars had
been used, then the quantities of water added would have been.
22 and 2.2 cm’H20/cm’ rock respectively.

Within the limiting assumptions of the calculation, it
can be seen that moderately large quantities of water are
necessary to cause oxidation with the production of haematite
in a shear zone, Even if the system were buffered at some lower
‘partial pressure of oxygen, significant quantities of water
are needed,

Tt is interesting to compare these figures with the results
of the similar, but much simplified, calculation presented in
section 5,3, In general, a smaller quantity of water is necessary
to cause oxidation during the formation of hornblende. Indeed,
this quantity may approach the same order of magnitude as the
quantity of water actually locked up in the hornblende (for a
rock containing 30 modal percent hornblende this is approximately
0.005g H20/1g rock). ‘



There is an independent way of checking the figures for
the quantity of water added to the shear zones. During metasome~
-atism, a certain amount of potash has been introduced into
the shear zones (see table 6.6). The probable identity of this
potash in solution is potassium silicate, and although
accurate solubility data are not available for this, a figure
of 1g/1000g H20 is probably reasonable for the conditions
being considered (Professor Fyfe, percsonal communication).

Thus for an increase in a rock of 2,6wt% K20, 26g H20/1g rock
are required. This order of magnitude is consistent with the
calculation based on the oxygen partial pressure.

' In concluding this section, attention is drawn to two

- differences between the events of amphibolisation and
biotisation -~ for the former, less chemical energy was released
during reaction, and less water was added toc the system., It is
possible that these differences have determined the nature

of the tectonic events, at least in part, that are associated

" with each metasomatism,

9,6 An instability leading to the generation of shear zones,

It is considered that the data presented in the previous
two sections suggests that moderate to large quantities of water
paséed through the shear zones, and that this occurred during the
relatively short time of formation of these shear zones, It is
also considered that the only mode of fluid transport compatible
with these data is a mechanical process analogous to hydraulic

fracturing (this term is used in the broad sense, and describes

failure in both tension and shear). .
The consequences of the operation of processes of hydraulic
fracturing can be listed as follows:
a) Brittle failure occurs on the scale of individual mineral

grains, and along the boundaries of or across these grains,

There is no direct relation between failure on this scale and
failure of the rock mass as a whole,
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b) The stress distribution across an aggregate of rigid grains
may be very irregular (see Price 1966 plate 1). However, at
high temperatures and confining pressures, it seems likely that
grains will no longer make contact at points, but most likely

over the whole grain boundary area. It is then possible that
| the stress distribution across a crystal aggregate may be more
regular, The predominance of certain orientations of microfractures
in quartz and felspar cystals in many of the rocks studied here
supports the view that stresses were fairly regularly oriented
across mineral aggregates. The formation of reguiar fracture
sets during hydraulic fracturing will impart an anisotropy to
the rock, and this anisotropy may have a profound influence on
the subsequent macro-behaviour of the rock system.

¢) Fracturing along grain boundaries by high fluid pressures
overcomes much of the cohesion of the rock, or alternatively,
this cohesion is the main activation barrier to deformation.

The rheological properties of the rock will thus be
profoundly changed whilst hydraulic fracturing is actively
occurring within that rock, The failure of grain boundaries
can be adequately described in terms of brittle failure by
utilising the Mohr circle and Mohr envelope constructions,
Macroscopic failure resulting in large scale (relative to the
grain size) shear zones cannot be described in such a simple
manner, . , |

Undoubtedly, shear zones form in a number of different
ways, but it is possible that many are the macroscopic result
of a prolonged history of small scale fracturing. This history
of fracturihg is an expression of mechanical cataclasis of
grains, and hydraulic fracturing is a particular mechanism by
which such cataclasis may take place. A recent paper by
TLajtai (1970) records in detail the fracture history leading
to the formation of a macroscopic shear zone during the
experimental deformation of plaster. The shear zone results
from the coalescence of earlier tensile and shear fractures,

- The sequence of fracturing during loading of the plaster blocks
is interesting and can be summarised as follows:
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a) initial formation of tensile fractures; these fractures
do not reduce the load carrying capacity of the sample and do
not register on the load versus axial strain diagram:

b) with increasing load shear fraciures form, and axial
strain becomes apparent;

c) coalescence of fractures occurs by further shear and
tensile failure;

d) at maximum load the macroscopic shear zone is not present;

e) the shear zone develops and incorporates pre—existing
smaller scale fractures, | . )

Lajtai (1970) suggests that the brittle strength of the
material is related to the resistance to shear stress within
the material, His results also suggest that less work is done
during the formation of tensile fractures than during formation
of shear fractures, because tensile fractures invariably
develop first at lower load values than those at which shear
fractures develop., There will in general be a smaller loss of
potential energy during tensile fracturing, . ,

Bombalakis (1968) has studied photoelastically the
coalescence of some simple crack arrays, He noted that within
a particular array, the fracture spacihg was an important para-
meter in determining how easily coalescence occurred, In some
natural rocks, the fracture spacing may be largely controlled by
the grain size and a detailed analysis may show that in some ‘
cases this parameter controls the points at which macroscopic
shear zones are initiated,

It is also possible for the initial phase of fracturing
to granulate the rock to an extent that a macroscopic shear
zone develops directly. This, presumably, is determined by the
rate of loading and the rate of fracturing within a given volume
of rock. . o B v

The shear zones studled at Scourie show no development
of large scale discontinuities within them, The early Scourian
banding may be traced continuously across some of the
structures, and these shear zones must be considered as
macroscopically continuous, the strains developed within them



being described by the cgﬁatibility requirements for finite
heterogeneous strains. For this reason the shear zones cannot
be treated in terms cf the theory of brittle failure alone.

The stress-strain curve for a rockesubject to hydraulic
fracturing and in which a shear zone deygops will in general
have a yield point, A generalised yield criterion, being a
combination of the brittle and plastic criteria, will describe
the rheological properties of the rock. Whatever the analytical
form of this yield criterion, it can be appreciated that shear
zones will propagate from zones of intense small scale
fracturing where certain relations between the principal dev-
~latoric stresses are satisfied. The theory of brittle failure
alone predicts that a certain magnitude of the principal stress
difference must be reached before shear failure occurs, This
very simplified notion has been adopted as a general working
criterion for yield in the rocks being discussed, and is used
in a later section where the relation of the shear zones to
the regional tectonic structure is analysed,

9.7 Entropy production and irreversible processes.

The most general thermodynamic statements take account of
the fact that systems considered are often open systems, and
that the processes occurring within these systems are usually
irreversible, For any system, the state function S, the entropy,
can be introduced. The variation in entropy dS may be written
as the sum of two terms

ds deS + 448 = 1 9.10)
where d S is the entropy supplied to the system by its
surroundings, and diS is the entropy produced inside the system.
The second law of thermodynamics states that diS must be zero

for reversitle transformations and positive for spontaneous
irreversible transformations of the system:

;5 = © ' : 9.11)



184

rThg entropy supplied to the system, deS, may be positive, zero
or negative, depending on the interaction of the system with
its surroundings. '

Irreversible processes are described by the expressions
defining the entropy production per unit time for these processes.
The entropy production takes the géneral form of a bilinear
equation, and is written as the sum of the products of the
generalised forces (X) and the corresponding fluxes (J) of the
irreversible processes: '

d,s ° .

Tdi = 8§ = EJka > 0 9.12)

Thus it is both necessary and sufficient to have a
knowledge of the rate at which a process takes place and of
the force causing this process in order to be able to define
~ completely this irreversible process., A system can often be
described by considering processes of heat transfer, transfer
of mass (diffusion), viscous flow, and chemical reaction,
DeGroot and Mazur (1962) present general equations for the entropy
production and entropy flow in such systems,
‘ Any spontaneous irreversible process results in an increase
of the entropy for the system in which the process occurs}
Consider two irreversible processes, the one spontaneous, the
other not. The entropy production for the former will be positive,
for the latter negative., If the net entropy production is
positive, then the unnatural process:may occur in spite of its
negative entropy production and because of the positive entropy
production of the natural process, This is the basis of the
concept of coupled irreversible processes.

It is immediately apparent that these ideas can be applied
to.the natural deformation of rocks; this will be illustrated
with reference to the shear zones being studied here. The
irreversible processes that are relevant to the discussion
are:



a) introduction of chemical species,
" b) chemical reactions,
¢) finite deformation.

The first two processes are considered to occur
spontaneously, for reasons already discussed, The close assoc-
—iation within shear zones of high strain and the products of
mineral reactions resulting from metasomatism, and the absence
of visible deformation in areas where such reactions have not
occurred suggest that the processes of deformation, considered
alone, were not spontaneous processes until chemical reactions
had been initiated in the system, It remains to be shown that
such a situation can exist.

-In the following equations (based on Prigogine 1967, and
DeGroot and Mazur 1962), all "dotted" symbols refer to the time
derivatives of these quantities, ' .

The rate of entropy production resulting from a
spontaneous chemical reaction in a closed system is given by

§ = F@v) > o0 | | ‘ 9.13)

where A is the affinity of the reaction and v the reaction rate.
Associated with this will be a rate of entropy flow resulting '
from interactions of the system with the exterior, and given

by

SO

S 9.14)

"

Q being a measure of the heat received, The total rate of entrepy
change is given by the sum of equ, 9.13 and 9.14:

TS

l

0 + Av > 0 . 9.15)

Equ. 9.15 describes completely the conditions for the spontaneous
occurrence of an irreversible chemical reaction in a closed
- system. At equilibrium, the process becomes reversible and
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equ. 9.15 reduces to

TS

i
Oe

9.16)

the familiar form of the second law, : ,

The affinity A which appears in equ, 9 15 needs further
definition., The affinity of a reaction is related to the chemical
potentials of the components in the reaction by

A

where p is the chemical potential of component i which has a
stoichiometric coefficient ¢ in the reaction, The chemical
potential of a species in an ideal system is_defined, using
standard thermodynamic symbols (Denbigh 1966, p79,111), as

- _— |
Pio= (dn ', oy = Pi(e,my *OREN 918
S oy

Substitution of 9.18 in 9,17 gives two explicit definitions
of the affinity: '

A

-y, (S5 9.19)
i dn P,T,nj |

N |
A= —Eeipy(p,py - RTZeglnxy ~9.20)

By introducing r, the degree of advancement of the reaction,
defined by

dn; = cydr, ) 9,21)
equation 9.19 becomes
A = ( )P M . 9.22)

The affinity is now expressed as a partial derivative of the
Gibbs free energy, G.
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Equation 9,20 may be modified by introducing the
equilibrium constant, K(P,T), defined by (Denbigh 1966, p140)

= + '
REK(p,m) = = ZCiRi(p,n) | 9:23)
Egu. 9.20 may then be rewritten as

K(P,T)
Nﬁ1....N§i

A = RTln ©9,24)

Finally, the rate of a chemical reaction can be defined by means
of the laws of conservation of mass:

OX 4

PR = oV o - 9.25)

the only new symbol being the density, P .

In an open system, the entropy production resulting from
transfer of'energy and matter into the system must be considered.
This is most easily defined by the following equation:

TS = i‘ -+ Y .;l. i 9026
| - Piti )

F denotes the resultant flow of energy, and n defines the rate
at which component i is supplied to the system. If diffusion

occurs spontaneously and irreversibly, the quantity S will,
of course, be greater than zero,

The above equations describe some of the general notions
of the thermodynamics of irreversible processeé. Some simple
calculations are now presented where rates of entropy production
have been estimated, and the coupling of mechanical deformation
with hydraulic fracturing is investigated. Many physical
parameters have been assigned actual values in the calculations,
and it is important to appreciate the results of varying the
values of these parameters. The calculations are intended to
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illustrate principles rather than provide a concise analysis,
At this stage it would be impossible to evaluate accurately
rates of entropy production, ,

First, the diffusion of water will be considered,

Let the rock porosity = 0.1% |

ie. 1cm3 of rock contains 0.00101113 fluid
During shearing, 1cm3 rock has 1g fluid passing through it.
The specific volume of water at 600°C, 6Kb is 1.20m3/g.
~Assume that the life of a shear zone is4103 years
In 103years, 1.20m3H20.passes through O.OO1cm3rock
" ie, the rate of flow at a point is 1.4 . 10™%mo1/sec

The chemical potential is defined as
+

il = P 4+ RT1nf
ie, p/T  ~s  Rlnf
Under the physical conditions specified
Rlnf = 660 cmsbarz/deg/mol
Thus the entropy production resulting from the diffusion of
water is : _
é/ = 2.4 ., 1077 cal/deg/mol/sec.

This calculation ignores the change in entropy resulting
from flow of heat, and considers only diffusion of water (fluid)
through a defined porosity and under the assumption that the
rock permeability neéd not be accounted for, This recalls the
system that was analysed in section 9,1 -~ a rigid framework
with interconnecting pore spaces. The real system (ie, the shear
zones) that is being considered is complicated by the fact that
both water and potash were introduced into the shear zones. Also
much of the water must have entered and subsequently left the
gystem since it is not all accounted for as mineralogical
water still contained in the system; for this reason, entropy
increases will have been reduced by corresponding entropy
losses, _

It is now necessary to consider the entropy production
resulting from processes of hydraulic fracturing. This is a ‘
spontaneous process by virtue of the high fluid pressure, Tensile
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failure occurs when the effective least principal stress equals
the tensile strength of the rock (grain/grain boundary), and
it- is necessary to assume that this conditicn is maintained.

The grains making up tvhe rock are taken to be O.,1cm
in diameter (ie, 1em” of rock contains about 107 grains), and
the length of each fracture formed is assumed to be approximately
the same as the grain diameter, ie., O.1cm,

The fractures are assumed to be ellipsoidal in shape,
with dimensions '

a/b/e = 10/10/1

ie. the volume of one fracture = 10—.4cm3 (approx.).
The rate of flow of the fluid is taken, as above, to be
1.4 . 10—9mol/sec. (this effectively defines a mean porosity,
the one that was assumed above), | |
Therefore the rate of fracturing = 3 . 10'4/séc,

ie. one fracture forms every 3.1033ec.
If the tensile strength of the grain/grain boundary, under the
conditions being considered, is taken as one bar, then there
will be an entropy production of

8 = '5.10"6 bars/deg/sec

It is clear that fracturing resulting from high fluid
ﬁressures will lower the activation level for bulk deformation
in a system under deviatoric stress. The entropy production
during a viscous deformation is given by the product of the
principal deviatoric stress tensor and the principal strain rate
tensor, To judge the extent to which the processes of fracturing
and viscous deformation may be coupled, it is only necessary
to assume values for the deviatoric stresses, and equate the
expressions for the entropy production of each process, The
unknown parameter, the strain rate, is then calculated., It is
assumed that each fracture has a life of one second before it
is closed again, and that only during this time can deformation
occur, The following values of the deviatoric stresses are used:

G% = 500bars, 05 = 400bars, 0% = 100bars
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Thus the strain rate, for the one second duration of each Ffracture
subsequently averaged over a period of time, is
e = 3.107/sec |

This value of the strain rate must be considered a
maximum, within the assumed parameters of the calculation,
because it was evaluted on the basis of a net entropy production
of zero, It does, however, indicate that the process of
hydraulic fracturing could enable moderate deformation to occur
in systems where, without fracturing, deformation would not
take place, Attention is also drawn to the relatively large
values of the deviatoric stresses chosen above.

The lack of precise knowledge regarding the values of
parameters such as the tensile strength of grain boundaries at
- high temperatﬁres, the rates of fluid flow, and the time
duration of open fractures. (values of these parameters were
assumed completely intuitively) leads to a large range in the
possible values of the entropy production, However, both diffusion
and chemical reactions (including recrystallisation) have been
completely ignored, and both of these groups of processes will
result in a positive entropy production.

It is therefore concluded that introduction of water
(and dissolved potash) into the system by means of mechanical
fluid fracturing resulted in a) breaking of grain boundaries,
and b) chemical reactions and mineralogical reorganisation.
Only because of the spontaneous nature of these processes was it
possible for coupling between them and viscous deformation to
occur. The result is the close association in both time and
space bf areas of high strain and extensive chemical/mineral-
~0gical change.



CHAPTER 10,

A REGIONAL MODEL,

10.1 Introduction,

The recent work of Beach et al (in preparation) has shown
the real existence.of a three fold division of the Lewisian
basement in -the Scourie region beyond that shown by Peach et al
(1907) and Sutton and Watson (1951) and implied by Holland (1966)
and Holland and Lambert (1971). The divisions are

a) granite gneiss and migmatite north of Laxford, with a
concentration of granite sheets along Laxford and Stack,

b) gently dipping pyroxene bearing banded gneiss south of a
line joining Scourie and Ben Auskaird

c) an area of strongly deformed hornblende gneisses, containing
a large number of igneous bodies and strips of gneiss of
supposed metasedimentary origin, lying between a) and b),

All three gneiss groups contain members of the Scourie
dyke suite,

There is a real concentration of igneous bodies in this
region, and these have a large range in composition (see section
1.4). They appear to have been in existence prior to the
granulite metamorphism that closed at about 2600my. It is
possible that two different ages of basement will be recognised
in this region -~ an older basement that was intruded by an
igneous complex - both of which are pre-2600my.

The question arises as to whether the late Scourian
(amphibolitc facies) deformation is coincidentally present
in the region of this earlier igneous complex or whether there
is some fundamental crustal inhomogeneity genetically linking
the two features. Similarly, is the~-presence of a granite-~
migmatite front in this region a coincidence?
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The southern 1imit of the granite sheets is a remarkably
sharp line, termed the Ben Stack line; Peach et al (1907, p126)
noted that this line was regionally discordant to the gneissic
foliation, According to the hypothesis of Holland (1966),
the Ben Stack line marks the contact between amphibolised
Scourian granulite type and the Laxford gneiss type; these
~ two rock groups have been shown to have different bulk
chemical compositions, (Holland and Lambert 1971), though it
is difficult to interpret this difference. Holland (1966)
proposed that the Laxford group represented a metasedimentary
suite that had been infolded into the basement and had under-
gone partial melting. The structure of this area is contrary
to this notion; indeed, the granité gneisses now occupy a
structurally lower level than the granulites and amphibolised
granulites (Beach et al), If the Laxford group was cnce a
supercrustal series, it is necessary to invoke overthrusting
of the Scourian rocks in order that the present day spatial
arrangement be reached; in this model the Ben Stack line
becomes a thrust plane. Alterhatively,,the Ben Stack line could
represent a true migmatite front in the sense of an upward
moving front of granite formation. It is then necessary to
explain the concerntration of intrusive granite sheets along
the southern boundary of this migmatite area, and the very
sharp transition to non granitic material at this southern
boundary.

" Whatever the answer to these problems, it is proposed only
to consider a model where the granites are assumed to occupy
approximately their present spatial position, and to present
some ideas concerning the development of shear zones at
Scourie in relation to the granite complex at Laxford. That
the generation of shear zones is undeniably linked with the
granite forming metamorphism is shown by the metasomatism that
is associated with the shear zones, Thus the basic premise
of the model is that the water and potash (and also minor
elements) that have been added to the rocks in the‘shear zZones
were derived from the Laxfordian granite complex, Knowledge
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Section between Scourie and Laxford
showing principal structural units and
generalised orientation of stress

trajectories (of) FlG 707

scale: approx. 1:30,000
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Deduced orientation of principal stresses

during the main Laxfordian deformation
and metsmorphism

FIG 10.2

+ Tarbet Sleep Belt

o Scourie shear zones
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of the detailed age relations between shear zones and granite
complex requires that further age determinations be carried out
in this region. At present the only data available are those

of Lambert and Holland (1970); they found that the peak of

- metamorphism at Laxford occurred at 1850my. ‘

Further information essential to the basic concept of
the model has been deduced from field evidence (presented in
chapter 2). The presence in places of a conjugate set of shear
zones enablés the direction of the principal stresses giving
rise .to these shear zones to be defined. Alsd, it has been
shown that the dominant Laxfordian strains in the Tarbet area
were of a flattening type. It has therefore been assumed that
the maximum compressive stress in this region was approximately
at right angles to the final position of the foliation. Fig.10.1
shows an idealised two dimensional section of the region, in
which the principal structural units and the maximum compressive
stress trajectories are drawn. The stereogram (fig.10.2) shows
the approximate oriertations of the deuced principal stress
axes, and also the orientation of the plane of section in
fig.10.1, -

The development of the model is based where possible on
analytical procedures, but it must be emphasised that the model
is wholly contrived., The analysis that follows contains no
fundamental truth by virtue of it being analytical, but is
merely the most concise way of expressing some ideas. Assumptions
made have been clearly stated where they arise.

10,2 Stress function analysis.

The following two dimensional stress function, F1, has
been chosen since it gives rise to a pattern of trajectories
similar to that drawn in fig.10.1: ’ ‘

M = % - Xy 10.1)
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-G

This function has been chosen without any regard for boundary
conditions, and discusgion is therefore confined to a region
defined by -5 x +5, 0 y ~70, Otherwisge it is a perfectly valid
function since it automatically satisfies the stress equilibrium
equations and the biharmonic compatibility equation. In a
cartesian (x,y) space, the following stress components can be
derived:

2
4~ F1
o = ——— = 0
‘ X 6y2
2 . .
S
VT TR T
» .
I |
Txy = .6-X-6—y - +1 . 10.2)
that is-
o = X + (x2 + 1)%
o5 = X - (x2 + 1)% 10.3)
_ 2 %
o = o3 = 2(x% + 1)
3(oy + o3) = x | 10,4)

The equation of the principal stress‘trajectories can be
evaluated by solving the following equation:

2T

tan2e = XL . 2tang 10.5)
: - Xy 1=tan™6
therefore 2tan<e - 4xtane - 2 = 0 10,6)
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The solution of this equation is

1
dy = tand = X + (xz + 1)% 10.7)

This is a standard integral form, and on integrationm, gives

| 1
2y = x° 4+ x(x2 + 1% + In(x + (x2 + 1)%) + K1 10.8)

4

Part of the family of curves defined by 10.8 are shown on
fig.10.,3. Also shown are arbitrary scales of the mean stress
and of the stress difference, as defined by equ.10.4; note that
these parameters are dependent only on the x coordinate.

If the stress pattern of fig,10.3 was superposed on a
linear homogeneous material, then after a given time the minimum
~ amount of deformation would be at x=0 and it would increase
away from this line, However, the system being considered had.
‘neither linear nor homogeneous rheological properties, The
region of the Tarbet Steep Belt records large Laxfordian stirains,
while south of the Tarbet antiform Laxfordian strains become
low to negligible, In fact, it is this marked heterogeneity
that must be the cause of the stress distribution deduced in
fig.10.1. There is effectively a stress concentration in the
resistant and undeformed Scourie block. In fig.10,3, the line
x=0 corresponds approximately to the axial trace of the Tarbet
antiform, while the region in -x corresponds to the Tarbet
Steep Belt -~ Laxford area, ,

It has been assumed that the stress trajéctories are very
nearly straight lines between Tarbet and Laxford. Though this
assumption is not essential to the model, without it another
stress distribution would have to be fitted to the Laxford
region, and at the present time there is no way of telling
what sort of perturbations, if any, there were in the virtually
linear stress field assumed here for this region. It is also
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assumed that the southern limit of the granite complex is a
planar surface to depth., Again, this is not an cssential
assumption, but without knowledge of the geometry of the
surface, from seismic or other work, it is the simplest,

10.3 The source and motion of the fluid phase,

Tuttle and Bowen (1958) suggested that granite melts
were saturated in water and formed at the minimum melting
eutectic in the system Q-Ab-Or, More recently, Fyfe (1970) and
Brown and Fyfe (1970) have suggested that granite melts are formed
at temperatures above the eutectic point and contain only
1-2% water, This water is‘considered to be derived from the
breakdown of hydrous minerals (muscovite-biotite-~hornblende)
during progressive metamorphism, Much of this water is released
into the surrounding rocks when the granite melt solidifies.
However, if separation of the granite melt from its source
region has occurred, then the water contained in the melt will
also be removed from its source region, and subsequently
concentrated in the region of solidification of the melt, Such
a process seems t0 have occurred at Laxford, where granite is
concentrated in a linear zone about 1km wide, and consisting
of 70-80% by volume of granite, If the granite magma contained
1% water, then 1km” of rock in this region will have contained
about 7.106m3 of released water, During solidification of the
granite magma this region will have been a zone of high water
pressure bordered above and to the south by a region of low
water pressure (ie. the hornblende gneiss of Scourian age).
This unstable configuration would be made more stable if the
- water diffused out of the zone of high water pressure, ‘

It was considered in the previous chapter that the most
likely mechanism by which large quantities of water diffused
over large distances was a process analogous to hydrauvlic frac-—
-turing. Failure in shear or in tension results from high fluid
pressures reducing the effective principal stresses., In a
homogeneous rock, the fluid will move outward from its source
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along the direction of maximum compressive stress, It is at
first difficult to relate the motion of fluid in microfractures
(of the same size as individual grains) to a regional stress
pattern., However, Beach (1969) showed that a set of healed
microfractures had a constant orientation in a number of large
quartz grains of differing shapes and lattice orientations.
Similarly, a preliminary study of samples from the Tarbet
Steep Belt reveals a set of healed microfractures with a
constant orientation at right angles to the foliation and
approximately normal to the finite stretching direction in
these rocks, It is therefore suggested that the orientation of
microfractures does reflect the overall orientation of the
principal stresses in a system,.

This discussion leads to one of the basic assumptions
" of the.model -~ that the regional stress trajectories shown in
fig.10.1 define the bulk paths of fluid motion in the system,
This assumption does mot take into account the effect of
anisotropies, such as foliation, in the rocks, which may affect
diffusion paths. Hog&er, the large number of microfractures
seen at right angles to the foliation suggests that there was
a component of diffusion in this direction that cannot be
ignored, ‘
Considering only the fluid diffusing along the defined
stress trajectories, the equations of these stress trajectories
are then made to define stream lines of fluid flow, The
following stream function is then defined:

. N .J—_ 1 . .
2 o= x° 4 x(x2 +.1)7 + 1n(x + (x2 + 1)%) + K2 -~ 2y 10,9)

Derivation of a pressure function from—a stream function

is a standard procedure, and the following is obtained

y + K3 | 10,10)
2(x% + 1)1e? |
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Part of the family of curves P = comstant is shown on
fig.10.3.

' The stream function above is derived purely from a
knowledge of the stream lines, that is, the assumption made in
taking this step is that the fluid motion can be adequately
described by a stream function., It is difficult to judge how
good an approximation this is, but equ,10.10 serves a useful
descriptive purpose,

In any system, there:will be an upper limit to the value
of the water pressure, since at a certain value fracture in
shear or tension will occur. Thus the pressure variations
in the moving fluid predicted by equ.10.10 are fictive., Since
the mechanism of transport everywhere involves fracturing
resulting from high fluid pressures (this model would not
have been devised if this was not the case), equ.10,10 can be
interpreted as a measure of the rate of working at a particular
point. | o

For any specified brittle failure criterion, tensile
failure will occur at lower values of the stress difference
~than shear failure, In a system where microfractures are
continually opening and closing, the displaoements resulting
from shear failure will generally be larger than those resulting
from tensile failure. Thus, as a generalisation, it will be
assumed that more work is done during shear failure than
during tensile failure.

Inspection of fig.10.3 shows that the stress difference
reaches a minimum at x=0, and that it is at x=0 (y:oonstant)
that P is a maximum. It might be expected that in this region
the work done in forming one fracture would be a minimum, and
since the rate of working is a maximum, the largest number of
fractures per unit time would be formed here.

A complication is introduced because of the likely
heterogeneity of the failure criterion in the whole region
being discussed, The simplest approximation would assume that
the region could be described in terms of two failure criteria
(with regard to the formation of microfractures) -~ one for the
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region x = «5-50, and one for the region x = 0->+5., Evidently
it was difficult for water to penetrate very far beyond x = 0,
judging from the lack of uniform Laxfordian hydration of this
region compared with the Tarbet Steep Belt.

It is suggested that the possible build up of fluid at
x = 0 (ignoring diffusion upwards parallel to the foliation)
and the history of intense fracturing in this region resulted
in the development of instabilities leading to the formation
of macro-failure planes (ef., Lajtai 1971, and section 9.6),
Tnus the first formed shear zones would have propagated
outwards from the region x = 0 and permitted further migration
of the fluld away from its source region into a region of low
water content, This model predicts (see fig.10.1). that the fluids
passing through the shear zones at Scourie were.derived from
the granite source at a vertical depth of 4-5km, below the
present day land surface, The decrease in the number of shear
zones and the biotite content of individual shear zones .
northward from Scourie may be related to real vertical variations
in temperature in the source region, '

10.4 End.

Any attempt at formulating a regional model involves
making assumptions and expressing ideas that are perhaps
partly intuitive in origin, This chapter is no exception,

Like many idéas, it will have served its purpose if it prompts
constructive criticism,
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PERSPECTIVE,

"This, then, is why I have brought you so far,.."

Many plagioclase crystals in Scourian granulite facies
rocks contain bubble inclusions, The tiny bubbles in these
small cavities are in perpetual oscillation - some typical
figures are

diameter of hole = 6microns
diameter of bubble = 1micron
no, of oscillations per second = 5

ie, distance travelled in one second = 25microns

It is assumed that these figures have remained constant
since the crystal formed (at least 2600my) - these assumptions
are obviously not correct, but at higher than room temperatures
the increased bubble diameter is compensated by a faster
oscillation rate,

Using these data, it is found that the bubble has travelled
1.95 . 109km. so far in its life. The mean distance between
the earth and sun is 1,495 , 108km - hence the bubble has
already travelled 13 times this distance, '
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