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I. INTRODUCTION

The Girvan-Ballantrae igneous complex outcrops along .
- the greater part of the coast from Girvan southwards to
Ballantrae, a distance of sbme 12 miles,end extends inland
for a distance of 4 miles at 1ts widest part.

The complex 1s Arenig in age and occupies an area of
approximately 45 square miles (Plate 1).

The southern margin of the complex trends NE-SW
followling approximately the line of the River Stinchar
which occupies a broad valley and meets the sea at
Ballentrae. A large reverse fault running parallel to
the River Stinchar serves to define the southern margin of
the complex which is sharply truncated against a series of
younger greywackes, probably Caradocian 1n age, occupying
higher moorland country to the = uth,

About 73 miles to the NE of Ballantrae the Stinchar
Valley, and the margin of the igneous complex, turns more
to the north for a distance of 2 miles when the River
Stinchar suddenly strikes off to the NE once more, leaving
the boundary ofythe igneous complex to carrfrtowards the
NNW, meeting the coast just to the south of Girvan.

The western parts of the area are accessible from the
coast road from Girvan to Ballantrase, while the southern

and eastern reglons can be reached convenlently by the inland



road from Girvan via Colmonell to Ballantrae. The inland
road follows the north-eastern limits of the complex to
the north of the River Stinchar.

Access to the central parts of the area 1s by two
minor roads, the one from Lendalfoot to Garnaburn and
the other from Lendalfoot via Laigh Knockclaugh to Pinmore
on the main inland road.

The rocks which are involved in the complex include
spilitic lavas associated with tuffs, agglomerates and
radiolarian cherts. The intrusive members are predominantly
ultrabasic rocks and a varied assemblage of basic rocks.
Acid and intermediate rocks are developed on a minor scale
and are confined to the north-western part of the area,

Metaﬁorphic rocks mainly derived from basic igneous
rocks by dynamlc and thermal metamorphism are widely
distributed.

A widespread mntle of superficial deposits often
obscures the relations between various members of the
complex,while extensive breccilation and Q;teration has
affected almost all the rocks,

The general trend of the rocks, like that found

»elsewhefe in the Southern Uplands, is NE-SW.

The central parts of the complex are mainly rough

moorland country with an average haght of about 500 feet.

The more undulating ground is frequently occupled by the



ultrabaslc rocks, while lavas, gabbros and granites form

prominent hllls, the highest of ﬁ1ich'is Grey H1ill (974 feet).
The dralnage pattern conforms to two maln directlons:

the main valleys including the Stinchar and Lendal Water,

following the general NE-SW trend of the complex, the

tributaries mainly belonging to a transverse system dralning

from the higher ground.

II. HISTORY OF RESEARCH

‘ Nicolb(1844, p.3l) was apparently the first to refer
to the Bdl lantrae igneous rocks and observed the occurrence
of serpentinite north of Ballantrée.

Durlng a study of the sedimentary rocks Murchison
(1851, p.153) recognised the presence of eruptive rocks,
and compared the ultrabasic rocks with those of the Lizard
in Cornwgll.

The earliest detalled petrographlc study of the lgneous
rocks was made by James Geikie in 1866 who, with the
agsslstance of Archibald Gelkie, Young and Peach, produced
the first map of the area in 1867. Gelkie's interpretation
of the origin of many of the igneous rocks was severely
criticised by Murchison and Forbes (18%7). His contention
that many of the rocks were altered sédiments and not true

lgneous rocks was presented in the Geological Survey Memolr

of the dlstrict in 1869.
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Heddle (1878) described some diallaglc gabbros which
crop out on the shore north of Lendalfoot.

Bohney (1878) examined the rocks studied previously
by Gelkie and came to the conclusion that they were all
igneous in origin and included lavas and intrusive rocks.
The lavas he regarded as teing 0ld Red Sandstone in age
and the ultrabaslic rocks he assigned to the Carboniferous
(op.cit., pPp.783=-784).

The presence of fragments of volcanlc rocks in a
Caradocian conclomerate (Kirkland) which crops out in the
area suggested to Lapworth (1882) that the igneous rocks
might correspond in age to the Arenig and Lower Llandello
volcanic rocks of Wales and the Lake District. He regarded
the ultrabasic rocks as possibly post-Silurian in age.

In 1889 Lapworth was able to confirm the Arenig age
of the volcanic rocks at Bennane Head, north of Ballantrae,
by the discovery of Middle Arenig gréptolites in black
shales igtercalated with pillow lavas (op.cit., p.22).

A complete re-survey of the di;trict was undertaken
by A. Gelkie, Peach and Horhe, the revised edition of
vthe aresa (Sheet 7) appearineg in 1898 and this has not
Yot been superseded to the present day. The related
publication of a Geological Survey Memoir, "The Silurian
Rocks of Britian: Vol.l, Scotland" in 1899, which includes
petrographic notes by Teall, presents a very complete

account of the state of knowlédge at that time.



A short summary of the results of the re-survey was
given previously by A. Geikie (1897) in "Ancient Volcanoes
of Great Britdn, Vol.l".

Peach and Horne (1899) concluded that the ultrabasic
rocks were the earliest Intrusions and cut the lavas, tuffs
and agglomerates (op.clt., pp.437, 465-466, 469, 471). A
later series of basic rocks intruded the ultratasip rocks
and exhibit chilled margins towards the latter (e.g.
Lendalfoot).

A group'of metamorphosed basic rocks occurs in
association with thé ultrabasic rocks in some areas,.

Those cropping out on Littleton Hill were described by

Teall (1899, pp.477, 479-480). He regarded them as
thermally altered and recryétallised diabase-porphyrite
lavas. A similar group of altered basic rocks was described
from the neightbourhood of Millenderdale. Teall alsy made
some observations on the basic and acid intrusive complex

of Byne Hill (op.cit., pp.481-483), .

Mellard Reede {1900) records an analysis of serpentinite
together with éome radiolarian cherts.

A further study of the metamorphosed basic rocks at
Littleton Hill was made by Mort (1909) who regarded them
as dynamically altered intrusive rocks.

Tyrrell (1909) also maintained that tﬁey were originally

intrusive rocks and regarded them as an earlier basic rock

series, overwhelmed and thermally metamorphosed by the



peridotite, now serpentiniZed. By virtue of their texture,
which is strongly granulitic, they have been grouped in
the present account under the genéral name of "granulite',

A comprehensive account of the igneous complex was
presented by Ba 1lsillie 1n 1932. The granulitie rocks
he regarded as derived from basic intrusions occupylng
"pifts" in the peridotite which, tending to close up on
the still hot basic rock, resulted in their reconstitution
(o?.cit., Pp.122-123).

Princle (1933, pp.57-58) suggested the possibility
of the ultrabasic rocks and assoclated basic intrusions
being pre-Cambrian in age, an observation contested
strongly by Tyrrell (1933, p.59) who pointed out the
similarity of the spilite-serpentinite association in the
district wlth that in other parts of thekworld. Howewer,
Pringle's views are set forth in the Geological Survey
Reglonal Handbook for :the South-Wes: of Scotland (1935
and 1948, p.9).

‘Anderson (1936) described a contact at Pinbain
between Arenig lavas and serpentinite from which he
inferred the latter to be intrusive. The evidence is
inconclusive however since the contact is probably not -

an original one (see Beveridge, 1950, p.6l; Bailey, 1952,
P.33; this thesis p.a9 ).



Like Tyrrell he pointed out the similarity of the
igneous complex with the typical "ophiolite" and "radiolarite-
serpentinite" assemblages of ancient geosynclinés, the
members of whiéh are closely associated in space and time,

In 1937 Balsillie published the results of further
study of the granulitic rocks, modifying some of his earlier
(1932) observations. He regarded the whole of the southern
outcrop of ultrabasic rocks as having undergone regional
metamorphism wi th the production of the granulitic rocks
from baslc rocks lntrusive in the earller ultrabssic series.
From the lack of any metamorphic effects in the serpentinite
he inferred that its serpentinization post-dated the
recional métamorphism (op.cit., PP.23-24).

Balsillie concluded that the ultrabasic rocks, together
with many of the altered basic intrusives (granulites) were
pre-Cambrian in age. He based his vlew largely on his
discovery of glaucophane-schists and "ecologite" which he
regarded as "interbanded" with the adjacent serpentinite.
The presence of a general N-S or NW-SE foliation in the
serpentinite was, he thought, further evidence in support
of a pre-Arenig age for that membef of the complex sincé
no comparable trend could be demonstrated in the Arénig lawas,

~ Anderson (1937, p.188) denied the eiistence of a NW-SE

foliation in the serpentinite. He was also unconvinced that



any part of thg serpentinite could be regarded as highly
metamorphosed, although highly metamorphosed rocks occur
in association with it. | |

Beverldge (1950) made a petrological study of the
rocks over an area of 5 square miles in.the region of
Colmonell., FHe concluded that the serpentinite 1is
probably intrusive into the spilitic lavas and that the
serpentinization of the ultrabasic rocks occurred after
their consolidation. 'The dolerites and granulitic rocks
are all intrusive into the ultrabasig rocks, granulitization
being a late consolidation effect, due to "the peculiar
conditions under which the rdcks crystallized“; The main
agents causing granulitization were pneumatolytic gases
and "serpentinization vressure" (op.cit., pp.61=63).
Several new rock analyses were presented, some of which
are quéted in the present account.

His concluslions relating to the origin of the
granulitic rocks are similar to those reached by Balsillie.
A historical account of prévious research in the

Girvan-Ballantrae district was presented by Balley and
McOallien (1952) who also introduced a new interpretation
of the origin of the ultrabasic rocks, regarding them as

submarine lavas extruded during the Arenig volcanic period.
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>III. STRATIGRAPHY AND GENERAL STRUCTURE OF THE COMPLEX

The base of the Arenig volcanic serles 1s nowhere

exposed and 1ts upper 1llmit is similarly unknown, although
it is clearly pre-Bala,

‘ The igneous rocks suffered post-Arenig folding and
erosion, the Bala sedimentary rocks which are composed
largely of detritus from the igneous complex, lle
unconformably upon the Arenig series.,

Post Ordovician sedimentary rocks include the Silurian
and 01d Red Sandstone both of which suffered Caledonoid
folding and faulting, the treﬁd of which is NE-SW. A
small development of Permian sandstone is exposed on the
shore nofth of Ballantrae,

The succession of the formations in the area to De

described is:

Permian

At —————— )

0ld Red Sandstone

D L Y § ]
Silurian
L S Y § ]

Drummuck Group 3

Barren Flags

Whitehouse Group Ardmillan

Ardwell Group

Balclatchie Group

Bals

Stinchar Limestone
Kirkland Conglomerate
e e ]

Ballantrae Igneous Series .}

. Benan Conglomerate
‘Barr

(Base Unknown) Arenig
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IV. VOLCANIC ROCKS

1. Lavas.

() Distribution:

As shown on the ﬁap (Plate 1) the lavas occur in three
main belts; the northemrn, central and southern belts.

The northern belt occuples the shore from Pinbain to
Kennedy's Passkéxtending inland along the flanks of Grey
Hill and covered unconformably by the Benan conglomerate
to the north.

The central belt forms the largest cont inuous exposure
and extends inland from Bennane Head a distance of some
6 miles to the NE where it disappears beneath the Benan
conglomerate.

The southern belt of lavas 1ls less continuously exposed,
being obscured by the alluvium of the River Stinchar and
faulted against younger greywackes forming the southefn
boundary of the lgneous comﬁlex.

(b) Field Relationships:

The lavas are generally in contact with ultrabasic
- rocks but occasionally with basic rocks which locally
intervene against the ultrabasic rocks.

Along the marcins of the spilitic rocks there has
been intense shearing and brecciation affecting the lavaé
and adjacent rocks, On the northern flanks of Carleton

Hill and north-eastwards to Loch Lochton the shearing has



1l

rendered the lavas and associated rocks schistose (Peach
and Horne, op.cit., pp.456-459, 473).

(¢) General Characters of the Lavas:

The rocks are quite typical of the majority of British
Palaeozoic spllites. Pillow structure is a common feature
and the association of the lavas with radlolarian cherts
and mudstones indlicates that they were submarine.

Generally the rocks are greenish in colour and fine
gralned although strongly porphyritic varietles are not
uncommon (e.ge. Knockdolian Hill). They show only a
-vague tendency to a variolitic texture, the term "sub-
variolitic" being applied to them by Balsillie (1932,
p.110), See Plate 11.

The rocks always contain abundant microlites of
soda plagioclase disperéed throughout a green chloritic
groundmass in which a glassy mesostasis 1s frequently
present. A flow banding is sometims developed, felspar
microlites being tangentially disposed about more
porphyritic individuals or calcite-filled vesicles.

Study of the soda plagioclase reveals, in the
majority of cases, that it is secondary in origin. This
1s particularly well demonstrated in the larger porphyritic
plagioclase crystals where alteration to & saussuritic

aggregate sug:ests the original felspar was calcic.
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Only occaslonal relics of pyroxene are preserved,
the ma jority being completely chloritized.

Iron ore 1s always abundant.

The frequent occurrence of precipltated limestbnes
assoclated with t he lavas and some of the altered basic
Intrusives are rezarded by the writer as representing
some offiime removed from the basic rocks durlng the
process of albitization wetlu{).

It i1s concluded that albitization was a late stage
hydrothermal effect (Eskola, 1935, p.2).

2« Pyroclastics.

(a) Distribution: .

Agglomerates and tuffs are associated with the lavas
in all areas and locally predominate over the lavas (e.g.
Bennene Head, Knockdolian Hill).

(b) Field Relationships:

The pyroclastic rocks are interbedded with the lavas
and help to demonstrate the high degree of folding and
deformation to which the lavas have been subjécted. At
Bennane Head large recumbent folds can be seen in the
agoclomerates and tuffs which are asséciated with lavas
snd radiolarian cherts,

The pyroclastic rocks frequently crop out in

lenticular masses with a NE=-SW trend, confbfming to the



general trend of the complex.

(¢) General Characters:

In the majority of cases the pyroclastic rocks are
composed largely of spllitic material.

Balsillie (1937, p.32) has listed the.following
rock types from an agglomerate in the central belt of
lavas about 600 yards E of South Ballaird: gabbros,
sheared gabbros, dolerites, spllites and metamorphosed
basic rocks (granulites) together with "serpentino&s
fragments®. The present writer has confirmed Balsillie's
observations with the exception of the "serpentinous
fragments" which could not be definitely identified.

This assemblage is regarded by Balslllie as
Indlcating trat the ultrabsic rocks, and many of the
metamorphised intrusives are older than the entire suite
of Arenig wolcanlics,

Bailey (1952, p.33) has found fragments of
glaucophane-schist in an agglomerate exposed on theShore

et Pinbain.

3« The Age of the Lavas and Pyroclastic Rocks:

Following Lapworth's discovery of Middle Arenig
graptolites at Bennane Head, several other graptolitic
localitles were discovered by Peach and Horne all of

which are associated with lavas or pyroclastic rocks
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(1899, pp.436, 439, 440, 442-444, 458-459).

While the age of:the central belt of lavas ‘is
Middle Arenig (Bennane Head), there is the possibility
that the northern belt of lavas from Pinbaln to Kennedy's
.Pass 1s slightly older (op.cit., pp.442=-444),

The age of the southern belt of lavas cannot be

demonstrated due to the lack of fossil evidence.

V. ULTRABASIC ROCKS

l. Distribution:

Intrusive rocks of an ultrabasic composition form
the largest and most widespread member of the intrusive
series (Plate 1).

Their outérops are largely confined to two NE=-SW
trending belts each with én average width of 1 mile:

(2) The northernmost belt occupies the shore
between Plnbain and Lendalfoot, extending inland for a
distance of 4 miles. Continuous with this belt to the
SW is a smaller, more irregular area of ultrabasic rocks.

(b) The southern belt has a more extensive outcrop

some 1% miles to the south and attains a length of some

6 miles.



The two ultrabasic belts are separated by the lavas
and associated basic rocks which crop out from Bennane
Head north-eastwards to Millenderdals. A small lenticular
mass of ultrabasic rocks occurs at Knockormal in the
central part of thls belt of lavas.

A dyke-like body of ultrabasic rock 1s associated
with the southern bélt of lavas at Breaker Hill,

2. TFMeld Relationships:

A. Peridotltic Masses:

The paucity of critical exposures rsnders difficult
the determination of the relations between ﬁhe ultrabasic
rocks and those with which they are in contact. Moreover,
not only are the ultrabasic rocks invariably serpentinized
but, with few exceptlons, notably at Byne H1ll and
Lendalfoot, exposed contacts are evidently planes of
movement .

Rocks marzinal to the ultrebasics are, for the most
part, lavas. Exceptions to thils occur mainly in the
northern belt where basic rocks form the northern boundary
for a distance of 2% miles, while the southern margin is
partly occupied by schistose rocks (Plate 1 and pp.:o,38).

The southern margin of the southern belt of ultra-
basic rocks is largely obscured by later deposits of the
River Stinchar. However, Peach and Horne regard at ls ast

part of the marzin as tectonic (Plate 1).



Table 13 Ultrabasic Rock Tyues Developed in the Complex
in Addition to Harzburgite,

Dunite Lherzolite Chromitite Wehrlite Pyroxenite
(with subsidiary (with prada- including:
fyroxene) tional Chrome- Diallagite

Tunite) Bronzitite

Tebsterite

“nockdhu Lendal foot Poundland Burn| Knockormal | Enockormal
N. Ballaird Breaker Hill| Lendalfoot
Pinbsin

“opundland Burn
Breaker Hill
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Evidence of cataclasis is displayed in the marginal
lavas at Knockdaw H1ll on the northern margin of the
southern belt.

While the main trend of the ultrabasics 1s NE-SW,
in the region of North Ballaird and Burnfoot the margins
bf the ultrabasic rocks appear to cut across the NE-SW
structures develaoped in the adjacent lavas and tuffs,
but exposures are so poor that little detailed information
can be obtained.

B. Ultrabaslc Dykes:

Intrusive into the main peridotite masses are a group
of pyroxenite dykes, one of which appears also to.intrude

the lavas at Breaker Hill(Pas).

3« Petrography:

The prevalent rock type 1n all areas is a serpentinized
harzburglte (olivine~enstatite rock). Minor developments
of less serpentinized ultrabasics are summarized in Table 1,
together with their localities.,
A. Peridotitic Masseé:

(a) Serpentinized Harzburgite:
These rocks maintain an extremely constant mineralogy

over large areas and are those rocks referred to as

serpentinite in this account.
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Although the olivine 1s generally completely
serpentinized uneltered pyroxene often remains, but some
replacement by antigorite (bastite) can always be observed.

The rocik breaks easily and has an almost sub-conchoidal
fracture. The colour is dull black or deep bottle-green
and some surfaces have a greasy appearance, Conspicuous
in the dull serpentinous groundmass are randomly oriented,
porphyritic crystals of glittering, sub-metallic bronzite.

Thin veins of chrysotile can generally be seén while
greenish chrysotile also occuples fractures or joints in
the rock and exhibits slickensided surfaces produced by
subsequent movement. |

Under the microscope no unaltered olivine remains
although its former presence is indicated by pseudo-
morphous cores of colourless or pale yellow, sﬁb-isotropic
serpophlte. These cores have a dusty appearance due to
the presénce of minute magnetite granules, often arranged
in parallel streaks simulating cleavage (¢f. pea2 ).

Each sexophite core is surrounded by a partially
continuous rim of granuiar magnetite which lmparts the
typical "mesh-structure" to the rock in thin sections.
OQutwith this, enclosing the serpophite and magnetite,
is a partially encircling rim of vein-like cross-fibre

antigorite, the central part of each vein being occupled
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by a streak composed of minute magnetite granules. Other
antigorite veins form as off-shoots from the mﬁin circular
velins and rwnify‘through the rock, unitins with other veins
and producing a complex anastomising background to the
predominant "mesh~structure" defined by the serpophite
and magnetite.

Large platy bronzite crystals are set in the
serpentinous groundmass and are freguently intersécted
by antlgorite veins. All stages in the replacement of
the bronzite by the pseudomorphous bastite can be observed
and are generally accompanied by the development of
secondary schiller-like magnetite.

Irregular bodies of deep chestnut-brown picotite

are a constant accessory (Plate 12, A, B).

Serpentinite cropping out on the shore at Burnfoot
differs in the»development of a dark reddish-brown
colouration in hand specimen.

Under the microscope it can be seen that this is
brought about by the conversion of magnetite to haematite,
although in all other respects the rock is identical to
the typlcal serpentinite described previously. So

complete is the haematitization that even the fine magnetite



"dust" in the serpophite is haematized (Plate 12, C.).

It 1s quite clear that, although the rocks have been
almost completely serpentinized, the original textural
relationships and, in the case of the bronzite, crystal
boundaries, are perfectly preserved. That the serpen-
tinization of the rocks hacs been‘one of pseudomorphism
precludes large changes’in volume during the process of
serpentinization. 'Further examples will be given
subsequently.

(b) Serpentinite with Flow-Structure:

Rocks of this type arerihdistinguishable in hand
specimen from those previously described and t he " extent
to which they are developed is uncertain. Four sﬁecimens
have been obtained from widely separated localities in
the southern belt.

A marked linear flow-structure is exhibited in the
micro=-texture of the rock which is a completely serpentinized
harzburgite.

Serpophite cores after olivine tend to be slightly
ellipticgl with the major axes parallel to the geheral
direction of flow while the surrounding rim of magnetite

granulte assumes the same form., Veins of cross=fibre



antipgorite define the structure more strongly since they
form long dellcate velns parallel to the longer axes of
the serpophite cores (Plate 13, A).

The structure 1s therefore likethat of "mesh~structure"
serpentine affeéted by directed pressure produclng an
eloni:ation of the members whlle yet generally preserving
thelr mutual relationships,

That actual flowage has occurred is sugrested by the
way in which the flow~strucﬁure is deflected around large
bronzite crystals which show no signs of cataclysis or
bending, even when the cleavages lle at right angles to
the direction of flowage.

Post-dating fhﬁ main flow structure are a féw
sub-parallel veins of pross—fibre antigorite,

(c) Serpentinite with Mineral Banding:

A small exposure of serpentinite on the north-sastern
flank of Calrn Hill exhibits mineral banding produced by
alternating bands of altered olivine with others of ore
and pyroxene, a structure which 1s probably to be
regarded as primary (Plate 13, B)., The trend of the
banding is NW-SE, the planes dipping at a high angle to
the sW,

Balsillie regarded this as evidence that the ultra~

basic rocks, unlike other members of the complex, possess



deformation structures trending NW-SH, He appears to have
regarded the mineral banding as having simllar signlflcance
to schistosity (1932, p.ll5; 1937, p.29). This ls one of
Balsillie's main reasons for belleving the serpentinite to
be pre~Cambrian in agre.

Like Anderson (1936), the present writer could find
no evidence of a NW-SE schistosity in the ultrabaslc rocks
whereas a NE-SW foliation or shearing is frequently
exhibited, especlally along the mar-lns with other members
of the complex.,
(d) Dunite:

The rocks are black 1n hand specimen with an
irresular fracture and the texture ls xenomorphle-granular.
Black grains of fresh olivine are outllned by a greylsh
Intergranular matrix of soft serpentinous materlal. Pyroxene
1s quite subordinate in amount.

In thin sections the granular olivine 1individuals
are clearly deflned, fresh kernals surrounded by the
typlcal "mesh~like" magnetite and antlrorite velnlets
are abundant. Many of the relict ollvine kernals have
formed parts of a larger individual since a great many
extinsulsh simultaneously,

The optical propertles of the olivine are:s Ny = 1.,712%;

X
All refractive indlces are referred to Nap light unless
stated otherwise and are accurate to % 0,002,



2Vx = 87°; the composition being Fo Fa . (Winchell,

75
1951, p.500).

‘A noticeable feature of the olivine kernals is the
presence of tiny parallel streaks composed of minute
magnetite granules, presumably lying parallel to a falnt
cleavage. It seems probable that these fine bands of
ore represent the break-down of the olivine since they
are accompanied by a fall in the birefringence of the
olivine (cf. Foslie, 1931, p.222).

Thé marginé of the partially al tered olivines are
encircled by a narrow zone of cfoss—fibré antligorite |
beyond which occurs sub-isotropic serpophite (Plate 14,
A,B.).

In some of the areas between the olivine or its
pseudomorphs there are irregular but roughly rectangular
bodles composed of a matte of interlacing tremolite ‘
fibres. These may represent a clinopyroxene, since
the commoner types of serpentinite orthopyroxene has
geﬁerally been replaced by antigorite (bastite)g

Primary grains of plcotite are present in xenomorphic
aggregates.

These rocks are best described as partially serpen-

tinized, pyroxene-bearing dunites.
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(e) Chromitite:

Velns and segregations of almost pure picotite-rock
are common in the serpentinized dunites near the head of
the Poundlaﬂd Burn (Peach and Horne, op.cit., p.468).

All gradations exist between dunite, through
chromiferous dunite, to pure chromitlite. Indeed, except
for the more pyroxene-rich varieties, there are few
specimens of ultrabasic rock that do noﬁ carry some picotife.
(f) "Picrite":

Teall (1899, pp.469-470) described a rock from the
summit of Breaker Hill as a hornblende~picrite. The
same rock was redescribed by Balsillie (1932, p.112-113)
who claimed that it could be traced southwestwards to
Poundland Burn, a distance of 1 mile. The present writer
was unable to trace the rock for more than 2 few yards.

In hand specimen the rock appears at first glance
to be a normal serpentinite. Closer inspection however
reveals that ih addition to the predominant dark greenish=-
black serpentine there is a while substance which is
easily scrétched with a knife.

Teall's description ofthe rock in thin section is
as‘follows, "Serpentine derived from olivine, with the
unel tered mineral still preserved in the cores of the

rock. The augite is nearly colourless and occurs both
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in the form of large plates and as granulitic aggfegates.,
The hornblende is perculiar as regards its colour and
pleochroism, (X), colourless (Y) and (Z), rich but not
very deep brown and with only slight differences. Biotite
is not present in any considerable amount. IE occurs as
aggregates of small scales, and possesses the same colour
as the hornblende",

A white, semi=opaque substance occurs ﬁhich strongly
resembles saussuritized felspar and was so designated by
Teall, but the presence among the al teration products of
zolisite (?), granules of magnetite and brown hornblende
suggests that the original mineral was pyroﬁene (Plate 14,
C.)e The alteration would thus be analogous to that
‘displayed by the clinopyroxene in the wehrlite to be

described subsequently (pe R6 ).

Be Ultrabasic Dykes:
(a) Lherzolite:

Olivine-enstatite-diallage rock forms a prominent
feature rising above the boulder strewn shore about
50 yards to the NE of Lendalfoot. It is a dyke cutting
and including fragments of the adjacent serpentinite.

In hand specimen the rock shows conspicuous shining
Plates of pyroxene which average +" in size and stand out

against a darker background composed largely of olivine

and ore.



The texture 1ls polkilitic with rounded olivine
crystals enclosed by enstatite, the latter sometimes
being enclosed in turn by large fibrous plates of
diallage., Olivine also occurs in the largs intergranular
areas between the pyroxenes (Plate 15, A.).

Most of the olivine has been serpentinized except
for those crystals poikilitically enclosed in the
pyroxene.,

The enstatite is partly altered to bastite or a
fibrous uralitic amphibole which tends to develop along
the original cleavage planes. Like the olivine, crystals
of enstatite enclosed by the diallage are unaltered.

The diallage 1s quite unaltered except for a little
‘chlorite and iron ore.

(b) Wehrlite:

Olivine-diallage rock (S.G. 3.375) and associated
pyroxenlte is intrusive into serpentinite at Knockormal.
Macroscopically the rock is dark greenish-grey,
hypautomorphic-granular and varies in grain size up to

1l to 1.5 mem. (Plate 15, B, C.).

The pyroxene 1s more euhedral than the olivine which
tends to form smaller intersitial grains and i1s optically
1dentlical with that in the dunites (p.2! ). The pyroxene
1s a colourless diopsidic variety (diallage) with the

following optical properties: 2V2= 56"; Zic = 38°-40°;



birefringence 0.025 and a good (100) parting. _

Even when the olivine 1s completely serpentinized
the pyroxene often remains quite fresh apart from a few
replacement veinlets of chrysotile, but sometimes develops
a flne dustling causing the crystals to become whitisn and
transulscent or seml-~opaque under the microscope.
Simulteneously the blrefringence falls to around 0,008
resembling hizhly saus suritized felspar (cf. Benson, 1914;
Turner, 1930, p.187).

Thils alteration appears to results from liberation of
iron from the pyroxene molecule and 1s thus analogous to
the development of tiny granules of ore 1in the olivine at
the onset of serpentinization (p.22 ).

In the more serpentinized rocks there occaslionally
occur rounded bodles of an opaque ore mineral, the central
parts of which conslst either of a deep ollve-green spinel
(ceylonite) or brown picotite,

(c) Pyroxenites

The Knockormal wehrlite apparently ¢rades into an
olivine-free pyroxenite (S.C. 3.201), although the precise
relationshlps between the two rocks are obscure,

The rock consists of a coarsely lamellar aggregate
of pearly grey pyroxene. In places the rock has undergone
deformation causing granulation of the pyroxene.

In thin sections the pyroxene is a colourless diopside:
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2V, = 60°-62°; Z:c = 41° ang a strong (100) parting
together with occasional polysynthetic twinning parallel
to (001). The crystals are frequently bent and exhibit

undulatory extinction (Plate 16, A.).

Pyroxenite is intrusive into serpentinite £ mile
to the north of Lendalfoot (cf, Heddle 1878, p.778;

Bonney, 1878, p.464).

This rock i= the coarsest-gralined of all the
ultrabasic rocks in the éomplex. Deep green or black '
plates of diallage are abundant in large, Interpenetrating,
matted clumps; while smaller crystals of metallic bronzlte
can also be distinguished. Within a few inches, and qulte
lrregularly, complete variation from diallagite through
websterite to bronzitite occurs,

Thin sections show dispersed patches and velnlets
of talc together'with intergranular areas of fibrous
tremolite. Some of the orthopyroxene 1is 00nvertéd to
bagtite, The pyroxene also alters to a beautiful ultra=-

marine chlorite which is probably chromiferous and related

to kammererite,
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Table 23 Analyses of Serpentinite and Bastite from the
Glrvan-Ballantrae Complex.

1. 2. 3. 4.
38458 40,04 38429 37776
0.04 - - -
1.65 0.40 3495 2,123
0.24 0.39 - | -
3494 5,77 2.53 5.069
2449 - 1.91 « 4,04 2.005
- - - 0.076
37.84 37 .26 35455 37.014
0.04 - . 0657 -
0.62 - -
' 4 tr
0.11 -0.60 -
12.68 13.42 14,08 16.07
1.49 : - - =
1 0.04 : - - -
0.10 - - -
0.06 - 0.15 -
0.10 - - -
100,02 99,79 99.16 100,223

Bastite-serpentinite, Balhamie Hill (Balsillie, 1932, p.113).
Serpentinite, Byne Hill Burn. (Reed, 1900, p.1l1l1)
Bastite-serpentinite, Balhamie (Bonney, 1878, p.771).
Bastite, Balnamie (Heddle, 1878, p.494).
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A dyke~like mass of websmerite appears to intrude
lavas at Breaker Hill (Plate 1). The mmss is aboub
20 feet wide and weathers to an ochrous colour, The
precise junction with the lavas 1s not exposed but is
evidently a line of movement along which the websterite
1s rather sheared (Plate 3, C.).

In thin sections the diallage, which is optically
identical with that in the wehrllite, appears quite
fresh apart frém occasional serpentinous veinlets.

Pseudomorphs after enstatite; often enclosed in
large diallage plates, makes up the remainder of the

rock (Plate 16, B.).

4. Analyses:

No new analyses of the ultrabasic rocks or their
constituents have been mede 1n connection with the
present study, but four analyses made by previous workers

are given in Table 2,

5, Deformed Serpentinite:

A considerable amount of shearing and slickensiding
occurs along the margins.of the serpentinite, but true
schistose serpentinites (tremoiite schist) are never
developed.

An example of this deformation is well exposed at

Burnfoot near the seaward side of a wall that surrounds

the most westerly cottages by the shore. The movement
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appears to be assoclated with a NE-SW fault which separates
the serpenﬁinite from the lavas and tuffs to the souﬁh.

The strongly sheared material is qulte rotten and
earthy-looking but it encloses and wraps around ellipsoidal
boulders of a mrssive serpentinized ﬂarzbﬁrgite (Plate 3, A).
Together with the rassive serpentinite there occur cobbles
of altered gabbro derived from small dykes, similar to

those cutting unmoved serpentinite nearby (Plate 3, B).

6o Contact and llarginal Phenomnena between lavas and
Ultrabasgics.

(a) Pinbain: ,

Anderson (1836) claiméd that an exposure of spilite
on the shore near the mouth of the Pinbain Burn was
intruded by the ultrabasic rocks. Later however Beveridge
(1950) and Bailey (1952) concluded that this contact
might well be interprsted as secondary in origcin,
involving the Intrusion of spilite by the serpentinized
ultrabasic rocks. The sams conclusion has also been ’
reached by the present writer.

The contact occurs along the margins of a amall
knob of lava, with vague pillow structure,vprojecting
above the sand. The exposure is isolated from the main
outcrop of lava a few yards to the north. It is not easy

to follow the contact in detail since the lava is itself
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serpentinized and rather brecciated.

The evlidence indicates that the contact 1s not
simply marginal but appears also to pass over the top
of the mass., It may well be that the outcrop represents
an Inclusion 1n the serpentinite and is not part of tie
main mass of lavas nearby. | |

In thin sections spilitic texture is developed
while most of the plazioclase has been converted to
zolsite. Pyroxene is remarkably fresh and is strongly
titaniferoué. |

As the contact with the serpentinite is approached
the pyroxene becomes altered to "saussuritic" looking
aggregates of dusty epidote, while the groundmass becomes
invested with thorn-like antiorite (c¢f. Dp.85 ).

Within a few inches the serpentinized spilite
grades into serpentinite, passing throuzh a rather
brecciated phase near the actual junction.

Veinlets of cross~fibre antigorite and chrysotile
leave the serpentinite and brahch intrusively into the
spilitic rock (cf. Anderson, op.cit.).

Tt is quite clear therefore that the lava has

suffered replacement by serpentine along its margins.

(b) Knockormal:

Spilitic lavas marginal to a lenticular outcfop of
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ultrabasic rocks at Knockormal are highly brecciated aﬁd,
as the ultrabasic margin 1s approached, actinolitic
amphibole develops at the expense of.chloritic alteration
products in the lava, the original texture being preserved
(Plate 11, C.).

In cases where the.iavas have been brecciated there
is an sbundant development of quartz-epidote veins; aften
accompanied by fibrous actinolite. Sporadic developments
of red jasper assoclated with the lavas are derived from
radiolarian cherts which have been largely recrystallized
into a fine-grained quartz mosaic with abundant haematite.

Idential relationships exist in the marginai lavas
at North Ballaird to the SW.

In neither case has an actual contact with the
serpentinite been observed,

(c) Breaker Hill:

The dyke-like body of websterite associated with
the lavas was regarded by Pea¢h and Horne (op.cit.,
P«470) as an offshoot from the main southern belt of
ultrabasic rocks adjacent to Breaker Hill., They do not
appear to have recognised the distinctive mineralogy of
the rock, and refer to it as "serpentinite" (c#f. Anderson,
1936).

The present writer could find no evidence of



continuity between the dyke and the serpentinite.

It is concluded, therefore, by apalogy with similar
rocks at Lendalfoot and Knockormal,‘thgt the websterite
is later than the main mass of serpentinite and can only
be interpreted as a dyke cutting the lavas,

Like the previous examples the marginal lavas are
rather brecciated and earry abundmt quartz-epidote velns
while pyrites 1s developed along one of the margins. No

actual contacts are exposed.

7. Interpretation of the Contact Phenomensas

There i1s no indication that the lavas have been
subjected to high tempera?ure contact metamorphism such
angould be expected in proximity to a peridotitic mass
of such dimensions. Evidence of low temperature
hydrothermal alteration and replacement 1s, however,
general,.

It 1s well known that many ultrabasic masses in
various parts of the world.produce little contact
alteration of tke invaded rocks'(cf. du Rietz, 1955);
while on the other hand conversion of sedimentary rocks
to diopside~hornfels at an ultrabasic contact has been
recorded by Ingerson (1928). Other examples of contact
metamorphism are numerous.

The lack of significant metamorphism in the Girvan-

Ballantrae lavas can be accounted for in two ways:



(a) The ultrabasic magma was lntruded at a very low
temperature or, (b) it was intruded at a high temperature
but the origzinal contacts are not exposed.

(&) With the possible exception of the pyroxenite
djke at Breaker Hill, there is no evidence to support a
low temperature of intrusion of the peridotlite masses.

(b) Basic rock inclusions in the serpentinite will
be considered subsequently which have suffered striking
thermal metamorphism during their envelopment in the
original peridotitic magma (p.69 ), while adjacent outcrops
of lava are unmetamorphosed. It 1s concluded therefore
that during its initial intrusion the ultrabasic magma
was at a high temperature but during its serpentinization
it was squeezed upwards in a "cold" semi-plastic state,
probably along dislocations which were the upper extenslons
of those along which the orizinal masma was intruded at
depthe.

The mobility of the serpentinite during its intrusions
1s demonstrated by the flow-structure which it dewelops.
Furthermore, basic rocks which post-date the peridotitic
rocks are serpentinized and intruded oy the serpentinite
(p. 85 ).

In addition one must bear in mind that the great
ma jority of ultrabasig contacts hawe suffered post-

serpentinite deformation and movement which obscures the
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relationships.

Taliaferro (1943) has recorded several instances of
the "cold" intrusion of serpentinite in California while
simllar observations have been made in Cuba by Rutten

(1936) Thiadens (1937) and Vermunt (1937).

8. The Aze of the Ultrabasic Rockss

In view of the conclusions reachsd in the previous
discussion it 1is difficult to date the intrusion'of the
original peridotite in relation to the lavas.

However the byroxenite dykes which intrude the
lavas and ultrabasic rocks probably followed closely
upon the intrusion of the main peridotitic masses (cf.
Hess, 1938; Little, 1949; Walton, 1951; Proud and
Osborne, 1952).

Further evidence relating to the age of the ultra-

basic rocks will be presented suosequently (pp.39,96 ).

9« The Form of the Ultrabasic Massesg

It is extremely difficult to reach any definite
conclusions as to the general form of the main ultra-
basic masses,

The disposition of the two main ultrabasic belts
on the map (Plate 1) sug:ests that they occupy the cores
of two NE trending folds followséd (stratigraphically) by
the lavas forming outerops at Pinbain, Bennane Head and

Downan Point.
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On this basis (cf. Peach and Horne, op.cit., p.449)
Balley (1952, p.15) interprets the succession and structure
as two NE trending anticlines comprising the (Lower)
Knockdolian Spilitic Group; Brsllantrae Serpentinite and
(Upper) Downan Point or Bennane Head Spilitic Group (Figels).

It has already been indicated (p. '+ ) that the age
of the Downan Point, or southern belt of lavas, 1s unknown
while the northern belt of lavas may be slightly lower than
Middle Arenig (Bennane Head).

Hence no definite equivalence exists between the
lavas of Bailey's Upper Spilitic Group uponvwhich his
structural determination is largely based.

Bailey's interpretation also implies that the
ultrabasic rocks form an essentially concordant body
which he believes to be of an extrusive origin (cf.
Stoppani, 1880). There is neither petrographic nor
field evidence to support an extrusive origin for the
ultrabasic rocks.

It is‘concluded that the ultrabasic masses occur
elther in the form of a sill or sills or as discordant
upward pfolongations from a dedper zone of ultrabasic
rocks (cf. Proud and Osborne, 19525. The possibilitj
that the ultrabasic rocks form large thrust slices can

not be disregarded in view of the tectonic nature of their

boundaries.
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10. Affinities:

The ultrabasic rocks of the district exhibit close
analogies, both in theilr petrology and.general field
occurrence, With ultrabasics characteristic of island arcs
and "alpine mountains" (cf. Benson, 1926). They also
possess many of the characters of the primary peridotite
suite of Hess (1937, 193-), being quite distinect from
those ulﬁrabasic rocks origzinating as differentiatés
of basic intrusions.

Their association with submarine volcanics and
geosvynclinal sediments belonzing to the "ophioliﬁe" and
"radiolarite-serpentinite" assemblages is also typical
and widespread (cf; Stoppani, 18803 Jenu and Campbell, 1917;
Stanb, 1922; Steinmann, 1926).

While many ultrabaéic rocks are associated with
submarine lavas and sediments this no more implies that
they are extrusive than does the association of ultra-
‘basic rocks with surface lavas in which an intrusive

origin is generally accepted.



VI. BASIC IGNEOUS MASSES AND THEIR

METAMORPHIC DERIVATIVES

1. Introduction and Classlificatlion.

(a) Distribution and Form:

Basic masses, princlpally gabbro and dolerite, are
distributed throghout the area, mainly within the ulfra-
basics but also in the lavas. Many appear to be dyke-
like (e.c. Lendalfoot) while others are boss~like, often
only a few feet in size (Plate 1).

The largest mass is the gabbro which extends from
Grey Hill to Byne Hill in the norfhern part of fthe area
and has a continuous outcrop of over 3 mlles. The
precise form of this masgs is uncertain.

Many of the basic masses are clearly intrusive into
the ultrabasics, in other cases the relationship is
obscure, while some are more easily explained as inclusions
In the ultrabasics. |

(b) Metamorphosed Basic Rocks:

(1) Thermally Altered:

These masses are demonstrably derived by the thermal
alteration of gabbros and dolerites and in seneral hawe a
hornfelsed appearance and a strongly cranular texture,

They are the most commonly developed_metamorphic rocks
and are referred to under the general heading of "granulite".

In addition to those rsranulites derived from bagic
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intrusives there 1s evidence to suggest that some may have
been lavas.

(11) Dynamicslly Altered:

Not always clearly separated from (i) are rocks,
often with a »ranulitic texture, which clearly owe their
oricin mainly to dynamic processes and exhiblit transitions
from fine prained partly schistose granulite to coarse
flasered ~abbros,.

A small development of ~laucophane~-schist and "eclogite!
has a more doubtful metamorphic history and may have formed
under conditions of rather hi-her prsssure than the
granulitic rocks. These rocks are also derived from basic
intrusives.

The narrow strip of sheared lavas and basic intrusives
along the southern marsin of the northern serpentinite
belt has already been referred to (pe./® ). These rocks
have been sheared and in some cases rendered truly schistose
by the effects of movement along the boundary between the
serperitinite and basic rocks. The rocks have already been
described by Teall (op.cit.) and Anderson (1936) and will
not be described here. |

(111) Metasomatically Altered:

It 1s probable that all the metamorphlc rocks have

undergone metasomatism to a greater or lesser extent.



The effects of metasomatism are most clearly seen in
a group of garnetized gabbros (rodingites) and carbonated
oltrabasics. Much of the contact phenomena in rocks

adjacent to the ultrabasics falls under this heading.

(¢) Relationships with the Ultrabasics:

The majority of the junctidns between the basic rocks
and ultrabasics are lines of movement. Notable exceptlons
to this occur at B&ne Hill and Lendalfoot.

On the basis of field and petrographic characters
the basic masses can be divided into three main groups:
(i) Basic mssses which antedate the emplacement of the
peridotite. These rocks are all metamorphic in character
(esg. granulites). Based on their comparatively 'high
grade of metamorphism and associati on with the granulites,
the glauvcophane-schists and "ecbpite" are included here
although tneir precise relationships to the ultrabasics
are in doubt. They are, however, clearly at least of
preserpentinization formation,

(11) Basic ur sses postdating the peridotite; but antedating
s?rpentinization, are the most Widespread of the basic
masses (e.z. Lendalfoot, Byne Hill). These rocks are
generally unmetamorphosed except foh those’which have
undergone metasomatism connected with the serpentinization
of the ultrabasics., Others have suffered deformation and

have been rendered schistose.
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(1i1i1) Unmetamorphosed basic rocks which postdate the

serpentinite, including Tertiary dykes.

Since all those basic masses under (i) are metamorphic
in character and possess distinctive features they‘are
referred to as "Older Basic Rocks", while groups (ii) and
(11i) which are largely unietamorphosed are termed "Younger

Basic Rocks",

2. Older Basic Rocks.

A. ¢laucophane-Schist Assemblages

(a) Pield Relations:

Near the farm of Knockormal gléucophane-schists are
associated with a lenticular mass of serpentinlite which is
- probably an extension of that cropping out at North Ballaird
about & mile to the SE (Fig; 2).

Intrusivé into the serpentinite near its NE termination
is the dyke of wehrlite and pyroxenite already described
(ped5" )a This dyke forms a marked ridee which can be traced
~south-westwards to the Lendalfoot road.

Occupying the ridee near the road is a mass of
glaucophane-schist apparently elongated in a NE-SW.

direction. No contacts with the adjacent rocks are
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'exposed, but from the form of the ground the adjacent rocks
are probably ultrabaslcs.

In addition to glaucophane-schists a small mass of
green-schist is exposed near the pyroxenite dyke while
another outcrop of green-schist bearing glaucophane-velns
occurs immediately to the NW of the main glaucophane-
schist exposure, |

Small lenticular or knob-like masses of crushed and
altered gabbro are assoclated with the serpentinite,
together with three exposures of granulite,

The ultrabasic and assoclated basic masses are
enclosed on all sides by spllitic lavas and tuffs which
have suffered extensive shearing am cataclasis along
thelr margins with the ultrabasics, These margins are
almost certainly lines of movement.

The deform tion has rendered some of the marginal
lavas schistose, the resulting greenschists being
Indistinguishable from those just mentioned. These rocks
are developed mainly along the southern margin of the
ultrabasics. Crushed and amphibolized lavas occur along
the northern boundary and have been described previoﬁsly
(p.30 ),

The schistose rocks exhibit considerable variations

in the trend of their schistosity, which seldom agrees
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with the general trend of the complex.

(b) Petrography:

(i) Epidote = hornblende - schist:

These rocks, although carrying no glaucophane, are
included here since they are interbanded with the
glaucophane-schists into which they grade as rims Qf
glaucophane develop around the green hornblende.

They are dark green in colour with a well defined
schistosity and are medium to fine grained. Dark shining
cleavage surfaces of the amphibole are easily distinguish-
able, together with yellow epidote,

In thin sections the schistosity 1is defined by
elongated hornblende and epidote crystals. Frequently
the hornblende builds larger porphyroblasts which act
as augen around which the smaller individuals are deflected
(Plate 17, A)., Albite is absent or insignificant.

An analysis of a sample of this rock 1s given under
l, Table 3.

(i1) Epidote = hornblende - glaucophane = schist.

In the field these rocks cannot be distinguished
from those of the previous group. There is little sign
of a blue colouration in the rocks due to the subordinate
nature of the glaucophane relative to hornblende,

Under the microscope the rock possesses an intimate

nematoblastic fabric formed by elongated epidote, hornblende



Table 4: Optical Troperties of Amphiboles fron
Inockormal.

GLAUCOPHANE HOR~3L&~3§
X Colourless Pale yellow or colourless
Y Sky-blue Olive-green
Z Lavender Smoky blue-green
Ni 1.645 | 1.635
My T - | ' -
Nz 1.654 o | 1;657

Nz-Nx 0.009 ‘ 0,022
0PTIC PLANE PERP. (010), Z = b PARALLEL (010), Y =b
EXT, ' Y:c = 11° 7sc = 289 - #°

oV x 0° - 18° | | 66° - 68°



and glaucophane crystals which wrap around occasional
epldote and hornblende porphyroblasts. Albite 1s confined
to sporadic xenoblastic grains.

The glaucophane occurs as xenoblastic indlviduals
but more commonly in the form of rims around green
hornblende. It is quite clear that the/glaucophane is
developing from the green hornblende and all stages can
be observed in the change of colour from one to the other.

The cfystallographié.and optic orientations of the
glaucophane relative to the green hornblende from which
it is derived tend to be constant and is shown 1in Fig.3.

The commonest crystal forms developed by the
glaucophane are the prisms (110), and rareiy (001). They
average 0.3 m.m. X 0.1 m.ms in size and contain numerous
inclusions of epidote and sphene., Optical data for the
glaucophane are given 1n Table 4 and an analysis under
l, Table 5. Optically the mineral resembles crossite,
particularly in the position of the optic axial plane.
Further discussion on the affinities of the Knockormal
amphiboles will Be given subsequently.

Green hornblende of the same type as that in the
Previous rock is abundant and, like the glaucophane, is
strongly diablastic towards epidote and sphene. A partial
analysis of this mineral gave: Al,0. 10.12%, Fey0z 4,42%,

Fe0 11,77%, Na

50 3.,04% and K,0 0.33% (Anal, W.H, Herdsman).



Table 3: Analyseg of Knockormal Cluaucophane
and Comparative fmphiboles,

1. 2. 3. 4. 5.

510g 50.56 54,52 56,06 50,41 55.02
2104 1.22 0439 - 1.66 -
4150, 9.12 9.25 8.87 7.82 4.75
“eg0z 4.18 4.44 2,38 8.73 10.91
Pel 10.34 9.81 10.60 10.81 9.45
#n0 0.36 0.46 - 0.14 tr
B0 9.74 10.33 11,11 7.39 9.30
Ca0 4,62 1.98 3426 3.99 2,38
Na,0 6.85 7.56 5.53 7404 7.62
K50 0446 0.16 0.57 0.57 0.27
Ho0 + 1,78 - 1,78 | 1.83 C o 1.17 -
HoO - 0.72 - - 0.10 -

99,75 100,68 100.21 99.85 95,70
S.3.  3,186-3,213 3.119 3,136 3.206 3.126-3.160

1, Glauc&phane, Knockormal (Anal. W.,H. Herdsman).

2, San Pablo, California, Blasdale (1902, p.327).
3 " Mt. Saleve. Kunitz (1930, p.2486).

4, Crossite, Anglesey. Holgate (1951, p.792).
5. " Berkeley, California. Palache (1894, p.181).
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Its optical properties are given in Table 4.

Pale yellow or colourless epldote 1s abundant
together with a little calcite. The presence of tiny
specks of ore cause many of the epidote crystals to assume
a dusty appearance., Granular sphene, often in streaky
elongate clusters, and of a deep resin-brown colour, is
abundant. Patches of an almost isotropic spongy brown
substance appears to be a kind of saussurite (Plate 11,

B, C, Plate 18, 4).
An analysis of this rock is presented under 2,

Table 3.

Apparently interbanded with the schistosé varieties
is a coarse non~-schistose glaucophane-bearing rock with
a gabbroidal texture. 'Hornblende, with marginal glaucophsane,
builds large unoriented plates and is associated with large

ldioblastic crystals of epidote (Plate 1&, B). Albite is
fairly abundant in xenoblastic veins and aggregates.

The rock appears to be similar in minéralogy and
texture to the "glaucophane-gabbros" of Brouwer and Egler
(1952, p.18) and it is probable that the finer grained
rocks previously described have been derived from such a
rock under the influence of more shearing. Vague
saussuritic aggrégates suggest the former presence of

felspar,
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An analysis of thls rock 1s given under 3, Table 3.

(111) Garnet-bearing Glaucophane - Actinollte - Schist:

A small mass of carnet-glaucophane-schist crops out
beside the rocks prev;oasly described althoush 1its
relationship towards them 1is abscure.

The rock (S.G. 3.117) has an extremely fine even-
gralned schistosity defined by small fibres and sheaves
of pale green actinollte and chlorité, flaucophahe'and
sporadic pale pink rarnet. Both the actinolite and
chlorite are dilablastic towards epidote and sphene (Plate
18, C)e The actinolite is pleochroic in pale greens with
2vx = 79° and Z:c = 19°,

The glaucophane 1n thils rock 1s optically distinct
from that in the previous rocks. The pleochroism is
X = colourless, Y = pale blue and Z = pale lavender;
2vx = 489, bvirefringence 0,021 and Z}c = 6° with the optic
axial plane parallel to (010). It is apparent that the
optical properties of the mineral correspond to thoss of
a "normal® glaucophane.

(iv) CGreenschists with Glaucophane-bearing Veins and Bands:

In these rocks only the veins are regarded as.
characteristic, the host-rock being identical with the
greenschists.

The rock (S.G. 2.991) is pale green in colour and

schistose. The glaucophane veins are conspicuous in
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hand speclimen as deep blue streaks running parallel to
the schistosity.

Glaucophane 1s confined to sharply defined bands
and its habit is strongly asbestiform, much resemblling
crocidolite, Optically howsver 1t 1is the same as that
in the schist described under (i1i1). Individual fibres
may exceed 3 me.m. in length while their breadth 1s of
the 6rder of 0,01 mem. The fibres pass almost
imperceptably along their length Into an equally fibrous,
moderaﬁely pleochroic actinolite, which me.y in turn pass
into chlorite.

Larze epidote crystals are scattered througﬁ% the
bands and contrast with the tiny dusty-looking epidote
In the host greéneschist, A striking feature of the
epldote is its tendency to form spherulitic bodies
consisting of radially arranged crystals disposed about
a central core of what appears to be saussurite (Plate lQ,AJ.

The epidote and amphibole are embedded in a fine
};rain'ed albite mosalc riddled with tiny fibres of
actinolite and occasionally of glaucophane:

Calcite is generally present together with haematite.

The remainder of the rock consists of albite,
actinolite, chlorite and calcite (see (¥)).

A metasomatic origin‘for the glaucophane=bearing veins
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or bands seems inescapeable.

(v) Albite -Agpidote - actinolite - chlorite - schist
(Greenschist )

In hand specimen the rocks are identical with those
in the last group but lack the bands of glaucophane.

The texture is defined by sub-nematobléstic albite
with a little qﬁartz in a schistose mosalc, together
with fibrous actinolite and chlorite,

Calcits is generally present and much of the rock
is permeated with dusty haematite (Plate 19, B).

There is no evidence to suc est that the greenschists
have been derived from the zlaucophane-schists by a process
of retrogressive metamorphism,

(c) Alteration of the “laucophane-Schistss

Many of the rocks have suffered the effects of crushing
and exhibit cataclastic textures,

Where this occurs crystals of glaucophane can be seen
to break down into a cranular mosalc of albite shot
through with actinolite and relict zlaucophane., That the
albite and actinolite are secondary is indicated by the
fact that neither of these minerals can be detected in
the uncrushed portions of the rock which may be only a
few millimetres away.

Veins of prehnite are abundant both in the'crushed
and uncrushed schists and are entirely posterior to the

formation of the schists. The prehnite is commonly
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riddled by tiny fibres of actinolite (Plate 18, A).

(d) Chemical Compositionss

The analyses of the Knockormal glaucophane-schists
in Teble 3 comyuare closely with Washlngton's basic group
of glaucophane~-schists derived from basic igneous rocks
(1901). The Knockormal rocks carry rather more MgO and
+Ca0, together with less Nazo than the average glaucophane-
schist. This 1s due to the higer proportlon of aluminous
hornblende and the virtual absence of albite.

(e) Mineraloey of the Amphiboles:

(1) Glaucophane: Lacroix, Murgocl and others regard the

atomlc ratio of ferric iron to aluminium as being the

most important factor in determining the optical properties
of the blue amphiboles. In particular, it influences the
intensity of the pleochroism, extinction angle, and the
position of the optic axial plane, Soda and ferrous iron
Play little part in determining the optical properties.

In glaucophane the ratio of Fe'": Al is less than
unity, while in crossite it approaches unity, becoming
Increasingly high towards the composition of riebeckite.

The Knockormal blue amphibole agrees wlth glaucophane
in thisvrespect, having a Fe . Al ratio of approximately

2:7, 1ts optics however are like that of crossite.

Murgoci states that glaucophane with a Fe "1 ratio
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of 1:3 may be uniaxlal with the optlic axial plane parallel
to (010).. Inerease in ferric iron causes the optic axial
plane to become perpendicular (010), as in crossite (1904,
P.365).

It is concluded therefore that the Knockormal mineral
represents a case in which the Fe''': Al ratio has just
exceeded 1:3 dnd the optic axial plane lies perpendicular
to (010).

The analyses of glaucophane arnd crossite in Table 5
are given in terms of metal atoms in Table 6.

A uniaxial glaucophane has been described by Blasdale
(1901, p.327) and is given under 2 in Tables 5and 6. it
is very similar both chemically and optically to the
Knockormal mineral except for the position of ﬁkaoptio.
axial plane. M. Levy records & glaucophane with 2Vx = 48°
and its optic axial plane perpendicular to (01l0).

The rather hizh lime content of the Knockormal
mineral is also shared by the "glaucophane~actinolite"
of Kunitz (1930, p.246), «iven under 3 in Tables 5 and 6.
Blasdale re¢ords another uniaxial glaucophane from
California which contains 3.03% 11me.

It is probable that the high lime content of the
Knockormal mineral is responsible for the position of the:
optic axial plane., Further, its close relationship to

hornblende revealed in thin sections suggests that the

lime content represents the hornblende (actinolite)



molecule [ba Mg] in the process of replacement by the
glaucophane molecule [ﬁa A;], as proposed by Kunitz.

This conclusion is strengthenéd by the fact.that ih some
cases the glaucophane alters to a pale actinolite (p.47).

The blue amphibole barroisite may also be a member
of this group characterised by the presence of lime.,

It appears trerefore that all those blue amphiboles
carrying appreciable lime can be regarded as members |
intermediate between true non-calcic glaucophane and
hornblende and are characterised by very variable, and
in some cases abnormal, optics (e.c. barroisite).

Probably many minerals called "glaucophane" are
lime=-bearing and may form under different conditions
from those giving risé to normal glaucophane (p.33
and Holgate, 1951).

(1i) Hornblendes:

A green amphibble occurs in glaucophane-schists
from California which in its mode of occurrence and
optics resembles that from Knockormal, This mineral
i1s described by Murgocl as karinthine (carinthine) which
he regards as a member intermediate between hornblende.
and gléucophaﬁe.

Whether the name carinthine should be retained
appears doubtful. The analysis given by Dana (1894,

DP+395) places it among the common aluminous hornblendes.
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The "karinthin" of Kunitz (1930, p.245) is, however, more
allied o actinolite avin: only 3.77% of Al,0..
Hev (1950, p.313) regards carinthine as synonymous
with barriosite.
It is concluded therefore that the Knockormal green
amphibole is best referred to asirather sodic, but
nevert-eless normal, aluminous hornblende, ani no special

name appears to be justified.

(f) Origin of the Glaucophane - schist Assemblages:

Little direct evidence on the origin of the glaucophane-

schists can be obtalned in the field due to the poorly
exposed nature of the rrouncd. Two meln points emerge
however:

(1) They are associated with ultrabasics, granuiites
and altered gabbpos. o

(11) Their chemical composition, the presence of
saussuritic a;gregates and relict textures, suggest

derivation from gabbroidal rocks.

It is poésible that the glaucophane-schists were
derived from gabbros similar to those cropping out néarby
although no-definite transitions can be observed. An

analysis.of this gabbro, which has been saussuritized and
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amphibolized, is given in Table Il , p.toa .

Analyses of the glaucophane-schists and gabbro‘are
plotted, for comparative purposes, on an ACF diagram in
Fig. 4. |

It is concluded, on the basis of evidence supplied
by the grénulites (ps 76 ), that the glaucophane-schists
are inclusions in the ultrabasic rocks and represent a
pre-ultrabaslc group of basic rocks disrupted and
metamorphosed by the ultrabasics. Comparisons with other
areas in which metamorphic rocks are assoclated with ultra-
basics will be civen subsequently (p.79 ).

(¢) Physical and Chemical Conditions in the Formation of
Glaucophane and CGlaucophane-3chists:

The presence of =laucophane-schists in association
with -ranulites exhibiting relict ilgneous textures suggests
that high pressure or shearing stress are not necessary
in their formation. The precise position of the glaucophane—'
schist facles in terms of temperature and pressure 1is,
however, & matter of some doubt (cf. Turner, 1948;
Schirmann, 1953).

The presence of soda in minerals other than felspar
has been regarded as evldence of high pressures (Harker,1l932)
while the high density of minerals often associated with
glaucophane in many parts of the world (e.g. lawsonite,

pumpellyite) is also suggestive of formation under high



53

pressures.‘ None of these minerals are confined to
claucopheane=-schists however, some have been found as
infillings of amysdales and as alteration products of
unmetamorphosed rocks. Claucophane itself 1s known as
a product of alteration in non-:ietamorphic rocks,

The fact that glaucophane does frequently occur in
schistose rocks may only imply that shearing stress and
high pressure promote migration and difussion of material,
partly aqueous solutions, within the rock, and does not
neccessarily mean that gleaucophane 1s = product of stress
alone,

A reaction between albite and chlorite has been
regarded as the most 1liXely in the formation of "normal",
non-calcic glaucophane. Such é reaction is not favoured
by a hydrous environment since the process is one of
dehydration (e.z. eclogite-glaucophanite facies):

MgS(OH)4Si205 + 2Na Al 31508 > NaZMgSAlz(OH)2518022 + HZO

This reaction & es not'appear to have taken place
'in the formation of the Knockormal glaucophane-schists,
since glaucophane occurs as rims replacing aluminous
hornblende. This mode of formation tends to be confirmed
by the @l teration of glaucophane to actinolite and albite
'(p.47 )s the glaucophane being notably calcic.

The appro;imate position of the field for albite-

epldote-glaucophane (a common assembiage) is shown in Fig.5,



plotted in terms of ACF and NagO on a tetrahedral diagram.
The actual area occupled by the Knockormal rocks and
Washington's average baslic glaucophane-schist 1s shown
as a dark area lylng on the plane of the alblte-epidote-
glaucophane field,

Since the Knockormal glaucophane is lime-bearing
it does not, strictly speaking, lie exactly on the alblte-
epldote-glaucophane field, but is displaced towards the
field of albite-epidote~actin011te. Between these two
fields will lie a series of fields embracing assemblages
characterised by alblte, epidote and varilous amphiboles
between the llmits of actlinolite on the one hand and true
glaucophane on the other.

Other features brought out by the tetrahedral diagram
are: '

(1) Alumina and lime should be critical in the
formation of the glaucophane assemblage.

(11) Soda should not be critical but in general high

soda does not appear to favour the formation of glaucophane.

(111) With increasing lime all fields tend to converge.



To determine whether or not chemical compositilion ls
a factor in the development of glaucophane-schists,
analyses of the Knockormal rocks and Washington'!s basic
glaucophane-schists have been examined to test thelr
correspondence with the features predicted on the
tetrahedral dlagram:

(1) Alumina is fairly constant in amount ranging
from 13% to 19%, the greater bulk averaging 15%. Lime
1s more variable but where it 1s high the rock also has
high ferric 1iron suggesting that more epldote is present
in the rock.

(11) Soda is very constant around 3%, none of the
rocks belng especially sodic, |

(11i1) An increase of lime up to & certain value will
cause the albite~epldote~glaucophane field to converge
with that of albite-epidote-actinolite (and the green-
schist facles in general) which might explain the
frequent association of glaucophane-schists and green-

schists,

It is concluded that the formation of basic
glaucophane-schists is to sme extent dependentfdn

chemical composition, especially the amounts of alumina,
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lime and soda. Further, it is probable that dlfferent

equilibrium assemblages exist dependihg on the 1ime‘con£ent
of the glaucophane, calclc varletles perhaps forming under
conditions of lower pressure (? and temperature) than true

glaucophane assemblages,

B. "Eclogite"
(a) Field Relationships:

A knob-like mass of eclogitic rock some 10 feet in
diameter is exposed at the north-eastern ehd of the
ridge immediately beside the pyroxenite dyke (Fig.2).

The rock eppears to be an erosional relic standing
as an isolated block on the summit of the rldge which is
here composed of pyroxenite. No contacts are exposed and
the obvious interpretation of the block is that it formed
an inclusion in the ultrabasic dyke.

(b) Petrology:

The rock has been termed eclogite, by Balsillle

. L1d TYFIC,RL oF )

(1937, p,30) but the mineralogy isaeclogite (pyrope;
omphacite)., It is 8lightly schistose and shows considerable
variations in grain size., Dark greenish crystals of
amphibole are conspicuous together with pink garnets
occurring as streaks and dissemlnations throughout the

rock., This causes its specific gravity to be highly

variable from place to place. Values ranging from 3.166
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to 3.444 have been obtained.

The rock conslsts typically of garnet, pyroxene,
amphibole, clinozoisite, serpentine and spinel, in
approximate order of abundance.,

The garnet appears to be dominantly pyrope with
N = 1,742 and a specific gravity of 5.670. From Eskola's
‘table (1921, p.18) the composition may approximate to
FegzlggzCajoe The garnet may include crystals of pyroxene,
and amphibole may include the garnet. Perculiar "graphic"
intergrowths of amphibole and garnet occur (Plate 20, B).

The pyroxene is quite colcurless and tends to be
euhedral., A strong parting parallel to (100) is common
and may i1n some cases appear stronger than the (110)
cleavages.

The value 2Vgy = 56° - 589; Zs:c = 41° and the bire-
fringence is 0.025.‘ The mineral is probably a dlopside
(var. diallage) and closely resembles that in the adjacent
wehrlite (p.25% ). |

The amphibole builds large plates and some may be
derived from pyroxene, but is is by no means certain that
this is always the case,

The pleochroisy is very weak with X =.colourless,.

Y = very pale green and Z = very pale blue. The value .

of 2Vg is 90° - 92°; Z:c = 26° and the birefringence is
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0,026+ It 1s probably related to edenite.

Large crystalsof clinozoisite occur sporadically in
some parts of the rock,

Serpentinous areas have a form sggesting derivation
from olivine and are occasionally assoclated with aggregates
of brilliant green ceylonite (Plate 20, A).

In one slide aggregates of a dusty saussuritic material
occur within, and generally associéted with, the large
crystals of clinozoislite,

Since no analyses of the rock of its constituents
have beén made the term "eclogite" 1s provisionally retained
for convenience.

(c) Alterations:

Like the glaucophane-schists the eclogitic rock has
been subjected to later crushing producing local granulation
and cataclastilc textures. Veins of prehnite are common
In the rock.

(d) Genesis of the Carnet:

It is certain that the garnét has been derived from
the amphibble, the latter never occurring as kelyphitic
borders (cf. Harker, 1950, pp.309-310). The unusual
"graphict intergrowths of the two minerals and the fact
that the amphibole is rather euhedral and never reveals
a ~abit suggestive of its derivation from garnet lends

support to this view.



The development of garnet from amphibole would
involve mainly dehydration and desilication, probably
accompanied by loss of lime,

(e) Origin of the Eclogitic Rock and Glaucophane-Schists:

The assoclation of eclogitic rock and glaucophane-
schists at Knockormal, suggests, as in other parts of the
world, a similar origin for both rocks which occupy
opposite ends of the same N3 trending ridge. Whether the
pyroxenite dyke includes also the glaucéphane-schist to
the SE can not be definitely ascertailned.

Eclogite occurring as inclusions in ultrabasic rocks
is a common phenomenon; Murchison, as early as 1845
observed in the Ural Mountains, "... a perculiar garnet
rock enveloped in serpentine", (1845, p.435).

A similar origin is ascribed to the Knockormal rock
which 1s regarded as being originally olivine gabbro.
Since the rock is not a typical eclogite its formtion
may take place under conditlions of lower temperature and
pressure than true eclogite (cf., Dengo, 1950, p.877).
Simllar assemblages which are typically albite-free have
been considered metastable phases equivalent to the
amphibolite facies (Dengo, op.cit.).

It is concluded that the eclogitic rock formed part
of a pre-ultrasbasic group of basic rocks which were

disrupted and metamorphosed by the ultrabasics.
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Since the eclogite and glaucophane-schists form rocks
quite distinct mineralogically from other metamorphlc rocks
in the area (s.g. granulites) they may represent either
(a) rocks originally simllar to those from which the
granulitic varietlies have been derived but having a different
metamorphic history or (b) have been derived from a different
group of rocks, possible situated at a greater depth than
those from which the granulitic rocks are deriﬁed.

These polnts will be considered later following a
treatment of the other basic rocks and their‘metamorbhic

derivatives (p./32 ).

C. Granulitic Rocks.

(a) Distribution and Field Relations:

Hornblende and pyroxene-granulites are developed
in associatioﬁ with the serpentinite of the southern belt,
beihg gquite absent elsewhere, except for a small development
at Knockormal (Plate 1).

In general the rocks form small rounded masses, seldom
larger than a few feet in diameter and appear as conspicuous
projections above the general level of the aajadent serpen=-
tinite,

Contacts with the serpentinite are rarely exposed
and the rocks all possess a tough flinty fracture suggesting

hornfels.
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(b) Granulites: Poundland Type.

(1) Occurrence:

Near the head of the Foundland Burn several boss-like
masses of ~ranulite occur. One of these masses 1s markedly
elongate &¢n outcrop, attainling a length of some 150 yds.
and a width of little more than 25 feet. This dyke-1like
mass trends approximately E~W and provides an excellent
example in the development of the granulitic rocks from
basic intrusives.

(11) Petrographys

The central part of the exposure 1is gabbroidal in
texture but close inspection reveals that the original
iﬁtergranular boundaries have been blurred.

In thin sections the most striking feature ié the
granulation of the primary pyroxene which is colourle ss
and diallagic. Rod~like inclusions of o;e are common and
often serve to emphasise the cleavage.,

Granulation into secondary clear ulopsidie pyroxene
1s in progress around the margins and along the cleavages
of the primary pyroxene. Thatthe process is not purely
mechanical seems clear from the lack of disturbance in
the_original crystals and the rock as a whole (Plate 21, A).

During the replacement of the original pyroxene there

1s a development of secondary ore associated with the
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secdndary pyroxene rendering it almost opaque in some cases
(cf. Sutton and Watson, 1951, p.31).

The optlcal data of the pyroxenes are presented below:

Primary pyroxene Secondary pyroxene
Ny - 1.691
Nz-Nx 0.025 0.028
Zic 46° ' 41° - 42.5°
2v 59° 53°

The composition of the secondary pyroxene approximates
to Ca45Mg44Fell (Hess, 1949, p.634).

The change in the pyroxene seems to be a therme-
chemicai effect 1nvolving exosolution and oxidation of
the Fe0 in the original pyroxene producing a strongly
diopsidic variety.,

Partial amphibolization of both the original and
secondary pyroxene is ubliquitous. The amphlbole is a
Strongly pleochroic reddish-brown variety and apﬁears as
anhedral patches and streaks along the margins and cleavages
of the primary pyroxene giving the whole crystai a brownish
tinge. Where it replaces the secondary pyroxene 1t 1s more
eéuhedral and may build large plates, often associated with
ore., Amphibole also appears to develop from dispersed

chloritic material of doubtful origin.



Table 7.,

Analysis of fmphlibole

from

Spanullte ot

Poundland and Comparable Amphiboles:

1' 2, 5' 4.
@400 40,26 81 B.978 092}8 L000  39.20 41,46
Tilo 3.38 A1 2,21 { 4,88 5,70
41505 13,09 o8 12.25 14 .24
Feolx  0.49  Ti  0.376 2,97 3,32
Te 11.77  Fe'' 0.053 10,49 5,70
R0 0.21  Fe" 1,462 4,965 0,17 0.08
o0 12.56 Mn 0.026 11,57 13.68
Ca0 12,48 Mg 2.779 12.59 11.62
HoO 2434 Na 0.624 2,758 1.17 0.12
1{20 - 0016 K 00148 0002 -
9205 0.42 H 2.318 2.318 - -

100,13 99.87 100.35

S4Ge 3.2056 34230 3.215
X Pale yellow/colourless Pale yellow/brown  Ligsht yellow
v Brown Medlum brown Red-brown
z Deep reddish-brown Dark brown Dark red-brown
I - 1,681 1,670
vy 1.668 - 1.692
Ty - 1.700 1.701
Mz -Iix 0.032 0.019 0.031
Z:c 160 139~ 15° 80.10°
2Vx 74° 82° 81°

1, Brown Hornblende, Poundland Burn. Anal. W,H, Herdsman.

4 R 1"

Boulder Dam.

n

Z» lhaersutite, Skaergaard Dyke.

Vincent, 1953,

Metal atoms to 24(0, OH).

P.54.
Campbell & Schenk 1950, p.684.
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An analysis of this amphibole, which is the type of
amphlbole developed in all the granulitic rocks, is
present in Table 7 (1) together with its optical properties,
Large olivine crystals, 2V, = 800, are sporadically
developed and have an elongated prismatic habit. These
crystals are also granulated and recrystallised along the
marcins into anhedral granulitic olivine with the same
optical properties as the primary individuals. The olivine
1s generally slightly serpentinized.
The plagioclase in the rock is entirely secondary
in nature and has a granular Xenomorphic habit, The form
of these granular aggregates stlll preserves a vague
ophitic relationship to the other constituents. The
compasition is AbZSAn52 and the crystals have suffered
some granulation., The plagioclase 1s cut by a perculiar
system of veins which never cut any other mineral in the
rock, The vein-mineral 1s too fine gralined for aécurate
determination. It generally has a scaly hablt, is
" biaxial positive, with apparently straight extinction and
the faster ray lies parallel to a micaceous cleavage. In
bulk the mineral is pale green and is probably prochlorite,
In other cases the vein-mineral appears to be rather
like saussurite. It is possible that, in fact, the vein-

like material represents remnants of the earlier plagioclase
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(11ii) Textural Variations:

Towards the margins with the serpentinite, the texture
becomes progressively finer in grain and, even macroscopically,
it 1s evident that hornblende 1s more abundantly developed.

At the same time the rock becomes more tough and hornfelsic
than in the central partions of the mass.

At a point 12 ins. from the assumed position of the
contact with the serpentinite the rock is porphyritic in
hand specimens. The groundmass has entirely recrystallised
to a fine even textured aggregate of granular pyroxene,

plagioclase (AbslAn49) and brown hornblende together with

abundant magnetite. The pyroxene and hornblende do not
appear to differ from those in the coarser part of the
rock (Plate 21, B). ;

The porphyritic texture 1is produced by large relics
of primary plagioclase which are highly saussuritized,
much cracked, and invaded along these cracks by minerals
of the groundmass. It is concluded that this portion of
the mass represents the fine-grained marginal phase of an
original intrusion.

The smaller knob-like masses of granulite cropping
out in the vicinity of the dyke-like body vary in texture
from gabbroidal to doleritic and are identical to the

rocks just described.
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(c) Granulitess: Littleton Hill Type.

(1) Occurrence and Field Relations:

Numerous small granulitic masses are associated with
gserpentinite on the southern slopes of Littleton Hill
(Plate 1). They were the first granulitic rocks to be
described in the district (Teall, 1899, p.479).

Like the Poundland granulites they have clearly been.
derived from basic rocks though they are rather finer in
graln than those at the former locality. All have a
tough flinty fracture.,

Texturally they can be divided into three groups,
although there 1s no obvious significance in the distri-
bution of the various types, and the exposures present
no indications of original fine gralned margins towards
the serpentinite.

(11) Petrographv:

Non-porpanyritic:

The rocks are deep brownin colour and, like the
Poundland varieties, have a hornfelslc appearance. In
their mineralogical and textural characters the roéks
are analogous to those at Poundland but appear to have
been originally finer grained, recrystallisation almost
completely destroying the original textures except for

occasional phenocrysts of turbid plagioclase.
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The texture 1s saccharoidal and is defined by equi-
granular sécondary pyroxehe, brown hornblende and rather
poikiiitic plagiocldse (Ab46An54). The resemblance of
the rock to beerbachite is striking (cf. Teall, 1899,
Plate 22, 13 this thesis Plate 21, C, Plate 22, A).

Although 1little indication of the original texture
remalns other than relict plagioclase phenocrysts, the
rock has probably been a dolerite (ef. Mort, 1909;
Tyrrell, 1909),

Porphyritics:

These rocks are perhaps the most striking varieties
of granulite and are composed of euhedral phenocrysts of
plagloclase set In a fine grained matrix of sparkling
brown hornblende.

A strong thermal clouding is developed in the
plagioclase phenocrysts (cf. Macgregor, 1931). When
determinations are possible fhe placioclase has the .
comppsition AbSOAnSO‘ Many of the crystéls are sieved
with streaks or aggregates of brown hornblende making
up the bulk of the groundmass. This feature is
characteristic of many basalts. Sometimes a vague flow-
banding 1s exhibited by thé plagioclase phenocrysts.

Smaller plagioclase (Ab48An52) individuals comprising

part of the groundmass have recrystallized yet still
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retain thelr original elongated outline. These crystals
exhiblt a marked flow-banding (Plate 22, B, C).

In addition to abundant brown hornblende a few
shards of reddish-brown blotite occur,

Pyroxene‘does not appear in these rocks although
occaslonal subnedral dusty remnants of primary pyroxene
in glomeroporphyritic aggregates are common.

The general characters of this porphyritic variety
are strongly suggestive of its being originally a lava
(Teall, 1899, p.479 and this thesis p.73,7%).
Schistoses

Isolated outcropsof schistose'granulitic rocks are
developed on a small scale, The schistosity, which may
lie anywhere between NW and NE, is rather poorly
developed and in some cases is not obvious except in
thin sections.
| The mineralogy of the rock is the same as those
previously described,

The degree of deformation does not appear to have
been high since aggregates of secondary granules of
caleic plagioclase still retain the form of the original
laths of plagioclase (Plate 23, A).

(d) Other Developments of Granulite:

(1) Knockormal:

Three small masses of granulite occur associated with

the ultrabasics at Knockormal (Fig. 2). The rocks are
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identical with the non-porphyritic varieties described
from Littleton Hill (p. 65 ).
(ii) Poundland:

Near the foot of the,dyke-like body of granulite
at Poundland (p. él) is a small exposure of strongly
banded, partly schistose, granulite, It may not be
precisely in situ and the exposure is no larger thah the
field it occupies in Plate 4, A,

The rock consists of alternating dark and light bands
which are about 4 ins, iIn width, each sharply separated
from the adjacent bands. The rock is quite unlike any
of the adjacent granulites, none of which exhibit the
banded structure although their mineralogy 1s similar,

The dark bands (S.G. 3.142) are sfrongly hornblendic
and cannot be distinguished from some of the Littleton
Hi1l rocks. The texture is thoroughly granular and
xenoblastic, the constituent minerals being deep brown
hornblende,labradorite and diopsidic pyroxene. No
recpgn;sable igneéus textures remain and the optical
properties of the constituents are the same as those in.
the normal granulites (Plate 23, B).

There is a slight tendency to schistosity, esbecially,
hear the margins with the lighter bands, and is revealed
by an approximate crystaliographic parallelism of the

hornblendes. A little plagioclase and diopside are present



but are generally subordinate to the hornblende,.

The light coloured bands (S.G. 3.000) are markedly
schistose defined by discontinuous streaks composed of
granules of colourless diopsidic pyroxene, many of which
are altered to an almost isotropic chlorite (var. pennine).

Hornblende is only occasiohally developed, but
labradorite is abundant and strongly granular and is
commonly traversed by numerous saussuritic veinlets.

Bartrum (1928, p.898) has described a banded rock
occurring as an inclusion in serpentinite which appears
to be ildentilcal tb the Poundland rock, |

(e) Flasered Varieties of CGranulite: Millienderdale Type.

(1) Occurrence and Fleld Relations:

Coarse flasered and partially granulitized gabbrés
are confined to the region of Millendérdale where they
form a series of large prominent knolls projecting above
the level of the serpentinite (Plate 1 and Plate 4, B).
An exposure lying on the south side of a dry-stone dyke
running in an easterly direction from Millenderdale farm
may be taken as a typical example.

The trend of the flaser-planes varies from N-S in
some parts to almost E-W in others,

(i1) Petrography:

The centre of the mass is an exceedingly coarse

ophitic gabbro; one of the coarsest in the distrlct



(Plate 24, A). There appears to be no significant
difference in the optical propertlies of the minerals
from those described in the dyke-like body at Poundland
(p. 61 ).

Large plates of primery diallagic pyroxene, strongly
schillered with ore, are in the process of granulation
around their margins with the development of colourless
granular secondary pyroxene. Brown hornbiende is also
developing from both the primary ana secondary pyroxene
(Plate 24, B).

At this stage there is no recrystellisation of the
plagioclase which remains as large, deeply saussuritized
crystals, ophitically related to the pyroxene., Occasionally
large individuals or aggregates of epldote occur within
the plazioclase.

Apatite is always an abundant accessory.

£s the margins of the mass are approached deformation
becomes increasingly intense, the ophitic texture is
quickly destroyed and the rock becomes flasered. A rude
foliation may be developed by the "streaking-out" of the
Plagioclase and, to a lesser extent, the dark glistening rames
of brown hornblende (Plate 24, C).

Thin sections reveal that, with the advent of

shearing, there is 2n almost immediate and complete
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replacement of any primary or secondary pyroxene by'brown
hornblende. The shattered plagloclase, while generally

the same deeply saussuritized variety as 1in the unsheared
central portion of the mass, in places develops occaslonal
clear granules of secondary plagioclase, generally andesinee.

At the margins of the mass shearing reaches the stage
where dense even-grained bands are developed with a ‘
granular texture comparable to that in = me of the Littleton
Eill rocks. These granulitic bands may show sharp or
gradational junctions towards the coarser flasered bands
(Plate 25, A B).

In the granulitic bands most of the plagioclase has
recrystallised into xenomorphic granules which, in association
with the brown hornblende, prdduce a typical beerbachitic
texture., Hence, although these granulitic bands are closely
associated with coarser bands exhibiting marked deformation,
they are not themselves obviously schistose.

(f) Contact Relations with the Serpentinite:

In only one locality (Littleton Hill) was a junction
between a granulite of the mon-porphyritic type and
serpentinite obtained. The contact was lald bare by
removal of the top soil, ' -

The serpentinite at the contact 1ls quite decomposed
and fragmented but a specimen 9 ins. from the contact is

quite undeformed and exhibits no contact effects. Similarly



Table 8: Chemical Analyses o the Cranulitic Rocks:

1. 2. 3. 4.
5104 45,70 43.84 51,03 45.86
T10g 2.60 2.32 3.04 0,97
A1,0;  13.60 15.35 13,69 16433
Fen0x 2.32 2,09 2,06 1.49
FeO 9.47  10.66 12.02 7 ¢48
Mno - - 0.21 0.22 0.24
MgO 10.53 8.26 4,55 9.64
Cao 10.08 8.02 7 .46 9.42
Nag0 3,74 4,09 4,23 3.02
K50 0.56 1.42 0.50 1.39
HoO + | 1.19 2.63 0.82 3.52
HyO - 0.01 0.37 . 0.28 0.33
Po0g 0.26 0.58 0.31 0407
FeSq 0.08 - - -
Cro0q 0.14 - - -
100.28 99.84 100.21 99.76

l. Hornblende granulite, thtleton Hill, Balsillie, 1932, p.l22.
2. "Hornblende-schist", " Beveridge, 1950, pP.92.

3. Hornblende ﬂranulite, Carnaburn. " 1bid., po103¢
4., Pyroxene granulite, n p. 111.
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the granulite at the junction'exhibits no change from that
at the centre of the mass, which in this casé, 1s some
8 feet wide and 20 feet long.

It 1s concluded therefore that the development of
slightly schistose granulites is not connected with the
serpentinite junctlons at present exposed.

(g) Later Veining and Alteration of the Granulites:

The development of later veins of prehnite is common
in almost all fhe granulites, together with the
saussuritization of the secondary calecic plagioclase,

A velin of serpentinite cuts the banded granullte at
Poundland and serpentinizes the rock along its margins
(Plate 4, A). Veins of talc occur in the rock in addition
to sporadic veins of chrysotile.

Another vein of dlopside-zoigite rock cuts the banded
granulite (p./08 ).

. {(h) Chemical Compositions:

Four analyses of the granulitic rocks are given in
Table 8,

There is little unusual in their compositions which
agree closely with analyses of unﬁetamorphosed diabases
from Lendalfoot (Table 9)., However Mg0O and TiOg tend to
be higher. The ratio of MgC:CaO in analyses 1, 2 and 4

1s close to unity and Fo,0, 1s uniformly low.,
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Posslble chemical affinities with other members of

the complex will be considered subsequently (p./37 ).

(1) Genesis of the CGranulites.

Non-flasered Varieties of Granulite:

The origin of the granulitlc rocks presents one

of the most difficult problems in the district and was

the object of much study by earlier workers (cf. Teall,

18993 Mort, 1209; Tyrrell, 1909; DBalsillile 1932 and

1937; Beveridge, 19503 Balley, 1952),

Considerable 2ifferences of opinion exist between

almost all those who have studied these rocks. The

conclusions reached by previous workers are summarized

below, many however, although putting forward new

hypotheses, have not attempted to reconcile them with

other aspects of the problem:

Age of the Rocks:

(A). Pre-Arenig (Balsillie)
®. Ordovician (All other workers)

Nature of Oricinal Rocks:

®).. Lavas (Teall)
(®. Gabbros and dolerites (All other workers)

Relationship to the Ultrabasics:

®. Intrusive (Mort, Balsillie, Beveridge, Bailey)

@% Inclusions ((?) Teall, Tyrrell).
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Cause of Metamorphism:

(), Unknown (Balsillie =- uncovered granite?) .
(B Peridotite (Teall, Tyrrell)

). "Late consolidation effect of gabbros and dolerites =~
pneumatolytic action" (Beveridge)

(D. Later basic and acid intrusions (Bailey).

Date of Metamorphisms

Q& Pre~Arenlg and pre-serpentinization (Balsillie)
(®. ordovician and pre-serpentinization (Beveridge)

). Post-serpentinite (Bailey)

Teall (1899, p.479) regarded the porphyritic
granulite at Littleton Hill as a thermally altered "diabase~
porphyrite"., Hence all the granulitic rocks in the area
are shown in the Geologlcal Survey (Sheet 7) Map under
the heading of "? contact altered 1avaé".

All later workers have regarded the rocks as
metamorphosed gabbros and dolerites and are agreed that
thermal metamorphism is the & minant factor in thelr
development . ,

If the rocks are regarded as Intrusive into the
ultrabasics the cause of the thermal metamorphlism becomes
‘a difficult problem since in many localities the gramilites
are associated only with ultrabasics. Furthermore, any

the rmal metamorphism must antedate serpentinization since



no thermal effects are to be seen in.the serpentinite,

There are, however, no signs in the serpentinite to

sugegest its having previously undergone thermal metamorphism.
Thus if metamorphism antedates the peridotite (or serpentinite)
its cause 1s gqulte unknown,

In no case is it possible to demonstrate that the
rocks from which the granulites aré derived were intrud ve
in the ultrabasics. Balsillie (1937) claimed that at
Garnaburn a granulitized dolerite intrudes serpentinite
which is qﬁite unaltered. |

Beveridge and Balley, while still supporting an
intrusive origin for the granulites, considered the
evidence at Garnaburn inconclusive, the former stating
that the granulite might well be an inclusion in the
serpentinite. |

 Bailey regards the metamorphism as "post-serpentine"
and produced by re-heating of earlier Intrusions by léter
intrusions of gabbro, fdlowed locally by granite, which
sometimes re-used channels partially blocked by the
earlier intrusive masses,

If this is so the following points must be reconciled:
(1) The lack of metamorphism in the serpentinite.

(i1) No later intrusives are assoclated with many of the

granulites (e.g. Littleton Hill).
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(1ii) Granites occur only at the northern margin of the
area, 3 or 4 miles away from the nearest
granulite locality, although a few small veins of
albitite are occasionally present.

(iv) TLater alteration of the granulites (prehnite velning)
is analogous to those effects produced in rocks
adjacent to the serpentinites and is regarded as

related to serpentinization (p./08 ).

Tyrrel concluded that the granulites were not intrusive
in the ultrabasics but were derived from an earlier series
of basic intrusives overwhelmed and metamorphosed by the
peridotite, now serpentinite. Local deformation exhibited
by slightly schistose granulites he regarded as produced
by marginal shearing accompanying the ultrabasic intrusion.
A xenolithic origin is also implied by Teall, |

It is concluaed that Tyrrell's hypothesis provides
the only solution to the problem which is conslstent
with all the observed facts accounting for:

(1) The cause of the thermal metamorphism.

(i1) The constant association of the granulitic rocks with
ultrabasic rocks. |

(1i1) The unaltered nature of the adjacent serpentinite.

(iv) The absence of deformation in the serpentinite

adjacent to schistose warieties of granulite.
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(v) The variation in trend of the foliation in the

schistose granulites.

The petrographic characters of the porphyritic granulite
from Littleton Hill (p. &% ) are étrongly suggestive of
the rock being origlnally a lava, a conclusion reached
originally by Teall but apparently abandoned by later
workers 1n view of the more abundant development of
granulites clearly derived from gabbros and dolerites.

In view of this strong possibility an intrusive
origin for the granulites into the ultrabasics must be
rejected. However 1t does not in any way invalidate
Tyrrell's concept but suggests the peridotite was
intruded into a group of lavas and assoclated intrusives.

Flasered Varieties of Granulite:

Teall (1899, p.477), and later Balsillie (1932, p.l1l18)
described the conspicuous knolls of flasered and sheared
gabbro at Millenderdale. In addifion to the bands of fine
grained‘granulite, which are clearly derived from the
coarser flasered gabbros (cf, Plate 25, B), they noted
that some granulitlic bands appeared to cut across the
trend of the flasered gabbro and granulite bands.

A careful study of tﬁese rocks led the writer to
doubt the cutting (or intrusive) relationships of some

of the gramulitic bands. Sometimes bands of éranulite



swell out into large bulbous masses and deflect the flaser
planes of the adjacent coarse bands but there 1s no evidence
of an intruds ve relaionship.

It 1s concluded from their field and petrographic
characters that they have an origin in common with the
non-flasered granulites.

(3) Mode of Emplacement of the Peridotite into the Earlier
Basic Masses:

Although the granulitic masses are regarded as
inclusions in the ultrabasics it is not suggested that
the former have been transported from greét depths. It
is probable that the peridotite was intruded into the
basal members of a thick pile of Arenig lavas and intrusives
thermally metamorphosing them and converting them to
granulite (cf. Walton, 1951). This origin is based on
the chemical affinities existing between t he granulites
and unmetamorphosed members of the Arenig igneous series
(pe 432 ).

The ultrabasic magma may have re-used the same
fissures as those odcupied by the earlier basic masses,
a conclusion based on the occurrence of dyke-like masses
Of‘granulite in the serpentinite. A similar interpreltion
has beeﬁ clven by Ransome for precisely analogous inclusions
of basic rdcké (inclﬁding "dykes") in serpentinite from

California (1894, pp.226~231).
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Serpentinization of the peridotite followed, the
semi-plastic mass being squeezed upward, still with ifs
metamorphosed inclusions, forming "cold" intrusions with
stratigraphically higher members of the" Arenig volcanic
series, |

3. Affinities of the Older Basic Rocks with those in
Other Areags:

A conslderable amount of evidence exlsts in other
areas throughout the wrld in support of the hypothesis
that the glaucophane-schists, eclogite and granulite are
inclusions in the ultrabasics (cf. Schiirmann, 1953,
pb.528-525); |

In particular it 1s considered that the observatlons
of Rutten (1936), Thiadens (1937) and Vermunt (1937) on
Cuba can be applied to the Girvan-Ballantrae district,

In Cuba large masses of serpentinite invade a series
of Lower and Middle Cretaceous geosynclinal sedimentary
agd volcanic rocks including radiolarian cherts, Aptychi
limestone, spilites, tuffs and diabases. The ultrabasic
intrusion accompanied orogenesis and was followed by the
intrusion of gabbroidal dykes and masses of diorite rock
(hooibergite), pyroxenite and amphibolife (Thiadens,
op.c;t.)

The margins of the serpentinite at present exposed

are entirely tectonic.
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Inclusions in the serpentinite are widespread and

consist mainly of unmetamorphosed volcanic and intrusive
rocks representing the Lower Cretaceous igneous series.
In addition highly metamorphosed rocks occur of which the

following list is typical (Rutten, 1936, pp.l5-18):

(1) Albite-epidote-schist (5) Muscovite-schist
(2) Chlorite-schist (6) Amphibolites (glaucopha
(3) Actinolite~schist (7) Glaucophane-eclogite

(4) Quartz-albite~glaucophane~- schist. (8) Eclogite.

Many of the above rocksfbrm'parts of an older, pre-
ultrabasic series of schists which c¢rop out elsewhere on
the island, others may be metamorphosed Cretaceous volcanics.,

From such an assemblare of metamorphosed and unmeta-
morphosed inclusions it must be supposed that the final
intrusive phase of the serpentinite was a "cold" one, and
probably largely tectonic, while an earlier peridotitic
phase metamorphosed and disrupted some bf the basic rocks
at depth.

Similar relationshipé appear to exist throughout the
Caribbean, while inclusions in serpentinite are known

from such areas as New Zealand and Rumania.

4. Younger Basic Rocks.

() Distribution and Field Relations:

A varied series of basic rocks intrudes the ultrabasics,
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and less commonly, the lavas (Plate 1), ‘The largesbasic
intrusion In the area is that which makes up Grey Hill
and Byne Hill and 1s continuously exposed for a distance
of over 2 miles.

With the exception of exposures at Byne Hill and on
the shore at Lendalfoot, the relationghips existing
between T he basic and ultrabasic rocks are not very well
exposede.

The basic rocks can be divided into two main petro-
graphic types, diabased ana cabbros.

(b) Diabases: Lendalfoot Type.

(i) Field Relations and Forms:

Cropping out on the shore just to the nortﬁ of
Lendalfoot are a series of narrow elongated masses of
diabase which rise up above the general level of the
serpentinite (Figz. 6). The masses vary in length up to
100 yards and are some 25-30 feet wide, rising to a
héight of 20 feet. They are probably dykes intrusive
into the surrounding ultresbasics (Flate 5, A).

Smaller and more obviously dyke-like bodies traverse

the ultrabasics (Plate 5, B, C).

x ,
The term “disbase"™ is used throughout this thesis and
is apgplied to those intrusive rocks which are highly

el tered and possess doleritic textures,
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Identical rocks belonging to this group occur inland
at Cairn H1i1l, Byne Hill and scattered throughout the
southern belt of ultrabasics, particularly in the region
of Knockdolian. Many of these masses have the form of
small bosses but ére always poorly exposed.

(ii) Petrography:

A conspicuous mass of diabase croppling out on the
'shore at the north-easterly end of’Fig.6 (Plate 5, A)
will be taken as a typlcal example.

The central portion of the mass 1is a greyish medium
gralned rock, the fexture being generally rather granular
but occasionally slightly ophitlc.

Int hin section the rock is highly altered except
for anhedral, ragged crystals, of a pink titahiferous
augite with 2V, = 48°; Z:c = 45° and a birefringence
of 0,024.

Rather equant 1ldiomorphic crystals of plagioclase
are highly altered to a dense sub-lsotrophic mass of
éaussurite and highly birefringent fibrous aggregates
of prehnite. Where the rbck is more ophitic the
plagioclase tends to assume a more lath-like form (Plate
26, A, B). |

‘Chloritic or serpentinous material, magnetite and

abundant skeletal ilmenite altering to leucoxene are
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present 'in the groundmass.

A feature perculiar to the Lendalfoot rocks is a
strong development of veins of calcite, prehnite and
pectolite. The veins tend to be sub-parallel and at
any given place are normal to the margins of the mass.

(111) Contact Phenomena:

Original Textural Variations:

Towards junctions with the serpentinite all the
masses of diabase become finer in grain and increasingly
porphyritic.

The plagioclase occurs in the form of large
eﬁbedral phenocrysts imparting the porphyritic texture
to the rock and as small iathé, often with a vague flow
banding (Pléte 27, A). The altered plagioclase is
colourless except for some areas of semi-opaque
saussuritic material., Between crossed nicols the
phenocrysts are almost completely isotropic except for
a few tiny granules of quartz and (?)albite. The
isotroplec material constituting the remainder of the
crystéls is too fine grained for precise determinatidn.
but is probably zoisite.

Euhedral crystals of pyroxene are less altered
although they are.often rendered turbld-looking due

to the development of a fine dusting of ore, common
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in the pyroxene of the ﬁltrabasics. When fresh the

~ pyroxene i1s colourless and with a highly variable axial
angle. Two determinations were possible; one gave 2Vz =
56° and the other 64°, WNo further optical properties

could be obtained because of the lack of sultable sectionse.
The pyroxene is probably more diopsidic than that in the
coarser central part of the mass.

The ground mass is.almost indeterminable but consists
mainly of isotropic laths and granules of altered plagio~
clase together with granular pyroxene, variously altered.
Minute grains of epidote, ore, aiartz and (?)albite 1lie
in an isotropic base of what was probably glaséy material
of felspathic composition. |

It is concluded that the textural variations of
the diabase towards its margins are indicative of
chilling against the adjacent ultrabasic rocks (cf. Peach
and Horne, op.cit., p.450; Tyrrell 1933, p.76).

Changes Associated with Serpentinizations

At the contacts with the serpentinite, most of which
are vertical or nearly so, the diabase assumes a
perculiar glazed porcellanous appearance and is extrems 1y
tough with a sharp flinty fracture. Bonney (1878, p.775)
regarded this as produced by contact metamorphism of the

diabase by the later ultrabasic rocks.
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Some contacts are marked by shéaring and other signs
of deformation of the serpentinite, which often sends
obviously sheared apophyses showing mechanical intrusions
into the diabase., These observations appear to have
contributed to Bonney's conclusion that the ultrabasic
rocks were later,

Véry generally, however, the marginal serpentinite
1s undeformed and small scale replacement of the adjacent
chilled diabase occurs in the form of chloritization and
serpentinization, with the development of veinlets and
fingers of serpentine (Plate 6, A).

The prominent veins of calcite, pectolite and prehnite
traversing the diabase suggest, by their direction, that
they occupy tension craéks produced during the cooling of
the rock..

Balsillie (1932, p.l1l24) noted that the veins, some
of which are 2" wide, can not be observed to cut the
serpentinite, stating, "Such an observation might easily
lead one to infer some sort of xenolithic relatlon for
the diabase masses".

The abrupt termination of these veins at serpentinite
contacts is understandable however, since the serpentinite
has been affected by movement posterior to the intrusion

of the disbasese.
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Evidence will be presented subsequéntly demonstrating
a close relationship between the development of lime
silicate veilns and the process of serpentinization (p./08 ).
Lime-silicate veins traversing serpentinite 1n other
localities will also be described (pp.07-08),

Alteration of the Serpentinite:

Other than belng affected by post-serpentinite
deformation, the serpentinite associated with the diabases
exhibits no indications of thermal metamorphlism,

Adhéring to the diabase in some declivities on the
southern slde of the large north-easterly mass (Fig. 6)
is a compact sérpentinite which is tougher than thaﬁ
aloﬁé the majority of the contacts and elsewhere on the
shore.

In thin sections the typical serpentinite mesh-
stfucture is lacking, the rock consisting of closely
sutured grains of a gfeyish substance resembling
serpophite but giving a uniaxial negative'intefference
figure and apparently secondary after olivine. Each grain
is packed with tiny grains of ore.

This‘phenomenon, while resembling the initial stages
of serpentinization (p.&d ) differs in the absence of
frqsh olivine kernals which occur at this stage of

serpentinisation.



Table 92 Analyses of Lendalfoot Type Diabases:

I L.

810, 47,50 46,47
T10, 4.49 3.69
A1,0, 12.39 12.87
Fe 0, 4,17  2.40
FeO 10.60 11.68
g0 4.27 - 5.48
C20 7,37 - 9.87
Na,,0 4.88 2,00
g0 0.89 |  0.68
HoO + 2.62 - 2.56
HyO - 0.20 , - 0.06
PO 0.78 0.50
Cry0, - 0.02
FeSo 0.02 0.09
100.18 . 100.48

1. "Albite Diabase", Lendalfoot, Balsillie, 1932, p.126.

2. " " n n u 1
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Crystals of bastite are present, some of which have
 been converted to tiny fibres of pale green amphibdle.
Occasional grains of fresh bronzite remain and veins of
cross-fibre chrysotile‘traverse tHe rock (Plate 27, B).

It is concluded tnat prior to serpentinization the
ultrabasic rock formed a contact altered selvage against
the intrusive dlabase. The actual nature of its meta-
morphism l1s obscure but the unusual texture suggests a
form of annealing. The ore associated with the altered
olivine may be the result; not of serpentinization, but
of exosolution and oxidation of iron during thermal
metamorphlsm.

(c) Analyses:

No new analyses of the dlabases have been made. Two
earlier analyses are quoted in Table ©.. The rocks greatly
resemble the analyses of the granulites (Table 8)., All
have rather high TiO, and Na,o0, the former belng represented
largely by the titanifefous pyroxene.

(d) Gabbros.

Byne Hill Type:

(1) Distribution and Field Relations:

- Gabbros of this type form the Grey and Byne Hills
and constitute the largest basic intrusion in the district.

The gabbro occupying the southern slopes of Byne Hill may
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be taken as typical of the whole mass,

The gabbro is associated with serpentinite the junctions
with which are generally lines of movement (Plate 2).
Intrusive into the gabbro is a mass of granite forming the
summits of Grey and Byne Hills (p. 22 ),

(i1) Petrography:

The gabbro is extremely variable 1n texture being in
parts coarse, almost pegmatitic, and in other doleritic,
In the coarse-gealned phases plagioclase or dark minerals
may severally form irregular concentrations; Planar or
layered structures, however, are never developed (Plate
28, A).

The rocks consist of altered‘plagioolase ina
strongly ophitic relationship to pyroxene, generally
amphibolized., Olivine is sparingly present and apatite
and magnetite are common accessorles.

Plagioclase (Ab56An44), in various stages of alteration‘
to saussurite and secondary sodic plagloclase (Ab82An18)
forms large idiomorphic crystals, sometimes falntly zoned.

The pyroxene is only preserved as occaslonal relics:
2V,= 52°; Z:c = 40° and a birefringence of 0,025,
Insufficient cuantities of the mineral remain for the

determination of its refractive index. It 1s probably

a diopsidic variety however.



Table 10: Modal Analyses of the Byne Hill Cabbro:

Vol.7%

Pyroxene

Brovn Hornblende
Green "
Saussurite

Sedondary plagioclase

Chlorite

Olivine, Apatite, Ore

26
16
29
20

11

Nil

33

21

32
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The replacing brown hornblende is strongly pleochroic
(X = colourless,.Y = pale brown, and Z = deep brown);
2V, =.80° - 820; Z:c = 189; birefringence 0.025 and Ny = 1.686.
In most specimens the brown hornblende grades mafginally
into a blue-green varlety, the latter often bring optically
continuous with the brown as judged by the positions of
extinction.

The blue-green hornblende has the pleochrolsm
X = colourless, Y = grass green and 2 ='blu§-green;
2V, = 75%; Zsc = 176; birefringence 0.022 and Ny = 1.658,

A sihgle fresh grain of oiivine proved to be rather
fayalitic (2Vyx = 68°).

Secondary masnetite 1s closely associated wlth horn-
blende, often as cores within the crystals., Apatite is
sparingly present tqgether with a little chlorite after
amphibole (Plate 28, B).

The blue-green amphibole increases in amount
simultaneously with increase in the amount of sodic
plagioclase, so that eventuslly the brown variety 1s
quite subordinate, the blue-green varlety occurring as
independent fibrous clusters. This relationship is |
illustrated by the accompanying modal analyses (Table 10).

It 1s concluded that lime liberated from primary

Plagioclase during its conversion to a more sodic variety
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is absorbed during the development of the blue-green
hornblende from the brown variety.

(1ii) Contact Phenomena

Original Textural Varlations:

An almost vertical contact between gabbro and ser- -
pentinite is excellently exposed on the south-eastern
slopes of Byne Hill, ﬁnlike the other contacts in the
immediate vicinity this junction has not suffered post-
serpentinite deformation (Plate 7, A, B).

Just as in the Lendalfoot occurrences the gabbro
shows progreséive fine graining towards the contact and
similarly develops a glazed porcellanous appearance and
becomes extremely tough, with a sharp flinty fracture.

This obvious development of & chilled margin towards
the ultrabasic rock was observed by Tyrrell (1933, p.71)
‘who applied the name "pseudophite" to the flinty margin.
However, this name has been applied to a variety of
serpentine with a hardness of 2.5 (Dana, 1894, p.652)
and is hardly applicable to the Byne Hill rock,

Changes Associated with Serpentinization:

Thin sections cut across the contacts between the
gabbro and serpentinite are shown in Plate 29, A, B, C,
Plate 30, 4, Progressing inwards from the serpentinite

into the gabbro four distinct zones of alteration can be
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recognised:

(1) The serpentinite at the contact is & normal
serpentinized harzburgite with accessory picotlte. The
mesh-structure is still preserved although on a finer
scale than is usual. In some cases there is a suggestion
of‘flowage in the serpentinite (cf. p. 9 ). Tiny granules
of unaltered olivine are occasionally present.

(2) The contact between the serpentinite and the
chilled margin of the ~abbro is to some extent gradational
over a short disténce, the marginal cabbro being itselfl
serpentinized, This zone is characterized by the develop-
ment of rather fibrous opaque ore and there is no evidence
of cataclasis,

Felspar microlites 3 m.m. in length occur, their
outlines being only visible in ordinary light. Viewed
between crossed nicols the crystals merge infto the fine
grained groundmass being composed of the same almost
lsotropic zoisitic material. \

Rather corroded but strongly euhedral crystals of
pyroxene are all converted ‘into pennine with associated
fine grained ore., Often an hour-glass structufe in the
original pyroxene 1s preserved by varying densitj of the

granules of secondary ore.

The groundmass, which appears to have been composed
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largely of flne-grained felspar and pyroxene, possibiy
'with some glassy material, 1s altered to a dense mass of
‘sub-1sotropic zolsite and granular ore. |

(3) A change 1n the form of the opaque ore occurs ln
this zone. It loses its fibrous hablt and assumes the
‘form of evenly diétributed rounded granules, MNore
felspar laths and pyroxene are developed, but otherwise
the mineralogy 1ls identicalwith that in the previous
zone .

(4) There is a significant chénge in mineralogy along
a sharp line of junction which is highly irregular and,
although approximately paralle% to, is not coincident
with, the actual serpentinite contact, Laths of felspar
are .altered to zolsite and subordinate (?)prehnite., In
some cases the felspar exhibits marked flow banding which
does not follow the details‘of th= boundary of this zone,
but is parallel to the more regular serpentinite contact
(Plate 29, A).

Pyroxene is no longer pseudomorphed by pennine and
ore but is guite fresh and éuhedral with frequent hour-
glass sgructure. This structure 1s generally defined |
by a pink coloration, presumably due to the presencé of
titania, vIn other’cases the coloration 1s produced by

sectors of deep reddish-brown amphibole (p.93). A
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concentric zoning is frequently also present,

The unaltered pyrbxene 1s quite colourless: 2V, = 500;

zZ:c = 39° and a birefringence of 0.026.

The groundmass is lighter in coloﬁr due to the almost
complete absence of ore and is composed of a dense cloudy
saussurite. Under high power it can be resolved into a
feathery aggregate 1In which can be observed tiny granules
of epldote, together with some pyroxene, Tiny fibres of
tremolite also contribute to the groundmass.

Veins of cross-fibre chrysotile sometimes cut across
the various zones (Plate 29, C). Where they occur in
zones 1, 2 and 3 they are composed of chrysotile. Immediatey
upon entering zone 4 however they change_to aggregates of
tiny strongly birefringent fibres arranged normal to the
walls of the #eins.

The optic axial angle of the mineral is + 54°%;

" 2Z:c (?)= 42° and birefringence 0.035. It is quite
colourless and sometimes has a stellate form resembling
prehnite., Veins of the same mineral occur in the
serpentinite together with zoisite and grossularite (p.lo8).
The mineral is probably a lime—silicate (?)pectolite, but
the crystals are too small for precise determination.

The contact rocks are sporadicélly amphibolized.

Pyroxene phenochrysts are often completely pseudomorphed
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by brown amphibole which may also ihvest the groundmass,
The amphibole is very similar in its optical properties
to that in the granulitic rocks.

Zone 4 grades into a normal dolerite about 9 ins,
from the contact and thence into gabbro. The doleritic
phase might be termed the "zone of preﬁnite". This mineral
is abundantly developed 1n the form of pseudomorphs after
plagioclase and a9 replacement veins, often over an inch
wide.

These veins appear to be analogous to those developed

in the Lendalfoot diabases (p.%3 ).

Two contacts between serpentinite and a porphyritic
diabaée are exposed in the Byne Hill Burn below Balaclava
Wood (Plate 2). The rock is very similar to'the Lendélfoot
diabases and is probably a dyke.

The diabase is moderately ophitic although there is
a tendency towards a more granular texture. Altered
pPlagioclase is abundant and is more euhedrél than the
colourless pyroxene. Larger plagioclase phenochrysts
lmpart a porphyritic texture to the rock in hand specimen.
Skeletal iimenite passing to leucoxene 1s generéﬂy'abundant.

Approaching the serpentinite junction the rock becomes
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finer in grain and shows the rapid alteration of plagioclase
to zolisite. The byroxene devebps the perculiar dusty
appearance noted previously (p. 26 ), |
Epidoteris developed in the form of large crystals
or in clusters, but its precise origin ls uncertain,
About 1% m.m. from the contact the rock assumes a
yellow colouration which does not appeér to be produced
by any significant change in mineralogy, being rather a
kind of bleaching. Veins of chrysotile branch into the
rock from the serpentinite and produce the same yellow
' bleaching of the diabase along a narrow zone parallel to
the margins of the veins, like that at the actual contact.
Although the serpentinite i1s sheared at the contact
due to post-serpentinite movemént no cataclasis can be
seen in the diabase.‘ It is concluded that in many cases
the serpentinite has acted as a "slide expedient™ (cf.
Vermunt, 1937, p.l1l7).

(e) Age of the Diabases and Gabbros:

The diabases and gzabbros are regarded as intrusive
into the ultrabasic rocks prior to their‘serpentinization.
This conclusion is based on the following evidence:

(1) Both the dlabase and gabbro exhibit chilled margins
towards the serpentinite. )

(11) A selvage of'serpentinized harzburgite marginal
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to a dlabase dyke at Lendalfoot appears»to have suffered
thermal metamorphism prior to its serpentinization.

(1ii) There is no. sign of alteration of the serpentinite
marginal to the diabase and gabbro.

(f) Significance in Relation to uerpentlnizatlon of the
Ultrabasics:

It has been demonstrated that, although the dlabasge
and gabbro are clearly intrusive in the ultrabasics, they
are intruded by the serpentinite and partially serpentinized
along'their margins., This serpentinization of the later
basic rocks is analogous to that occurring in the lavas
at Pinbain (p. &9 ).

. Two types of contact are therefore exhibited by basic
rocks marginal to the serpentinite, a feature displayed
best by the Byne Hill gabbro-serpentinite contact:

(1) A contact representing the original intrusive
contact between the basic rock and unserpentinized ultra-

basic. This contact is rather regular in form and is the
bone to which any flow~banding in the basic rock lies
parallel., It should be noted that strictly speaking this

contact marks only the margin of the basic rock since there

1s evidence indicating that, in most cases, the serpentinite
has been capable of considerable flow-movement during its
serpentinization. Hence the serpentinite now in contact
with the basic rock is not necessarily the serpentinized

representative of the peridotitic rock originally present



at the contact.

(11) A secondary contact is developed by the serpentinization
of the ﬁarginal basic rock concomitant with the serpentinization
of the ultrabasics. The margin of thls serpentinized zone
towards the unaltered basic rock 1s highly crenulate, cutting

across any structures in the basic rock (e.g. flow-banding).

It is concluded that the contact effectsAwepe produced
by hydrothermal processes accompanying Sefpentinization
which, ih addition to serpentinizing the basic rocks,
introduced water, COq and probably lime, forming minerals
like prehnite, pectolite, amphibole and grossularite
(p. 708 ). |

The presence of chrysotile veins cutting across the
earlier contacts suggests that serpentinous solutions were
still active posterior to the general completion of
serpentinization.

(g) Thermal Affects at Ultrabasic Contacts:

Bailey (op.cit., p.31l) regards the evidence supplied
by the contact at Byne Hill as indicative of "reheating
by continuance of intrusion", observing that, "this
chilled edge has suffered striking thermal metamorphism

without any attendant deformation®.



Tt is not clear however whether the toughness of the
marginal gabbro is attributable to fineness in grain or
hornfelsing. Bonney (op.cit., p.775) regarded the flinty
marpins of the Lendalfoot diabases as thermally altered
by the invading ultrabasics. |

It is probable that some thermal metambrphism has
taken place (e.g. amphibolization at Byne Hill), but
the source of the heat is dif:icult to ascertain. There
i1s no evidence of the later intrusion of rocks along the
junctions as sugrested by Balley.

Becker (1888, pp.l19-120) indicated the possibility
of theat being 1ibérated during serpentinization. In any
mixture of substances capable of reacting upon one another
the resulting compoundé will be those whose formation is
accompanied by the most rapid evolution of heat in
adjustment to falling temperature, Since sérpentine is
the "end-product" of the alteration of many ferro-magnesian
silicates 1t 1s presumably the most stable phase at normal
temperatures and pressures. Its formation will therefore
be exothermic in character.

Iﬁ is possiblé that heat from such a source might,
in allarge body of ultrabasic rocks, produce some degree

of thermsl metamorphism of the contact rocks.
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(h) Other Minor Developments of Gabbrolc Rocks:

(1) Pegmatitic Diallage-Gabbro; Pinbain:

Intrusive inﬁq serpentinite and diallagite on the shore
south of Pinbaln is an exceptlonally coarse, pegmatitic
gabbro described earlier by Bonney (1878) and Heddle (1878).
The mass appears to include large rounded blocks of
serpentinite (Plate 8, A), and is probably a dyke.
| In hand specimens large milky white plates of
saussuritized felspar are ophitically enclosed by dark
brown hornblende' in which occasional greenish crystals of
original diallage can be seen. The hornblendes may be én
inch or more.long and appear to retain the fibrous cleavage
of the pseudomorphed diallage. Nuch of the hornblende has
been dl tered to a soft,,greasy, iron-stained talc.,

The southern margin is not very well exposed but it
appears to be an original junction since 1n places coarse
gabbroidal abophyses ramify through the serpentinite and
diallagite (Plate 8, B),

The northern margin is a plane of movement truncating
the gabbro against serpentinite to the north. This margin
has suffered cataclasis; the brown hornblende in the
brecciated rock giving it an appearance superficially
similar to some of the granulitic rocks.

Whether this mass of gabbro antedates or postdates
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serpentinization cannot be definitely established.

(ii) Olivine - Enstatite - gabbro; Burnfoot:

Dykes of gabbro varying in width from 10 ins. to
%2 inch traverse serpentinite on the shore at Burnfoot
(Plate 9, A). Post serpentinite deformation has broken
up the dykes, fragments of whiéh occur in the deformed
serpentinite (p. 28 ),

The felspars 1in the gabbro are replaced by a dense
matte of zolsite showing anomalous blue tints, while the
enstatite has been partially chloritized. Serpentinous
pseudomorphs after olivine are also present (Plate 31, A).

Thin sections have been prepared to show the relation
between a small vein of gabbro and the adjacent serpentinite.

Near the contact with the vein the serpentinite becomes
richer in irén until at the contact it 1s rendered nearly
opagque. The normally colourless serpophite cores become
olive-green and‘doubly refracting, the mineral being
similar to chlorite,

Harker (1904, p.80) referred to the development of
a yellow colouration in serpentinite which he regarded as
produced by the resorption of secondary ore due to the

effects of contact metamorphism of the serpentinite.

It is possible therefore that the gabbroic dykes at
furnfoot are later than the serpentinization of the

ultrabasics.
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(iii) Ophitic Gabbro: Troax:

Intrusive into lavas and the adjacent ultrabasiés
at Troax is a series of poorly exposed gabbroé'which, in
contrast to all the other gabbros, are even—grained and
uniformly melanocratic (Plate 31, B).

The plagioclase has been altered to a dense
saussurite and still retains its ophitic relationship to
the ferromagnesian constituents., The pyroxene.is pseudo-

morphed by brown and green hornblende, the green variety
often occurring as rims about the brown. Unaltered cores
of a colourless pyroxene are occasionally preserved.

The age of these rocks in relation to serpentinization
cannot be ascertained,

(iv) Altered Gabbros; Knockormal:

Bosses of a coarge altered gabbro, seldom larger than
10 feet project above the sefpentinite at Knockormal
(Fige 2) in éssociation‘with granulitic rocks and glauco-
phane-schists. One mass to the MW is rather larger and
lenticular in outcrop. No‘éontacts are exposed,

The disposition of these small masses of gabbro might
suggest their being simply glacial erratics. However 1t
ls difficult to imagine why they are confined to the
small area occupied by the serpentinite.

The rocks are strongly brecciated and in places a



Table 1l: Altered Gabbro:; Knockormal.

1. 2.
s10,, 58.16 47.19
T10, 0.16 2,09
8150,  12.82 13.96
Fe,0 1.07 | 5.39
FeO 5.33 ' - 9.01
Mno 0.15 0.47
MgO 8.77 7.0 )
Ca0 6.30 ‘ ‘ - 8.08
Nag0 4,98 ) 5;4,50;
K50 0.27 S 0.70
HgO + . 1.93 | 2,56
Hy0 - 0.14 o2 |
Cog Nil ECRTE
P05 0.04 0456
100.12 100,62
S.G.  2.950 .

1. Altered gabbro, Knockormal. (Anal. W.H, Herdsman)
2, Minverite (albitefgabbrd, Cornwall, Dewey, 190, p.46.
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rude schistosity may develob. There is howevér no indication
of thermal metamorphism,

Considerable amounts of prehnite are présent in the‘
rocks, often to the excluslon of most of the other minerals
("prehnite-rock").

In its least altered phase the rock is a coarse
gabbro with completely altered plagioclase in an ophitic
relationship with seconuary hornblende contEining occasional
unaltered cores of pyroxene (Flate 32, A).

The hornblende is a green variety with X = pale green,
Y = light olive-green and Z = light blue-green; 2V, = 78° -
80° and Z:c = 23°,

Relics of olivine are occasionally present, while
prehnite, pseudomorphing plagioclase or as velns, is
always abundant.,

An analysis of this rock is given in Table 11, 1.

The precise origin of these rocks 1s obscure since
‘they never show chilled margins towards the ultrabasics,
are considerably altered and appar to be purely fragmental,
Their association with metamorphosed rocks regarded as
Inclusions in the ultrabasics sugcests that they may also

be inclusions.

(¥) Tertiary Dykes:

Porphyfitic dolerite dykes intrude all members of the
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igneous complex. On the basis of their general NW trend
and freshness they are regarded 2s being Tertiary in age.

One of these dykes on the southern slopes of Byne
Hill cariies a rather flinty selvage of serpentinite .
caked onto its side (Plate 2). Thin sections of the
altered serpentinite reveal that the original mesh-structure
has been almost obliterated and the iron ore dispersed
irregularly throughout The slide. A little antigorite
is occasionallly seen while plcotite 1s generally present
and quite unaltered (Plate 32, B). |

Dark ovoid areas can be seen iﬁ*élide composed of
dense iron ore and a fibrous matte of chlorite. The optic
axial angle of the mineral (2VX) is very small or zero.
It has straight extincticn (or nearly so) and the bire-
fringence is 0.021. There is faint pleochroism from a
pale golden yellow to pale green. The_lower index of
refraction lies just above that of balsam.

The mineral is probably a magnesian-rich chlorite
related to amesite, while its rddiate habit suggests
derivation from anthophyllite or cummingtonite., The
distribution of these chloritized(bodies is similar to
the disposition of bastite or brénzite in the unmeta-

morphosed serpentinite.
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Tﬁe presence of thermal alteration of the serpentinite
.>adjacent to a basic dyke younger than the serpentinite is
further evidence in support of the older masses, producing
no contact alteration of the serpentinite, being intruded

anterior to serpentinization.

S, Garnetized Gabbros (Rodingites).

(a) Pield Relations:

Altered gabbros bearing grossularite are developed in
two localities on the southern slopes of Byne Hill (Plate 2):
(1) Three masses are exposed on the slopes of the hill above
Balac%?vaAWood. Thelr precise form 1s not very well revealed
buf they appear to be dykes intrusive into the surrounding
ultrabasics which are 211 serpentinized.

Contacts are exposed in two places, one of which is
rather sheared. The other contact i1s unmoved and the
marginal altered gabbro includes small fragments of
serpentinite.

(11) A small exposure of garnetized dolerite occurs further
to the west, beside the serpentinite-gabbro contact. This
rock 1s obviously a dyke and may be an apophysis from the

main mass of the Byne Hill gabbro.

(b) Petrography:

(1) The rocks are consplcuous in the field being almost

bure white and are exceedingly tough with a sharp flinty
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fracture. Dispersed aggregates or clots of magnetite appear
to be the only dark minerals present,

While the bulk of the rock appears to be a dense white
saussurite, irrepular greyish areas can be seen which are
much softer.

A characteristic feature of the rock is its high
density (3.24), a value that one would not associate with
such a light coloured rock,

Under the microscope the rocks retain an original
ophitic texture but the plagioclase has been completely
pseudomorphed by minutely cranular grossularite with
subordinate zoisite (Plate 33, A, B). Only under high
power 1s it possible to resolve the garnet, the average
size of which is 0.0l m.m. The combined effect of the
minute garnet ~ranules is to render each plarioclase
Pseudomorph isotropice.

The original ferromagnesian constituent has been
converted to a chlorite, generally pennine. Occasional
relics of close cleavage planes suggest that the original
mineral may have been a diallagic pyroxene.

Prehnite is generally present together with vague
Saussuritic patches. |
(11) The smaller dyke has a porphyritic texture and is

more doleritic. Rather euhedral pyroxene crystals lie



Table 12: Analyses of CGarnetized Gabbros (Rodingites):

1. 2. 3. 4.
310, 38,04 33.95 33,42 40.98
T10, 0.82 0.42 0.30 1.01
21,0, 15.07 19.91 14.34 12,77
Fep0s 1.78 1.28 io,sz ©1.10
Te0 3.02 6.98 2.44 4,06
Mno 0.21 0.28 0.75 0.16
MgO 9.62 5.23 4,66 7.31
cao 25.84 26,95 29.40 29.40
Na,0 0.18 } } | NIL

0.15 0.14 o
K20 0.04 v 0.03
Hy0 * 4,19\ 4.85" 3.63% 2.68
HoO - 1.15 : 0.31
Cog Nil Nil M1 0.07
P,0g 0.24 - - 0.08
100.20 100.00 99,40 99.96

* Loss on Ignition

S.C. 3424 - - 3.33

1. Rodingite, Byne Hill (Anal, W.H. Herdsuman).
2, tt New Zealand. Marshall, 1911, p,.33,

. " t " L] n n

4, n Eulaminna, W. Australia. Miles, 1950, p.125.
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in a groundmass composed largely of epldote and zolsite.
The parnet 1s confined largely to irregular branching veins
and is assoclated with zolsite (Plate 33, C).

The vein-like habit of the garnet in this rock is like
that occurring at the serpentinite-gabbro contact (p.93 ).
(c) Analyses:

An analysis of one of the garnetized gabbros from
Byne Hill is presented in Table 12, 1.

The most significant feature 1s the high percentage
of Cal aﬁd the low value for silica, |

The corespondence of the Byne Hill rock with those
garnetized gabbros known as "rodingite" is evident (Table
12, 2, 3 and 4).

(d) Nature of the Garnet:

Attempts to separate the garnet from the Byne Hill rock
in guantities sufficient and pure enough for chemlcal
analysis falled owing to the constant admixture of zolsite
which appeared to have a rather wide range of specific
gravity.

Density determinations made on the garnet using heavy
liquid (Clerici Solution) showed a range of 3.491 to 3,398,
Refractive index measurements gave values of'i.742 for
S.G. 3,491 and 1.718 for S.G. 3.402. |

Garnet with the higher values of density and refractive
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index eppears to be normal grossularite (lime-garnet). That
with the lower values of density and refractive index may
be a hydro-garnet belonging to the series plazolite~hibschite.

Hutton (1943) in a study of the New Zealand rodingites
concluded that the garnet was a member of the gbove series,
containing 4.65% of water and named it "hydrogrossular",

The mineral differs from normal grossularite in possessing

a lower refractive index and specific gravity. The fbllowing
range 1s typilcal: N = 1,6780-1.7243 and S.G. = 3.39=3.46
(Hutton, op.cit.).

It 1s inferred that the zarnet from the Byne Hill
rodingite shows a corresponding range in chemical composltion
and the garnet having lower values of density and refractive
index may be hydrogroésular. | .

(e) Comparable Rocks from Qther Areas:

Analyses and petrographic descriptions of rodingites
from New Zealand and 7, Australia agree exactly with those
from Byne Hill (cf. Hochstetter, 1864; Davis, 1871;
Marshall, 1911; drange, 1927 and Miles, 1950).

Furthermore, the rocks are generally in the form of

dykes and are always assoclated with serpentinite.

6. Associated Lime-Silicate Veins:

Reference has al ready been made to the freguent

occurrence of prehnite, pectolite, epidote and other
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lime-gilicates in rocks marginal to the ultrabasics.
Small velns carrying zoisite and grossularite occur also
in the serpentinite at Byne Hill (9.93 ).

Similar veins of.lime-silicaﬁes, often 2 inches wide,
traverse the serpentinite at Poundland (Plate 10, ‘A).
Another vein cuts the banded granulitic inclusion at the
same locality (p.72 ).

The veins, which are generally milky-white and
moderately tough, are composed of a dense mass of zoisite,
often with patches of minutely granular garnet, In addition
small granules of epidote occur togetherwith granular
(?) diopside. The veins show no signs of belng derived

from igneous rocks.

7. Origin of the Rodingites and Lime-Silicate Velns:

The evidence indicates clearly an intimate relationship
between serpentinite and lime-metasomatism in the marginal
rocks, together with lime-silicate veins. In addition to
lime considerable amounts of water must be available since
the majority of the minerals are hydrous.

Marshall (1911) regarded the rodingites as primary
préducts of crystallization while Finlayson (1909, p.558)
considered the rotks to have been enriched 1In lime by the
digestion of limestone in the gabbroidal magma.

Grange (1927) concluded that the rocks were derived
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from the alteration of gabbros, the garnet being‘secondary
after calcic plagioclase,

Opinion at present favours the metasomatic introduction
of lime into the rocks by the serpentinization of lime-rich
pyroxene contained in the adjacent ultrabasic rocks
(Miles, 1950).

Other lime-silicétes introduced into the marginal
.rocks, in addition to garnet, are considered as having a
similar origin., Watson (1942, 1953) records the intro-
duction of prehnite, zoisite and diopside into basic and
acid dykes (albitite) intrusive into peridotite, now
serpentinized,

Associated with replacement phenomena are veins or
dykes bearing lime~silicates. Murgocl (1900) records
masses containing minerals such as grossularite,
vesuvianite, fassaite, clinozoisite, lotrite (pump=ellyite),
clinochlore, diopside, as inclusions in the serpentinites
of Rumania, while identical rocks have becen described by
Benson, 1918; Craham, 1917; Arshinov and Merenkov, 1930
and Turner, 1933,

| .In the case of the Byne Hill rodingites thers 1is no
evidence to sugcest that the lime was derlved from the
serpentinization of c¢lino=-pyroxene in the ultrabasic rocks

since the latter were harzburgites (olivine-bronzite).
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Some lime may have been derived froﬁ the alteration
of diallage in the gabbro itself but this would be quite
insufficient in amount.

Although the rodingites and lime-silicate velns are
closely associated with serpentinization, they are not
formed from material removed from the peridotitic rocks
durlng serpentinization., It is concluded that lime and
other materialé formed part of the hydrothermal solutions
and gases which were responsible for producing serpentinization
posterior to the consollidation of the ultrabasics and thelr
intrusibn by a later series of basic rocks.

Carbonation of the serpentinite, to be described
In the next section, is regarded as an identical phenomenon

Involving hydrothermal alteration of the serpentinite,

VII, CARBONATE ROCKS AND ASSOCIATED SULPHIDE DEPOSITS:

(2) Mode of Occurrence:

Serpentinite, altered to almést pure carbonate rocks,
occurs in some parts of the complex: in the southern :
belt at Knockdhu and Moak Hill and at Nor th Ballaird and
Byne Hill in the northern belt.

The carbonate rocks are generally assoclated with,
and show gradations into, unaltered serpentinite.

In many cases the rocks are developed along lines
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of faulting and deformation (e.g. Byne Hill, N. Ballaird)
but such a relationship is not always obvious in other
localities where original serpentinite textures remain in
the carbonated rocks (cf. Plate 25, A), |

At Byne Hill the carbonate rock is associated with
pyrites, this locality being once the site of a copper-
mine.

(b) Nature of the Carbonates:

(1) Magnesium-Iron Carbonate:

Rock bearing this kind of carbonate occur at Moak
Hill and Byne Hill,

Chemical and optical tests show that the carbonate
mineral is a member of the magnesite-siderite series with
more than 50% FeCOz- breunnerite or mesitite (Winchell,
1951, p.1l09; du Rietz, 1935), These rocks may also carry
a little dolomite.

(11) Calcium Carbonate:

The development of this type of carbonate occurs in
serpentinites at Knockdhu and North Ballaird.

(¢) Petrographys:

Rocks with Magnesium=-Iron Carbonates:

(1) At Moak Hill the carbonate rock projects as a boss-like
mass, some 50 feet high, above the level of the surbounding

serpenﬁinite. The rock retalns the texture of the ariginal
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harzburglite-serpentinite.

Bronzite crystals, pseudomorphed by.a grass-green
chlorite and carbonate are set in a dull grey groundmass
of carbonates (Plate 34, A).

In thin sections the orizinal texture of the rock
(mesh-structure) has almost vanished, although abundant
magnetite granules often preserve a vague mesh-like
pattern. Elsewhere however the magnetite appears to have
segregated 1lnto large irregular bodies.

Secondary quartz often forms a complex mosailc with
carbonate granules,

Irregular grains of picotite are also presenﬁ.

(1i) Exposed in a small stream at the base of the SE
slope of Byne Hill are carbonate rocks wnich are strongly
pyritized., ©No trace of an original texture remailns due
probably to the effects of deformation along a fault
(Plate 2). Only the presence of fractured grains of
picotite reveal its derivation from an ultrabasic rock
(Plate 34, B). |

Like the previous example the bulk of the carbonate
is breunnerite or mesitite but more euhedral, zoned
Oryétals of dolomite are also present.

Rocks with Calcium Carbonates

(1) At Knockdhu the carbonate rock forms an E-W trending

ridge about 50 yds. in length and is exposed in a roadside
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quarry by the Knockdhu Burn.

The rock at first sight appears to be bréqciated,
pinkish knots of calcium carbonate weathering out from a
dark serpentinous groundmass. All gradations occur in”thé
replacement of the serpentinite by calcium carbonate, which,
in addition to irregular patches, forms a complex system
of veins which tend to be sub-parallel (Plate 34, C, Plate
35, A). |

The replacement of large bastite crystals can be
observed; the fibrous structure remaining at: an advanced
stage of replacement, No distortion of the bastite occurs.
(11) Rocks similar to the above are developed at the
margin of & serpentinized dunite at North Ballaird. They
differ in containing small fragments of altered dlabase
which are not carbonated (Plate 35, B}.

"hether these fragments are inclusions in the
serpentinite or the margin of the mass has suffered
deformation can not be ascertained.

(111) A small knob of carbonate rocks occurs in associatlon
with serpentinite at Knockormal. The rock is composed of
large interlocking grains of calcite with occasional areas
of anhedral quartz., No relict picotite could be detected
SO that the origin of the rock is obscure. Its mode of
origin is quite different from a small lensoid mass of

carbonate rock in lavas just to the SW (Fig. 2).
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(d) Genesiss:

(1) Rocks with IlNMagnesium-Iron Carbonates:

The origin of these rocks presents little difficulty
since, in the conversion of a peridotitic rock to
serpentinite, some magnesia and probably iron must
necessarily be liberated (p.li8 ).

It is concluded that COp forms an important constituent
of the hydrothermal agents produclng serpentinization‘of
the ultrabasics, reacting with the excess magnesia and
iron to form the magnesium~iron carbonates.

(ii) Rocks with Calcium Carbonates

It 1¢ not easy to determine the source of large amounts
of lime in the carbonated serpentinites. By analogy with
the formationof roding;ite (p.ff0 ) the lime must be derived
from a source externsl to the ultrabasic rocks and not a
product of their serpentinization.

Many carbonated ultrabasics have been regerded as
simply phenomenon related to surfacé weathering or the
foects of meteoric waters at lower levels (Knopf, 1904).
However the occurrence 1ln varioug parts Qf the world of
large masses‘of completely carbonated ultrabasics suggests
& different mode of formation.

Problems connected with the carbonation of a mica-

a

neridotite dyke intrusive into shales and coals 200 feet
P .



Table 13: Analysis of a Carbonated Ilica-Peridotitoa

sze:
510, 14.48
T10, 1.56
Al,0, - B.44
Fe,0, 7.23
Fel 3413
MnO O Y 2 ‘7
MgO 22,53
Cald 18.21
0.53
Nazo )
K50 0445
HoO + 8.46™
HoO =  * 0.38
CO0g , 17,51
Py0g 0.30
S 0.38

100.86

x
Loss on ‘Ignition

SeGo 2.780

Carbonated Mica-Peridotlte Dyke, Dixonville, Penna.

Honess and Graeber, 1926, p.6.
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below the surface have been dlscussed by Honess and Graeber

(1926)+ <20 sbundant is the carbonate (CaCoS) that 1t is

regarded as primary, representing the last phases of the
magmatic activity when t he rock was attacked by rising
carbonated waters (op.cit., p.4). In addition, thé shale
and coal (coked) marginal to the dyke are also thoroughly
charged with dense carbonate.

An analysis of the carbonated mica peridotite dyke

is given in Table 13 (cf. Table 12).

The possibility of distinguishing between carbdnate
of a primary (magmatic) origin and that of a secondary
nature has been discussed by Baertschi (1951).

Primary carbonates’are characterized by a low content
of the heavy isotopes of oxygen and carbon expressed as
01?/016 and 615/ l% the standard of comparison being a
sedimentary limestone.

A sample of carbonated serpentinite from the exposure
at North Ballal rd was analysed for the writer by Baertschi
who determined the ratios as: 018/0%® = - 12,0 ana ¢13/c12 =
= 2.5, The closest approximation to these values is supplied
1§/016 -

by a carbonatite dyke from Alnd with O - 13,2 and

ct3/c12 = - 2.5,
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on the evidence thus obtained Baertschi regards the
carbonate in the sample as possibly precipitated‘from
(?)megmatic waser at a temperature of .some 200°-250°C,
| noting that the ratios are.raﬁber high for the rock to

be analogous with carbonatite.

It is inferred therefore that carbonation is a
hydfothermal process involving the addition of lime and
€Oy to the serpentinite. Certain similarities exist in
the mode of formation of the rodingites and the carbonafion
- of the serpentinite, both involving lime metasomatism and
desilication,

Probably only é short interval of time elapsed
between the serpentinization of the ultrabasics and
their local carbonation, the latter being a later phase
of the same general period of hydrothermal activity,
closing with the formation of ore minerals (cf.

Lodochnikow, 1936).

VII¥. THE PROBLEM OF SERPENTINIZATION

Serpentine is essentially a non-aluminous chlorite

having the composition Mgg(OH)gS1,0,,, but varying
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proportions of iron and alumiﬁium afe present in some
members of the groupe. The three common serpenting -minerals,
antigorite, chrysotile and serpophite which differ in |
crystallographlic and optical properties, are all represented
in the Girvan-Ballantrae serpentinites.

Serpentinization may be convenlently considered under
three headingsf () the chemical reactions involved, (Db)
the soﬁrée of the constituents which are introduced and
(c) the destination of the constituents that are removed.

(2) The Chemistry of Serpentinization:

Several reactions have been postulated in the conversion
of dominantly olivine-rich rocks into serpentinite (cf.
Graham, 1917; Turner, 1948), and may be divided accordihg
‘to whether or not a change in volume is involved.

From evidence alreédy given it appears likely that
in this area replacement of the ultrabasics by serpentinite
hes been volume for volume, the probable chemical reaction

involving addition of water and loss of magnesia and silica:

2Mg28104* 2H20 t 002 - H4Mg531209

+ MgCo5

This reaction produces a volume increase but if
appropriate amounts of MgCoz are removed the reaction can
be made volume for volume. In fact any simple equation

which involves changes in volume can be made volume for




Table 14:

Differences from Average Composition of

Gilrvan-Bellantrae Serpentinite,

(Rased on analyses recalculated to orams.

1, 2,
- 26,0 -17.0
- 0.3 -
+ 2,6 - 245
- 10.8 - 2.0
- 10.5 - 7.5
- 0;5 -
- 51,0 -22.7
- 1.7 - 4.8
+ 0.2 -
- 0.6 -
+ 27,3 +20.3
3429 3.07
l. Dunite.,
2
3, Wehrlite.
4, Lherzollte,
5. Diallagite.

(Specific gravities after Daly, op.cit.

-37.3
- 0,8
- 3.1
+ 7.5
-15.5
- 0.3
-32.9
- 2.8
-.4'4
+ 0.2
+34,6

3627

Daly, op.cit,

-39,.,1
- 0.3
-10.5
+ 3.9
-13.4-
- 0.6
-21.2
-11.3
- 1.5
- 0.6
+33,1

3423

Dely, 1933, p.20.
Harzburglte. Johannsen, 1937, D439,

p- 420

"% op,21,

per 100 c. Co)

- 43.0
- 3.0
-14.9
- 1.8
-27.0
- 0.6
+62.6
~50.7
- 5.6
- 1.0
+33.5

3420

P.47).
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volume by selecting certain values for each constituent

(cfo Turner, 1948, p.130).

4 Since, however, the olivine in the Girvan-Ballantrae
ultrabasics contalns 25% fayalite, while magnetite

(or haematite) occurs in the serpentinite, an equation of
the following type is likely (Craham, op.cit.): |
SMgSFe si208 + -500’24 45,0 + 0 —> 2H,MNg,51,04 * Fe 0, *
3Hg CO5 *+ 2810,

The removal of lg COS (magnesite) and silica produces
a volume decrease of 8%.

Serpentinization of the bronzite in the harzburgites
would follow lines similar to that of an iron-=bearing
olivine except that mdfe gilica would be liberated,
‘possibly together with a little alﬁmina and lime (cf.
Dana, 1894, p.347).

The following table (Table 14) shows the amounts
of material to be added or subtracted in deriving a
serpent inite of the composition of that of the Girvan-
Ballantrae area (Table 2) from ultrabasic rocks of
various types, a volume for volume relationshlp being
assumed.,

'In all rocks except diallagite, the main changes

on serpentinization are loss' of SiO, and MgO and a gain
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in Hy0. Consilderable differences exist however in the
gmounts of these constituents added ar subtracted when
pyroxene is present. It i1s possible for example for an
ultrabasic rock to exist which on serpéntinization would
involve neither & loss or gain in Mg O. The mode of such
8 rock would be olivine (Fo:Fa = 3:1) 28% and bronzite |
72% (SeCGe 3.25)s However no such rock is present in the
area,

In considering the changes brought about during
serpéntinization it is necessary therefore to make
allowances for variations in the mineralogy of the
ultrabasic rocks.

(b) Source and Nature of the Materials Introduced During
Serpentinization:

Water 1s the most Important constituent introduced
In the serpentinization of all ultrabasic rocks., Gaseous
materials including COy ars also probably introduced.

Either these materials formed part of the original
ultrabasic magma or they were introduced subsequently
from an external source.

A high content of water has been postulated to
account for the existence of ultrabasic magma in the
fluid state at temperatures far below the melting point

of olivine. The water is assumed to be present in an
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amount sufficient to explain-the serpentinization by a
subsequent process of autometasomatism (cf. Benson, 1918;
Foslie, 19313 Hess, 1933; Todochnikow, 1936).

Evidence has already been presented (p.36 )
indicating that serpentinization of the Girvan-Ballantrae
ultrabasics actuallyvpost-dated the intrusion of gabbros
into the antecedent ultrabasic rocks. Thus, even if the
water were present in sufficient abundance in the original
magma 1t does not seem to have been'directly involved in
serpentinization. An external source for the agents of
serpenfinization appears therefore to be likely.

Two possible external sources have been suggested
by workers on serpentinites, although these sources are
not entirely independent. |

The association of serpentinites with submaﬁine lavas
and marine deposits suggests that the water to produce
serpentinization might be derived from the sea (cf. Holland,
1899; Steinmann, 1905; Benson, 1918). This leaves
unexplained the origin of serpentinites of non-marine
assoclations.

The absorption by peridotite of water from the
adjacent rocks (geosynclinal sediments) has also been
Postulated (cf. Hess, 1938). The mechanism of absorption

bPresents a difficulty in both these hypothesis, while in
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the second the quantity oflwater available is unllkely
to be adequate.

In the CGirvan-Ballantrae area, the availlable data,
so far from surgesting that the adjacent rocks were
dehydrated points to the acfivity of hydrothermal solutions
beyond the limits of the serpentinite.

It is possible that the serpentinizing materials are
related to hydrothermal activity associated with and
following upon the intrusion bf later basic rocks.,.

(c) Destination of those iMaterials Removed During
Serpentinizations

Large quantities of magnesla must be removed from the
ultrabasic rocks'during serpentinization, together with
silica, Some magnesia is represented in the carbonate
focks, but these are trivial in amount and sporadic in
relation to the masses of serpentinite.

No satisfactory expl=anation for the absence of
displaced magnesia in the bulk of the serpentinite or
contact rocks can be given. It can only be assumed that
the magnesia was removed in solution and possibly
tfansported to higher levels., Post-serpentinite movement
has also removed it from its ofiginal contact associations
In the majority of cases.

In certain other regioné (cf. Bain, 1924) the

destination of magnesia and silica displaced during
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serpentinization 1s more easily ascertained, for important
deposits of magnesite with assoclated opal and chaicedony
have been formed Dby replacémeﬁt of limestone or dolomite
and as large bodies within the serpentinite 1tself (cfe
Lodochnikow, 1936). Similar cases involving the
dolomitization of limestones suggest the easy solution

and movement of magnesia,

IX., ACID INTRUSIVE ROCKS

(a) Distribution:

Two masses of granite associated with gabbro and
serpentinite are exposed at Grey and Byne Hills in the
north-western part of the area (Plate 1 and 2).

(b) Field Relationships:

The granites form central elongated cores about which
the gabbro is disposea. The southern margin of the
gabbro abuts'égainst serpentinite, the contact however
1s only sporadically exposed.

The northern margin is in contact with Benan
conglomerate along most of its length except to the SW
where the intrusive rocks are faulted against lavas.

kExposures at Orey Hill are very poorly déﬁeloped

and considerably weathered: they will not be considered
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further. The relationships are, however, identical with
those at Byne Hill where the exposures are rather better.
The rocks are, nevertheless, very much altered and
brecciated and provide very poor material for'thin sections.

Relationships betwesn the serpentinite and gabbro
of Byne Hill have been described previously together with
details of the ~abbro (pp.87-9& ).

| With one exception the junctions between the
serpentinite and gabbro are lines of movement along a
series of north-easterly trending faults.

Except where faults intervene, the inner (northerly)
boundary of the gabbro grades rapidly into diorite,
through quartz-diorite to granite (trondhjemite). This
relationship exists along the whole southern flank of
~the hill although towards the north-éast the gabbro and
diorite are cut out by faults which bring the serpéntinite
Into juxtaposition with granite. |

The form of the mass Wiil become apparent following
a description of the various rock types and their
disposition. All the contacts however appear to be
vertical or nearly so.

In order to study the relationships existing between
the gabbro, diorite and granite a line of traverse was

made up the flank of the hill from a point to the west of,



Table 15: Modal Analyses of Byne Hill Zocksg:

V.Qi—_:Z" L Q- o 3. 4- S
~uartz - - - 17.0 30.2
Orthoclase - - - X 2,0
Plarioclase 49 60.2 62,7 6340 57.9
Pyroxene -2 1.5 - - -
Hornblende - 42 16.0 X | X X
Chlorite 6 8¢5 - 18,0 12.0 9.8
Riotite - 2.0 14,0 5.5 -
Lpatite ‘} 3.0 - - -

11 :
Ore 53 X - -
Calclte - .- S5¢3 2.5 X
Zircon - - | X | X X
Total dark 50 28 32 17.5 9.8
minerals

¥ Less than 1%

1. Altered gabbro,: Byne Hlll (p. 89 )
2. ﬂc1dified gabbro, " (p.1as” )
3., DBasified granite, " " (p.i126 )
4, " " " " (p.126 )
5. Granite n " (p. 127 )
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and parellel to, a north-west trending fault which down-
throws to the north-east, (cf. Teall, 1899, pp.482-483;
Tyrrell, 1933, p.71).

(¢) Petrography

(1) Gebbro=Diorite:

A description of the gabbro has already been given
together with two modal analyses (Table 10 and pp 88-%),
one of which is repeatéd for comparative purposes in
Table 15, 1.

Some 6 feet f:om the diorite the gabbro appears in
hand specimen to be a normal ophitic zabbro (Plate 36, A).
Thin sections however reveal the pressnce of dispersed
shreds of deep brown biotite, often occurring in
association with altered plagioclase or developing from
chloritic material after hornblende (Hsrker, 1904,
pp.122-123), Secondary albite-oligoclase is present and
l1s probably derived from the primary placioclase.

One foot away from the diorite there is an Increase
in the lizhter constituents in the zabbro which never-
theless retains its textural identity (Plate 36, B).
Biotite bécomes more abundant while apatite, sparingly
present elsewhere, becomes prominent. The ferromagnesian
constituents are considerably reduced in amount and are
generally chloritiéed. Some uralitic amphibole remains

with oceasional cores of unaltered pyroxene.
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While tnere is a marked increase in plazioclase this
may be due to the inherent variabllity of the relative
amount s of the constituents in the original gabbro. The
- gecond generation plarioclase is however rather more sodic
than previously with ibgoAng (Plate 36, C).

A modal analysis of this rock i1s given in Table 15, 2.

Beyond thils point racdical changes in texture take
place. The gabbroidal texture breaks down into isolated
clots of felspar an: dark minerals, still showing.an
ophitic reslationship, the remeinder of the rock assuming
a xenomorphic granitoid texture (IPlate 36, ﬁ). Occasionally
pegmatitic veins carrying quartz, pink orthoclase and
biotite traverse the rock (Plate 37, A).

Within a few inches the whole rock assumed a uniform
granitoid texture.

Inthin sections the rock is xenomorphic-granular
although the plagioclase is generally more euhedral.

Its composition is Ab95An5 and quite fresh except for a
fine dusting of sericitic‘material. The lack of altered
“cores and its uniform composition suggests that, unlike
that in the previouskdescribed rocks; the plagioclase 1is
an original sodic variety,

The dark minerals are deep red biotite, often altered

to a spongy red vermiculite (Winchell, 1951, p.376). This
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alterationvproduct has been included with biotite in the
modal analysis given in Table 15, 3.

The rock ajears to have contalned amphibole which
is all altered to chlorite or biotite, generally with the
'development of calcite pseudomorphs.

Apatite 1s quite absent, but for the first time
zircon becomes a constant aécessory, usually assoclated
with the vermiculite (Plate 37, B). |

| While termed "dlorite" the texture is more granitoid
than dioritic,

The rock is regarded as a basified granite.

(ii) Diorite-Granite:

As the granite is approached there is a slight
coarsening of the rock accompanied by a decrease in the
dark minerals relative to the lighter constituents.
Quartz becomes visible in hand specimens and one or two
subhedral crystals of orthoclase can be seen in thin
sections (Plate 37, C).

The rock corresponds to a guartz-diorite but with
the same textural limitations as noted previously. The
mode of the rock is given in Table 15, 4.

With increasing acidity large clumps of quartz
weather out on the surface of the rock which passes into

an albite-granite or trondhjemite.
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Plasioclase with a compasition Ab95Am5 tends to form
idiomorphic crystals associated with stumpier orthoclace.,
It is probable that the original plégioclase may have been
rather more basic since freaquently turbid saussuritic
cores can be sesn. Indeed, 1f the rock is to be termed
trondhjemite (Balsillie, 1932, p.128) the composition
of the plagioclase should be oligoclase or andesine
(Johannsen, 1937, p.387).

Quartz tends to occur in clumps producihg gome degree
of irregularity in the overall texture of the rock (Plate
37, D, Plate 38, A4).

Biotite and accessory zircon form the remainder of

the rock, the mode of which is given in Table 15, 5.

(d) Hybridization:

Tt is considered that the rocks of intermediate
composition have been formed by the introduction and
exchange of material assoclated with the’intrusion of
.2 later mass of granite into an earlier intrusion of
.gabbro (cf. Harker, 1903, 1904; Tyrrell, 1928).

Mv On the basis of textures alone distinctions can
clearly be drawn in the fleld between acldified gabbro
on the one hand and basified granite on the other.

While the transition from gabbro to dlorite is
tolerably abrupt, being accomplished over a horizontal

distance of a few feet, it is nevertheless gradational



Table 16: Analysis of the Byne Hill Oranite:

5102 70.18
TiOz 0.46
Algos 14.24
Fezo3 0.16
FeO 4,64
MnO -
MgO 0.71
Cal 1.44
Nazo 6.09
Kzo 0,73
Hy0 + 0.88
H,0 - 0.34
COq -
Po0g 0.23
F952 0.19°
100.29

Balsillie, 1932, p.129,



-128~

in detail. The passage into granite is much more gradual
however and takes place over a distance of some 20 yards.
Unfortunately the extensive albitization,brecciation
and weathering of the rocks on Byne Hill renders
microscope determlination difficult.
(e) Analysess
In view of the altered nature of the rocks no new
analyses have been made. One analysis of the granite
(Balsillie, 1932) is given in Table 16, This rock is
slightly basified however,

(f) Form of the Byne Hill Complex:

The form of the complex has been deduced from two
main 1inés of evidences (1) the disposition of the
basified and acid eranite and (ii) evidence supplied by
faults, | |
(1) Areas of basified granite occur not only in association
with the pr=:sent outcrops of gabbro and diorite, but élso
on the northern flanks of the hill where no basic rocks
are exposed (Plate 2), This sugrests that the basic rocks
originally formed a complete mantle around the granite, a
relationship which is evident from the disposition of the
rocks at Grey Hill to the S o
(i1) The width of outerop of the diorite is variable,

tending to widen near a point immediately to the south of
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the summit of ﬁhe hill where its topographic height
approaches that of the granite at the summit.

Furthermore, granite on the west side of a NW
trending fault passing just to the west of the summit of
the hill i1s never basified and attains the ﬁighesﬁ degree
of acidity (Fig, 7).

It is coﬁcluded:therefore that the complex 1s arcuate
in form, granite occupying the core and originally lying
beneath the diorite and gabbro, forming a roof. This is
also indicated by the increase inthe amount of basified
granite cropping out towards the NE, suggesting that
higher levels troof zone) are being exposed; the Whéle‘
mass pitching to the NE.

(g) Faulting:

Two main systems of faults occurs (1) a north-
easterly group parallel to the general trend of the rocks
and (ii) a north-westerly trending system.

(i) The north-easterly group-are either strike faults or
reverse faults. In no case is it possible to deﬁonstrate
the precise nature of the fault., However Lapworth (1882,
P.579) recarded them as higﬁ angle reverse faults based
on evidencé obtalined from other parts of the Southern
Uplands wrere thrust faulting is widely developed. This

interpretation is also adopted in the present account.
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Two large reverse faults occupying the northern and
southern flanks of the intrusion bring the younger Benan
conglomerate into contact with gsranite and serpentinite
respectively.

The line of the northern fault 1is marked by a
topographlic depression and by considerable cataclasis
of the Benan congzlomerate and granite, the latter belng
frequently strongly haematized in the vicinity of the
dislocations.

The gouthern fault is less well exposed, but 1its
line probably occupies a topographle depression running
between Byne Hill and an elongated ridge of Benan
conglomerate to the south.

Smaller reverse faults traverse the igneous rocks
themselves causing gabbro and diorite to be progressively
eliminated towards the NE. These faults produce varying
degrees of cataclasis in the igneous rocks.

(11) The precise nature of the NV set of faults is al®
uncertain. Some are probably tear faults assoclated with
the reverse faulting. Two of the larger faults however
produce considerable vertical displacements in the rocks.
The largest of these 1s = _.parently that which serves

to define the south-western margin of the intrusion and is
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probably bringing up the whole Iintrusion from a lower lesvel,
sugeesting the possibility that the CGrey and Byne Hill
granites are continuous with a common NE pitch (Piate 33,
B, C).

Parallel to this fault is another passing just to the
wost of the summit of thé hill, Thils fault, which has been
mentioned previously, downthrows to the north-east, bringing

highly acid granite into juxtaposition with basified cranite.

X. PETROCHEMICAT, ASFECTS:

£11 the available analyses of the Cirvan-Ballantrae
rocks have been plotted on a ternary diagram in terms of
various oxides (Figse &, 9).
~Analyses of the diabases (Table 10, p.89 ) and
granulites (Table 8, p.?2 ) agree rather closely,
especially in the rather high proportions of TiOo and
Nag0. However Alo0z and Mg O are, with one exceptilor,
higher in the granulites. |
The average value for Ca O in both rocks is about the
same but the ratio of Mg O: Ca O varies from 0.58:1 to
0.55:1 in the diabases to almost 1:1 in the granulites.
| Chemically the zlaucophane-schists (Table 3, p.4)
resemble the sranulites but carry less alkalles and more

Fe and Ca O
205 and Ca )
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It will be seen in Fig. 8 that no significant separation

cranulite and

<

exlsts between the fields occupied by diabase,
glaucophane-schists, In fact there is a tendency towards
overlal.

Although no conclusive evidence is forthcoming it
is considered likely that the metamorphosed basic roclks
(eranulites, glaucophane-schists) formed part of thé same
gensral series of Arenig basic intruslive rocks of which
the diabases are the only unmetamorphosed members which
have been analysed.

&Lvidencs already presented suggests that Ca 0 and
Mg O are the oxides most likely to show significant
variations since many of the rocks are affected by lime
metasomatism or might be expected to exhiblit changes of
Mg O in connection with their metamorphism by the pericotite
or later processes of serpentinization,

To illustrate the changes in Ca(0 and MgO the rocks
are plotted on a ternary diagram in terms of Algos, Ca O
and Mg0O (Fig. 9).

It is evident that, indeed, two principle trends
are present; oﬁe towards increasing Ca O culminating in
rodingite and the other towards higher lig0 (granulites).

However, since the metamorphic rocks have been

subjected first to thermal metamorphism and later to the
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effects of serpentinization, it 1s not possible to assign

the alteration to any single process.

XI. SUMMARY OF THE IGNEOUS AND METAMORPHIC

HISTORY OF THE GIRVAN~-BALTANTRAE COMPLEX:

The oldest rocks in the district are the Arenig
spilitic lavas, tuffs, agglomerates and associated
radiolarian cherts and éedimentary rocks.

Peridotite was intrudec into the lower levels of
the volcanic series, possibly along the lines of earlier
dykes and fissures disrupting and metamorphosing the
lavas and associated intrusives, many of which became
included in the ultrabasic rocks (granulite, glaucophane-
schistg .

‘The peridotitic rocks and lavas were intruded by
pyroxenite dykes.

Access of the peridotitic magma to these levels was
facilitated by continuous deformation and downbuckling
of the thick volcanic pile (cf. Hess, 1938, etc.).

Following the consolidation of the peridoﬁite a
series of 1atér basic rocks were intruded, mainly into
the ultrabasics but also into the lavas. These baslic
rocks possess chemical affinities ﬁith the metamorghosed

basic rocks.



-134-

Tocally acid rocks, presumably differentiates of the
basic magma, Iintruded and hybridized the earlier basic
intrusives.

Serpentinization of the ultrabasic rocks followed
the intrusion of the later baslic rocks. The water and
other materials producing serpentinization were not
constituents of the peridotitic magma but hydfothermal
gsolutions and gases introducéd from an external source.,
Thesé hydrothermel agents may have been connected with,
and followed upon, the intrusion of the basic rocks.

The basic rocks intrusive in the peridotite have
also suffered serpentinization at their margins and are
intruded by serpentinite. A simllar relationship exists
between serpentinite and lavas in one locality (Pinbain)}.

In many cases the intrusive relationships of the
serpentinite are clearly tectonic (post-serpentinite).
Others however suggest that during serpentiinization the
ultrabasic rocks became comparatively mobile and under
regional deformational pressure were capable of intruding
-and replacing the marginal rocks.

Textural evidence also indicates some degree of
mobility (flow banding) in the serpentinite whicﬁ may
have migrated upwards by a process analogous to the

"ecold" intrusion of salt diapirs, still carrying inclusions
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of the rocks metamorphosed at lower levels, but in juxfa-
position with unmetamorphosed rocks at its present margins.

During the "cold" intrusion of the serpentinite
further marginal shearing and dislocation occurred. Some
unmetamorphosed ﬁabbros and sheared spilites, apparently
inclusions in the serpentinite, may represent rocks
disrupted and included in the serpentinite during this
phase of intrusion (Knockormal),

In adaition to serpentinization of the marginal
rocks there is evidence of the introduction of large
amounts of lime and weter in the form of calclite, prehnite,
epidote and grossularite (rodingite). The source of the
lime is attributed to magmatic waters persisting postefior
to the main sefpentinization and producing local carbonation
of the serpentinite and the development of sulphide ores.
Lime~silicate veins also traverse the serpentinite.

After the close of igneous activity the igneous
complex was subjected to two periods of folding, the
first pre-Bala and the second Caledonian., It i1s probable
thet the earlier movements were, at least in part,
contemporaneous with the igneous activity.

During these movements the igneous rocks suffered
considerable deformation and faulting, large movements

taking place along the serpentinite boundaries.
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"hile these movements produced strong deformation
in the serpentinite, the adjacent}lavas and‘intrusions,

being more resistant, show comparably less deformation.
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Fig. 1: Section across the whole Girvan-Ballantrae
Complex tmsed on Balley's interpretation
of the structure.







Geological map of the Knockormal

- glaucophane-schist locality. The small

mass of eclogitic rock is shown as a
small unornamented circle immediately
beside the exposure of pyroxenite.

. Reduced from a scale of 25 ins. to 1 mile.



NOILVIT04 \

44Nni

3L1MdS

3L19VIIVIA @ 311THHIM ﬁ-
3LINILNIJNIS

3AISNYLNI

ouaavo

— % JINVII0A

MO0¥ 3ILVNO8NVYD o.o.o“o

4SIHOS N334

|

3
|

JIHJHOWV.LIN
ALITNNVYHD 3ANITENHOH .

41SIHIS INVHJOINVID

-\
. omQ\
. o
' O
.\ \o
/ e
\ \.\ -
.\. K . .
S i—— VAP
-\ \ . . N
P . . o
— £ N
e Y N TYWHONDIONM
S 1=
— \ll\ - ) = ) .
e .
s -
oo T
;- - s
- g




Fig. 3: Optic orientations of hornblende (plain)
' and glauecophene (stippled).







ACF dlagram of the enalyses of the

Knockormal glaucophane-schists and
gabbros

1. Altered gabbro } Table 11
2. "Glaucophane-gabbro"
3e Glaucophane=schist

- Table 3
4, Hornblende-schist

5. Washington's average
basic glaucophane-schist






Tetrahedrsl dlagram showlng the positlion
of the fileld albite -~ epldote - glaucophane.
The oval dark area lies on the plane of
the above fleld and embraces the compositions
of the Knockormal glaucophane-schists and
Washington's average basle glaucophane-schist.
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Vertical sectlon th:mugh the Byne Hill
Complex along line A-B (Plate 2).
Scale 25 ins, to 1 mile. ‘
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Fig. 8: Analyses of the Girvan-Bsllantrae Rocks
plotted on a ternary diagram:

l. Diabase
Table 10
2., " ' '

3« Granulite
4, "

Table 8
5, " )

6. "

7e Glaucophane-schisti

8. " ' Table 3
9, n '

10, Altered gabbro Table 11
1l. Serpentinite Table '2

12. Rodingite . Table 12
13. Granite Table 16
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Fig. 9t : ,Analyses of the Girvan-Ballantrae‘rpcks
plotted on a ternary dlagram in terms
of A1203,Ca0, and MgOs

(Plots as in Fig.8)
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Plate l:

Plate 22

MAPS

Geological Map of the Girvan-Ballantrae
Complex. Scale: 2% ins. to 1 mile.
(Rear folder).

Geologlcal Map of the Byne Hill Igneous
Complex, Scale 25 ins. to 1 mile.
(Rear folder).



Plate 3: ULTRABASIC ROCKS

A, Sheared serpentinite at Burnfoot. Rotten
foliated serpentinite enclosing ellipsoidal
masses of unsheared serpentinite.

Be. Cobbles of coarse altered gabbro included in
deformed serpentinite; Burnfoot.

C. Position of sheared junction between websterite
dyke and shattered lava to the left of the
picture; Breaker Hill,






Plate 4:

Be

GRANULITIC ROCKS

Banded granulite; Poundland Burne.
Alternating bands rich in hornblende and
diopside, the latter rather schistose.
The lline of the knife and pencil marks
a vein of serpentinite intruding the
mass., At the top right a vein of
diopslide-zoisite traverses the rock,

Large knolls of flasered gabbro and associated

granulite rising above the serpentinite;
Millenderdale.






Plate 53

A.

Be

DIABASE INTRUSIONS; LENDALFOOT

Large,diabase dyke intruding serpentinite.
Patches of serpentinite adhere to the walls
of the diabase.,

Small diabase dyke intruding serpentinite.

Small diabase dyké intruding serpentinite.






Plate 63 DIABASE TNTRUSIONS; LENDALFOOT

A, Veins of serpentinite branching intrusively
into unsheared marginal diabase,







Plate 7: GABBRO SERPENTINITE CONTACTS; BYNE HILL

A, Steeply dipping contact between serpentinite
(dark) and chilled marginal gabbro (light).
The serpentinite 1s cecaked onto the gabbro
and adheres along depressions in the latter
(left foreground).

B. Serpentinite interfingered with marginal
phase of gabbro (light). One contact is
indicated by the pencil point.






Plate 8: GABBRO INTRUSIONS; PINBAIN

A, Blocks of serpentinite included 1In coarse
pegmatitic gabbro.

B. Vein-1like apophyses from gabbro branching
intrusively in serpentinite and diallagite.






Plate 9 GABBRO DYKESs BURNFOOT

A. - Gebbro dykes verying in width from 10 ins.
to 3 ins. cutting serpentinite.







Plate 103 LIME-SILICATE VEINS; POUNDLAND

A. Vein of diopside-zoisite rock traversing
serpentinite.







Plate 1l: LAVAS

A, Porphyritic spilite; Knockdollan,

Plagioclase phenochrysts and calcite-filled
vesicles lying in a groundmass of plagioclase,
chlorite and glass.,

(OL. x 30)

Be Spilite; Bennane Head.

Plagioclase laths and interstltial chlorite
and magnetlite make up the major part of the
rock, Two large calcite-filled vesicles are
prominent.

(0L. x 30)

Ce Amphibolized spilite adjacent to serpentinite;
N. Ballaird.

The chloritic groundmass has been largely
converted to fibrous amphibole.

(0L. x 30)






Plate 12: ULTRABASIC ROCKS3; SERPENTINITES

A. Serpentinized harzburgite; typlical of the
whole area. Cores of dusty serpophite lie
within a mesh-work of antigorite and magnetite.
A crystal of bastite after bronzite 1s visible
at the top left.
(OL. x 30)

B. Same field as above; nicols crossed. Antigorite
surrounding isotmwpic cores of serpophite.

c. Haematized serpentinite; Burnfoot.

Serpophlte cores and magnetite granules in the
entigorite converted to reddish haematite.
Fresh crystals of bronzite remain.

(oL. x 30)






Plate 13 ULTRABASIC ROCKS; SERPENTINITES

A Flow-banding in serpentinized harzburgite
deflected around basite pseudomorphs after
bronzite; Littleton Hill,

(XN. x 30)

B. " Primary mlineral banding in partislly
serpentinized olivine-pyroxene bearing
ultrabasic., The dense strongs of magnetite
are assoclated with the olivine-rich bands:
Cairn Hill. ’

(0L. x 10)






Plate 14: 'DUNITE AND “"PICRITE"

A, ' Partially serpentinized dunite; Knockdhu.

Relict cores of olivine in a developing mesh
structure of serpentine and magnetite. A
large grain of picotite occurs at the bottom

left.
(0L x 30)

Be Partially serpentinized dunite; N. Ballaird.
The large colourless areas are serpophite.

(OL. x 30)

C. Serpentinized olivine-pyroxene rock; Breaker Hill.

Bulk of the rock composed of serpentinized
olivine. The turbid areas are altered
pyroxene (Picrite of Teall).

(0L. x 20)






Plate 15: ULTRABASIC DYKES; PYROXENITES

A. Lherzolite; Lendalfoot.

Large crystals of diallage, often enclosing
rather eshedral orthopyroxene are abundant.
Partially serpentinized olivine occupies the
central portion of the fleld.

(OL. x 10)

Be Wehrlite; Knockormal.

Olivine-diallage rock., ~
, - (OL. x 30)

Coe Wehrlite; Knockormal,

Rather finer grained and the majority of the
olivine i1s serpentinized, '

(oL, x 30)






Plate 16: ULTRABASIC DYKES3; PYROXENITES

A. Pyroxenite (diallagite); Knockormal.

The rock consists almost entirely of
large plates of diallage, many of which
exhibit cataclysis or behding.

(OL.x 20)

B. ‘Websterite; Breaker Hill.

Large plates of diallage and smaller,
partially serpentinized, crystals of
orthopyroxene.

(OL. x 30)






Plate 17: GLAUCOPHANE-SCHISTS AND

ASSOCIATED ROCKS; KNOCKORMAL

A, Epidote-hornblende-schist.

Hornblende porphyroblast deflecting a finer
gralned schistose groundmass of epidote and
hornblende.

(0L. x 30)

B. Epidote-~hornblende-glaucophane-schist,

The centre of the field is occupied by a large
crigtal of hornblende marginally altered to
(lighter) glaucophane. Dusty, almost opaque
epidote is abundant.

(OL. x 30)

Ce Epidote~hornblende-glaucophane-schist,

Finer grained wvariety with clear epidote,
Strings of almost opaque granular sphene
Occu.’r‘. :

(OL. x 30)






Plate 183 GLAUCOPHANE-SCHISTS AND

ASSOCIATED ROCKS3; KNOCKORMATL

A. Prehnite vein "shot" with flbres of
actinolite cutting glaucophane-schist.
(OL. x 30)
B. "Glaucophane-gabbro". Large crystals of

epldote and hornblende with marginal
glaucophane are consplcuous. Streaks and
patches of colourless albite are also
present, No schistosity 1s developped.

(OL. x 30)

C. Fine grained garnet-glaucophane-schist.

(0L. x 30)






Plate 19: GLAUCOPHANE~SCHISTS AND

ASSOCIATED ROCKS; KNOCKORMAL

A, Band of asbestiform glaucophane 1n greenschist.
Assoclated with the §laucophane is actinolite,
albite and peculiar "spherulitic" epidote
crystals.

(OL. x 30)

Be. Greenschist (Albite- epidote-chlorite-actinolite).
' (X8. x 30)






Plate 202 ECLOGITIC ROCKS; KNOCKORMAL

A. Grenular aggregates of pyroxeme (colourless),
emphibole (very pale green) and garnet. The
black bodies are crystals of deep green
ceylonite.

Be Pyroxene, amphibole and garnet-rock, Some
of the garnet forms Intergrowths with the
amphibole (right centre). A small vein of
fibrous prehnite cuts the rock (left centre).

(XN. x 20)






Plate 21: GRANULIT IC ROCKS

A, Granullitized gabbro; Poundland Burn.

Large crystals of diallagic pyroxene undergoling
granulation to clear, granular pyroxene. Both
the primary and secondary pyroxene are altered
to deep brown hornblende. Partially
granulitized olivine also occurs (top right)
and secondary plagioclase (bottom right).

(oL. x 20)

B. Porphyritic marginal phase of above,

Altered primary plagioclase invaded by
secondary pyroxene, plagioclase and horn-
blende in the ground mass.

(OL. x 20)

Ce Granulite; Littleton Hill.,

Typical beerbachitic temture defined by
granular hornblende and plagioclase. Relict
patches of primary plagioclase remain in
outline but are partially recrystallised
(cf. Plate 22, A).

(0L, x 20)






Plate 22: GRANULIT IC ROCKS

A. Granulite; Littleton Hill.

Plate 21, C, nicols crossed.

Be , Porphyritic granulite; Littleton Hill.

Thermally clouded primary plagioclase crystals
are prominent. The groundmass exhibits relict
flow banding in recrystallised plagi oclase
laths. The remainder of the rock consists of
deep brown hornblende and occasional biotite.
T?e rock may have been a lava (cf, Plate 11,

- A L]

(0L. x 20)

C. Porphyritic granulite; Littleton Hill,

Note the inclusions of groundmass material in

the thermally clouded plasloclase phenochrysts,
a structure common in basalts.

(0L. x 20)






Plate 23: GRANULITIC ROCKS

A, Slightly schistose granulite; Littleton Hill.

The rock consists mainly of brown hornblende
and plagioclase.
(OL. x 20)

Be Banded granulite; Poundland Burn.

Light band of diopside and plagioclase in
sharp contact with a dark band of predominantly
brown hornblende and plagioclase.
(OL. x 20)







Plate 24: FLASERED GABBROS AND GRANULITE;

MILLENDERDALE

A, Hand specimen of ophitic central portion of
the mass showing hard white saussurite and
dark brown hornblende after pyroxene.,

(Approx. full size)

Be. Thin section of above, Note the recrystallisation
of the diallagic pyroxene, still ophitically
related to saussuritized plagioclase (cf. Plate
21, A).

(OL. x 10)

Ce Flasered gabbro near the margin of the mass,
Note the finer grained bands developing.

(Approx. full size)







Plate 25: FLASERED GABBROS AND GRANULITE;
MILLENDERDALE

A. Marginal phase of the gabbro mass.

Flasered and sheared bands of coarse gabbro
in juxtaposition with finer grained non-
schistose granulitic band (top of picture).

(Approx. full size)

Be Thin section of above.

Coarse sheared bands passing quite abruptly
into non-schistose granulitic bands. Most
of the plagloclase has recrystallized but
retains its primary (lenticular)outlines
in the coarser bands.






Plate 26: DIABASES; CONTACT PHENOMBNON 3

LENDALFOOT

A, Central portion of large dlabase dyke intrusive
in ultrabasic rocks (Plate 5, A). The rock
"1s much altered and consists of turbid plagio-
clase and fresh titan~auglte.
(OL. x 20)

B. do., nicols crossed.






Plate 27: DIABASES; CONTACT PHENOMENON ;

LENDALFOOT

A, Contact of diabase towards serpentinite. The
specimen has broken along the actual contact
(left) but a very thin serpentinite selvage
1s just visible. The contact dlabase is

porphyritic and possesses a glessy mesostasils
(cf. Plate 29).

(oL. x 8)

Be Partially serpentinized harzburgite selvage
to above, Dense aggregates of granular,
closely sutured, olivine; rendered nearly
opaque by minute ore., Lighter crystals of
partially altered bronzite also occur together
with veins of chrysotile.

The rock was probably contact altered prior
to serpentinization.

(OL. x 20)






Plate 283 BYNE HILL GABBRO

Be.

Hand'specimen showing the variable amounts
of plagioclase and dark minerals in the
rock. The texture is strongly ophitic but

exhibits considerable variations in grain
size.

(Approx. full size)

Thin section of above.

Turbid plagioclase (saussuritized) and deep
brown hornblende after pyroxene are prominant.
The hornblende is so strongly coloured that

it appears to be almost black in the
photograph.

(oL. x 30)






Plate 29: BYNE HILL GABBROj; CONTACT PHENOMENON

A, Contact (arrowed) between fine grained margin
of gabbro and serpentinite.
(0L, x 10)

Be - : deo

Ce do.

Some of the veins carry grossularite in
addition to pectolite and prehnite.






Plate 30:

A.

BYNE HILIL GABBRO; CONTACT PHENOMENON

-

Idealized sketch of the contact shown in
Plate 29, C to indicate more clearly the
distribution of the zones of alteration.

(Approx. x 30)
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Plate 31l: OTHER GABBROIDAL MASSES;

BURNFOOT AND TROAX

A. Small vein of gabbro (altered felspar,
enstatite and olivine) cutting serpentinite;
Burnfoot (cf. Plate 9, A).

Dense agpregates of ore are developed in the
serpentinite marginal to the basic veiln,

(OL. x 4)

B. Even gralned ophitic gabbro; Troax.

The rock consists of secondary amphibole
and saussuritized plagioclase.

(0L. x 20)






Plate 32: (A) OTHER GABBROIDAL MASSES; KNOCKORMAL

(B) ALTERED SERPENTINITE; BYNE HILL

A, Altered gabbro; Knockormal.

Saussurltized plagioclase in ophitic
relationshlip with secondary green hornblende.

(0L. x 30)

B. Contact altered serpentinite marginal to a
Tertliary dyke; Byme Hill,

- Mesh structure almest obliterated. Large
ovold areas composed of fine grained ore
and chlorite. Relict picotite is also
present.

(OL.x 6)







Plate 33: GARNETIZED GABBROS (RODINGITES);

BYNE HILL

A, Completely garnetized plagioclase ophitically
related to chloritized pyroxene. A large
grain of magnetite occurs near the centre of
the field.

(0L. x 20)

B. do., nicols crossed.

The origlinal gabbroidal texture is brought out
more clearly. The plagioclase is rendiered
quite isotropic, but its crystal outlines
remain. A large area of chloritized pyroxene
1s prominent (lower right)

Ce Partially garnetized dyke-rock. Veins bearing
grossularite and prehnite traverse the rock
in which subhedral pyroxene 1is prominent.

- (OL. x 6)






Plate 34: CARBONATED SERPENTINITES

A. Carbonated serpentinite; Moak Hill.

The groundmass and a prominent bastite crystal
are replaced by magnesium-iron carbonate.
Relict picotite remmins intact.,

(XN. x 20)

B. Carbonated serpentinite; Byne Hill.

Serpentinite completely replaced by carbonate,
only relict picotite remains as a prominent
fractured crystal.

(OL. x 20)

C. Carbonated serpentihite; Knockdhu.,

The rock consists almost exclusively of angular
carbonates and magnetite.
(OL. x 20)






Plate 35: CARBONATED SERPENTINITE

A, Carbonated serpentinite; Knockdhu.

The texture of serpentinite is preserved but ,
1s being replaced and destroyed by aggregates
and veins of carbonate.,

(XN x 20)

Be - Carbonated serpentinite; N. Ballaird.

As above, but small lgneous fragments are
also present (right).







Plate 36:

A,

B.

C.

D.

BASIC AND ACID INTRUSIVES; BYNE HILL

Acidified gabbro. Large clots of amphibole
after pyroxene are prominent and the texture
is gabbroidal. The rock carrles blotite
(6 feet from diorite).

(Approx. full size)

do.

The rock is more even grained and felspathic .
with abundant biotite. The texture 1ls still
gabbroidal (1 foot from diorite).

(Approx. full size)

Thin section of B, above., The rock consists
largely of saussuritized felspar and
biotitized amphibole.

- (0L. x 12)

Acidified gabbro. The gabbroidal texture is
breaking down to a more xenoblastic granitold
texture leaving coarser gabbroidal clots
disposed throughout the rock.

(Approx. full size)






Plate 37: BASIC AND ACID INTRUSIVES; BYNE HILL

A, Acidified gabbro. The gabbroidal texture
has virtually dimppeared although a large
clot of hornblende remains. The rock is
cut by a pegmatitic vein of quartz,
orthoclase and biotite (left).

(Approx. full size)

B. Basified granite (albite-diorite) containing
altered hornblende, chlorite and biotite.
The plagioclase may be primary in origin.

(OL. x 12)

C. Quartz-dlorite or basified granite. Quartz
1s visible m&croscopically.

(Approx. full size)’

D, Granite.

(Approx. full size)






Plate 38: ACID INTRUSIVES; BYNE HILL

A Granite. The rock consists of euhedral
plagioclase albitized and kaolinized with a
ratier patchy development of anhedral quartz
and biotite,

Be Sheared and brecclated granite along fault
ZOone. .
(Approx. full size)
Ce do.

Thin section showing the thoroughly cataclastic
texture of the rock,

(XN. x 12)

‘
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