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CHAPTER 1 INTRODUCTION

Lecation of Area

The area lies in south-west Scotland, forming part of the IMoors of
Galloway, in west tigtownshire end the extrems southe-west of Ayrshire, with
boundaries formed by Glen App to the north, the Water of luce to thé: east,
and o steep secarp running south-south-east from the mouth of Glon App to
the village of Dunrogit. (Fige. 1)

The area ic covered by H.M. Geologicol Swxrvey's 17 sheets 3 and 7, and
by the Ordnance Survey's 6" sheets NX 06, 07, 15, 16, and 17.

In the north and weast the area rises stceply, from the deeply cut trough
of Glen App end along the western escarpment, whoce virtually straight
configuration suggests a fault origén, lost of the area is peat covered
moorland rolling gently upwards to the hills at the head of Glen App and
rising rather more steeply in the extreme south of the area to the bluff

of Craig Fell,

Drainage is, westwards, towards Loch Ryan and, in the east, eastwards

towards the Vater of luce,

Exposure is excellent for about a mile along the coast in the north
vhere the escarpment forms the shores of Loch Ryanm and is usually fairly
good along the remainder of the scarp., Pairly good exposure is found on
and arcund Craig Pell but elsewhere on the moors outcrops are confined to

ccocasicnal strecm sections and rounded roches moutonnees,



Account of Previous Research

inzteenth Century geologists visiting the area were concerned with
dssceribing the "monotonous sequence of grits and chales® (Peach and Horne 1899)
in the general context of the rost of the Southern Uplands and with an exsendination
of the graptolite~bearing chales which yielded a fairly extonsive if poorly
precerved Ordovician fauna. In 1839 lloore described some of the groptolites
and in 1840 recognised the strata as forming part of a greyvacke chain stretching
from St./\bbs Head to the Irish Sea, 1In 1849 l'core published a major description
of the rocks, listed graptolite localities, ond drew a vertical cross-section
across the western end of the Southern Uplands, About this time gemeral popers
on south=-west Scotland were published by Nicol (1848, 1849), and Harlmess (1852),.
Between 1870 and 1880 Lapworth visited the arca to contribute to his papers em
the Southern Uplands (91872, 1878). 1Im the area he recognised the Moffat Shales
which he thought cropped out "in the cores of anticlines,” Specific montion
of this area is confined to objective reporting of the highly inclined nature
of the beds and listing of fossil localities. In 1899 Peach and Horne
published the results of a re-survey of the Southern Uplands in which, for the
nost part, they accepted Lapworth's findings, adapting them where necessary to
£it their ocun concept of the major strusture., Peach and Horne were apparently
daunted by the great thicknesses of rocks imvolved if the steeply dipping
succession were unfolded and therefore, no doubt extrapolating froa the thick
ofton cemtorted, shale beds, postulated a hignly folded anticlinorial arch as
the major structure of the northern part of the Southern Uplands, The present
area forms part of this Horthern Belt, but specific mention of the arxea is
confined to faunal lists and lecalities, and a description of the northvards

disappearance of black shales so that in the north of the area graptolites are



found in thick streaks in "normal® shales. This phenomenon is described as a
lateral northwards disappearance of black shales, an interpretation which tacitly
assumes that there are few fossiliferocus horizons and that these are repeated

through the area.

Research in south-west Scotland languished after publication of the Survey
Memoir except for bricf visits by Xuenen (1953), who imterpreted the rocks es a
turbidite sequence, and Lindstroa (1958), who detected two periods of strese.
Interest was venewed in the late 1950s however and the results of this work axe
now appearing, In 1956 Ualton (1956a) described the rocks to the north of Glen
App, in 1961 Kelling re-interpreted the structure and stratigraphy and in 1962
the sedimentary features of the Rhinns of Galloway. Kelling showed that the
rocks were a turbidite facies and that the structure in the Fhinns is composed
of a series of large complex monoolines rather than an anticlinorium. Cordon
(1962) and Rust (1963) desoribed areas in the Silurian rocks of South-west
Scotland,

The present area lies to the south of Glen App, to the cast of the Rhimms,
and to the north of the areas deccribed by Cordon and Rust, and theref‘cré
offers opportunitiecs for integrating work over a large area in south-west
Scotland,
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4
CHAPTER 2 REGIQIAL IITHOLOGY

The ficld study of the area chowed that there are three types of greywacke--
shole asscciation precent. The first is composed of thinly bedded greywackes
and shales, with, in addition, falrly frcquent thick shale bands, The
greyweckes are quartsose and mainldy fime graimed, This {ype cccupies a wide

tract in the north of the area arnd a snall pateh in the extreme scuth.

The second type of association consists again of thinly bedded material,
but in addition there are frequent interspersals of much thicker greywacke beds.
There are very few thick shale bands., The greywackes have a dull eppearance
due to a low quartz ccatent, and are frequently coarse graimed, This type is
found in ome or two localities to be stratigraphically higher than rocks of the
type described above. The sccond greywacke--shale asacciantion cccurs in
narrcw cutliers wiéhin the main area of outcrop of the first type of association
~ @esecribed,

The third type of asscciation consists mainly of very thick bsds of groy-
wacke with very little shale. Thinly bedded greywackes are found only
cccasionally in the succession. Thers are no thick shale bands. fThe
greywackes are very coarse grained and have a lcw quartz content. This type

forns a broad area in the south,

Then these field cbservations are supplemented by exanination of thin
sections from the various field types it io found that the different asscciatiens
have their individual petrological characteristics, confirming the above
divisions, and also im soze coses alloving further subdivision, The various
rock divisions of the area are listed belcw, followed by descriptions of their
individual characteristics,



In stratigraphic order the dlvisioms are:=-
Glenvhon Rocks
Borelond Rocks
Cairnerzeon Rocks (im part contemporaneous with Boreland Rooks)

Lochryon Rocks, subdivided into
Upper lochryan Recls
Iczer Lochryan. Rocks

The arcas of outorop of the various divisions are shown im Fige 2.

Palacontological ages for the various divisions are mot cbiainable due to
the rarity of fossiliferous bands and to the poor state of preservation of
fossils when found. Dr, Isles Strachan has kindly examined a representative
colleotion of graptolites from various horizons and étates that thepse show a

general Upper Glenkiln--lower IHartfell age for the rocks.

LOCHRYAN ROCKS

The Lochryan Pormation cccupies a large part of the area im broad tracts
goparatcd by otrips of the Cairmerzean Rocks. Exposure for the most part is
poor, exccpt along the east side of loch Ryan, including a short coast section
ruaning southwards from Glen App. The two subdivisions of the formation are
established by modal analysis, the rocks being indistinguichable in the field,

The typical lithology comsists of fairly thin greywacke beds, about 1%
thick, interbedded with thin shale bands, 1-3" thick. In addition there are
froquent thick shale banis, giving a characteristic high shale content to the

fornation, the Greywacke:Shale ratio varying between 1-5:1 and 3:1.

The greywackes are usually fine groined, but coarse material is



occasionally focund in patches on the soles of the greywacke beds. In hand
speciren the greywackes are blue-grey to blue in coclour, weathering bromm or
reddish brown. The recks are quartzose and, especially in the finer grain

siges, very micaceous,

The thin shales are dark grey in colour and are very fimely fissile. The
parting is, however, frequently absent, the argillaceous interbeds being then
more accurately described as massive mudstones, Silty laminations are rare in
the thin interbeds dbut are common im the thick shales wherc they range from a

few millinet¢res to 1 oy 2 centimetres thick.

CAIBRNBRZEAN ROCKS

The Calirnergean Rocks can be subdivided into 3 types on modal analysis
data, but each type has roughly the same stratigraphic position and the types
have the same broad characteristiocs in the field. The three types are the

Coirnerzean Fara type, Claddy House type, and Cairmerzean (North) type.

The typlecal 1lithelogy coenoists of sequences in wvhich the greywackes are
thin-bedded, with greywackes 1-2"' thick and shales 2«3" thiclk, alternating with
sequences in which the greywackes are very nuch thicker, the sholes remaining
thin, Thick shale bands are uncommen, The thick greywacke beds are often
coarse oOr very coarse grained with impercistent pebble streaks, but the thia
greywackes are usually finc grained, In hond specirmen the greywockes are
pale grecy, dull due to a low quarts content, arnd weathor to rusty brown. The
shales azre sinilar to tho shales of the Lochryan Rocks,



BOREBLAND ROCKS

South of the moorland of Glenwhan and the Craig Fell there is an area of
culti&atea ground and pasture, on the low rounded Challoch Hill and Boreland
Hill, where eﬁposure is confined to a few small isolated patches. Near Bast
Boreland Farn there are a fow exposures in dark grey shale with occastional thin fise
grained greywackes, and sinilar rocks are found near South Boreland Farm, but
with more greywacke in the suscesocion, including one 4" band of very coarse
greywvacke, In the Unter of Iuco north of the road bridge at Glenluce there is
a thiclt cequence of shales and mudotenes, dark blue-grey when fresh but weathering
to a rusty yellow, Between the road bridge and the railway bridge to the south
there ic a short sequonce of thinly bedded dark fine grainod groywackes mostly
about 127 thick with 2-3" shale partings. Upstream these young southwards but
t0 the south quickly chonge to a northwyounging sequence, The vocks dip steeply
on either scide of this chamge in younging direction but the actual hinge of the
fold is covered by the foundations of the railway viaduct, The steeply faulted
junction botwoen these greywackes ond the shales to the north 45 presumably the
boundary chocen by H.l1. Geological Survey for the Ordovician~-Silurian Boundary
at this peint. The presemt writer hovever considers that the greywackes south of
the shales should be assigned on petrographic grounds to the Boreland Rocks and
| that the Ordovieiane~Silurion Boundary lies to the south, in tho unexposed ground
between the viaduct and the fossiliferous Silurian rocks at the mouth of the

Water of lauce,

The greywockes of this area are dull grey, weathering to a slightly darker
colour, In cdl@ur, general fine grain-size, and assccliation with a large
Proportion of lutite they are readily distinguishable from the Glenmwhan Roecks
immediately to the North., The Greywacke:Shale ratic is not acourately deter-
minoble duc to insufficient exposures but is of the same order as in the Lochryan

Reegko io@o abocut 32%.



CLINHAN ROCKS

The wide moorland of Glenwnan in the south of the area is cocupied by rocko
of the Glemvhan Formation, typically exposed as rounded roches moutonnees.
Because of the patohy nature of the exposures only the broad lithological
features can be seen, The greywackes are found as very thick beds, 10' or nore,
of a dull grey colour wiaen fresh, weathering o greyish brown, Bed thiclmens
is conzonly so great that omly very rarely is a bedding curface exposed and
determination ef the bedding orientation and younging direction is dependent on
the occa;si@nal thin sequences of thinner bedded materiel in which greywackes
3-6" thick are interbeddsd with §-3" shales. Ococasional pale grey or greenish
grey shale bands up to 3' thick are found but there are no thick shale bands on
the scale of theo Lochryan Rocks.: An accurate Greywacke:Shale ratioc is not

determineble but is at leest 20:1.

Crairn~cice of the aremites io goarscc to very coarse and pebble streaks are
vory coazon., Pebble beds with fragments wp to 7 in length often form o whols
cxpoosure and enre lems of pcbblc eonglonerate 20' leng and 3' thick, contoining

fragments wp to 47 long cccurs on Craig Fell,

In hand specimen the greywackes have a dull grey lustre with only a few
quartz grains visible., In thin secticn the rocks have a characteristic dusty
appecarance due to the large content of felspar and basic ignsous rock fragments
in both of which the felspars are highly altered to a reddish brown alteration

product,.



CHAPTER 3 PETROGRAPHY of the GREYUACKES

Although there are wide differences im bulk lithology and, as will be seen,
in relative composition between the various greywacke types, all the greywackes
consist of the same conponents:- quarts, felspar, ferronagnesian i:ﬂmerals,
rock fragments, and a chlorite-sericite matrix. These conponents are discussed
below to indicate hew they contribute to the differences between the greywacke

types,
ITINERALS
Quertz

An essential constituent of the greywackes, quartz cccurs as pcorly sorted
angular to sub~angular grains of low sphericitys All grains contain a large
nunber of small mineral inclusions, often arranged in trains passing across the
grains, After the method of Mackie (1896) modified by Keller and Iittlefield
(4950) the inclusions were classified as Regular (R), Irregular (I),

Globular (@), or Acicular (A), lMost of the quarts grains contain inclusiens
belonging to the R, I, or G classes, or mixtures of two or more of these
classes, Acicular inclusions are rare, A quantitative examination of 50
quartz grains in each of three thin sections froa the Lochryan and Glerwhan
Rocks gave the following results:-

R I G A

No., of quartz grains in 58 86 20 16
which found (59 50 9L 18 12
» 00 o o2

llean Lechryan 47 90 17 17

30 68 70 28

20 60 80 20

60 20 i2

Mean Glemzhan 26 63 80 20
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A fe7 quartz grains im ecch thin cection contain much larger mineral
inclusions; usually of zircon, epidote, or garnet. These quarts grains usually
show little shadow extinction,

A feature of the Loohryan Rocks which is rare in the other types and
cocapletely absent froo the Glemvhan Recks is fhe presence in scme quarts grains
of pgrowths of stubby ancmalous blue chlorite 'vermi.' That this is nrot an
authigenic effect occnfined to the Lochryan Rocks is shown by some grains in
which some of the chlorite crystals form part of the grain boundary. At the

* boundary this chlorite doss not blend intc the chlorite of the matrix but has

a sharp edge with it, This suggests that the chlorite ‘verni' are a pre-

cedimentation phenomencn,

Strain lamellae and shadow extinction are present in all the thin sections
examined, In the Loohryan Rocks nearly all of the quartz grains show strain
effecté but in the Glemvhan Rocks this feature is found in less than a third of
the grains, The other greywacke types usually have a high proportion of
these grains, though less than the Lochryan Rocks, In all formationms the
angle between the extinction positions of different parts of a strained grain
ip usually quite small, less than 20°, According to Potter and Siever (1956) ’
such a small angle indicates an igneous origin for the quartz grains, However
Blatt and Christie have recently (1963) suggested that strained quarts is a
common constituent of all igneous and metamorphic rocks except acid lavas and

is therefore unsultable as an indicator of prcvenance,
Pelspar

Felspar is a major and in some cases the most conmon comstituent of the
greywvackes, The species present are quite variable ond reflect the felspars

present in the rock {ragments,



-d
ad

Plagloclase io tho common felspar, with a cooposition in the albite, or in
the oligeclase~andesinc romge. [elspars of both cempositions axe uvsually
precent in a thin cection but one ceomposition is usually more conrom than the

other. The common plagicclase types im each rock division are listed below,

[} 3] o 210)
o " o “*0)

Lochryan (a) Alvitic
(v) Oligoclase-Andesine

Glemzhen Oligcclase-pndesine  (axz.Bxt.Angle 14°)
Boreland Albitic (0 = = 499
Cairnerzean Farm Cligoclase-Andesine (' 7 n o 40%)
Claddy House  (a) Albitio (e o o 179
(b) Oligoclase-Andesine (" © @  45°)

(

(

The felspar grains gre usually irvegular or have the fom of cleavage
flokes, but tobular or lath shaped graing reminiscent in form of tho shapas of
the felspars in the rock frogments are not unccmaon. The greywackes also
contain minor amounts of orthooclase and rare grains of miorccline and perthite.
Except in the lLochryan Recko the felspars arc badly altered %o kaolinite and

sericite.
Ferromagnesian liinerals

Anphibeole and pyrcexene are conmon constitusnts of the Glenvhan and
Ceirnerzean greywackes but in the Lochryon and Boreland Rocks they are present
only as rarc scraps and pseudomorphs. The Glemwhaon and Cairverzean Rocks
comnonly contain both amphibole and pyroxene as irregular or roughly tabular
grains like the phencorysts in the poxphyritic andesite rock fragmenmts found
in these greywackes, The pyroxene is generally more common than the
aaphibole,

The colourless or pale yellow pyroxene has the optical properties of
common augite and the amphibole is a pale greem - pale yellow - olive green

Pleochroic hornblende,



The augite and hormblende grains are usually fresh though they do suffer
some marginal alteration to chlorites

licas

Biotite occurs in very small amount, as well formed laths or ag nebulous
wispss The colour is pale red-brown which is plecchroic to pale yellow. The
well formed flakes are often secn altering to chlorite or nuscovite along the
cloavages, Some mantling of othor detrital graims suggests that part at least
of the biotite is authigenics However th«:»z' andesitic rock fragnents occasionally
contain phenocrysts of a biotite which is identical in colour to the colour of
the disorete biotite flakes in the greywackes, - Some of the biotite flakes in
the greywackes may thex:efom be detrital,

luscovite is a commoa nineral im the greywackes, cccurring as long thin or
as short stubby laths. The muscovite laths eoften compleﬁely £i11 the interstices
betuecen other detrital grains or mantle other grains. luscovite ic sometimes
seen replacing grains or rocikt frageents at their margins; it is thus probobly
authigenic, |

Chlorite ic a common mineral both in the matrix and es discrote grains, Two
varieties are found; pale green weakly plecchroie with normal low interfercnce
colours, and darker greén ntrongly pleochroic to pale yellow and with ancaalous
interference colours. The mineral is also found in patches, of various siges,
couposed of tiny felted erystals. These probably represent the product of
complete replacement of original detrital grains.

Heoavy !Minerals

Barly attempts to examine the heavy mineral conteat of the greywackes by
~ disaggregation failed as the orushing method did not produce discrete grains, due

to the tenacity of the matrix, Thin sections of the greywackes were therefore



carefully examined under a high powercd microscopc to obtain a qualitative
estination of the heavy mineral species present. The cgscurrences are shown in
Table 1. The folloving differences between rock types were noted,

Apatite ioc cecnon in all types except the Glemvhan Rocks. In the Lochryan
Rocks the apatitc is present as gnall fairly regular grains whereas the other
types contain much larger irregular greins, Sphenc is ocunon in all the
greywacke Cypes cxeept the Boreland Nocks, Tourmaline is common in the Lochryan
Rocks, rarc in the Glemvhan Rocks and fairly common in the other types. Two
varietics of tourmaline are feund, ome pleochroic colourless to yellow, the other
pleochroic olive green to pale yellow, Epidote is fairly oommon except in the

YLochryan Rocko, while Glaucophane iz rarc or absent except in the Glemvhan Rocks.

Matrix

The detrital grains in the greywackes are relatively poorly sorted with
grain~size increasing more oy less uniformly above a lower size lirdt of about
0.0%am, Few grains less than 0,0%mm. are visible under a high powvored nicro-
scope and thio grain-size is therefore a convenient boundary between grains and
matrix,

The matrix consists of flakes and felted patches of chlorite, sericite,
and a dark yellowish-browm mineral, nearly cpaqus, vhich io probably a clay
mineral., I[ldca and chlorite flakes have usually grown parallel %o the margins
of detrital grains, especially if the interstices betweon graing arc very narrew,
so that most grains and rock‘f'mgnents are enclosed in a thin pellicle of matrix
material, fThis pellicle ig often seen o replace the detrital grain at the

margin,
Opaque llinerals
Pyrite is found as irregular groins, as aggregations of small oubes or

spheres, and as a replacement of grains gnd rock fragments. The curious polar



1%

growths of chlerite moedles on ophores of pyrite, reported by Kolling (9958) from
the Rhinns of Gallcwny, werc also obgserved inm the recls of this area. Magnetite

and henatite are rarely found.

ROCK FRAGENTS

Rogk fragments form a major componment of the greywackes. Table 2 shows the
rock fragments observed during modal analysis of a large number of thin sections
from all formatioms, illustrating the diversity of rocks present as fragmento in

the greywackes and also showing the differences between the formations.,
Basic Reoelt Pragnents

The Basic igneous rock fraction is high in most of the groywackes, and tho
type of rock io varisble, 1In the Lochryan and Boreland Rocks the Basic-rock
frootion ip fommed alnost entirely of opilitic ond keratophyric fragments, with
subsidiary amounts of porphyrite. The other greywacke types also contain those
Bosic«rock fragnonts but arc characterised by contoining, in addition, abundant
froguents of porphyvitic andosite, and minor cmounts of other xocks bearing
ferromagnesion minerals. In the Glemvhan Rocks andesitic rocks are the dominant
rock fragments but in the Cairmerzcan Rocko the andocite content ic much move

variable, and may be subsidiary to the spilite content,
Acid Rock Pragments

The Aoia-rqck fraction is compesed of granitic, quartz porphyry, and acid
lava fragments. The distribution of these fragments is fairly constant
throughout all the greywackes except that the Boreland Rocks contain a higher
proportion of granophyric fragments then the other formations, in which granophyre

is rare.
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letamorphic Rocle Progzenis

The letanorphicrreaic fraction consists moinly of frasments of metomorphic
quartzite (sec later) and quartz muscovite schist. The other rock types noted
in Teble 2 are found in small ancunt, usually only cnc or two frasments per thin
gsection, The same suite of rock fragments is found im all ¢the fomations with
the following excoptions. Rocl fragments containing glaucophano are found in
significant emount cnly in the Glenwhan Rocks (which also contain detrital
gloucophane), Hpidotic rocko are rare in the Lochryen and Borelamd Rocks,
which are also poor in detriltal epidote, The Glenwhan end Cairnorzean Rocks do
contain epidotic fraguenis; quartz-epidotc fragments im the Glenwhan, and
ecpidosite ond quariz<epidote frogments in the Calrnerseanm Rocko, In both those
fornations the epidotic fragments are cccoupanicd in the groywackeo by detrital

epidote.
Scdimentary Rook Fragments

Greywacke, siltstone and shale, and chert fragments are ubiquitous in the
Sedimentary~rocik fraction of the greywackes of all formations., Arkose and
limestone Lragments are very rare. The greywacke frasments fall into two
varieties, fThe first variety of greywacke fragment is very similar in compo-
sition to tho host rock, containing detrital pyroxene and amphibole if the host
greywacke contains these minorals and being without them in sympathy with the
hoste This suggests that therc was some degrce of comsolidation of the groy-
wacke sediment before it was reworked by the turbidity ocurrents. The second
variety of groywacke frasment differs from the first in having a higher proporticn
of matrix, which is always cozposed of very fresh palc green chlorite, Thio
variety is thought to have been derived from greywackes formuing part of the

acuscs area.



Table 1

Ccourrences of Heavy lMinerals in Thin-section

L CH c B
Ngé c:fo?s‘i"/ % No. $ No. $ Mo, % No. $  No.
Picotite 21 N 10 7 15 83 10 100 39 9
Garnet 21 91 8 62 16 89 9 920 3% 85
Apatite 18 78 i2 92 15 83 10 100 9 22
Zirocon 25 100 i2 92 i, 78 2 20 2L 59
Sphene 20 87 12 92 16 89 3 0 37 90
Ru;tile 2 9 &4 M - - 2 20 8 20
Tourmaline 2t 91 9 69 7 39 5 50 - -
Epidote 5 22 9 69 1 61 - - 28 68
Glaucophane 3 13 .- - - - - - 28 68

L==lochryan Rocks 23 thin-sections
CH--Claddy House Rocks 13 thin-sections
C--Cairnerzean Farm Rocks 18 thin-sections
B--Boreland Rocks 10 thinesections

G~-Glenwhan Rocks 41 thin<sections



Table 2

Occurrences of Rock Fragments in Thin-sections

Ho. of Thin
Sections in/ % L CH CP C B G
which found Wo. % |No, % |No, &% |No. % |No, % |No. &
Spilite 37 100 9 00| 14 100| 3 100| 9 S0| 2t 100
Anéenite 8 22| 9 400| 14 100] 3 4100| 2 20} ™21 100
Diorite - -1 - -l 2 14| 1 33| - -1 8 38
Keratophyre 37 41c0| 6 67| 114 1 2 671 7 70| 29 400
Porphyrite 2. 65| 5 561 9 65l 3 331 6 60115 PN
Dolerite - -1 5 5| 2 14| - o] = -] 2 9
Granite 37 100| 7 7| 14 100| 3 331 9 ©90| 21 400
Granophyre 2 5| = -l 3 2| - - 7 701 - -
Graphic Crani te 9 241 3 33| 1 71 - -l 2 20| 2 9
Qu. Porph. 3 95| 6 67| 11 1 1 331 5 50(1s 67
Qu, Kerat. 37 100f 6 671 6 43| 1 33| & 40|12 57
Rhyolite 20 54| 3 331 9 641 1 33| 8 80)11 52
Glaoce 27 731 2 221 9 6] 1 33| 2 201 7 33
Vein Qu. 37 100] 9 100|114 100] 3 100} 9 904115 *
Greywacke 36 97| 6 67|12 86| 2 67| & 40|19 90
Shale 30 80| 3 331 1 71 2 67| - -1 7 33
Chert 3 92| 2 22112 86| -~ -| B8 80|15 H
Arkose 18 4| - -1 1 71 = | = -l 3 1
Iinmestone 0 27| - -1 2 14| - -1 1 10| 1 5
Cata €lasite 3 971 9 100 6 43| 3 100| 2 20|12 57
Phyllite 3% 95| 6 67| 7 50| 1 33| 2 20| 2 9
Net. Qu. 37 100| 9 100| 14 100| 3 100| &4 40|16 76
Epidosite 4 11| 6 67| 11 ] 3 100 - - 2 9
Schist:~
Qu. [usc, Schist 37 100| 9 100| 14 100| 3 100| 10 100|116 76
Qu. Gnt. Schist 1 3] - - - w| = -l 1 10] = -
Graphitic Schist 13 35| 5 56| 2 14| 1 33| = | = -
Quochloro Schist 20 54 5 56 - - 2 67 - - 5 2L
Qu + Bpidote 3 8| 2 221 5 3| 2 67| 1 10| 8 38
Qu. Gnt. Epid. - -] - -1 1 71 - -] - - - -
Qun EP. Glauc. - - - - - - - - - - 1 5
Qu. Glauc. - -l - -] - -| - -] - -1 3 14
L =~ lochryan Rocks 37 thin-sectiocns
CH -« Claddy House Rocks 9 thin-sections
CP = Cairnerzean Farm Rooks 14 thin-sections
Gl « Cairnerzean North Rocks 3 thin-sections
B - Boreland Recks 10 thin secticans
¢ =~ Glenwhan Rocks 21 thin sections
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CHAPYER & lIODAL ANALYSES

To esteblish the quantitative nimeral cconposition of the greywacke types
present in the area a large nucber of thin section modal analyses were carried
out. Beforc discussion of the results the general experimental conditions are

set out.

Thin cections were analysed on a Swift Autcmatic Point Ccunter for eight
constituents:~ Quarts, Pelspar, Basic ignecus rock fragnents, Acid igneous rock
fragments, letanmorphic roclt fragments, Ferrcomagnesian minerals, and latrix.
These conotitucats had been found to be characteristic of the greywackes by
qualitative examination of the thin sections, The essence of the point count
method ic the degree of rapidity in obtaining the results (see Cheyes 1956) but
this rapidity induces experimental error by causing nisidentifications. The

sources of error in the analysis of greywackes are discussed below.

Quartz is defined to include all quartz grains and fragments of vein quarts,
i.e. fragoents of quartszite in which there are no oriontated inclusions, or trains
of inclusicmns passing froam one orystal to the next in the fragment, The sources
of error are two-fold, Graims of fresh untwinned felspar showing no cleavage,
and not in contact with a quartz grain or with Canada Balsam, are not readily
distinguisheble from quartz and may be counted as quartz, [fetamorphic quartzite
with a small degree of strain extinotion and no orientated inclusioms may be

confusod with vein quartsite.

Felspar includes all low birefringent grains showing alteration, twinning or

cleavage, other than ferrcasgnesian minerals,

Un@er the Basic rock comstituent were counted all spilites, keratophyres,

and melanccratic igneous rock fragments, while the Acid rock constituent includes
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granitic, quartz keratophyre and acid leva fragmenis, most of which, in these
rocks, contain free quartz., Error nay arise by the confusion of very

leucooratic keratcphyrc fragments (Basic) and acid lava fragments.

The ]letamorphic rock comstituent includes all schist, gneiss, and cataclasite
fregments and also metamorphic quartzites, which are defined as quartzites im
which the grains have sutured margins and either traims of inclusions passing
across grain boundaries or micacecus material in the interstices between grains.
The absence of inclusion trains or micaceous material from a quartzite of
metamorphic origin leads to the fragment being wrongly counted with vein
quartzite,

The Ferromarnesian minernl constituent conoists of all detrital groins of

anphibole and pyroxene,

The Latrix is arbitrarily defined as including all material smaller than
0.1 mn; since the dotrital quartz end felspar are not recadily distinguishable at
this grain-sices In addition all chloritic, micaccous, ard clay nimeral
material, and all heavy nimeral graims, opaque mineralo, and poeudomorphs, no
matter what their grain sige, aro counted as matrix,

To swmarice, the major sources of operator error by misidentifications in
these greywaockes are the identification of quartz as felspar, metamorphio
quartzite as veinm quarts, very leucooratic keratophyre as Acid, quartz porphyry
as Basic if free quartz is fortuitously absent from the fragment, and very omall

greywacke fragments as [latrix,
The actual effects of operator errors are discussed in a later chapter.
Preliminary Operatiens

A major considsration in the present work was to investigate possible sources
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of inconsistency in the modal analyses and, if possible, to eliminate them. The
folloving operations were therefore carried cut before commencenent of the

definitive analyses.
Grain-size

llcdal analysis results depend to scme extent on the graim-sices of the rocks
(Kelling 1962). This variable was therefore minimised by chcosing, by inspeotion,
thin sections of noarly tho came mean grain-size, in practice about 0,3 =e Inm
addition specimens which were of this mean grain-size but which contained grains

very nuch larger than the other grains in the specimen were not analysed,
Consistenoy of Ideatification of Constituents

A group of three thin seotions was repeatedly analysed wntil repliocate
enalysos of cach thin section were closely similar. The results are shewm in
Table 3.

Optinun Number of Points

Cne of theo above thin sections was progressively analysed and the analyses
caloulatod aftor 875, 1000, 1250, end 1500 points (Table 4). The analyses
for 1250 and 1500 points arc closely similar to each other and to the later
analyses of this thin scotion in Table 3. A standard of 1500 points wés
chosen so that there would be a large inertial effect to counteract variaticms
due to olight differcnces in grain-sige between thin sections, and between

difforent parts in the same thin sectien,
Optimum Mognification

The results in Table 4 were obtaired with a microscope magnification of
400 times. To examine the effect of a different magnification this section
was analysed with a magnification of 50 times, The result, shovn in Table 5
is similar to previous analyses of this thin sectien,
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Definitive Analysis Results

Specinens from fhe Loch Ryan coast section were collestcd on a oampling
schene sugmested to the writer by Prof. W.C. Krumbein.. 20 equally spaced
stations were set up along the ccastal exposures and at each station two
localities were chosen 10! apart, At each locality a specimen was collected
if the greywacke was of the correct grain-size. If the locality did not yield
a spocimen of the required grain-sige the nearest greywacke of the correct

grainesize was sampled,

The rest of the arca was sampled by collecting a specimen at each inter-
section of a grid with 600 x 600 yard spacings, or at the noarest outcrop to
this intersection. Since tho grain~size of the rocks is variable only a small
proportion of these specimens was suitable for analysis, but the analysed
specimens still give a fairly good coverage of the area. In addition the
sampling density was increased near formational boundaries, to locate boundaries

in poorly exposed ground as accurately as possible,
Lochryan Rocks

The Lochryan Rocko are found in wide stretches in the north and centre of
the area. lMost of the exposurcs are concentrated along the shoxt coast section
and the escarpment along the shores of Loch Ryan., In the field and in mioro-
scopic examinatien the rocks axe hozogeneous but the modal analysis results
show (Table 6) that they can be sub-divided into Lochryan Upper in the north
and the Lochryan Lower in the south, the Lower division having significantly
more metamorphic rock fragnents than the Upper division (significant at the 1%
level).



Cairnerzean Rocks

Thesoe rocks cccur in several isolated narrcw strips. The modal analysis

results show that the composition is slightly different in each strip,
Cairnergean Farm Type

This strip stretching froa Craigcaffie to Cairmerzean has two main areas
of outcrop, distinguished in Table 7, as Cairnerzean Farm (Zast) and Cairnersean
Parm (est). An analyois of variance was carricd cut to determine whether the
two samples were samples from the same population and ¢hus establish the
lateral homogeneity of the formation. The results in Table 8 show that the
differences between the two samples arc statistically not significant except in
the total quartzose fraction (quartz + acid rocks + metamorphie rocks) in which
they éiffer at the 5% level, the eastern rocks being thce more quartzose, To
check that this difference is not &ge to differences in the dogree of dispge
gregation, although the analysis specimens are chosen to be of the same grain
size, the ¢otal rock fragment fractions in the two samples were compared
statistically and found not to be significantly different.

Claddy House Type

The results for this strip are shown in Table 7. Although this group of
rocks cccupics the same stratigraphic positicn as the Cairmerzean Farm Rocks,
just ebove the Lochryan Rocks, there are differences in the compositicn, the

Claddy House Rocks showing loss quartsz and more folsopar and basic rock frogments,
Cairnerzean (iorth) Rocks

The remaining rocks containing ferremagnesian minerals are grouped into
this greywecke types They occur as isolated exposures in the northern part of

the area. Table 7 shows a geneoral increase in the content of ferromasnesian



minerals and basic rock fragments compared with the Cairnerzean and Claddy
House Reccks,

Boreloand Rocks

The Boreland Rocks are very poorly exposed and are mostly fine grained.
The modal analysis specimens are therefore badly distributed, being collected
fron the two outcrops of coarse greined material (Table 9). No cotimation of
lateral variation is possible but thﬁx sections of these rocks do show an
incoming of ferrcmagnesian minerals, in the form of pscudcnorphs, towards the
top of the divisiecn. These rocks therefore pass éircotly into the overlying
Glenwhan Rocks, by a decrease in aciél. rock fragments and quaris, and an inecrcease

in ferromags and basic rock fragments,
Glonwhan Rocks

The analyses for thic formation are shown in Table 10, Since the Glerwhan
Rocks cover a large area it is important to doterminc whether or not the analyses
forn a homogensous population, in other words whethor there is any latoral
and/or crossedip variation in the rocks, To this erd the results were dGivided
on a geographical basis into four samples and analysis of variance performed on
the constituents inﬁividuallj (Voroney 1958, p.381). No significant variations
between the samples wverc found (Table 11), showing that the formation is a

homogeneous rock unit.
Comparison of [‘cdal Analysis Results

To eliminate as £ar as possible the effecets of differing degrees of
disaggregation, during weathering and transportatiom, on the quantitative
composition of the groywackes the modal analysis specimens were chosen to have

as near the same grainesize as possible, As a check on the assumption that



small variatiomns in grain-size do not cause major changes in compesition, and
are thoxcfore mot the causes of the differences between the formational
inddvidunl analyses, a series of thin secctions from various heights above the

base in a single greywacke bed were analysed (fig. 4).
Variation in Grain-size

Thio graph confirns the field observation that changes in grain-size of most
of the graded Lochryan greywackes take place near the bottom and near the top

of tho bed, mest of the bed being of cne grainwsice.
Constituents

Quarte, Fe'lspar,’ Matrix, and lfetamorphic rcocks show a net¢ incrcase in
proportion, and the other rock fragments a net dscrease in proportion towmnrds
the top of the bed. 1In other words there is a change in ccopcesition with grain-
aize, but this is very slight. Uhen the changes arc compared with the variations
in proportions found wvhen an analysis operator performs replicate analyses om
a single thin section (see below) the within-bed variations are ccen o be of
the same order as the oporator variability. Tho effcot of slight differences

in grainesizge in causing within«formntion variation can therefore be discounted,
Replicate Analyses

The tables of analyses results show some withine-formation variability. 4s
shown above this is unlikely to be due to variatiens in grain-sige as the
analysis specimens had been chosen to be of the same grein-size, The varice
bility may be due to actual @iffercnces in coapcsition between specimens or %o
operator variances, although great care was taken to maintaein consistency of
identification. As a mecsure of the variability the standard deviations of
the components analysed were calculated for cne formation (Table 12)., The

Boreland Rocks were chesen for this test as the analyses are quite variable and
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the conposition of this formation is based, of mecessity, on only a fev analyses,
and is therefore not firmly based statistically, One of the definitive thin
secticons was then selected and analysed at irregular intervals cver a fairly
iong peried of time. Tho calculated ceans and ‘smﬂard deviations for the
replicate analyses of a single thim scoticn (Zable 12) arc found to bo of the
same order of nagnitude as those for the formational mean enalysis, based on
several thin scoticns. In othor words the within~-thin gecticn variability, due
to operator variance, is the same oo the betueenethin section variability. This
result leads to the specific conclusion that ¢tho Boreloand Rocks are a valid
rock=group, decpite their veriability, and to tho mexo gencral conclusion that
the within-formation variebility of nodal analyses is o funotion of operator
variancc of an operator who is however a consistent analyst since the within-
formaticn variations are small (sce Tables 6, 7, 9, 10), Therefore the within-
formation variebility does not preclude the use of modal analyses to establish

formations as honmogeneous rock-units.,
Comparison of Groywacite Types

Tne groywecke typoo deseribed above arc comparcd by amalgemnting the analysis
compenents into three groups, (Quarts, Acid rocks, letamorphic rocks), (Sedimsn-
tary rocks, lUatrix), (Basic rocks, Felspar, Ferremags), and plotting thesc groups

on a triengular variation diagren, £ig. 5.

The diagram shows geod mixing of the Lechryan Upper and Lower divisiens, in
a £icld coapletely dictinet £ron that of the Glenwhan Rocks. The area botueen
these two fields is cocupied by the rocks of the other greywacke types, which
show a progressive morthyards change in composition so that the mest northerly,

Cairnerzean (forth) Rocks cccupy the sarze £icld as the Glersvhan,
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The diagram suggests that the Cairmerzean Rocks are kindred to the Boreland

Rocks ond form a transiticnal series betwoen the Lochryan and Glemvhan Rocks,

In fig. 6 the coaposition of the reck fragment fraction of the greywackes
is exemined in a variation diagram with Basic, Acid, and ["etacorphic rocks as
apices. Again the lochryan and Glemvhan Rocks cccupy separate fields with the
other formaticns éh@:ving a gradation teteen the two, though less well rarxized
than in fig. 5. 1In £ig, 6 there is a better coparatica of the Lechryon (Lover)
type into a distinot field.

Coxparison vith [hinng of Gallouny

The minoralegy cad petrology of the rocks of the area have enobled the
subdiviciens of the successica detailed abeve to be made., It ic of interest
hers o compare thece subdivisions with those set up by Kelling in the Rhinns
of Galloway (Helling 1961).

In that part of the Fhinns south of the Glea App Foult Kelling set wp three

Pgroups.” These aw briefly summarised delom,

Basio=clast . Thick bedded greywackes with little shale in
succession, Coarse grained felspathic with

Portpatrick andesitic frags. and ferromags

Acid-clast Thickly bedded but with thick shale bonds,

Felspathic with acid ig, frags. and ferromags.

Caldenoch Thin bodded greywvackes vAth freguent much thicker
bodse Coarse grained quartsose with andesitio

fragponts ferrenans and largoe apatites.
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Upper Barren Thinly bedded with many shale inclusions,
Thick shale bands., Quarisoese with spilitic

fragnents., No ferrcmags.

Kirkeoln
NMetaclast As above but with a higher proportion of

netamorphic rock fragments.

Lower Barren As Upper Barren but with a few ferrcmags.

The rock descriptions and modal analyses published by Kelling, together
with lateral extrapolations along strike from his map lead to the proposal eof

the following correlaticns with the present area.

Glerwhan Rocks equivalent to Portpatrick Basic-clast
Boreland Rocks e @ » Acidé-olast

Cairnergzean Group *© " Galdenoch

Lochryan (Upper)
Rocks w 2  Kirkcolm Upper Barren

Lochryen (Lower) ¢ w n Metaclast

The rock types desoribed in this thesis arc similar to the desoriptioms
published by Kellins, at times even in finest detail; for example large apatite
grains arc reported in both Cairmerszean and Galdenoch Rocks. There are however
sone points of difference. Boreland Rocks are thinly bedded compared with the
Portpatrick (Acid-clast)., This is parallelled by a reduction in bed thickness

of the Lochryan compared with the Kirkcolm Group,

Ferromagnesian minerals are absent from most thin sections of the Boreland

Rocks but many specimens, especially those collected mear the lowest Glemhan
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Rocks, do contain psecudomorphs. The absence of ferromagnesian mincrals
compared with the Portpatrick (Acid-clast) may be a further infication of the
eastwards impersistence of a distinot formation detween the Lochrysn+-Kirltcolm
and the Glemvhan<-Portpatrick (Basic-clast). It is shovm earlior in this
thesis that the Cairnerzean Rocks change in ccmposition northiards, becoming
like the Glerwhan Rocks; the distinotive Cairmergzecan composition of the type
area is lost to the north although the rccks are still stratigraphically just
ebove the Lochrysn Rocks, The lack of significent ferrcmagnecian mimeralds in
the Boreland Rocks and their similarity in composition and lithology to the
Lochryan Rocks, suggests that the Boreland Rocks are, like the Cairnergzean Rocks,
a passage formation between the Lechryan and the Glenwhan, at much the same
stratigraphic level as the Cairnerzean Rocks. (Kelling (1962) equates the
Galdenoch and the Portpatrick (Acid=oclast)). In this case the Portpatrick
(Acid=clast) rocke, a distinet facies in the Rhinns, have changed eastwards,
becoming more like the Lochryan Rocks. The stratigraphic picture therefore
emerges that in the north of the present area Lochryan Rocks are overlain by
rocks similar ¢to the Glerwhan in composition but not in lithology, in the centre
of the area Lochryan Rocks are ovorlain by rocks of a distinctive character arnd
lithology (Cairmerzean Farm type) and in the south of the area Glersvhan Rocks
are underlain by rocks identical to the Lochryan in lithology and similar to
the Lochryan in compositiom. These relationships and the corresponding
relationships in the Rhinns are illustrated in fig. 7. This figure shows the
ocourrence of the Portpatrick (Acid-clost)--Galdencch--Boreland--Cairnerzean
rocks between the Lochryan-Kirkcolm and the Glenvhan-Portpatrick (Basic-clast).
In the figure this facieé is represented as a wedge-shaped body because of the
variations discussed above, but this interpretation is very tentative due to the
poor exposure precluding very accurate thickness measurements both in the Rhimns

and in the present area.
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Cooparison of llodal Analyses

The mean modal analyscs £rea Kelling (1961) are comparcd im Toble 93 with
the means for the corresponding fornations east of Loch Ryan, Before
proceeding with his owvn analyses the present writer was fortunate in being
able to consult with Dr. Kelling on the identification of the various
constituents, an cbvious precaution in .vierw of the ccmplex composition of the
rocks, discussed sbove., The analyses of the two operators should then have
been directly comparable., However as a measure of the pcossibility of mis-
identification of acme of the constituents, scven thin sections froa the
Lochryan (Upper) Rocks were analysed both by Dr. Kelling and the writer, The
rvesults are shown in Table 14, with, for comparison, the corresponding mean
analysis for the Kirkcoln (Upper Barren) rocks froa Kelling 1961, The
results showed that the writer's analysis of the seven Lochryan rocks was
closer to the analysis of the Kirkcolm (Upper Barren) rocks (Kelling 1961)
(i.e. lateral equivalent of the Lochryan Rocks) than was Dr, Kelling's. This
suggested that operater variance in the modal analysis of greywackes was a
factor which could not be ignored if compariscons between areas were to be made,
A more comprehensive trial of the point count modal analysis method was thexe-
fore carried out (Table 15), Analysis of variance of the results of this
trial, (Table 16) shows that in only two ccmponents, letamerphic and Sedimentary
rock fragments, is there no significant difference between the operators.

That the lack of correlation between the analysts is du-e to the inherent
possibility of misidentifying component grains and not to any carelessness on
the part of the operators is shown in Toble {7, which lists the results of
calculations of the Rank Correlation Coefficient for the two operators. This
table shows that the two operators successfully placed the individual values

of ecach ccmponent in the sawe oxder of decreasing magnitudey The conclusion
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is reached that the two operators are able to place compomnents in ths sams
order but the possibilities of misidentifications are great ensugh for the
aotual magnitudes to have no significant agreezent. The unadjusted point
count medal analysis method ic therxefore not sufficiently acctirate for use in
regional comparisons betwcen areas of different workers, though, as has been
shown earlier, individual worke.rs can be consistent enough for the results to

be valid for comparisons inside their cwn areas,

However the significant ranking corrclation between the two operators
sugeests that a correction factor may be cobtained to transfora the data to
make them comparable, The operator variance results were used to produce
graphs (fig, 8) of the results of one operator against the results of the
other, for cach coxnponent. As expected, from the significant rank correla-
tions, the graphs are linearly distributed, with positive correlation. ﬁe ) |
data for each ccmponent were used to calculate the respective correclation
cecefficients and regression equations; the regression line for y on x is
shown on each graph., Each regression line can then be used to transform
the present writer's definitive analyses into a form for comparison with the
Fhinns' date. (The close correspondence between the writer's initiol 7
Lochryan annlyses and Kelling's 1961 mean Kirkeolm Upper Barren is thought to
have been coincidental, as no other group of analyses shows an unadjusted

correspondence with the equivalent Rhinns group,)

Table 18 shows the adjusted mean analyses of the writer's area with ranges
in which the adjusted values liec with a 93¢ confidence level., The renge in
each cese is twice the Standard Lrror of Estimate computed from the standard
deviation and regression ccefficient of the respective cocaponent in the operator

varience analyses, The transformed analyses are compared belew with the rean



29

analyses of the corresponding Rhinns formations. Ths significance of the

differcnces noted in Table 18 ioc discucsed later,
Glenvhan--Portpatricl (Basic-clast)

The ccaporents of the noean Portpatrick (Basice-clast) analysis lie within
the ranges of the transformed Glerwhan results except for Felspar, Basic, and
Sedimentary rock fragments, Felspar being higher and Basic and Sedimentary

rock lower in the Portpatrick.
loohryan (Upper)«-Kiriccolm (Upper Barren)

The analyses are comparable except for Basic rocks and [latrix, Matrix
being higher and Basic rocks lower in the Kirkcoln.

Lochryan (Lower)e-Kirliccolm (Metaclast)

The two mean analyses differ im Quartz, which iz higher, and lletamorphic

rocks, which are lower im the Kiricolm (llete~clast),
Boreland-~Portpatrick (Acid~clast)

The mean analyses differ in Felspar and lMatrix. If however the average
Portpatrick analysis (i.e. Basic-claot + Acid~clast) is used for comparison
the only difference with the Boreland is in the Felspar comstituent;, a furthsr
indication of the castwards loss of a separate distinotive character for the

Boroland=-~Portpatrick (Acid-clast) rocks.
Cairmerzean Regls

The Cairmerzean Recks aro thought to Bo tho lnteral equivalent of the
Galdencch Group of the Fhinms., Uhon the Galdencch is compared with the
corrected values for ¢he various aveas of ocuterop of the Coirmerzean Rocks,

Quarts, Basic rocks and Matrix are found to bte different in all Lour arens,
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lletamorphic rocks are different in all areas except the Claddy House Rocks,
and Sedimentary rocks differ in the Cleddy House and Vestern area of the
Cairnerzean Farm rocks, The Galdenoch rocks are higher than the Cairnerzean

in Quartz and Ilatrix, end lower im Basic, lletanorphic, and Sedimentary rocks.

Conclusions

The differcnces between the present area and the Minms are illustrated
in £ig. 9.

For the meost part the results in Table 18 confirm the equivalence of the
various formations suggested by tho detailed petrography. Any differcnces
may be explained as due to lateral variation between the east and west sides
of Loch Ryan, probebly caused by the turbidity currents flowing from slightly

differing parts of the source area,

The exception to simpls comparisons betizeen the two areas are the
Cairnorzean Rocks which show no simple relations with tho corresponding
Galdencch Group. Theoe disagreemonts are thought to be further evidence of
the non-stable character of the passage rocks between the Lochryan-~Kirkcolm
and the Glenwhan=--Portpatrick (Basic-clast),



Table 3 Consistency of Identification of Specimens during llodal Analysis

Run 1 Run 2 Run 3 Run 2
% e 5 %
1022 Quartz 5be3 27.5 34.8 3646
Felspar 48 7.9 9.8 10.0
Basic 10,2 16.0 11.3 11.5
Acid 2.9 1.5 1.7 1.7
llet 1k 0.7 0. 0.5
Sed 10.2 7.8 6ol 7.4
Matrie 36,2 38,6 3546 32.3
1ust Quartz 30.3 294 30.0
Felspar 2.0 Lely 6.0
Basic 16.1 17.6 12.8
Acid beh 5.6 2,6
et 0.3 0.5 14
Sed 9.3 114 10.9
. Matrix 37.6 311 29.3
31760 Quartz 30.7 26,2 31.9
Felspar 13.9 17.1 21.9
Basic 149 12.2 9.6
Acid 2.6 3.8 3.6
et 3.7 2. 3.1
Sed 2.2 3¢3 14
Matrix 26.7 27.0 19.4

Perromags 53 8,0 9.0
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Optimun No. of Poinmts for lMedal Analycic

Composition (%) after 876 Peints 1008 Points

Table 5

122
Quarts
l’elspar
Basié
Acid”
et

Sed

Matrix

Quartz

Felspar

Basic
Acid
et

Sed

Matrix

34,8 36,6
9.8 10,0
113 | 11.-5
1.7 1.7
0l 0.5
6ol 7o
35.6 32.3

1259 Points

35,7
11.2
12,7
1.7
0.8
7.5
30,4

1519 Points

35.0
1.3
134
2,5
0.8
T.6
294

Effect of Change of llagnification during llodal Analysic

4
37.5
10.1
11.4

2.8
1.1
8.7
28,1

(Compare results with Table 4)



Table 6

Nuxber
Quartz
FPelspar
Besioc
Acid

et

Sed
atrix
Terroneg

Total

Huaber
Quartz
TFelspar
- Basic
Acid

et

Vatrix
Ferronag
Total

Lochryan Rocks, Modal Annlyois Results

375

372 3uh w22 S10R.9 9T106.2 3U7 308 1U56 1u72 1U77 W4 3Ase 181 N6 W85 UM 3WM7 378 3U20  1miok 917355' 931 3U33 325 3U26b  3U30 3035 133 lean
74 1545 10,9 3.9 5.7 14,0 11.9 104 1.7 7.2 7510 7h 9.7 3.5 74 34 11,0 5.0 10.6 9.9
18,2 12,4 6.4 35.6 21,2 10,2 14,9 6. 22,0 7.0 17,7 {3277 12.8 141 20,0 22,2 241 8.9 5.8 6.3 20,2 7.1 20,2 25,9 20.2 19.7 27.6 19.3
7.6 B.7 6ubh 3.4 2142 6.5 43 9.8 6.0 20,3 42,0 1 .6k 70 13,7 I 89 7.5 5.5 1641 134 ~
| - 7.5 9.9 85 6.2 3.5 50 183 10,2
12,3 7.1 6.7 5.3 T 5.7 M9 2.5 65 5.2 821 3 ¥23 55 260 106 11.6 5.5 1.k 8.2 ki 3.3 M5 73 75 7.7 104 4,7 8.3
3.0 3.5 2.8 7.5 6.7 3.6 3'2 7.3 207 8.5 8;:‘?'/ A_'f;}cs 5.5 302 . lé-.h . 7‘1 2}.1 N 6.8 . 2.3 13.,6 5.7 5.8 3.0 3.5 6 8 3 7 10 5 5 7
22,0 28,4 25.8 14.5 149  27.7 22.8 3k 27.4 23.9 27.§é;;‘;‘._1¥f§-9 21,9 16,7 19,5 17.8 25.9 14.5 22.6 29.9 16,3 17.8 22,0 22,5 29.5 25.6 6.1 2.3
100,0 100.1 100,0 100.0 99,9 1100.0 100,0 100.0 100.0 100.0 100,94 100.1 100.0 100.0 100.1 99,9 100,0 100.1 99,9 100.0 100,0 100.0 100.4 99.9
Upper Lochryan (Coast Seotion) ;;
102 WA 3U83 3962 6U27 TU66 9U0a TUEY 350
‘ Lo
27.0  26.2 35.4 27.5 32.9 30.7 33.3 29.0 34.8 v
6o 3.5  Bubs 5.5 3.4 8.9 8.5 8.0 7.9
19.5 25.2 17.3 2.6 11.9 13,4 12.3 16.9 4.5 S
12,3 12,4 8.5 6.7 8.5 8.7 741 6.1 7.5 .
74 10,5 1.8 9.8 31,6 16,3 15.1 19.1 15.4 s
b2 3.7 1. b5 1.3 05 M3 3.4 0.5 /o
23,0 i8.8 17.5 21.4 10,3 21.8 19.5 17.5 19.5 r
0,% - - - - - - - - '/{A
29.9 100,0 1400,0 100.0 92.% 100.0 100,0 100,0 100,19 A

Other Upper Lochryan

lowver Lochryan




Table 7

Nuzber
Quarts
Felspar
Basic
Acid
Net

Sed
Matfix
Ferromag

Total

Section
Quarts
Felspar
Bapic
Acdd
et
Sed
Uatrix
Ferromnag
Total

Cairnerzecan Group, llodal Analysis Results

Ceirnersean Farm Bast

Cairnerzean Farn Vest

R

A

756 TB7  TUS8  TWS9 W60 TU65 . 763 Twel  Tub2 2057 3U53  3W5h . 3U55 3060  liean
T 47.2  10.6 26,1 13.0 3.5 15.9 19.7 13.1  19.2 14.9‘ 17,9 14,9 10,9 149  14.3
20,9 10,9 17.6 13.5 1.4 148 169 T 16.9 9.5 11.3 14,9 11.9 18.9  14.0
18.6 1441 13,0 26,3  bhet 23,7 18.6 241 20.6 W34 27,6 33.2 34,6 25,8 31,2
7.9 15.9 7.7 6.7 5.9 3.5 42 12.7 6.k 91 7.5 2.9 0.9 3.6 5.6
5.2 16,7 15.4 16,9 6.1 123 13.0 7.9 47 10,9 %9 41 7.5 114 8,0
1.7 1.5 3.4 1.9 1.8 54 1. 1.9 4.8 2.6 T3 25 2.5 1.5 3.1
12,9 17.7 147 10.5 12.5 16,0 20.0 11.3 27.2 7.5 5.4 22,9 19,3 19.9  17.6
15,5 12,7 2.7 1.3 4.9 8.8 6.3 11.9 0. 2.3 B4 7.5 12,5 53 6,3
99.9 100.1 100.0 -100.1 100.0 l100.1 100,14 100,0 99.9 00,1 400.0 99,9 100.1 100.0 100.%
Claddy House Cairnerzean (North)

117 2059 2060 AM3a LWGI3D LA 45 lean 42 W72 8u2 8w

84 8.9 6.9 6.7 4B 8.5 77 Tob 7 56 4B 167 5

19.9 30,7 25.2 20,5 19.7 19.3 1.9 21,0 1{9 11.5 14,2 10,3 18,5

25.4 239 23,7 25.4 30 2.9 39.3 27.2 15366 35.9 43.8 3.3 37.5

1o 6.0 Tu7 T3 2.4 46 6.6 5. U8 1 16 a2

6.9 5.3 B.6 L 5.0 6.8 7.9 6.k 31 be? 702 1k 7uh

2.4 2.0 0.9 1.7 2.3 148 49 b qod 0.7 0.9 1.5 4.3

28.3 15.9 15.6 99.3 19,3 15,7 13.9 18.3 : I 227 17.4 18,2 18,4  21.5

10,2 7.3 10,9 149 16,5 5.5  B.4_ 10.5 v B 2.9 9.3 1.6 2.9

100.0 400.0 100.0 99.9 100.1 100.1 400.3 100,0 1001 100,0 100,0 100.0 400,0



Table 8 Statistical Coaparisons between Coirnersean (Farm) East ond

Cairnerzean (Farm) Uest

Yotal Boetucen 'A' & B¢ Vithin A & B P Significance

S.S. D.JF,| 8.8, D,F., Var.| S.S. D.P. Var,|Ratio 5% 19

Q 213 13 11 11| 202 12 16.8 | 1.53 N.S. N.S.
P 222 13| 0,21 1 0,21 221.8 942 18,5 | 90,6 N.S. N.S.
B "n 13| 33.5 1 33.5 |1437.5 12 94,.8 | 2,83 N.S. N.S.
A 208 13 (23.71 1 23.7 | 184,3 12 15.7 | 1.54 W.S. W.S.
i 3119 13| 87.2 1 87.2 | 223,9 12 18,7 | 4.67 N.S. IN.S.
S 39 13 3.25 1 3.25| 35.75 12 2.98] 1.09 N.S. N.S.
x 251 13| 30.86 1  30.86| 220,1 12 18.3 | 1.68 IN.S. N.S.;'

Fa 259 13| 3.9 1 31.9| 2271 12 18,9 | 1.68 N.S. N.S.
Qa1 1031 13 [304 130, | 7263 12 60.5| 5.04 o  m.8.
BFFn  837.5 13 [105.4 1 105.4 | 732.1 12 61,0 | 1.73 N.S. K.S. .
xS J2L i3 | 5.4

i

51014’ 272.6 12 22.7 2026 N.S. E".Sa .

® Significant at 5% level

NS Not significant



Table 9

Quaris
Felspar
Masic |
Acid
et
Sed
lMatrix

Ferromeg

5U2a

2ol
28.6
13.°
8.3
1.5
1.1

22,0

99.8

Boreland Rocks, lledal Analycis Results

5172b 6750 6751 61753 ean
16.3 18.1 17.5 18.7 19.0
22.3 19.4 18,7 19,1 21,6
1841 18.5 14,9 22,2 17.5
3.9 3.5 10.0 18,0 8.7
1.9 2.8 1.3 2,0 1.9
0.7 1.1 0.8 2.5 1.2
36,8 36.8 36.7 17.5 30,0
300.0  400.2 99.9  100.0  99.9

2,8
3.8
8.4
5.3
0.5
0.7
8.3



Teblo 10 Glemvhan Reoclks, lMedal Analysis Recults

317 S S S5 8J SB S SE N3 SB
Section  6W21 6€U20 370 3087 3U73 3U7B 6WO 3UB6 3UBY 61 6UB {309%b 3u92a 3U93 S0 39 59 SU5 BU62 63 607 lean

. 1)’;
Felepar 6.3 16,5 15.3 15.0 9.1 10.2 1.1 144 9.0 18,2 962 | 20k 17,6 13,9 21,3 16.5 12,4 11.7 1.1 12,4 13,5 13.9

P S oy .
e o PRI

NE NB N7 N Ny Ny N8 NY S7 SB  NB ¢

Basioc 520 46.8 50.2 Mhe6 469 169 7.2 33.6 18.1 12.5 "‘75’157;7 46,6 49,2 Lha6 51,9 56,k 55.4 51.5 45.8 53.7 47.5
Acid 9.2 0.6 b6 2uh 3.2 Tel 8.7 k3 10,0 &3 &Z]IH 32 49 30 34 34 33 61 14 23 k3
let 12,0 0,7 3.5 %0 %1 2,0 0.4 6.2 1.3 fub 1:.5Léi7 0.6 0,9 0.9 1,4 0.6 0,7 0,2 24 1.8 2,2
Sed Le7 2.5 144 76 64 11.0 8.9 45 0.3 0.5 25}14/ 2 7.6 1.0 01 35 6.7 2.7 0.9 1.1 3.8

9
Matrix 9.9 2§.2 18,0 19.4 20,4 13,1 17.8 22.6 20,0 25.4 19%3 ;'::21.31;7’3 18.9 17.7 17.5 15.9 13.2 13.5 15,5 22,9 13.9 18,9

5066 3.0 L9 6.1 6.7 S5¢1 b9 945 49 5.k

2

Ferromag 2.1 6.7 3.8 5.0 T3 l}.6 399 6.3 ‘ 7.9 3.9 3

{5
Sotal 100,0 100,0 99,9 400.1 100.0 100.0 99.9 100.1 100,0 100,14 100}\,ﬁ 10@\;0 100,0 00,1 100,0 100,0 100,71 1C0,1 900.0 §00,0 100,0 1C0.0

R
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Table 119 Statistical Comparison between four arses of Glenvhan Rocks

Total Between Samples | Uithin Samples P Significance

S.S. D.’.| 8.8. D.P. Var.| S.S. D.P. Var. |Ratio 5% 1%

Quarts 65 20 | 10 3 33| 55 17 3.26| 1.0 W.S. N.S.
Polspar  303.8 20 | 306 3 10.2 | 273.2 17 16.1 | 1.57 K.S. N.S.
Basic 508.3 20 | 48.2 3 . 16.1 | 460.1 17 27.1 | 1.69 N.S. MN.S,
Acid 139 20 5 3 9 136 17 8 8 N.S. IN.S.
Met 1L3.2 20 | 23.9 3 7.97| 119.3 17 7.03| 1.13 N.S. N.S.
Sed 233.86 20 | 46.9 3 15.6 | 186.9 17 14 1.42 N.,S. N.S,
Perromag 85.81 20 | 2,6 3 0,87 83.2 17 4.9 | 5.28 N.S, N.S,
QAM 0 360.8 20 | 43.1 3 4ok | 317.7 17 18.7 1.3 N.,S, N.S.
BFfm 520 20 |152.4 3 50,8 | 367.6 17 21.6 | 2.4 N.S, N.S.

N.5. Not significant



Table 12 Replicate Analyses of a Single Thin Section

Boreland
502a (Boreland Rocks) Defini tive
Resulto
Date 15.1.63  20.2.62 25,90.62 12.2.63 19.2,63 1lean S8 lean 8
Quartz 18.3 2ol 20,3 19,7 = 19.5 20, 2.4 19.0 2.8
Felspar 18.3 28.6 21.4 23.5 16.3 21.6 4.3 21.6 3.8
Basic 32,2 13,9 22,4 22,5 39,0 26,0 8.7 17.5 8.4
Acid 7.2 8.3 8.9 2.5 3.9 6.2 2.5 8.7 5.3
Met 1.5 1.5 2.6 2,0 1.3 1.8 0.5 1.9 0.5
Sed 0.3 1.4 1.6 2.5 1.1 1.3 0,7 1.2 0.7

Matrix 22,3 22,0 22.8 27.,  18,9° 22,7 3.1 30.0 8.3

o Inc, 0.5% Felig



Table 13

Q.
P,
B,
Ao
e,
Sed,
Fer,

lat.

k.8 19.0
139 21.6
L7.5 = 175
Le3 . 847
2.2 . 1.9
3.8 1.2
5.k .-
18.1 - 30,0

Ehinng of Galloway

Q.
P
B.
Acid
Het.
Sed,
Fex,

lat.

Portpatrick (Basic~
clast)

8.6
30.9
29.4

5.2

0.6

2.3
134

23

16.5
14.5

7.8

. 12,0

2.6
8.2

. 15.8

(Acid-
clast)

19.5.
19.4
13.1
4.7
1.5
3¢5
33
24.0

1443
14.0
3.2
5.6
8.0 .
3.9 .
6.3 .
17.6 .

Tols
21.0

272

5e1
NN
kel
10.5
18,3

Galdenoch

26.2
9.7
10.2
13.2
2,8
1.8
7.8
28.0

Comparison of Formational llean llodal Analyses

Cairnerzean Cairnerzean Claddy Cairnerzean

Glenwhan Boreland (Farm) East (Parm) West House (North)

16.7
10,3

© 3343
bt
14.1
1.5
1.6
18.4

Kirkcolm
Upper Barren

27.2
13.3
2.8
10.8
5,0
6.7

25,5

Upper Lower
Lochryan Lochryan

27.9  31.9

7.5 7.2
1943 15.8
10.2 7.6
8.3 17,0
57 2.2

- -

21.3 | 18.2

Kirkc&lm
leta=clast
37.6
9.0
10.0
15.5
8.0
5.0
0.8
4.0



Table 14 Comparison of Two Operators on 7 Lochryan Rocks

7 3 2 5 6 L i lean

Qo 39.3 246 304 33.2 29.0 22,0 23,7 27.7
P. 5.3 6.0 5.k 3.8 89 &9 60 5.8
B. 12,2 17.5 8.4 12,7 11.3 23.9 15.4 14.5
GK. . Ae 46,6 2641 23,4 24,2 21,6 15.4 43.6 20.1
Mo 3.8 2.6 43 105 7.5 10,7 7.9 6.7 c.f.l0ean Kub (eR1961)
Se 9.7 M3 8.7 2.2 Toh 12,3 1.6 9.0 Q 27.2
Mx, 21.1 11.8 18.9 43,4 13,9 9.9 214 15.8 P 13.3
Fma. = O 04 = Ok 1,2 05 0 B 9.8
Mean A 10.8
Q. 35.3 27.9 29.6 343 32,6 30,6 27.7 31.4 U 5.0
P, 11.0 7.2 10,1 10,6 9.9 9.7 12.0 10,1 S 6.7
Be 10,2 7.0 6.4 5.8 6.3 19.8 15.3 10,1 1ix 25.5
Wi, A 6.5 20,3 9,8 16,4 13.4 7.0 9.2 14.7

He 507 502 25 8.2 k! 5.5 2.4 4B

Su 3.6 8.5 7u3 2.3 L3 5.5 k9 5.2

UMx, 27+7 239 3hel 22,6 29,1 21.9 28,5 26.9

GK: Dr. Gilbert Kelling

. Present Uriter



Table 15

Segtion 11

Quarts 31.5

Felspar 10,3

Basic 12,9
ascid 10,2
lMet. 2.8
Sed 8.9

Ferromag 0,9
Matrix 22,6

Quartz 35.8
FPelspar 10.3

Basic 8.9
Aoid 6.7
et Sebs
Sed Le2

Perromag -

Matrix 28. 8

28
30.5
10.0
17.1
15,6

3.1

53

0.2
18.1

29.9
2.7
2.5
18.8
Le5
2.9

21.7

Operator Variance Results

31.3
5.3
12.2
16.6
3.8
9.7

21.1

3543
1.0
10,2
6.5
5.7
3.6

27.7

25
32.3
7.1
10.7
21.2
1.0
8.4
0,1

19.1

35.7
11.6
541
20,2
1.0
6.6
0.1
19.9

24.6
6.0
17.5
26.1
2,6
11.3
0.1

11.8

27.2
Te2
7.0

20.3
5.2
8.5

23.9

2
30,4
Sels
8.4
234
b3
8.7
Oels
18,9

29.6
10.1
6els
2.8
2.4
73

kel

27
2641
143
13.%
2043

5¢2
3.3
16.2

30.5
12.8

145
2.2

L7

25.9

23
25,4
5.7
26.3
19.6
5.9
3.8
b5
8.9

25.6
14.5
9.1

‘2205

3.1

125

2.2
13.5

33.2

3.8
12.7
2.2
10.5

2.2

134

3043
10,6
5.8
16.1
8.2

2.3

22,6

. R AR N N S BEINE Y ;
AR D b ma we e Vit L v PR e g =P s A et

18.1

3.9 .
17.0 .
17.2.

2.5
7.7
3.7
20,0

29.0

8.9
1.3

21,6

75
Tols
Ouly
1349

3246
2.9 .
6.3

13k

bet
Le6

29,1

22.0
b9

23.9

15,1

10.7

12,3

1.2

2.9

30,6

3.7 .
19.8 .
7.0 .
5¢5
5¢5 .

21.9

23.7

6.0
15.4
13.6

I

11.6

0.5

2.4

27.7 .
12.0

15.3

2.2

2.4

b9

28,5

22

17,2
19.5

22.7
20.3
0.4

2.1

6.7

11.3

19.5 .
8,0
1642
28,1
2.7
563 .

2.7
2003

13.2.

13.4
28.2
26.8
3.1
3.4

5.8

6.l

154
14.0 .
18.0
29.0

1.1

3.9 .

2.1

16.5

Nt st et et s e Nwcl vcat stV s NastlV s iV st g

Operator A

" Operator B



Table

16 Statistical Analysis of Operator Variance Data

Operator B=A

llean -~ Student's
Const. Discrepancy o + Significance
Q + 1.82 334 2,20 ®
F + 3.l 4. 66 3.1 @ o
Q+P + 5.2, 5.23 L.492 & ® ©

B - 7.88 6459 b9k © & @

A - 2,82 5042 2.4 ° (5% level = 2.12)

i - 0,88 2. 1.37 N.S,

S - 1.77 3.7T7 1.94 N.S.

Mx +  9.65 4,06 9.8 o © @
Total Rx Frags = 13.2 8.24 6.6 © © ©
Table 17 Rank Correlation of Operator Variance Data

Student's
R t Significance

Q 0.85 6.23 e @ ©

P 0.34 1.01 N.S.

B 0.62 3408 o o

A 0.57 2,68 ®

i 0,52 2.36 ®

S 0,55 2,52 ®

Mx o.M 3.9 ® o

® 5% Level of Significance
@ @ 1% Level of Significance o
® oo 0,1% Level of Significence
N.S. Not Significant



Table 18

Boreland

Fom>u9o
&
O N DYVt O\

Calrnerzecan

Parm Bast

16,5
4.5
22.6
7.8
12.0
2.6
15.8
8.2

§5m3>W%@

Galdenoch

26.2
2.7
10.2
13.2
2.8
1.8
28,0
7.8

515303535>tﬁ’3&>

16.7
26.4

13.2
12.2

* Outside

* Outside

Adjusted
Boreland

18.6
23.0
13.7
3.0
24
18.4

4.8
6.1
12.2
6.6
5.2
1.8
3.8

TIPS IFIb IS 14

Adjusted -

C. Parm Bast

I+

9.2.

t+id i+ 14
L2}

6

5.2
a.o.} 1.8
8.7~ 3.8

10,6%
® By difference

Cefe
C., Parm East

" Cutside C range

2

Within
Within

Outside
Outside

3 33 3 2

9.5 (ithin B range 14,0 Tithin B range
19.4 Outside 25.1 Outside
14.7 v 10,0 “
1 -5 o 1 .0 N
305 W 209 e
. 24,0 Outoide 17.9 . A
_Cairnerzean Adjusted Coirnerzean  Adjusted: {7 -
Fara Ueot C. Fara Vest North C. North': L&
15,3 14,73 4.8 16.7 16.8 =
14,0 9.0 2 6.1 10,3 8.1 %
31 .2 52.3 : 1202 3303 3307 -
5.6 1.7 2 6.6 bet 10.6 %
8.0 8.6 = 5,2 1201 1.9 %
3.1 Ll = 1.8 1.5 2.7 2
17.€ 9.8% 3.8 18.4 10,0
603 90&@ 1 * 6 3. 60
c.f, Cefs
C. Farn Uest C. North
Outside C range Outside C range
Within B WVithin @
Cutside: « Outside n
Within " Within "
Outside @ Outeide ©
Outside w Vithin o
Cutside 9 Cutside ®

Portpatrick (Acid-clast)

Comparigson of adjusted NV, Vigtoumshire rogls with
correcponding Erinns formations

Portpatrick Total

i
AR « 5
KRN SR

l,-!"-- Lo R
[ 2id FO
‘.6{‘1‘ if o BN

T?thi 4
B 6 0
‘5.2 G
% ..8‘ e.-:: 3 ::
£ Q

Adjusted
C.H.

9:3
1.0
29.7
1.2

Tl

5.5
10,2

ettt id b it
(<2

. 15.8°

EIE&U?EZb'Uikdab

E:U!Eib-hﬁhada

E:E:mtzb-@'aéa

‘ Adjusted
Glem7han Glexzhan
1.8 702 3 1.8
13.9 9,0 I 6.1
5745 3.5 > 12,2
L3 10.7 £ 6.6
2.2 3.225,2
3.8 5.6 % 1.8
18,1 10,3 £ 3.8
S5els 10, 7®
@ By difference
Lochryan Adjusted
Upper L.U.
27,9 25.85 4.8
7-5 7.0 - 601
19.3 24,2 2 12,2
10.2 14,8 % 6.6
8.3 8.8 % 5,2
5,7 7.2% 1.8
21,3 12,5 * 3.8
Lochryan Adjusted
Lower L.L,
31.9 29,1 £ 1.8
72 7.02 6.1
15.8 21.8 £ 12,2
7.6 13,0 2 6.6
17.0 16,9 5,2
2,2 3,6 % 1.8
18,2 10,3 £ 3.8

Port. Basic

8.6 VUithin G rang
30.9 Outside

29.L Just Outoide
502 WVithin

0.6

2.3 Cutcide

9.3 Tithin
13.4
Kirkcoln UB

27.2 Vithin L rang
133 _

9.8 Just Outside
10,8 UWithin

5.0

6s7

" 25,5 Outside range

Kirkeoln [let

37.6
9.0

10,0

15.5
8.0
5e

1

0

OO

Outgide L ran
Within

Cutside range
Uithin



UPWARDS VARIATIONS IN A SINGLE GRADED UNIT
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COMPOSITION OF ROCK FRAGMENT FRACTION
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FIG8 GRAPHS FOR COMPARISON OF
J WELSH AND KELLING MODAL ANALYSES
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FIG9 ADJUSTED DIFFERENCES BETWEEN NW.WIGTOWNSHIRE AND RHINNS
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CHAPTER 5 PROVIZIANCE

The rocks of the arca form two distinctive lithological omd petrological
types, ths Lechryen end Glemwhan Rocks, with a pessage group, the Cairmergean=--
Boreland Recks, heﬁ:éen then, shawing scac of the propertices of both types.

The significant detoails for an estination of the scurce area of the rocks of

the arca arc given below,
Lechryen Rocks

The quarts grains in ¢he Iochryan Recks show only slight shadow
extimeti@n and my ﬁhus bo ﬁgme@us kox‘igin (P@tter am& Siever 1 956) Thio
is supported by the types of inclusions in the que.rtz grains, being mainly éf
types suggesting an igneous origin with a subsidiary contribution £rom
schistese rocks (Keller and Littlefield 1950). The tourmaline grains have

colours indicative of o granite source (Krynmine 1946).

The dominant rock fragments in the greywackes are of spilitic-keratophyric
type very similar to the spilites in the Ballantras igneous coaplex., Acid
igneous rocks are much oubordinate, consisting of quartz-sodic plagioclaso

frogrents and a few quarts porphyry and rayolitic frasments.

Netemorphic rock Lfrogments consist malnly of metanorphic quartzitc but
there is a falrly large centent of quartz nuscovite schist and phyllite
fragnents. Higher grade metamorphic fragmentc aze rare and none higher than
garnet grade are foun@. The garnel grains seen in thin section, occasionally
quite abundantly, are similar to those found in the garnet-bearing rock

fraguents.

The source aren of the Lochryan Rocks was a nixed acid igneous and fairly

lcw grede motomorphic terrain in vhich there had been considerable basic igneous



32

volecanic activity., The textural similarity of tho basic ignecus rock fragments
to volcanic rocoks of Ordovician age found elsewhere in the Southeran Uplands
and in Ireland sugmests that the volcanic activity in the source area was

penedontenporanccus with sedimentation.

The directicn of the source area is more problematical. The few current
structures in the Lochryan Rocks shew a current-flow from the south-east, A
rezmant of the source area may thercforc be the Pre-Cambrian granite and achist
mass postulatod by Botd (1961) to account for the magnotic oand gravity
ancmalies under the Askrips Block in Uest Yorkshire, especially os the
ancmalies have been traced ao far as the Lake District by H,I, Geologieal Survey
(Bullerwell in discussion of Bott 1961), A land mass to the south of the
Southern Uplands is also showm by Wills in his Palaeogeographic Atlas (1951),

Kelling (1962) suggests a Dalradian and Highland source togother with a
Ballantrae type igneous complex os the source of the Kirkeolm rocks, However
recent radio-active dating worlk (Giletti et al, 1961) has shown an absolute age
for the Dalrndion metemorphism equivalent to Lover or Middle Ordovician, It
is unlikely thet sufficient unroofing of the Dalradians could have talkzen place
for their metamorphic rccks to be contributors to the Ordovician geosyncline,
except along the oxis of earliest uplifs, which, Dre U.B. Proser (pers, co-m,)
suggests was the Portsoys-Boyndiec Synelims belt. This scurce would involve a
distance of trancport of at least 200 miles., If a northern source is thus
discounted, and tho present writor believes that it is since this long trensport
would take place across an aree in which there were topographic “"highs” on
which shallew water deposition was taking place (e.g. Girven srep, Williawms
1962) and which could have a ponding action on the tuxrbidity currents, then the
southern source, sugrosted by the meagre current-flew data of the present arca,

shed the bullkk of the detritus into this part of the geosyncline. This
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interpretation does not conflict with the more abundant current-flow data froa
the Rhinns, which show curront-flcw from the north-east and south-west, as i¢
is now well established that turbidity currents with sources along the

nargins of a gocsyncline could turn to flow parallel to the axis of the

trough (Dzulynski, Koiazkiewicz and Kuenen 1959, Knill 1959). The differcnces
in flow dircotions botween the Rhinns and the presgent area are probably duc to
the topographical oonfiguration of the bed of the trough, causing longitudinal

ourrents ¢o curve Adoon the sides of a “lew.”
Glenvhan Rocks

. The quartz grains of the Glenvhan Rocks are .neérlg,t 2ll unstroined and the
inclusions in the quartzes suggest an igneous source with soze comtribution froam
gneissic rocks,  Acid igneous and metasﬁorphic rock fragments are the same as
in the Lochryan Rocks except for the presence of occasional glaucophane schist
| fragnents. The basic volcanic rocks which were eroded to fom a major part
of the Loohryan Rocks were replaced by internediate igneous rocks which were
ercded into a flood of andesite fragments, and augite and hornblende grains,
the freshness of these minerals suggesting that the andesitic volcanic activity
was contecmporanecus with sedinentétiom The andsscites are of a type found
elsewhere in the Southerm Uplands, for example at Bail Hill-Mains Hill, and
andesitic tuffs and lavas of Llandeilo~Caradcc age are abundant in t!ie Lake
District. The CGlemwhan Rocks are therefore probably the rosult of decper
erosion into the southern land mass, producing prenitic and gneiscic detritas,

accompanied by andesitic volcanic activity.

Kellins pootulates o southern source for the equivalent Pertpatrick
rocks, in o volcenioc island are, and hos dota chewing that the dopositing

currents flowed fren the south-cast or couth~west.
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The source oren for the greywackes of the cast side of Lochryan is
thousht¢ to have beea an acld ignocus--cetemorphic roolk land macs whcse uplift
was accempanied by first basic thenr intermediate volcanic activity, and whose

eronion produced dotritus of incroasing cetanorphic grade.

The proscmeo of a land mass scuth of the Southern Uplands Guring the
Iozar Palaccgeic is a point of somc discusoicn, but 4o rejected as a major
source aroa by nest authors, The evidence of soveral authoro is however

capable of interpretation to sumgoot tho presence eof this land mase,

Helling (1962) postulates a morthern source for the Kirkeoln and a later
seuthern source for the Portpatrick Group. Thc equivalent rocks in the
present writer's area have been discussed to show that there is a change in
conposition between the Lochryan (= Kirkooim) and the Glemwhon (= Portpatrick
Basic-clast) via the Cairnerzean Rocks., This change does not take place by
interdigitation of rooks from d@ifferent sourco areas but 38 a change
suggestive of progressively deepening erosion of a single source area,
acccapanied by eruption of first Basic then Iritermediate lavas.

Gorden (1962) found axial flow cither from north-east or south-west for
ths currcents which deposited Silurien greywackes in Central Vigtownshire,

Ho clear statement of the provenance or location of the scurce area is given
and the provenance of the quarts grains, sugsested by their inclusions is
pisinterpreted. Hic diagrams (1962, £ig. 5, p.127) show that the bulk of
the inclusions liesia the I ond G classes of Heller and Iittlefield which,
their tebles show, indicate derivation fraom ignsous rocks, and igneous recks
with subsidiary gnoissic rocks respectively. It is clearly wrong to state,
as Gordon does, that his evidence suggests a metamorphic source for the

quartz grains, A nmore accurate interpretaticn for the quarts grains in
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Cemtral Uigtownschire 10 o provenance in an igpecus rock arca which includes
oubsidiary gmeioeic rockos The ooures for the greywackes in Cemtral
Tigtownshire s ecoposod of rocks cidlor to these which compooed the

Crdovioion cource area.

Rust (9963) prosents data showing o wide oproad in currenteflow directions
fron north through cost to scathewest, with most of the curronis £lewing
axiolly. Thove is no significant flow frea the northwrest quadrant. These
data suggest that the scuree avea lay to the south of South Vigtommshire,

Seoc £igs 10

. Craig ond Unlton (1962) chow curronte-flow dingrens with o demimant flew
fron the north*ecast, but there are sipgnificant nunbors ef currents £ron the

gouth-cast anf socuth«west.

The data from all the areas mentioned above can be interpreted as
suzgesting a southern source area from which turdidity currents, perhaps
emanating fron submarine canyens, flowed first transversely to the sxis of the
gecoyneline then swung either northe-ecast or southw«vest to flow along the
axip of the trough. The proximity of the site of aepositioéz to the canyon
mouth will deteramine the £low direction of the current at the peint,
Deposition close to the canyon will show flow directions near to transvorse,
i.c. approximately fron the south~east vhile distal deposition areas will
show axial flow, Fige 10 shows scme possible variations in flow directions,
The inset map to this figure illustrates the postulated cenfipuration of the
Lochryan=--Kirkeodn deposition area, a low poiat on the trough floor into vhich
currents flcwed fron different directions from a source area which contained
essentially the same rock types all over the are;:;.n which there were enough
lcoal variations to cause the differences im compesition reported between the

Ilochryen and Kirkcoln rocks.
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CHAPTER 6 SEDIIGNTARY FRATURES

The greywackes of the area show the sedimentary features usually accepted
as typifying a turbidity current deposition, (e.g. Kuemen 1959), though the
ccourrence of these features varies widely within any particular formation

and also between formaticns.
Graded Bedding

In the fochryan Recks grading is a comoon and charasteristic feature,
During the stratigraphic mecasurement of 20 sections along the coost scotica
the sedizentary fcatures of the beds were noted, These are shown in Table 19
which lists the frequencsy of occurrence in ecch section, This table shows
that sibple graded deéding ic fourd in 37-873 (uecan 645 of the greywnckes of
the coast ssction, The grading is rarely of the Ualton (1956b) type a),
perfect grading, but is mest commonly of type ¢), delayed grading, in which
the bullk of tho bed ioc one grain-size which coarsens rapidly near the Botton
of the bed, and becomes quickly finer at the top, morging into the overlying
shale interbed. Repeated grading was much less freoquently found on the cocest
section (0-95% mean 2§5), usually as a streak or lens of coarser material in
a finer bed, %ho noro rogular ropoated grading of Walton's type b) was
rarely found, Reversed grading in which tho stratigraphic top of » bed is

coarser than the botton was found cnly ence, in a thin siltstone,

The Glenvhon groywackes ore much thicker bedded and cearser grained than
the Lochryan rccks, Thoy chow simple grading only in the thinner bedded
greyvwackes which ccour cgcasionally in the ouccessions The thicker beds have
repeated grading with otreaks and lences of coarse pebbly material distributed
throughout the .thickness of the bed, One exemple of the pebbly material

infilling a washout hes koen chserved,
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Precence of a Parting

A parting in the groywackes is uncommon and is confinedl to the fine grained
tops of the greywackes or to thin fine siltstones. On the Loch Ryan coast
section the eccurrence is 0-10% (mean 3%), formed by fairly clcsely spaced
planes with a higher proportien of mica than the rest of the reck,

Convolute Bedding

l'eny of the siltstones which have parting planes show deformations of the
partings into low amplitude undulations which are thought to be m_imi'
convolution effeots as gradaticus do occur with all stages between shallow
unéulations and true comvolute beéding in which the bedding leminne are
deforncd into overturned and rolled-up folds, Comvolutions are found in
0-14% (meon 5¢%) of the beds of the Loch Ryan coast seotion,

Cross laninaticn

Croso iamimaﬁion is very rare in the groywacke beds but is more cczmon
in tho thin siltstones. On the coast seotion the frequency of occurrence
is 0~8% (mean 25). The structure is found es very fine foreset laminae of
alternating light and dark grey and is therefores visible only on slightly

weathered wave-snocothed surfaces,

Due to the lack of umrveathored exposures of the Glenwhan Recks no within-
bed structureg, othor then graded bedding, have been found,

Flute Casts

Very few soles have becn found exhibiting flute casts, the only suitable
exposures being on the cocast section, which has yielded seven examples,
This paucity of fluto casts is a feature of the rocks, and not due to
unsuitable exposures, as there are nony examples of smooth greywocke soles

along ths coast seotion, The configuration of the flute casts is shown in
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figs. 11 and 12 and their oricntations, after correction for the local dip,
in fig. 13. The currents which produced the structures flewed mainly from

the scuth-east.
Longitudinal FPissures and Ribs (Dzulynski ond Ualton 1963)

Fine parallel striations (fissures) separated by rounded ribs were found
on a few greywacke soles. In most cases scall cusp-shaped marks were found
indicating the seasc of the producing current, flowing betueen 50° and 140° ¥
(Pig. 13).

Drag or Grosve Crsts

Cnc or twe gmall examples of these sole marikings have been found, usually

vith an orientation sirdilar to the flute casts,
Bounce Casts (Dzulynolki et al. 1959)

Fig. 14 illustrates a specimen showing bounce ¢asts, These are casts of
original hollows, on the muddy sca floor, fomed by rock fragments, probably
shale fragments produced by contemporaneous erosion, being bounced onto the
sea floor by the current, forming small impact hollows., 1In the specimen the
casto arc sbout 1 ca., deep in the centre, becoming shallower towards both
ends, Their orientation is parallel to that shown by the flute casts,

Load lioulding

On the shore section the rocks are exposed chiefly as wave-cut platforms
or as small cliffs at the back of the beach, Exposures of the soles of beds
are therefore not coanon and estimates of the extent of load moulding must
te very tentative. Load moulding is found on the coast section on 0-107
m A1) azimuths in_this thesis are given as bearings clockwise froa Tkae

North (0°).
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(mean 557 of tho greywecke soles and althoush this figure will be a minimun
there are cnough beds exposed with smooth ummarited soles to suzcest that these

structures are in fact not common,

Since data were availcble, from the siratigraphic measurenent, of the
relations of lcad moulded beds to their neighbours an exemination wac made of
the sedimentory enviromment of the load structures. FPirstly the lcad
structures, chiefly irregular protuberancos on the soles, are not related to
the grain-size of the beds ILoad structures arc found on the soles of groy-
wackes which vary in ccarscncas froa pebbly greywackes to fine siltstenes,

A histogram was nade showing the thickness distribution of beds with load
structures, using the sene class intervals uscd in the analysis of the
stratigraphic measurement resuilts. (See below Table 22) Tois diagram
(Table 20) chows that the modal thiclmess of lcad moulded greywackes is
different from tho modal thickness of all the arenites of the coast section,
with a nean bBed thicknesos of 1.94!' coapared with a nmean thiclmess of 1.42' for
all the groywacikes of the coast, Statistically however (Chissquare Test of
Distribution) the higher nean Ded thickmess of the lood nouldod greywackes is

not slgrificantly differcmt from the mean bed thickness of all tho greyracites.

Recent work has shown that there are several influences which cause the
formation of load structures of tho knobbly irregular variely discucsed here,
Onc influcmce suzmariced and ofivocated Ly Kelling and Ualten (1957) io the
presence of surface irregularities on the mud on which the overlying greywacke
is dunped by thoe turbidity current., These irregularities, once buriod, arc
anplified by the differential loading which they cause at the mud--sand inter-
face, with sand pouching dova into the irregularities and mud rising
conconi tontly betucen the pouchss to form flane structures. This theory is
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supported in the prescnt areca by the preseamce of a small amount of coarse
greywacke at the bottom of many of the load structures. It 1o suggested that
irregularitics, possibly wade by the ercdimg smout of the turbidity currents
or by rock fragments being bounced ageinst the nud surface, were ablg to trap
coarse detritus to a slight extent before being buried by the éepcsiticm of
the overlying bed.

A second method of production of irregular load structures is illustrated
in Dzulynski and Valton (1963)., These authors obtained irregular non-
directicnal load structures during experinents with artificially produced
turbidity ouryents, the structures beilng found after a slow dense current
passed over a soft mud surface, These experimental structures were formed only
by currents with a narrow renge of sizes and strengths and would therefore be
found os sole markings on greywvackes of a limited range in thicknesses,
assuming that the thickness of a greywacke bed is a function of the size and
ptrength of the turbidity current. In the present area however load markings
are not confined to a narrow range in bed thicknesses, and a slow current
regime could not, therefoxe, have been the only method of formation of the lead

structures,

Ton Haof has sugsested that load structures may be formed by differential
deposition of sediment initiating later differential compaction, There seems
to be no present methed fer differentiating the structures developed by these

vaxriocus modes of formation.
Sedimentary Structures in the Shales

The thin shale interbeds between the greywaeckes show finely spaced parting

planes but sedimentary structures are otherwise absent., The thick shale bends
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which characterisc the lochryan Rocks and are found less frequently in the other
Lornations 4o exhibit some sedirentary foatures cimee they comonly coentain
frequent siltstono ribs, usually 2+12° apert and £+1° thick. The thin
siltstones very frequentldy are finely oross laninated and have fime lcad and

flcoe structures on the soles, Curreat ripple park is cccasicnally found,

The Lochryan Rocks are therefore composed of layers in which there is a
sinple standard succession of sedimentary structures, %he bulk of each layer
is formed of a poorly graded interval which grades towards the top into a
pelitic interval., Botwcen the graded interval amd the pelitic imterval there
nay be an interval of parallel lamination but thic is relatively uncormen,
Thio simple standard succesoion contrasts with the Flysch of the Peira<Cava in
the Alpes laritimes in which Bouma (1962) founi tho following standard
succession:

Pelitic interval

Upper laminated inteival
Current rippled interval
Lover laminated imterval

CGraded interval

This standard succession is fully developed in the thicker greywackes of
Peira~Cava but in the thinner greywackes parts of the standard succession are
usually absent due to base cut-out and/or truncatiecn of the top. The incan-
plete layers are explained in terms of distance from the source and interference
between several near-contemporancous turbidity currents. The chief difference
between the present area and Peira-Cava lies in the absence of a current
rippled interval and the virtual gbsence of a laminated interval from the

layers in Uigtownshire. The difference is probably caused by the different
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basin configuraticns in the two arcas, The Peira-Cava area was part of an
easte-west trough into which turbidity currents flowed transversely fron the
south. The trough however was broken up by a series of north--scuth submarine
ridges into a muzber of individual cells which were relatively small and in
which sedimentation tock place independently. The restricted size of these
sedinentation cells compared with the large trough in Socuth-west Scotland

Probably accounts for the more conplicated suite of cedinentary structures
f@mﬁjn?dra-Ccvo. .

Stratigraphic lleasurement of the Coast Section

Stratigmphi;: measurenent of the ccast rocks north of Cairnryan waes
carried ocut in 20 sections each approximately 275' in thickness, Table 21
shows the thickness of each section and the corresponding values of thickness
of greywacke + siltstone, shale + mudstone, greywacke to shale ratio, number of
greywvacke beds, number of shale beds, and the mean greywacke and shale bed

thicknesses,

Histograms were prepared showing the distributions of greywacke and shale
thiclncsses in each section., Theso histegrans, Tobles 22 and 23, suggest a
renarkable henmogeneity in the succession from one section to the mext, This
hemogeneity may be due to two factors; a long pericd of sedimentation may have
built up a thick mass of more or less similar beds, or a much thinnsr
succession may have been repeated structurally, perhaps several times, A
second preblenm in such a succession which has no obvious marker horizons is
whether or not there is any rhythmioc or oyclic sedimentation on a scale too

laxge to be visible on the ground to the field worker,

The mecsurement data have been examined in the light of the following
hypothesis (Nederlof 1959). The distribution of greywacke beds greater them a

selected thickness was examined statistically to discover whether or not the
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diotribution is ramdom. If the distribution is not randcn then there must te
scae forn of repetitiom, either structural repetition of the same beds or
repetition of similar beds by rhythmic sedimentation, The distinction between
thick greywackes and thin greywackes was set at 4' as the thiokness distributions
show a fairly smcothly decreasing distribution with increasing bed thickmness
below &' while the distributions are more irregular above a thickness of 4',
The null hypothesis was set up that the thick beds are distributed randonmly
throughout the succession. Data from the greywacke thickmess histograns were
arranged into 5 grouwps and the value of X‘ calculated to be 5.6 with 4 degrees
of freedon. This value of X‘ is not significant at the 5% level, Thus the
null hypothesis is cccepted that the thick greywackes ocour randonly in the
succession, Greoywackes thinner tham L' thick occur frequently in coch section
of the stratigraphic measurezent, and have a fairly suoothly decreasing distri-
bution with increasing bed thickness, suggesting that the turbidity eurrent
formation was controlled by some factor or factors which operated within fairly
definite limits., For example, if the turbidity currents are formed by slope
deposits being overloaded and beginning to slide (Kuenen and Menard 1952) then
turbidity current formation will be quite tightly controlled by the angle of
slope and the wntor content of the sediments, The frequency of ccourrcnce of
theoce thin greywackes in each section is such that any rhythaic sedimentation,
which would be controlled by regular variation of the wnderlying causes of
turbidity curreat formation, would be visiblo in the fiocld. The random
diotribution of the thick greywackes shows that neither have they a regular
sedimentary cccurrence noy are they repeated strusturally, The events in the
scurce area which cauced the formation of the large turbidity currents, giving

thick greywackes, arc therefore more interzmittent than those producing the thin
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greywackes, suggesting that the large turbidity currents were perhaps iriggered
by earthquekes (Bailey 1936) whereas the smaller currents were fomed by fairly
regular build up of sediment to a point of instability which had only a small
margin of variability,

Variation in the proportion of greywacke im a constant thickness of grey-
wackes and shales can take place in three ways; therc may be variatiom in
the thickness of a more or less constant nunber of beds; <{there may be variation
in the nuaber of greywacke beds with the bed thickness remoining nore or less
constant; or both the murber gnd thicimess of the greywacke beds may vary.
These alternatives are exemincd in this area by calculating a series of
Correlation Coefficients of the relationships between the anount of greyvacke

in each gection and various paranetors,

The wvariation of mean greywacke bed thickmess with the total thickneso of
greywacke in each scction was tested and gave a Correlation Coefficient of
-0.21, Then this value was tested by Student's '¢' to diccover the probabi-
lity of its ocourring by chance '¢! wos found to be 0,913 which is well below
the 5% level of significance and is not statistically significcnt,

The variaticn of thc nunber of greywacke beds with the total thickmess of
greywacke in each section gave a Correlation Cocefficient of 0,55 and a corxos-
ponding Student's 't' of 2.81 which is significant at the 1% level, Since the
Correlaticn Coofficient 4o positive there is a sympathetic variation of the
nunber of greywacke beds and the total amount of greywacke,

Since the oucccosion 1s an alternnting one, variation in the number of
greywacke beds must have a sympathetic variatiom in the mumber of shale beds.
If therefore variation in the number of greywacke beds io the method of varying
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the anount of greywacke im each sectiom them there should be an antipathetice
relaticnship betweon the anount of greywacke and the mean shale thickness,
This relaticaship has a Correlation Coefficient of «0,69 and a Student's '4*
of 4,06 which is significant at the 0,15 level,

This evidence strongly suggests that variation in sedimentation in the
arca io duo to variation in the number of turbidity currents arriving in the
depositicn arsa. Those have already been showa to hove a variable sise,

denonstrated by the variable thickress of the beds,

Rodomsky (1958) was able to distinguish between a turbidite portion and
a 'moxnal' shale portion of the shales of the Podhale Flysch, illustrated by
the character of the quartz grains found in the shales., In the area of the
Lochryan coast section the antipathetic relationship between the mean shale
thiclmess and the amount of greywacke im the succession suggests that turbidity
currents played ocnly a small part in contributing shale grade sediment, If
the assunption that the thickness of a greywacke bed is an indlcation of the
nagndtude of the parent turbidity current is correct and the current contri-
butes a significant amount of shale grade material then ¢hicker greywackes
should be followed by thicker shales. Table 24 shows tho thickness digtri-
butions of shales overlying variocus thiclmesses of greywacke, in two samples
drawn from the northexm and southern halves of the coast seotion., The class
intervals of the chals thickness distributions were chosen the sazo as these in
the stratigraphic measurement histograms (Table 23) so that direct coaparisoms
could bve made. It ic seen that (ho schale thiclmicoo dlstributions for both
sanples ave slmilar to those of the parent population no matter what the thick-
ness of the undsrlylng greywackes, Tae turbidity currents which doposited the
greywackes contributed little shale grade material ¢o the shals interbeds,
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This conclusicn ic reinforced by a calculation of the Corrclation Coefficient
for the variation of mean shale thickness and mcan greywacke thickness im ¢the
ceast scotion, giving a correlation coefficicnt of 0,16 and a Student's 't' of

0,69, Ath 18 degrees of freedon, wnich is not statistically significant,
mvim@m of Sedimentatiocn

Deposition of the rocis of the area took place in a part of the Caledonian
geesyncline bounded (o the north by an area of both deep and shallor water
depcsition (Girvan area, Williams 9962), and to the south by a land noss in
wnich extensive vulcanicity had taken place, probably also in Caledonian times,
The southern iand nass is thought to have contributed most of the greywacke
cedinent, nostly fragments of the voleanic rocxs and quarts fron an acid
igreooun souxrce., Yhe source area may have been part of the Pre~Cacbrian noss
found geophysically under the north of England, or may have been an off~shore
ridse or 'tcctonic land' formod by an carly coopression of the geosyneline
(Ray 1951). Further evidonce which tentatively sugsects a southerm land riass
is provided by thoe presence of a Bouguer oncnaly unéer the Irish Sea (Bott, in
preas), caused by a thimning of the sedimentary cover, Pprogumebdly due t0 a rise
in the basement under the Irish Sea,

The basin end shallcws area to the north is thought to have trapped most
of the detritus from the energing Highlonds (o.f. Cornline and Lmery 1959) so
that the bockground sedimeantation in the prosent arca concisted of fine grained
s8ilts and nudo with scdimentary oiructurces prodused by traction currents,
indicating no great dopth of water (Sce also Kollinz 1961).

Into this quiet popsibly auito shallow basin therc braoke fairly frequent

turbidi ty ourrents, depositing greywacke s edimont, The rocks of the area belcng
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to two facies of greywacke deposition, the early, Lochryan, facies, and the
later, Glemvhan, facies with a passage group, Cairnerzean Rocks, between them.
The two facies differ in composition, grain-size, mean bed thickness, Creywacke

to Shale ration, and sedimentary structures,

Initial deposition in the area, forming the Lochryan Rocks, took place
distantly fmm the source, ocausing the fine grain and thin bedding of the grey-
wackes (Ruenen and Carrozzi 1953) and the high proportion of lutite in the
succesaion., It has been shown above that greywacke deposition and shale
deposition were independent of each other (the discontinuous and continuous
sedimentation, respectively @ f. Gorstine and Buery 1959). Distance from the
source would allow accumulation of a high proportion of lutite in the area as
only the stronger turbidity currents would reach the area. (See Bouma 1962)
The bedding and grain-size characteristics show that the Lochryan Rocks belong
to the Kirkcolm greywacke asscciation set up by Valton (1963). The only
difference is in the frequency of sole structures, which, by definition, are
abundant in the Kirkcolm asscciation. Exposures of sole structures are by no
means abundant along the Loch Ryan coast seotion, the best exposures in the
area, and enough wmarked soles are visible to suggest that sole structures
are in fact not common, However this in itself suggests deposition distally
from the source. Recent workers (Dzulynsiki and Ualton 1963, Creig and Valton
1962, Hsu 1959, Ten Haaf 1959) have suggested that sole structures occur in
zones depending on the decreasing energy of the tm‘bidify current along its
course, i.0. on distance from the source. The paucity of flute and groove
casts and the presence of irregular load structures and smootﬁ soles are
indicative of a low enargy, i.c. distal, enviromment of deposition, ILater

deposition was closer to the source, causing the thick bedding and ﬁuch coarser
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grain size of the Glermhon Recks, which from these characteristics areo exemples
of the Portpatricl: greywacke ssscciation éofined by Ualton (1963). The
alternating thin bedded and thick bedded sequences of the Cairmeorzean Reeks

formed a passage betveen these two envirenmsnts of sedimentation.



Table 19 Frequsncy of Sedimentary Structures on Coast Section

Strati- No, of Coarse Graded Repeated Load Convolu- :nggii-»
graphic Beds in Beds Beds Grading Structure Parting tions tions
Section Scction % 3 g a 4 53 a
1 i21 15 L7 1 L 9 - 2
2 151 25 37 - 7 5 2 8
3 191 23 L5 2 9 3 5 5
L 150 27 61, 3 7 3 7 1
5 137 39 77 7 7 2 3 2
6 137 38 69 7 7 2 3 -
7 124 40 6L 1 L 1 1 -
8 29 19 60 1 3 6 L 2
9 129 36 67 3 3 10 2 -
10 121 22 78 3 6 2 3 -
11 100 26 72 L 7 3 11 1
i2 147 27 87 3 i0 i 7 1
13 95 i2 82 1 - 2 5 1
(N 14 23 75 1 5 2 N 1
15 138 17 59 1 2 2 1 {
16 124 12 6L 2 3 2 3 1
17 127 22 65 2 7 - 9 S
18 140 IN| 69 9 6 - 6 -
19 118 20 54 2 3 3 L 2
20 124 2l L9 5 - 3 9 7
Mean 26 64 2 5 3 5 2



Table 20 Thiclmesoes of Beds showing Load loulding

_6u -l ..1'65 -t ,20@3 -3‘ ..3t6n "lé-' -le.'é" _.50 _5v6n -6! -6|6c: )606n

i8 38 27 18 12 7 3 2 & S 2 1 - 2

Total 138



Table 21 Stratigraphic 'easurcment Data

Stratigraphic
Section
Thickness 1 2 3 L 5 6 7 8 9 10
Total Thickness 276,71 275.0L' 274.33' 275.07* 275.14' 275.99' 278.34* 274.95' 274.90' 250,55°
No, of Beds 187 260 334 268 24,0 260 278 180 210 227
A Shale + lim 102,21° T3 62,22  67.93' 83.64' 99,45 95,89 98.42' 64,31 69.89!
No., of Sh &+ Mu beds 66 109 120 148 103 123 134 81 81 106
Thus B Gw. ¢+ 3ilt 174,50 198,61' 205,11 207.14' 186,50 176,54  182.45' 176.53' 210,59' 180,66
in beds no., 121 151 191 150 137 137 1L 99 129 121
Ratio Gw : Sh A 1.707 2.599 2.962 3,049 2,105 1.775 1,903  1.79% 3.275 2,585
mean Sh S m 1-.55. 0.70_' 0.1{—9' 0058' 0086' 0081 ' 0072' 1.22' 0.79. 0066’
lean Gw « Silt 1..4" 1.32! 1.07* 1.38' 1.36" 1.29? 1.27" 1.78" 1.63 1.49°
Grand Total Sh + lu = 1838.93' Grand Total G¥ + Silt 3669.7h' .°. Section = 5509.67'
Stratigraphic
Section
Thickness 14 12 13 15 15 16 17 18 i9 20
| Total Thickness 29177 27417 280.39' 278.50' 274.99' 276.55' 274.92' 275.51' 274.54' 276.01°'
No, of Beds 201 238 179 268 276 235 234 256 221 216
A Shale ¢ In 117.46* 95,38 120,83 90,87' 105.08" 90.32' 121.08' 19.12' 120.26' 95.84'
in beds no. 101 124 82 127 138 444 107 116 103 o2
Thus B Gv ¢ Silt 176,31 178.79t 159.56* 187.63" 169.91* 186.23* 153.84' 226.39* 154.28* 180.17°
in beds nO.B 100 117 95 1451 138 25 127 140 118 124
ean Sh + Ifa 1.46° 0.79¢ 1 040" 0.72* 0,76 0.81' 1.13" 0.2 1.17 1.04!
lMean Gw ¢+ Silt 1.74" 153" 1.68? 1.33* 1.23° 1.50* 1.21* 1.62? f1.31° .45



Toble 22 Greywacke Thickness Histograms

See. {67 =1' «116" «21 «2'6" «3' =317« <L 1GY =50 5167 «6' =667 P 66" Total

| 22 32 22 16 i2 7 2 & 1 - - - - 1 119
2 43 W 20 11 12 9 3 6 4 = = = - 2 158
5 8 5, 18 1 5 3 3 3 =~ 4 2 = 2 4 18
L 36 L9 20 11 8 8 4 3 L& & 2 - = - 149
5 35 32 27 15 9 9 1 2 2 - 1 = 1 135
6 43 3 26 12 9 3 2 & & 4 = 1 - 1137
7 4 40 27 2 5 7 3 3 - {1 2 1 = §
8 30 4 20 12 3 4 1 3 - 2 2 3 = b 99
9 26 31 18 20 10 5 3 4 1 - 2 2 2 127
10 20 36 31 15 5 7 1 2 L - - - - 1 -121
11 36 18 19 8 5 3 1 1 1 I 1 1 - 2 100
12 2, 3% 12 7 1 7 6 1 3 2 3 - 1 - 116
13 12 30 13 15 5 6 5 3 2 - = 3 = 195
1% 46 39 18 15 6 & 3 3 1 2 4 ~ 1 1 13
15 43 37 23 9 5 5 7 1 1 1 2 - 1 136
16 32 25 20 13 11 6 6 3 2 2 1 1 1 - 124
17 50 30 20 5 40 4 - 2 1 2 1 - = 2 128
18 Lo 23 417 25 9 6 5 1 2 =~ 2 1 1 3 14
19 33 25 24 13 6 7 8 1 2 = 1 - - - 12
20 49 20 11 4 9 7 b 2 2 = = = = Lo 122
Grand 742 649 409 261 155 117 68 58 35 28 22 16 8 28 Beds

Total 2596 Beds



Table 23

Shale Thickness Histograms

Scotion (37 =67 =97 =17 =403 «fU67 =197 =2? «2VI0 L2060 =209 231 o6 <9t 92! -{5' -18' >18' Total
1 2 9 7 7 5 § - - 1 - - - 4 o2 1 1 - 68
2 9 30 12 4 5 2 - 1 9 1 1 - - 2 - 9 - 109
3 7 32 12 5 5 5 - 2 L - - - 1 = 1 - - 143
IN 57 3 13 5 3 2 - 2 - 1 - - 2 2 - - - 118
5 M 32 15 7 5 2 - - 1 - - - - - - 1 1 105
6 49 27 15 43 6 11 L 2 - 9§ 1 2 - - 1 9 124
7 67 28 15 7 2 4 1 2 - 1 2 2 5 - - 1 - 134
8 2 i, 6 5 2 - - 5 9 2 e . 3 = - = 9 84
9 36 20 10 6 1 2 2 - = 1 1 - 1 - - - 9 81
10 B, 28 15 9 5 3 1 | - 1 - 107
14 40 28 45 9 3 T - 1 - - - - 3 - - 9 99
12 My 33 14 12 3 1 2 3 2 1 - - 3 1 - - - 120
13 25 48 14 8 L 3 4 2 3 1 - 111 1 - 1 8L,
1% 47 37 17 6 4 4 4L 1 2 - ] - 3 = - 1 - 127
15 61 22 15 17 1 6 4 2 2 1 1 - 3 2 1 - - 138
16 63 20 10 9 3 1 - - e - - - 2 9 1 - 1 111
17 55 98 13 8 1 2 - 3 2 - 1 1 1 1 - - 2 107
18 56 27 11 14 5 - 2 - - - 1 - - - - - - 116
19 60 15 9 4 & 3 - 2 - 1 - - 1 9 - - 2 102
20 58 19 6 & 3 3 1 2 1 - - 2 - 1 - - 2 92

Totals 990 488 2,1 159 70 43 22 32 20 10 9 32 16 5 7 13 2166

Beds



Greywacke Thickness

Toble 2L Thicknesses of Shanles overlying Greywackes

Overlyincg Shale Yhickness

(3n G =01 wft ~qt30 «} 16" «9107 &2 2130 «216% w217 -3t 3¢ Total

(wh®=® 9 5 2 1 - 2 1 2 - - 3 135
B 65 34, 12 8 7 3 2 - 1 - - - 7 139
4 A_ 50 35 17 3 4 2 - 2 2 - 1 - 6 124
B 58 18 8 8 2 5 3 2 2 k| - 1 5 113
qrg & 31T 13 3 5 - - - - - - - - 2 60
B 25 15 12 9 2 8 - - 3 1 1 - 2 Th
o A 135 5 4 I 13
B 18 17 7 3 b had - 1 - - - - - 50
prgn A 4 10 & 3 2 3 - - 1 - - - 1 28
B 15 2 1 - 2 i 1 - - 1 - = 1 2l
30 AT & 5 1 - - - - - - - - 19
B 8 7 1 2 - - - - - - - = 19
J A & 2 2 - 1 1 - - - - - = 11
e 6 2 2 01 - - 1 - 1 - - - . 13
' A 2 3 1 1 3 - - - - 1 - - 1 12
l} B 3 1 - - - - - 1 o - - - 2 7
L'e" Aoz 1= i - i} ) B B B - ?
B 2 1 hod 1 - 2 - - - - - - - 6
. A 3 e« « 9 - 1 - - - - - - 2 7
"»5 B 1 ] 3 - - - - - - - - - - 5
A 1 1 = =« = - - - - - - . - 2

-5 40
S P Sk R D 6
e A -~ - - - = - - - - - - - - -
B = = = 2 = 1 - - - - - - - 3
LY A== - - - - - - - . -
B 1 = - = - - - - - - - - - 1
A 3 b - - - - - - - - - - - 4L
>6'6 B 1 1 1 - - - - - - - - - - 3
Sample A =~ Total 448 Beds
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13 FURROWS

7 FLUTES

FIG I3 UPPER LOCHRYAN DIRECTIONAL
CURRENT STRUCTURE AZIMUTHS



Fig. 14 Specimen showing bounce marks. (drawn from a
photograph)
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CHAPTER 7 STRUCTURE OF THE AREA

Tho distribution of the greywacke types, (Chap. 2), is a mojor aid in
elucidating the major structural elements in the area and will, therefore, be
described here in fuller detail,

The arcas of outorop of the various greywacke formations are arranged in
a series of strips of differing widths, parallel or mearly parallel to the
regional caledonoid strike, The rocks found in each strip are described froam

north to south, and are illustrated in map fig. 2.

The extreme north of the area is ococupied by Upper Lochryan Rocks, well
exposcd along a short coast secticn and very poorly expcsed inland, The rocks
dip stecply to the south, but evidence fron sedimentary structures, in
particular greded bedding and load moulded greywacke soles, shows a conoistent
way-up to the north, Two of the thick shale bands which are a characteristic
feature of the Lochryan Rocks have been mapped along Glen App and are found |
to bo displaced laterally several times by a series of sinistral wrench faults
striking roughly north--south, Near Lagafater Lodge in the east of this broad
tract of Upper Lochryan Rocks there are several cutorops of rocks of the
Cairnerzean CGroup, which are atratigraphically higher than the Upper Lochryan
(seec later) and thus require a faulted boundary, downthrowing south,

To the south of this broad strip of Lochryan Roqks there are a foew outercps
of Cairnerzeon (Horth) Rocks, forming o narrow strip betweon Cairnryan ond the
Uater of Luce. Near Cedraryan the Cairnerzean r@q}zs are found above tightly
£olded Lechryan (Upper) Rocks, providing evidence of the stratigraphical
relationship of the two fornaticns, A strike fault, downthrowing ¢o the south,
is inferred to explain the juxtaposition of the younger Cairnerzean Rocks wAth
the older Lochryan Rocks to the north, since both formaticns here have a near

vertical dip.
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The Cairncrzean (North) Rocks are follewed to the scuth by more northe
facing vertical lochryon (Upper) Rocks, imcluding a thick shale band, The
outcrop width between the Cairnerzean (orth) Recks and this thiok shale
decreases eastwards, suggesting the preosence of another fault, as both
fornations ycung northwards. Taere is no evidence for the sense of displace-
nment of this fault, except that a branch of the fault has a sinistral wrench
copenent, This sugpests that the fault between the Cairmerzean and Lechryan
Rocks had a sinistral wrench coaponent at scme stage in its history, but the
snall=-fault data discussed later shows that a sinistral wrench movenent on

a fault in thic oricntation was not the first movement cn the fault,

The next strip to the scuth is formed of foldcd Claddy Heuse Rocks, ond,
stratigraphically below, folded Upper lochryen Rooks., Again a major strike
fault is inferred to explain the proxinity of the folded Claddy House Rocks

and the vertical motthofacing Lochryan Rocks immediateiy to the north,

The Claddy House Rocks are in contact to the south with Lower Lochryan
Rocks, There is no palaeontological or structural evidence im the area for
the stratigraphical position of this division of the Lochryan Rocks but
consideration of the coaposition of the Lower Lochryan Recks leads to their
comparison vAth the Kirkcolm (eta=clast) division in the Rhinns of Galloway,
which is stratigraphically below the Fhinns equivalentscf the Claddy House and
Upper Lochryan Rocks, The boundary bstween the Claddy House and Lewer
Lechryan Rocks is therefore a fault., The lower Lochryan Rocks ccoupy a wide
stretch of ground botween the Claddy House Recks and the Beosh Burn, The
rocks are steeply dipping and are of ten overturned to the north. [Hnor

folding is not significant and way-up is therefore consistently northwards,
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The Lower Lochryan Recks are followed to the south by Cairmerzcan Farm Rooks,
which also young northwards, suggesting a boundary strike fault dcvnthrowing

to the south, Cozpared with the other excas of Cairmerzean Group Rocks minor
folding is not simnificant and the beds are unifornly overturmed to the north,
dipping oteeply southwards, At the western end of this strip ¢f Cairmerzean
Rocks there is a couplex area in which small patches of Cairmerzeen Farm

Rocks are faulted into contact with Upper and Lower Lochryan Rocks, the faulting
also causing considerable local variatioms in the bedding orientations.

The Cairmerzean arm Rocks are follecwed to the scuth by enothor wide
stretch of Lower Lochryan Rocks, the boundary again being a fault, This
boundary fault is well exposed in Kilfeddar Gorge, inm which the Uster of Luce
flows along greywackes and shales sheared in the fault plane, Just to the
west of the Kilfeddar Gorge the boundary strike fault is displaced by a northe-
south sinistral wrench fault. This tract of Lochryan Rocks is poerly
expesed but shows a west to east variation of strike from 70° to 10°. Over-
turning is not ccmuon, the beds dipping stecply northwards,

Glemhan Recks are found to the gouth, cmdthey alse show a west to cost
swing in strike. Again the stratigraphic pocition of this formation is
determined by comparison with the Rhinns of Galloway, in the absence of
palacontological evidernce, In composition the Glenvhan Rocks are cquivalent
to the Portpatrick (Basic-clast) Rocks which lie westwards along strike in the
Rhihns. The Portpatrick (Basic-clast) Rocks lie above the Kirkcolm Group
(Leehryan Rocko equivalent) in the Bhinns. The boundary between the Glemwhan
and the lower lLochryan Rocks is thevefore a major fault in the presont area,
Since the west to cast swing in strike is found cn both sides of the boundary
the boundary fault has been modified structurally after its formation,
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The most southerly part of the area is a satrip of poorly exposed ground
covering Boreland Rocks strildng 65° cnd with obout 4053 of the beds overturnsd
and dipping steeply southwards, There is coasistent way-up to the north and
in compesition the Boreland Rocks grade into the Glemwhan Recks, The Boreland
Rocks are therefore the lateral stratigraphical equivalents of the Portpatrick
(Acid-clast) Rocks of the Rhimnns of Galloway. Dxposure is too poor to
detexrnine the extent of wminor folding,

Idnor Structures

A second major aid in the (_iet_ermination of the major struotures of the area
is an examination of the minor structures,

The area has been divided, for reference purpeses, into a nuzber of sub-
arees, shown im £ig, 15, corresponding to the main cutorops, Tho data from the

minor structures in these sub-areas are detailed below.

The poles to beddins planes in the area show that the rocks fom three
broad structural belts, In the north (ocub-areas A, B, C, D, figs. 16, 17, 18,
19, 20) there is o brond trect in wahich the rocks strike botween 50° ana 60°
ond dip steeply .to the seuth. Scdimentary structures shov that the beds are
overturned, Idnor folds are not coomon but their presence in subwarea B
causes slight girdling of the poles in £igs. 17 end 18 about an axis dipping
at a shallow ongle towards 60°, The close similarity of tho bedding plone
oricntations in the area is well illustrated in £ig. 18 which shows good mixing
of the points from two parts of the coast section, ard also by comparing this
dlagran with £ig. 17 which shows another sample drawa from the whole coast
section, the two figures being identical. (The similarity of the two Giagrams
also ghews the absence of any operator variance with ¢ime in the collcotion of
the data as the data for fig. 18 were collected a year after those for £ig. 17).
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Minor folding in the northern structural belt is confined to small folds
in a few thick shale bands and very occasional unbroken f£old hinges in grey-
wackes, The axial plunges are recorded in figs., 21 sub-area A, 22, 23 sub-~
area B. The variability of plunge is quite large, being largest in the small
folds in the shales and least in the small folds in the greywackes, In sub~
arcas A and B the fold axes plunge between 10° and 90° towards 40° to 90°,

A fow more folds were detected by changes in the younging directions of
g;’eywaéke sedimentary structures. An indication of the axial trend of these
folds wap obtained by plotting the otereographic traces of tho orientations of
groywacke beds of opposite facing directions, the traces interseoting in tho
£01d axis. Fig. 24 shows the interseotion (@ ) points (fold axis poles)
obtained by this method in subearea B, The points arc fairly scattered but

show the feld axes plunging at a generally small angle, tcwards AOO to 90°,

rold style is the same in the small £0lds in the shales, waveelength
3-92° and in the folds in the greywackes, which are also relatively small with
a wave=length usuaelly ebout 10', Dach fold is a unit composed of a syncline
followed quickly by an anticline to the morth, the commen limb usually being
almost horizontel or dipping at a low angle eastwards, sce figs. 25 and 26.
This fold style is reminiscent of drag fold style and suzgesis the presence of

a major antiolinal axis to the south of sub-area B, (seec later).

The central structural belt includes subwareas Be-K, L, and Ily The
regional bedding orientation is shown by figs. 27 to 32 for sub-areas B, F,
G, B, J, and K, These show a regional strike of 700, and a north to south

decrease in the amount overturning,

The regional strike pattern ic éisturbed inm gsubeareas I and N where there

is mush eoxnplicated faulting, and in sub-area L vhere there is a swing im striko
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from the yegional otrike of 70°, chown by subearea K to the west (f'ig._.32) to
a strike of 40° (fig., 33). Sub-arees L and K include both Lowor Lochrysn and
Glemhap Rocks, and the boundary fault between them, This west to east swing
in strike of the boundary therefore suggests that the boundary fault betwecn
the two fornations hao been affected by a later structural episode, The
general north younging pattern of the central structural belt is also affected
in several narrow strips in which there is a large anount of minor foléing.

In style thio minor folding 45 usually tight with steeply dipping limbs,
However in sub-arca P in which a series of folds are exposed im a burn section
the folding in the lowest part of the burn is of an opem style with low
cmplitude, fig. 28. This diagrem shows a low axial plunge towerds 70° wAth a
near vertical axial plane, Further uphill the folds beccme tighter until in
the highest part of the burn the beds dip steceply tovards each other. This
suggests that the minor folding is concentric in style, but unfaulted fold

hinges are tooc few and too poorly exposed to examine the style at first hand,

Fige 3L illuntrates the otrike variations in sub-arcas N ond I, choring
the large proportion of beds in thesc subwarcas which have a northe-seuth

strike, Overturning io not coamon,

Fig. 35 shows (3 -intersections for sub-area E scattered along o vertical
grea$ cirele with a 65° egimuth. The number of peints is unfortunately too
few to determine whether this form of distribution has any structural
significance, TFor sub-area P, fig. 36, the fold axecs plunge at a low angle
tovards 50° to 80°, A stereogram of an axial planc cleavage well dcveloped
in a quarry in sub-area I, fig. 37, has the poles to the cleavage plancs well
concentrated with a maximum corresponding to an axial plane with 70° azinuth

and a steep dip to the north,
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o ecplieaticns 4a svb=arcas ¥ and I cro furihor A31ustroted in £ig. 38,
o (> -poiats 4o thio dlacpan have a ceatters@ @lotridutica dbut aso Givicible
into three sels, two €f wnich plunre at a lev or celorate ande tovards $6° ¢o
56° or 226° to 250°, and o e set walch bas steep or meer vertiond plunces.
7ido sudearea io conplicated by faudtias end 46 is tﬁmnghﬁ that tho Leldds wich
o shallew axinld dip have been rotated £ren an @rigﬁéal ropicnnl 60 - 76° trema
to thedr prcscat orientaticn by the aotien of ¢hese faulds. The esgseiotica
ef otceply pluasinz foldls with sheay faulting hos been reperted eloschers in
the Sputhorn Gplands by lellsns (1961), Gorasn (1562), oad Rust (9963), amd
catisfaoterily ezmleim the steep 'ﬁ‘@a@s 4o subeazons I ond .

The southern structural belt (cub=arcas I, P, Q, and R), ic a region of
fairly intense cinor folding shewn by changes in facing direction and attitude
of the beds. Overturning of the beds which are steeply dipping with a
regional strike of 60° to 65° is uncemnon, The northern part of the belt is
the oaly part cf tho whole area in which there is a wide stretoh of rocks
which young scuthwards, see orcsgesection fig. 50. The rocks in this belt
are best exposed oam Craig Foll (subearea !). Fig. 39 illustrates the bedding
configuration ir this subwarea, the rocks being folded with s%eep north~facing
and rather shallower south-facing iimbs, Girdling of the poles shows a
regional shallow fold axis plunse tovards 60°, The rost of the belt is more
poorly exposed with the beds dipping steeply to north and south, figs. 40,

11, 42. No unbroken fold hinges are exposed so Lold orientaticno are derived
fron bedding intersection diegrams., TFigs. 43 and L4 show (S -pointo
indicating £0ld axis plunges tovards 30° to 70°, at a low to moderate engle

in sub-areas P ond Q, and at a moderate to steep sngle in sub-area .
Additienal evidence from sub-aren If is provided by £ig. 45 vhich shows the
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Plunge of cleavage=~bedding intersections steeply tocvards wo to 700, and
fig, 465 which shows the attitudes of the axial planec cleavage. In fig. 46
there are two clusters of poles to cleavage plancs, with the larger nucber of
planes dipping south and a small number near vertical dipping north.

Summary
The data for the various subw~areas is suumarised in Table 25,

Only meggre data are available from the imdividual sub-areas bu;e they do
suggest that there is a fairly wide range of fold-axial trends, The data are
examined further in fig, 47 in which all the axial trends observed in the sub-
areas, or inferred by (> ~diagrams are plotted, then contoured, fig, 48

the data are seen to be grouped into several maxima which are listed below,

1) Plunging at 10° towards 50°
1) ® o 30.50° towards 65°
311) Horizontal along 75°

iv) Plunging 20° towards 10°

v) Vertical and near vertical

Maxima i), 4i), and v) arc arranged in near girdle fashion but it is not
thought that this is a true girdle caused by later folding of an original set
of low plunging fold axes but that the distribution is caused by the
fortuitous ccourrence in the area cof two axial trends 50° and 750, which are
clesely aligned and which interfered with each other, and a set of vertical
axes associated with wrench faulting., Ilaximum iv) is formed by only a few
£01ds, fron sub-aress I and N where faulting is thought to have rearranged the

orientation of blocks of the country rock,
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The nain stress directions which preduced folding in the area were
probably aligned along 140° ana 165° corresponding to the 50° and 75° axial

trends.
Major Fold Structure

The distribution of formations and the small £old data enable a major fold
model to be construpted to explain the consistent north-younging attitude of |
the beds and the restriotion of small folding to fairly narrow strips in the

area.,

The major folding of the area produced beds which dip steeply, northwards
of, overturned, southwards, with a strike wvarying between 50° and 70°. Twro
folds styles are seen, one with tightly folded near parallel limbs, the other
formed of small anticline-<syncline units in which steeply dipping north-facing
limbs are separated by a short limb with a fairly low angle of dip., Folds of
the second style are quite rare, being found only in sub-area B, but this
restricted distribution may be due to imperfect exposure., The few unfaulted
examples have axial plunges towards 50° to 60° and are thought to be
associoted with the 140° principal stress.

The minor folds plunge eastwards at variable angles but the variation in
plunge is not due to successive tilts to the east as faults with a low anglé of
hade show no preference for a dip to the west and fault planes with vertiocal
sliokensides, shown later to be early structures, intersect in a horigzontal
line, fig. 49. It is therefore more likely that the folds formmed with their
present axial plunge. Anderson (1962) explained the regional esstwards tilt
of the Ards Peninsula in Northern Ireland as a result of the intrusion of the
Newry igneous rocks, However the regional tilt of fold axes is a wide spread

phencmenon in the western Southern Uplands and is probably due to a fundamental
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cause of which the Newry intrusions are another menifestaticn. 1In any case
Anderson hinself considers that the tilting was contemporanecus with the

f@lﬂiﬂgo

Following a principle well established in metamorphic structural geology
(esg. eiss and MacIntyre 1957) the configuraticn of the minor £olds in the
shales and of the few unfaulted fold hinges in the greywackes is used to deduce
the configuration of the major folds, that is a major fold style compesed of
anticline~--syncline units in which steceply dipping north~facing limbs are
separated by a shallow dipping limb, The shallow limb is nuch cruupled by
small folds which do not however seem to cause much change in stratigraphic
level, [Bffectively therefore it is the plane Jjoining the crest lines of the
minor folds, i.e, the faltenspiegel of Craig and Walton (1959) which defines
the horizontal attitude of the middle limb of the anticline~~syncline units,
The structure of the arca is formed of four of these major fold units,
illustrated in fig. 50.

The northern fold unit, Unit 1, is formed of the rocks between Glen App
and Cairnryan, The Cairnerzean (North) Rocks in the Glen Burn lie in the
synolinal core of the unit, most of which is therefore formed of the north
limb of the anticline. The second major fold unit, Unit 2, lies between
Cairnryen and the Beoch Burn, The Claddy House Rocks are the anticlinal
hinge, most of the unit therefore being formed of the south limb of the
synclinal part of the unit. TUnit 3 lies betwcen the Beoch Burn and the
Lochryan=-Glenwhan boundary. The Cairmerzean Rocks in the type locality are
mostly unaffected by minor folding, and, facing north, thus lie on the
southern limb of the unit. In Unit 4, which is formed of the Glemwhan and

Boreland Rocks, the anticline--syncline configuration is best illustrated,



59

only part of the cmticline'sc morthern 1licd belng fawlted cut. The boundaries
betwoen the fold unitso arc najor strilke faults which have had a cooplex
movenent history, (sec later). The not result of their movenent hewever is

a dovnthrow to the south,
Faulting

The area has been nuch affecoted by faulting, not only on a large scale
preducing the major strike faults, but also on a small scalo in which displace-
ments are of the order of a few feet or a few inches. The multiplicity of the
small faulting is best seen along the well exposedAcoast section, Duc to the
thin bedded nature of the lochryan greywockes and shales of the coast¢ section
the displacement of many of the small faults can be determined by matching the
beds on each side of the fault and by tectonic curvature of the beds into the

fault plane.
Urench Faults

The poles of 214 cinistral end 163 dextrel wrench faults are shown in figs.
5¢ and 52 rescpectively. In both diagrams there is a wids scatter of points
which has becn examined by preparing histograms of the azimuths of the faults,
£ig. 53. The otrikes of the faults are secn to form broad fan-shaped distri-
butions, cbout a north--south azimuth for tho sinistrals and an east--west
esinuth for the dextrals, Separate histograms were drawm for those wrench
foults with a hede leos than 10°, figs. 54 and 55, and chow that these faults
have o bimcdal distribution of their azimuths, with the sinistrals having modes
along 15-195° and 175-355° with a subsidiary mode along 155-335 , end the
dextrals having modes olons 65-245° ond 115-295°.  If the 175° sinistrels are
considered to be the complements of the 115° dextral faults then application of

the stress theory (Anderscn 1951) produces a maximum principal stress along
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145-325° and a value of 300 for £, the angle of internal friction, This angle
of £ is close o the mean valus of 33° derived from a few pairs of coaplezen-
tary wrench faults in the field. The other wrench fault modes, using a value
of # of 30@ give naximum principal stresses along 165-345° and 125-305° gor .
the other sinistral nodes, and 95-'2750 for the remaining dextral mcée,

Keornal Faults

The eoricntations of &0 normal faults are shown in fig, 56, Again there is
a wide spread im their distribution. Separation of these faults with a dip
greater than 60° enchles Anésrsen's (1951) method to be applied, assuming a
4 angle of 30°, Mga. 57 shows. a bimodal distribution of their ezimuths with
medes olong 3521 5° and 55-2350, correspending to minimun principal stresses
along 125-305° ond 145+325° respeatively,

Thrusts

Fig. 58 shows the orientations of 115 faults with a reverse displaceﬁacmt.
Prom these data figs 59 was prepared shouing the asimuths of those faulds with
a dip leos thon 30°, i.0. tarusts which can bs onolysed by Anderson's mothods
The distribution is agein bimecdal with modes along 25+205° and 50'-230@,
correspoading to maximun principal stresses along 145-295° ana 120-320°

respeotively.

Alliams ($959) and Kelling (196%) following lelinstry (1953) considor
polymodal wronsa fault distiributions to be duc to azimuthal swings of o single
principal stress, preducing sccoad and third oxder shears. DBxazdantion of the
data fron the present area however shows that the wrench fault principal
stresses often preduced thrusts, and felds, It is therefore congsideored that

each principal stress wes a discrete event in (he area, especially as there are
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also normal faults in the correct orientation for generation on relecase of each

stress, although direot evidence for the age of the normal faults is meagre.
The follewving stress periocds have affected the arca:-
12¢.S=-225° produping i‘@i&s, thrusts, wrenches, and possibly
followcd by a temsiocnal phase preducing normal foults
165-345° producing Polds, and wrench faults

125—3050 producing thrusts, wrench faults, and possibly
followed by a tensional phese with normal faulting

95+275° preducing wrench faults

Bvidence for the age relationships of these stress periods is meagre in the
rresent area, Sinistral wrenches generated by the 12;50 principal stress are
seen to be displaced by sinistral wrenches gonerated by the 165° principal
stress, and o porphyrite dyke £illing a tension fracture asscoiated with the
115° principal stress is seen displeced by a sinistral wrench generated by the
165° stress, One fola hinge faulted by a thrust generated by the 125°
principal stress is exposcd on the coast secticn. A more satisfectory fault

chronology will be suggested later by anslogy with other areas,
Oblique Slip Paults

Few faults in the area have slickenside evidence for an cblique slip
dicplacement. The data are therefore amalgamated fron widely scattered
exposures, mainly guarries in structural subearcas A, K, and l1, %he poles to
the oblique slip faults are shewn in fig. 60, wvhich shows that most of the
oblique slip faults have hades greater then 10°,  Eech of these faults wes
analysed by the nethod @etalled im Willdams (1959), which enables an oblique
slip fault to be olassified as a wrenoh-normal or wrench-reverse hybrid, gives

the orientation of the principal stress axés, and gives the value of g for each
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fault, Comparison of the analysis results with the slip where Imown for a -
few faults chowed, however, that the methed did not consistently classify some
of the faults, giving a wrench-normal displacement for some and a wrenche-
reverse for others whercas the ficld evidemce in cach case suggested a reverse
displacement, Williams (1959) believes that such discrepancies do not
invalidate the method, which analyses but cne phase of movement on the fault,
the rovement which preduced the slickensides, In ether words the c’iié&epaneies
are evidence of roactivation of faults under a later period of siress. However
if a later stress system is producing renewed movement on earlier faults
oblique slickensides may be generated even though the stréss system is not
itself oblique (e.g. fige 61). Tilliams attempted to assess the extent of
reactivation in the Girvan area by an examination of the g values. obtained

from small faults, A similar study of the precent area is tabulated beleow,

along with the gorresponding results from Girvan,

§  0=9 10-19 20-9 30-9 40-9 50-9 60-9 70-9 80-9 Tigtcwnshire
4 10 1L 12 15 13 17 8 7 4 410 faults lean £ o leoo

Girvan

3 1 1 9 22 16 13 10 5 0 900 faults lean 4 = 35°

The distributions of g values are very similar, the differerce in mean
values provably being dee to the Girvan area's having a more varied 1lithology
than the present area. Only a relatively small proportion of the vaiues lies
in the 30-40° range which has been suggested by various authors (McKinstry
1953, Hafner 1951) as a good average value for 4, llost of the values lie

outside this range and are explained by Uilliams (1959) in terms of existing
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fault plores reocting to Lurther pericds ef stress, the loz valuss of £ being
obtained fron reastivated foults mear the thooretical planzes of shear of o
fricticnless naterinl, ond the high eagles fron faults near the newe, - o plane.
If hovever rceactivaticn is rife in an area it must be assuned that a proportion
of the obliquo slickensides were generated by reactivation cad not by cblique
stresc systems. Sirce this proportion can not bo estimated and since, in the
present area, the absence of marker horizons precludes the recopmiticn of
individual reazctivated faults, except in cne smell area, the application of

Tillien's tochnique is not valid,

Further evidence of reactivaticn is obtained in the ficld in sub-areas I
and N, in which the structure is extremcly complicated due to the close
proximity of several large faults, both wrench and strike faults. Fig. 62
shows a large scale sketoh map of the area with the sense of movemeat and

interaction of the faults illustrated.

The faults in these subwarcas beleng to two sets, two major strike faults
forning the northern and southern boundaries, and several wrench faults,
sinistrals trending about 150, and a dextral trending about ‘i35°.

The age of the strike faults is not directly determinable in the field but
froa their oricntaticn and stratigraphic effect they are thought to be early
near vertical dip=-slip structures produced by the 1450 principal stress. The
sinistrals and dextral are nearly conplementary, generated by a 180° principal
stress, and ﬁisplgce the strike faults., Reactivation is shown by displacement
of the sinistrals t.hemselves by the strike faults, possibly due to reactivation
during the 950 principal stress as the strike faults are in the correct
6rientation for a dextral rcaction to this stress, which is elsewhere manifested

as small dextral wrenches, Reactivation is also shown by a downthrow component
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on the wrenches and by different senses of this downthrow oen different faults

and differeat parts of the same fault, fig. 62.
The history of faulting shown by this small area is therefore thought to be:-

i) Producticn of major strike foults by 145° primcipal streos
ii) Urench faulting produced by 180° principal stress
14i) Resctivation of strike faults under 95° prineipal stress,
causing dicplacement of 4i). Relcase of the 95° principal
stress is a pessible scurce of the downthrow components found
in ii) which are in approximately the correct orientation for
normal reaction to the release of this stress, but the age

of the downthrow movement is not determinable,
Comparicson with Other Aveos

The nain stresses aoffecting the present area are listed in Table 26,
The major structure detailed cbove is fornmed of large anticline-syncline units
nodified by sirike faults to produce the present distribution of formations.
This explanation of the structure is completely different from that put forward
by Peach and Horne (S.U.M, 1899)., Although no direct reference is made to
the area except for the dsscription of fossil lecalitics, the cross-sections
drawn across the Northern Belt make it oclear that they considered the rocks
to be repeatedly folded into a series of anticlines invelving caly a small
thiclmess (2500') of rocks. The modern technique of using the sedimentary
structures of the greywackes to determine their way~up shows, however, that
even the well exposed coast section contains few fold hinges and few reversals
fron a general north-younging direction., fThe thicknesses of recks are

therefore greater than Pcach and Horne believed (fig. 2).
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A najor structuro of anticlinc-=syncline units has been propesed elsevhere
in the Southera Uplands by more recent workers (Craig and Valtom 1959, Rust
1963) including, of particular interest, Kelling (1961) for the Hainms of .
Gallowsy. Tho present arca lies along strike froo the Rhinms and has been
found %o have sinilar lithology and stratigraphy. It is therefore not
surprising that the two areas should have the same general structure though
they differ in detail, in particular in the greater influence of strike

faulting in the present writer's area.

Anderson (1 %2) wan severcly oritical of Relling's strustural history, on
the grounds of imsufficient data in the Fhinns, Andersen oriticised Kelling's
proposal of a discrete stress pericd for each of the Caledonian folds in the
Rhinns, preferrinz to explain the folds in the Ards Peninsula, ond the folds in
the Bhinns, 4n terms of one main compressiocnal phase in which azimuthal swings
of the maximun principal stress were caused by local lithological variations,
However it is shown below that these "local” variations in the Caledonian
principal stress directions are in fact extremely widespread, The present
writer also interprets the Caledonian stress directicns as discrete events
since each is manifested by a varied suite of structures and some of the
stresses are followed by a temsional phase, This interpretation is also open
to criticisn for lack of evidenco, due {o poor exposure, but it is regarded
as moye than coincidence that two rclatively small semples (Fhinns end the
presont arca) sheuld inddcate the same pericds of stress, even though Kelling
and tho present writer iffer slightly in the interpretation of the structural

history of their areas.

The varicus strecs poricds affeeting the Loch Ryan arca are listed in

Table 26, Taere is neagro evidonce for the relative ages of the varicus
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stresses and nearby areas have therefore been used to see if there is any
widespread regional stress patterm into which the Loch Ryan area can be £itted

by analogy. These areas are:=

Girvan area (Villiams 1959)

Ehinns of Galloway (Relling 1961, Lindstrem 1958)
Central Vigtownshire (Gordon 1962)

South Wigtownshire (Rust 1963)

Ards Peninsula N,I. (Angerson 1962),

and their leccation is shown inm fig. 1. Data on the trends of the structural
elewonts have been extracted £ron the respoctive texts and fron figures,
Table 27, To illustrate the differing interprotaticas of'-the data the
authors' own siructural histories arc included, There are two schools in
the interprotetion of the data. Uilliens, Kelling, Anderson, and Gordon
interpret the Caledonion movements as ccaposing an early folding--thrusting
Phose followed by a later wrench fault phase, thc polymodal distributions of
the wrench fault azimuths being due to second ond third order swings in the
maximun principal stress direction, after McKinstry 1953,

Rust en the eothor hormd interprets each individual otress direction as a
discrete event since the presence of several dyke generations, Caledonian and
Tertiary, in South Uigtownshire, enables fault sequences to be estaeblisghed.
As previocusly stated the present writer favours this interpretation, and
believes that the stress patterns im all the areas so far studied in South=~
weet Scotland can be interpreted in this way. Williems states (1959, p.661)
that "the stress field giving rise to the more important lain wrench faults

showed the same tendency for azinuthal swings of the principal strecs axes as
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vere found for the axes im the folding and thrusting.” It is regarded as an
unnecessary complicaticn to postulate the repetitionm of the same swings,
especially as the data in Table 27 shows the polymodal fault and £old patterns
to have a véry wide oreal distributicn,.

Sequence of DBvents in North-West Uigtownshire

Table (26 shows that the stress patterns found in the present area have a
widesprcad ocourrence in Southewest Scotland, It is therefore thought valid
to anplify the struotural history in tho present area by anology with the other,

areas, in which exposures are better.

I, 7he earliest structures found in the area were produced by o 145-1 55°
principal stress foraing folds plunging at o shallow angle towards 550, and
more steeply towards 65°, thrusting and wrench faulting., the folding phases
established the major folds of the area by throwing the rocks into a series of
anticline=-syncline wnits., This stress period was probably follcwed by a
tensional phase in which there was normal faulting and dyke intrusion,

Thic meximun principal stroco is clearly equivalent to the carly 145°
stress direction which produced major folding end wrepch faulting in South
Tiigtowvnshire and is found prcdueing structures im all ¢he othor areas except

the Ards, where it was not detecteds Sec Teble 27.

II., Pollowing tho tersional phese of I there was rencwed folding and sinistral
wronch faulting vith a 165° . Dron their agimuths the major strike faults
were probably ostablished during this stress phase,

A 165=1 70° maxinmun principal siress preduced folding in the Fhinng, Ards,
and Girvan areas, where the rospective authors rogard it as the najor folding

stréss, and wrench fauliting in all areas except South Uigtcwashire.
A

i~
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III. The position in the stress sequence of o maximum principal stress along
115-‘3250, nanifested by thructs, cinistral wrenches, and, cn release, normal
faults 4o dubious, exceopt for the evidemce of cne oxposure im which o thrust
produced by this otress io scen dioplacing an eorly fold hinge. A maximvm
principal stress in this orientation produced thrusts and dextral wrerches in
the Rhinns and on, release, normal faults, and generated sinistral wrenches in
Central Wigtownshire, but neither of the respective authors attaoches any
significance to ill, The closest reference to such a stress is the ‘HOO'
which forzed the Ardwell folds in the Girvan-area, the last Caledcnian folds
according to Uilliams., This stress may also be equivalent to, but om a
different orientation fron, Rust's I4 (folds ond thrusto with 135001 ) but
Rust @ates his F4 as Hercypian, It is thought that the 115-125%0; 4n the
present arvea is, in fact, cquivalent to the Ardwoll fold stress, and is not

represented in South Vigtownshire.

IV. The final stress menifestod in tho area was a 95° maxioum principal stress
which produced doxtral wrench faults, and dextral wremch reactivation of the
major strike feults, Thic otress is clcoely amalogous to Rust's Fé6
(reactivating foults) and also produced strustures in the other areas except

the Rhimns, Thic phase wao 4llustrated by Blyth (19)9) vho aseribod the shearing

in the porphyrite dykes of Calloway to an east-wact cocmpressicn,
Cenclusion

The present area in Socuth-west Scotland £ills a gap between the other areas
in wipich work has been cozpleted, The precceding paragraphs and Teble 27
illustrate that the structural features of all the areas beleong to a very wide
stress pattern in which the major principal stresses have a ubiquitous ocsurrence

and a well defincd history.
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The position of the area also ccmpletes a oross«section acroos South-west
Scotland fron Girvan to Burrcz Heade This is shown in fig. 63 end should be
cempared with the croscesectdon in Lapworth (1878, 1882) and Peach ond Horne
(1899).



Table 25 Swmary of [Minor Fold Data

Sub- Reg. Folding:
area Strike Overturning Axial Plunge Renarks
A 50° Doninant 10° = 90° govards  Swall enticlime - syncline
60~ - 90 units in shales
B 60° Dominant 1. 0-40° towgrds Unbroken anticline -
50" - 65 syncline units in
greywackes

2. Olpaoéo"ggggards Inferred by ¢ -diagrags

3. 3500- 5500190:7@1-&5 Unbroken anticline -
55" - 75 syncline units in shales

C 60° Dominant
D 50° Dominant
E 70° 505% of 1. 10° - 50° towards)
readings 60" -~ 70 )
2, 10° yowards } Inferred by ( -diagraas
20" - 250 %
3. Vertical )
P 70° None 1, 0 = 02°° tgwards Inferred by ( -diagrams
50" « 80
2, Low angle Pren poles to axial plane
towards 70 cleavage
G 70° 5055 of
readings
H 70° 507; of
readings
J 65° Doxzinant
I 60° Not signi- 1. 10° tovards
variable ficant . 30" - 50

2, 0 - ZO° towprds Inferred by (b -diagrems
22

0~ - 250

3. Vertical

Nt s s S S i s’



Table 25 (Contd.)

Sub- Reg. Folding:

area Strike Overtwmning Axial Plunge Renoxks
W 0-70°.  lot signi~ 1, 20° tomards 3
Very ficant 0-10 - ‘
variable Inferred by (% -diagren
2. Vertical

i 70° 3053 of

readings
L 40° Not signi-
ficant
M 60° Not signi- 15° = 85° fowards  Inferred by @ - aiagrem
ficant , 0" - 80 and oleavage - bedding
intersections
P 60° Net signi~ 30° gowards Froa T ddagram
ficant €0
Q 65° ot signi- Hor. towards Prom T diagram
ficant - 65
R 60° 4O% of

readings



Table 26

Azinuth of g

140

165

115

20

Sumary of Stress Data

1>

145

170°

125

25

Struoture

Tolds on 50° axis
Urench Faults (Sin. 175, Dex. 115°)
Thrusts along 50°
Normals along 55°

Folds on 750 - 80° axis
Sinistral wrench faults along 195°

Sinistral wrench faults
Normal faults along 35°
Thrusts along 25°

Dextral wrench faults along 65°
Reactivation of Strike faults



Table 27

Riainns of
Galloway
Lindstron
1958
Fold
Trends !ﬂo
Pold 03 137°
Thrust °
Trends ¥is)
Tarust o5 165°
Sinistral
Trenda
Sinistral O3
Dextral
Trends
Dextral O
Wormal
Trends
Normal O3
History  1.Folds 07 137°
of °
Bvents 2.Thrusts oy 165
(Frea
Text)

Girvan

WVilliass
1957

5,° 67° P° 137°
1° 1577 169° 47°

130-160° 180° 25° 60° 95°

Urench Fault o,
410-170 50° 70° 400°

Ve NP sl e s i Nt et saet? Nt ool o

172-197, 14,0-158, 105~285

o

\
1. Polds 150 - 170

2, Thrusts 145°
3.
L
5e

Te

Polds 110°
45°
Urench 160°

o-0n 0y
15t Normal 80-107
170-127
1,0-158

105

“x TFoldsg"

8.
e

2nd ° 50~G8
3rd * 15°

145,
(

Sunmary of Regional Stress Data in 8,7, Scotland

Rhinns

Kelling
1961

65 75 100
145 165 190

6575 95 135
155-165 185 45

175, 190-200, 25~35, 55
1601 70» 1 75-1 859 25

130, 155, 175, 20

160, 185, 25, 120

75, 40, 30, 165, 105

165, 130, 120, 75, 15°

1. Folds 145 o7

2. Folds & VUrenches 1650“
oy-67 63

3.‘ Wormals 75

L. Folds 190 o7



Table 27

Folds

Folds G

Thrusts

Thrusts 07

Sinistrals
Sin., 0O

Dextrals

Dex. 0y

Noxmals
Normal O
History

of
Bvents

(Centd,)

160

195
165

125
165

1. Folas  160°

Méerson
1962

J5130
Asscc, with
Lrenches

o

70

Virench

2. Kinks 70

\*J

3. Paults  160°

Central Uigtomnshire

Gordon
1962
65
155
15°% 25° 155°

165° 180° 125°

135 155 10 65
165 180 %0 95

o1

1. Polds & o
Thrusts 155

2. Urenches 165o

3. e 175°

South Vigtownshire

Rust
1963

L5 55 95 115 180

$35 145 185 25 90

790 %5

° 135

20

185°
145

110
145°

: o1
1. Yolds 135 & Thrusts

2, % 145 & Urenches

3. " 185
he ® 135 & Thrusts
5, ©  25°

6. Reactivation of
Paults 90° o7
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Above Pig. 16 19 poles to bzdding plames

Below Fig. 17 88 ~ = ¢ @



&bove Fig. 18 Poles to beddimg. Southern sample (Points) 57 poles.
ilorthesrn cample (Cizcles) 59 poles

Belor Fig. 19 92 poles to bedding



Mbove Fig, 20 18 poles to bedding
Belcw Pig. 21 35 axiel plunges of small Lolds in shals



Above Flg. 22 1% £0ld axis plunges
Bolcu Fig. 23 10 axial plunges of smell felds in chale



Pig. 24 16 bedding intersections



% 14

25

FIGS



Above Fig. 27 78 poles %o bedding

Below Fig. 28 21, poles to bedding (points young morth,
: circles young south)



Above Fig. 29 81, poles %o bedding

Below Flg. 30 26 © ®



Fg. 31 35 poles t0 bedding plones



Above Pig. 32 54 poles %o bedding (poimts Lochryan, crcsses
: Glomvhon Rocln)

Below Figo 33 31 poles to dedding (oyabols os above)



Above Pip. 3%

Below Fig. 35

poinfgs sub-axrea N ) |

8 bedding interoections



Above Flg. 36 7 bedding intersections

Below Flgo 37 61 poles to axdal plane cleavages
(points: circles, bedding)



Above Pig. 38

Below Mig. 39

27 bedding intersections (points sub-axea H,
circles sub-arca 1)

52 poles to bedding (points young south,
circles young nowxth)



Avove Fig. 40 100 poles to bedding (points young north,
circles young south)

Below Flig. A4l 195 poles to bedé\ing (symbols as above)



PQ

Moove Pig. 42 60 poles to bedding (symbols es £igi £0)

Below Flg. L3 23 bedding intorsections



Abvove Fig. Lk 18 bedding interscctions

Below Pge. L5 43 Cleavaoge - Bedéding imtersections



Above Fig. L6 13 poles to axial plone cleavages

Below Fig. &7 103 £old axis plunges from whele area



CONTOURS
134589%

Above Fig. 48 Contour diagram of £ig. L7

Below Pigo. 49 61 intersections of faults with
slickenoides  dip



Above Fig. 51 . 215 poles to sindstral wxench Laovlts

Below Flg, 52 163 poles %o dextral wronch foults
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SINISTRALS

DEXTRALS

SIN. HADE < 10° DEX. HADE < |0°
54 — 55

Abowe Pig. 53 Histogrems of azimuths of 215 sinistrald, 163 dextral wrench faults
Bolow Flg. 5, Histogrom of asimuths of 49 oinistrols with hode less then 10°

Fig. 55 Histogram of 63 fextrals with hads leos than 90°



INSET FIG. 57

Above Pig. 56 40 poles to momal faults
Fig. 57 (inmset) Histogrom of azimuths of 21 normals with hade less them 30°
Below Fig. 58 142 Poleo to reverse Laulls

Fig. 59 (inset) Histogran of agimutha of L thrusts



Fig. 60 83 poles %o slickensided faults



REACTIVATING FAULT

PRIMARY SHEAR

S  SLICKENSIDES
© PITCH OF SLICKENSIDE ON
REACTIVATING FAULT

Figo 61 Production of obliqua slickensidc By a horizontal
nodnum principal stress
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Chopter 8 Abstract

The rosults ef the present investignticn can be sumnarised under three

headings: Stratigroghical, Statistieal, and Structural.

Stratigraphical

Bight conths £icld work and detailed examination of nearly 500 specimens
have enabled the rocks of the area to be diviced inte ¢hree nmoin formatiens---
the oldest Lochryan Rocks, the youngest Glemvhaon Rocks, and the Cairmerzean
Recks between these two---which differ from cach other im petrology,
quantitative ccoposition, sedimentary features, and envircsnicnt of sedimen=
tation, The differences betwcen the formations are described and discussed,
showing that the Lochryan and Glemhon Rocks are formations with discrete
foatures while the Cairmerzean Rocks are a passage grouvp betueen the Lochryan

and Glemvhan and thorefore have scme of the characterictics of both formations,

The provenance of the rocks is discussed within the context of the
Scottish Caledonian geosyncline., 1t is suggested that tho main source of
sediment was a mixed acid igreous-+metanorphic land moss lying to the south
of the area and that weathering of contcmporanecus volcanic rocks in this

land mass also contributed a larse volune of detritus to the geosyncline,
Statistical

Petrographic modal annlyses wore used extensively in the definitiom of
the various foroations and sub-divisions of formations. The validity of
the application of modal analysis to this use was examined by the analysis
of a large nuzber of thin seciions and the employment of various statistical

tests to the results., The use of llodal Analysis wos found to be valid within



the area of a single werker but discrepancies between results were found when
more than one operator analysed a contrel suite of specimens, suggesting that
modal analysis results fraa the areas of different workers are not directly
compayable due to operator variance, A technique wao aevised 80 that

results from different areas could be agdjusted and made compoarables
Structural

The major structure of the area was elucidated by combining minor-
structural and stratigrapnical data, and found to be formed of four anti-
cline~~syncline units modified by strike faulting so that most of the beds
are nearly vertiocal and face northwards., In addition the minor-structures
shor a complex structural history in which the rocks have been affected by
ot legst four pericds of folding and/or faulting,
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Abstraoct

The reoults of the present investigation can be cummarised undor three

hoadings: Stratigraphical, Statistical, and Structural,

Stratigraphical

Bight months field work and detailed examination of nearly 500 specimens
have enabled the rocks of the area to be dlvided into three main formationge=-
the oldest Lochryan Rocks, the youngest Glemvhan Rocks, and the Calrnersean
Roclts betueen these two---which differ from each other in petrology, quanti-
tative compositioﬁ, sedimentary features, and environment of scdimentation,
The differences between the formations are described and discussed, shoving
that the Iochryan and Glemvhaon Rocks are formations with digcerete featurses
while the Cairnerzean Rocks are a passage group between the Lochryon and Glemvhan
and therefore have some of the characteristics of both formationo,

The provenance of the roscko is discussed within the context of the Scottish
Caledonian geogsyncline. It is ouggested that the main source of sediment was
a mixed acid igneous~--metamorphic land mass lying to the south of the arca and
that weathering of contemporancous voloanic rocks in this land mass also

contributed a large volume of detritus to the geosynoline,

Statistical

Petrographic modal analyses were>used extensively in the definition of theo
various formations and sub-divisions of formations, The valldity of the
application of modal analysis to this use was examined by the analysis of a
large number of thin seotions and the employment of various statistical tests
to the resulto, The use of lModal Analysis was found to be valid within the
Area of a single worker but discrepancies between results were found when more

than one operator analysecd a control sulte of specimens, suggesting that modal
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