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l.

I INTRODUCTION

Since the clsssical ;prk of Lepworth, geological interest in
the vouthern Uplands has centred lergely on the fossiﬂferous
bends while the clastic rocks have received scant attention,
However, the introauction of new technigues, such es ®"way-up®
criteris, and the improveﬁent of existing ones, héve now mede it
possible to exemine the greywackes in a detailed and systematic
. menner, It was in this cohtext thet the work described in the
following thesis was undertsken,

the primary objectives of the research were the investigation
of the petrology of a typical group of greywacke-suite sediments &n
en attempt to discover the conditions under whlch these rocks were
deposited. It wes envisaged that such a‘study should involve
examination of the laterel variation of the sediments and elso thei
§ariation in time, since it was thought that the stratigrephy &nd
structdre.of this area had slready been estetlished.

However, a8 few weeks' field-work sufficed to show that, in
this area, the accepted théory of‘the structure was not tenable,
end, partly as & consequence of this and partly from independent
evidence, it soon beceme clesr thet the stratigrsphy, &lco, could
not be.relied upon.,

Thus, &t &n early stege of the study, it beceme necessary to

widen the scope to include investigation of the structure end

stratigraphy, &nd these aspects of the work have come to assume

concsiderable proportions in this thecis,

/there



2.

There are coméaratively few streem-sections in the &rea
described end, apart from the coastline, which is almost completely
exposed, outcrops are aslmost entirely confined to hills and craggy
moorlend, with a number of old quarries and resil.ay-cuttings,

As 8 consequence of.this, most of the conclusions to be presented
leter are based on evidence collected from shore-gxposures,
although valuatle additiénal end confirmetory informetion was

obtsined from the inlena exposures,

A, GENBRAL SETTING OF THE AREA

The esree embreced in this work is etout 70 sq. miles end
comprises the northern gart of the Rhinns of usllowsy, vest of a
line running roughly north-south through Strenraer and north of & .
line running west-south-west from Stoneykirk, to Portayew on the
‘west coast &fig. 1 and fig.2 ).

Within this aree three distinct topographic provinces mey be
recogni sed. (1) The coastline; (2) the esctern coastel lowland;
(3) the rough, hilly uplends.

(1) At the north end of wig bey, near Airkco;m, & narrow
spit of grevel extends for two-thirds of e mile out into Loch Ryan,
@and mudflsts and wide, sendy teaches characterise the coast from
here south to Strenrser. the remeinder of the coestline, however,
consists of precipitous, often lofty, cliffs vith only occéasionsl
small sandy coves, and presents an almost continuogs exposure of
rock, Broadsea Besy, on the west coast, has a sandy beach some two

/miles
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miles long, but it is becked by high, rugged cliffs (Plete Ia).
The genersl height of the cliffs on the eeSt eand north cossts is
eround 100 feet, while the cliffs on the western seaboard are
generally higher, averaging sbout 200 feet, btut rising to over 300
feet south of Morroch Bay (Plate Ib).

This coastline strikingly portrays the influence of geology
on the scenery, Promontories and headlands sre usuelly formed
in herd rocks: coves and bays in soft rocks or along lines of
shatter,. The lest case is well illustrated by Lady Bey and
Dounan Bsy, both cut in the shettered rocks associated with the
Southern Uplands rsult; end alsoAby the rugged, serrsted north
‘coast with its long, porthwerd-pointing skerries determined by
conspicuous north-south joints and smell wrench-faults (Plate [Ia).

(2) The eastern coastel lowlend is & strip of relatively low,
rolling country, about @ mile wide, sloping down to the sandy
beaches and mudflats mentioned sbove znd extending south from
Kirkcolm to the head of Luce Bey. vThis strip is floored by rocks
of Cartoniferous and Permian ege, breccias and sandstones which,
beceguse of thelr reletive softness, have teen eroded huch mor e
readily then the hard greywackes of the uplend ares, In this
region is found most of the rich erable land in the Rhinns
(Plate IIb).

(3) This upland eres, which comprises the greater part of the
Rhinns, 1is @ pleteau-like expanse of rough moors, psstureland send

/occesionel
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occasiongl cultivated pstches at & genersl height of about 350 feef
It is broken by meny low hills which become higher end more frequer
to the south. ihe highest of these is Ceirn Pst (593 feet sbove
see~-level) and iqoxing south from here the observer cennot feil to
notice the gently undulatipg neture qf the uplend trect,
monotonous in its regulsrity. This whole erea must fommerly heve
lain under s thick cover of pest vwhich is now meinly preserved on
the hill-sides and on the wide mobrlands, such as Brvie, Galdenoch,
Lerbrex, Craigenlee, Uraigoch and Brdad Moors,

Although no large river 1is found in this district, there are
numerous small stresms, most of which fun roughly east-west, nesarly
strikewise, The largest of these, the riltenton Burn, rises to
the north-vest of Stranrser snd flows south-east, entering Luce Bay
at its north-esstern end. There are & number of smell, but deep,
fresh-weter lochs, probebly of glacial origin, the largest of which
is Loch vonnell, near Kirkcolm,

‘The generel geology is essentially simple, Steeply-dipping
Ordovicien rocks, with & dominantly north-east - south-west strike
cover most of the northern part of the Hhinns, end are flenked to
the eest by & thin veneer of Millstone Grit, represented by red
and grey sandstones and mserls, and Permien red brecciles. ‘Ihese
beds dip very genily to the south;east and evidently mantle the
vest side of sn sncient north-south velky, of shich Loch Hyan and

Luce Bay‘are drowned portions. The general geologicel setting of
/ the
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the aree, &8s relsted by the Geolosicel Survey to the rest of the
Southern Uplends,. has been described in the iZccount of Previous

Resesrch.

B, ACCUUNT OF PReVIOUS RESBARCH

The eerliest published observations on the geology of this
district ere those of the celebrated smi boue, who regarded the
Rhinns of Galloway ss forming the western end or his “terrain de
greuwacke", He not ed that the beds of greywacke had the nomeal
strike of ocottish rocks, {la direction ordinzire des roches
ecoss3aises") end generally hed a very steep dip, while, near
Portpatrick, he noted meny smell veins of quertz in the greywsckes.

Nearly twenty years.péssed before any further information abou
the geology of the Rhinns wes publishec, and it was not until 1839
thet there appeared the first of 8 series of importent papers by
J. Cerrick:Moore.' 1his paper gave a brief account of Noore's
discovery of graptolites in "slates" (=shales) on the nést side of
Loch Hyen, & discovery of considerable importance in the history of
Southern Uplunds geology, sinée it is one of the earliest records
of the occurrence of these fossils in Scotlsnd.

tne following yeer (1840) Moore contributed a longer paper to
the Geological Society in which he steted that the rocks of the

Khinns constituted psrt of the "great greywacke chain", and noted
/ the
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the dominsnt strike of the rocks, the occurrcnce of greptolites
in certsin bunds of "slete", and the coarse conglomerates to be
found near Corsewall Point.

James Nicol, in his "Guide to the Geology of Lcotland" (1844),
following Jemieson, placed the greywackes end sheles of the Souther
Uplands in the 'Iransition Series' of Werner end statea thatl an
elmost complete succession of these strata was to be found'in the
rhinns of Gellowsay, He slso no;ed the presence of the coarse
corsewall conglomerate .hich, however, he erroneously equated with
the coerse breccia which overlies the greywackes on the east side o
the Khinns end which is now belleved to be Permian in &age,’

In 1848 Koore pullished another paper smplifying his previous
accounts of the geology of the Hhinns end of S. Ayrshire, and givin
the first geological mup snd sections of the region, He placed th
rocks in the Silurien System of kurchison, and noted that the local
'physicél structure' was similer to that of Peeblesshire, as
described by Nicol. £ fairly detsiled description of the
succession to be seen on the west cosst of the khinns wes ther
given, particuler sttention being pzid to thé fossiliferous
horizons. He described the Corsewsll conglomerate and concluded
that there .ere no rocks exbosed in the neighbourhood from which th
containea pebbles could have bteen ueri§ed, although he did edmit
that the pebtles of 'serpentine' closely resemble the rock of
bennene Hesd, Bullantrae. In an eppendix, Selter described the

/ fossils
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.fossils from the Stincher vslley and the Loch Hyen district snd sta
thet the greptolites from the latter district were similar to those
found in the black Llendeilo flags of .exford and Cerdiganshire.

Murchison (1851), suggested that "the schistose rocks ranging
through wigtownshire end Galloway" might overlie the fossiliferous
limestones of the Girven-Lsllantrse district, while, in the previou:
yeer, Sedgwick had placed these rocks in an "Arenesceous Group?,
overlying the bassl "Moffat Guroup™ of shales-and overlain, in turn,
by the South Girven uroup .of fossiliferous rocks.

In Moore's lact paper (1856) he dealt with the strucfure of the
rocks exposed on the west coast, concluding thet they were folded
into & ser;eg of asymmetrical enticlines and synclines, one limb
being near-verticel, the other dipping at low engles, with the 'axes
(‘axial plenes) dipping south,. He further condluded that the
graptolitic shales (which occur south of the Southern Uplunds Fault)
were stratigraphicelly lower than the Corsewsll conglomerate,
Substantially the sazme structure and stretigraphy was deduced for
the east side of Loch Rysanmn.

In 1873 the ueologicel survey published the first edition of
the 1% geologicel mep of the srea, together vwith an "wxplenation",
both based on the vork of U, K., lrvine and A. Geikie, ‘t'he me&in
points which emcrged from this vork sre as follows: |

\e&) the whole of the north part of the Khinns is occupied by
rocks of Lower Silurien sge ( "lLlandeilo teries"),

\b} A mejor synclinel exis wes considered to run through

/Morroch
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Morroch Bay to the north-east and the strate were believed to. be
“thrown into innumerable minor folds", these folds frequently
having reversed limbs, ‘

\(c) These rocks were divided into six groups, and equated
with similar groups first erected in the ty pe-area to the east,

(1) Ardwell Group. Unfossiliferous, well-bedded, reddish

greywackes end grits, with bands of hard shals, These viere said
to occupy three miles of the western coestline, et itssouthern
extremity, the apparent thickness being due to repetition'of the
beds bty wide reversed anticlinsl folds.

(2) Llower or Lioffat Black Shale Group. 1000 feet of flaggy

grey wackes, "grey'flaggy shales®, snd thin bends of black shales
carrying greptolites, It occurs et one point on the west coast
north of the Ardwell Group.

(3) wueensberry Grit Group. Thick series of unfossiliferous

. thick greywackes and grifs, with occasionel bends of grey and green
shales, Ureywackes often pebbly, sometimes conglomératic.

Lxposed on the coast, south of Portpatrick, and réappear3 through
folding, at Corsewall Point, where the group is coarsely
conglomeratic,

(4) Dalveen Group. Thick series of well-bedded greywackes,

with frequent thick bends of grey asnd blue shales and one thin band
of bleck shale, with graptolites, This Group was thought to
extend from Scarty Head for two miles north, and from Portpatrick

/ to
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to the Genoch Rocks., This apparently enormous thickness was
eccounted for ty the “extreme plicetion of the rocks"”,
Occesionslly, it wes stated, portions of the overlying Lowther
shales are found, csught in the cores of the synclines.

(5) Lowther Group. Green &nd olive shales, with thin

greywackes, coarsening to the north. Believed to form cliffs
between the south end of Morroch Bay end Anockieneusk Heed, &and
from the north end of korroch Bay to Portpstrick,

(6) Upper or Black chele Group. Thick bends of black

shales, grey, red end green flags, and lenticulsar greywackes.
well-exposed in Morroch Besy and repeated, to the east, in Creilloch
Burn,

(d) Finelly, the rocks of the Portpstrick esrea were stated to

show evidence of considerable (thermsl) metsmorphism,

Although subsequent work has shown many of the conclusions
reached in the "Explasnation" to bé erroneous, it nevertheless
mérked e considerable advance in the investigation of the local
geology.

In the first plece, a systematic and detailed description of
the various lithologies to be found ih the area was given,

Secondly, this work merked the first attempt to relate the
detailed local geology to that of the rest of the Southern Uplends,
end sl though the attempted use of lithology elone &8s & correlative

/eriterion
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criterion weg to prove & signal failure, it pointed the way for the
feunal correlstion which wes to be used, with such spectacular
success, by Lespworth,

Fina;ly, it is clear that these eerly vworkers realised that
apperently enormous thicknesses could be reduced to credible
dimensions by invoking repetition by numerous folds with reversed
limbs ( isoclinel folds),

Twenty-five years laster, in 1899, the results of the researche
of Pesch and Horne were putbtlished in the first volume of “The
Silurian Rocks of britain", Their conclusi.ns undoubtedly owed
much to the general theories of stratigraphy e&nd structure
forrulated by Lepworth in the Noffat and Girvan regions,

They concluded that the a2rea at present under discussion liles
largely in the Northern belt, with the southern part occupying the
nortn’bbundary of the Central Belt, In the pert lying in the
Northern Belt, the unfossiliferous greywackes, conglomerates and
siltstones were thought to be of Glenkiln-Hertfell ege (Llsndeilo-
Cerédoc), the leteral equivalents of the typical fossiliferous
bleck shsles of the Moffet axiasl region, which glso occur "in the
cores of anticlinal folds" on the south margin of the Belt; near
Portpatrick, There, the blsck shales asre associated with multi-
coloured cherts and mudstones, end thin tuffs, considered to be
srenig in uge,

/1t
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It was postulated that, while in the Morroch Bay section, thé
Glenkiln end Hertfell divisions are represented by & total of about
100 feet of graptolitic black shalesvwith "flint-ribs" (Glehkiln)
and blue-blasck shales (Hartfell), proceeding nor thwards the shales
become coerser, flaggier, with greptolites confined to thin dark
seesms &and films, and ere interleesveu with coarser sediments -
greywaeckes, grits and siltstones. This luteral trensition, it was
believed, occurred further south during Hartfell times then in the
preceding period, since; in the Broadsea Bay section, although the
Glenkiln greptolites occur in @ 12" band of blsck shales with flint
ribs, the overlying beds, believed, on indefinite pﬁlaeoﬁtological
evidence, to be Hartfell, are derk ssndy shsles with black strains.,
This wes offered as evidence of the gredusl shellowing of the
geosynclingl ses,

Moreover, owing to the cloce association of graptolites though
to be common to both the Glenkiln and (Lower) Hertfell, in the thin
derk seams interlezved with coarser sediments, it wes found
inpossible to drew & boundary between these divisions, in the north
part of the Rhinns, A1l these beds, to the northern extremity of
the peninsula, were therefore grouped as Llandeilo-Caradoc in\age.

¥urther south, it wes believed, the coarser beds were Hartfell
in age, while, still further to the south occurred bends of black
shale carrying Lower EBirkhill graptolites and overlain by greywackes
presumebly of Upper birkhill age. The maximum thickness of the

beds involved appears to have been regarded as sround 2000 feet,

/Structurslly
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Structurelly, the region was regarded as lying neér the
junction of the great northerly enticlinorium and the southern
synclinorium, which together comprise the greater part of the
Southern Uplends (fig. 1). The dominant folu-style was believed
to be isoclinel, and repeated folding of this type was postulsted,
to reduce the spparently enormous thickness of strata observed.,

l'he Southern Uplands Fault was recognised in Lady Bay and
Dounan Bay and 1t mey be inferred from the published sections that
in this erea the fault waes regarded es normel, throwing to the
south, with @ relstively small verticel displecement (approx,
4-500 feet). Other, small faults .ere said to be aséociated with
the isoclinel folds btut considered to be of little tectonic
significance, Mention was also made of the sporacuic occhrrences
of highly-cleaved rocks,

Since the publicetion of this Memoir, no serious research hes
been devoted to the Lower Pelaeozoic rocks of the Khinns, but
accounts haeve been published of two very brief visits to the
region,

In 1952 the Geologists' association visited Girven end spent
one day on the Rhinns being conducted by G. w, lyrrell,. At
Corsevall Point some of the boulders in the‘conglomefates were
considered to be of "lewisoid" appearence, The single stipe of
a graptolite (sutsequently identifieo by vr. G, L, klles as the
scelariforn sspect of a Dicellogreptus) which wes found in a

/greywacke
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greywecke boulder, was taken to indicate a post-Llandeilo or
post-Cersdoc age for the conglomerate, vhich was tentatively
equeted vith the conglomerate et the Horse Rock, Girvan.

Finally, in 1952, while visiting Britein (in order to test
his theory of the turbidity-current origin of greded greywackes)
Kuenen méde & reconnaissance of the Southern Uplsnds, including
part of the west coesst of the Hhinns, In his published accouﬁt
he claims thet the greywscke sequence (in the Fortotello area)
exhibits the combination of features normel to deep-wster graded
greywackes, further south however near larbrax bay though the
greding 1s inconsplicuous he nevertheless concluded thet the “dirty"
nature of the greywackes, snd the occurrence in them of occasionsal
shale-fregments, together with the sporadic appearanée of well-
bedded, graded greywacke seguences, indicated that these teds, 8lso
were not shallow-weter deposits,

He noted the occasional beds of sheale carrying irregulsr
lensing cslabs of greywacke, and proposed that these might indicate
slumping. Without comment, he reported the common presence of
leminated siltstones showing good current-bedding intercalsted
with the greywackes,

The directions of supply @s decuced from current-bedding and
ripple merking which he noted were very variable, rénging from
north-viest, due west and south to nearly east, and he accounted for
this by postulating oscillation of the geosynclinal slope and deep
floor, producing variable directions of flow of the turbidity-

currents,

/Lestly
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Léstly, he remarked upon the fact thet over much of the coeast
which he surveyed, the bottoms of the. beds elways facea south, and
expleined this by saying thet "the northern limbs of the isoclinsl

structures are completely suppressed‘,



15,

II STRATIGRAPHY

Introduction

The table of successions (table I) indicates the sequence of
beds in the area us seen in several critical sections on the west
coast,

Since the dip of the beds is ususlly high and frequently
inverted, sequence ccnnot safely be determined from attitwde,.
therefore the order of succession is derived pertly from fragmentary
paleeontologicsl evidence but largely from the order of upward
sequence indicated by the sedimentary structures (for these criteria
see section IV and walton, 1Y568).

In the course of the field-work certsin Groups of rocks were
differentieted from one enother by meens of gross lithology ( rock-
type, average grain-size, average thickness of bed, greywacke-lutite
ratia, within each primasry group certain divisions hLeve been
erected, whose rocks asre cheracterised by their distinctive
microscopic petrography. (Thus, within the Portpetrick Group,
which has & feirly uniform gross lithology, two divisions have bteen
recognised. The rocks of the lower (Acid) division contein numerou
fragments of acid igneous rocks while the rocks of the upper (Basic)
division are rich in basic-igneous-rock fragments.) A departure
from these principles of clessification is found in the Corsewall
Group, where the rocks sre pétrographically uniform but have been
essigned to two divisions on the basis of their megescopic

/characters
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characters, In this case pasrtition into two primary Groups would
heve obscured their essential unity.

cxcept where affected by daynamic or thermel metzmorphism the
microscopic cheracteristics of the clastic rocks remsin virtuslly
unchanged. 1his grestly sssists recognition of the formetion
present in any outcrop, particularly where beceuse of letersl verla-
tion the megescopic character of the Group differs widely from that
which it presents elsewhere.

The distribution of the verious formstions is as follows
(fig. 2):

Corsewall Group

(i) Fleggy division: <1his, the lower of the two divisions
comprising the UGroup, obccuplies 8 belt of ground about one mile broad
extending north from the 5ouﬁhern Uplandas rfsult to & btoundary
running'from the north end of the Genoch Kocks on the west coest to
near Milleur FPoint on the east,

(11) Conglomerstic division: This division extends across the
northerh extremity of the peninsula in 8 belt sbout two-thirds of a

mile in breadth.

Kirkcolm Group

Apert from two nerrow belts of Galdenoch rocks in Glenstockadale
and the Galdenoch-Leswalt srea, rocks of the Kirkcolm Group are
believed to occupy all the ground between the Southern Uplands Fault

/ana



17.

and the Portpstrick Oroup northern bounasry (Killantringen-

Creilloch Burn), each division recurring on seversl me jor folds.

Geldenoch Group

This Group outcrops in two narrow belts eech sbout hslf a mile
broed, one extending from the west coest neer Galdenoch through
Craigoch Tor the other occupying most of north Glenstockadale,

In each case the Geldenoch rocks appear to- lie in a cons tricted

synclinel trough,

Portpetrick Croup

Rocks belonging to this Group occupy &ll the southern pert of
'the erea described, from the supposed Ciluriesn boundary north to the
Killentringsn-Crezilloch Burn line, e¢part from several small areas
where black shaeles, cherts and tuffs are exposed. ‘the basic
division eppeers to be almost confined to the ares north of the
Portpatrick-Lochens line while the acid division, whose ares of
outcrop is grestly extenaed by gentle folding, is restricted to the
region south ¢f FPortpatrick,

A strong Nw-SE trending frecture probebly of the neture of a
dextral wrench-feult epparently runs through Portpetrick herbour
end hes shifted the Besic/acid division boundary by helf & mile to
the south-eest on its east side. This explains the presence of
. Basic division rocks in the inlsnd exposures sround Portree farm
while @#long the strike, on the coast et Dunskey Castle, rocks of the

/4ciad
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Lcid division esre exposec, This fuult would «lco &ccount for
the pronounced Shattefing eand the generzl disruption of tedding
in the rocks exposed at Portpastrick harbtour. rurther evidence for

the presence of this mesjor fault is offered in section V,

The deteiled evidence'for the tebulated succecssions is now
described, followed by the main megecscopic features of the various
Groups. the extent end neture of the latersl variations within

each Group 1s clso indicated,

A, GeNbRAL ACCOUNY OF LUCCESSION

Miorroch Bay. (fFlete IIla, cf. Peech and Horne, 1899,

bp. 402-408.) The thick sequence of green, blue and dsrk grey chert
underlzin by red and green mudstones and ? tuffs, which occurs at
.the south end of orroch Bay (loc., 1, fig. 3) are believed to be

the oldest rocks exposed in fhe Rhinns, south of the Southefn Uplend:
rault, this is deduceé from two fects, _firét, the cherts &nd
mudstones appear. to underlie the thick band of rusty-veathering
blabk_shales with chert-ribs which occurs immediately to the nor th
en¢ which has yielded Glenkiln greptolites, Moreover the topmost
(black). cherts asre intertedded with the btessl bleck sheles,

Lecondly wherever these cherts anc mudstones \usually'répresented by
the uppe;mosf, black chert, member) sre encountered in the Rhinns
they are overlain by Glenkiln black shsle,

/Previous]
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Previously these variegated cherts and mudstones have been
.considered to be lergely arenig in asge (Peach and dorne, 18y9,
fig. 98). However, the interbedding of the upper members with
Glenkiln bluck shales and the fact that elsewhere Peach .and Horne
recognised very similsr rqcks a8 close associates of the Glenkiln
sheles (see Peach end Horne, 1877, p. 83), indicetes that at least
the upper pert of the chert-sequence must be of later date, probably
U, Llendeilo-Ceradoc, Hecently Liﬁdstrom_kLamont eand Lindstrom,
1957,'p.6l) suggested from the conédont‘evidence thet certain of
the “red shales" (mudstones), which occur ebout helf way down the
cherf-mudstone succession in Morroch Bay are probably Llandeilian.

Beyond the band of Gleﬁkiln black shales mentioned above the
main psrt of the foreshore is ogcupied»by sooty-black shales with
chert-ribs, laminated green and peale blue'mudstones and siltstones
and blue-bleck shales with blocky mudstones, all intensely folded an
fractured snd cut by several porphyrite intrusions (loe. 2, fig. 3).
The sooty bleck shales yleld Glenkiln graptolites while the blue-
bleck shales contain an ambiguouﬁﬁauna referable to U, Glgnkiln or
L, Hartfell horizons. Some of the fairly thick beds of fine to
medium-grained greywacke which occur in the midst of the blue-blsck
sheles are tectonically defined slices, but in other beds there is
strong evidence of inter-digitation and gradationel (upper) contacts
with the sheles, 1indicasting original inter-bedding.

/This
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This conclusion is amply confirmed 2t the north end of the bay
where, on the foreshore, there are severa2l thick (5-10 ft.) bands of
blue-black shales, containing abundent U, Glenkiln - L, Hertfell
graptolites clearly interbedded with greywackes which asre the basal
members of the Portpetrick (Acid) Grbupailoc. 3, fig. 3). The
numerous sedimentary structures afford cleer evidence thet the
upward sequence is consistently to the north, scross the shale-bands
Thus the Portpatrick Group must be lergely of post U, Glenkiln -

L, hartfeil ege. 'Unfortunateiy, since no graptolites have been
ottainea from the.rocks within the upper part of the Group, no upper
limit cen be set to its age,

The upwerd sequence is 2gein nor therly in the greywackes of
,the Fortpatrick (4cid) Group forming the south headlsnd of Morroch
Bay, and thﬁs there cen be no true snticlinal structure across
korroch Bay, 4 feult with & downthrow to the couth has been
ﬁostulated to-separate these greywackes frﬁm Glenkiln black shales
immediately adjacent to the north, | .

On the north side of Port of Spittel Bey 8 ft. of Glenkiln blac!
shales (Plete I1Ib) are overlasin by about 12 ft. of blue-black
shales contsining Glenkiln-Hertfell greptoli tes, These in turn
pgss up into blue siltstones and Portpatrick (Acid) Group greywackes
which "young® to the north but ere considerasbly faulted (loc{ 4,

fig. 3).
/on
#For convenience the neme of the division is bracketed after

the name of the Group, Thus Portpatrick (Acid) Group means
the scild division of the Portpstrick Group.
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Cm

On the south sidelof the bay several feet of green shales are
followed upwsrds to the south by about 25 ft, of black and blue-
bleck shales vilth thin greywackéé. These are unfossiliferous but
ere protatly of U, Glenkiln - L, Hartfell ezm2, The dark shsales

pess up into pale-blue siltstones and then into Portpetrick (Acid)
| Group greywackés, which young to the south..‘ an snticline tnaerefore
exists in Port of Spittael Bsy,

Portazev; Greywackes and siltstones of the Portpatrick (Acid)
Croup are exposed south of Port of Spittel 8s far as Portayew,

Here abtout 20 ft. 'of Glenkiln blsck shales with nodulsr black-
cherts (Plste IVa) sre sccompanied by 60 ft, of blue-tlack shales»
with inter-tedded thin greywackes, conteining Hertfell graptolites,
South of Portayew the greywackes appear tb young north near the
erstwiile-mapped Ordovician-ﬁilurian toundary. ;nterpfetation i;
rendered difficult ty the thermal effects of the Ceirngarroch
porphyrite, but alqng the line of the mspped boundery, near Garryher
there 1is pronouhced shattering end chearing of the rocks, indicating
that the junction may be strongly faulted. Further evidence of
dislocation is provided by & consideration or the implicstions of th
straetigraphy, The total thickness of pre-Silurian rocks in this re
ion is probubly about 2500 ft. and north-younging rocks with Siluris
graptolites occur asbout half & mile south of the mapped boundary.
Folding alone cannot dispose of the estimated thickness of Ordovicisa
rocks in the distance and lzteral thinning would have to amount to a

/retio
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ratio of 1 foot of thickness for every 3 feet of original
horizontael distance, which appears quite impossible,

Killentringan a2nd Portslogan, In the tectonicelly disturbed

coastsl section around Portpatrick harbpur, the proportion of basic
rock-fragments in the greywackes of the Acid division of the
Portpatrick Group increeses rapidly, providing a transitién into
the demonstrably overlying Basic division. Hocks of the latter
division extend north as fer &s Killantringen and in this distance
they young to the nor th consistently, apart from minor flexures.

In Aillantringan Bay the pebbly Portpatrick (Bassic) greywackes
aggeafAto be folded with thick bends of dark blue micaceous shale,
with thin films of black shele «hich contein fregmen tary
?Climacograptids. At the north end of this bey lenticulsr beds
of pebbly greywacke of the Kirkcolm Group (Metemorphic division)
occur iﬁ the midst of the sheles and eppeer to be older than nearby
Portpatrick (basic) greywackes. Since the Kirkcolm Group is
Believed to be older than the Poftpétrick this juxtaposition of
Metamorphic end Basic greywackes is snomslous, implying the absence
of the entire thickness of the 4Lcid division of the Portpatrick
Group and the Upper Berren division of the Kirkcolm Group.

This junction may bg disconformable; the U:; Barren and Acid
divisions wedging out before Killantringsn is reached. In support
of this view, the Acid rocks appear to have been derived from the
south snd would therefore be expected to thin out to the morth, wher
as the U, Berren rocks have a northerly derivation and should thin’

/out
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out to the s=outh. However it seems rather coincidentai that the
areas of non-deposifion of these two divisions should overlap,
Yoreover, if the Galdenoch Group is the equivalent of the Acid
division ; and the evidence seems strongly in favour of this
correlation - if'is difficult to see how rocks of the former Group
could be deposited further north while there wes no deposition in
the KLillentringen afea.

From these considerations and from tectonic evidence presented
elsewhere (Section V ) it seems probeble that along its northern
boundary the Portpatrick (Basic) Group is in faulted contact with
the dirkcolm rocks,

Hocks of the dAirkcolm (Metamorphic Group, heavily folded,

. occur in Knock Bay end pess down into ths gremwéckes of the Lower
Barren division near the northern.headland. 4 thin bend of highly
contorted unfossiliferous black shale occurs near the top of this
division and in the cliffe of Bere Holm there is exposed the core o
en anticline with ?10 ft, of shattered black cherts end 4 ft. of
contorted bvleck shales. what appeers to be another tznd of black
shele, 3 ft, thick, occurs on both north end south limbs of the
fold and is seperated from the first bend by about 15 ft, of thin
fine-grained greywsckes, This second band is overlcin by soft
tlue fiseile mudstones, Due to the intense crushing of the rocks
only traces of graptolites were obtained here. However, the aspect
of the rocks is typical of the Glenkiln sheles end this, combined
/with '
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with the fect that Peach and Horne recorded Glenkiln greptolites
from this locality, indicates the horizon.,

From this section it esppears thet there are at least two bands
of Glenkiln bleck shasle, seperated by thin greywackes, the lower
band being eassociated with a thick bted of black cherts, Further
evidence to support this contention is provided by the coastal
section at Portslogen, half s mile north of Bere Holm (see fig. 4
and cf. Peach end Horne, 1899, p. 413-414),

Commenc ing from Cave Ochtree Point, where thin greywackes of
the Kirkcolm (Lower Barren) Group eare heavily jointed, snd moving
south, the next beds encountered across & small feult, are inter-
bgdded greywackes, siltstones end soft blue fissile mudstones.

The proportion of lutite increaeses down the succession, to the sout

In the cliff near the south-west corner of this bay there
occurs & 2-foot seam of shattered and contorted bléck shaeles with
thin lenticles of black chert, From this seem various Glenkiln

graptolites including Nemegrsptus gracilis were obteined. The

black shales are faulted on their north side agsinst the thin grey-
wackes and mudstones which éontain, in the cliff;_a ted of greywscke
conglomerate, 3 ft, thick, On their south side the black sheles
appear to pass conformably down into exceedingly amygdaloidal
spilite (Plate IVb) which contain thin black shele partings. In
turn the spilite passes down into pele blue fissile mudstones then
into thin greywackes, which young north.

/After
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After pessing down through about 20 ft, of thin gréyweckes
enother exposure of contorted black shale is encountered in the
clirr, lhis bend is at leest 3 ft, thick, carries numerous
‘ noduler ribs of bleck chert and has no associated ‘spilite horizon.
This is thought to be the second or lower band of black shgle,
normelly underlain by black cherts which, in this instance, appear
to have been excised by @& strike-fault bringing the shales, on
their south side, ageinst thin graded greyweckes with siltstones,
similar to those of Cave Ochtree Point.

At the north end of the next bey in a series of greywackes of
the Kirkcolm (L., Barren) Group there are several thin tuff-tands
end at lesst two thin (6 and 18 inches) lenticular bsnds of spiliti
agglomerate, Beyond this, to the south, there is a 50 ft. sequenc
of soft tlue and blue-green shales, Then, on & prominent skerry,
| & 4 ft, bed of "chert-sgglomerate", overlain by eight inches of
spilite, is exposed, Lying on tép of the spilite is & band of
sulphurous bleck shales, sbout 12 inches thick snd s similer, much
thinner seem occurs beneath the agglomersate, within a few feet
the egglomerate lenses out end in its place appeasrs three feet of
greyweckes end siltstones which are bounded top end bottom bty thin
seems of black shale. | |

So fer these black shales have proved unfossiliferous btut from a

fragment in the "agglomerate" Peach and Horne recorded graptolites

of the N, gracilis zone end concluded that the age of the agglomerai

[is
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is Ceredoc ( Hartfell). However, it seems equally likely that the
highly snguler fragments of bleck shale were torn off their parent
bed as the result of contemporaneous volcanic activity, in

N. gracilis times, It i1s postulated that this agglomerate and

sssociated black shales are on the same horizon as the black sheles
with amygdsloidel spilite, just described (fig. 5).

South of the agglomerate, on the shore, there is about 45 ft,
of highly feulted thin greywackes, then a stretch of shingle,
Atout 15 ft, of contorted nodular black snd dark grey cherts, with
thin interceletions of fissile greenish mudstone, form the skerry
8t the south end of the bay and on the south side there occurs a
thin tuffaceous mudstone, Along the strike, in the recessed cliff
a thin seam of black shale with chert-ribs lies conformebly above
the cherts, |

The cherts on the foreshore are evidently faulted ageinsﬁ the
greyweckes forming the heedland but reappear in the cliffs of the
next cove where they pass up inta a two-foot seam of Elack shales
with chert-ribs, from which en abundant fsune was obtained, typicel

of the Glenkiln N, gracillis zone. Below the cherts there is a8

bend of shettered black shale, 3 inches thick, with traces of
indetermineble graptolites, possibly diplogreptids. T'his would
1ndicateAthat the cherts sre at least post-Arenig in age, Althoug
the bedding of the adjacent greywackes is parallel to thet of the
cherts, 1t seems thet there 1s a lerge fsult separating these two

/rocks
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rocks since the greywackes belong fo the Kirkcolm (lMetemorphic)
Group 8t a horizon considerably sbove that of the cherts, ‘
Microscopic cetaclasis of the greywackes edjecent to the cherts
supports this conclusion.

An important feature of thié section 1is that, apart from minor
flexures, the beds consistently young ﬁo the north, Thus any
repetition must. be the result of fracturing not foidiné.

In a complex“erea north of Salt Pahs Bay the greyweckes of the
Metamorphic division of the Kirkcolm Group pass up into the Upper
Barren division, the boundary.being arbitrarily drawn at a 30 foot
bend of fissile grey and blue giltstones and mudstones, which
immediately overlies a series of pebbly gréyweckés.

In turn, the gently folded Upper Barren division rocks show a
transition into the overlying Galdenoch Group. The characteristic
lithology of the latter Group is well displayed in the exposures
near the mouth of the Galdenoch Burn. Only the lower part of this
Group, petrographically similer to the upper part of the underlying
division, is exposed on the coast, since this development of the Gum
is abruptly truncated by a large fault at the south end of ‘
Slouchnowen Bsay. This fsult brings the Galdenoch rocks into conta
with sheles and greywackes of the lower barren division of the
Kirkcolm Group.

while no diagnostic graeptolites have been found wi thin the
Geldenoch Group, its position in the succession and its petrographi

/charac teristi
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charscteristics strongly suggest that it is to be correlated with
the Portpatrick Group, and probebly the scid division of that
Group. |

No direct evidence of asge has been gained from the .exposures
between Portslogan and Portobello.. The black sheles of the forme:
eérea do not reappear to the north and seem to be replaced by bands
of fissile mudstone and siltsfone with dark films, | The few
graptolites obteinea were either indeterminable or ambiguous in
determining horizon,

However, in the northerly inlet of Portobello Bay abundant

Glenkiln gfaptolites were obteined from a shale-band containing
numerous‘blocky muds tones, This bend is believed to occupy a
fairly low position within the Kirkcolm (Lower Barren) Group.

From Pbrtobello north to Dally (or Dounan) Bay there is an
almost complete succession in the Kirkcolm rocks, practicelly
undisturbed by folding or major faulting. The Lower Barren
divis ion extends from Portobello to Ewsllow Port where another thic
shale~bsnd has been chosen.es the boundery between this and the
overlying Metemorphic division which is exposed as far north ss
Castle butt, A thick ﬁand of siltstones immediaﬁely above a serie
of pebtly greywackes merks the boundary between the letemorphic
and the Upper Barren divisions and rocks of the latter division
occupy the coast from Castle Butt north to Dally Bay where they
contain a thick band of fissile and btlocky mudstones and siltstones

/(Plate
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(Plate Ve) which is highly contorted end is cut off by‘the Southern
Uplands Fault, ihis shale-bend contains Glenkiln graptolites.

In the coastal section just described there are ten thick
"shale-bands" several of which yield Glenkiln greptolites, Peach
end Horne evidently regarded these as repetitions of one band of
"Dounsn” shales (see Peach and Horme, 1399, p. 412) such repetition
being produced by isoclinsl folding. Since, with very local
exceptions, the rocks in this section s&ll young north? since the
various shale-bénds a8re lithologicelly very veriable (such varia-
tions being irregular in direction) &nd since the greywackes
ad jecent to fhe bends are often petrographically distinct, it follow
that folding alone cannot heve produced the duplication of shale-
bends, .There is very little field-evidence for exfensive and
repetitive thrusting of these rocks esnd it is therefore concluded
that this is a normal non-repeated éuccession bf considerable thick
ness end that these shale-bends are, for the most part, discrete.

Fromlthe evidence of the graptolites it contains and its
position in the succession, it sppears that the Kirkcolm Group is
entirely of Glenkiln age, It is probebly equivalent to the Barr
Series of Girven on the one hend and the black shales with part of
the blue-black shasles of Morroch Bay on the'other.,

/The
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The order of succession in the rocks north of the Southern

Uplands Fault is simple. There is & lower Flaggy division in~

which, on the east coast of the Rhinns, the upwsrd sequence is
always to the north, These rocks pass repialy up into a
Conglomeratic division snd the two members which are petrographical
identical are collectively termed the Corsewall Group.

However, the age-relations of the Gré&p are not sd readily
determined, No greptolites have aé yet beeﬁ discovered in this
Group but on the east side of Loch Ryen in the Finnarts conglomerat
which appears to be the continuation of the Corsewall‘conglomeratic
division and elso in the underlying rocks, equivalent to the Fleggy
division, Walton (1956b) discbvered graptolites indicative of a
Lower Glenkiln horizon. On ihe other hand, during the Geol, AaAssoc
visit.to‘the Rhinns in 193%3% one specimen of a scslariform
greptollite wes obtained from & boulder of.greywacke in the Corsewal.

conglomerate, This was tentativelyiidentified‘as Dicellograptus

and on this basis it was suggested that the conglomerate was post-
Llandeilian in age, However the identification was tentative and
furthermore the greywacke containing the greptolite could have been
deposi ted, partly indurated, eroded (not necessarily sub-aerially)
and re-deposited as a boulder in the conglomerate, all withiﬁ
Glenkiln timés. | |

The lithology end petrography of the Glen 4pp, Finnarts and
Corsewall conglomerates are very similer and there seems no reason

/to
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to doubt thet they ere of similer age,. This being so, then the
weight of evidence strongly indicates & Lower Glenkiln asge for the
Corsewall Group.

It is not easy to declde the equivslents of the CODséwall
Group emong the rocks south of the Southern Uplands Fsult, The
nearest in terms of lithology end petrography is the Portpatrick
(and Galdenoch) Group but thet appears to occupy a much higher
horizon. There seem to bte three slternatives to explain this
lack of correlation:

(1) There was no deposition in the region south of the Fault

during the period when the Corsewall Group was being laid down

further north.

(i1) The equivalents of the Corsewsll Group ere not exposed

in the southern area, remaining uneroded at a lower tectonic

level than that of the other rocks.

(ii1i) Due to originzl laterel varizstion the équivalents of the

Corsewall Group poésess petrographic and lithological

charscteristics which are strikingly different from those of

thet Group. In this case the Corsewasll equivalents would be
present but unrecognised south of the Fault,

Explesnation (i) seems very improbable, Some sedimentation
certsinly occurred during Lower Glenkiln times further south in thé
Rhinns -'black shales, cherts snd tuffs and probably greywackes,

It seems unlikely thst there wes a depositional'lacuna between thes

[ two
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two arees which were originslly seperated by only e few miles,
Moreover it is improbable that 5000 ft, of cosrse-greined sediments
should thin to zero in less than three miles,

Explaﬁation (1i) implies that the Corsewall equivsalents lie
underneath the Kirkcolm Group &nd presumebly below the bleck shales
end the vaeriegated cherts eand tuffs of Morroch Bay. ALlthough such
@ view 1s impossible to disprove within the Rhinns it seems
scarcely credible that no part of the Group should be exposed.

However alternative (iii) also presents severel difficulties.
If the Corsewsall Gioup is represented by coarse clastic sediments
lin the ares to the south then these equivelents are petrographicell
quite dissimiler to the Corsewall rocks. This is snom&lous in
view of the fect thet despite certain changes in gross lithology
the coerse clastic rocks of the other Groups retein their |
petrographic characteristics throughout the whole ares, On the
other hend very profound lithologicel changes might obscure
petrographic similerity. This would imply that the Corsewall
Group is represented by sheles and siltstones south of the Southern
Uplends Fault. |

Some support for this idee is obtained from the current-
directions in Corsewsll rocks, which indicete roughly southward
flow, Under normsl conditions a southward decrease in grain-size
and thickness would result from such & current, Moreover the
Flaggy division, particularly on the west coast of the Rhinns,
contaips @ high proportion of lutite and could readily become

trensformed into a shale-csiltstone sequence,

/From
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From the available evidence it appears that & combination of
leteral variation sand non-exposure offers the most adeguate
explanastion for the apparent dissppesrance of the Corsewall Group,
The writer believes that this variation is largely in the gross
lithology end also, to a lesser extent, in the microscopic
petrography so that, while most of the Corsewall Group is
represented by & fairly thick series of shales lying below the
Kirkco}m Group, pert of the Conglomeretic division is probably
equivalent to the lower pert of the Lower Barren di&ision. The
rocks of the latter division, despife pronounced differences in
microscopic petrography, exhibit an aspect similer to that of the
Corsewell rocks. It is probuble thst the Corsewall equivalents"
are not completely exposed at eny point north of the Portslogan
section, In the souﬁhern part of the area these equivalents

possitly include part of the Glenkiln black shales,

Because of the tectonic pattern of the area most of the inland
exposures merely serve to show that the various Groups and division
initially erected on the coast continue more or less undisturbed
along the strike and help to define their boundaries, In only one
case 1s the occurrence of a purticuler Group known from the evidenc
of inlznd exposures alone, This is the southern exposure of the
Galdenoch Group 1in Glenstockadale, The Group occurs in the core

of a syncline which, because of its gentle easterly plunge, closes

/a
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& little further west so that the Group is not exposed on the
west coast at this point,

However there sre e number of inland exposures involving
greywackes and greptolitic shales which possess considerable
straetigrephic interest.

In Glenlaggie Burn, south of Lochans and on the line of strike
of the liorroch Bay shele-bands, hard black shales with occasionsl
chert-ribs, shattered gnd contorted, occur gmong thick bends of
red-stained, rather soft derk shales with blocky mudstones,
Graptolites occur only as silvery traces in these shales and are
indetermineble but lithologicel comperison with Morroch Besy and
other exposures indicates that these are the rebresentatives of
the Glenkiln,aﬁd Hartfell shales. As in Morroch Bay the sheles
are cut by & number of porphyrite intrusions which appear to be
much more numerous in the shale-bands than in the greyweckes,

There are no exposures on the line of strike between Glenlaggil
end klorroch Bay but a little to the north of this line, in Colfin
Burn and Colfin quarry, platy dark blue shales ere associsted with

quartzose greywackes of Portpastrick (scid) Group aspect, In the
entrance to the quarry & band of these dark shales at least 15 ft,
thick hss yielded L, Hartfell greptolites.,

iAlong the strike of the Bere Holm rocks, in Crailloch Burn,
there are exposures.of bleck shales and bleck cherts which occur on
the crests of et least two anticiines, end intervening greyweckes

/of
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of the Kirkcolm (Lower Bsrren) Group. Glenkiln graptolites are
plentiful in the shales, In en 0ld qusrry, 200 yerds southwest
of Knockquhassen Farm, Glenkiln graptolites were obtained from a
6-inch seem of bleck sheles interbedded with thin Kirkcolm
greyweckes. |

The.totel meximum thickness &t uny point in the srea is
6,600 feet for the Kirkcolm end Galdenoch Groups in the Portobello
region. This succession probubly represents a time-period from‘
Lower Glenkiln to Middle or Upper Hartfell. Such a thickness can
oply be &pproximate and mey be reduced by several hundred feet by
conceeled or unobserved faultiﬁg. wven o, the postulatea thick-
ness is greetly 1in excess of the 2,200 feet proposed by Peech sand
Horne for the meximum thickness in the Northern Belt of rocks of
Glenkiln-Hertfell age,

However, such a thicknesec is not unusual in geosynclinel
gsediments of other Caledonian regions, For example Vogt (1945)
celculated a maximum thickness of over 3000 metres (10,000 ft.)
for a Gifvan-like succession in the Trondheim region of equivalent
. age to the British Llandeilo-Ceradoc. A thiékness of over
6,000 ft, is elso clained for geosyhclinal sediments of Upper
Trentonien-Cincinnatian sge (epproximately Llandeilo-Bela) in part

of the eastern appalachiasns (Key, 1951).
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B.  DESCRIPTION OF LITHOLOGIES

Corsewall Group

(1) Flegay diviéion: This division is cherascterised by the
thin and very even bedding of the rocks (Plate Vb), The typicel
lithology consisté of alternations of fleggy end blocky grey silt-
stones and blocky dark grey mudstones, with occasional thicker

-(6—12 inches) bands of fine-gréined* greywacke, Frequently the
siltétones ere crudely leminsted with elternate quarter-inch bands
6f_coarse and darker fine-grained siltstone. Soﬁetimes the grey-
wackes occur in beds up to four feet thick and are then_much coarse
in grein, lowerds the upper boundary of the division these grey-
wacke beds predominate, Occasionally the mudstones &nd siltstonés
ere fissile but these fissile bends nowhere exceed & few feet in
thickness.

Small-scale current-bedding end ripple-lesmination commonly
occur in the sliltstones and convolute-lamination in the mudstones.
Many of the greywackes are poorly lamineted,bﬁt greded-bedding 1is
rare and poorly developed. Ovoid nodules of highly cslcareous
siltstones eare sometimes conspicuous in the more massive greywsackes.

/Since

XGreywackes are here regerded as coarse-gruined if the average
grain-size is more then 1 mm.,, medium-grsined if it is between 1
end 0.25 mm, and fine-grained if it is less thaen 0.25 mm,
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Since it is well exposed on both easst end west coasts of the
Rhinns, the Corsewsll Group furnishes excellent opportunities for
the study.of strikewise varistion in lithology. The Flaggy
division, in particular, undergoes severel interesting iithologﬂcal
changes as 1t 1is tréced‘across the peninsule,

The most striking change is in colour for the predominasntly
red and brown colours of the rocks on the eest coast are repiaced
by grey end blue-grey in tné rocks on the west coast, However,
this change probsbly possesses little environmentsl significence,
since the red colouring 15 due to 8 limonitic staining presumebly
derived by leaching from the Permian rocks‘which'formerly must have
blanketed 8ll the east side of the Rhinns,

More important is the accentustion of the flaggy character of
the rocks end the decrease in the average thickness of the grey-
wacke bedé, with a cpncomitent decfease in the grgywacke/lutite
ratio, as the division is traced west, Furthermore the proportion
of true mudstone increases to the west end simultuneously some of
the siltstones become appreciabiy calcareous (Plete VIa and fig. 6)

(ii) Conglomeratic division: There is a fairly rapid passage
from the thin greywecke sequence at the top of the rleggy division
into the thick coerse-grsined greywackes at the base of the over-
lying division. On the east coast this changé is not reversed
but on the west coast, W1thin_the lovest two to three hundred feet

/of
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of the Conglomeratic division the typicel flaggy lithology recurs
severel times, in bands from 20-50 feet thick.

The trensition from the Flaggy into the Conglomeratic division
is markgd:

(a) by & considereble increase in the average thickness
of the greywacke beds,
.{b) by a8 corresponding decresse in the propbrtidn of
lutite in the succession, and

(c) by a great increese in both the maximal and everage
graln-size of the rocks, culmineting in the appesrance of
“conglomeretes” and boulder-beds,

The cheracteristic rock-type of this upper formation is very
coarse-grained greywacke or "conglomerate" (average grain-size
0.5-1.5 cms,) whiéh occurs ih beds ranging from six to twenty feet
in thickness, often pebbly at the base and poorly graded. These
are seperated by thinner beds of medium-grained greywecke and thin
blocky siltstones, In places the greywackes are platy, alternstin,
with thin bends of siltstone, but generally they occur in thick
boorly 1am1nafed beds,

where the greywackes snd rudsceous rocks have escaped the
Permian-derived limonitic staining they have a distinctive colour,
derk grey with a fsintly purple hue, The lutites are generally

somewhat darker in colour end lack the purple tint.

/Graded-



32.

Greded-bedding is seldom well developed in the greywackes al-
though lamination is common, Scour-fill structures, small wesh-
outs and other erosionsl features are frequently found in the
coarse-gruined rocks while small-scale ripple-lamination occurs in
the siltstones,

Within this generasl lithologicel framework there occur numerou
coesrser-greined bands, ranging from pebble-conglomerate to boulder-
beds. The first of these bands is found about 300 ft, above the
base of the division on the east coasst of the xhinns, near Milleur
Point, and in & slightly higher position on the west. lo the

north the division becomes increasingly conglomeratic,

These boulder-beds consist of a matrix of fine-grained
wconglomerste" in which are embedded numerous fairly well-rounded
pebbles, cobbles and boulders renging in diemeter from & fraction o
an inch to several feet (Plete VIb), I'he aversge thickness of
these beds is about 6-10 ft,, but occasionally they are much
fhicker attaining a known maximum thickness in excess of 20 ft,
‘near Boask Port, on the north coast,

True graded-bedding is usually ebsent from these beds although
some times present in the inter-tedded greywackes. However a
coarse pebbly fraction (averaege grain-size 10 mm,) is frequently
found at or near the base, sometimes forming the tasal six inches
or so of the bed. Moreover the matrii of the boulder-beds, iike t}

/eéssociated
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associsted greywackes is often well-lsminated with units from
0.5-1.0 inches thick, In some instences the beds immediately
underlying a boulder-bed hsve been thoroughly disrupted, the
meterial of the boulder-bed wedging apart these esrlier deposi ted
layers (fig. 28 2nd Plste XXIVb). In other ceses the boulder-bed
lies with epparent conformity on thin-bedded greywackes, Some of
these boulder-beds cen be followed for several scores of yerds
along the strike end in many ceses they ere found to be lenticular,
passing laterelly into thick-bedded greywackes.

In the boulder-bed, the first boulders generally abpear about
a foot above the base and are seldom found in a lower position.
¥requently the cobbles end boulders are not scattered randomly
throughout the bed but sre concentrated 1pto layers, perhaps two
or three boulders thick, There is some slight tendency for the
frequency of boulders to decreese upwerds,

The boulders occurring in these beds, like those which ocecur
8porad1cally in the interbedded rocks are generelly large with an
everage maximum diameter of about 12-15 inches. The largest
boulders observed were of granitic rocks which were up to 5.8 feet
in maximum dismeter, 1The vast majority of the boulders are
igneous, with the acid representatives dominant, and are normelly
coarse-grained, The rock-types which occur as boulders include:
granite, quartz-porphyry snd other microgranitic rocks; quartz-

/diorite
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diorite; 'gabbro", dolerite and spilite; greywacke, fine-grained
conglomerste, siltstone, shale and chert; hornblende-grenulite,
epidosite snd quartzite, These will be described more fully in

section III,

Kirkcolm Group

The typicel development of this Group is exposed in the coss te
section from Portobello to Dally Bay. The megescopic characters
of the rocks of this Grouplare rather veriable but distinctive
- in aggregate, The dominant lithology consis;s of messive and
fairly thick (3-6 ft.) beds of medium end coesrse-grained greywacke
which are separsted by thin seems (2-18 ins.) of fissile siltstone
(Plate VIIa), The beds of greywacke are often conspicuously
'graded end display numerous other sedimentary structures, notably
ripple-mark, convolute-lamination, .flute- and groove-casts, load-
casts of various types and~odcasionally current- bedding.
on & fairly 1argefscale. Scour-fill structures are much less
common than in the Qofsewall Group. Pebbles up to 15 mms, in
diameter sre found in msny greywasckes and may be scattered‘
uniformly fhroughout the lower part of @ graded bed or concentrated
into "pebble-bends" up to 18 inches thick, which mey occur at the
base of 8 greywacke or at verious levels within the.bed. Such
pebble-bands can sometimes be seen to grade laterally into greywack
of finer grain (fig.29 ).

/This
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This massive greywacke sequence i1s often interrupted by a
thin-vedded succeséioﬁ which consists of beds of fine to medium-
grained greywacke from one to three feet thick interbedded with
béhds of fissile and flaggy siltstone snd mudstone which vary in
thiékness from six to twenty inches (Plate VIIb). These greywacke
mey be graded, but are more often leminated and relatively ungraded
The siltstone bands are frequently convoluted throughout their
entire thickness and are'sometimes appreciably lenticuiar, in one
case lensing from six inches to zero within 45 feet. This
sequence is consplicuously even-bedded, the thickness of the grey-
wecke beds remeining fairly constant, Such a-sequence may be'from
50-200 feet thick,
| Perhaps the most characteristic megascopic feature of ﬁhe
Kirkcolm rocks is the frequent occurrence of thick "shale-bends",
The eaverage thickness of these bands is atout 30-40'feet, but may
be as much as one hundred feet, They consist of fissile and flagg)
pele or dark blue miceceous siltstone with a variabie proportion
of fissile end blocky dark blue mudstone which often has shiny
films of black shesle which mey contain treces of graptolites,

Thin ribs of fine-greined greywecke are infrequent.in these bends,
In some shale-bands certain of the flaggy siltstones sre calcareousv
while buff-weathefing calcareous nodules with the shape of curling-

stones and maximum dimensions of 3 ft., by 1 ft, frequently occur

/where
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where there is & thick development of mudstone. The junctions

of these bends with the adjacent greywackes are usually abrupt
rather than gradstionsl, By meens of stream-sections some
fossiliferous shsle-bands may be traced for seversl hundred yards
slong the strike without any eppreciable chenge in thickness or
lithology. These bands appear to be purticularly common end thick
in the lower part of the Lower Barren division but they &lso occur
in the other divisions,

In hend-specimen, greywackes of the Kirkcolm Group are genersall
derk grey in colour, almost always micaceous with recognisable
grains of quartz and fragments of fine-grained silicéous rocks,
Apart from very locualised areas near msjor movement-planes the
rocks are free from iron-steining. The massive greywackes often
carry nodules of highly calcareous coarse siltstone similer in
shape end size to those in the shale-bsnds &nd these weather out
preferentislly, lesving cheracteristic ovoid hollows. |

In the field the three divisions of the Kirkcolm Group are
almost indistinguishable. The greywackes of the lietamorphic
division generally appeer to be more miceceous snd quartzose then
the others, with @ rather typicel dull glassy sappe&rance on 8
fresh surface, but the other megescopic charecters are identicel,

So far as can be &ascertained from the meagre inlend exposures
there is little veriation in the lithology of the Group &nd 1its

/component
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component divisions as they ere followed qloqg the strike,
However traced across the strike, i.,e., from north to south, the
Group exhibits‘several striking chenges in megascopic lithology
and totel thickness whilst the coarse clastic rocks retain thelir
cheracteristic microscopic petrography. Such chenges are
discernible not only in the Uroup as @ whole but in individual
divisions,

first of all there is s marked southerly esttenuation in the
thickness of each division end consequently of the Group. This
is shdwn in taﬁle II, If the proposed stratigraphic relestionships
hold the whole Kirkcolm Group is represented in Morroech Bay by '
a few score feet of black shales and cherts,

In each division and in the Group as & whole the proportion of
lutite increases to the south. For example, in the northern
exposures the shale: greywacke ratio is about 1:6 while in the
extreme south, in the Killantringan region, the ratio is atout
1:4, This change appears to be achlieved by & marked decrease in
the everege thickness of the greywacke Seds and & concomitant
slight increase in the thickness of interbedded lutites which
include a higher proportion of mudstone further south (fig. 7).

A southerly decrease in average end meximum grein-size of the
greywackes is also spparent in the field elthough occaéional thin
"pebble-bands" occur in rocks of the Metamorphic division as far
éouth es Knock Bsay.

/Galdenoch
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Galdenoch Group

Near the mouth of the Geldenoch Burn, in the upper part of the
Kirkcolm (Upper Barren) Group there is a passage from the typical
Kirkcolm lithology to that of the Galdenoch Group. This transitio
is achieved by a slight decreese in the average thickness of the
beds of greywacke together with & merked incresse in average grein-
size and the eppearence in the greywackes of numerous large
detrital grains of oghreous feldspar. The rocks of this transitiol
zone are petrographicelly similar to the rocks forming the bassal
part of the Geldenoch Group, the boundary being placed'where the
rocks contein appreciable amounts of ferromagnesien minerels (here
represented by pseudomorphs) since elsewhere the Galdenoch rocks
invariably contain these minefals;

The typicel Galdenoch lithology is rhythmic (cf. Robertson,
1952). .lt comprises several beds - usually four or five - of
medium-grained greywacke, the beds being about two to three feet
thick and sepasrated by thin bsnds of fissile and flaggy siltstone,
This sequence is followed by & thick bed (four to eight feet) of
coarse-greined greywacke than by a further four or five thinner
beds, &nd so on.

As 8 rule the greywackes sre poorly graded but well laminated
and they often show large-scale current-stratificstion, even nesr
the base of & bed. Scour-fill and other irreguler erosive

/structures
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‘structures ere common, particularly at the base of the thick beds
of greywacke, while many of the upper surfaeces carry current ripple
msrks, The intercalated pele-blue siltstones often exhibit
convolute-leminstion and small-scale ripple-laminstion and there
ere elso at least two "slumped beds", eech sbout three feet in
thickness,

Rounded pebbles of spilite, quartz and siliceous rocks up to
5 mms. in dlameter are common end may occur at the base of a
graeded bed or as discrete bends within the greywacke. At Galdenoc
. the greywackes are slightly red-stained because of their proximity
to & large fesult but elsewhere they &re blue-grey in colour,

The charscter of the Group remeins virtusaslly unchenged within
the areas exposed and no leteral varistion within the Group has
been discerned. | Since the Group occupies the cores of synclinal

troughs 1its true thickness ceannot be computed but the meximum

observed thickness 1is in the region of 300 feet,

Portpatrick Group

Where typically developed &8s, for instence, on the beach &nd
in the o014 quarry south of Portpatrick old lighthouse, the
l1ithology of the Portpatrick rocks is quite distinctive, Beds
of coarse or medium-grained greywscke from two to four feet in
thickness alternate with thick seems (one to three feet) of fissile

/and
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end btlocky or leminated dark blue siltstone &nd ﬁudstone and
within this séquence there are occesionsl much thicker beds of
coarse greywecke, up to 15 ft. thick (Plate VIIIa).

The greywackes sre usually rather poorly graded and contein
pumerous scattered pebbles of Spilite; chert and granitic rocks
up to BO'mms. in diameter, Discrete bands and lenses of similer
pebbles are frequently encountered, especieslly in the thicker
greywackes, end mey occur at zlmost any level invthe grey wecke,
Such bands are highly lenticular and often occupy sméll scour-
structures excavated in the ed jacent sediment of finer grain -
even within a greywacke bed. Greding is common in these pebble-
bands and is often inver;ed. within the bands there &re often
swarms of large (up to 5-6 inches long) ;nguler and twisted or
frayed pieces of fissile and leminated dark siltstone and mudstone
similer to the intercalated bands of lutite, At severel localitie:
and especislly at the north end of Morroch Bay, thin lsyers of derk
lutite lying immediately below e pebble-bend have been disrupted,
the pebbly greywacke penetrating between the lasyers or forming
long thin verticel veins which are transcurrent to the leminae in
the mudstone. Large slivers of shsle are often conspicuous in
the lower pert of such a pebble-band.

A thin-tedded sequence of well-graded fine-greined greywsckes
and fissile derk éiltstones is often intercalated in the pnormal

/succession
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succession and is in fect the dominant lithology of the lower
pert of the Basic division. within this sequence thin shale-
bands sre occasionslly developed. these consist of fissile.and
fleggy dark blue siltstone énd fissile and blocky dark blue mudstone
in epproximately equel proportions, with numerous very thin'
(1-2 inches) ribs of fine-grasined greywscke, There are several
of these bsnds in the Acid division but only four are known from
the Besic rocks. Such shale-btands may be forty feet thick,

Leminetion of the greywackes is often pronounced with current-
‘bed:d ing . and small-scale ripple-laminetion rather lessA
common, Scour-fill and other irregular erosionel structures are .
frequently developed but directional current-structures such as
groove- and flute-casts appear to be rare in the Portpatrick rocks,
Another interesting feature of the greywackes is the prolific
occurrence of large greylish-white celcareous nodules. These &are
similer to the nodules in the Kirkcolm.greywackes but eappear to be
richer in cerbonate. Lemination weas occasionslly observed in
these nodules, perticularly in those within the greywackes at the
north end of Port of Spittal Bay, 1this lamination is usually
oblique to the tedding of the greywscke and 1s abruptly truncated
at the mergins of the nodules implying that a2t least some of the
nodules are probsbly eroded blocks incorporated within the

greywacke,

/1n
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In hend specimen the Portpatrick Group greywscke is usually
recognisable because of its characteristic “smoky-blue" colour
and unique dull mett sppeerance on fresh fracture, In the
coarser Basic greywsckes dark ferromagnesian minerals can usually
te detected while the Acid rocks are generally more siliceous and
less homogeneous 1in appeersance, Only by such petrogrephic pfoper-
ties cen the two divisions be differentisted in the field.

Leck of sdequate marker horizons within the Group renders
detection of lateral veriation rather difficult. The pfoblem is
further aggrévated by the pronounced effects of cleavage,
extensive fracturing and tight folding in the rocks of the Acid
division in the ares south of Port of Cpittsl Bay. However the
thickness of the Acid division sppears to increase to the south
end the siltstones and mudstones tecome pale or olive-green in
colour, in contrast to their dark hue further north. There are
elso certuin changes in the mineralogicel and petrogrsphical
composition of the greyweckes and these will be dealt with in

section [IIB,
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C. PALAEONTOLOGY

In common with other parts of the Southern Uplends where
greywackes predominate, precise determination of age-relationships
in this ares is made difficult bj the paucity of fossiliferous
horizons and the fragmentary nature of the greptoli tes, Because
of the rether crude zonation in the Glenkiln-Hertfell, even where
~determinable graptolites were found it often proved impossible to
determine the exadt horizon,. 1his was particularly true of the
upper part of the Glenkiln and the lower part of the Hartfell,

with respect to the wider age-relationships, &s Pringle
(1948, p. l4)ldemonstrated, the fauna of the btaszl member of the
- Glenkiln black shales is very similer to thet of the bvassl Caredoc
in the velsh aree, but his further inference thst the Llsnvirn
end Llsndeilo periods were unrepresented in the touthern Uplends
hes recently been refuted by Lamont and Lindstrom (1957). These
workeré showed thet on the evidence of the conodonts many of the
so-called Arenig cherts are actuglly of Llandeilo age,

The fossils collected by the writer, together with the
locelities, are listed telow, Many of the graptolites were
identified by Ur. lsles Strechen who slso commented on the probatle
horizons of the materisl. Dr, Strechan's help and adviece is

gratefully ecknowledged here,

/Assiduous
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Assiduous sesrch was made at svll fossiliferous locélities
mentioned in the sccount bty Peach and Horne (1899) and several new
locolities were also found. At many of the localities listeq
by tesch and Horne the material obtained was either indeterminable
or determinable only to the generic stage, It is highly probable
that re-examinetibn of the material collected by these workers,
using the refined methods of identificstion now in use, would
result in & drestic decreese in the number of specific and possibly
also of generic‘names. \(See Lemont and Lindstrom, 1957, p.62
for a cese in point.)

In the following lists a fossiliferous locsality hitherto
unrecorded is prefixed bty an asterisk, the suffixed numbers
indicete the position on the locality-msp \fig. 2).

*Bend of red shales on shore 300 yds, uSk of smasll cottage

at Jemieson's Point (1).

drthogragtus 5p.
cf. Climacograptus sp.

Thick band of dsrk sheles, smell cliff &t Dounen's Nose,

Dounen Bay (2).

Dicellograptus sextans ver, exilis ELLES end WwOOD
Climacograptus sp. :
Dicranograptus sp.

/ Thick
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Erhick bend of dark blue snales, shore 120 yds. south of
Burn root, Lounen Bay { 3)

Dicrenogreptus cf. nicholsoni HAOPKINZON
cf, Orthograptus sp.

thale-band at south end of Salt Pan Bay (4)

Dicellograptus cf, sextans (HALL)
Climacogreptus sp,

#*Derk sheles in northerly inlet of Portobello Bay \ 5)

Dicellogreptus sextens ver, exilis BLLES snd 00D
Glyptograptus teretuisculus var euglyphus (L:PwORIH)
Climacograptus cf. antiquus LAPWORIH

cf, Corynolides sp.

Didymograptus sp.

Ustracodes

Northernmost band of black shale, in smell cliff 150 yds,
south of Casve Ochtree Point (6)

Nemegraptus gracilis (HALL)

Dicellogreptus sextans var, exilis ELLES snd WOOD
Climecograptus cf., bicornis (HALL)

Dicrenograptus sp.

Band of bleck shele immediestely sbove bleck cherts, inlsnd
cliff 60 yds, north of Dove Ceve (7).

Nemaegraptus gracilis (HALL)
Dicellograptus cf, sextens HALL

/Climacograptus
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Climacograptus sp,
Dicram ograptus sp.
cf. Corynoides sp.
Linguls cf. slternata S0u,

®Thin black shele below blsck cherts, inland cliff 60 yds.

north of Dove Cave (7)

Fragments of ?diplograptid graptolites

EThin bend of dark shale interbedded with greywackes, old
querry 200 yds. SW of Knockquhassen Ferm (8).

cf, Didymograptus superstes LAPWORTH
Nemagraptus grecilils (HALL)

Didymog raptus sp.

Orthogreptus sp.

Dicromograptus sp.

Blaeck shales in Crailloch Burn at sharp bend in stream
180 yds., SE of smell bridge neer Knockquhassen (9).

Diplograptus cf, foliaceus (MURCHISON)
Dicellograptus sextans ver exilis rLLES and .00D
Climacograptus c¢f, antiquus LAPWORTH
Climecogreptus sp.

Corynoides sp.

cf. Orthogreptus sp.

#Blue black shoales interbedded with greywackes at en trance

to old quarry near Colfin Farm (10),.
/Glyptograptus
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Glyptogreptus terstiusculus ver. euglyphus (LaPuORTH)
amplexogreptus cf. perexcavatus (LaPwOKTH)
Climecogreptus scherenbergl (LaPWORTH)

Orithograptus cf, calcerstus (LAPWORTH)
Climccogroptus sp.

Orthograptus sp.

Behds of blue-bleck shale interbodded with greywackes on
the foreshore et the north end of lLiorroch kay, vhere the
cliffs jut seawards (11).

Climecograeptus bicornis (HALL)
Climecograptus cf, spiniferus RULDRELIANN
Orthograptus cf, guadrimucronatus (HALL)
cf, Leptograptus ap.

Dicranograptus sp.

cf. Cryptugraptus sp.

Orthogrsptus truncatus (LsPwORLH)

Dicellogreptus anguletus LLLES and w00D, (very abundant)
Orthograptus calcaratus (LsPwORTH) )

Orthoiraptus calcarstus var vulgatus ( LAFWORTH)
Climacograptus cf, bicornis L

Orthograptus sp.,

c¢f, Corynoldes sp.

Dicellogreptus cf. angulatus LLLES and wOOL, (very
Dicellogreptus cf., forchammeri GiINIT1Z abundant)
Climacograptus sp.

Orthograptus sp.

cf, Corynoildes sp.

DBlack shele with chert-ribs immediately north of exposure of
light-coloured cherts end red and green shales, 110 yds.
LNii of southernmost cottage in lorroch Bay (12).

/Nemegreptus
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Nemagraptus gracilis (HALL)

Dicellogreptus sextens ver exilis sLLES and wOO0D
Dicranograptus zic-zac LaPwORTH

Glyptograptus cf, teretiusculus HISINGER)

Corynoides sp.
cf, Orthograptus sp.

Band of similer shales 50 yds. wSW of southernmost cottage

in NMorroch Bay (12).

Nemsgreptus grecilis (HALL) - abundent
Dicellograptus sextans HALL

Dicellogreptus sextasns var exilis ELLES and wO0O0D
Rellograptus mucronatus (HALL) - sbundant

Glyptograptus teretiusculus var. euglyphus (LAPWORTH)
Orthogreptus sp.

Climacograptus sp.

horny brachiopods

Band of blue-tlack shales on foreshore at north end of

Port of Spittel Bay (13).

Climacograptus cf, scharenbergi LAPwORTH
Plegmatograptus cf, nebulé BULMAN

cf. Orthograptus sp. of calcaratus type
Climacograptus sp.
cf. Glyptograptus sp.
?Retiolitid

horny brachiopod

Band of blzck sheles 8 yds. to ESE of last loculity (13)

Dicranogruptus zic-zac LAPWORIH
Nemsgraptus gracilis (H:LL)
Dicellograeptus sextans ver, exilis ELLES and wOOD

/Dicellograptus
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Dicellogreptus cf. sextens HALL
Glossograptus hincksii (HO HOPKINSON)
Dicellograptus sp, ,
Climacograptus sp.

Cryptograptus sp.

Blue-black shales interbedded with greyweckes on foreshore

et Isle of Lanna, Portayew (14).

Orthograptus cf, quadrimucronstus (HALL)
Orthograptus cf, calceratus (LAPORTH)

Orthogreptus cf, calceratus ver. vulgatus ( LAPWORTH)
Climacogreptus sp.

cf. Dicranograptus sp.
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II1. PLTROGR.pHY
4.  PLIKOGHAPHY OF THE COLGLOMuRALLS

Under this heading it is proposed to describe the general
features of the rudsceous rocks‘ieverage gruin-size in excess of
2.5 mms.) end slso to give o detsiled account of the petrography
of the various rock-types represented in the boulders, cobbles,

pebbles end fragments in these beds.

corsewall Group. a8 indicsted in 8 previous section, the

Conglomeratic divisidn of this Group conteins numerous co&arse-
lgréined bunds. These sr2 usuelly "fine-gruineu conglomerates”
which are essentially greywackes of exceptionaily coarse grain
(but see p. 115) with &8 veriable proportion of pebbles und sporadic
boulders. Occasionelly such & beé contains large numbers of
boulders end pebbles, when it is termed & toulder-bea.

In deeling with these boulder-beds it wes found convenient to
clegelify into three perts: boulders, being fregment:s vith a
meximum diesmeter of more then 250 mme,; pebbles, fragments botween
250 end 5 mms, in diemeter; and the greywecke matrix. Leperate
counts of the boulders ©nd the pebbles of three boulder-beds were

/ teken



58.

teken in the field in order to ascertein the reletive proportions
of the different rock-types at each size-grade and at different
horizons within the Group. 1Thin-section counts were also mede

of the fragments between 1 and 5 mms., in the matrix of each
boulder-bed,

Histograms expressing the results of these counts are given

in fig. 8 sand it mey be seen from these thet in each size-grade

the distribution of components remains approximately similar
throughout the three beds examined, Since.the.ﬁeds are at
different horizons within the Conglomeratic division there eppears
to be little verticel variation in their composition. with
decreasing size-grade, however, there is & pronounced and fairly
:egular change in composition which results in the dominance of

the fine-grained rock-types in the lower grades, Thus while grani
is the commonest type of boulder, microgranitic pebbles are
dominant end spilitic and microgrenitic fragments are almost equell
abundent in the thin-section counts, Besic rock~types, too, -
are more common in the smaller size-grades.

| The apparently anomalous "secondery meximum" of grenitic frag-
ments in the thin-section counts msy be partly asccounted for by the
mode of weathering of grani te, Being very coarse-grained, granite
would probebly be much more susceptible to mechenicel disintegretio

/ then
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thsn any of the othér rock—ﬁypes present, which because of their
fine-grained nature, possess greater cohesion, On this hypothesis
the boulders of granite sre blocks defined largely by jointing;
once disintegration of these blocks commenced it would proceed
with great repidity, producing relatively few; ephemeral fragments
of pebble-size and & great deel of crystalline detritus, This
detritus would largely be composed of mineral grains conteining
small petches of other minersls, In support of this hypothesis,
most of the fragments identified in thin-section as "granite®
consist of afew crystals of quartz with small adherént patches
of feldspsar.

Thin-section counts were also taken of the fragments in a
number of conglomerafic bands and &elso in the interbedded greywacke

at various points with the Groups. The results of these counts:

- are presented in histogrem form in fig. 9 but the counts themselves

are discussed in more detail at the end of the sub-section on the
petrography of the greywackes, _

Since many of the rock-types occurring as toulders, pebbles
or small fraegments in these conglomeratic bands are also found in
the greywackes of this and other Groups, it is proposed to
describe their petrography in some detail.

/Grani te
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Granite: This rock-type forms the largest boulders observed.
Generslly the grenitic rocks sre coarse-greined (everage 2-3 mms.)
and non-porphyritic, when the rock is fresh the colour varies
from dull blue-grey, where plagioclase 1s the dominent feldspar,
to psle pink, where orthoclese is sbundant, The normal colour
on weathered surfaces ig buff or light orange. In hend-specimen
shiny flakes of derk mice are usually conspicuous, with fairly
lgrge-prisms of dark green hornblende. A few boulders and pebbles
ere very coerse-greined, pegmatitic, while intensely pink &plLite
occurs as small patches and veins traversing grenite boulders,
Frequently boulders of granite are cut by joints whose orientation
is irregular and quite independent of-the local joint-system.

Such joints must have been imposed on the perent rock-msss, Thin
veinlets (up to 0.5 ins, wide) of pale green epidotic material
occas ionally occur in the grenites,

Microscopicelly the granites consist of a great deael of quartz
with @ veriable but usually lsrge smount of plagioclase and & very
varieble proportion of potach feldspsr, tbgether with micas,
hornblende, opaques and sewm ndary minerals, Reference to Table 11
will show thet the average mineralogical composition of these rocks
is that of a granodiorite,.
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The weter-clear or smoky grey quartz of the granites
commonly forms large anhedral plates, or small interstitial
blébs. It is sometimes turbid through the ebundence of tiny
inclusions, meinly very smell, rounded and ecicular aﬁatites and
zircons and tiny indeterminable granules.v Undulous extinction is
fairly common while roughly rectilinear cracks, filled with
chlorite or limonite, are frequently developed.

There are three different varieties of potash feldspar in the
granites, of which microperthite is by far the most atundant.
This consists of an orthoclase host with numerous perallel |
stringers of sodic plagioclass. In some cases microcline is the
host-member, ‘The large anhearsl patches of microperthite are
usually somewhet kaolinised, Pure orthoclase is similar in form
to tha intergrowth but is seldom found. Microc;ine'is also rare,
being most abundant in slightly sheared grenites where it forms sma
inclusion-less anhedral patches,

1lhe plagioclase is usually sodic in composition (albite-
oligoclese, An 6-15) and often exhibits slight zoning, from a more .
calcic core (An 20-10) to & rim of neasrly pure albite. The
crystsls are generally euhedrsl, tebuler or lath-shaped, and
twinned according to the albite Law, the Cerlsbad Law, & combina-
tion of both or, rerely, untwinned, Advanced alteration is
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characteristic of this minersal and usuaglly consists of kaolinisa-
tion, although sgricite also occurs, particulerly along the
cleaveages. Very occasionally a myrmekitic intergrowth of quartz
and sodic plagioclase is observed st the boundaries of crystals
of microcline and microperthite.

-Biotite 1¢ the common variety of mica and forms large or
smell flckes (mex. length 2,4 mms,), sometimes esggregated.
Pleochroism is strong, X = yellowish grey; - moderate brown,
Pleochroic haloes are common and the usuel alteration is to a pale
green penninitic chlorite, In some cases the biotite appears to
have been derived from hornblende through an intermediate pale-
green veriety, Small flekes of muscovite are of infrequent
occurrence and are often associeted with decomposing biotite or
highly altered plsgioclase, A very pele-yellow colour is
frequently observed in these fiakes.

The lerge (mex, length 2.5 mms.) subhedrsl prismetic crystals
of hornblendg are strongly pleochroic in green (X- pale greenish
yellow; Y= light olive; Z= grey-green). The minersl is
viexisl negative, 2V sbout 65-75°, with wide extinction angle
(z/\c=21°). simple 00} twins are frequently found and the
crystals are often partly asltered to biotite, fibrous green
chlorite, iron-ores and carbonates,
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Apatite 1is easily the most abundent of thé accessory minerals,
forming smell prismatic crystels, water-clear and with smsll cross-
cracks, Small euhedrsl crystels of colourless zircon, subhedrsl
megnetites, 1lﬁenite and pyrite in lerge heematite-coeted masses
complete the 1list of minersls in the grani tes,

Some of the granites have evidently undergone @ fair degree
- of shearing, which hes resulted in the periphersl grenulation of
the quertz end feldspars, the production and pertisl alignment of
small, new flskes of brown biotite (rerely, muscovite) which often
occur at the edges of phenoclasts and, in & few instances, the
appearance of 8 cfudely foliated, gneissosé structure with smsll,
sub-spherical sggregates of radieting feathery and bladed ac‘tinolif
Some of these rocks approach biotite-gneiss in appesrence whi;e in
others there are small,.irregular granules and larger patches of
clear, psle-green epidote,

Occasional boulders of graznophyre have phenocrysts of clear
quertz and fresh sodic plagioclase (An 8-14) set in & medium-
greined groundmass of quartz and orthoclase,igraphically intergrown
end. with numerous small granular chlorites and lerger, aggregeted
epidotes.
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Microgrenites: uartz-porphyry is the commonest type of fine=-
greined acid igneous rock, In hand-specimen it is dark grey 1in
colour, when fresh, with numerous phenocrysts (averesge length
2.5 mms,) of milky-white plegioclase and pale-pink orthoclase with
large subhedral crystels of grey quaertz and, sometimes, flecks of
biotite, Occaesional large prisms of dark-green hornblende, up
to 5 mms., in length, &re slso encounteréd. The rock weathers in
colours ranging from roseeste white to dirty cream, with a typicelly
smooth surfeace,

Under the microscope the groundmass is resolved into an equi-
grsnuler mosaic of quartz and orthoclase of very variable grain-
size (0,2-0,7 mms,) with minute flskes of chlorite and tiny granule
of magnetite, |

The porphyritic quartz is clear &nd thg crystals shoﬁ the
effects of corrosion in merginal embayments, scallopings and narrow
chennellings, Occasional aggregates of guartz enclose small
plegioclase leths while there are narrow spherulitic outgrowths of
quartz around a few cryétals of feldspar.

I'he potash feldspar in the phenocrysts 1s represented almost
equelly by microperthite (including microcline-microperthite) and
by orthoclase, Both occur as 1arge, subhedral plates turbid
through kaolinisation and with little or no twinning. In one
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specimen there is a8 thin partial rim of sodic plagioclase around
@ phenocryst of orthoclase, Codic plagioclase is the dominant
feldspar and has the composition of elbite (4n 8-11}, ihe
euhedral tsbuler crystals ere often éggregated and show little
zoning, Alteration is usuelly advanced and the products are
kaolin, e great deel of sericite and pale green epidote.
corrosion by the grouhdmass is often very:marked.

The occasional large flskes of brown biotite (X=greyish yellov
Z=dusky brown)'are often replaced by pleochroic green chlorite
which 8lso forms pseudomorphs sfter derk green hornblende. In
a few specimens pale green epidote foms smell granulsr and feather
sggregates,

Less common are the quartz-kerstophyres which consist of a
dull grey groundmass with numerous microphenocrysts of feldspar,
and weather to.a charcoasl-grey colour, Under the microscope they
are seen to consist of tabular phenocrysts of slightly keolinised
sodic plagioclase (Ap 10-15) lying in a very fine-grainéd felsitic
or sub-trachytic groundmess of feldspasr with much interstitial
quartz, In some cases this matrix has been extensifely
recrystallised.

| 1he scarce rhyolites heve &2 distinetly vitreous appearunce in
hand-specimen and ere porppyritic, with numerdus highly angulsr,
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“shard-like" crystals of clear quartz, and large plates of
micr0perthife end simply twinned sodic plegioclase, all set in a
limonite-stained scid glass which shows various degrees of
devitrification, Some specimens show good flow-basnding and perlit
cracks which &are 1nfilléd with granular green chlorite,

Rare specimens of graphic microgranite are essentially quartz-
porphyries with & groundmass of graphicelly intergrown quartz and

feldspar.

Diorite: The rasre pebbles of this rock-typé are usually
medium-greined (ev. grein-size=1-2 mms.), equigranular, with a
derk greenish grey colour weathering to pale cream, They have a
characteristic scintillant sheen due to the abundance of prismatic
green hornblende which, together with the less conspicuous buff-
coloured plagioclsse, comprises the bulk of the rock,

The plagioclase usuglly has the compositién of oligoclase
(An 12-15) end is highly Kaolinised.l Occasionally the lath-shaped
or tebuler grains esre zoned from a core of andesine (An 31-33),

Hornblende forms large, subhedral prisms and irregular
aggregates and i1s pleochroic in green (X = pale-green; Y= derk
yellowish green; 4= dusky-green)., . Simple twinning perallel to{lO1
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is common end the 2V is about 750, ZAG:=25°. The hornblende
somefiaes exhibits poor sub-ophitic reletionship to the
'plagioclése.

wuartz is subordinate in amount end inverisbly interstitisl,
It is often crossed by arcuste, limonite-filled cracks, Long
bladed crystals of biotite (X=pale yellowish brownj; Z=moderate
brown), partly altered to weakly pleochroic, pale green chlorite,

ere often associated with the hornblende.

Dolerite and "Gabbro":; . In hand-specimen these appear similar
to the dlorites but are slightly derker in colour, weathering to e
dark grey, and with a shiny "felted" surface, They ere generally
of medium grain-size (sbout 1 mm.) and ere designated gebbros when
the averesge grain-size is in excess of 3 mms,, although there is
no significant textural difference between the two types. They
carry smell rods of dark-green hornblende and pele buff-coloured
plagioclase. Occasional pebbles are pegmatitic (average grain-
size 5-8 mms.).

Under the microscope these rocks are seen to be cbmposed of
piagioclase and green hornblende, often ophitically intergrown,
with varieble but minor amounts of augite; biotite and other

accessories,
/The
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The average composition of the plagipclase is endesine
(4n 30-35) but zoned crystsls with rims of albite are frequently
encountered, The large tabuler or lath-like crystals often show
very marked alteration{ usuelly to keolin,

The hornblende is strongly pleochroic in green and exhibits
obtic properties similar to those of the horntlende in the diorites
It occurs ss prisms or as irregular patches_and aggregates and is
often partly altéred to fibrous green chlorite ?celcite and, rerely
pale—gréen feathery actinolite, Occasionslly there is a core of
colourless sugite, turbid through incipient slteration snd with
pele interference-colours, which grades into the horﬁblende in a
manner highly suggestive of the derivation of the latter from the
pyroxene, Grains of & brownish hornblende, with ZAC = 26°, are of
infrequent occurrence, Brown biotite is sometimes associated with
the hornblende, '

Large skeletal crystals of ilmenite and smeller subjedrsal
megnetites sre abundent while interstitial quartz occurs in very
minor amounts, Apatife is slso stundent while prehnite; sphene

and epidote &re rare.

Spilite: ©Pebbles of this rock-type are very fine-grained,
poorly porphyritic, with very small phenocrysts of clear plagioclas
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set in a dsrk grey groundmass which weathérs black . Vesicles,
with vwhite or clear infilling materisl aré a common feature of‘
these rocks and such vesicles are often ovoid, with parallel
elongation, Frequently the pebbles are'highly—jointed - an
originel feature, apparently, as in the granites.

Microscopically the rocks consist of occasional tabular
phenocrysts of seslbite-oligoclese (An 9-16), unzoned end slightly
turbid brosn through kaolinisation. These lie 1n 8 fine-greined
groundmass composed of tiny laths of sodic plagioclese showing
diffuse brown alteration, esbundsnt disseminated, grsnular chlorite
and numerous smell magnetites. A little clear green epidote also
occurs together with interstitiel patches and aggregateé of clear
quertz, presumebly of seco'ndary origin. Large subhedral crystels
of colourless spatite end brownish zircon are prominent accessory
minerels, In occesional specimens & few smell granules of
colourless pyroxene and;green hornblende remainvunaltered, in the
- groundmsss, A

Ihe plagloclese phenocrysts frequently exhibit "corrosion®
by the'groundmass along sherply defined cracks or shallow embayments
end the smsll leths of the matrix ere occesionally &ligned in s
érudely trachypic menner, The'characteristic textures of the
spilite fragments in this and ell the other Groups is expressed in
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histogram form in fig, 23 snd explained in more detecil in
Lppendix A (pegelry.

Frequent small amygdeles sre filled with chlorite, quartz
and/or celcite. The fibrous chlorite is green, moderately
pleochroic, often with fivtroradisl structure,. <uartz may be
crystalline or chaléedonic, usually clear or slightly turbid, with
undulous extinction, Where best developed the vesicles are
rimmed by quartz, followed inwards by chlorite, celcite forming the

core.,

Andesite: (Plete IX a'énd b) This ‘occurs as smell fragments
less then 8 mms. in léngth, of a red or light-brown colour. In
thin-section the endesites consist of @& derk or pink glsssy matrix
in which are set moderately large phenocrysts of plaegioclase with
or without pyroxene and/or hornblende. The matrix 1is usuelly
devitrified to some extent and contains tiny microlites of feldspar

The plegioclase occurs as tatular or squerish subhedreal
crystals of oligoclese (An 12-20) or are frequently well zoned
from & core which approximates to sndesine (4n 30) to & rim of'
oligoclaée.' Large flekes of kaolin snd pale-green chlorite are
conspicuous, especially in the calcic cores’ and the crystels
occasionsally possess diffuse edges through corrosion b& the
groundmass,
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Pyroxene forms tsbuler euhedrs up to 0.8 mms, long. It is
feintly pleochroic in green ané frequently exhibi ts simple iloo}

twinning. The optic properties sre given below.

No. of crystels 2V z/c
Range Average Range Average
12 48-62°  56° o o
Microscopic methods 11 - - 40-48 43
o}
Three-axis 4 56-61  58° 4144°  42°

Universal Stage

The composition, therefore, is that of nommsl sugite. This
eugite has slmost universslly undergone s ome replacement ty pale-
green clinochloric chlérite.

Large euhedral prisms of hornblende (up to 1.2 mms., long)
diSplay tﬁo types of pleochroic scheme. The commonest fomm is:

X = very pele green; Y= yellow-green; Z::light olive
but gradaetions occur into & form with green-brown pleochroism,

Both forms appear to heve similar optics.

No, of crystals v zhc
Renge Average Renge Average
' )
. 12 55_680 62 o
Microscopic methods 12 - - 21-28 23°

Universal Stage 6 65-68°  66° 24-29°  24°
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This corresponds to 2 composition similar to thst of éommon
horntlende, Simple 100 +twins are common &and the crystals are
sometimes poorly zoned or they mesy chow an irregular patchiness
in colour, I'he mineral alters regdily to & pleochroic, rusty
brown fibrous iddingsitic meteriel. |

large, euhedrel epestites in prisms up to 0.6 mms, long are

the only importent accessory minersls,

Sedimen;ary rocks: A camplete, gredetional series exists aroi
the fregments, from "conglomerestes" to mudstone end shele, Such
fragments sre generally rather angular end are steined red.,
Occecional smsell, highly enguler chert pebbles are pele-green in
colour, sometimes black, rarely jaspery. Earlier observers who
remerked on the abundance of red éhert in the Corsewsll conglomerat
have evidently confused thisvwith the fer more ebundent fregments of

red-steined, very fine-grsined ocid igneous rocks.

VNetamorphic rocks: "Dccesionsl smell boulders end pebbles are
emphitolites or, more correctly, horntlende-granulites, and are ver
dark green in colour. They are fine-greined with e granular,
dull matt eppearence on & fresh surface. Very occesional
porphyrotlassts of feldsper ettain a length of 1 mm.
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Such rocks consist of a decussate groundmass of plsgioclase
end green hornblende, with occasionel, lerger xenocrystic
sggregates of hornblende, The smsll, tsbular plagioclase
crystals are endesine in composition (An 30-35), slightly zoned
to @ more sodic rim, and are highly kaolinised. The hornblende
is strongly pleochroic in green end is opticaelly equivelent to
the amphibole in the dolerite-fragments, Small megneti tes are
scaettered rendomly throughout the rock and there is a little
interstitiel quartz._

Low=grade schists and phyllites, contsining mica and chlorite,
occur sparingly smong the small fragments together with the
quartzites ahd vein-quartz, These fragments will be more fully

described in the next sub-section (I11B).

In their genersl lithology &nd in their detailed petrogrephy

the rudsceous rocks of the Corsewsll Group are closely compsrable
with the Finnarts end Glen App conglomeretes (Walton, 1956D),
The compositionsl similarities are well illustrated by comparing
Nalton's fig, 2 with figs. 8 end 9. Moreover the petrography of
rock-fragments from the three conglomerstes is extremely similar,
even in detalil.
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There is one slight difference, hoﬁever. Both the Finnarts
esnd Glen App conglomerates contein restricted bands rich in
fragments of andesite. Such bands heve not been found in the
Corsewall Group gnd it is not clear whether this is & real and
originsl distinction or whether their epperent absence is due to
inadequate sampling by the present writer, (Such tands, apperentl
are not readily identified in the field.)

The conglomerates and boulder-beds of the Corsewsll Group,
together with the Glen app end ¥innerts beds form a distinctive
type of deposit which is, however, by no means unique smong
greywacke-type sediments, Beds with»very gimilar chsracteristics
have been described from seversl ereas, in rocks of various ages,

Pettijohn (1943) in & study of Archean conglomerates in the
Cenedisn Shield region, details many festures which are dupliceted
in the Ordovicien conglomerates,

In en sccount of UpperlCretaceous sandstones (=greywackes)
from the bieblo Henge, Czlifornis, Briggs (1953, pp. 42:-423; 433
ff.,) describes conglomerates with lithological characteristics
very similsr to those of the archesn end Ordovician ﬁeds.

A further point of considercble interest in this connection
is the remsrkasble degree of correspondence in the overall composi-
ti on of these conglomerates. Thie ie indicated in the following
teble which gives the percentage composition of the pebbles and

boulders in each conglomerstic formetion,
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Archean U. Ccretaceous Ordovician

Pettijonn, 1943 Briggs, 1953 Kelling

Plutonic (Granites) 30 18 29
Acid volcanic, -
hypabyssal 15) 10) 30)
Basic volceanic, )57 ) 58 ) 59
hypabyssal 42) 48) 29)
Sediments 9 13 6
Metemorphics 4 10 5

While no deduction based on only these‘three exemples can be
regarded ac axiometic, it seems that there are two mejor points of
reseﬁblence between thece conglomerates, There is first of 2ll
the uniformity of the lithological charecteristics of these beds
which may legitimately be esdduced as evidence for the similarity
of their depositionai environment. Cecondly there is the
correspondence in composition which may be related to paerallelism
in the tectonic environment preveiling during the céeposition of
these beds, Whether this parallelism is coincidéntal or of wider
significance cen only be determined by comparing the composition

of many such beds.

firkcolm Group. True rudeceous rocks are rarely found in

this Group, but the greyweckes are often pebbly and they frequently
contein discrete bends of pebbles. However such fragments rerely
exceed & few millimetres in size and sre usually composed of
greenish spilite, chert, fine-grained ecid rocks and derk shales,
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One bend of conglomeraste occurs in a sequence of thin-
bedded greywackes of the Lower Barren division in the Portslogan
coastal section, Un its south side this bed is foulted egeinst
the northernmost tend of black shales in the section, in the cliff
etout 60 ysrds south of Ceve Ochtree Point,

ihe bed is about three feet thick end unlsminated, with
sharp upper and lower junctions againest the greywseckes, The
- meterisl of the conglomerate is ungraded and poorly sortea and
consists of numerous sub-rounded boulders, cobtles and pebbles, up
to 12 inches in meximum diameter, embedded in & co&arse-grained
greywacke metrix,. |

Boulders and pebbles are very assorted as to size btut nearly
- homogeneous in composi tion, The majority of them, large and
small, are composed of cosrse-gruined greywacke, with omnly & few,
swaller subanguler pebbles of amygdaloidal spilite @nda occasional
smell chips of gresnish chert. Under the microscope the matrix
is seen to concist of & poorly sorted greywecke with numerous
fragments of chert, some wisps of black shale, engulsr pieces of
smygdaloidal spilite and smell fregments of phyllites and schists.
Jyuartz is cbundent &énd there is & little plesgioclase and a few
detritel flekes of mics. | lhe rock is cut by numerous veins of a
brownish cartonate which often carry magnetite and pyrite, znd ther
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is clear evidence of locel cetaclssis in the grenuletion of some
quartz greins, This conglomerate must be very impersistent since
it is lecking from the next exposure of this black shele sequence,
some 200 yerds to‘the south,

At Dove Ceve, sbout a quarter of & mile south of the locality
described sbove, in greywackes of the Metemorphic division, there
ere good exposures on the shore of @ peculisr type of conglomerste,
designeted "honeycomb-rock" (Plate VI1IIb).

''his compricses & number of thick (5-15 ft. plus), poorly
stratified beds of highly qusartzose, fairly coarse-grained grey-
wacke which contain very numerous btoulders snd pebbles {(up to
16 inec eé,in diemeter) meinly of & greywacke, which is calcareous.
The boulders heve weathered out preferentially, leaving ovoid
hollows, Ihey ere generally ovoid in shape and appear to lie
lengthwise parallel with the steeply inclined bedding. host of
the greywecke boulders are finer in grain then the metrix, but a
few, which are more resistant fo weathering, are equally coarse,
Besides the greywackes, there are a number of sm&ll boulders &nd
streaks or lenses of fissile siltstone and of dark blue mudstone
in the conglomerate. Isolated boulders of fine-grained,
calcereous greywscke also occur in the beds of massive greywacke
withlthin siltstone partings which seperete the conglomeratic
bands. Séour-and-fill and other erosionsl structures occur at
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the base of the coerser bands,

In thin-section the greywecke of the boulders is found to be
8 quartzose greywacke rich in low-grade metemorphic fragments
end very similar to the matrix greywacke., However, the latter
is non-calcasreous, of coerser grain-size snd contains appreciebly
less detrital mics, The boundery between boulder end metrix 1is
nevertheless rather obscure. ''here is much evidence of cataclasis
in the matrix greywacke, particularly salong well-defined shea;-zone:
end the matrix is cut by & number of sm&ll veinlets containing a
carbonate which is generally colourless, unlike the interstitial
carbonate of the boulders which is ususlly & buff-coloured veriety,
possibly sideritic in composition.

''he difference in grein-size between boulders &nd metrix,
the presence of greywacke boulders in the interbedded greywacke-
siltstones end the occurrence in the conglomerates of pebbles of
siltstone snd mudstone all point to the conclusion that the
rudaceous appearesnce of the rock is not & segregation phenomenon -
it was originslly conglomeratic,

However the problem of the origin and time of formation of
the carbonate still remeins. It 1is not inconceivable thet the
interstitiel carbonate of the boulders is a secondary cement
“introduced either during consolidation or during the period of
stress which produced the cstuclastic effects shown in the matrix,
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However, several fsctors militate agsinst this hypothesis,
First the inhomogeneity of the greywecke boulders, Haed ell the
boulders been of similar grein-size it would have been possible to
invoke preferential segregastion of the cerbonate according to
grein-size but slthough meny of the celcereous boulders sre finer
in grain than the matrix, some are &s coé&rse, or even coarser,
which appeers to rule out sny grein-size / segregation relationship.
Moreover there are 8 very few greywscke boulders in the conglomerste
which are of similar grain-size to the others yet are non-calcareou:
rurthermore, the smount of carbonate in the boulder-greywackes
is remsrkatly high. In many cases most of the detrital greins are
not in contact, Heplacement (of 'siliceous materiasl) on this scale
seems unlikely end it is difficult to envisege eny process of
secondary interstitial cementation that would expand the greywacke
so as to separate the detrital groins without lesving any evidence
of this expensive effort in the surrouncing matrix-greywacke,

As & consequence of this it 1s believed that there must have
been concomitant deposition of the c&arbonate cement and the clastic
materisl, evenﬁually producing & calcareous greywacke similer to
those now exposed neer Kennedy's Pess, Girven. Subsequently
(perhapé pene-bontemporaneously, in view of the close petrogrephic

similerity of boulder and matrix greywacke) this calcsreous
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greywecke was eroded, forming poorly rounded boulders, and
deposited, together with pebbles of non-calcareous greywacke,
siltstone and mudstone, in a matrix of non-calcareous, coarse-
grelned greywacke, There may have been &8 limited umount of
mobilisation of the carbonate at a later aate, which has obscured

the matrix-boulder boundaries.

B. PETROGRAPHY OF THE GREYWACKILS

In this thesis the term greywacke is espplied to derk well-
indurated srenesceous rocks which are usually poorly sorted with
much interstitial ergillaceous mesterisl. In this context the

nature of the component grains is not definitive.

Rock-fragments: In every Group rock-fragments tend to be

the dominent constituents of the coarse-grained greyweckes btut

aré much less abundant in rocks of finer grain. The esggregste
suite of fragments present in each Group is feirly wide, comprising
igneous (acid, besic end intermediate), metemorphic and sedimentary
rock-types, The totel of these suites is tabulated below and

the relative proportions of the ‘mesin rock-clesses present as
fragments in each of the formetions sre indicated in ‘lebles IV &nd
VII, |
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Igneous Metamorphic Sedimentary

Grenite, gresnodiorite wuartzites Greywackes
Quartz-porphyries Phyllites Siltstones
Rhyolites Mica-schists Shales
Keratophyres Chlorite-schist Limestone
Diorites K Grephite-schist Cherts
Andesites K Andslusite-schist Black shale
Spilites, veriolite Gernet-mica-schist G Green shale
Dolerite, "Gabbro" K Garnet-tslc-schist K Arkose
Serpentine Glaucophane-schist
Tuffs, acid and basic P Tremolite-schist
"Porphyrites” Cataclssites

Gneissose rocks

Epidosite

Hornblende-granulite
P Pyroxene-granulite
Hornfelses

In the l1ist abovey; rock-types which sre prefixed by a letter
are cbnfined to the particular Group indicated by the letter;

(K stends for Kirkcoim Group, P for Portpatrick and G for
Galdenoch).

Meny of the rock-types heve salready been described in the
section on the Conglomerates, Those which sre peculisr to the
sub-rudasceous rocks will now be described.

Sefpentine, which occurs in the Corsewell and‘Portpatrick
Groups, forms rounded fregments up:to 2 mm, long &nd consists of
a felted or fibrous mass of pcle-green serpentinous minerals with
aciculer tremolite, &nd relict masses of colourless clinopyroxene
snd of brown isotropic ?chromite (Plate XIe). In the Corsewall
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rocks the serpentine is freqﬁently replaced by ochreous
iddingsite. |

Uolerites esre particularly common in the Corsewsll rocks but
are elso found in the Portpetrick (including Galdenoch) greywackes,
They normally contain ophitic hornblehde which is green in the
Corsewsll rocks and usuelly brown in the Portpatriék Group.
However, the dolerites in the Portpetrick greywackes often carry
clinopyroxene, either fresh or uralitised,

Spilites are perticularly common in the rocks of &ll Groups
but are conspicuous in the Kirkcolm rocks where they are virtuelly
. the only basic fragment, In this Croup, too, veriolitic textures
are best developed (Plate XIb). Meny spilites in the Portpetrick
greywackes contein fresh, pale green clinopyroxene, occurring
either as phenocrysts or as smell granules in the groundmass,

Dioritic fragments are scarce in &ll Groups but andesites
ere relatively sbundent and ere especially cheracteristic of the
Portpetrick Group. In these rocks andesité-fragments mey comprise
up to 30% of the total fregments snd renge in size from large
(2.5 mm.) to very smell (0.05 mm,) (Plate XIIe and XIIb). Seversal
types may be distinguished, depending on the type of porphyritic
ferromegnesian mineral(s) occurring with the plagioclase phenocryst
In generel these andesites.closely resemble those of the Corsewall
rocks, previously described, but differ in the following points:
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(i) The porphyritic hornblende in the Portpatrick andesites
is often dark olive or brown while that of the Corsewell
andesites is green, These brown hornblendes sre often
pertly resorbed with & broad, diffuse, rusty-brown reaction
rim, '

(i1) Very pale green sugite occurs in the andesite-fragments
from both Groups but intense reddish brown resction-rims are
usuelly encountered around the sugite of the Portpatrick
andesites,

(11i) The feldspar of the Portpetrick endesites is inveriably

very altered, to a much grester degree then the plagioclase

of the Corsewall andesites,

(iv) Accessory apatites are lerge and atundant in andesite-

fragments from the Corsewall rocks, but smell and rare in the

Portpatrick andesites,

Many of the andesites in the Portpatrick Group appear to be
tuffaceous or, perheps, euto-breccisted and the general shape of
the fragments is extremely angular (fig. 10) in contrest to the
moderately rounded greins of ecid igneous rocks. Part of this
apparent angularity mey be ascribed to "impressing“ of the adjacent
mineral greins, Similsrly, the andesite-fragments in the
Corsewegll Group sre extremely ahgular (fig. 11} but the occasional
pleces of andesite which occur in the Kirkcolm rocks, containing
chloritic or biotitic pseudomorphs of hornblende, sre much better
rounded,

In the rocks of the Kirkcolm and Portpestrick Groups there
occur numerous fregments of 8 rock of rather doubtful affinities,

‘here termed "porphyrite" (Plaste AIlla), It is intermediate in
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character between true andesite and quartz-porphyry, consisting

of a redfstaihed microcrystalliné groundméss_of quartz and feldspar
with numerous large tabular phenocrysts of sodic plagioclese which.
shows complex twinning, and anhedrel porphyritic orthoclsase, The
rock contains pseudomorphs of biotite and possibly hornblende and
is rich in accessory apatite.

Of the acid igneous rock-fragments, quartz-porphyry of aslmost
unvarying character, is clearly the most abundant variety.
Rhyolitic fragments are often flow-bended end may cerry phenocrysts
of quartz and elbite while the ebundsnt keratophyres end quartze
keratophyres usually show excellent trachytic flow-texture.
Granites and granodioritg normelly cerry microperthite in place
of 6rthoclase and occacsionally show grenophyric 1ntergrowfh.

Pyroclastic rock-fragments are never common and are most
abundant in the rocks of the Portpatrick Group. In these rocks
the spilitic &and endesitic tuffs sre fine-grained and much scarcer
than the rhyolitic acid tuffs, The latter fragments contain large
pieces of quartz embedded in & greenish quértzo-feldspathic ash
while the presence of.appreciable emounts of argillaceous meterial
and numerous ragged flakes of detritel brown biotite tetray the
water-laid neture of the tuff, |
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The Kirkcolm Group in genersl snd the Metemorphic division
in particular contain the highest proportion and the greatest
variety of metemorphic rock-fragments (Plete XIIIb) but similar
fragments occur sparingly in the other Groups,

The metemorphic rock-type of most abundsnce in the fragments
is undoubtedly quartzite. This is often extremely difficult to
distinguish from vein-quartz and in fact the neme has been restrict
to those fragments consisting largely of granoblsstic quartz with
.some p&le green chlorlte or muscovite growing round the sutured
mergins of the quartz. Trains of inclusions ere often continuous
across such margins which is, appearently, & common feature of low-

' grade metamorphic rocks.
Fragments of quartzo-feldspathic chlorite- and muscovite-
schists and phyllites sre ubiquitous in their occurrence and are
especially common in the Kirkcolm rocks in which, elso, there occurs
the much rsrer grephitic schist, which consists of elongate granuls
quartz with disseminated long flekes of black opaque meterisl with
e metallic lustre in reflected light, Gernetiferous muscovite-
schists are common in the &irkcolm &nd Portpatrick rocks (Plate
xIVa, b) but e much rerer veriety, in which the muscovite 1is
replaced by what appeers to bg tulec, forming large feathery
eggregetes, is confined to the Kirkcolm Group. ‘The few fragments

[of



of andslusite-schist heve come from rocks of the Metamorphic
division, In these schistose quartz with flakes of chlorite &nd
muscovite show fluxion-structure round porphyroblests of andalusite
which are grey-green, non-pleochroic with crudely rectangular

form end prismetic cleavage. The_andalusite interdigitates with
the groundmass, is riddled with minute quartz inclusions end is
slighély alterec merginaelly,

The most interesting of the schistose fragments ere the rare
glaucophene-schists. These consist of rods and needles of
glaucophane, (or & sodic horntlende derivative) with prisms of
colourless epidote, set in a fine-greined quartzo-sericitic
metrix (Plate XVa). The optics of the glaucophene &nd its
alteration-product are described below, in the section on hegvy
minerals, but it may be steted here that the glaucophane is abnorms
since the extinction angle, YAC is 10-13°, Fragments of this
rock are very rere but widely distribtuted throughout each Group.

rragments of cataclasite ere frequently encountéred in the
‘rocks of éll the formetions studied and are cohspicuously abundant
at some horigzons in the rortpstrick Group. Commonly they &are
highly shettered snd sheared scid igneous rocks (Plate AVb), granit
and microgranites in meny of which quartzo-feldspethic fragmentel
detritus "“flows" round porphyroclests of resistent gquartz snd
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feldsper (Plate xVIa), Occasional spilitic and arensasceous
sedimentary cataclaesites are also found.

Rather rare fragmenté of gneissose cheracter sre found in the
rocks of the Kirkcolm and Portpstrick Groups. These are coarse-
greined with perellel folie of muscovite, cerrying lasrge colourless
sleve-garnets, alterneting with quartzo-feldspathic. layers,

Some of the so-called quertzites with elongate quariz greins and
perellel rods of chlorite and flakes of muscovite mey heve been
derived from the quertz-rich layers of such gneisses.

Rare fragments, occurring in ell the Groups, are considered to
be epidosites. These are composed of graunular pale-green epidote
‘end clear quartz with decussete texture, carrying a few small
laths of ksolinised plagioclese snd very rare composite greins of
& green amphibole, probebly hornblende (Plste XVID).

Fregments of hornblende granﬁlite ere uncommon &and the rock
is simila; to that found &s pebbles in the conglomerates (see p.73)
The few pieces of an interesting pyroxene granulite &are confined
to the Portpetrick.kﬁasic) Group. This rock comprises a grano-
blaestic moseic of slightly keolinised, untwinned plagioclase
(R.,I, greater thsn belsem) with tiny granules of colourless pyroxen
greenish epidote snd brown rutile scattered evenly throughout the
feldsper, This is probebly a thermelly metamorphosed dolerite.
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Of the fragments of-sédimentazy rocks, the most abundant are
members of the greywacke-siltstone sui te, in the Portpaetrick
Group fragments of grejwecke end siltstone contain detrital grains
of uneltered ferromagnesisesn mineresls and are very similar to the
analogous Portpatrick rocks. In the Lirkcolm rocks there are a
few pleces of a8 poorly-sorted, coarse &arkosic sandstone.whicn
carries plegioclase, microcline and s little ergillasceous cement,

Eragments.of chert are of general occurrence but are particule
atundant in the Kirkcolm rocks. These cherts mey be colourless,
greenish, or verious shades of pale'brown and often contsin pyrite
cubes end treces of rediolarien tests, Small rsgged 2nd twisted
pleces of black shale are & common adjunct of the cherts.
Occaesional, poorly rounded fragments consist of granulser colourless
cartonate (probably calcite) which contsins occesional small greins
of clear detrital quartz end & few rounded magnetites (Plaste XVIIe)
Such pieces are probebly derived from a limestone. As with the
eandesites, ad jecent herder gruins and fragments ere frequently
pressed into the softer fragments of sedimentery rocks.,

&sn interesting feature of these rocks is the frequént associa-
tion of fragments of fresh end altered rocks in a single thin-secti
of greywacke. Not only do fragments of different rock-types diffe
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widely in thé extent of slteration but pieces of the same rock-
type mey exhibit various degrees of alteration, - In this respect
the esndesite-fragments of the Portpatrick Uroup.are outstanding
since they uniformly present a "weathered"” aspect due to the highly
altered state of the feldspar, even where the ferromagnesiean
minerals remein fresh, In general, the more basic rock-fregments
appeer to huve suffered most slteration, It seems clear that in
every Group the disparity in the degree of slteretion of the frag-
ments indicaetes thet the rocks were already sltered to a varying
degree tefore incorporation in the greywackes.

Petrogrephic divisions have been erecteu within the Uroups
largely on the basis of the different proportions of various types
of rock-fregment. ‘Thus, in the Portpetrick Group /fcid end Besic
divisions have been recognised, defined by the ratio of acid to
basic igneous rock-fragments,

Three divisions esre present in the Kirkcolm Group. Two of
these, the Lower Barren snd the Upper Barren divisions are
petrographically similar wherees the greywackes of the intervening
‘Metemorphic division possess distinctive characteristics, notably

@ high proportion of metemorphic rock-fragments,

Mineral Greins:
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uartz: OSave in the Besic division of the Portputrick Group,
quartz 1s the most sbundant of the detritel minersl grains snd is
the dominent constituent of the greywackes of finer grain. It
ocax rs as engulsr or sub-snguler grains or, rarely a&s rounded
grains, verisble in size from ebout 3 mm, downwards elthough in
the Basic division the size-range eppeasrs to be almost restricted
to between 1,5 and 0,5 mm, Meny grains sre sutured and show
undulous extinction and theré is & éonspicuously high proportion 6f
such grains ip the Kirkcolm rocks, A few such grains, in the rock
of the Metamorphic division have deformation-lemellse typicel of
high-grede dynsmic metamorphism (Fairbsirn, 1949, pp. 13-14).
Detritel quartz greins in Corsewall rocks frequently show curved
crecks, filled with ochreous limoni te, |

These grains are ususglly feirly cleer, but with numerous
minute inclusions which msy be scattered rendomly throughout the
grain or concentreted into narrow bands, some of which appear to
be peresllel to crystsl faces; However, in the Metamprphic divisiol
and to @ lesser extent in the rest of the Kirkcolm Groﬁp and the
Portpatrick Group, meny of the quartz grains are conspicuously
turbid due to the presence of innumerable, scattereé tiny globules
and minute indeterminable inclusions, Among these is & colourless
minersl vhich haes a refractive index lower then that of quartz,
low birefringence, crudely rectangular form,and forms crystals whic]
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are slightly lesrger than the associated inclusions. This msy be
some type of clasy-minersl,

An exemination was underteken of the inclusions in detrital
grains of quartz from rocks 6f ell the formetions studied and the
inclusions were assigned to the classes of Mackie (1896), modified
by Keller end Littlefield (1950), nemely:

(1) Regular (R) - large inclusions of reguler rock-
forming minerals, in this case msinly chlorite,

epidote, biotite and opaque minerals,

- (11) Irreguler (1) - smell ipnclusions of minerals which
are usually indeterminable,

(11i) Globuler (G) - ges or fluid bubbles of smsll or
moderate size.

(iv) Aciculaer (A) - needle-like crystals of rutile,
apetite etec, '

Since the object of the examination wes to iﬁdicate the probatb
provenance of the quartz in the greywackes of each division end
Group it wes cnsidered adviseble, in order to obtain & reasonzable
average-for-the formation, to count ohly a8 relstively smell number
of grains from several thin-sections of rocks representing several
horizons and séveral outcrops in the division, In fact, about
50 grains were counted in eech of six thin-sections from each
fdrmation, being all the quartz grains present in & number of short
rsndom traverses, <ome greins contein inclusions of more than
one type, in conspicuous amounts, and in such cases the grain was

allotted to eech of the cldsses present,
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The results of these counts, shown in fig. 12, indicate that
in general Irregulsr inclusions are the most ébundant, followed
by the Globtular variety, An slmost uniform proportion of Regular
inclucsions is maintsined in all fometions except the hetamorphic
end U, Barren divisions of the Kirkcolm Group where there is a
marked increase in this class (Plete XIXa). heicular incl usions
are, on.the whole, rather ﬁncommon.

many of the qusrtz grains have fritted edges due to marginal
"corrosion" by the chloritic interstitial material (Plate XIXb),
Minute peedles of & very pale green chloritic maeterial penetrate
from the groundmess into - the grains, the needles growing 8t right
angles to the margin of the quartz (fig. 13).

Feldspars: Detrital feldsper is common in 8ll the rocks
observed,'is a prominent component in the Corsewell and the
Portpatrick (4cid) rocks and is the dominsnt mineral in the Basic
divis ion, Plagioclese is almost invariably the most'abundant
variety,vfollowed by microperthite with mihor amounts of pure
orthoclase and rare grains of microcline.

In the Po;tpatrick rocks the plegioclase is of two kinds.,
‘These may occur together in the seme greywscke but the relative
proportions of eeach eare rather different in the two divisions.

The first type is reletively fresh, turbid brown with obscure albit
/twinning
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'twinning end forms lerge engulur and tabulaer plates, The average
composition is sodic, around An 10, énd only slightly varieble,
This form is dominant in the rockes of the 4cid division and 1is
5elieved to be derived from acid igneous rocks. The smaller,
broken leths of the second type &re normelly very ecltered, so much
so that exact determination of the composition is extremely
difficult, However it esppears that in this case the composition
is also sodic, about An 15, but many grains ere zoned from a sodic
mergin to & core approximating to andesine, This veriety is
perticulerly abundant in the Basic division and is cleerly comparab:
with the plegioclase of the andesite-fragments, whence, presumably,
it has been derived. |

In the other Groups large &ngular and equant grains of turbid
brown sodic plagioclase similar to the first type described sabove,
are consbicuous. ror example, in the Cor sewall Group the plagio-
clase occurs as tabular grains of moderate size. The- composition
ranges froh An 5 - An 20, the aversge lying in the albite renge,
sbout An 8 (RI << talsam; 2V=80°-85°, average of 16 is 81.5°; sym.
extinction angle on albite twins = 2-17°, average of 18 is 13.8°),
However, these grains ere often zoned from & sodic rim to & highly
eltered calcic core, ranging up to labredorite in composition.
The plagioclase is commonly sericitised and is occasionally altered
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to 2 pele green epidote,

In rocks of all Groups the microperthite occurs &s large
equent, enguler grains vhich ere mottled turbid brown. Locsally
in the Kirkcolm and Portpatrick (4cid) Groups this potash feldspar
may predo@inate over plagioclase,

Microcline is very rare and occurs as small, water-clear,
highly anguler grains,

| rerromegnesisn minerals: Detrital grains of these minerels,
ususlly fresh, sometimes &s pseudomorphs, are abuﬁdant constituents
of the Corséwall eand Portpstrick rocks btut ere virtually‘absent
from the £irkcolm Group, apart from tiny scraeps of actinolite and
gleucophsane, Pyroxenes, amphiboles asnd epidotes are the only
specles observed end vary from Group to Group inArelative aggregate
sbundance, Thus pyroxéne is dominant smong the detrital
ferromegnesian minerals of the Fortpatrick rocks while hornblende
is the most abundant species 1n'the Corsewell Group. However, the
reletive proportions of these species varies even in different
greywackes of the seme Group.

Pyroxene: A monoclinic form, nearly colourless or weekly
pleochroic in pale green in the Corsewsll rocks, yellow-green or
pale brown in the Portpetrick, is the commonest variety of py roxene
It occurs in angular prismetic or tebuler grains, occasionally in
well-rouhded grains end shows good prismetic clesvage. These
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greins are slweys biaxisl positive and show simple &oo} and

polysynthetic {001} twins, Further optic properties are listed

below,
No. of .2V z/c n ny
grains Range uverage Kenge ‘Average Average Average
-LEOD o
Microscopic »ég; 40-65 7.3 33-46° 41.4°
me thods ( 9 1.682 1.706
Universal : o
Stage 10 56-62° 59,3° 40-45° 43.5 - -

The composition is therefore similsr to normel augite.

In the Portpetrick Group there occurs & second.vériety of
detrital pyroxene, similar to that just described but with a
uniformly low 2V (20-40° ) end low extinction engle (ZAC =30-35°).

The normal elteration product of the sugite is a pale green
chlorite with moderste birefringence but in the Portpatrick Group
occasional augites have altered to a peculiar smoky blue chlorite
with very low birefringence. Come greins of augite in these
Portpatrick rocks, sre mantled by a diffuse, poorly pleochroic
brovwn materisl which slso forms & rim round meny horntlende greins,

Amphibole: Hornblende, which may be strongly pleochroic in -
green or in brown or in green &nd turquoise shades, is the
commonest amphibole, Normally, &ll these varieties msy be found
in one greywacke but the brown variety is scarce in Corsewail rocks
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and dominent in the Portpatrick Group. The greins are usuelly
prismatic or tabular, and angular, showing good prismatic cleavage.
Twinning parallel to {100} is common, The mineral is biaxisl

negetive, rarely positive snd further optic Geteails are listed

below,
No. of 2V zic nok n¥
grains Range Average Range Average Avsrage Aversag
(35 55-80°  68°
Microscopic (32 21-26° 240
me thods ("6 1.662 1,691
Universal o 0 o
Stage 10 58-65° 62 25-28 27

This horntlende is more resistant to weathering than the augit
but is sometimes altered to psle green fibrous sctinolite, which
also occurs, together with fresh or sltered gleucophense, &s tiny
shreas of detritel ﬁrigin.

From ¢ comparison with the ferromeégnesien minereals in the
rock-fragments, it seems probable that most of the detrital esugite
and hornblende originated in the Yasic and intermediete rocks,
ma inly dolerites end.spilites in the cese of the Corsewall rocks,
endesi tes iﬁ the case of the Portpetrick rocks,

Epidote: This is an abundant ferromegnesien constituént of
these greywackes and usualiy occurs ss sngular prismetic or fairly

rounded composite grains which mey be colourless, pale limpid
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green or turbid brown, Irregulsr cracks are often conspicuous.
Occesionel colourless prismetic greins with low birefringence
end positive optic sign, probably clinozoisite, are confined to
the Portpatrick rocks,

Ulivine: Rare serpentinous pseudomorphs of this minersl occur
in the Corsewall Group. 1hese are angular and show the
characteristic shépe and cross-cracks of thet minersl (Plate XXa).

- Mica: Detrital micse is uﬁiquitous in these greywackes and
atteins considerable abundance in the Kirkcolm Group, In this
Group large, rather brosd "crinkly" fleskes of colourless muscovite
(sometimes with & faint yellow tinge) ere particulerly common,
Other flakes of cqlourless mice are broad, rather rounded and carry
numerous tiny elongete granules of opaque minerals which are esligne
along the clesvaege-planes, Muscovite of this type is found in men
of the schist-fregments and evidently originated in metemorphic
rocks., Some miceceous material with & feint greenish tinge and
low birefringence, which occurs in smell narrow wisps and stringers
and often wreps round detrital greins,mey be & clay-mica of
detritel origin.

Biotite is the commoner veriety of mics in Corsewall rocks
end here it is invariably pleochroic in brown:

yellow-brown or psle-brown (X) to dark olive or
nigger-brown ().
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In the Kirkcolm Group brown and green varieties of tiotite are
equelly stundant vhile & strongly pleochroic reddish brown type
is common in the Portpatrick Group, The short, stubby flakes are
often tﬁisted end are frequently "bleached" to 8 neutral tint,
Alteration to a pale green clinochloric minerel is elso wide-
spres&ad, An spparently authigenic,form of biotite which is found
in the KLirkcolm greyﬁeckes occurs as smell wisps 8and lsrger,
roughly fusifofm flekes, The mineral is weaskly pleochroic from.
colourless to pale brown aﬁd is characterised by the presence of
innumerable tiny gcicular crystals of an indeterminate mineral
which sre eligned in bunds parallel to the length of the fleke.

Chlorite: This mineral is found in every Group pseudomorphing
the ferromegnesian minerals and detrital flekes sre slso
ubiquitous, but the emount is Qariable from Group to Group. The
Kirkcolm énd Corsewsll rocks sre pertiuclsrly rich in detrital
chlorite, which forms smell ragged flukes end sub-anguler grains,
A yellow-green clinochloric variety is characteristic of the
Corsewell greywackes while & dark green penninitic type, with
Berlin blue interference-colours, is dominent in the Metamorphic
division,

Opeque minerals: Ilmenite, forming leucoxene-coated sub-
rounded grains, 1is the most abundant.of the detrital opaque minersl
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followed by euhedrel end spheroidel pyrite which eppears to be
largely of authigenic origin, Magnetite occurs as occasionsal
eangular octanedra; often coéted with haematite and also sas
authigenic euhedras. Leucoxene forms an ubiguitous if
inconspicuous stein in the'greywackés from all Groups, The
reddened greywagkes of the Corsewall Group &re stained by & mineral
which is semi-translucent.reddish-grown in. trensmitted light and
variable from ochreous to bright red-brown in reflected light.
This materiel,lwhich-is protably iimonite, also occurs as minute
scsles and globules in the argilleceous pert of the matrix.
Matfix: Apart from & few rocks in which lerge "petbles®,
(grains greater then 1 mm.) ere embedded in a2 finer groundmess of
average grein size 0.2-0.3 mms., (Plate XXb), there is no discrete
or separate metrix present in these greywackes: there is simply a
more or less uniform gradation in the size of grains esnd fragments.
for convenience,’éll meterisl with asn aversge grein-size below
0.01 mms, has been assigned to the "matrix", 1This therefore
consists of comminuted minersl greins \largely.quartz end feldspar
with chips of ferromegnesisn minerels) together with & great deal
of turbid brown end colourless micaceous &nd chloritic meteriesl
much of which is the product of recrystellissation. furbid brown,
finely grenular epidote is common in the metrix of the Portpatrick

/greyveckes
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greywackes, Also included in the matrix of the Portpatrick rocks
are numerous minute perticles of glassy andesite which impart é
distinctive "dirty" appearsnce to the rock in thin-section. .There
is often & little clear or brownish cerbonste present inter-
stitielly: and in discrete veinlets, This is probsbly secondary

in origin, It is doubtful if, in fact, any primery carbonate
exists in these greywackes,

The greywackes are cut by numerous véins, meinly of quartz
or of calcite, occasiénally éontaining an opeline meteriel,
Prehnite-filled veins are cheracteristic of the Portpstrick Group.
The quartz and calcite veiné sdmetimes carry pyrite end/or
magnetite,

Sorting: ‘This is genersally poor. It is-rather better in the
Corsewall greywackes, but the rocks of the Portpatrick (Bessic)
Group show & very pronounced lack of sorting.

In general, the petrogrephic cheracter of each division end
Group remsins virtuslly unchenged throughout its outcrop.

However, there is one exception to this rule, The Acid division
of the Portpatrick Group undergoes certain petrographic cheanges whe
traced south, beyond Port of Spittai Bey. First, the proportion
of fresh ferromagnesisn minersls shows & significant deérease which
is coupled with an apparent increase in the emount of quartz.
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However, because of the intimete quertz-veining of these rocks 1t _
is difficult to estimete whet proportion of the qgartz is detrital,
Finelly, the proportion of rocke-fragments &sppears to_show some
decrease in the rocks to the south,

The Kirkcolm rocks show little petrographic variation apsrt
from chenges in the relstive proportions of quartz rock-fragments

end matrix which accompasny a southerly decrease in grain-size.

“Pebble"-counts end micrometric- ana;yses
of the greywackes

In this study most attention has been concentreted on the
coarser sediments since these are more amenable to microscopic
examinae tion than the fine-grained rocks, It was found that the
coarse-grained greywackes from the different Groups snd divisions
could be distinguished with relstive ease by means of their
charscteristic espect, wherees the sediments of finer grain were
not so readily separsble., In order to give @ more eccurate end
quentitative expression of the petrogrephic differences between
format ions & number of micrometric enalyses have been mede of both
fine- and coerse-greined greywackes. However, since all the
coarse greywackes conteain numerous rock-fragments end since. the
petrographic distinction of the vaerious formetions is based largely
on the relative proportions of the different rock=-types represen ted
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in thé fragments, @ large number (78) of counts of the lerge
fragments or "pebbles" (greater then 1 mm.,) have been conducted.

Since most of these greywackes.lack a distinct matrix, an
arbitrary lower size-~-limit had to be fixed for the pebbles counted
in order to schieve & degree of homogeneity in all counts, In
eny thin-section, therefore, @ll greins of 1 mm, or over were
counted and the relative proportions of each rock-type present
(grouped as indicated) expressed as a percentage (to the nearest
half of one per cent). In practice, only those thin-sections with
more than 70 pebbles were selected, although the average number
of pebbles in'the’tabulated sections is sround 100,

To simplify counting and subsequent evaluestion of the results,
the wide range of rock-types end minerals represented in the pebble:
were divided into nine groups 8&s follows,

Large greins of quartz and feldspar are always tolerably
common in these greywackes -and .are sometimesvebundant. Consequent.
it seems necessary to take account of these minersl components in
any study of the pebbles, Vein-quertz, distinguished.from the
quartzite fragments by its lack of oriented inclusions, i1s added to
the lithogenic quartz, In some greywackes, and perticulerly in

those of the Kirkcolm Group, there are numerous large greins of
quartz which ere sutured, show undulous extinction and possess few
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lérge oriented incluéions, althouéh they are frequently turbid
through the sbundance of small globular end irregular inclusions.
Such greins resemble vein-quertz but the associated essemblage
of rock-fragments suggests that this quartz originated in '
metemorphic rbcks.

The Coarse Basic group comprises "gebbros", dolerites, the
few dioritic rocks end the rare serpentines. -Ali the elbitised
ﬁasic rocks with average grain-size less then 0,1 mm, are included
in the Spilite class; The genersel éssumption of porbhyritic
texture by the spilitic rocks genefelly serves to distinguish them
from the preceding Group, even where the grain-éizes overlap.

Also included in the Spilite group are those glassy igneous rocks,
sometimes pdrphyritic, which contain & high proportion of opseque
minerals 2nd ere presumably, therefore, of basic composition.
Andesite was given & separate heading bécause it wes believed that
the presence or absence of this distinctive rock-type was of
considerable diagnostic value.

Grenitic rocks together with some coarse-grained granophyres
constitute the Coarse Acid group while & variety of microgranites
féll under the hesding of Fine Acid group. The most ébundant of
these 1is quartz-porphyfy, but graphic microgranite, keratophyres

end rhyolites elso occur.
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Included in the Metamorphic group ere such rocks &s the
. quartzites, low-grade schists and phyllites, cataclasites'or
several types, garnet-bearing schists end gneissose rocks. = All
'the sedimentary rock-types observed, including the cherts, are
ihcluded in the ninth group,

ror‘both pebble-counts and micrometric eanelyses the "qverage
grain-size" was calculated &as follows., On a Shand micrometer &
nﬁmber of rendom traverses were teken across the thin-section and
all the greins passing under the cr68s-w1res were registered.
The totsl distance trevelled, compﬁted from the micrometer reedings
was divided by the number of grains and the resulteant average
intercept used as an indication of grein-size. By repeated
experiment it was found thet for a greywecke of moderste grain-size
e count of é50 grains wes sufficient to give results of reasonable
consistenby. Care was teken to ensure that the fraverses chosen
were not parallel to the bedding, since greins tend to be aligned
in thet direction.

Tpere are severel obvious deficliencies in this method but the

results may be used for limited comparative purposes,

Throughout the succession, pebbles of spilite end of
microgranite are almost eqhally abundant end are cleerly the
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most abundant_roék-types represented in the coarser greywackes
(Table IV and Table VII), A 'notable exception to this rule is
the Metemorphic division in which pebbles of these rock-types ere
much scercer and fregments of metemorphic origin are dominent,
Pebbles of metemorphic rocks are generally more sbundent in the
Kirkcolm Group and, to @ lesser extent, the Galdenoch Group than
in either of the 'two remeining Groups.

Lerge fregments of quartz are also very common in the Kirkcolm
Group and'comérise nearly 40% of the pebbles in the Metamorphic
greywackes, In the other Groups the average proportion of quartz
pebbles remsins slmost uniform, but is conspicuously low in the
Basic division of the Portpetrick Group. An interesting reletion-
ship exists between the percentage of quartz petbles and of Coarse
Acid pebbles in these coarse greywackes, Since the grein-size
1s known to exercise & certein influence on the number of rock-
fragments end of quartz greins (fig. 14) it is necessary to divide
each e rcentege by the appropriate grain-size, When the ratios
thus celculated are plotted against each other a bilinear scatter
is obtsined (lines A end B on fig. 15). It 1is found thet most of
the polnts scattered slong line B represent rocks withlmore than
5% of metemorphic pebbles. In the other rocks, represented by
points elong line A, the percentage of large quartz grains is in
direct proportion to the percentage of Coerse 4Acid (granitic)
/pebbles
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pebbles but in those greywackes which sre rich inm metsmorphic
fragments this relationship 1s obscured, or rether weighted by
the higher proportion of quartz, much of which is derivedvfrom
metemorphic, not granitic, sources, |

Pebbles of feldsper (meinly plagioclese) are not sbundent end
eppeer to be more common in the greywsckes which contain numerous
grenitic fragments.- for instence, the‘Corsewall end Portpetrick
(Ac1d) Groups,

Coerse Basic pebbles are conspicuous in the Corsewall grey -
wackeé, uncommon elsewhere, while andesi tes éharactefise the

portpatrick Group, especially the Basic division, occur sporedicall;

elsewhere but ere lecking in the Metamorphic division of the

~ Kirkcolm Group.

The proportion of grenitic pebdbles is high in the greyweckes
of the Corsewell end Portpetrick (Acid).Groups end reletively
increafed in the Metamorphic dlyisiqn. ]

The number of lerge sedimentary fregments shows considersble
veriation in the individuel rocks but by teking tiue average of a
number of pebble-counts it appears thet the proportion is relativel,
constent throughout all the Groups except the Corsewall Group,

This uniformity is telieved to indicete that these sediméntary

fregments sre of little vslue in determining provenance, more
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especially since they consist largely of greywacke~suite rocks
end are probably the products of sub-équeous local erosion,

Two retios have been used to express differences in the relati
proportioné of the mein rock-types present in the greywackes, The
Igneous Index is the retio obtained by dividing the totasl of the
Coerse &end Fine Acid pebbles by the total of the Coarse Basic,
Spilite end Andesite pebbdles, The Metemorphic Index is the ratio
of metamorphic pebbles to totel igneous pebbdbles, Such indices
efford e numericel expression of the varistion in éource-rocks.

To define the petrogrephic propertieé bf a part%cular.series-of
greywackes, however crudely, it is essential to use both these
indices qtherwise unjustified comparisons may be made. Thus, both
the Metamorphic and the Acid divisioné heve sn Igneous Index of
ebout 2.2 which might invite comparison were it not that the
respective Metemorphic indices esre completely opposed, nemely 0.76
end.0.0E. |

Reference to the table of everages, Teble VII, will show that
on this besis the Corsewsll and Portpatrick Groups are petro-
graphicelly similer, and have presumably been derived from sources
with similer distribution of acid and basic igneous end metamorphiec
rocks, even if there is some dispar;ty in the relative proportions

of the individusl (psrticulerly basic) rock-types. However, the
/two
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two divisions of the Portpatrick Group, while mainteining a
»similar Metamorphic index, differ radicslly in relative ascidity
or basicity. The average indices of the Kirkcolm Group indicate
its pronounced acid cheracter end its richness in metamorphic
pebbles. The petrographic similarity of the Lower and Upper
Barren divisions are also clearly demonstrated, The indices of
the Geldenoch greywaeckes indicate that it is intermediate in
character between the Kirkcolm Group end the Portpatrick Group but
these values cannot be regarded as conclusive since they are
averaged from only three specimens.

The results have been expressed in & ternery diagram (fig. 16)
in which the three components are the relative percentages of
metemorphic, basic igneous and acid igneous petbles, In this
diagram the Corsewall and Portpetrick greywackes are scattered alon
the Basic-Acid base-line with the Corsewall rocks more or less
clustered around the 50% point while the Portpatrigk Group has a
much wider "spread", enabling sepsration into the two divisions,

The Kirkcolm Group occupies @ wide field extending towards
the Metamorphic apex, ‘The rocks of the Metamorphié division are
scéttered throughout the sector with more‘thén 20% of metamorphic
pebbles end possess & nearly constant Basic-Acid ratio.. The Lower
and Upper Barren divisions, on the other hand, possess & fairly

uniform metsmorphic percentage but are intermizxed. The greywackes
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of the Galdenoch Group do not appeer to form 8 distinct field but
are evidently intermediste in composition between the Kirkcolm end
Portpetrick Groups. |

A fotal_of 77 micrometric analyses were csrried out on ﬁﬂe'
éreywackes: 44 on the coarse-grained rocks asnd 33 on the fine-
grained greywackes (ev, grain-size less then 0.25 mms.) The
enalyses were conducted on &8 Swift point-counting stege end in
each case aﬁout 1,000 grains were counted, ‘Ihe number of
components was restricted to eight by the apparatus and comprise

the following rock-types and minerals: the four types of rock-

fragment (besic igneous, scid igneous, metemorphic and sedimentarl)

detrital quartz, detrital feldspar, detrital ferromegnesian

minerals (esugite, hornblende, epidote, end including undoubted
pseudomorphs) end the matrix, which includes all gréins under
0.0l mms, together with detritel chlorite; mices end opaque
-minersls,

''his choice of components is psrtly arbitrary but it is though
to be thet which best ensbles comperison of the composition of ﬁhé
greywackes studied, It slso egllows comparison with the pebble-
counts,

Only 2 moderate degree of asccuracy caen be claimed for these
enalyses largely because of uncerteinty in the identification of
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very small end badly altered grains and also because of the hazy
outlines of meny greins due to corrosion by the matrix;

The “pebble-content” of ell the coarse-grained greywackes
selected for microﬁetric.analysis had already been determined,
consequently in these rocks only the greins below 1 mm, in diamete:
were counted, slthough a note wes mede of the volume of pebbles
present and & retio wes estimated of "metrix" to “pebbles", i.e.
greins of less than 1 mm, to greins more then 1 mm.. Thié
"volume-proportioﬂ" of pebbleslis not strictly comparable with the
"number-broportioné of the pebble-counts but there seems to be_no
éirect relationship between pebble-size and rock-type so that in
this case volume percentage may be reéarded s roughly equivsalent
to numbef percentage,

Table V gives the resulfs of the‘micrometric enalyses of the
coarse-grained greywackes while Taeble VIII shows the everages of
such analyses in all the formations studiéd. The equivalent
results and esverages of the analjses of fine~-grained greywackes are
presented in leble VI end table IX respectively.

In broad outline these results follow the genersl pattérn of

the pebble-counts. Thus quertz, which is usuelly the dominent

component of these lower size-gredes, shows & distribution similar

to thet in the pebbles, ‘the Kirkcolm Group greywackes are rich
/in
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in quertz, especially those of the Metemorphic division, although
this distinction is lost in the fine-grained rocks. The basic
division of the Portpatrick Group is agein deficient in quartz
bﬁt is particularly rich in smell grains of feldspar (endesitic
plagioclase) end the Corsewall snd Portpatrick (Acid) rocks are
elso highly feldspethic. Detrital ferromegnesien minerels are
virtdally confined to the Corsewall, Geldenoch end Portpatrick
rocks and the proportion ranges from 5-15%, exceptionally 20%.

The rock-fragments cen best be dealt with by means of the
ratio of acld to basic fragments end the ratio of metamorphic to
total igneous fragments; these ratios are respec%ively equivalent
to the Igneous and Metamorphic indices, These indices heve been
calculated as averages for each formation (Teble VIII snd Table
IX), |

In general it mey be stated thaet in the coarse greywackes,
compared with the pebble-counts ‘there is a slight but nearly
uniform diminution in the value for the Igneous Index, with the
exception of the Gsldenoch Group which shows a éronounced 1ncrease
in acidity. The Portpatrick (Basic) greywackes ere noteworthy for
the high percentage of smsll basic fragments they contasin.

This trend towards basicity 1s reversed in the fine-grained
greywackes where the Igneous Index agein rises,due to the increase
in the proportion of scid fragments.
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On the other hand, the Metemorphic Indices obtained from the
micrometric enalyses show only & very slight decrease on those
calculated from pebble-counts except in the Metamorphic division
where there is a very notable decline in the number of metsmorphic
fragments,

Another retio of considerable value in these enselyses is tpe
Meturity Index. In normsl ssndstones the quartz-to-feldspar retic
is teken as & measure of maturity since these sre the dominant
representatives of the statle snd unstable minersls, reépectively
(Pettijohn, 1949, pp. 382-383)., However, in the greyweckes almost
all the other grains except quartz are essentially unstable and
therefore the equivalent ratio is quasrtz-to-other graeins (but
exclusive of the matrix) (cf, Walton, 1955).

The Meturity Indices of both fine- end coarse-greined greywack
ere virtually identicel and show considerable varistion in differen
formations (Tebles VIII and IX). The incex is a measure of the
degree of altération suffered by the materisl of the greywacke
duriﬁg erosion and transportation end it is clear from the values
given that the role of disintegration snd slteration in determining
the composition of these Ordovicien rocks must have been very
“small., It is epparent thet the veriations in petrograephy of
these éreywackes are more closely related to differences in source-
rocks then to-variable alteration of the derived materiel, although
the latter factor mey hsve played & larger part in the production
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of the Kirkcolm Group greywackes then in the others (cf. Welton,
1955, p. 348).

While the Igneous and Metemorphic Indices vary slightly with
grain-size, the relative velues for different formetions remain
remerkably constent and evidently provide & relieble mesns for
expressing petrographic differences., However, such differences
can probably best be expressed by means of ternary diagraﬁs, such
. as figs, 17-19, In these the three components used are: the
metrix with sedimentary fragments; detrital quertz with acid and
metamorphic¢ fragments; and detrital feldspar with augite, horn-
biende and basic fragments,

¥ig, 17 illustrates the total composition of the coarse-graine
.greywackes, obtained by amelgemation of pebble-counts with the
appropriste micrometric analyses on the basis of the "matrix" - to
"pebbles" retio. It will be seen that the greywsckes of the
Corsewell Group fall into & roughly triangﬁlar field based on the
central part of the "Acid-Besic" base-line and with & consistently
low pfOportion of matrix, _The.Kirkcolm Group have & rather wide
distribution with the Meteamorphic division well defined but the
two Barren divisions are thoroughly intermixed, Greywackes of the
Portpatrick Group are confined to a narrow zone which crosses the
diagram diagonally. The Gaidenoch Group agein appears intermedist
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between the Kirkcolm (Upper Barren) and the Portpatrick (4cid)
Groups.

The composition of the cosrse greywackes (less the pebbles)
is i1llustrated by fig. 18. The genersl distribution is similar
to thaet shown in the preceding fig., 17 but the definition of each
formation is not so clear nor so restricted. The composition of
the fine-grained greywackes, indiceted in fig. 19, is rather more
variable than that of the coarser varieties while the distinction
between Groups is ill-defined but still appreciable,

lhe veriation, illustrated by the Igneous end Metamorphic
Index, in the differing proportions of fragmental rock-types with
decrease in average grain-sizelis remarkably constant throughout
the various formations end indicetes thét, in general, basic frag-
ments are relatively more common in thelgize-grades between 1 mm,
eand 0.25 mms, whercés acid fragﬁents dominete in the finest grades.

There 1s also & progressive decrease in the reletive proportion of

métamorphic rock-fragments with decrease in grain-size,

In both :zoarse msad fine-grained greywackes there is &n inverse

relationship between the proportion of metrix end the grein-size

(figs, 20 and 21) but the scatter of points indicates a variable

degree of sorting in rocks of similar grein-size,
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The conglomeratic greyweckes, represented by crosses in
fig. 20, appear to contain e uniformly lower proportion of matrix
than other, "normal", greywackes of similar average grain-size,
This méy indicate that the sedimentary history of the conglomerates
differs somewhat from that of the associsted rocks,

The proportion of rock-fragments aslso decreases with grein-
size in the fine-gresined greywackes (fig. 14) end there appeers
to be 8 reciprocsl increasse in the emount of detritel quartz,
This relationship, however, is obscured by the petrographic

differences between the Groups.

In sn accdunt of some Silurian greyweckes in Peeblesshire,
"E. K, Waelton (1955), published a number of micrometric enslyses.
These'are comparable, in terms of greine-size, with the greywackeé
of finer grain from the Rhinns, The composition of the
pyroxenous greywackes sppears to be rather similar to that of the
Portpatrick, or better, the Geldenoch Group while the intermediate
and garnetiferous greywackee are closely ekinlto the Barren and
Metemorphic divisions, respectively. However, these Silurien grey
wackes sppear tp be slightly richer in quertz end in metrix but
poorer in "basic" components thsn the Ordovician rocks. These
relations sre borne out by comparing figs. 17-19 with Wslton's
fig. 2 (p. 342).

/The



116.

- The greywackes described by Pettijohn (1943, 1949) and by
Briggs (1953) eppear to contain more quartz, feldspar end matrix
than the normel Southern Uplend greywacke &nd fewer rock-fragments
end the maturity indices are correspondingly higher. On the other
hand certsin Miocene greywsckes described by Edwards (1947a) are
closely comperable with the rocks of the'Portpatrick (Besie) Group.
- These Tertisry greywackes ere highly feldspethic and ere ext;emely
-rich in basic rock-fragments, especielly endesites, but carry only
a few detrital grains of quartz, In almes t every detail the
petrography snd lithologiéal cheracteristics of these.Miocene rocks
cen be matéhed by the Portpatrick gréywackes implying similarity
npt only of depositionegl environment but of provenance,

From the fact that greywackes possessing similar textures and
~ocecurring in analogous lithologicel environments may differ widely
in minefalogical constitution @nd from the evidence of the msturity
1ndices, cited above, it appears thet differences in composition
ere largely & reflection of differences in the provenence of the
greywacke materisl, Subsequent changes due to elteration of the
meterisl or to deposition in differing.sedimentary environments,
probably pley only & minor part in determining the ultimate

composition of the greywacke,
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Appendix A

Textures of the spilitic fragments

During & study of the "microbreccias" ( greywackes) of the
North-Helvetic Flysch, Vuagnat (1952) classified the very abundant
fragments of "andesitic" ( spilitic) facies into eleven groups on
the basis of their charecteristic texture and on the same basis
erécted another six clssses for the very similer albito-chloritie
"diabeses”, These textural clacsses are listed below and are
illustrated in fig, 22.

. Fine hyslopilitic (Hf); coerse hyslopilitic (He)

Fine felsitic (Ff) coarse felsitic (Fe)

Fine pilotaxic (Pf‘; coarse pilotexic (Pc)

Fine fluidel hyalopilitic:(HFf); coarse fluidal hyslopilitic

(HFc)

Fine trachytic {Tf); coarse trachytiec éTc)

Intersertel (I); stellate intersertal (Ic)

Divergent intersertal (1d); spherulitic fibroradial (SF)

Spherulitic arborescent \SA); Hieroglycrhic (DH)

Vitrophyric (V)

Of these, 211 but the two pilotaxic varieties are duplicsated
in the spilitic fragments precent in the Urdovician greywackes of .
the Rhinns slthough the Te texturé is rarely encountered and any
occurrences have consequently been edded to the Tf cless, A
further class hes been created to contein fragments of spilite
which are glassy, with minute micrdlites of feldsper and a great.
deal of disseminsted opaque msterial but which lack phenocrysts,
This texture is designated G ( for groundmess) since it appeers
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very similar to the groundmess of the vitrophyric or hyelopilitic
classes, However, if the fragments are derived from rocks with

these textures the phenocrysts in these rocks are much more widely-
spaced than ususal, ‘

In the course of microscopic execmination of the fragments in
'the conglomerates and coarse-grained greywackes a'note was made
of the texture of each spilite fragment observed, the allocgtion
of texture being determiﬁed by comparison with Vuagnat's diegrems,
reproduced in fig., 22. The total frequency of fragments 1ﬁ each
texturé-class in all.thé selected thin-sesctions was computed for
each Group and histogresms of these frequencies erc given in fig. 23
From this diagram 1t;is apparent thet intersertel spilites are by |
far the most abﬁﬁ&ént variety with the fluidal hyslopilitic end
arborescent spherulitic-types lying in second place,

The frequency-varistion in the different textural classes from
Group to Group is of some interest. Thus, there is a similar
distribution of textural types in the Corsewsll and Kirkcolm Groups,
gpart from & slight increese in the SA typgs in the latter Group.

This increese is sccentuated in the Geldenoch and Portpatrick Groups

which elso possess & similer distribution differing from that of
the mrevious two Groups in that the Ic clearly exceeds the Id
variety. The distribution in component divisions 1s not indicated
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in this diégram.but eapproximetes very closely to the pattern for
the Group. |

In fhe absence of any detailed informmation on the distrivution
end general frequency of these textures in spilitic laves, the
precise significence of the varistion in texture of the fragments
cannot be assessed, It mey be that among naturslly-occurring
spilites the intersertsl texture 1s most common or pé;haps the
illustrated distribution indicates derivetion of the fregments frdm
spilites of &8 specifie, perhaps unique type 2nd from s particuler
locality. In this connection it mey be significent thet most of
the spilitic lavas from the Bsllentrae region exemined by the
- writer possessed an intersertal texture.

At eny rete it sppears thet et different times similar but
slightly different typeé of spilite were being supplied (in greater
or lesser emounts - see Tebles IV and VII) to the greywackes of

the Rhinns,
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c. PETROGRAPHY 0F THE SILISTONES AND MUDSTONES

Thin beds of lutite intervene between the greywackes end may
elso form thick, distinct bands, Such beds are normelly composed
of siltstone rather than mudstoné elthough the proportion of mud-
stone tends to increaese to the south in some formetions, such a
variation being well 111ustratéd by the Kirkcolm Group (see p. 44).

Under the microscope, siltstones and mudstones from different
Groups end divisions are distinguished with great difficulty bdut
there are certain features which remein distinctive. For instance
in those Uroups where the greyweckes carry detrital'greins of
fresh ferromagnesian minersls, the lutites often contein minute
fragménts of such minerals; 1f the arenaceous rocks of a particula
fofmation.are rich in grains of feldspar the proportion of detrital
feldsper in the siltstones is unususlly high, Distinctive heavy
mineral grains may also'bé found in the sasrgillaceous rocks, Thus
abundant tiny chips of colourless epastite charaderise the siltstone:
and mudstoneé of the Corsewall Group.

.The microscopié characteristics of these ultra fine-greined
focks are the result of the ultimate development of those trends,
~ elready noted, which are related to decreasing greain-size in the
greyweckes, = There appesrs to be no rigid distinction between the

arenaceous beds &and the intercalated lutites but rsther s gradual
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transition in properties, Thus the lutites contain virtuelly

" no rock-fragments (with the exception of the siltstones of the
Portpatrick Group which contain meny minute particles of glassy,
andesitic rocks), @ consistently high proportion of detrital
quartz and much detritel mice, mainly muscovite, The proportion
of dark-coloured chloritic-micaéeous clesyey materiel is élways
high and, of course, the amount increeses with further decrease
in grein-size,

This interstitisl cement is usually brown or dark green in
colour and is extremely fibrous. It appears to concsist of very
finely divided greenish chloritic meterisl with substentiel
amounts of colourless sericite, = Both the chlorite gnd sericite
seem to have been recrystallised. Aggregate extinction and .
cryétal elongation of this recrystsllised materiel are character-
istic features of meny mudstones &snd shales,

Granules of turbid green epidote, which appesr to be secondary
in origin, ere abundent in some siltstones while tiny globules of
reddish brown hydrous iron minerals>are also common, These may
be evenly scattered throughout the interstitial material or, more
usually, occur in thin bands and stringers which are parallel to
the bedding. Detrital greins of the opéque minerals are rather
uncommon but in many lutites there ere numerous tiny aciculer
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crystals of a pale brown mineral, probably authigenic rutile.
Pyrite is generally abundent in the srgillaceous rocks, As 1in
the greywackes 1t occurs in the euhedral and spheroidal forms
and'individual globules are also very common in the chloritic
matrix, This pyrite may have been derived by recrystesllisation
from the smorphous iron sulphide end, from the observed relation-
ghips, such e change must have occurred almost simulteneously
with, or very slightly later than the recrystallisation of the
matrix,

In some siltstones & colourless caerbonate is abundant
interstitielly, tekiﬂg the plece of part of the clsy-matrix.
¥hile no categoricel statement can be masde on the besis of the
meagre evidence it sppears thet the carvonate cement is probably

primary,

D; PETROGRAPHY OF THE BLACK SHALES AND CHERTS,
: TUFFS AND “AGGLOMERATES*

True black shales are confined to the region south of

Portslogan, although films of black shsle up to a millimetre thick
and rendered shiny through differentiesl movement are found in the
bends of fissile mudstone further north, Normally, the black

shales are not interbedded with other rock-types, except thin
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impersistent ribs of dark chert. They are ususlly fissile but
mey be platy (leminee between 0.5 end 5 mms,) or, occasionslly,
blocky (leminee between 5-10 mms,), Almost invaerisbly the shales
are highly cleaved end cut by innumerable tiny veinlets, mainly

of quarte,

Dense bleck, presumably cerbonsceous, meteriel occurs as tiny
specks end granules in the argilleceous meterisl but in such
profusion that elmost zll of the underlyiné textural details are
obscured., There ere, however, s féw sporadic detrital grains
of gquertz end fairly numerous lenticles and "eyes“ elongate'?oughly
parallel to the bedding of clear, very finely-divided chloritic and
sericitic materisl,. Pyrite is again very ebundant and usuelly
occurs in a globulsr form, separate and minute, or as long,
-1rregularly narrow granular seams which pesrellel the lamine tion,
There are elso 8 few much lerger cubes,

The cherts are slmost always associeted with the black sheles,
Cheracteristicelly the bedding of the cherts is highly irregular
and lenticuler, knobbly, with bends sbout 1-10 ems. thick separated
by th1n>partings of soft greenish mudstone. Some of the colour
differences between the cberts in the Rhinns sppear to be due
lergely tg gecondery causes eince cherts of & grey or & green colou;
have been observed to pass laterslly into thelblack variety, the
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bleck colouration spreading outwards from joints, Black cherts
may also show s latersl trensition into the red cherts; in the
Creilloch Burn section certain of the black cherts are mottled

red in large patches, It is worthy of note that 8ll the fragments
of chert found in the greywackes @and conglomerates sre light-
coloured - grey, green, pale red or colourless, but never black.

In thin-section, the cherts are seen to be composed of
microcrystalline silice with a variable but ususlly small proportic
of clastic materiel - usueally sargillaceous. The number and the
degree of preservation of the rsdiolarie eppear to be inversely )
related to the amount of clay-materisl present. In some cherts,
radioleria ere Qery numerous &nd feirly well preserved, their
spinose cheracter being conspicuous, In others the tests are of
8 sPOrqdic occurrence as 1ll-defined ovoid or spherical bodies,

| In the dark cherts the rsdioléria have usually escaped the
ssble colourétion of the surrounding silica and gre infilled by
chaélcedonic silice which is more coarsely crystelline than the
interstitisl silicsa, Cuch patches often have & concentric
structure, with rether diffuse bands rich in tiny acicular ?rutiles
epidotes and opaque minereles, alternsting with the silics
(FPlete 4x£Ia)., Large irreguler patches of secohdany magnetite,
probably replecing pyrite, and small squarish crystals of greenish
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prown authigenic ?brookite (or-epidote??) often occupy the cores
of the rediolsrien tests, Pyrite asnd magnetite are elso sbundant
but finely disseminsted in the black cherts.

Tuffs snd"agglomerates"”

The red end green "tuffs® st the south end of Norroch Bay are
fissile or thin-bedded and well-jointed. Microscoplic exsmination
of these rocks reveals the presence of very sﬁbstantiél amounts of
srgillaceous msterisl znd only & moderate proportion of exceedingly
fine ignsous detfitue, meinly. quartz and cloudy feldspar. In
fect these rocks arevsligMiy tuffaceous, light-coloureu shsles
" and mudstones. Cleavage is often conspicuous end in some ceses
@ folse cleavage has been induced by the parallel orientation of
the fibres of reérystalliséd chlorite end sericite,

Tuffeceous bends associated with the black shele sequence in
the Portslogen coestal section &re distinguisheble "from the
adjacent greywsckes only by reason of their more even-graeined ftex-
ture snd lighter éolour. In thin-section the tuffs ere rather wel
sorted but sre petrogresphically similsr to normal greyweckes, with
much detrital quartz and feldspser. There is little interstitiel
meteriel &nd the grains ere fairly well rounded. Ihe weter-leid
cheracter of these rocks 1s.attested by the good stratification,
and leminetion, and 5y the occurrence in them of current-tedding

end current-ripple-lemination.
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The four-foot bund of "sgglomerate" in this section consists
of large pebbles and sngular cobbles (up to 6 inches in diemeter) c
pele green chert, amygdeloidel spilite, black shale &nd finef'
greined greywackes, in order of decreasing sbundence, 2ll set in a
grecnish metrix, This groundmsss resolves itself, under the
microscope, into 8 very poorly sorted rock of greywacke ty pe.
Large and small sut-sngular pieces of green chert which sometimes
contain radiolsrie are the most conspicuous components'but there
ere 8lso numerous fragments of black or green shule £nd much rarer
small fragments of spilite snd of quartzite.  Lerge greins of
quertz end feldsper are common &nd there is 8 prominent discrete
metrix which consists of highly micesceous fine-~-grained siltstone,
Narrow stringers of -black shale are of frequent occurrence angd
usuelly liec parallel to the bedding. |

Despite the sgglomeratic eppesrence in hand-specimen, the
petrographic character of this rock throws serious doubt on the
assumption that it is of pyroclastic origin, .In fact the evidence
appears strong thet the bed, which is unstratified, lenticuler,
pessing laterelly into normal greywackes and siltstones, originated
by normel sedimentary procesces., It seems likely thet there wes
locel zddition (poseibly by meens of slumping) of unsorted coerse

clastic detritus, mainly of fine-greined ergillaceous and siliceous
sediments but with en sdmixture of igneous and metemorphic rock-

Tregments, to & bed of unconsolidsted micsceous siltstone.
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B, THé DeVELOPLeNLl OF PYRITE IN IHe GREYWACKES

Pyrite is of very general occurrence &nd in some beds it is
abundent, sroken and fecetod cubes and pyritohedra form an
almost negligible proportion of the pyrite greins observed &nd
ere evidently of detrital origin occurring in a normel clastic
reletionship with the edjescent greins, However, most of the
pyrite occurs as greins «nd maesses which must be of post-
.depositionsl origin since they esre clearly transcurrent to the
clastic greins and rock-fragmente.

Pyrite heving this occurrence may be divided into two
morphologicel groups: (i) Euhecrel pyrite, (ii) Spheroidel

pyrite.

(i) Euhedral pyrite: This is usually found in the form of

cubes or pyritohedra, either as single crystels or, more commonly,
as aggregates of several crystals,.mutually interfering.

Euhedral pyrite is never as common &8s the spheroidsl typé except

in those greyweckes which have been subjected to catéclesis

(Plete 2XIb), but it is often found ir the veins of calcite &nd
quartz which traverse many of the éreywackes. Occasional,
impersistent veinlets of euhedrel pyrite are found in some grey-
wackes, This vein-pyrite is often pasrtielly replaced by magneﬁite
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Narrow zones of chlorite and chelcedonic silica, similar to those
to be described from the spheroidal pyrite, occur around a few
euhedral grains while rims of magnetite are fairly common, Meny
graine have & thin veneer of hsematite,

Pyrite of this type 1s particularly common in some of the more
siliceous, fine-grained rock-fragments such as chert, but since the
crystals of pyrite are abruptly truncated at the edges of such
fragments it is assumed that the formation of pyrite in these

protably took pléece before the erosion of the fragments.

(ii) - Spheroidel pyrite: This rather unusual type of pyrite

occurs in sbundence in some greywackes and takes the form of tiny
globules which are usually aggregeted together to form &

s ,
framboidel or berry-like body. Thishcommonly ovoid, sometimes

spherical, in shape or may be quite irregular. The spheroids may

be up to 1.5 mm, in dismeter, and the component globules are of the
order of 0,01 to 0,03 mm, in dismeter, The distribution of these
pyritous bodies, spheroidel end euhecral, does not appeer to be
reléted_to the bedding of the greywacke,

The densitj of packing of the globules in these spheroids is
very vearieble. SEome gréins appesr homogeneous, revesling little
evidence of aggregate structure whereas 1ﬁ others there sre
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relatively wide interstices 5etween the globules, Portions of
detrital greins which have been replsced by the pyrite may often
be detected in such spaces, '
Purthermore, there is considerable varietion in the shape of
. the aggregate, & variation which 1s releted to the demsity of
packing of the globules, ~«hen the aggregate is near-homogeneous
the =shape sssumed is ovoid or spherical, occasionally approximsting
to pyritohedral, but loosely~packed aggregates are usuelly of very
irregular shepe (Plate XXIIa), The individual globules also vary
in shape but are ususlly nesrly spherical. In some of the loosely
packed aggfegates the component globtules are seen to be pyritohedra
or, rarely, cubes, Cingle globules of pyrite of similar size
and shepe to those forming the spheroids sometimes occur randomly
scattered throughout the matrix of a greywacke and in this case
&ny spheroids present are small end loosely packed, with irregular
shape. Most of the zggregates glso appear to have originated
within the greywacke matrix, aslthough &s growth proceeded they
would replace and include clastic greins, large end small., Some
aggregetes are in the form of incomplete spheres and this can best
be explained by the relative case of growth of the pyrite crystels
in the matrix compared with the detrital grains'(see fig. 24).
In one thin-section there are & number of small spheroids;
of very similar aspect to the frumboidel pyrite, which are comoosed
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of & trenslucent substance with moderate relief and low bire-
fringence (possibly cryptocrystelline silica) together with colour-
less carbonate which appears to be secondary end is elso abundant
interstitielly in the rock. Pyrite, in the form of very tiny
irregular granules, appe&ars to be discseminated throughout these
bodies. In this cese it seems likely that the pyrite has been

almost entirely replaced by the other material.

About 8 third of the totel number of pyrite grains observed,
euhedrol and spheroidal, are accompenied by zones or envelopes
of psle green chlorite and/or chalcedonic silica. Noreover a
number of the greins heve & very thin but nearly continuous rim of
magnetite, Frequently the entire zone is composed of chlorite
but often silica is alsb present, Zones composed entirely of
silice esre of very infrequent occurrence, The meximum area of
zone observed in thin-section is only sbout 10% of the total area
of the esdjoining pyrite grsain.

The zonery chlorite is weakly pleochroic in pasle green and
gives anomelous blue interference colours. It is often fibrously
intergrown with the silicsa, the'length of the fibres being normal
to the surface of the pyrite sphere or to the crystal faces, where

deve lnped. where a zone is campounded of silicae and chlorite the
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silice often forms the inner part of the zone, next to the

pyrite.

. These zones sre remerkebly free from inclusions end usually
have a sharp junction with the sdjecent rock-materiel, In all
the greins otserved the zones, 1f present, never form & continuous
envelope but only pertislly surround the pyrite. A striking
feature of this partiel envelope 1s that it often exhibits e polar
errengement (figs. 25e and b), the zones commonly being concentrate
et the entipodsl points of an ovoid or a sphericel grein. It may
be thet the apparent lack of zones in many grains 1s due to the
random neture of the section which has feiled to cut the true
poles of the spheroid. The occasional grains with @ unipoler
zone may &lso be accounted for in this way. The orientetion of
ali the “poler plenes" of the pyrite grains in one thin-section
ceems to be sub-parsllel but mey show deviations of up to 300.
This poler plane apparently does not coincide with the tedding and
mey mcke a consliderable angle with 1it, It has not yet been found
possible to relste the orientation of this plane to any structursal
or lithological direction.

The chloritic zone is lacking where the pyritous body is in
contect with e siliceous grain, while magnetite rims sre ususlly
present only where the silica 2zone 1s ebsent. On a few spheres
outgrowths'of p&rite post-date the formetion of 2 magnetite rim

/out



132,

but are themselves rimmed by magnetite.  Such outgrowths also
appear to sntedate the formetion of the surrounding zones (fig.
25a) ..

Authigenic pyrite of euhedrel type has been described by
‘hoodlend (1938) from mudstones of the Harlech Grit Series in
Merionethshire, with & few significant exceptions, .oodl&nd's
descriptions of the zonmes of chlorite a2nd silicc and the megnetite
rims agree with those given here., & further zone, of siderite,
found in the mudstones hes not been observed in the Ordovician
greywackes,

Spheroidsl masses of pyrite have been found by meny vorkers
(ef. Proc, Geol. Soc. Llondon, No. 1550, 1957, end Pettijohn, 1947,
p. 116), meinly in fine-greined sedimentary rdcks such as cleys
end sheles. However, few details of their morphology have teen

given.

In the present cese it appears that part of the euhedrsal
pyrite hse been introduced by veins although many euhedral greins
occur in unveiped rocks and presumsbly could not heve been produced
vy this method. It is probatly significent that euhedral pyniﬁé
is best developed end most sbundent in rocks which have suffered
sn exceptionally high degree of dynamic metemorphism as, for
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instance, in fsult-plznes (Newhouse, 1927, p..81). In this
instance 1t vould appear thet any pyrite present in the rock,
possibly disscemina ted throughout the matrix as the amorphous
disulphide, has been aggregated snd recrystallised with a euhedral
habit,

From the aveilable evidence it seems a reassonsble inference
that the fremboidel structures have been proauced by aggregate
growth of numerous tiny pyritohedra, growth procecaing radially
from & centre which was usuully situeted in the chloritic matrix
of the greywacke, the degree of perfection in the shepe of the
eggregate and the density of packing would appesr to be related
primerily to the ease of growth of the pyrite crystels,

Love (1957) concluded thut spherical and irreguler pyritous
bodies occurring in some Lower Cefboniferous shales and limestones
in the iiidland Valley of Zcotland ere syngenetic, He proposed
that the pyrite replsaced the»shell-material of tiny orgénisms which
themselves produced, during their life cycle, the hydrogen sulphide
necessary for the reductive processes. |

while meny of the spheroids described here have strong
morphologicel affinities with orgenic bodies, the clear transection
of detrital grains, the irregulerity in shepe end the varistion in
density of packing 2ll indicate a post-depositional rather then a
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syngenetic origin, further proof for the relatively late date of
formation is afforded by the fact that in several cseses spheroidal
bodies of pyrite cut through calcite veinlets (fig. 24), slthough
in other cases the carbonete has partislly repleced the pyrite
end thus eppesars to de of leter éate. Further, in onc instance
the recrystzllised sericitic-chloritic materiel of the pgreywecke
matrix has been partly domed up &nd partly broken through by the
growth of & pyrite spheroid. '

the original source of the ferrous sulphide is not known.
It may have been present in the érgilleceous,matrix of the grey-
wacke, or perhaps introduced dufing the early stages of dlagenesis,
in a finely disseminated state, whatever its origin, the indica-
”tions are thet when crystaellication wes initieted the disseminsted
eamorphous sulphide migrated towerds certein focl and commenced to
crystellise out as tiny pyritohedrel crystels which progreseively
replaced the detritsl material, Lpheroidel sggregates of such
crystals grew by accretion in the rediel menner:described earlier,
Crystallisation did not commence until the rock}had been
consolidsted, at least in part, and it seems proboble thet the
crystellisation was induced by the pressure of superincumbent rocks

YThe mode of formation of the zones surrounding pyrite crystals
- in the greywsckes remeins obscure, ~00dland interpreted these as
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spaces produced by the contraction consequent upon the formetion
of crystalline pyrite from the amorphous iron sulphide, such spaces
being simulteneously filled with chlorite, silica or siderite, '
he sequence of the zonmes a2nd the neture of the infilling meterials
was accounted for pertly by the composition of the circulating
solutions and governed by the presence or absence of cabonic acid.

Rhile this explanation may account for the presence of zones
round some of the eubedrzl greins, it cannot be applied to the
case of the spheroids beczuse in all cases the volume of the 2zone
is very much less than the theoretical volume required which is
helf of that of the pyrite body itself. lMoreover there are msny
sphericesl and euhedrezl bodies which doc not poséess surrounding
zones £o thet there appears to be no direct genetic connection
between zone 2nd pyrite crystal,

It is clear that the zones were formed efter consolideation
and compection of the rock, else the adjacent detrital material
would heve infilled the original spaces now occupied by such zones,
The cheracteristically ovoid shape of the greins, the polarity of
the zones 2nd the epproximate paralleliesm of the polar-planes all
point to 2n externsl cause. It is therefore tentatively suggested
thet the formation of the zones ‘is a metamorphic phenomenon of
locsl significance,.
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On this view the pyritous todies, originelly spherical where
fully developed,'have been subjected to directionsl pressure, and
heve yielded by clight elongation, presumsbly normal to the
stresc~direction, while silice and chlorite which may have been
dissolved from the 2djacent matrix, crystallised out in the

reletively low-pressure &erees a2t the poles of the now-ovoid body.

F. HEAVY MINBRAL GRAINS

Procedure: About 20 gms, of the specimen of greywacke were
broken off end pounded (not crushed) to relesse the discrete
grains from the matrix, The resulting greywacke-scnd was then
sieved, the frections passing through the 30 mesh (0,017 ins.)
being retained.

_ The heavy detrital mineraél greins were separsted from the
light fraction in & separating-funnel, using bromoform (&.G. 2.9).
Since most of tﬁe heavy residues contained & high proportion of
detritel iron-ores, 8 magnet was passed over the dried separations,
removing the magnetite, Passing the minerellgrains through a
Frentz isodynemic sepsretor, et 0.1 amps. with 10° side-slope,
ensured the removel of most of the ilmenite from the heavy residues

In some of the greywsackes of the Corsewzll CGroup, secondary
iron-stezining (limonitic) msde it necessary to boil the sieved
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grey wacke-sand in dilute oxelic acid (0.1N), This effectively
removed most of the iron-staining, without éffecting eny of the
other constituent minerels, except, perheps, the apatite, which
ecquired e rather pitted surfece, due to slight corrosion, For
microscopic exasmination, the grains were mounted in refractive-

index oiis.

Description of Greins: Some 18 minersl species occur in the

heevy residues (fig., 26), of which three are opaque minerals.

Gernet, There sre two principal varieties of this species
(1.e. pink end colourless) with a few grains of an intermediate
colour 2nd & few with a yellowish tinge. Greins of garnet occur
in all but two of the separations,

Pink gernet (which is probably almandine) generally occurs in
lsrge anguler or éubangular grains, up to 1.5 mm, in diameter,
epproximeting to dodecehedral shape end showing conspicuously
uneveﬁﬁfracture. Poor {110} cleasvege is often developed while
oscilletory combination of the dodecehedron {110} end trepezohedron
{211} produces step-like'faces. Lhe cblour renges from & faint
rose.tinge to 8 strong reddish-orsnge, The surfece of these
graine 1s often slightly etched., Inclusions are not common end ar:
randomly distributed throughout the greins, eslthough occasional
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grains are cored by large euhedral grains 6f rutile or ilmenite,
Strong cross-cracks, filled by red limonite (?) are charescteristic
of this variety. 'They are usually irregular in orientation, but
are sometimes arranged radially. . Occasional grains of pink garnet
exhibit anomalous, very low birefringencs.

Grains -of colourless garnet are generally smaller, with a
meximum diemeter of 0.8 mm. In rocks north of the Southern Uplsand
Fault they asare euhedral dodecahedra, broken or whole, but to the
south, they éommonly occur as sngular platy fragments or tabular
grains, showing sub-conchoidel fracture, or as rounded dodecahedra,
Tiny grains of the opaque numerals form the bulk of the very
numerous inclusions which ere sometimes arraenged in concentric or
spiral rings. Sieve-structure is characteristic of, but not
restricted. to, colourless gernets from rocks rich in fragmehts of
metamorphic rocks. Strong cross-cracks are rarely encountered in
this variety, although tiny,‘irregular, enastomosing fractures,
with associated slight 11monitic staining, are occesionally observe

The yéliow garnets, which range from pale lemon to honey in
colour, occur only in rocks of the Portpatrick Group. The greins
are normally subhedral, rounded dodecashedra, slightly fractured and
with few inclusions. Conspicuous cross-cracks sre common and it
seems likely that this is but & sub-variety of pink garnet,
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A}teration of the garnets to a pele green chlorite and an
iron minersloid, or to hagnetite mey be observed in some thin-
sections of greywackés. |

Zirgén- Occurs in every separation. Two verieties of this
mineral were elso found (cf. Waltom, 1955, p. 335). The first
comprises those greins with a length-width retio in excess of
1.5 and which carry inclusions. Such grains are ususlly colourles
but msy be pink, pale brown, or even pale meuve with very faint
pleochroism, The length is very varisble ﬁp to & maximum of
0.2 mm, The smaller greins are usuelly colourless and of euhedral
'form. Typicsl developments esre the prisms {loo}and f110} s wWith
the pyremids {111}, end sometimes {511}, while the {001} pinacoid
occufs but rarely. Larger grains are'usually well-rounded but
often retein traces of the originsl crystal faces, Poor cleavage,
~which is normelly prismatic, but mey, resrely, be pyramidel, is
often developed, while irreguler crecks, parallel to {001} , 8lso
occur, Limonite-filled rédial cracks, are of infrequent occurrenc
in the lerger grains, Inclusions are very common and consist of
(in order of abundance) zircon (coiourless), apatite, rutile,
opaques, small cavities and brookite, Acicular inclusions are
often oriented parsllel to the c-&8xis and the grains are sometimes
cored by 8 lerge crystel of an opaque mineral, Zonallgrowth is
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common in both large and smell greins, Very occasionaelly, grains
of this type exhibit opticel enomalies, They give a biaxisl
positive interference figure, with 2V=10—l§° end with abnormelly
low birefringence. Other greins show "undulous extinction”,

The second variety, which is very much less common in these
separations thsn the first, consists of grains of zircon with a

length-width ratio of lass then 1.5 and with few inclusions, or

none, &nd generally a purpie colour. The shade ranges from pale
mauve to clesr, strong purple, with some brownish tints, due to
iron-steining. The iength of the grains 1is rathef greater then ir
the first veriety; the esverage is sbout 0,15 mm,, the maximum &bou
0.4 mm, However, the shape is almost inverisbly ovoid or nesarly
spherical, the greins being exceedingly well-rounded. The surface
of the greins is frequently "frosted” or shows shellow scellopings,
No zonal growth has been observed in these greins, nor prismetic
cleevage.v The very scarce inclusions esre spatite, cavities or
opaques, Undulous extinction is exhibited by.occasional grains,

iAlteration of the zircons has not been observed, but they ofte
possess @ thin, patchy coating of yellow limonite.

apatite. Small, colourless or very pale blue transparent
greins of this mineral are found in 27 separations out of the total
of 36. Ihe everage length of fhe grains is 0,36 mm., average
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width 0.24 mm. end the everage meen K.I. 1s 1,642, These grains
are generelly sngulasr end plety or tebular; occasionelly they
occur as hexagonel prisms with rounded terminetions, and especislly
in the rocks south qf the Southern Uplends rfeult, as smell ovoid
grains, - lForms observed include {1010}, {1011} and very rarely
{0001} . Feir {0001} clesvege is sometimes encountered, while
frequently the sutfece is minutely pitted, giving & “frosted"
eppearaence - this mey be due to solution by the oxslic acid,
Inclusions ere not common and usually show resndom distridbution,
Only one exemple of strong zoning has‘been observed,;

| While most-grains of apatite are unisxial negative, very rare
greins give blexiel interference figures, 2V:=10-15° and in this
case the fest ray mekes an sngle of }-60 with the c-sxis, A thin,
petchy coating of yellow limonite is frequently observed end, when
alteration is advenced, this limonite exténds in vermiculer feshion

into the centre of the grain,
Tourmsline, This species occurs in 8ll but three of the

residuses, There are two varieties, distinotive toth in colour and
- form, The most sbundant type is brown, intensely pleochroic from
honey (&) to nigger'(m).and with cherecteristic blotchy coloura-
tion, The grseins ere generelly euhedrel, prismetic, with

occesionsl development of pyremidaul faces {1011}. Irregulsr
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bassl partings sare sométimes found and these may define one
termination of & grain, Frequently, indistinct strisestions
parellel to the c-axis, with iron-ores sligned along these lines,
are observed, Inclusions, rendomly oriented, ere common in these
greins, |

Very rare greins are pleochroic in green, from pale green (£)
to greenish turquoise (@), They are similer in form té the brown
véfiety and sometimes exhibit brownish tiﬁges so that they are
evidently referable to this vsesriety,

The second type is weekly pleochroic from trenslucent Prussian
blue to indigo. In form, the grainé are usually'angular or
broken, with sub-conchoidel fracture. Pseudo-hexagonel plates
defined by the bassl parting asnd non-pleochroic, are rare,
Inclusions sre not common and no reguler strietions have been
6bserved. |

Both varieties sre uniesxial negestive, ng=1.67, n,=1.63.

Rutile. Another common species, Again there are two
varieties, almost equally sbundent, The first is pleochroic from
light golden-yellow to deep amber and transparent, Greins are
usuelly small (everage length 0,1 mm.,; &verage width 0,03 mm.),
prismatic or ascicular, rsrely tabulsar, The terminations are

usually rounded, but flOO}, {110} prisms and {lli} pyremids have
' /been
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been observed, Prismatic {1001 cleavage is common while
striastions parellel to {101} (presumsbly due to polysynthetic
twinning) occur infrequently. Geniculate twins have been observec
but they are rare. Greins of‘yellow rutile are sometimes rendere
seni-opeque through the presence of minute, disseminated alteratior
products,

Slightly larger grains (averege length 0.2 mm,) are “foxy-red'
in colour, pleochroic from light red-brown to derk crimson and
often semi-opaque because of totsl internsl reflection, These
greins may be prismatic, with rounded ends, end occasionelly show
deveIOpment of the basal pinacoid, but more commonly they are
engulsr, platy or tasbuler, showing marked sub-conchoidasl fracture,
The prismetic cleavage end striations parsllel to {101} are fairly
common in this variety also. Inclusions are rare in both varietie

Epidote. This is normelly slightly pleochroic from clear
yellow-green to pale grass-green, The grains eare of medium size
(average dismeter, 0.3 mm,) and irregulerly angular in form{
slthough occasional grains are angulsr prismetic, and {001} cleavag
fiakes are common. Good {100} cleavage is frequently developed,
together with numerous 1rréguiar cross-cracks, The surface of a
few.grains appears to heve teen etched into & series of minute
shallow pits, The grsins esre invariably biaxial negative, 2V
about 70-800, with everage R.I.=1.74.

/There
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There sre a few smell flekes which displsy all the
cherecteristic properties of epidote but are colourless and
exhibit enomelous blue interference-colours, These are regarded
as being zoisite in composition.

¥y roxene. (See thin-section descriptions). Besides augite,
which is of frequent occurrence among the heavy minerals, grains of
@ rather unusuel form of pyroxene were found in one residue, Lhe
grains ere large (average length 1-3 mm.), tabular and angular and
arec evidently defined by cleavage, These flakes sre light coffee-
brown in colocur and non-pleochroic, Thera-is little trace of
cleavage on the face of the fleskes, but the saw-tooth form of the
‘edges indicates two clesveges, 8t about 90°, The extinction engle
of the fest rey, measured from straight edges, is 500—420 and the
interference figure may appear uniaxisl or bisxisal positive, with
2V=10°. The mesn R.,I. is 1,701 and the birefringence is fairly
strong.,. A pyroxene of the composition of pigeonite is strongly

indicated,

Hornblende. See thin-section descriptions,

Glaucophane. Grains of this mineresl occur in five séparation

end in an additionel fifteen thin-sections, The minerel occurs
principally as {110} cleavege flakes, the average length being

abvout 0,2 mm, Two inter-grading types are recognised. The first
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is pleochroic from colourless (X), to lavender blue (Y), to mid-
violet (2), end the optic plene is normal to fo1ot with YAc=14°,
The second has the pleochroic scheme: peale gfeen (X), dark
 yiolet (Y), ultremerine (2), with the optic plene parsllel to
{010} ena ZAc=12°—1§°. The first type has very marked Qispersion,
rav., The first type is bisxisl negative, 2V about 40-55%, while
the second is biaxisl positive or negative, 2V variable between
10° and 409, In the first type, n«x=1,62, n9=1.63,1‘t;;6: the R.Is.
of the second type are slightly higher. There is usually one
marked cleesvage, with poor perting normal to it. Inclusions are
few,

The first variety is.evidently similar to that described by
Walton (1956) from the Glen App and Finnarts conglomerates, end
to that which occurs in en exposure of gleucophane-schists, near
Lendalfoot, This variety is believed, in the course of alteratior
to grade into the second type, which 1s probably a variety of
_horntlende (cf, Winchell, p. 441).

Picotite, (Spinel). aAnother common species, It is non-
pleochroic, colour variabtle from light coffee-brown to derk red-
brown; trenslucent in thin-section but opaque in grains and
invariebly isotropic. Sub=-vitreous to sub-metallic in lustre,
It generelly occurs as small, highly eangular, fractured plsty

/grains



146.

grains, but occasional broken octahedra have been observed.
There 1s no good cleavage developed, but only irregular, impersis-
tent narrow cracks, Inclusions are extremely rare,

Brookite, The infrequent greins of this minerel are pale
greenish-brown in colour, non-pleochroic, In form, they are
generslly euhedral and very smell (average width= 0,04 mm,),
tabular parellel to {001} end with good prismatic {100}, {110},
end pyremidal {Oll} faces developed They often occur as
aggregates of several euhedra, No good cleavage has been noted,
but tiny, impersistent crecks, parallel to {100} have been observed
Inclusions are very rare, but occasional grains are cored by
ilmenite(?). The grains frequently possess & thin veneer of
leucoxene.

Very minor amounts of rounded tabular enaetase and acutely
raggeq, brown sphene have also been encountered in some heavy

mineral separations,

Of the opaque minerals, ilmenite is the most esbundant, althoug
in some cases it is not easy to distingulish from magnetite, it
occurs chiefly in the form of large, slightly rounded or angular
ﬁedge-shaped or tabulsr greins snd, occasionally, as smell, rounded
rhombohedrai plates, The colour of the minerel im reflected
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light is & purplish blue, and the lustre is dull metsllic. The
greins often possess & thin sheath of leucoxene &nd their é;rface
i1s ususlly rough and pitted, | o

Next in sbundance is pyrite, of which there are two verieties®
. The first, or euhedral, type is paerticularly common in rocks of the
Portpatrick Group. Grains of this veriety sre of moderate size
(a?erage diemeter, 0,15 mm,) end show dodecashedrsl, pyrifohedral,
striated cubic, énd occasionall& oqtahedral faces, Strietions,
parallel to {1bo§ and {210} are commonly present. These eahedral
greins sre often aggregated together forming plsty or botryoidal
messes,. Thg second, spheroidal, variety consists of medium-size
‘aggregates (everage diameter, 0,2-0,25 mm,) apparently consisting
of numerous tiny globules of pyrite. These aggregates are ususlly
sphericel bodies, but are often irregulsr and ragged in shape,
Greins of both types may occur in the same separation and have
- often acquired 8 thin veneer of bright red hesematite (ef. Woodlend,
1938, p. 451).

Megnetite. This mineral, which is common in the separations,
occurs as irregular, highly frectured grsins, often with‘minute
facets developed on some faces, or &8s larger rounded octahedra,

Some patchy alteration to limonite mesy be observed.
/Finally

(*see, also, thin-section descriptions.)
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Finally, there is one¢ interesting minerel which does not
occur in the separations but is present in at least three thin-

sections, This mineral is telieved to be staurolite. It occurs

as small (0,02-0,05 mm.) broken prismatic grains, with sew-tooth
edges and one grain possessed a pyremidal termination. The

. pleochroism is distinctive, froﬁ colourless \faster ray) to strong
yellow-brown, and in several grains there is & marked marginsl
zone pleochroic from colourless to ésrk brown. ‘the refractive
index ;é high, between 1.7 and 1.75, while prismatié cleavage is
poorly developed. The mineral is length-slow, biaxiai, of doubt-
ful sign and optic exiasl angle, but the optic exes emérgé in the
{001}-{019} zone, Meximum birefringence gives first-order red
colours, &and the extinction is nearly or exactly parallel to prism-
edges., an intriguing pdint is that not one grein of this mineral

contains &ny inclusions.

Discussion: ¥rom the accompanying lists (Teble A) it will

be seen that there 1is no cleér-cut differentiation of heavy mineral
suites according to stratigrephic horizon. The minerals comprisin
the rather meegre aggregate suite occur in each of the several
stratigraphic groups. However, some limitea observations can

be made on the distritution and reletive abundance of the various

minerals end their vericties.

/( 1) while
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(i) while zircon is an ubiquitous species in these rocks, it
is rather less common in the Corseﬁell and Portpatrick Groups,
principally because purple zircon is rare in thése rocks.

(i1) Garnet sppears to be a rare species in rocks of the
Corsewali Croup.
(ii1i) Apstite is zbundent in the Corsewall and Gzldenoch Groups
common in the Portpatrick, end rare in the Lirkcolm rocks.
(iv) Hornblende, pyroxene and epidote are conspicuously
ebundant in the Corsewall, Portpatrick and Galdenoch Groups, -

(v) Tourmeline, snd particulerly the brown variety, is rarely
encountered in the Portpatrick Group.

(vi) Butile and tourmeline appear to be particulerly esbundant
in rocks of the Upper Barren division of the Kirkcolm Group
(20-24 in Table X). |

lMiore generally, the separations sppear to_be typlicel of the
rather restricted suite commonly found in greywackes. Perhaps the
most striking feature of the Rhinns suite is the remarkable
prevelence of apatite, usually regarded &s a very unstable mineral,
Of considerable interest, too, is the ubiquity of zircon and garnet
and the spasmodic sbundsnce of hornbvlende, sugite and epidote.

The unconfirmed but probably correct identification of the enigmati
‘mineral described above as staurolite meens that this is the first

/recorded
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recorded occurrance of the minersl in greywackes from the Southern
Uplends., Picotite, the brown spinel, though not so comnon as in
some Silurian greyweckes (see below) is still widely distributed
and is & highly characteristic constituent of these Ordovician
rocks.

Before proceeding to @ discussion of this suite in the light
of cbmparable separations it is necessary to discuss here two
important factors. In the first place it is possible that, despit
the precautions teken in the dis-sggregation of the rocks some of
the minerals present in the separations mey have been released from
rock-fragments, accidentally crushed, however, examine tion of
the thin-sections reveals thet each of the heavy minersls may occur
free in the greyweckes. 'The net result of breaking-up the rock-
fragments, therefore, would be to augment the number of those
heavy minerals (such as hornblende, augite, epidote and epatite)
which occur in abundance 1n the fragments,'at the expense of those
which normelly occur as discrete grains in the greyweckes, This
virtﬁally rules out any attempt at an sccurate gquantitative
anelysis of the separstions, but does not materially sffect either
the type of qualitative study attempted above nor the determination

of the ultimate source of the minerels,

/Secondly
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Secondly, several of the minerels in the suite are clearly
euthigenic, Such, for instance, is the origin of the brookite,
most of the pyrite, and séme of the mégnetite and epidote,

Mackie, in & preliminary report to the British association
(Maeckie, 1929) described the heavy minerels seperated from & large
number of Silurian gréywackes collected along ghe.strike from
Peebles to Ballentraec, in the Hhinns, and at Glenluce,

wtatlstically, out of 61 separations:

34 contained augite

22 hornblende
14 " enstatite ‘
52 - " zircon (of which 32 had purple zircon)
28 " garnet S
19 " cphene
3 " "melanite”
5 e glaucophane
21 " epido te
23 S apatite
16 @ tourmeline
18 B . rutile
.7 - pyrite
11 " chlorite
2 “ anatase

and 1 each contained brookite, magnetite, dolomite, fluor and
hypersthene,

Mackie appended & note in which it was stated that the brown
mineral he had identified as "melanite” was not, in fact that
mineral. (It is highly probable that this minerasl is that which
the present writer has identified as picotite,)

/Meckie
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lackie was lmpressed first by the abundence of sugite, and
melenite, both of which are uncommon as heavy minerals, and also by
the remérkable freshness of the minerals, which he attributed to
"the relative impermeability of the Silurisn rocks". He drew
attention to the absence from the suitée of monazite and tpe high-
grade metamofphic minerals - kyanite, stsurolite, sillimanite and
andelusi te.

In a ﬁitherto unpublished study of the petrology of the

wueensberry Grits of the l.offat area, T, H, wilson describes the

heavy minerais which he separated from 54 specimens of greywacke.
The list of mineréls he detefmined is given below:

Zircon (colourless and purple), tourmaline (brown, green znd
blue), rutile (foxy-red and yellow), garnef (colourless, psle pink
and, rarely, yellow), augite, hornblende, enstatite, hypersthene,
epidote, chlorite, sphene, spatite, an&tase, fluorspar, mica,
*chromite", magﬁetite, pyrite.

nwilson gave fairly detailed descriptions of these minerals and
inferred from the sulte and aslso from the rock-fragments the
possible nature of the source-area of the greywackes, (Discussion
of his ideas will be deferred to the section on provenance.) This

list of minerals corresponds very closely with Mackie's findings.

/In
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In general and in deteil these minersls are very similar to
those found in the Ordovicien rocks of the Rhinns. Even varietal
differences are similar (e.g., the brown, green and blue varieties
of tourmeline), while the formm of the different typeé of mineral
graeins 1is slso remarkesbly alike, The principsl differences are
that wWilson records enstatite hypersthene end fluorspar, which are
not present in the suite from the Ordovicien rocks of the Rhinns
while glaucOphane,'brookite and ilmenite, present in the Rhinns,
appearvto be absent from the Queensberry Grits.

More.reéently, Ey K; Walton, in a published study of greywacke
in Peeblesshire (Welton, 1955), records the heavy minersls found in
some 18 specimens of greywacke, A 1list of these minerals is
again appended: _ |

Augite, hornblende, garnmet (pink to colourless), epidote,
zoisite, zircon ( two types; (1) grains with length/breadth ratio
of 2 or 3, pink or colourless, (ii) grains with few or no inc lusion:
well-rounded, purple or faintly pink), tourmsline (brown), rutile,
picotite, spatite and sphene, pyrite, magnetite end leucoxene-
coatea ilmeni te, The form and relative abundence of each of these
minerals was indicated, together with the nature of the inclusions.

This suite differs slightly from those found in the Queensberry
grits end the Ordovicien rocks in being even more restricted,

/However,
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However, there are some points of resemblence, particulerly if the
form of the different spécies is considered, An interesting
point is the sbundance of pyrite in the Peeblesshire rocks, where
it exceeds ilmenite, which is, of course, the dominent opaque

minerel in the Rhinns,

G, DIAGENESIS AND METAMORPHISM OF THE GREYWACKES

No specific investigation of the post-depositionel chenges in
the greywackes has been underteken in the present study but certain
features were noted during the systematic examioation of the rocks.

Strictly speaking, no distinction is possible between the
processes of diagenesis and metemorphism (Pettijohn, 1949, p. 476)
but for convenience it is proposed to separate under the title of
metamorphism those changes which are believed to have occurred
after consolidation of the greywackes,

Diagenesis: The material of the greywackes can have under-

gone little ohange in the period between depositioo and compaction.
| The presence in abundence of msny minerals, such as augite and
hornbiende, which would have decomposed readily in the presence of
" oxygen or chemically acvive solutions suggests that there was in |
fact little chemicel interchenge between the unconsolidated

greywacke and the surrounding medium,
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The burial and subsequent compaction of the greywacke materia;
was presumebly accompanied by physical and chemical re-orgenisatior
of some of the constituent grains, Pore-spaces would be readily
elminated through infilling by the argilleceous fraction end any
connate water expelled.. Reconstitution of the intersti tisl
me terial of clesy-grade to sericite end the clay-micas probably
occurred at this period, perhaps as a result of the pressure of a

great pile of superincumbent sediments, The prdductién of the
authigenic minerals including pyrite, brookite, some epidote and
magnetite may be spread over a long period but most of them are of
later date then the recrystellisation of the clay-matrix end, in
the cese of the pyrite, partly leter then some of the calcite-
veining,

Kew_of the grey wackes poSsess @ true minerasl cement. In
almost eyery‘case\the grains are bound together by an interstitial
argillaceous "paste”, The high degree of cohesion of these
greywackes ma& be partly due to impregnetion of the matrix by
siiiéa as @ result of slight metamorphism, but this is probably
essisted by the extreme angulerity of the component greins which
interlock readily, in the menner of the pieces forming &8 jig-saw
puzzle.. Such &an interlocking texture possesses great rigidity
since to break the rock it is necessary to rupture the greins,

/Another
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Another, less aspperent factor is the residual electrostatic
charges on the cley perticles which mey be mutuslly opposing and
thus provide a binding-effect which is individually negligible

but significant in aggregate,

Occasional greywackes are rich in interstitial carbonate which
is sometimes coiourless, resembling calcité (one R.1. below,
another ebove balsem) but more often it is pale brown and gives a
- positive reaction for iron snd mey therefore be siderite. The
carbonate is evidently secondary for 1t is usuelly confined to very
restricted zones, up to 10 mms, in width, which do nct lie parallel
with the'bedding. Moreover cearbonate of similar type occurs in
veins cutting the rocks and, in @& few favourable thin-sections,
the interstitial carbonete has been observed to emenate from such

velins.

Metemorphism: At different places and in differing degrees

the Ordovicien greywackes of the Rhinns display the effects of two
types of meteamorphism - dynemic and thermsl,.

The most spectacular effects of dynemic metemorphism are seen
in the greyweckes near ms jor movement-plenes, elthough true
mylonites heve not been observed. The fine-gréined grey wackes
edjacent to the Southern Uplands Kault, for instence, are thoroughl;
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cataclastic in texture and in some ceses 8 type of "mortar-
structure" is developed, meny of the originelly highly ahgular
greins becoming rounded in the process. . Concomitant with the
cataclasis there appears to be introduction of carbonate which
now oceurs intersti tislly, large cubiform crystals of pyrite
heve grown in the rock end replace the matrix, including carbonste,
-end detritasl grains (Plaste XXIb), Nesr smaller movement-plenes
cataclastic veinlets of varisble width from 1 mm. upwards ere
often found, These consist of & brownish isotropic metrix of
pulverised material, sometines carrying carbonafe, in which are
embedded shettered detritel greins (Plate XXIIb).

Certain of the greywackes, and psrticulerly those associated
with the black shele bands exhibit rather a different form of .
cataclasis, In these en “eyed" or flaser-structure is developed
(Harker, 1950, p. 167)probaebly as & result of differentiel move-
ment between greywacke and shéle. A sub-opsque, grimy brown,
miceceous matrix, partly recrystallised, flows round long, nerrow
lenticles of detritsl quartz which often shows undulous extinction,

In the strongly folded region south of Port of Spittal Bay,
the tectonlc deformation of the rocks 1is much more severe then
élsewhere end as a consequence the greywackes are generslly some-
what shattered, In some cases there is very slight-peripheral
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grenulation of the detrital greins of quartz while the chloritic"
and micaceous material of the matrix is often recrystellised into
long stringers which mey envelope entire grains (Plate XXIIIa),
Assoéiated with the shattering 1s quartz, 1ntroduced{1n veins
which are themselves often affectgdlby the deformetion. This
quartz is so intimétely'mingled with the grains that it is .
virtually imﬁossible to estimate what proportion of the quartz is
detrital end whaet is introduced. Some of the finer greywackes
appear to possess & certain, very crude schistosity due to the
alignment of the recrystallised mices and chlorite.

Thermal effects have been observed in greywackes adjascent
"to dykes and sills end, on & much larger scale, in the rocks aroun
the Cairngarroch porphy#ite mass and 1ts apophyses. Here the
greywackes have been thordughly baked and rendered splintery.
The nornfelsic nature of these rocks is fully confirmed under the
microscope (Plate XXIIIb), I'he mafgins gf many of the detrital
grains are fuzzy and some grains are recrystallised. The
detritel feldsper is uniformly turbid while the cley metrix has
been transformed into e yéllow-brown fibrous material resembling
biotite, Colourless granules of epidote are cammon in this

metrix end eppeer to be & further product of the metemorphism,
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H, PROVENANCE OF FRAGMENTS AND GRAINS

The majority of the boulders and fragments in the rocks of
the Corsewall Group were derived from an area consisting largely
of igneous rocks, Spilite lavas possessing textural and
minerelogical properties similar to those of the spilite fragmepts
in the greywackes are found in situ in the Ballantrae district.
Acid volcenic rocks such as the keratophyres and quartz-
porphyries do not occur in this aree but are recognised as normel
assoclates of the spilites in the geosynclinal volcanic suite. |
Moreover such rocks are found in Tweeddale (Ritchie and Eckford,
1931) end the presence of ?Arenig volcanic roéks in the Highland
Border Series msy be regarded as evidence for the former presence
of such rocks over & very wide area of mid-Scotland. The frag-
ments of quartz-porphyry end keratophyre, then, were probably
derived from & westward extension of this volcanic terrsin, now
completely eroded or lying below sea-level. The source of the
sndesitic fragments is probably to be sought in this venished
volcanic platform. Andesitic tuffs and lavas, probably of
Arenig and Glenkiln age, now exposed at Bsil Hill, Sanquhar end
Mains Hill, Ballsntrase, bear close comparison with the fragments,
They contain phenocrysts of brown snd greenish-btrown hornblende
end yellowish augite, with abundant epatite, end are texturally
similar to the fragments,
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Of the intrusive rocks the serpenfines, dolerites and
“gabbros“ can be metched with similer rocks in the Ballentrae
igneous complex where there are slso smsll exposures of dioritic
rocks of en espect similar to that of the dioritic fragments,

Some of the eslbitic grenites are compsreble with Ballentrae rocks
such as the Byne Hill mass, but the mejority of the coerse acld
fragments are grenodiorites cerrying microperthite end a little
microcline and cennot be matched loca;ly. Some of these grani tes
heve been described as Lewisoid (Tyrrell end Begg, 1933, p. 67)
but, while some times sheared, they are not gneiséose. Moreover,
they contein only traces of microcline, unlike the normsal lewision
orthognelsses or granites (Phemister, 1948, pb. 10-12). It is
_possible that the fragments were obtained from en eo-Caledonian
intrusion,

Most of the scarce fragments of metémorphic rocks found in
the Corsewall greywackes mey be éssigned to the longrade thermel
and dynsmic metamorphism assocliated with the Bsllsntrae igneous
complex. Hornblende-schists and grenulites are extensively
' exposed eround Littleton Hill end elsewhere (Beveridge, 1950)
while schists compareble in all respects with the epidote-
glaucophene rock fregments occur in situ near Lendalfoot
(Balsillie, 1937, pp. 30-32, end cf. walton, 1956b, p. 142) end in
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egglomerates near Pinbain (Bailey end McCallien, 1957, pp. 47-48).
The occasionsl fregments of chert, bleck shale and greywecke
suggest that & small aree of older Ordovician sediments was also
exposed-in the parent lend-mess, . |

. The rock~fragments in the Kirkcolm greyweckes indicate an
extension of the contributing source-area, Thus, while an igneous
complex similar to the Corsewall source-area still supplied some
meterial to the Kirkcolm rocks, an increasing proportion of the
detritus was derived from & regionucdmposed largely of metemorphic
rocks,  From this metamorphic complex ceme the fragments of
phyllites; schists, epidosites and gnelsses, The presence of
fragments with garnet and andslusite is evidence thet fairly high-
'graéé metamorphic rocks were exposed,

Most of the sedimentary rock-fragments;.1ncluding black shele
and chert which sre locelly sbundent, mey be ascribed to
penecontemporeneous erosion but the occasionel pieces of prkose
spe reminiscent of the Torridonien (cf, Weltom, 1955, p. 354)
confirming the probable Highlend source of much of the Kirkcolm
matefial. |

Throughout the deposition of the Lower Barren and Metemorphic
divisions this metemorphic region became an increasingly importent
contributor of detéitus but the petrography of the Upper Barren

| “ /division
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divis#bn_indicates a reversion to conditions of provenence
roughly similer to those preveiling during Lower Barren times,
This reversion could have.been achieved by renewed uplift and

re juvenescence of the igneous source-srea but in this cese the
greywackes of this upper division should be appreciebly coarser,.
The change in current-direction in the Upper Barren rocks probably
indicates en slteretion ir the drainage system, resulting in the
derivation of these rocks from sn easterly extension of the
Bellentrae igneous complex.

The Portpatrick Group wes derived from & very different
source-area, Andesite fragments are ubigquitous and become
increasingiy abundant throughout the Group. These andesites
differ slightly'from the Bail Hill-Msins Hill rocks end from the
fragments in Corsewall rocks (p. 83). Presuma bly, therefore,
‘thei wefe supplied by a -different source, It is likely that the
endesitic fragments were eroded froﬁ tuffs rather than solid lavaé
since it seems improbable thet weathering of the latter could
proceed with sufficient repidity to releasevfresh grains of auglite
end horntlende, Moreover the greywackes cennot be considered
in situ tuffs because of the variable weathered state of the
andesite fragments and their association with numerous rounded
frégments of other rock-types and minersls (Edwards, 1947a, p. 141)

/Nevertheless
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Nevertheless, the extreme asngularity of the sndesitic fragments:
(rig. 10) indicates a shart trensport-distaence.

Spilitic fragments are also common in Portpatrick rocks and
differ from the Bsllantrae rocks in that the pyrqiene is pale
"green in colour, not the more common pale brown of the Arenig.A
spiliteb. The remaining rock~-fragments are similer to those
found in the other Groups but the proportion of rhyolitic lavas
and tuffs is unusualiy high,

¥From these facts and bearing in mind the stratigraphic eviden
it appears that the Portpatrick rocks were derived from a
dominantly volceanic afea, probably an islsnd arc, " This areea must
heve been folded and elevated prior to U, Glenkiln times and
initielly escid igneous and metamorphic rocks were exposed
extensively, with lesser emounts of spilite and endesite. This
terrein suppliéd the materia; of the Acid division, ;ater, there
must ha#e been -increasingly frequent eruptions of basicX end to
@ much smaller extent, acid volcanics, which supplied the material
forming the rocks of the Basic division.

| /Most

% Periodic vulcenism is invoked to account for the relative
freshness of the eandesites end ferro-magnesisn minerels throughout
&8 great thickness of sediments. The detritus supplied to the
greyweckes from & single volcasnic episode would become increasingl;
weathered in course of time,
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Most of the mineral grains may bve assighed to the disintegra-
tion of one or other of the rock-types present, Qﬁartz is of
particular interest as en indicator mineral, of rather restricted
value,

From the work of Meckie, of Keller and iLittlefield &nd the
results indicated in fig, 12, it is possible to estimate the
' reiative importance of the rock-types contfibu;ing quartz to the
~ greywackes of each formation, It eppears thet igneous rocks were
the source for most of the quartz in the Corsewall rocks and only
little was derived from schistose metamorphic rocks, The quartz
in the Geldenoch and Portpatrick greywackes seems to have originat
meinly in the igneous rocks but substantiel esmounts were probably
cbntributed by gneissose rocks, |

Greywackes of the Lower Barren division contain a great deal
of quartz of igneous origin, but a major portion has elso been
contributed by the metamorphic rocks. In the Metamorphic divisio;
the greater pprt of the quartz is derived from metamorphic
sources, schists end gneisses, while the role of ignecous quartz is
correspondingly decreased., A rether similar distribution is
found in the Upper Barren division in which, however, the majority
of the quartz greins are of igneous derivation.

/of
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}Of the heavy minerals, most of the zircons ere well-formed
ahd for these a grenitic source 1is indicated, nor caen a primary
igneous origin be discounted for the rounded colourless zircons
since Mackie (1928, p. 26) noted the occurrence of rounded and
ovoid zircons in many granites, Some of the ¥ery well rounded
purple zircons which characterise the Kirkcolm rocka may have

been derived from sedimenfany focks but fhe association with
.metamorphic rock fragments suggests that at least a proportidﬁ of
these purple zircons were derived from a Highlend metsmorphic

' terrain, probably of lewisian type (cf, Mack;é,,l923)._ |

The pink garnet is belleved to have come from igneous rocks
since it is generally euhedral, never shows sieve-structure, aﬁd
is the‘only variety observed in the rock-fragments; moreover
Mackie \1928, p. 28) noted that the garnet occurring in granites
is usuelly pink, This variety is most stundent in the Corsewall,
Galdeﬂoch end Portpstrick rocks whereas the colourless and sieve-
garnets, of metemorphic origin, are dominent in the Kirkcolm Group

Apatite 1s the cheracteristic heavy minersl of the Corsewall
rocks-and is probebly derived froﬁ igneous rocks similar to those
of the Bellentrase complex where 1t is sn sbundent accessory.
Significantly it is much less common in the Portpatrick Group,
despite the high proportion of ignéous rock=-fragments there,

' | /Msckie
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Maeckie (1928, p. 10) has noted thet enguler blue tourmeline
is épecially common in pegmatites and it is possible thet the
source~rocks of the £irkcolm Group, which contains @ high propor-’
tion of this minerel, included pegmatites. | |

4 | The grains of‘picotite could have been derived from ény-body
of ultrabaesic rocks, but the abundence of this minersl in the
Bellantrae serpentines (c¢f. Bailey and McCallien, 1957, p.4l)
may be sdduced as evidence for the local derivation of the
detritel picotite in the greywackes,

The presence of steurolite in Kirkcolm rocks is of great

interest since it records the highest grade of metsmorphic rocks

exposed at this period. '
The generel immeturity of the sediments and the presence of

many minerals highly susceptible to weathering, together with the

~greet thickness of sediments deposited in & comparatively short

time all point to @& source-area undergoing rapid erosion in which

mechanical weeathering wes dominsnt,

See Teble XIV for a summary of conclusions regesrding

provenence,
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IV,  SEDIMENTARY STRUCTURES
A.  NON-DIRECTIONAL STRUCTURES

Graded bedding: Most of the described types of graded-

bedding (Kuenen, l953b; Ksiaskiewicz, 1952; Walton, 1956a) have
been observed but, apart from the Kirkcolm greywackes, grading is
- seldom well-developed, Even in the Kirkcolm Group, few examples
of perfect grading (Kuenen, 1953b fig. 14) are known,
Multiple-grading is the commonest varisnt, particularly in
the coarse-greined greywackes and is weil displayed in the grey-
wackes of the Portpastrick Group &t the north end of Morroch Bay.
‘This type of greding generally occurs in fairly thick beds (up to
8-10 ft.) which ere composed of a number of graded units., These
may be of eny thickness from a few inches to severel feet and are
sometines truncated upwards bi @ sloping erosion-surface (fig., 27).
Frequently the units show interrupted grading, the upper fine-
greined portion being absent, A few multiple-graded beds shbw
e gredusl upwerd diminution in grain-size, i.e. the average grain-
size of each graded unit decreases upward, ,
Delayed grading is often developed. The graded bed is usuall
coarse at the base, medium—grained and ungraded throughout the-

greater part of its thickness then gredes rapidly into siltstone
' /within
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within the uppemost few inches (Waelton, 1956a, fig, lc). A less
common type is medium-grained and ungreded from the base, grading
répidly et the top into & fine-grained portion. In many graded
greywackes which aspparently lack & besal coarse-grained portion,
careful search theh reveels the presence of a very thin and
1mpersistent layer of coasrse materiel occupying original |
depressions in the underlying bed. |

Interrupted greding, which involves the absence of the upper,
fine-grained part of the bed, is common &t some horizons in the
Kirkcolm Group.

‘Inverted grading (Plate XXIVa) is rerely recognised and is
probebly scarce. It ususlly occurs in thick, multiple-graded
beds and is more common, or conspicuous, in the pebble-bgnds
within thick~greywackes;

Prgbably the most characteristic type of grading in these
rocks is the rather unusual form in which the basal few inches
are medium-greined, ungraded, end are followed by & coarse layer
which grades slowly upwards, . This issimilar to Ksiassklewicz's
pen-symmefrica; grading (1952, fig. 2e).

Laminated bedding: Many beds of greywacke are laminated,

The laminse are generally quite thin (0.2-2 inches, on average)
end are discernible by reason of differences inm colour and/or

/grain-
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graih-size. Alternating lénnnaé may consist of coarser, ususally
light-coloured, meterial and darker.fiﬁe-grained greywacke or silt,
Even in fairly coarse greywackes there may be fhin laminse of
derk silt or clay. These layers are usuelly completely paréllél
and are seldom of equel thickness, one grade - elther coarse or.
fine - usuelly predominating over the other,

Lemination is most frequently observed in the fine-grained
upper portion of graded beds end msey comprise more then half of
suchAbeds. At the top currént- and convolute-bedding are often
developed.

On the other hand, some beds of greywacke are leminated throug
out; the laminée_tend to be rather impersistent laterally.
Occasional beds, leminated throughout, éhow a gredusl decrease in
grain-size upwards (cf, Ksiaskiewicz, 1952, fig. 3a).

Eany of the mudstones and siltstones ere finely banded or
leminated, the leyering normally being attributedble to the
interposition of highly eréillaceous filements in material of.
coarser grein, $uch rocks often exhibit intricate folding and
faulting on e microscopié scale, In meny instances the plication:
eppear to be penecontemporaneous with deposition since the upper
1imit of the contorted band is ususally en unfolded erosion-

surfeace,

/Scour-£111
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Scour-fill end erosionel structures: Meny beds of greywacke
ere irregular at the 5ase with evidence of locel erosion, whereas
the tops are usually regular, merging imperceptidbly into shele or
siltstone. The basal irregulerities renge from minor depréssions
to large scoured-out'hollows several inches in depth. They are'
best developed where & greywecke of moderate grain-size lies om &
mudstone or shale. In some cases tongue-like wedges of the
greywacke have forced epart the leminae of the underlying lutite
bend and in section these wedges may eappear &as isoiated lenses,

These scour-fill structures and larger "wash-oui" structures
are common in the Corsewall rocks, especially at the ﬁase of the
conglomeratic bands (fig. 28 end Plate XXIVb) end, to & lesser
extent, in the Portpatrick greyweckes, The 1Infilling greywacke
is only rarely current-bedded.

The coarsest materisl of the greywacke is often found 1n these
hollows. Basal pebbly layers appear to have filled in the
irregularities first of &ll then to have spxead evenly so that the
upper surfsce of such layers 1s approximately horizontal (fig. 29).
Likewise, the~infiiling greywacke may be.laminated, the laminae
being parellel to those in the upper part of the ﬁed.

Scour-fill end associated erosional structures &lso occur
within beds of greywacke but ere often difficult to detect, except

/where
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where the underlyipg greywacke is leminsated. Such structures

are most conspicuous at the base of the intrastratal pebble-bands
‘which are a charscteristic feature of the Portpetrick rocks, An
interesting related feature of these beds is the occurrence of moul
like piles of pebbles which have accumuleted ebove certain of thé
.scour-fill hollows (fig. 30). These serve to emphasize that
truncated laminse are the only reliasble indicetion df an erosivé
structure. | |

Evidence of erosion is also frequently found in the leaminéted
siltstones and mudstones. In this instance the coarser infilling
meteriel is genereslly current-bedded.

Slumping: Demonstreble occurrehces_of intraformational
slumping are comparatively rare in the Rhinns. There are several
horizons where beds of greywacke consist of & melenge of twisted
and rotated blocks but meny such beds are referable. to some
tectonic dislocation. Where it has been noted, the slumping has
been confined to a single, rather thick bed of greywacke, éuch
a bed is ususlly banded or lamineted end this reveals the internel
folding which in most cases 1is relatively minor, However, in
some beds the bands of greywacke are cOmpleﬁely disrupted and
twisted into "balled-up" forms (fig. 31). There is often some
degree of internel thrusting end the convolutions are usuelly

/veheaded
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beheaded by the overlying, undisturbed, bed.

Whera determinsble, the axes of these intemsal folds are of
very irregﬁlar orientatiﬁn end appear to bear no obvious relation-
ship to the-local current-direction. Some slumped beds mey be
fbllowed along the étrike for seversel scores of yards and sre
observed to thicken &nd. thin in & very irreguler menner, There
eppears to be little doubt that such beds have moved while
unconsolideted, possibly through grevity-sliding, end heve yieldéd

'by plastic deformation.

B. DIRECTIONAL STRUCTURES

(1) Upper-surface structures.

See sppended paper "“Ripple-mark in the Rhinns of Gelloway",
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RIPPLE-MARK IN THE RHINNS OF GALLOWAY
By
GILBERT KELLING

(to be published in Trens, Edin.
Geol. Soc., AVII, pt, 2)
CON [EN'E

1, INTRODUCT LON
11, DiSCRIPTION OF RIPPLL-MARKS

General

(a)

(b) Trensverse ripple-mark
(e¢) Complex ripple-msrk
(d).. Longitudinel ripple-mark

IT1, CONCLUEIONE
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Abstract

In 8 typical greywacke-siltstone lithology of Ordovician ege,
ripple-merks of several types were encounterec,  Besides typicel
asymmetrical current-ripple-marks, complex and 1ntérference-ripple-
marks occur, Other ripple-like structures were longitudinal with
respect to the éurrent-direction and it is demonstrated that'these
are best regarded as true ripple-forms,

‘The mbrphology, internel structure and lithologicel settings
of these ripple-marks are described and inferences are drawn as to
their mode of origin and the role of current-action in the formatio

of the sediments which contein them.,
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I. INTRODUCTION

Ripple-markl is seldom mentioned in descriptions of rocks of
the greywacke fecies and tngir typlcsl sedimentary features,
Indeed, it has teen cstated in several genersl papers that the
rarity of ripple-mark in these rocks is one of.the cheracteristics
of the greywacke suite (liﬁﬁ Bailéy, 1930, Pettijohn, 1943),
However, Kuénen (19532) noted that ripple-mark, usually observed in
sectionasl view, sometimes occurs in the siltstone fraction at the
top of beds of graded greywacke, He ééscribed them as small=scale
esymmetrical, curreﬁt-formed ripples and, in a later paper (19530b),
commented on thelr sbundance and their use as indicstors of
current-direction,

walton (1955) in an account of.511urian greywackes in
Peeblesshire, geve a bfief description of ripple-merks exposed in
plen and, in 1956, descrited ripple-marks‘seen in section.

HRipple-merk is ébundant in the greywacke-suite rocks of
Ordovician ege in the Rhinns of Gallowey snd the verious forms
present are described in this psaper,

Hipple-marks were most frequently seen in sectlonel view but
mey 8lso be seen in plen on numerous bedding-planes. In confirma-
tion of Kuenen's observations, it wes found thet ripple-merk

. /Commonly
1Throughout this pesper the use of the singulsr ("ripple-mark®)

denotes the generel form, whereas the plural \"ripple-marks")

refers to specific exsmples of the form (gg. Kindle snd bucher
in- Twenhofel, 1932).
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commonly occurs 8t the top of greded greyweckes, but it was also
observed within virtuully ungreded greywackes and also, though in

rather different forms, in the inter-tedded siltstones gnd

muds tones, ,
Mbreover, load-cassts found on the base of some bveds of

greywacke were m;rphologically very similar to ripple-marks of

various types (Kelling énd walton, 1957) énd must be includéd in

eny deséription of these structures,

II, DESCRIPTION OF RIPPLE-MARKS

Qe) Geheral. In the following acéoﬁnt, only those ripple-
‘marks exposed in plan on tedding-plenes heve been considered.
Those otserved oniy in section are neglected because of the 4diffi-
culty of detérmining their precise orientation.

Bipple-ﬁarks were 8ssigned to one of the three groups ( trasns-
verse, complex, lbngitudinal) accoraing to their orientation
relative to.the local current-trend, which wes independently
determined frém other oriented sedimentary structu:es, preferably
current-bedd ing, but elso flute-qasfs end grﬁove-casts. It was
found thst fipple-marks in each of these groups had a distinctive
morphology which, in the absence of other more reliéble evidence,
cen often be used to determine current-direction.

(b) Irensverse ripple-merk. T[his was the most abundant type

of ripple-mark encountered. Compared with the-other forms,
transverse ripple-marks ére of relativeiy large dimensions, the

/weve-length
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B wave-length renging from 2.5 to 26 cms. with an amblitude of from
0;5 tq 4.0 cms, (in undefo?med ripples) end an avéragé ripple-
index of 7.5.' . |

Generslly, they.are esymmetrical, wi;h the typicel profile
of 2 current-ripple (fig. 1), and frequently crest and trough are
equqlly rounded. However, some exampleé have neerly symmetrical
profiles snd some have faifiy sherp crests, with uide, shallow |
troughs. |

In plen, trensverse rippie-marks ere sometimes continuous,

' perellel ridges extending for meny feet ecross an exposure W1th no
originsel brgak. Such ridges ofteh'bifurcate-father i:regularly,
with short "cross-bers", However, most of the ripples observed
were discontinuous in blan (Plate Ia), sometimeg even tending
towards linguoid. In diécontinuous ripples, the fidges are

* interrupted et irreguler, short intervals by slighi émbayments,
which génerally eﬁcroach from the ad jecent trough into the steep
or lee-side of en as&mmetf&cal ripple, producing @ sigmoidvpattern.
Such & pattern mey result from turbulence in the current which

* formed the ripples (McKee, 1954, p. 60).

Trensverse ripple-mark generaslly occurs in the silty top of
greded greywacke beds, but in the Rhinns it is found in other
positions elso (cf. walton, 1956, p; 265). ror exemple, the
ripple-marks found in & smsll gquerry on Creigoch Moo; and at the
ldcality north of Lady Bay 6ccur in two-foot besnds of cosarse-

-/grained
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greined, well-laminated siltstone, sendwiched between thick beds
of ungreded pepbly greywacke, At Port Logen, transvgrse ripple-
merks sare fopnd in the fine-grained top portions of poorly-greded
laminated'greywackes. Cimiler ripples &lso occur in the fissile
siltstonesvintérbedded w}th the greywackeé; sometimes the whole
bed of siltstone, up to s foot thick, may be ripple-marked; or
elsé.only pert of it is marked in this way:

‘In genersl, the transverse ripple-marks found in siltstones
differ from ;hose found in greywackes in possessing a8 smell amplitu
end & larger ripple-index,.

The ripplg-ridges generally trend at asbout right sngles to the
locel current-direction, but may spow devistions of up to 20° - }O°
from this orientation. Moreover, although the crests sare
commonly fairly stfaight, they sometimes hsve & sinuous trend,
which €ls0 produces devigtions of up to 25° from the\rectilinegr
position \ef. Kuenen and Senders, 1956, p.-666).

At Port Logen, several bedding-plenes cerrying trensverse
ripple-msrks are exposed, &nd whiie the orientation of the ripples
on one surfsce remains féirly conspant,_the trend is very variable
from one bed to snother, Within the fifty feet or so of sediments
examined, the meximum veéristion is abtout 500; Strong groove-ceasts
et the bacse of some of the ripple-mérked greyﬁacke beds show &
gimiler variation, 1ndiceting thet the diversity of trend'of the

ripples 1s & reflection of changes in the current-direction (fig. 2

/In
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In common witp the other forms, but in a rather more
spectacuier manner, transvérse ripple-marks often exhibit signs df
penecontémporaheous deformation in the accentustion of troughs and
crects and'the over-steepening oflcomponent laminee, ‘this may
result in the production of rows of isolated ellipticel hollows,
occupying the originél troughs. I'his eearly stage is well illus-
trated by the ripple-marks found in greywackés at the mouﬁh of the
Galdénoch,Burn.: As deformation continues these hollows coslesce
and become deepened, while the crests become constricted and steepe
The final product of prolonged or intense deformation is a ripple-
form exéggerated in the verticel sense, with wide bulbtous troughs
end nsrrow poihted crests, this form is found, &s cests, on the
base of beds of coerse-grained grq&wacke which eare in contact with
ripple-merked siltstone layer,

¥rom this, snd other evidence (Kelling snd.uwalton, 1957), 1t
seems higbly‘probable thet the besic csuse of this type of deforma-
tion 1s unequal loading of & layer of unconsolidated :£ilt or mud,
with surfece irregularitiés (e.g. ripple-marks) by a layer of
coarser and denser materiel (the greywacke), with indﬁced diapiric
flowage of the less dehse silt into the crests and concomitant
flowege of the greywscke 1npo the troughs. .Consequently, the
structures are termed trensverse-ripple loasd-casts,

Cslculetion of the ripple-index for undoubted trensverse-ripple
load~-cests gives an average value-of between 2 and 3, compered with
e meen value of 7,5 for the normel trensverse ripple-merks,

[ Except



180,

Except in the cese of loasd-cests, the internsl structure of
this type of ripple-merk is normally well-preserved end readily
examined. In genesral, these ripples consist of a series of
current-laminated units superimposed one above the other sand
separated by minor planes of erosion; Individual leminese may vary
in thickness from gbtout 1 to 6 mm. end such veristions may occur in
one ripple-unit. |

Exemination of a specimen such as that illustrated (fig. la
eand 1b) reveals the ﬁode of formation of thesg ripples, It ;s
evident thet, like normal current-ripples, more deposition hes
occurred over the crest or on the lee-side of it, producing
thickening of the iaminae at these points, In the specimen
illustrated, the laminae ‘consist of‘layers of coarse and fine-
greined siltstone, separéted by thin films of dsrk mudstone, Ther
is no appreciable genersl change in grain-siée'across the depth of
the specimen (2 inches) although”coarser layers occur irregularly,
meinly in the upper part, end these tend to slope!mOre steeply then
the others, ' |

An interesting'feature of this specimen (fig. la) 1s-the
presence of numerous tiny flame-structures, projecting upwards from
some of the thicker films of mudstone. The superjacent lemination:
pess virtually'undistﬁrbed across the flame-structures confirming
the view that deformation was zlmost simulteneous with deposition o.
the overlying cosrser material, occurring before tractive forces

could produce the lanination.

/(c)
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(e) Comnlex riznlz-rark. Under this heesoing ere included

interfercnce rinzle-petterns of €1l types, 0 the best of the
cuthor's kno:.ledge, rinpgle-wmark of this type hec not hitherto beon
recorded frori rocks of the nreywicke fecies, altaough .elton
reported thet the crects of acyrmmetricel current ripple-marks in
the -Geton region of rezblzgsulre. dere 'pertly trosen by
interfercnce” (.alton, 1755, p. 331),
wozd~ctcte with & typicel interfercrce-ncttern were first

found in greyuecikes couth of binis, near wawick (Kelling aend .alton
'1957, ¥lete Ib) enu chortly cftercerds true intorforznce vipnle-
rarge cere eiscovered‘by the present writer &t the wigh Leroveth
locelity, ~ince then, furthor ezgeiiplec heve becn found in the
Abhinne, vut cppurently this form of ripnle is of relatively rare
ocecurrence in the greywackcs.

vonplex ripnle-mcrkﬁ occurring in the dhinns msy be dividad

into two principesl typos:

(1) Compound ripple-mark, produced throush mocificetion of
a8 pre-cxisting set of trencverse ripples Ly a super-
impoced seriee of currcnt-rinpples, the latter
rresumatly telonsings; to tnother, lnter phecge of
current-rection,

(ii) ‘Yrue interference rinole-merg, formeu during & single
phsﬁo of currente-cction »nd ky one uomplex currnnt
cee kelow,.
inere ic concidsrctle vericoty in the form ascumed bty the
coripound ripple-ricrke, the excmples at Port Loscn aisplcy several
stegee 1n the wodification mentioned in (i) Liove ead Lere the

/cuperiiposea
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udnvrflly, tothk c=te of intzrforin: riec sy fre eguflly aevelope
end ¢ re neetrly cymamctric.l or ¢li~htly ecynmotricel in profile,
ihe ¢rects of the lerger iaterforince riprlg-rmorks £rs ucuslliy
rounis¢, «bhile ihosc of the wmilior “teancles' neste” vuriety cre
often e¢n ulcr, |

In ¢ll the exemples observed at'xigh'-arbath, Jdiztaer lerge
or «1rtll-scale, the oricntation of the t.0 griuncipcl ccte of riuges
reccine ramirkotly comstent ¢t crounc 1%25°-150° and 509-70°
rcepactivoly,. thoe currcnt-aircetion (frow 2C€9) infcrrcd from the
oricntation of the trzmsverve ripple-nurks, biccets the two tronds
glven - tove,

Lxemination of the interrniel structure of tunecse ripple-marks
fro.. wuigh rarbteth tnrousc come light on the provbler of thoir origin,
Unlike thcs other complex foms, decerited ctove, wiicn coantein
numcrous crociu=-cutting lurinse end crocion-curfacec, the true
interfercnee ripole-nrrks reveoel no trace of crosion, coxeent at
the curfece of the .edding-plene, ihe ercety, cpprontly, heéve
veen creatss bty thickezing of cuccecelive incivicuael lon.ince
(compoced of corrse-uruiped siltstone} end thie ie toe cace 2ven at
the junction of two crcste (Lfig. 2).

It ic clcer from thisc lnet these Zpe ctrictly deogouitional

etructurec ena there cun te no vire-lug tet.cen tuc forzztion of
the two eete of ripple-ruras, ve there ic in tue otnoer complex
forme pxeﬁiously aescerived.

/eurtaner
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Further evidence for this simultsneous origin is evinced
by the similer degree of development of both sets of rid ges and
the constancy of their orienteation. It'appears unlikely that a
later, interfering current would meintain & constant direction and
intensity equivelent in each cese of that of the current forming
the initisl ripples. It may be that these ripples sre, in effect,
the resultents, of one current acted upon in &n oscilletory manner
ty externsl forces, &8s yet unknown, which remsined constent through
out the duration of current-flow,

Kindle and bucher (in Twenhofel, 1932) meinte ined thet
interference-ripplés were fommed either by the resolution of
ordinesry weves into two sets of interfering oscilletions, or by
sherp changes in wind-direction which form wave ripple-mark at an
engle to the originesl trend.

The exumples describec sbove probably belong to the first
group, but it seems improbsblé that they were formed by normal weve:
. sction. They rather sppeer to be the products of one complex
current and are closely relasted to transverse ripple-msrks, into
which they sometimes merge.

however, the natdre of the.forces producing break-up and
oscilletion in this current cennot, &s yet, be determined, The .
presence of "tadpoles' nests" in the troughs of lerge current-
ripple-merks suggest that configuretion of the tottom may pley e
leading role in this process, but this alone cannot éxplain all the

sssocisted features,

/(a)
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(d) Longitudinasl ripple-merk. Van Straaten (1951) first

diséovered ripple-merks of this type onm tidel flsts of the butch
waadenzee, vhere they usuelly occur in mud, sometimes in send,

He noted the remarksble straightness &nd persllelism of their
crests, tho equal rounding of crest and trough, their wave-length
of 15-60 mm, and ripple-index of 10-12. It wes suggesfed thet
they sere the products of erosion rether then of deposition, snd
that they resulted from the interpley of wind-waves and a constant
current; in shsllow water, ‘

Iwo years later van Streaten (1953) supplemented his previous
observetions &nd introduced & new type, designeted "longitudinal
v.ave-current-ripples®”, The haterial forming the crests of these
ripples, 1t wss thought, aécumulated by the dscilletion-produéed
by wave-ection on pre-existing trensverse cUrrent-ripples.b

#11 the examples of longitudinal ripple-like structures _
observed in the Rh;nns ere of relatively smallkdimensions, the wave:
length ranging up to sbout 2.5 cms,, exceptionélly to 5 cms., the
emplitude between 0.25 snd 1.25 cms, ywany conspicuous exemples
occur as casts, frequently load-casts, on the soles of greywacke
beds, btut the "originels" or counterperts were slso found occasion-
ally, end from these it was usuelly possible to obtein some idea of
the genetic process,

There sre two main types of these structures, eeéh with 1ts
cheracteristic morphology. In the first type the profile is

/sigmoidal
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sigmoidal crests and troughs being equally rounded
(fig. 3 a) and ueually symmetricel Occasionallj éhe crést is
actuelly wider than the trough (fig. 34d). In the other form, the
profile ié regular, with nerrov., anguler r{dges separated by ﬁuch
~wider, relatively flat troughs (fig. 3e). The crests of this ty pe
ere usdally symmetrical' occasionally they are slightly asymmetrica

in plaﬁ, ridges of both types are regularly spaced, often
slightly.sinuous (Kelling and walton, 1957, Plate Ic), but always
parallel, Structures of the first, or "corrugated" type rarely
show brenching, whereas the rhigés of fhé second, oé "mud-ridge"
type frequently bifurcaté snd always; as ﬁﬁenen pointéu out, the
- confluences point downstreem, Both types have been observed to
pass into and out of a crude celluler pattern of ridges, resembling
interference ripple-mark.

On some surfeces carrying "mud-ridge" structﬁres, thére is a
,chevron-pattérn of tiny hollows which splay outwards from either
side of eech mud-ridge, the chevrons “vee-ing" upstream es
determined from nearby indepéndent evidence of currént-direcfion.
‘Each of the hollows is sbout 5-6 mm. long, end hes the shape of a
very elongete teasr-drop, the maximum width of about 1 mm, being
atteined et the distel end. Most of these hollows end in & tiny
ovate pit, often deeper at one end - the down-current end, such
minute “pock-ﬁarkings" also occur profusely in the troughs between
the mud-ridges, snd occasionslly some of these pits éontain greins

/of






187.
of sand. It is-evident thet such pock-murkings ere the result
of déposition of stnd-greins from & send-laden current running over
e surfaece of mud, chevrons being fofmed’ﬁhere the greins grooved
the sides of mud-ridges..

"ihe ricges of these presumed longitudinel rippie-marks are
elways perellel to the locel current-direction, with minor local
deviations, where both verietlies occur at the same locality, they
are always nearly parallel to eech other.

Thié structure sppesrently is fommed in fine-greined éediments.
And generally,'it is visible only «here & greywacke lies on top of
such & sediment esnd subsequent deformation hses produced losd-casts.
The mud-ridge type sppears to form only in poorly-lamineted mud-
stone, whereas the corrugated type ususlly occurs in nell-laminated
fine-greined siltstones,.

fteveral instructive exemples huve been founa, which show the
internal structure of these ripples, Most of these are of the
corrugeted type, cince the mud-ridges seldom show deteils of their
internal morphology. |

1ihe internsl structure of the corrugated type is illustratedA
by one of the figured examples (fig., 3a) which represents both the
ripple-marked siltstone end the overlying coerse-greinec siltstone.
The ripple-merks appear to have origincted as reguler undulations
in the alternating leminse of fine-grained siltstone &nd mudstone
forming the bese of the specimen, These unduletions appear to

/origins:
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o;}ginete in a'thin, irregulsar luyer oy mudstone, Lrosion, which
must heve preceded deposition of the course siltstone, has removed
some mudstone from the troughs of the.ripple-marks. Lsminae of
the siltstone infilling. the troughs'are slightly dovin-arched,

From thic typicel exemple it seems clesr thet the corrugated
type of longitudinel structure is largely of depositionel origin.
The evidence of elight erosion and of the down-erched leminae,
precludes any poséibility of & compection-deformation or tectonic
origin, ' Lioreover, many of the laminee of the ripples ere covered.
with numerous. flakes of mica and this must be regerded as further
evidence of depositiqnal origin, since the siltstones aré quite
unme temo rphosed,

In some cases, the troughs‘of the originsesl unduletions mey
have been partly filled by hdmogeneous mud, treces of which remailn
only on the crests of the ripples, hsving been eroded from the
troughs (fig. 3b).

-The close affinity between longitudinel and trensverse ripple-
merk was noted bty ven ttreaten (1951, p.53 snd fig, 4) and has salso
been observed by the cuthor on the modern beech in Knock Bay on
the Rhinns, G: Y. Creig end &, K,. w8lton ( persomnel communication)
have furnished the writer with two interesting exemples of this
"inter-reletion,

The first accu:red on the modern beach near Cérsethorﬁ,
Airkcudbright, where longitudinal ripples were observed in patches
fine-greined ss&nd. These ripples haed & mean amplitude of about

/0.3 cms,
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0.3 cms. and 8 wave-length of 2-2.5 cms, They were symmetricai
or slightly esymmetrical, with rounded or elightly pointed crests,
which occeasionslly bifurcated. On the mergins they were broken an
pessed into transverse current-ripples which hed weve-length of
7.5 cms, snd smplitude of 1.5 cms.

''he second example wes observed on the tese of & greywecke bed
in Feuldbog Bey, Borgue, sirkcudbrightshire, Here, rather poorly-
developed loed-cests of longitudinel ripple-marks océur on thé
same surfece ss load-casts of trensverse ripple-merks, the trends
of the two sets of ripples being mutuelly perpendiculer,

It seems apprdpriete to discuss here the distinction betwaeen
longitudinsl - =tructures of the type descr1bed ebove and other
structures, such &8s grooves, fluteu, their casts end lotd-casts,
which elso occur on greywacke soles end ere. cut into the underlying
fine-greined sediments,

The fundementsl difference, Af course, lies in the respective
origins of the two types of structufe; "Kipple-mark owes its
origin, whether depositional or erosional, to the flow of watef ove

8 bottom of unindurated sediment, whereas grooves and flutes are

thougnt‘to be fq:med by the erosivg ection qf e send-leden current |
a8 bottom of fine-grained sedimeﬁt. However, this di:&ihction is |
true 6n1y nf tpe more extreme forms of either process. Some
structures mey be procuced bf a combination of both procesées, the

sediment moving partly by saltetion and pertly by suspension,
/In
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In- the field these lbngitudinal structures sre readily
distinguished from-grooves end groove-cects, for the gfooves are
lerge, widely-speced snd of irreguler depth, whereas the ripple-
like structures are smell, regulerly end closely-cpsced &nd of
uniform~height. However, some confusion mey arise between
elongeted flute-casts end cests of the longitudinel structures,
since they mey sppeer rether similsr, externally, Here the concep
of time of formation is valuatle,

4s indicated ebove, flutes ere believed to be cut into soft
fine-grained sediment thfough.the erosive ection of & turtulent
current cerrying greywascke materiel which is later deposi ted,
bBut ripple-mzrks, by definition, are created by weter-flow and, if
they occur in the mudstones gna siltstones immediately underlying
e greywacke, must have been fommzd 2t some time prior to the savent
of the current which deposited the greywacke materiasl.

Such ripple-merks may be modified by erosion and buried under
the greywacke but providea some trece of the originel internal
structure recmeins, as it aoes in the cese of the corrugated longitu-
dinal structures, the time-relstions are cleer - the structure was
formed béfofe the sdvent of the currents which deposited the grey-
wecke - &nd there can be no confusion .ith rlutes end flute-casts,

The mud-ridges, however, pose @ real’problem. There 1is no
evidence of their true internal structure and, even if there were,

if they are erosive in origin, they will be morphologicaelly similar

/to
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to elongested flutes snd flute-cests, In such a case the time-~
factor is all i:portant, were these ridges formed before, during
or after the erosive phase of the current which deposited the
overlying coerse materisl?

Kuenen (1957) suggested, tentatively, that a pattern which
greetly resembles the mud-ridges of the Rhinns was formed through
scouring of a muddy bottom By a turbidity-current, with exaggeratio
of the remeining ridges of mud by subsequent loed-casting. lThis
would imply thet formetion of the ridges was during the erosive
phase of the current, However, such asn origin seems unlikely,
Luenen admits that it is the ridges, not the troughs (or original
scour-paettern) which ere dendritic &nd bifurcate - a very |
improbable situation if scouriné was the chief factor.

Again; if the scouring were of the type nomelly associated
with the structures which are obviously erosive in origin, such as
the flutes, one would expect the scoured-out hollows to commence
et one point and spley outwards in a douwn-stresm direction, in whic
case the confluences of the ridges so fommed should point upstream.
In-fact, the confluences of the mud-ridges point downstream,
Moreoﬁer, the reguler spacing of the ridges, their constant height,
the near-plansr nature of the trouéhs together with their great
width in comparison with that of the ridges, all militate ageinst

this hypothesis of scouring.

/Again
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Again, the presence of tﬁé pock-merkings is evidence that
tﬁe mud-ridges did not form after the erosive phaese (&although,
as Kuenen suggests, there may well be exaggeration of the struc-
tures by load-cast defoxmétion), and in fact this strongly
indicetes thet they entedate the scouring action of the current,
It is highly probsble thet the ridges were formed before scouring
began, since they have been furrowed by sand grains in the process
described above, while this evidence is not entirely unequivocal,

1t 1s considered to be strong prims facie evidence for the early

formae tion of these ridges, Ihis being so, it is submitted that
such structures as these, together with the'corrugated longitudinal
structures are best designated longitudinsal ripple-merks,

Kopstein (1954) in the course of work in the Harlech Dome of
N. Wweles found ripple-like structures, parallel to the current-
direction, occurring in fine-grained sediments, which he described
es "pseudo-ripples" of tectonic origin. In several réspects the
description of these ripples is highly reminiscent of the
"corrugated" type of longitudinsl ripple-mark, from the Rhinns.
V Describing convolute lsmination from the Appenines ten Hsaf
(1956) noted ripple-merks showing longitudinsl patterne, These
hed been formed, not by foresetting as in transverse-current-
ripples, but by & continuous undulating lasmination.

Kuenen and Sanders (1956) described indistinct ripple-merks,

the long exes of which were perallel to the current, They

/suggested
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suggested that these ripples might be snalogous to longitudinal
sand-ddnes, since their internsl structure indicated transport
perellel to the long axis, bThe pertly depositionsl origin of
such ripples was thought to render them distinct from the
longitudinel ripples of van Strasten .hich are thought to be
products of erosion alone,

In & recent synoptic paper Kuenen (1957) mentioned and figured
(his fig. 22) e curious pattern consisting of & number of sub-
perallel confluent deep furrows on the sole of a greywecke, such
furrows being the cbunterparts of ridges which must have been formec
in the mudstone on which the greywecke lies, Such ridges apparent.
trend perellel to ;he current,

Sujkowski (1957) in en account of the Cerpsthien Flysch
déscribes & form of ripple-mark "in which each lemina is bent into
a wavy pattern, like & sheet of éorrugated iron, All the laminse
remain strictly'parallel throughout the thickness of the bed". He
claimed thet the whole layer had the appesrsnce of & single unit,
deposi ted in one body of moving water,

rrom the foregoing summery it will be seen that ripple-like
forms, with longitudinel trend, end occurring in greywecke-type
rocks, have been observed by & number of writers, Hitherto, howeve
their significeance appeers to have esceped the notice of most
observers, These forms are evidently of two types. First, the
longitudinal structures formed by continuous undulating leminations

Aten Heaf
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(ten Heaf, Sujkowski, ?Kuenen snd Senders). Second, the mud-
ridges of Kuenen (1957). Such & conclusion sccords with the

evidence presented zbove.

Mention must be made of some structures beering & superficial
resemblence to the mud-ridge type of longitudinsl ripple-merk,
but which ere very probably of tectonic origin, These teke the
form of smell ridges of mudstone, narrow end very straight, or the
equivalént cests In overlying greywackes, They occur only in
regions where the fine-gréined beds show merked cleavage or strong
Jointing, end their orientation is slmost always parallel to that
of the trace of the cleevage or jointing on the bedding-planes,

| Cereful examinetion of these "pseudo-ripples" often revesls

small crecks, sometimes quartz-filied, extending éownwards from the
ridges into the underlying mud s tone, Moreover, the usuel adjuncts
of normal mud-ridges are slways &bsent from these structures -
chevrons, pock-markings, evidence of erosion. Their trend is
generally st variance with the locsl current-direction. Considera-
tion of s8ll the evidence strongly indicetes that these "pseudo-

ripples" ere formed tectonicslly.

III, CONCLUSIONS
The transverse ripple-mgrks present little difficulty as regerd
origin. They originated through the ection of & unidirectionsal

/current-
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éurrent-flow which in many ceses must have been persistent th}ough-
out a fairly long period of time - sufficiently long, at least,

to form several generations of ripple-merks up to & maximum
thickness of 20-30 cms,

The frequent occurrence of this type of ripble-mark in the
siltstone frection et the top of beds of graded greywecke hes been
cited as evidence for the creation of the ripples by the seme
eurrent which trénsported the meterial of the greywacke, and this
study hec done nothing either to reinforce or to rebut this
conclusion, prever,_it appears thet current-activity was not
confined to periods of greywecke deposition, éince'transverse and .
other ripple-marks also occur in the fine-grained sediments inter-
bedded with the greywsasckes,

Thet the currents forming the trénsverse ripples were not
exactly uniform in directiqn or intensity 1is ettested by the variabl
orlentation eénd discontinuous neture of eny one set of rippleé-marks.,
lhe more discohtinuous.forms, approaching linguoid shape, bear
strong effinity with the ”current-markﬁ of Kindle (1917) or the
"cusp-ripples" of McKee (1954) which, es the letter showed, probably

resulted from “irregular end fluctuating streams",

Further evidence for fluctuation in current-strength end
direction is furnished by the complex type of ripple-mark in which s
eerlier set‘of ripple-merks is modified by & second, laster set,
which has &n entirely differént orientation.

/On
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On the other hand, true interferznce ripple-merk, as
indiceted earlier, must have originsted in quite‘a different way
end affords evidence of wave-like oscillations in the currents
which produced it. .

I'he rippling charscteristics of mud and fine-gruined silt woul
not permit the formstion of normal ripple-merks and so longitudinal
forms resulted from current-action in this type of sediment.

The precise mode of origin of longitudinel ripple-marks reme ins
obscure, but it is possible thet the "corrugated"” type is but a
modification of the "mud-ridges", being produced4by the deposition
of successive thin layers of siltstone, each of which undulates in
conformity with the underlying leminaee and with the shape of the
surface with mud-ridges. The mud-ridges themselves may be the
products of erosive agencies,

The depth of water in which these ripple-marks were formed
remeins doubtful, Interference ripples heve hitherto been regardec
as indicative of very shallow water (Kindle, 1917, p. 34 and Kindle
end bucher in Twenhofel, 1932, p. 658), while longitudinal ripple-
marks have only been observed on modern tidal flats, On the other
hend, Menard (1952) reports oscilletion-ripples from the oceen
bottom at great depths,

The present study has shown thet ripple-merks of seversl types
may occur in sediments of the greywscke suite snd thet from én
exaomination of their form much can be leernt about the nature of

/the






137.

the currents which produced them. It is hoped thet in future

studies of these rocks more attention may be devoted to ripple-mark;

3
v

DESCRIPTION of TEXT-FIGURES and PLATE

!

Fig. 1: (a) end (b) Cross-sections of esymmetrical transverse
' ripple-merk to show mode of formation.

(e) Typicel profiles of:transverse ripple-mark in the
Rhinns of Galloway.

(d) Cross-section end stylised plan-view of e specimen
of interference ripple-merk from High Berbeth,
(See p. 182) Verticel scale x 2,

NOTE. In diagrems of cross-sections of ripple-merk,
muds tone is indicated in solid black, fine-grained
- siltstone in white, &nd coerse-grained siltstone
in stippled ornement, . This ornementation grossly
exaggerates the slight differences between the bends.

Fig, 2: Diagram illustreting veriation in trend of a series of
trensverse ripple-marks from & thin succession of
rocks, near rort lLogan. Rifgles are indicsted outside
the céfcle, groove-casts indicated within it (see
p. 1701}, V

Fig. 3: (e)-(c) Composite cross-sections of specimens of the
corrugated type of longitudinel ripple-merk,
% Slocknamorrow Inlet; (b) .Juniper Face;
c) Black Stot.
Vertical scale slightly exaggerated.

(@) Profiles of corrugated longitudinasl ripple-merk,
(e) Profiles of mud-ridge longitudinel ripple-mark.
Fig. 4: Current-rose diaegram, Slocknemerrow Inlet. Ripple-

merk indicated within centre circle; heavy black
lines denote trensverse. ripple-msrks, thin continuous

~ [1ines
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lines denote corrugated longitudinal ripple-merks,
thin deshed lines denote mud-ridge longitudinal
ripple-merks. Numbers on some lines refer to the
number of occurrences, if grester thean one,

Groove-casts are indicated in intermediate circles,
flute-cests in outer circles #nd current-strati-
fication around the outside circle, The number of
occurrences of each structure 1is given by the number
of circles crossed. Readings within 5° sectors are
asggregated. (cf, Crowell, 1955).

PLATE 1: Types of ripple-merk from the Rhinns of Gailoéay'-

(a) Discontinuous, mear-linguoid current-ripple-merk
in siltstone, Craigoch Moor, Portpatrick.
(Scale 1s 9 ins, long.) ;

(b) Specimen of true interference-ripple-mark,
" with rectangulsr cells, from High Barbeth
( x1/5).

(e¢) Specimen of corrugated-type longitudinel ripple—
merk, from Slocknemorrow Inlet (x 1/6).
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(11) Under-surface structures:

Groove-casts: These are straight, sub-parallel ridges of

considerable length, Depth end width are roughly prbportional
and remain constent slong the lepgth of the ridge but are varisbdble
in different specimens, fram 0.1-5 and 0.2-6 inches respectively
(Plate XXVIa), Very small groove-casts, however, tend to be
rather impersistent and closely spaced whereas larger groove-
casts sre more widely spaced and often carry smsller parallel
ridges end striations, The ends of such grooves hasve rarely been
observed, The termination is not abrupt but slopes graduelly
until the groove merges into the bedding-plane.
‘ In the Rhinns most of the deeper grooves are not found at a
| greywacke-shale contact but rather at the junction of & coarse
greywacke and en immediately underlying fine-ér@ined greywacke,
Presumadbly this is related to the greater cohesiveness and
consequent resistance to erosion of the cley compered with thp
grenularity of the arenaceous beds (Hjulstrom, 1939, fig. 1).
Cross-sections through groove-casts usually show slight
esymmetry (Plate XXXIa) end closely resemble certein scour-fill
structures in their erosive characteristics.Q However, no laminag-
tion or current-bedding has been obsefved within these strhctures,
although there is often an eccumulation of coerse-gresined material

et the base of the ho;lows.

/Groove~
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Groove-cests with a conspicuous "herringbone" pattern in
plan\haie also been observed in the Rhinns (Kueneﬁ, 1957, Plate
2B and C). No adequete explanation hes yet been offered for this
type of grooving,

On most under-surfaces the groove-casts are virtuelly perelle.
end ere longitudihal with respect to the ‘local curren t-direction
(obteined from independent sources), but they do not indicate the
current;sense; - Occasionelly, two sets of groove-cests with"
régularly divergent trends are‘found. It eppears that one of
these sets consistently cuts the other and is therefore the later
structure (cf, Wslton, 1955, Plate IB). Groove-casts are seldom
associated with flute-casts or other under-surface structures, but
where there is such en association the cross-cutting relationships
indicate fhe priority of the grooves, |

Groove~-casts were first described by Hell (1843) who
attributed their fommation to the erosive effects of oceenic
currents cerrying coarse materisl, Clerke (1918) submitted that
they were formed by the movement of current-borne pack ice on
‘beach depdéits. .

Kuenen (1957e) rec0gnises two types of groove-cest. The
first, termed slide-marks, he expléins es the grooves or scratches
produced by subsqueous sliding or slumping. These msy occur in -

/or



201.

or under shales aslwell as greywackes, The second and commoner
type he nemed dreg-merks, Kuenen follows Rich (1950), who
modified Shrock's sugges%ion, essigning these groovings to the
dregging of stones or shells, probably attached to algee over a
bottom-surface of relatively unindurated silt or mud, tﬂe
propellant force being turbidity-current,

It is clear that these structures are the casts, in the over-
| lying greywacke, of groovés gouged out of the underlying finer-
grained bend. Recently Dzulinsky and Redomski (1955) cleim to
have observed groove-casts with a piece of shale lying at the
termination and have concluded that these marks are formed by the
propulsion of anguler pieces of recently deposited mud over the
soft bottom during turbidity current sction. However Kuenen
(1957, P. 252) rejecﬁs this explenetion, claiming thet the example:
they illustrate are of slump or slide-marks, He elso points out
(loc. cit,) that & soft chunk of mudstone would soon become
rounded by sbrasion end would then produce a rounded furrow
instead of the angular hoilows, with stristions, which characteri s
groove-casts, Moreover, he adds, shele~-fragments are very seldom
found et the base of greywacke beds, although they occur, often in
profusion, in the higher levels, It certeinly appeasrs that the
grooves are much too reguler in depth end width to be created in
this meanner,

/The
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The dregging of algal snchor-stones also seems rather an
unlikely explanation, particulerly for Lower Palaeozoic or earlier
rocks, It is difficult to envisage the finely-sculptured
striations being formed by this means, Moreover, to the writer's
knowledge there is no recorded instance of a large pebdble lying
at the end of @& groove-cast, Rucklin (1938, fig. 10) produced
very similar groovings in mud by means of a moderately fast ssnd-
‘laden current and this mechenism 1is probebly the most significant
means of producing grooves,

Grooving action is typical of several types of sediﬁent-laden
media moving according to the laws of fluid dynemics. Thus
striations and grooves of very similar aspect are produced (on
solid rock) by glacier-ice, by lendslides esnd snowslides and even

‘by nuees ardentes, The prerequisite for such furrowing appears

to be high density of the scouring medium.,- The size of the
‘gtriations is more or less related to the size of the abrading
perticles but lerge glacial grooves are known to heve been
produced by fortultuous enlargement of single striations end it 1is
possible that the large groove-cests described sbove have arisen
in similer fashion, the accessory striations within such grooves
being the traces of smaell enlarging perticles, In this waﬁ
grooving may be assigned to the action of pebbles no larger than

/ those
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those actuslly obéerved‘in the greywackes (up to 1-2 cms, diameter
without recourse to lerge cobbles which are as yet undetected in
these beds, |

 Flute-casts: (Crowell, 1955). These are nascelle-like

structures occurring on meny greywacke soles, Thqy‘range in
size from small elongate weals, difficult to distinguish from
smell groové-césts, to large bﬁlbous projections.several feet long
and wide (Plate XXVIb), An intermediste form is about 2-6 inches
long end is typicelly pear-sheped {(cf. Kuenmen, 1953b, Plate B 2),
The depth of the:flutings is generally sbout Sne—third of their
width but some are much deeper., Almost inveriably one end is
rounded and deep whereas the other end gradually slopes up to
meet the bedding-plane; simul taneously flering outwards, the
greatest depth usually occurs just behind the deep or beaked end
\ so that the lengfhwise profile 1s esymmetricel whereas the cross-
section is generally symmetrical, The steep end occasionselly has
an overhanging 1lip, usually sttributeble to load-cast deformstion.

Meny flute-casts have & corkscrew or spirsl form (Plate
XXVIIs) while others are twisted towards the deeper end (Plate
XXVIb), In the corkscrew types observed the spirality'is more
commonly sinistrel thean dextrél, while the twisting of the other
type is espparently random, However, on one surface one sense of
spirality or direction of twisting usually predominetes, .

/The
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‘The surfacé of these structures is normally quite smooth
but there is sometimes asn inconspicuous near-horizontel ridging
around the steep end which might be considered the external
menifestation of a horizontel lamination within the flute-cast.

- Kuenen (1957, p. 24l1) hes suggested thet these fluted steps are
the result of slight differentiel erosion of e lsminated mud or
éilt. However, this was not confirmed in the few cases where
observation of the internal structure of such casts was possible.

Flute-casts may occur on the seme surface as other sole
‘ markings tut are genersally found alone, AThey may be isolated
ﬁ;(Plate XXVIIb) or in close contact (Plate XiVIb), scatfered
randomly or arrenged in rows which mey be perallel (Plate XXVIIa)
or oblique to the length of the casts. Usuelly, all the flute-
casts on one bedding-plasne are of similer shape and dimensipns;

The length of these structures is generslly parallel to the:
local current-direction, with thé steep end upcurrent, Occasion-
ally there are forked or conjugete flutings (Plate XXVIIIs, X),
only one of which 1s parsllel to the regular trend of the
" structures and to the current-airection,

- Some of the smaller flutings sre very élongate and cbmpressed
(Plate XXXa) whereas another type is similer to the large flute-
casts but is horse-shoe sheped, i.e, the centre of the cast is

/not
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not bulbous but inverted, domed upwards (Plate XXVIb, X, and
cf. Rucklin, 1938, hufeisen-wulste).

Lemination, but not current-bedding, has occesionally been
observed within the infilling greywacke of the flute-casts and
coarser grains sre often found st the deep upcurrent end,
Lamination in the underlying lutite bend is often trunceted
ageinst the flute-casts (Plate XXVIIIb) effording clear evidence
of the erosive, gouged-out neture of the flutings,

Rucklin (1938) descrived this form of structure from under=-
surfaces of beds in the Muschelkslk, He recognised & series from

short, simple flutings (einfache zepfen-wulste), fhrough corkscrew

foms (korkzieher zapfen) to large, flattened shapes (flechzapfen).

He cleimed thet these structures could be produced through the
ection of a send-lsden current running over soft mud. The twisted
. and'spirel foms he attributed to vortices, e conclusion to which

" Kuenen (1957, p. 240) gives tacit consent,

Mexson end Cempbell (1935) have described and illustrated
examples of fluting from limestone in the bed of the Colorado
river. They ascribed the formation of these structures to the
action of & turbulent, repid, silt-leden stream, the immediate
cause of the flutings being small vortices with herizontal axes
(see 1935, fig. 4).- Occasional corkscrew forms are created by

verticel vortices end occur on sloping surfaces,

/A
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A similar mode of origin is proposed for the flutings in '
these ancient muﬁstones and siltstones, although the process would
presumably be very much more rapid in view of the relative
incaherence of the uncompacted lutite, Mexson end Cempbell also
noted that longitudinel grooves were fommed where the stream-
velocity was high and the bottom relatively smooth. It may be
that fluting and gréoiing are both directly related’po the stream-
velocity, ,vLongitudinal furrowing apparently occurs in the high-

speed phase of current-sction, at velocities partly dependant on

" - the amount of material carried in suspension and on the grain-size

of the material over which the current i1s passing, which governs
the friction et the sediment-water interface, Withldecreasidg
stream-velocity turbulent effects become apparent and local
vortices are formed, producing flutings and perhaps destroying,

or at any rate, partly concealing carlier grooves, Hoﬁever, und e
special conditions, the flow may remsin relatively smooth till the
veloéity is lower than the minimum cr;tical velocity for the

forme tion of flutes,

In this cqnnection the apparently consistent priority of the
grooves becomes important., The question aléo arises of the
contemporsneity of under-surfece merkings - grooves and flutings -
and the deposition of the oveflying greywacke, Dzulinsky and

/Redomski
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Redomski (1955) submitted that sole-markings mey be created by a
bottom-hugging current then left uncovered until_a later, non;
erosive current deposited the infilling materisl, On this
hypothesis two or more sets of structures, possibly with divergent
trends, could be fommed by successive erosive currents prior_to
the deposition of the greywacke,

Kuenen msintains that the nature of turbidity'éurrents
- opposes the sqggestion of separate cutting and lafer filling by |
some other agent. He evidently escribes multiple sets of groové-
casts to different phases of the seme short period of erosive
action during one turbidity current which, with decrease in velocit
deposited its load to fill in the exceyated grooves and flutings.

It is difficult to envisage the formatibn of multiple,
divergent sets of structures in the menner and within the short
period of time postulated by Kuenen, end without the formationAof
structures with intermediate trends, although mult;plé point;
sources (submaerine csnyons) for the turbidity-current have been
postulated by Crowell (1955) to explein similar phenomena,
Howéver, it is equelly difficult to see why, if there was @ tiﬁe-
gap between formation of thee structures and their infilling, there
was no apparent flowage of the plastic mud end silt into the
depressions, nor why there wes no deposition of lutite in the

/hollows



208,

hollows @uring the interveﬁing period, At present, therefore,
the question of the contemporanei;y of structure formation and
infilling remains unanswered.

A bottom-sfruéture of'very rare occurrence in the Rhinns
(Plate XXIXa) closelj resembles the "cébbage-leaf markings*
described by Kuenen, pp. 255=256), hWhere less extremely developed
the bifurcating markings tend to be lineaf perallel to the current
and are reminiscent of the smell elongate flute-casts,

Ioad-casts: See appended peper:

"Loed-cast Structures: Their Reletionship to Upper~Surface

Structures and their Mode of Formationd'
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Load-cast Structures : Their Relationship
to Upper-Surface Structures and their Mode of Formation

By G. KeLLING AND E. K. WALTON

(PLATE XVII)

ABSTRACT

The form and distribution of load-casts suggests a genetic
connection with structures previously formed on the upper surface
of the underlying bed. On analogy with salt-dome development,
the growth of load-casts and associated flame-structures is
attributed to the density contrast between upper and lower bands
and differential loading caused by the projections and depressions
formed by the upper-surface features. This hypothesis is the basis
of a new classification of load-cast structures.

INTRODUCTION

TRUCTURES occurring on the under-surfaces of many greywackes

and sandstones have received considerable attention in recent years
and some confusion has arisen concerning their classification (see
Prentice, 1956, and Kuenen and Prentice, 1957).

Of, frequent occurrence among these structures are those known as
" load-casts (Kuenen, 1953, Flow casts, Shrock, 1948, p..156), and these
consist of sandy, coar.sg;gerained material forming bulbous pockets.
which project downwards into the underlying shale. Following Shrock,
the formation of load-casts -has been generally ascribed to unequal
loading of a soft mud by coarser-grained, overlying material. Kuenen
(1957) has treated some aspects of this process and in the present
paper an attempt is made to carry the analysis a step further.

In addition, curved, pointed tongues of shale, as seen in vertical
sections, penetrating into overlying beds of greywacke, have been
described as ‘ antidunes ’ (Lamont, 1938), and * flame-structures
(Walton, 1956a). Lamont was influenced by the work of Taylor
(1935 and 1936), impressed by the regular spacing of the structures
and their resemblance to antidunes (Gilbert, 1914), but Prentice (1956)
and Walton (1956a4) doubted this mode of formation. Kuenen and
Menard (1952) produced flame-structures experimentally and ascribed
their formation to “ (1) drag exerted by the turbidity current on the
watery clay film of its bed, (2) local settling and squeezing caused
by the rapid accumulation of overburden on the highly mobile

foundation . '
" During investigations of the Lower Palaezoic rocks in the Southern
Uplands of Scotland, the authors have been impressed by the fact
that load-cast structures constantly exhibit forms which can be
correlated with those of upper-surface structures, and by the coinci-
dence of flame-structures and load-casts. This correlation has been
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alluded to previously only for individual occurrences. Fuchs (1895)
commented on the resemblance of certain mudflow structures, on the
lower surfaces of Flysch sandstones, to ripple-marking, but he main-
tained that there was no genetic connection, and Bucher (1919)
suggested that they might be called pseudo-ripples. Lately, Crowell
(1955) has noted that “there may be transitions between load-casts
and flute-casts ”* while Kuenen (1957) accounts for some load-casts
by the deformation of pre-existing drag-marks and flute-casts. We
wish to emphasize that the correlation between previously formed
upper-surface structures, load-casts, and flame-structures is a general
one. Furthermore, recognition of this leads directly to an explanation
of the origin of load-cast structures and clarifies the problem of
nomenclature and classification.

. TABLE 1
UPPER-SURFACE STRUCTURES UNDER-SURFACE STRUCTURES
UNDEFORMED DEFORMED
(Flow-casts, Shrock, 1948
Group 1. Load-casts Kuenen, 1953)
A. Grooves .
(Drag-marks, Kuenen and Groove-casts Groove-load-casts
Sander, 1956) (Shrock, 1948) (in1 gsagt, torose load-casts, Crowell,
(inI%aslg), Korkzieher Zapfen, Riicklin,
B. Flutes Flute-casts Flute-load-casts
(Flow-markings, Rich, ~ (in part the flute-casts (Load-casts and in part flute-casts
of Crowell, 1955) and_ torose load-casts, Crowell,
(Flachzapfen and in 1955) :
part Einfache Zap- (Flow-rolls, Rich, 1950)
fen-wulste, Riicklin, (Lobate nll-marks, Clarke, 1918)
1938) (Einfache Zapfen-wulste in part and
Korkzeiher-Zapfen in part, Riick-
lin, 1938)
Group II.
A. Transverse Ripple-marks T-Ripple-casts T-Ripple-load-casts
(? Flow-casts, Prentice, 1956)
B. Longitudinal Ripple-marks L-Ripple-casts L- Rxpple-load-cast:
C. Interference Ripple-marks I-Ripple-casts 1-Ripple-load-cast

CLASSIFICATION

Table 1 summarizes our conclusions and includes the synonyms

“which, in the light of the relationships discussed below, in our view
now become unnecessary. The table does not attempt to cover all the
structures described from under surfaces, but only those where load-
casts and flame-structures are known to be involved.

In the ensuing discussion it should be noted that the upper surface
features referred to now occur below the under-surface structures.
In order to avoid possible confusion we have used upper-surface
consistently throughout in relation to the underlying fine-grained bed,
and under-surface features relate to the overlying coarser-grained bed.

THE FORM OF LOAD-CASTS
Group I.

Load-casts often of large size, elongate; either linear and con-

G |
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tinuous, or lobate, discontinuous; wusually irregularly spaced;
associated flame-structures well-developed.

A. Groove-load-casts.—These load-casts are ¢haracteristically long
and often remarkably straight. They vary in size up to about 1 ft.
across and about 9 in. deep. Their similarity to groove-casts is clear
and convincing. Text-fig. 1 is a composite diagram illustrating their
form as it is often seen in inverted sequences in the Southern Uplands.
In this diagram, (@) represents an extreme form of groove-load-cast,
with ‘marked indentations and long, slender flame-structures; (b) is
an intermediate, and more common form, showing less pronounced
indentation and short, stubby flame-structures; while (¢) represents

TexT-FIG. 1.—Groove-casts (¢) and groove-load-casts (a) and (b). The struc-
tures are parallel with the current which, as the arrow indicates,
may be from left or right. Bed inverted.

an undeformed groove-cast. Examples have been described from the
Silurian rocks of Peeblesshire (Walton, 1955, pl. ia). They are also
common in the Ordovician rocks of the Rhinns of Galloway and the
Wenlock rocks on the west side of Kirkcudbright Bay.

B. Flute-load-casts.—One of the best examples of this type has been
illustrated by Pringle and Eckford (1945, pl. ii). The structures have
the typical tear-drop shape, with one end deep and bulbous and they
become wider and more shallow at the other, the down-stream end.
Flute-load-casts show considerable variation in size and shape, with
the largest reaching up to 10-12 in. long, 8-10 in. wide, and up to
2-3 in. deep at the “‘ nose .

Similar structures have been described simply as load-casts by
Crowell (1955). The form and distribution of these deformation-
structures is such as to leave little doubt of their close relationship
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with those similar structures which show no deformation, such as the
flow-markings of Rich (1950) and Kuenen (1953a) and the flute-casts

" of Crowell (1955) and Prentice (1956). Indeed, Kuenen (19535, pl. B2)

illustrates one surface from the Rhinns of Galloway which shows both
undeformed flute-casts and deformed flute-load-casts.

Text-fig. 2 is a diagrammatic representation of these structures
showing various degrees of deformation and illustrating in plan and
section the forms which may be developed. Undeformed flute-casts
are represented at (@) and (b), all the other structures illustrated being
deformed to some extent. The deformation is indicated by the indented
form and the occurrence of large flame-structures, which can be seen
in both longitudinal and transverse views.

- TEXT-FIG. 2.—Flute-casts (@) and (b) and flute-load-casts. Structures inverted,

current from bottom left.

* The torose load-casts of Crowell (1955) are of two types. One is
similar in shape to the.structures above and may be simply a flute-
load-cast with the deeper end down-stream. The other, type is longer
and may have a composite or spiral form. Now, Kuenen (1953) noted
groove-casts of similar form so that this second type is one of our
Group IA—the groove-load-casts. Riicklin (1938) described short,
spiral forms (Korkzieher Zapfen) which we regard as flute-load-casts.

The large flame-structures associated with the flute- and groove-
load-casts often provide evidence of the action of both erosion (of the
underlying laminae) and of later deformation (of both coarse and fine-
grained beds). Text-fig. 3 shows a clear example from the Ordovician
rocks of Morroch Bay in the Rhinns of Galloway. The structures
illustrated by Walton (19565, fig. 8) show distinctly the squeezing
upwards of the fine-grained bands,
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Group II.

Load-casts with.a regular pattern in plan; deformation often slight,
and flame-structures small.

A. Transverse Ripple-load-casts (Pl. XVII, fig. 1).—Asymmetrical
ripple-marks are a common feature on the siltstones at the top of
greywacke beds, but few examples of the corresponding load-casts have
been described (see below). One example, where strong indentation
is developed, is exposed at Jameson Point, in the Ordovician rocks of
the Rhinns of Galloway (Pl. XVII, fig. 1). These structures have a wave-
length of 2-3 in., comparable with that of the normal transverse ripple-
marks; they anastomose in a similar manner, and the current-direction
as determined from associated cross-lamination, is normal to the length
of the load-casts.

Prentice (1956) describes as “ flow-casts ” structures which are
developed at right-angles to the prevailing current. This also suggests

TEXT-FIG. 3.—Flame-structures, Ordovician rocks, Morroch Bay, Rhinns of
Galloway.
(a) Eroston has preceded deformation, slight thxckenmg later
(b) Pronounced thickening of the lammae during the growth of the
structure.
The height of the structures is 2-5 cm.

/

deformation from a surface with transverse ripple-marks. It is our
opinion that the use of the term ‘ flow-cast > is undesirable where
the structures show a connection with upper surface features. Flowage,
as well as downwards-sagging, may have playédia small part in the
formation of any of the structures described here. Where there has
been a great deal of movement resulting in the complete loss of any
initial pattern, then “ flow-cast * may be applicable, but otherwise the
use of a separate term obscures the genetic relationship between the
load-cast and the original structure.

B. Longitudinal -Ripple-load-casts (Pl. XVII, fig. 2).—Structures on
many greywackes, siltstones, and mudstones in the Rhinns of Galloway
appear to be longitudinal ripple-marks. Details supporting this
conclusion are to be given elsewhere (Kelling, in preparation). Of
direct interest to the present study is the fact that in many cases
flame-structures are developed and it 1s evident that slight load-casting
has taken place, _ s
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Text-fig. 4 is based on a specimen from the Hawick rocks, near
Binks, Roxburghshire. It shows the under surface with casts of
longitudinal' ripple-marks while a series of sections reveals flame-

TEXT-FIG. 4.—Longitudinal ripple-load-casts based on a specimen from Binks,
near Hawick.

Lower surface shows ripple pattern. Sectxons show flame-
structures, asymmetrical, pointing either to the right or left, and
symmetrical. At thé top left is a symmetrical flame structure, one
limb of which has been turned back on itself. Structures parallel
with the current.

Specimen is 30 ¢cm. long. The flame structures have _been
exaggerated shghtly, they average 3 mm. in length.

structures developed in the crests. It will be noted that symmetrical
and asymmetrical flame-structures occur and the latter may be directed
in different directions even along the same crest.

C. Interference Ripple-load-casis.—An example of this type is
illustrated in P1. X VII, fig. 3, which is also taken from the Hawick rocks,
near Binks. The pattern suggests original interference ripple-marks
and the section view shows small flame-structures. It is possible that
the * flow-cast” illustrated by Shrock (1948, fig. 117) was also
developed by deformation of original interference ripple-marking.

THE FORMATION OF LOAD-CASTS

As indicated earlier, the formation of load-casts has been ascribed
to unequal loading. The observed form of these structures and their
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relationship to upper-surface features leads inevitably to the conclusion
that their formation is the result of loading rendered unequal by the
presence of original irregularities on the upper-surfaces of underlying
fine-grained beds.

In this we may profitably draw an analogy with the development of
salt-domes, and particularly germane to this discussion is a series of
experiments carried out by Parker and McDowell (1955) who used
scale models to investigate the initiation and growth of salt-domes.

Their results show that when a heavier layer immediately overlies
a lighter layer then any original upward projection of the lower stratum
into the upper tends to produce a state of unstable equilibrium. The
weight of the relatively heavy upper layer is less over the upward
projections from the lower layer than it is over the intervening parts
of the lower stratum. If this difference is sufficiently great then the
downward pressure of the upper layer causes the underlying lighter
stratum to flow towards the projections which, in consequence, grow

. upwards in diapir fashion.,

Now, in the case of load-casting we have similar conditions in that
“the lower muddy layer, mainly due to its higher water content, has
a lower density than the overlying sandy layer. Figures given recently
by Hamilton and Menard (1956) show the probable density contrasts
(e.g. coarse sand — 2-08, sand-silt-clay — 1-44), but variations would
occur due to differences in the grain-size, composition, and, in the
case of the underlying layer, in the amount of compaction. Moreover,
if the surface of the middy layer was characterized by ripple-marks,
grooves, or flutes these would provide original irregularities, of the
nature of projections and depressions, on the upper surface of this
layer. By analogy with Parker and McDowell’s experiments it can be
inferred that, after the accumulation of a sufficient thickness of the
overlying sediment, there would be flowage of the muddy sediment
towards relatively elevated crests and concomitant movement of the

- sandy material into the depressions. .

In this way flame-structures would inevitably be developed from the
upward-flowing mud, and load-casts'would grow by sinking and slight
lateral movement of the coarse-grained overburden in the original
depressions. One puzzling feature of flame-structures is their pointed
nature in contrast to the rounded tops of salt-domes. Load-casts
associated with grooves and flutes often attained a considerable size
because of the initially large dimensions of these depressions, whereas
those associated with ripple-marks generally exhibit a smaller amount
of growth, related to the lesser dimensions of the ripple-ridges.
Transverse and interference ripple-load-casts are, apparently, rather
rare and this may be due to the slightly different densities of the
sediments in which they were formed.

-
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Parker and McDowell found that growth of the domes was stopped
most effectively by increasing the thickness of the overburden and this
may well have been the determining factor in the cessation 0f growth
in the load-cast structures.

Experiments with sand and mud layers have been begun in the
Grant Institute of Geology in an effort to establish the relative
importance of the various factors involved in the growth of flame-
and load-cast structure.

DIRECTIONS OF THE FLAME-STRUCTURES

Reference has been made to the tendency for flame-structure to be
pointed obliquely upwards constantly in one direction. This suggested
to Lamont (1938) an origin as antidunes, while Kuenen and Menard
(1952) and Kuenen and Prentice (1957) suggested that the drag involved
during deposition from a turbidity current would tend to pull over the
shale projections.

The examples described above invalidate the antidune hypothesis.
It has been shown that when the structures seen in section are examined
in plan, they show only rarely the regular crests transverse to the
current, and, moreover, regular spacing if present is readily explicable
on the basis of their derivation from ripple-crests. These criticisms

.apply to the interpretation of flame structures as the antidunes of

Gilbert (1914). Dr. Lamont kindly showed us the manuscript of his
current paper in this journal and it appears that he uses the term
“ antidune ”* in a different sense. Some flame-structures have been
formed in the way he suggests, by concomitant scouring and filling
(see Walton, 1956a, fig. 7). Recently Dr. D. A. Bassett and one of
us, have found such examples of scour and fill in the Cambrian Hell’s
Mouth grits in North Wales. However, the majority are connected
with ‘“ load-casting . :

It would appear, also, that though current-drag may be a con-
tributory factor, it is not the only one. This is particularly the case
where flame-structures are developed from longitudinal ripples (Text-
fig. 4). Here the current is parallel to the flame-crests. Further, the
flame-structures do not always fall in the same direction and, finally,
symmetrical, as well as asymmetrical structures occur (Walton, 19564,
fig. 4).

It seems probable that the main factor producing the inclination
of flame-structures is the subsequent compaction of the coarse-grained
bed. Adjustments during such compaction would probably not be
exactly vertical, and, in addition, any slight initial slope would tend
to favour a more or less regular asymmetry in the flame-structure.
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EXPLANATION OF PLATE XVII

Fic. 1.—Transverse ripple-load-casts on the base of an Ordovician greywacke
bed, Jameson Point, near Kirkcolm, Rhinns of Galloway. Length
of scale, 6 inches.

Fic. 2.—Longitudinal ripple-load-casts, on the base of a thin bed of grey-
wacke; Ordovician, old quarry near Cairndonald, Rhinns of
Galloway. Coin (diameter 14 inches) gives scale.

Fic. 3.—Interference ripple-load-casts, at the base of fine-grained Silurian

greywacke. Specimen from Binks, near Hawick.
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The linear structures - groove- ahd flutefcasts, load-casts
end ripple-merks do not appear to be distributed evenly throughout
the succession but rather they occur in restricted aresas, Thus
seversl scorés, or even hundreds of feet of greywackes may contain
only a few bedding-plenes with these structures yet within the next
fifty feet or so slmost eve}y bedding-plsne mey exhibit some form
of lineaf structure, |

Orgenic Markings: Treils and burrowe are occasionelly
encountered_on greywacke soles, These are generslly smsll eand
cylindriéal, meendering snd irregular, In most cases they &are
filled by the greywacke and pass up from the mudstone or siltstone
into the'greywacke but in severel instances they are filled with
ergillaceous meteriai and meender along the base of the greywacke
then pess down into -the lutite. The former type is evidéntly
pre~-depositional while the other forms ere probably "entrapment

turrows"”,

(111) Intrasstratel structures:

Current-bedding: The true current-bedding found in most of

the greywackes 1is smali scele and is best developed in the upper,
fine-greined part of greded beds. Occasionally it occurs at the
base of beds of greywacke and entire units of siltstone, up to
6 inches thick mey be current-bedded throughout,
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The foreset laminae'of current-bedded units are ususlly
convex downwards but post-depositional deformation hes often
caused oversteepening and convolution of such laminsze, Large-scal
current-bedding, in multiple units eech up to & foot or more thick,
is sometime§ encountered in the coerse grey wackes and the
conélomeratic baﬁds of the Conglomeratic division (fig. 27) end 1t
is noticeable that in thesé the laminse are very seidom distorted.

Current-bedding hes been used extensively in the present study
to determine or confirm the sense of current-movement, Since the
measurement of current-direction from current-bedding in the field
is attendéd with very considerable manipulative difficulties end
consequent inaccuracy, oriented Speciméns were taken and trested
in the menner descrited by Crowell (1955, p. 1362)., The azimuth
end dip ofithe trasce of the same foreset current-lemination on two
or more non-parallel sliced pleanes of known orientation are plotted
on a stereogrem, The great circle on which all these points lie
represents the trace of the lamination in question and, for
convenience, the pole to this plane is taken, It is found that
the leminetions, even in one current-bedded unit, mey show
consideradble varistion in attitude (fig., 32)., It is therefore
necessary to measure & large number of'planes in order to obtain
even 8 moderately accurate estimete of the current-trend, The
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current-direction used is en asverege one; it is that line which
divides the points into two equal sectors, This line almost
elweys coincides with the steepest leminse.

Convolute-bedding: Detailed descriptions end discussions of

this phenomenon have been published by Migliorini (1950), Kuenen
(19538 and 1953b) and ten Heaf (195). Convolute-bedding
commonly occurs in the fine-grained greywackes and in the finely ‘
lamineted siltstones and mudstones, In deteil it much resembles
slumping with intricate contortions &nd locel ettenuation or
thickening of the banding. The internel folds very from gently
symmetricael to diapiric end overturned, recumbent folds are often
developed (Plate XXIXb). There eppears to be a rough correlation
between incressing intensity of contortion and decreasing grain-
size, Similarly the emplitude end weve-length of the convolutions
are generelly greater in the gfeywackes then in the éiltstones.

In contrast to slumping, convolute-bedding shows @& gradual
diminution in the intensity of plication both upwerds end downwards
in a single bed, sometimes resulting in the appearsnce of persellel,
confoxmable'laminae at the top of the convoluted unit, In other
cases, however, the upper boundary 1s erosionsal, Moreover the
lamination in e single bed maey be contorted and attenuated dut is
very seldom ruptured or feulted, The constant thickness of
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convoluted beds is also in mearked contrast to the irregularity
essociated with slumping.

As btoth Kuemen (1953b) and ten Heef (1956) have noted,
constricted anticlinael forms are common in the contorted beds,

. In the Rhinns of Galloway, however, the lutites are cheracterised
by extremely irreguler isoclinal folds.

The relation of these structures to the current-direction is
rather obscure, Kneheh (1953b) found thet in the Silurian rocks
of vales tﬁe axes of the convolutions are usually normal to the
current while ten Haaf (1956), in the mecigno of north Italy,
couldAfind little evidence of a general trend in these structures,
such elongation as there is being parsllel to the current,

Kﬁenen found that the folds, where systématically overturned, heel
over in & downstresm direction. In the Ordovicien rocks of the
Rhinns of Galloway the convolutions areAgenerally very 1irregulsr,
with short, indeterminafe crests and only in the coarser beds is
there sany conépicuously regular trend or strike of the folds.
Where this cen be measured it is sometimes roughly normal to the -
local current-direction dbut is more often oblique, end is very
rarely paresllel to the current, The direction of overturning 1is
also quite inconsistent. Frequently the direction of overturning
msy become reversed es & convoluted bed i1s followed for some
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distance glong the strike, although the diiection reﬁains constant
if the overturning is very pronounced, Generally, however, it ha
been found unsafé'tofattehpt 1nferehce of the current-senée from
structures of this kind. |

.The fomet ion of convolute~bedding ﬁas been ascribed'to
various ceuses. Rich (1950) postulated horizontal mess movemenf
or sliding after the deposition of the overlying bed to produce
the crumplings. Kuenen (1953b) refuted this by describing ceses
where the internsl morphology of the structure proved that fhe
convolutions ‘were at least in;tiated during deposition of the bed.
Migliorini (1950) offered the explenetion thet the folding |
resulted from the expulsion of water from the lower part of the
compacting bted and the cqncentrhtion of the rising weter et certair
points, dfagging up the higher laminetions, Howéver the voids
created by the ultimate expulsion of the gafhered'waters could cnis
“be partially filled by-the minute quantities of sﬁspended sediment
present 'in the upweliing water which shoulad, moreover; form a‘ |
banding with en arrangement distinct from the distorted leminse.
Such voidé or transcurrent laminse are not observed, however,

Kuenen hes suggested that convolutions are due to ﬁydroplestic
deformation of & growing esymmetrica2l ripple-form through the sligk
inequalities of pressure on crest and trough created by sihple flém
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of water over these features, The ripple-like form of many of
the observed convolutions together with the common occurrence

of fruncated laminae, since folded, in such bands lead the writer
to coﬁclude that, in the greywackes, some process similar to that
.envisaged by Kuenen must have occurred to produce these éontortions
iWwhether the convolutions of the very fine-grained bends are produce
in an anslogous fashion is not at &all clear, sihce differences in
grain-size and hydrodynamic properties could conceivadbly produce

the observed differences in size end intensity of contortion.

(1iv) Apeslysis of current-directions:

A systematic exeminetion of the directional current-structures

in the Ordovicien rocks of the Rhinns was underteken iu order to
obtain some 1nformaﬁion on their derivation. = The pitch of linear
structures such as groove- &nd fluté-casts eénd ripple-marks, was
measure% iﬂ the field and, by rotation about the strike, after
ellowing for the locel plunge, the originel trend of the structure
was found end thé curfentddirection inferred from this, The
actual sense of the current was given, where possible, by current-
bedd ing and, where this wes ;acking, by flute-casts, or trensverse
ripple-mark, The ubiquitous ripple-lamination was used on very
few occasions and with some caution, owing to the reservations
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attached to the use of this structure (éf. Kopstein, 1954, pp.
47-50), In meny instaences the linear structures give a more
consistent, accurate snd easily obtainable bearing than thaet afford
by current-bedding.

The well maiked propensity of the linear structures to occur
in ebundence in restricted areaes enatled the setting up of
"stations", These are locelities at which ali_the airecfional
étructureé within & restricted verticel thickness of sediments -
in tpis case defined at 100 feet - have been measured, Only one
measurement or observation of the trend of each type of structure
present wes recorded from one bedding-plane except where a
_structure exhibits two or more regular but divergent trends, in
which case each trend ;s recorded as a separate obseryation.

A total of 25 stations have been created in the area,
representing 394 observations, There are 16 "me jor stations" with
ten or more observations; and 9 “minor stations" with from five to
ten observations each, The distributioh of the stations and
observations in each formation studied is indicated in the followin
table:

/No.
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No, of Stations No. of Observations

Corsewall Group 1 11
Kirkcolm Group '

L, Barren div. 5 127

Metamorphic div. 7 121

U, Barren div, 7 68
Galdenoch Group 1 8
Portpatrick Group

Acid div, 2 33

Baesic div. 2 25

Tﬁe rocks of the Kirkcolm Group clearly contein proportionatel
many more directionsl (and particularly linear) structures than
the rocks of the other Groups, This suggests that relative
eabundsnce or paucity in such structures is related to the type of
lithology which is itself governed by a perticuler depositional
environment, This aSpéct of the problem of deposition is discusse
"in more deteil in later pages. |

The orientation of ail the structures at sny one statioﬁ is
expressed‘by means of composite diagrsms such as figs. 33 and 34.
Commonly all the structures at one stetion have e very similar trer
and imply the same current-sense. In a few cases it is necessary
to assume the presence of two divergent current-directions.
Occasionally evidence of the sense is absent or'conflicting aﬁd
only the trend cen be given, The current-direction used is that
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"average" direction which divides the indicated structures into
two numerically equal groups,

Besides stations there are meny localities at which only & few
observations (1-5) could be recorded, Twenty such locelitles,
comprising 63 observations are included in this study and the
current-direction inferred at each locelity is indicated on the
appropriate map.

The meps (figs. 35-37) show that while the current-direction
within one station may remsin reasonably constant there is great
varietion, in some cases eamounting to & reversal, in the current-
directions obtained from different stations, even within the seme
division. This variability is in striking contrasé to the very
"uniform end consistent directions obteined in recent studies on
the rocks of other geosynclinal ereas such as the Harlech Dome
(Kopstein, 1954), Denbighshire (Cumm;ns, 1957%), Germany (Kuenen and
and Senders, 1956), Polend (Ksieskiewicz, 1956) eand Itsly (ten |
Heaf, 1957), but 1s_1n ecco rdence with the observations of Kuenen
(1953b and 1957b). |

It mey be suggested that this veriation is due to intense

tectonic deformation of the region studied but while this may
produce minor variations‘it cannot produce apparent reversals of
current-flow, unleqs the fold-plunge is neerly vertical, Moreover
the local fold-axis has bdeen éetermined et elmost every station
end the plunge -is inverisbly quite low.
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The few current-directions in the Corsewall Grdup indicate a
general derivation from the north (fig. 35) confirming the
conclusions based on prévenance of the rock-fragments in the
greywackes,

Within the Kirkcolm Group as & whole and elso within each
division the current-directioné show great variability, In the
ebsence of merker-bands within each division it is impossible to
tell whether the differing current-directions have been obtained
from slightly different horizons in the division or whether rocks
at thé seme stratigrephic level, deposited simultsneously, may
ghow severel different directions of derivation;

In the Lower Bsrren diyision (fig. 35) the current-sense
appears meinly to oscillate between NE and Sw.(Table XI), with
relatively minor contributions from the SE,

The variable current-directions in the lower part of the
succeeding Meteamorphic division (fig. 36) eftord evidence for the
persistence of the unstable conditilons which characterised the
previous ‘period, Strong southerly currents seem to have been
mo re cohmon in the southern pert of the oytcrop. However, in the
northern outcrops the currents slmost unifomly sppear to have flows
from the north-east, |

The current-directions in the Upper Barren division are almost
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entirely from north—easf or east-north-east, indicating comparative
stability of the depositing currents, .

Rather scanty evidence in the Geldenoch and Portpatrick Groups
discloses further considerable veriation in current-direction but
with a conspicuous southerly component (fig. 37). The Galdenoch
end Portpatrick (Acid) rocks appear to heve been derived from
between south-west and south-east while southerly and easterly

sources have contributed to the Portpstrick (Basic) rocks.

c. SPHERICITY AND ROUNDNESS

Sphericity-values were calcu1eted for 154 pebbles end cobbles
end 71 boulders of different rock-types from eight localities in
the Corsewsll (Conglomeratic) Group. The lack of necessaiy
apperatus prevented calculation of the roundness. In determining
sphericity the method employed was that‘of Krumbein_(l94l) involvin
measurement of the three principsl diemeters of each pebble or
boulder. The Wedell sphericity (Wadell, 1932) was calculated for
61 pebbles and the vélues thus chtain=2d were found to. be
consistently slightly lower than those given by the intercept
method,.(the means ere 0,75 and 0,77 réspectively).

Mean sphericity of the pebbles is 0.76; compered with 0.77 ’
for the boulders (stendard deviation of 0.09 end 0.1l respectively)
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The velues for individual rock-types in the pebble-fraction are
indicated in fig. 38 and those for the boulders are closely
comparable, Pebbles of granite end microgrenite possess the
highest sphericities and heve clear modes, éontrasting with the
wide spread of the values for spilites end dolerites,
The volume of each pebble was plotted against the intercept
sphericity (fig. 39) in order to sscertain whether, within the
| limits of the study, sphericity is & function of pebble-size,
The rendom scatter of points in fig. 39 clearly shows that there
is no correlation between these two verisbles, and this leck of
correlation is still meinteined if eech component rock-type is
treated separately.
walton (1956a) determined sphericity and roundness of pebbles
and cobbles in the Finnerts and»Glen App conglomerates, There,
the averege mesn sphericity is 0.705 (S.D. 0.08), significently
less then the velue for Corsewall pebbles, Since valton used
the VWedell method, procedursl differen?es mey &account for part of
the diécrepancy and incomplete ssmpling is protebly enother
contributory fector, lHowever there probebly remsins s resal,
though smell, originel difference tetween these eress, Individual
rock-types in the Kinnarts-Glen App rocks elso eppear to have
somewhat lower values (cf, fig. 38 with VWelton's fig, 2) elthough
/ the
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the general distribution is strikingly similar to that of the
Corsewall pebdbles. |

Adequate disaggregation of the rocks proving impossible, a
@hinésection study was undertaken‘of the sphericity and roundness
: of quartz greins and spilite fragments in the greywackes of each
formation étud;ed. uartz was chosen because of its uniform
abundence, ease of identification and probéble polygenetic
charucter, For essentially similar reaesons spilite was chosen to
represent the rock-fragments, Microgrenite is the only ovher rock
'type fulfilling the liéteé requirements but it is believed that
spiiite is probably more susceptible to induced chenges in shape
end roundnéss;

A totel of about 200 gquartz greins end 100 spilite.fragménts
were counted from esch formation. In the Kirkcolm Group each
of the principel outcrops of each division was treated aé a
separaté sampling-unit, where possible, in an attempt to discover
whether there is sny significent latera; variation in sphericity
end roundness,. In each sampliné-unit the total was composed of
all the greins between 0.5 and 1.5 mms, , encountered in a series
of rendom traverses across each of four or five thin-sections

chosen at random.
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Roundness and sphericity were both obtained by comparison of
the grein-outline with the standard silhouette - charts of
Krumbein (1941) end Rittenhouse (1943),

In order to ascertain the degree of reproducitbtility of the
resul ts achievéd by this method, one ﬁonth after the actual
investigation was complete further counts were made on seven
randomlylselected thin-séctionsmsing (1) the same tfaverses, and
(11) e new set of traverses, ' Differences between the mean
sphericity for‘each sempling-unit (200 or 100 grains) on & streight
recount varied between % and 7%, average 5%, while using new
traverses the differences were tetween 2 and 6,5%, average 3.7%.
Similer differences were obteined from the roundness vslues,

It may be inferred from this that in this method day-to-day.
variation is of greater significance then sampling biss, However,
since the originel counts were carried through without a large brea.
and since some degree of practice is necessar& in this comparison
method - & practice which was lacking in the recounts - it is
believed that the resuits achieved are fairly relisble for the
present purpose,. It'seems, however, that thesé results can only
be used as relative values for comparison with others obtained by
similar means, and that is sufficient for the present purpose
although it would clearly be desirasble if absolute values could be

calculated,
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These results are expressed in Table XII and XIII, Treating
sphericity first, the values for both quartz and spilite remain
relatively uniform throughout all the formations studied.
Differences in sphericity of the units within the Kirkcolm Group
are not statisticelly significantx, nor is the totel mean for this
Group significsntly different from that of the Geldenoch or
Portpatrick Groups. On the other hand, the mean sphericity of
the quartz end spilite fragments in the Corsewall Uroup is
significantly lower thah that of the other Groups. |

Similar general relationships hold for. the rbundness values,
Again the meens for Kirkcolm, Galdenoch and Portpatrick Groups are
virtually identical while thet of the Corsewall Group 1is
considerably lower, The large standard deviations of tﬁe mean
roundness values are indicative of the wide mixture of rounded and
. angular greins in these rocks.,

Several points of interest arise from these results, It is
belie ved that sphericity depends largely on initiel shape and is
little modified by abrasion, Since information is lacking on
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the'sphericities of rock and mineral fragments from different
source-rocks it is not clear whether identity of sphericity in
different samples of the.seme rock-type or minerel, such as obtains
in the present study, is determined by similérit& of source or of
sedimentary history. However, it appears likely that quartz
derived from equigranuler rocks such es grenites, microgreni tes
and thermal quartzites should possess higher initisl sphericity
values than the quartz obtained from gneissose asnd schistose rocks,
If this is correct then the sphericity velues for the Metamorphic
division are anomalous since it conteins much quartz of the latter
type (see fig, 12) but has é meen sphericity similar to that of
the other formations, Now, besides source-differences there is
eanother major fesctor in determining the sphericity of a sample of

- sedimented grains - that is the sorting history. According to
Pettijohn (1948, p. 420) grains of similer shape tend to settle
simul teneously, provided density and grain-size are not too
contrasted., Wwhere fhe greins are transported in suspension, the
more spherical greins will settle out before those of lower
sphericity the reverse process operating during transport by
traction. It may be argued that in the present case this environ-
mental factor has predominated, obscuring the relativély smell
source-differences. On this theory, Kirkcolm and Portpatrick
rocks were deposited under compsrable condi tions (in terms of
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location, tranSqut-medium and current-velocity) whereas the
depositionsl environment of the Corsewall rocks wes quite different
This, of course, is borne out by the respective lithological

characteristics,

quartz of metamorphic or;gin, which i1s more abundant in the

o

Kirkcolm-Portpatrick rocks than in the Cersewell.Grotp, hzs ‘eca
observed to possess slightly higher average roundness and this
compositionel fector may &account for pert of the dispsrity in '
roundness-values between these Groups, However, the depositional
factor is probably significant in thié case 8slso, since there is
Aknown to be a'rather good correlation between shepe and roundness
(Pettijohn, 1949, p. 422). " This correlation will elso assist in
accounting for the'higher_roundness of the spilite fragments in
Kirkcolm-Portpatrick rocks,

A point of further interest in this connection is that judging
from the relative sphericity and roundness velues, which give only
a very 1mpérfect piéture, the rocks of the Corsewall G;oup afe

less mature then those of the Kirkcolm and Portpatrick Groups, thus

partly corroborating the petrographic evidence.
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D, CONDITIONS OF DEPOSIT ION

It has long been recognised thaet greywackes represént a unique
type of sedimentaetion typicel of geosynclinal areas, These rocks
ere clearly the products of veny~rapid and intense denudation of
en associated folded regioﬁ of éonsiderable elevation., ! That
xfanSport end deposition were equelly repid mey be inferred from
the fresh state of'susceptible miherals, the genersl angularity of
the greins and the mixed, unsorted nature of the deposit, While
this much 1is undisputed, some doubt exists es to the nature of |
the transporting (of depositing) medium end the locetion of the
site of deposition,

Various theories heve been envolved to account for the typical
features of a normal greywscke éequenpe. The importance of
flocculation of the quasi-colloidsl clay materisl concurrently with
normel settling of the coarser grains was stressed by Woodlend
(1938), following Boswell (1930) snd wes supported by Pettijohn
(1943), Bailey (1930) aécribed the main feeture of greywackes -
graded bedding and poor sorting - to deposition from @& cloud of
gediment thrcwn into suspension by "sea-quakes” in the unstable
region bordering the top of the coniinental slépe.

This concept has been modified énd expended by Kuenen end

others 1ﬁto 2} theory ofAturbidity current deposition, These
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currents have been observed snd inferred on several occasions and
have been produced experimentelly., . This explanation sﬁccessfully
negotiates sn objection presented to Bsiley's "sea-qqake" theory,
thet in deposition from suspension large greins would settle out
far more quickly than smsller grains and mud so that sorting at
each level in tﬁe_bed ss-formed should be veryvgpod'whereas, in
the graded greywackes, it is poor. The intefbedded'lutites, on
the Kuenen hypothesisg are regarded as the products of very slow
pelagic sedimentation, A A

| This turbidity-current hypothesis hses beeh wideiy applied by
various workers to greywaékes of all ages. Kuenen esnd Natland
(1951) showed thet the rocks of the Venture Besin were of deep-
water ofigin aﬁd Kuenen and Cerozzi (1953, p. 365) stressed the
similar features of the greywackes and modern deep-ses sands
presum=tly deposited from turbidity currents, ~ However, in the
same peper it was pointed out that effectively the only limitation
of depth so far as normal greywackes sre concerned is that they
must be deposited below the depth of re-working by waves and tidal
currents, Since wave-base 1is at very'variable depths in different
bodies of water it is probable that.sediments of this type may be

deposited in relatively shallow water (cf, George, 1957, p. 287).
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The lithology of both divisions in the Corsewall Group is
unique in the formations studied. In.the Flegegy division the
virtual sbsence of grading in the greywackes, the flaggy, even-
‘bedded cheracter of the rocks together with the high proﬁortion of
lutite and the abundence of hydroplastic deformation features
serve to place this group in the "clino" group of Rich (1951), a
term which involves no depth connotatioé.

buring the deposition of these rocks, relstively quiét
conditions evidently prevsiled, with & steady and not insignificent
supply of cley and silt and occesionel influxes of coerser clastic
material, the sedimentary structures in which inaicate a con-
comitent increase in current ection. ‘'he reather poor sorting of
the cosrser rocks 1mpliés lack of re-working which may be
construed &8s evidence for deposition in &sn area below wave-bsse,
Teken in conjunction with the evidence of the succeeding division
the evidence suggests that this rlaggy division was laid down on
the gently sloping front of a large immature delta, in an area
between the estuaries'of.the main distributaries. \

The rapld passage into the succeeding Conglomeratic division
merks the edvent of & somewhat contrested type ofvsedimentation.
the depositionel regime in which these rocks were formed was
evidently dominated by strong currents,
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It hes teen indicated élready (p. 74) thet the Corsewall
conglomereteé are closely similar to the tlen App - Finnarts end
the Archeen beds described by wélton and Pettijohn respectively.
These authors have suggested that the congldmerates ere.piedmont
deposits, formed on broad flood-pleins subject to occasional marine
incursions, Davies and Platt (1933) considered thét similar
conglomerates occurring in an Ordovician-sildrian greywacke .
sequence, were formed in: a shallow-water'marine environment. On -
the other hend Kuenen (1953b) concluded thet certein Ordovicien
conglomerates in the Girven succession are slide-conglomerates,’
formed by the-wholesalé sliding of unconsolidsted mud and silt,
losded with pebbles and boulders, into deep waters. |

1The lithology of the conglomerétic bands in the Uoisewall Grou
suégests that they fomm an integrel part of & nomal sequehce
rather than catastrophic interludes in that sequence, LThe smail
préportion of muddy matrix (on average, less than 10%) is
insufficient to enable such a mess to move as 8 mud-flow, More-
over the mein lithologicel features of the boulder-beds (see p. 40)
do not lend support to the slide~conglomerate hypothesis; The
'lamination, current-bedding and well-developed bending of the
coarser beds and the numerous current-formed structures in the
silty interbeds strongly suggests that the conglomeratic bends are
the produéts of feirly strong, localised.current-action resulting

/in



241,

erosion and maximum'depoéition in certain restricted locstions,
apperently linear (fig, 40) and pfobably of the nature of river-
chennels, Between the periods of maximum current-activity there
was steady and fairly repid deposition of greywacke and siltstone
ovef a wide ares, The conditions listed above sre probably best
| fuifilled in the flood-plain environment of & large immature delta
building southwerds, It is conceivable that the Corsewall,
Finnarts end Glen App conglomerates represent the sites of the
main distribtutaries of such an Ordovicien delta,

‘If such is the depositional environment of these beds, little
reliance can be placed on the 6urrent-directionsAobtained from
them, since'these would be expected to show considerable locel
fluctuations related only in the broadest sense to the regional
slope. - However the limited evidence available, together with
the petrographic considerations, indicates a general northerly saurc

Lithologically the Kirkcolm rocks are quite distinct from
those of the Corsewall Group end accordingly it seems reasonable.
to infer that the cénditions of deposition were also ratﬁer
different, The dominant lithology 1s a sequence consisting of
greywackes which are often\graded and contain numerous directional
current-formed structures, Infervening_between the greywackes
ere siltstones with occasional mudstones which betray signs of
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moderate current-activity in ripple-marking, current-beddiné snd
small scour-structures, Long intervals of relatively quiet
deposition are indicated by the occasional thick bands of siltstone
while periods of increased competency in the currents responsitle
for fhe deposition of the greywackes ere disclosed by thé frequent
pebble-bands.,

The greywackes themselves evidently represent periods of
maximum current-strength. The frequent occurrence of linear-
scour-structures at the base of these beds end of ripple-mark and
smell-scale current-bedding at the top are in di;ect contrast to
the Corsewsll rocks where the scour-structures are usuelly non-
directional and the current-bedding’on 8 large scale, These
structures indicate that thé Kirkcolm greywackes were depdsited
from fairly powerful episodic currents, Hdwever, the boor sorting
of the greywackes is evidence thet there was little current-
winnowing after deposition,‘which clearly must have been rapid,

Pettijohn (1943, pp..948-949) quoted the abundance of pyrite
and graphite in the Archeen greywackes as an indication of their
mérine origin, Similer features in the Kirkcolm and Portpatrick
rocks, together with their intimate assocliation with graptolitic‘
shales 'and the occaesional occurrence of greptolites within the
greywackes, are considered by the present writer to be strong
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evidence for the marine origin of these rocks.,

1he turbidity current hypothesis probably 1is the most'satisfacto
éxplanation yet offered for the 1ntegrated features of a greywacke
sequence, but in the case of the Kirkcolm &nd Portpatrick rocks
there are several features which are difficult io reconcile ﬁith
‘this mode of deposition.

rirst of all, the interbedded sediments are very seldom fine-
grained mudstones or shales; more often they are silty and show
evidence of current-action and sorting.' Furthermore fhey are not
petrogrebhically distinct from the associated greywackes but in
fact exhibit close affinities with them (p, 120), Crowell (1955,
PD. 1368-1370) also recognised these features and explained them |
as resulting from the deposition of muddy meterial "by smell,
slow and dilute tﬁrbidity currents which may have originated
frequently in comparison to the more powerful ones réspohsible
for the sandstone beds”. -However; in the présent case the regular
intergredations of silt end‘mud are indicative of relatively
constant rather than spesmodic supply of sediment., sdwards
(l947a)lnoted the close petrogrephic similerity of some Miocene
grey wackes and thelr muddy interbeds end claimed that'muddy and
silty material was being continuously added to the area of
deposition (1947, p. 141).
/The



244,

The prevalence of lamination in the greyﬁackes, bften throhgh-
out the entire bed, is evidence tha{ fraction (not suspension)
often plaeyed s large part in their fommetion, local veriations in
current direction and competency producing interlérded layers of
different grain-size,

It is believed, therefore, that the“area of depositiop of the
Kifkcolm focks was subject to continuous sedimentation of silt and‘
mud and to slight but persistent current-ection,‘able to move by
traction and to some extent to sort materials of silt-grade. The
greywackes probably repfesent temporary and fasirly rapid accessions
of coarse material brought to this environment by dense, sediment-
ladeh currents, It is possible thet these turbidity currents
were initiated by the dense floodfwaters.of a river-system stemminé
from the bordering'highlend'area.

The petrographic evidence suggests & northerly source for the
Kirkcolm sediments whereas the current-directions are variable,
meinly alternating between NE and SW (see p.229). from all other
indications such a direction is parasllel to the Ordovicisn shore-
line represented in part by the Girvgn deposits,

Kuenen (1957b) has pointéd’oﬁt that many basins, and especiall
geosynclines, have derived their sedimentary filling longitudinally

from one end, However, in the present cese the provensnce of the
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245,

sediments, the rapid elternation end general irregularity of the
currents all militete against such an explanation.

It appears more feasible that the features cited esbove are
indicaetive of relatively locel sources, probably deitas, feeding
sediment towards the south-east 1nto.a broad basin, 1This had a
general, if slight, slope to the south thus accounting for the |
general decrease in thickness in this direction eand trended NE-SW,
possibly as a reflection of post-Arenig folding. Sediment-leden
currents, flowing south-east, were diverted into this depression
end the directional-structures in the greywsckes deposited from
such currents naturally indicate only the locel directions of
transport which wduld therefﬁre be from NE or frbm SW depending on
the ectual location of the river-mouth. The occesionel currents
with NW sense evidently flowed directly from the édjacent coast-
line, down the lendward slope of the bvasin,

Such conditions appear to have been susteined throughout the
entire ares during the'deposition of the L, Berren division.
However, during the deposition‘of the 1atervKirkcolm rocks, while
the fluctusting current-directions in the southern outcrdps still
record ﬁhe influence of the basin, in the northern outcrops the
structures indicate thét the currents became increasingly unifdrh
in sense, flowing méinly from the NE, This may be explained by

/ the



246,

‘the building-out of sediment from the delta-sourceé lying to the
north-east, By the graduél acquisition of sediment & relatively
smooth south-west facing slope was established over the north-cast
part of the basin andAaccordingly currents flowed directly down
this, However, on reaching the more distent parts of the basin,
represented by the southérn outcrops, such currents would be
subject to interference from currents flowing fromlother sources
ly;ng north and west of the present area and the observed

' fluctustions in current-directions would result.

During the deposition of the Corsewall and.Kirkcolm greywackes
black graptolitic shales and cherts were acéumulating in the
southern part of the basin, ‘The association of bleck shsle and
chert has often been cited es evidence of & deep-water environment
(Hinde, Peach end Horne, 1899; Lspworth, 1889; Steinmenn in |
Bailey,ll936) but other workers (Grabau and 0'Connell, 1917;
Jones, 1938; King, 1923; 'Iwenhofel, 1932) havé\§q¢uced evidence
for their asccumulstion in shallow water conditions.

It appears that the primary requisites for the formetion of
. bleck shales and radiolarian cherts are similar - quiet, poorly
aerated waters; virtually no depésition of terrigenous material;
lsck of benthonic 1life, It is generaily conceded that most black
greptolitic sheles and associated radiolarien cherts are merine,
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Given such conditions, regardless of'depth of water and other
factors, these sediments will be formed. while the possible depth
at which such conditions mey be found in the open oceen is very
great, in virtuelly land-locked besins protected from the open sea
by bars, poor bottom-circulation might occur at relstively small
depths,

It is envisaged that the black shsles accumulated on the
lendward-facing gentle slope of & submarine ridge or sea-mount,
trending parellel with the Ordovicien shore-line &nd effectively
separating the relatively shallow, semi-stagnant geosynclinal
besin from the open'océan to the south and south-west, Such an
environment would fulfil the requirements listed above (ef. fig. 10
in Fleming &nd Revelle,‘l959). Occasional pauses 1in clastic
sediméntation permitted the formation of black shales in areas
neerer land, thus producing the interbedding of greywackes end grep
tolitic shales.

The conditions prévailing during deposition of the Portpatrick
Galdenoch rocks are believed to have'been,roughly compareble to .
-those envisaged for the Kirkcolm Group. However the volcanic are
source-earea - which may heve been & rising, sub-serisl portion of
the submerine ridge postuiéted above - appears to have lain to the

west and south-west and was fairly neer, judging from the relative
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cosrseness of the greywackes and the thickness of the bedding;

Interbedding of Portpetrick (acid) greywackes with thick bands
of greptolitic (L, Hertfell?) blue-black shale in Norroch Bay
indicetes thet initislly the greywacke sedimentetlion was infrequent
end restricted in amount, 'The limited extent of greywacke
deposition in the lowermost part of the Group is revesled by the
presence of Middle Hartfell (o. gquedrimucronetus) shales &t
Porteyew and possibly.at Colfin, uowever,‘the-later Portpatrick
rocks eviéently.Spread far over thé aresa, |

From the 1lithologicel end petrographic neture of the Galdenoch
rocks 1t is possible that, at least during the eéfly stages of
Portpatrick sedimenﬁation, tnergkwas simul taneous contribution of
Kirkqolm—type sediments from theAnorthern source-area, glthough
this probably did not affect the southern pert of the region
(around Portpestrick).

The current-pattern for this Group, perticularly in the Basic
'division,-is far from clear but sppsrently represents conditions
of gresat Qariability. v _

Seé Taple}XIV for & summary of concluéions. regarding provenanc

end mode of deposition,
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V. STRUCTURE
A, GENERAL ACCOUNT

The concepf eadvocated here of’the structure of the.Ordovician
rocks in the Rhinns of Gaellowsy differs widely from the currently
accep ted iﬁterpretation 6f Pesch end- Horne (see pp. 12 and 29).
These workeré considered that the focks of this part of the
Southern Uplsnds were plicated into & series of isoclinal folds,
the crenulstions on & msajor antlclinorium. " By this means
epparently enormous thicknesses could be greatly reduced and the
frequent fossiliferous bends ascribed to repetition of @ single
horizon, Feulting was tﬁought fo be of very ssecondary importance,

~ It has been demonetratec esrlier (pp. 27 end 29), in specific

'instances, that from the direction of upward sequence the postulate
isoclinel folds ceannot of themselves sccount for the observed facts
Moreover, few of the'folds observed are isoclines, The eveluation
of structure bssed upon the criteris mehtioned ebove and expressed
in fig. 41 i1s much less uniform in general pattern thsn that
envisaged by Peachvaﬂd Horne snd the role of faulting end especiall
thrusting is spparently much greater than previdusly considered,

The msin structurel elements of this area are a number of
north-facing ms jor monoclinal antiforms ususlly bounded by feults

/and
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and thrusts, snd with complex subsidiery folding on the sheallow
southern limbs, There are also two broad belts in which the
folding is et once more regulsr end more intense (fig. 42).

The first of these comprises &ll the rocks occuffing to the
north éf the Southern Uplends Feult, On the west coest these
are seen to be folded into e monoclinel entiform of which the
vertical northern 1limb end gently flexured south limb are exposed,
Eastwerds, elong the strike, the genersl dip of this feerward limd
appeers to increase considerably due to the gentle easterly plunge
of the moncline. On the west coest the hinge of this fold is
faulted snd epproaching the feault-plexus of the Southern Uplands
Feult in Delly qu §here is a8 mesrked incréase in'the degree of
minor folding on the south limb, The Southern Uplands Fault
i&éelf is slightly oblique to the trend of this monoclinal structul
but psrtly occuplies the hinge of znother me jor monocline involving
rocks of the Kirgcolm Group end forming the second structural unit,

This unit extends from Dslly Bsy to Geldenoch esnd eastwards
across the peninsule. Beds on the north 1imb of the monocline
sre merely uptilted but those on the south limb are heavily folded
and fsulted. At Portobello the hinge of the ms jor fold 1s sagain
faul ted while there is a general gentle plunge to the uNE,

&he third structural segment occupies the belt stretching
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east from the coastel section of Geldenoch to Killentringan Bay.
The northern part of this unit consists of gently folded beds of
Geldenoch, U, Barren and kietamorphic greyweckes but south of

Ceve Ocﬁtree Point the rocks include L. Bsrren and Metamorphic
greyvieckes and are highly contorted end feul ted. This increased
deformution mey be related partly to the increase in the proportior
of lutite in the succession and slso to the proximity to the
Killantringan thrust-zone which abruptly truncates this unit at
its south end. The major folds involved in this unit all plunge
at low engles to the uNE,

South of this complex area there is a fourth structural unit -
the Portpatrick momnocline - lying between the Killentringsn thrust.-
%one end & fault at the south end of Morroch Bay. The massive
greyweckes of the Portpatrick (Acid) Group on the south 1imb of
this structure are corrugated into a number of large, relatively
tight folds which pass into gentle undulations in the area
immediaetely north of Mormch Bay.

The area of intense deformation between Morroch Bay &nd the
Portayew thrust-zone constitutes the fifth tectonic sector.

Beyond the Port of Spittal anticline the coastel exposures consist
of Portpetrick (Acid)greywagkes intensely contorted and fractured;
there is also =& pronouhced lineation cesused by the intersection
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of cieavage and bedding-plene and this gives rise to very typical
"erenulation” of the sheles (Plete XXXIIa), It is probable that,
in spite of the extreme complexity of structure, there is little

change in tectonic level in this ares,

B, DETAILS OF STRUCTURAL FEATURES

Folds

The msin fold-styles observed ere sketched in fig. 43,

Most of the folds observed or inferred from structural profile~
sections are esymmetd cel structures of type (b) with small
isoclinsal drag-folds developed incompeténtly in the 1nferbedded
shales (Plates XXXIIb end XXXIIla).

Symmetri cal folds of type (a) ere found only in regions
relatively remote from the ma jor fectonic boundaries and generally
form in thin-bedded sequences (Plates XXXIIIb and XXXIVa), There
are numerous large isoclinal folds of type (c¢) in the highly
disturbed region north of Portayew but elsewhere folds of this
type ere virtuslly unknown, On the other hend, small isoclinal
folds of type (d) ere very common in the thicker shale-bands and
become very sngular in such bends, Such small folds are
frequently sheared along the sxial plane,

The flexural folds illustreted s type (e) ere cheracteristic
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of the verticel northern limbs of the monoclinal structures while
type (f) box-folds are infrequently encountered in the massive
greywsckes,

From the composite stereogrem (fig. 44) 1t.may be seen that
most of the fold-axes plunge to between NE and ENE, with subsidian;
mexima plunging gently to b and to VISW and steeply to ENE, lhis
lest group consists of & number of smell drag-folds within the
disturbed zones of the Salt Pans Bsy thrust and the Portpatrick wmen
feult., Otherwise differences in fold-trend do not appeer to be
releted to locality. The exial plenes of asymmetricel end over-
turned fo;ds are mainly inclined to the south except in the region
‘of Portayew where this dip 1s reversed. Conspicuously disharmonic
folding often occurs in»ereas'where the ?olded beds contain a
high prorortion of shales (Plate XXXIVb),. |

Fracture cleavage is sometimes developed in the fine-greined
beds and appears to be restricted to certain aress. It is
conspicuous in the area north of Portayew where it 1is clearly
parallel to the axiel plsnes of the adjacent folds, Elsewhere
the reletionship is not so clear end in & few instances the
cleevage appears to be slightly warped about a roﬁghly N-5 axis,

raults

Feulting is of considerable importance in the structure of

this region, Several ms jor dislocations produce effects of

/considerable
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considerable stratigraphic significance while there are numerous
smaller fsults of local importance,

Ma jor feults: |

(1) Southern Uplends Feult, rrom the stretigrephic evidenc:
this fsult eppears to downthrow to the south, the probable throw
being about 3-4000 feet, The attitude of the "fesult-plane" 1is
obscure since there is no single clear-cﬁt plene of movement but
rether & wide shear-zone. In Dslly Bay however,within the
shatter-belt there are numerous'slickensided master-joints which
dip steeply south on an ENE strike and it therefore seems probable
that the Southern Uplends Fault hedes in & similar direction. |
Both here and in Lady Bay there are a number of smell tengential
feather-faults essociated with the major frecture, An interestin,
point here is thet most of the slickensides on the joints and
fsults are qearly:horizontal. ‘

(i1) Killaentringen thrust, 1he zone of shattering associate
with this dislocation is 600 yards wide in Killentringan Bay end
is presumebly related to the shallow inclinetion of the mein
thfust-plané. A pumber of minor thrusts in the shetter-belt
dip to the north st moderately high engles. Lvidence for the
eestwards continuation of this thrust is obtained from the fact
that the Portpetrick (Besic) northern boundery cuts escross the
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regionél strike-~direction, Moreover there is a wide belt of

highly shattered end quartz-veined rocks all along this boundary i
which low-engle joints with verticelly pltching slickensides are
conspicuous,

(1i1) Portpatrick wrench-fault, This frecture, which trends
NW-SE, has displaced the Acid-Basic boundary by neerly two-thirds
of @ mile in e dextral sense and hes resulted in intense shatter-
ing, which in places has completely obscured ell sedimentary
structures, elong the shore for a distaence of hslf s mile north
of Portpatrick harbour, qguartz-lined Jjolnts trending parsllel
to the postulated fsult dip st 30° to the NE end carry numerous
stepped horizontal slickensides indiceting dextral movement
(ef. Hills, 1953, fig. 87).

(iv) Portayew thmst, The-zone of intense shattering at
Gerryharry, south of Portayew, has already been described together
with the stratigraphic evidence for the presence of & major
fractufe at this locallty, Ihe indicated northerly hade is
deduced fram the attitude of several associsted minor thrusts and
the occurrence of several large slickensided joints which dip to
the north.

As indiceted in & previous section (pl57 ) the rocks involved
in each of these ms jor movement-planes exhibit highly cataclastic
textures,
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Minor feults:

Subordinate dislocations are frequently observed in these
rocks tut it is often impossible to celculate the exsct amount of
throw slthough it is generally possible to tell the direction of
displacement by means of slickensides, hade of the fault-planes
end the behaviour of beds sdjacent to the fracture,

The frequency of faults of different type, with observed

throws believed to be in excess of 20 ft,, is indicsated below,

Normal Wrench Thrust . Unknown
S. D. %
29 10 5 8 18 5
Total: 75

S Sinistrel; D Dextrel; ? Uncertain

Normsl fesults ususlly poaseeé neaer-vertical fsult-plenes but
in & restricted eree between Galdenoch end Selt Pans Bay there
are & number of unusuel normal faults which dip south ot 30-40°
and ere coincident in orientation with local joint-plenes, lhere
is generslly little shattering associated with normal feulte,
The trend is very 1rregular but the;e is & poor meximunm at
WNIV-ESE, |

¥Wrench-feults are the coammonest type of dislocation in the

srea north of the Southern Uplends reult but are of infrequent
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occurrence elsewhere. There is often pronounced shattering in
the vicinity of such fsults, From the meagre data available it
seems that sinistrel faults predominate and are generally oriented
sbout N309E, The haede of these fesults is usually near-verticsl,

Thrust-faults, s category which includes the few high-sngle
reverse faults, are often conspicuous in sreas of intense folding
(Plate XiXVa). The attitude of the thrust-plenes is greatly
veriable but the angle 1s generally between 30—50°. in the
northern pert of this regiorn the inclinetion of the thrusts is
dominantly southward whereas south of Portslogan the thrust-plenes
slope to the north. The usual trend of the south-sloping thrusts
is N55°E while that of the north-sloping plenes is N75°E. The
thrusf-plenes with southerly inclination sre gemerslly perallel to
the exial planes of nearby folds; this is true of the northward-
sloping thrusts only in the Por tayew ares,

Smell thrusts are very common in hesvily folded shale bands
and even the larger fractures seem to occur preferentielly neser
such bends, In maeny ceses the shsles eppeer to have "lubricated”
the movement, tecoming corrugeted into & series of drag-folds in
the process,

Evidence of the dete of the feulting is forthcoming from two
exposures, ‘At Slouchneglasson, &8 few hundred ysrds north of the
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mouth of the Geldenoch Burh, a low-angle normel fault has
displaced 8 porphyrite dyke 30 feet to the south,. T'wo parallél
thrusts occur at Dunanree Basy, 1000 yards north of Portayew, each
dipping north at 30;400. A thick buand of shales ﬁith greywackes
hes been'éaught between the two plenes end hes evidently teen
moved south about 40 ft, by the upper thrust, A verticél
porphyrite dyke which passses through the shales and the upper
thrust is cut off at the lower thrust and has been moved at least
10 ft. AdjJacent to the thrust this dyke is highly brecciated,
There is thus evidence thet et lesst some of the fsulting is leter
then the period of dyke-formation which is ususally regarded as of
Lower Old Red Sandstone eée.
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VI, SUMMARY OF CONCLUSIONS

Detailed conclusions are offered at the end of each section.
The genersl conclusions are given here, ‘

rirst, 1t hes proved possible to erect a stratigrsphic
succession within the coerse clestic rocks with the aid of the
few fossiliferous bends end by using sedimentery structures to
determine the upward sequence, By these meens the intercslation
of several bends of bleck shale within the greywacke sequence hes
been detected @s far north es Portslogen. Relatively rapid
lsteral veriations in thickness and lithology have been fbund
within several formetions, smounting to & general southward
attenuation and incresse in the proportion of shale in the rocks
of Glenkiln sage, In view of these 1lithological varietions, the
petrographic properti es 6f the grgyweckes heve proved to be of
considereble correletive value. The intervedded shaiés indicate
thet 811 the rocks exsmined may be sssigned to the Glenkiln
horizon,.with the exception of the uppermost formetion, the
Portpaetrick Group, which is probetly of Hartfell age. The
celéulsted maximum thickness of these Ordovician rocks is about
6,600 feet,

Compserison with similar rocks of different ages and locations
hes eneabled the conclusion to be drawn that vsriations in the
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composition of thg greywackes sre more closely related to
differences in source-rocks than to subsequent selective alteratiol
of the derived material,

Descriptions have been given of the various sedimentary
structures found in the rocks examined. Graded-bedding iz not
abundant save in the rocks of the Kirkcolm Group while leminstion
is relstively common, Erosioneal structures, such as scour-fill
hollows, ere particularly well developed in the Corsewall rocks,
Under-surfsce\structures ere common end ere believed to be the
products either of different phsses of the erosive sction of fairly
high-speed sediment-laden currents (groove-casts end flute-casts),
or of penecontemporaneous deformation of pre-existing surface
irregulsrities due to faﬁid deposition of greywecke on an undulst-
ing surface of unindurated mud or silt (losd-casts), Ripple-mark
is alsc abundant and evidence has been presented to show that
besildes trsnsverse ripples, interference &snd longitudinal forms
occur,

Analysis of the current-directions obtained from these
structures reveals & highly complex current-pattern. However,
the Corsewall and Kirkcolm rocks were evidently derived from
northerly sources while the rocks of the Portpatrick-Galaenoch
Group ceme meinly from the south or west,
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Conclusions regarding the provenance and mode pf deposi tion
of these rocks eare summarised in ‘l'sble X1V, 1t may be stated
here thet the Corsewall rocks were derived from 8 logal dominently
igneous ares, petrographically similar to the Bellentrae complex,
The source of the Kirkcolm rocks lay in en igneo-metamcrphic
terrein while the Portpatrick rocks are the products of & volcenic
island erc with some acid plutonic end metamorphic rocks exposed,
Rocks of the Corsewall Group were deposited on a large south-
building delta while those of the Kirkcolm and Portpetrick-
Galdenoch Groups were formed in & brosd basin, bounded to the
south bty & submafine ridge nesr which bleck shales steadily
accumuleted. There waslcontinuous moderate current-action and
deposition of silt end mud in this basin, with occaslonal turbidit;
currents depositing the coerser rocks, '

Structurslly, the ares consists of & number of large monoclin
with vertical but otherwise unfolded northern 1limbs &nd cbmplexly
folded south limbs, These monoclines are interrupted, at
intervals, by srees with more intense fol@ing. Most of the folds
me jor and minor, plunge st low engles to the ENE, A number of
lerge end smsll thrusts, many of them directed south, have been
observed snd inferred. The Southern Uplends Feult is believed to
be 8 normal fsult, which hades to the south in this area, A

/lerge
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large dextral wrench-fesult is postuleted, running NW through
Portpatrick end & large south-directed thrust occurs at the
erstwhile-mepped Silurien boundery near Porteyew, In general the

role of feulting is belleved to be conesidercbls,
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