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APTER I 	 IRITROUCTIO  

The area lies in south-west Scotland, forming part of the Looro of 

Ca11e,ay, in west iigtownobire and the extreme south-west of Ayrshire, with 

boundarieo fonasd. by Glen App to the north, the tlater of IAICO to the: east, 

and a steep scarp running outh-south-eat from the mouth of Glen App to 

the village of Dunregit, (AS. 1) 

The area is covered by H.M. Geological Survey's f' sheets 3 and 7, and 

by the Ordnance Survey's 6" sheets I'TX 06, 07, 15,  16, and 17. 

In the north and woat the area rises steeply, from the deeply cut trough 

of Glen App and along the western escarpment, whoe virtually straight 

configuration suggests a fault origin. Host 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 Well. 

Drainage is, westwards, towards Loch Ryan arid., in the east, eastwards 

towards the Water of Luce. 

Exposure is excellent for about a mile along the coast in the north 

where the escarpment forms the shores of Loch Ryan and is usually fairly 

good along the remainder of the scarp. Fairly good exposure is found on 

and around. Craig Fell but elsewhere on the moors outcrops are confined, to 

occasional stream sections and rounded roohes moutonnees. 
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Account of Previous Research 

Nineteenth Century geologists visiting the area were concerned with 

describing the"monotonous sequence of grits and shales (Peach and Horns 1899) 

in the general context of the rest of the Southern Uplands and with an exa4nation 

of the graptolite-.bearing shales which yielded a fairly extensive if poorly 

preserved. Ordovician fauna. In 1839 Lioore described eozie of the graptolites 

and in 180 recognised the strata as forming part of a gropwacke chain stretching 

frc St.fbbs Head to the Irish Sea, In 1849 Ecore published a major description 

of the rooks, listed graptolite localities, and drew a vertical cross-section 

across the western end of the Southern Uplands. About this time general papers 

on south-west Scotland were published by Nicol (1848, 1849), and Harkness (1852). 

Between 1870  and 1880 Lapworth visited the area to contribute to his papers on 

the Southern Uplands (1872, 1878). In the area he recognised the Uoffat Shales 

which he thought cropped out 9n the cores of anticlines. 	Specific mention 

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 Moz'no 

published the results of a re-survey of the Southern Uplands in which, for the 

most part, they accepted Lapwerth' s findings, adapting then whore necessary to 

fit their an concept of the major structure. Peach and Horns were apparently 

daunted by the great thicknesses of rocks involved if the steeply dipping 

succession were unfolded and therefore, no doubt extrapolating fron the thick 

often contorted, shale beds, postulated a highly folded antiolinorial arch as 

the major structure of the northern part of the Southern Uplands. The present 

area forms part of this Northern Belt, but specific mention of the area is 

confined to faunal lists and lcoalites, and a description of the northwards 

disappearance of black shales so that in the north of the area graptolites are 
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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 fossiliferous horizons and that these are repeated 

through the area. 

Research in southwest Scotland languished after publication of the Survey 

Jeoir except for brief visits by Etuenen (1953), who interpreted the rocks as a 

turbidite sequence, and Lindstrom (1938), who detected tvo periods of stress. 

Interest was renewed in the late 1950s  haever and the results of this work are 

notz appearing. In 1956'Calton (1956a) deecribed the roolco to the north of Glen 

App, in 1961 Kelling re-interpreted the structure and stratigraphy and in 1962 

the sedimentary features of the Rhinna of Galloway. Kelling ehov• d that the 

rocks were a turbidite faoies and that the structure in the Rhinna is composed 

of a series of large complex monoolines rather than on anti.olinoriuEl. Gordan 

(1962) and Rust (1963) described areas in the Silurian rocks of South-west 

Scotland, 

The present area lies to the south of Glen App, to the east of the Rhinns 9  

and to the north of the areas deecribed by Gordon and Rust, and therefore 

offers opportunities for integrating wozc over a large area in south-west 

Scotland. 
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CPTR 2 	 RIL LIOLOGY 

The field study of the area ohewd that there are three typos of grevaacke-

shale association present. The first is onpoed of thinly bedded greyczackes 

and shales, vith, in addition, fairly froqont thick shale bands. The 

greyoackea ore quartsose and mainly fine grained. This typo occupies a wide 

tract in the north of the area and a small patch in the extreme sonth. 

The second type of association consists again of thinly bedded material, 

but in addition there are frequent interspersabe of much thicker greywacke beds. 

There are very few thick shale bands. The greywackea have a dull appearance 

due to a low quartz content, and are frequently coarse grained. This type is 

found in one or two localities to be stratigraphioally higher than rocks of the 

type described above. The second greyvacke-shale association occurs in 

narrow outliers within the main area of outcrop of the first type of association 

described. 

The third typo of association consists mainly of very thick be of gray-

wacke with very little shale. Thinly bedded groywackes are found only 

occasionally in the succession. There are no thick shale bands. The 

greycvackes are very coarse grained and have a low quartz content. This type 

fos a broad area in the south, 

then these field observations are supplemented by examination of thin 

sections from the various field types it is found that the different casociations 

have their individual petrological characteristics, confirming the above 

divisions, and also in eons cases alla.-Aq3 further oubdiviion. The various 

rook divisions of the area are listed below, followed by descriptions of their 

individual characteristics. 
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In etratigraphio order the divisimm are-.- 

Menwhan Rocks 

orelarid Rocks 

Caierzcan Rocks (in part contemporaneous with Boreland Rocks) 

Loohran Rocks, subdivided into 
Upper Lochran Rocks 
laser Loohryan. Rooks 

¶he areas of outcrop of the various divisions are chovn in rig. 2. 

Palacontological ages for the various divisions are not obtainable 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 

collection of graptolitca fram various horizons and states that these show a 

general Upper Glenkiin--Lcwer Uartfe.11 age for the rooks. 

LCCHRYAI ROCKS 

The Laohryan Pornation occupies a large part of the area in broad tracts 

separated by stripe of the Cairnersean Rocks. Exposure for the nest pert is 

poor, except along the east side of Loch Ryan, including a short coast section 

running southwards froi Glen App. The two subdivisions of the formation are 

established by modal analysis, the rooks being indistinguishable in the field. 

The typical lithology consists of fairly thin greywacke beds, about 1 16  

thick, interbeddsd with thin shale bands, 1-3 n  thick. In addition there are 

frequent thick shale bands, giving a characteristic high shale content to the 

fornation, the Greywaoke:Shale ratio varying between 1.5:1 and 3:1. 

The greywackes are usually fine grained, but coarse materiel is 



occasionally found in patches on the soles of the greycioke beds. In hand 

specicen the greyaokes are blue-grey to blue in colour, weathering brown or 

reddish brown. The rocks are quartzose and, especially in the finer grain 

sizes, very micaccous, 

The thin shales are dark grey in colour and are very finely fissile. The 

parting is, however, frequently absent, the argillaceous interbeds being then 

more accurately described as massive mudstonea. Silty laminations are rare in 

the thin interbeds but are cozon in the thick shales whore they range frcz3 a 

few millimetres to I or 2 centimetres thick. 

The Cajrnerzean Rocks can be subdivided into 3 types on nodal analysis 

data, but each type has roughly the sane stratigraphic position and the types 

have the same broad characteristics in the field. The three types are the 

Cairnerzean Iani type, Claddy House type, and Cairoersean (I!orth) type, 

T.e typical litholoy conoista of sequences in which the gropwaokes are 

thin-bedded, with grewaokos 1-2" thick and shales 2-3" thick, alternating with 

sequences in which the greyc!ackec are very nuch thicker, the shales reiaining 

thin. Thick shale bands are unoomnou. The thick greywaoke beds are often 

coarse or very coarse grained with iQpersistent pobbic streaks, but the thin 

greywackos are usually fine grained. In hand ape okion the greyackes are 

pale grey, dull due to a lo, quarts content, and weather to rusty brown. The 

shales are aiDilor to tha shales of the Loohryan Rocks. 
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South of the moorland of Glenwhan and the Craig Fell there is an area of 

cultivated ground and pasture, on the low rounded Challoch Hill and Boreland 

Hill, where exposure is ocnfined to a few small isolated patches. Near East 

Boroland Pam there are a few exposures in dark grey shale with occastional thin 4.It 

grained greywackeo, and aimilar rocks are found near South Boreland Fare, but 

with more grewaoke in the succeion, including one 4  band of very coarse 

greyt7acke. In the Uater of Luce north of the road bridge at Glenluce there is 

a thick cc quence of chaloo and nudstonoe, dark blue-grey when fresh but weathering 

to a rusty yellow. Beteen the roa4 bridge and the railway bridge to the south 

there is a short sequence of thinly bedded dark fine grained groyt'ackes mostly 

about I 2 thick with 2-3" shale partings. Upatrean these young southwards but 

to the south quickly change to a north-younging sequence. The rocks dip steeply 

on either side of this change in younging direction but the actual hinge of the 

fold is covered by the foundations of the railway viaduct. The steeply faulted 

junction bet-730n these greywackes and the shales to the north is pres.uably the 

boundary chosen by LLJ. Geological Survey for the Ordovician--Silurian Boundary 

at this point. The present writer however considers that the greiwackes south of 

the shales should be assigned on petrographio grounds to the Boreland Rocks and 

that the Ordovician—Silurian Boundary lies to the south, in the unexposed ground 

between the viaduct and the fornihiferous Silurian rocks at the mouth of the 

Water of Lace. 

The greywackes of this area are dull grey, weathering to a slightly darker 

colour. In colour, general fine grain-size, and association with a large 

proportion of lutite they are readily distinguishable from the Glen!ihan Rocks 

immediately to the £orth. To Greywacke:Shale ratio is not accurately deter-

minable due to insufficient exposures but is of the sane order as in the Lcohryan 

Rocks i.e. about  3:1. 
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GL7kROCKS 

The wide noorlaud. of Glerrzihan in the south of the area is occupied by rocks 

of the Glennrhan Formation, typically exposed as rounded roches noutonneea. 

Because of the patchy nature of the exposures only the broad lithological 

features can be seen. The greywackes are found as very thick beds, 10' or more, 

of a dull grey colour when fresh, weathering to greyish bron. Bed thickness 

is cczonly so great that only very rarely is a bedding surface exposed and 

determination of' the bedding orientation and younging direction is dependent on 

the occasional thin sequences of thinner bedded caterial in which greywaokes 

3-6" thick are interbedded with 1-3"  shales. Occasional pale grey or greenish 

grey shale bands up to 3' thick are found but there are no thick shale bands on 

the scale of the Lockiryan Rocks 	An accurate Greywacke : Shale ratio is not 

determinable but is at least 20:1 . 

Grain-size of the orenites is ooroc to very coarse and pebble streaks are 

vary con. Pebble beds With frziente up to in length often foxi a whole 

exposure and one lens of pebble eonglcsrate 20' lcg and 3' thick, containing 

fragsnte up to 4! long occurs on Craig Fell. 

In hand specimen the greyackeo have a dull grey lustre with only a few 

quartz grains visible. In thin section the rocks have a characteristic dusty 

appearance clue to the large content of felspar and basic igneous rock fragnents 

in both of which the feispars are highly altered to a reddish brct7n alteration 

Product* 
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CPThR 3 	 PiRO 	of the GEEY7ACK!S 

Although there are wide differences in bulk lithology and, as will be seen, 

in relative composition between the various grewacke types, all the grepwaokes 

consist of the cans ccponenta:- quarts, felspar, ferroagnesian rainsrala, 

rock tragaente, and a chlorite-eericite [Jatrix. Those components are discussed 

below to indicate how they contribute to the differences between the grcwaoke 

typos. 

IWI- 

quartz 

An essential constituent of the greywaokes 0  quartz occurs as poorly sorted 

angular to sub-angular grains of low spherioity. All grains contain a large 

number of small tineral inclusions, often arranged in trains passing across the 

grains. After the method of Uackie (1896) modified by Keller and Littlefield 

(1950) the inclusions were classified as Regular (R), Irregular (I), 

Globular (a), or Acicular (A). Most of the quartz grains contain inclusions 

belonging to the R D  I, or G classes, or mixtures of two or more of these 

classes. Acioular inclusions are rare. A quantitative examination of 50 

quartz grains in each of three thin sections frca the Lochryan and Glenwhan 

Rocks gave the foUo?ling results:- 

No. of quartz grains in 

which found () 

Mean Lcohryan 

Mean Glenwhan 

i a A 

58 86 20 16 

50 94 18 12 

34 90 14 22 

47 90 17 17 

30 68 70 28 

20 60 80 20 

28 60 90 12 

26 63 80 20 
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few quartz grains in eoh thin section contain much larger mineral 

inclusions, usually of zircon, epidote, or garnet. These quartz grains uiall.y 

Chow little shadow extinction, 

£ feature of the Lcchryaxi Rooks which is rare in the other types and 

completely absent from the (lonwbazi !ooke is the prcsere in acme quartz grains 

of growths of stubby encaalous blue chlorite 'vermi.' That this is not an 

authigenic effect confined to the Lochryan Rooks is shown by some ,  grains in 

which acme of the chlorite crystals form part of the grain boundary. At the 

boundary this chlorite does not blend into the chlorite of the matrix but has 

a sharp edge with it. This suggests that the chlorite 'vormi' are a pre-

sedimentation phenomenon. 

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 

effects but in the Glenvhan Rocks this feature is found in less than a third of 

the grains • The other greywaoke types usually have a high proportion of 

these grains, though less than the Loobryan Rocks. In all formations the 

angle between the extinction positions of different parts of a strained grain 

is usually quite email, less than 20 0. According to Potter and Siever (1956), 

such a ssall angle indicates an igneous origin for the quartz grains. However 

Blatt and Christie have recently (1963) suggested that strained quartz is a 

oon constituent of all igneous and metamorphio rocks except acid lavas and 

is therefore unsuitable as on indicator of provenance, 

lspar 

Felspar is a major and in some cases the most coimon constituent of the 

greywackes. The species present are quite variable and reflect the felapara 

present in the rook fragments. 
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Plagioclase io tho con fc].por, with a ccooition in the albite, or in 

the oh 	laacanCeeino range, t'elspara of both ccpooitions am usually 

precient in a thin section but one composition is usually more conccn than the 

other. The con plagicolase types in each reek division are listed below. 

Glemhm 

Boreland 

Cairnerzean Farm 

Claddy House 

!i 

©licclase-Lndesino 

Albitio 

0ligoclase-xidesine 

Albi tic 

O3ooIase-fl(e3ine 

(a) Albitic 

(a) Oligoolase-indcsine 

(Lax.E2t.Angle 11 0) 

19°) 
(n 	t) 	U 

 

10 0) 

U 	15°) 
U 	U 	21°) 

(e 	ii 	U 	140 ) 

The telopar grains are usually irregular or have the forn of cleavage 

flckoo, but tabular or lath shaped grains reminiscent in form of the shapes of 

the to leparo in the rook fragjnenta are not moozon. The groywaokos also 

contain minor amounts of orthoo3.ase and rare grains of znioz'ocino and perthite, 

xcot in the Ioohryan Rocks the felapars axe badly altered to kaolinite and 

sericite. 

rroinagneaian Uinerela 

ipbibole and pyroxene are coznion constituents of the Gleuwhaza and 

Cairnez"zean greyvacke3 but in the Loohryan and Doreland Rocks they are present 

only as rare scraps and pseucenorpha, The C1enwhan and Cairnorsean Rocks 

oonionly contain both amphibole and pyroxene as irregular or roughly tabular 

grains like the phenooz7ata in the porphyritic aneaito rock fragments found 

In these grewackes. The pyroxene is generally more coznion than the 

amphibole. 

The colourless or pale yellow pyroxeno has the optical properties of 

common augite and the amphibole is a pale green - pale yellow - olive green 

pleoohroio hornblende. 
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The augite and hornblende grains are usually fresh though they do suffer 

sane marginal alteration to oh.orite, 

Lucas 

Biotito occurs in very small amount, as well foned lathe or as nebulous 

wisps a The colour is pale red-brown which is pleochroio to pale yellow. The 

well forced flakes are often seen altering to chlorite or cuecovits along the 

cleavages. Some cantling of other detrital grains suggests that part at least 

of the biotite is authigenic. However the andesitio rock fragnentu occasionally 

contain phenocryc3te of a biotite which is identical in colour to the colour of 

the discrete biotito flakes in the greyvzaokes. Some of the biotit-e flakes in 

the greyaokos may therefore be detrital. 

usoovite is a common mineral in the groywaokes, occurring as long thin or 

as short stubby lathe. The muscovite lathe often completely fill the interstices 

betteen other dotrital grains or mantle other graine. L2uaoovite is sometimes 

seen replacing grains or rook franents at their margins; it is, thus probably 

authigenic. 

Chlorite is a common mineral both in the matrix and as discrete grains. TtYo 

varieties are found; pale green weekly pleoohroio with noraal low interference 

colours, and darker green strongly pleochroio to pale yellow and with anomalous 

interference colours. The mineral is also found in patches, of various olsen, 

composed of tiny felted. crystals. These probably represent the product of 

complete replacement Of original detrital grains. 

Heavy Llinerals 

Eary attempts to exanine the heavy mineral content of the grewaokes by 

disaggregation failed as the crushing method did not produce discrete grains, due 

to the tenacity of the matrix. Thin sections of the greyv7ackes were therefore 
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carefully excined under a high powered i$croscopo to obtain a. qualitative 

estimation of the heavy mineral species -present. The occurrences are shat7n in 

Table I • The following differences between rook types were noted.. 

Apatite is coion in all types except the Glenwhen Rooks. In the Loohryen 

Rocks the apatite- is present as c-1 fairly regular grains whereas the other 

types contain much larger irregular grains. §Rheno is ooion in all the 

greywacke types except the Boreland flocks. Tourmaline is ooimon in the Loohryan 

Rooks, rare in the Glonihart Rocks and fairly common in the other types. Tvo 

varieties of tourmaline are found, one pi000hroio colourless to yellot7, the other 

pleochroic olive green to pale yellow. geidote is fairly common except in the 

Loohryan Rocks, while Glaucophane is rare or absent except in the Glerwihan Rocks. 

Matrix 

The detrital grains in the greyc7ackos are relatively poorly sorted with 

grain-size increasing more or less uniformly above a lower size limit of about 

0,01mm. Few grains less than 0.01mm. are visible under a high powered micro-

scope and this grain-size is therefore a convenient boundary between  grains and 

matrix. 

The matrix consists of flakes and felted patches of chlorite, cericite, 

and a dark yellowish-brown mineral, nearly opaque, which to probably a clay 

mineral. Lioa and chlorite flakes have usually grown parallel to the margins 

of detrital grains, especially if the interstices between grains are very narrow, 

so that most grains and rock fragments are enclosed in a thin pellicle of matrix 

material. This pellicle is often seen to replace the detrital grain at the 

margin. 

Opaque Utnerale 

Pyrite is found as irregular grains, an aggregations of small cubes or 

spheres, and as a replacement of grains and rock V ragients • The curious polar 
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grcths of olüorite noedles on spheres of pyrite, rcported by Kolling (1958) frci 

the RhilrLns of allay, Tom also observed in the rooks of this area. 	tite 

and hematite am rarely found. 

Rook fragments form a major component of the greywackes. Table 2 shove the 

rook fragments observed during modal analysis of a large number of thin sections 

from all formations, illustrating the diversity of rocks present as fragments in 

the greywackes and also shoving the differenoeo betceen the formations. 

Basic Rock Praionts 

The Basin igneoiz rook fraction is high in most of the groyaokea, and the 

type of rock lo variable. In the Loohryan and Boreland Rooks the Basic-rock 

fraction ic foued aost entirely of opilitic and keratchyrio fragments, v,Tith 

subsidiary anounto of porphyrite. The other gre.it7acko typos also contain those 

Basicrook fragonta but are characterized by containing, in addition, abundant 

fragments of porphyzitic andosite, and minor oxzcunto of other rocks bearing 

fez'romagnesion minerals. In the Glenvhan Rooks ondacitic rocks are the dominant 

rock fragments but in the Cairnersoan Rocks the andecite content is mach more 

variable, and may be subsidiary to the spilito content. 

Acid Rock Pranents 

The Acid-rock fraction is composed of granitic, quartz porphyry, and acid 

lava fragments. The distribution of those fragments is fairly constant 

throughout all the greyvackea except that the Boreland Rooks contain a higher 

proportion of granophyrio fragments then the other formations, in which granophyre 

is rare. 
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etanorphio lock 1raionte 

The Ele 	ic..rcok fraction ooneieto mainly of frapente of riiethiriorpbio 

quartzite (see later) and quartz muscovite schist. The other rook types noted 

In Table 2 are found in small amount,, usually only one or two fraents per thin 

section. The same suite of rock fragments is found in all the formations ith 

the following excoptiona. Rock frationte containing glauoopne are fond in 

significant anount only in the (lenwhan oo!= (which alec contain detrital 

glaucophano). rpiotio roche are rare in the Lcchryan and .oreland Locko, 

which are also poor in detrital epidote. The Glonwhan and Coirorzean Roche do 

contain epic3otio fragnonte; qurtzepidote frajaonto in the Glczthan, and 

epidoeto and quartz'epidc'tc frcpcnto in the Caixorzoan Rooho, In both those 

fomations the epidotic freientø are accompanied in the gz'oymackoe by detrital 

epidote. 

Sedimentary Rook 1?ragnenth 

Greywaoke, ailtatone and shale, and chert franente are ubiquitous in the 

Sedimentary-rock fraction of the greywaokee of all formations. 1rkoee and 

limestone fragments are very rare. The greywacke fraients fall into two 

varieties. The first variety of grewacke fragment is very siriilar in compo-

sition to the host rock, containing detrital pyroxene and amphibole if the host 

greyt7acke contains these minerals and being without them in sympathy with the 

host. This suggests that there was some degvoo of consolidation of the goy-

wacko sediment before it was reworked by the turbidity currents. The second 

variety of groymacko frejient differs from the first in having a higher proportion 

of natrix, which is always composed of very fresh pale green chlorite. UAG 

variety is thought to have been derived from greywackes forcing part of the 

source area. 



Table 1 	 Wourrences of Heavy Fiinerale in Thin-section 

L OH 0 B G 

No. of Thin / ' No. 5 No. No, ell No. 
Sections 

Picotito 21 91 10 77 15 83 10 100 39 95 

Garnet 21 91 8 62 16 89 9 90 35 85 

Apatite 18 78 12 92 15 83 10 100 9 22 

Zircon 23 100 12 92 14 78 9 90 24. 59 

Sphene 20 87 12 92 16 89 3 30  37 90 

Rutile 2 9 4. 31 - 2 20 8 20 

Tourmaline 21 91 9 69 7 39 5 50 - 

Epidoto 5 22 9 69 11 61 - - 28 68 

Glauoophane 3 13 M. 
-  - 28 68 

L--Iochryan Rooks 23 thin-sections 

cRCladdy Rouse Rooks 13 thin-sections 

C--Cairns rzean Fans Rocks 18 thin-sections 

B--Bore].and Rooks 10 thin-sections 

G--Glenwhen Rooks 41 thin-sections 



Table 2 	 Occurrences of Rook Fraients in Thin-sections 

No. of Thin 
Sections ix,/ 

iioh found NO. No. No. - No. No. No. 

Spi].ite 37 100 9 100 14 100 3 100  9 90 21 100 
Pjiecite 8 22 9 100 14 100 3 100 2 20 21 100 
Diorite - - - - 2 14. 1 33 - - 8 38 
Koratophyre 37 100 6 67 11 79 2 67 7  70 21 100 
Porphyrite 24 65 5 56 9 64 3 33 6 60 15 71 
Dolerite - - 5 56 2 14 - - 2 9 
Granite 371007781410033399021100 
Grcxiophyre 2 5- -321 - - 7 70 - - 
Graphic Granite 9 24 3 33 1 7 - - 2 20 2 9 
Quo Porph. 35 95 6 67 11 79 1 33 5 50 14 67 
Quo Kerat. 57 100 6 67 6 43 1  33 4 40 12 57 
Rhyolite 20 54 3 33 9 64 1 33  8 80 11 52 
Glcico 27 73 2 22 9 64 1 33 2 20 7 33 
Vein Quo 37 100 9 100 14 100 3 100 9 90 15 71 
Groyviacke 369766712862674401990 
Shale 30 80 3 33 1 7 2 67 - 7 33 
chert 34 92 2 22 12 86 - - 8 80 15 71 
Arkose 18 44 - -1 7- - - -314 
Limestone 10 27 - - 2 14 - - 1 10 1 5 
Catalaaite 36 97 9 100 6 43 3 100 2 20 12 57 
PhyUite 35 95 6 67 7  50 1 33 2 20 2 9 
met. Quo 37 100 9 100 14 100 3 100 4 40 16 76 
Epi6.oaite 4 11 6 67 11 79 3 100 - 2 9 
Sohist: - 
Quo riuso. Schist 37 100 9 100 14 100 3 100 10 100 16 76 
Quo Grit. Schist 1 3 - - - - - - 1 10 - - 
Graphitic Sohist 13 35 5 56 2 14 1 33 - - - 
Qu.Chlor.Schist 20 54 5 56 - - 2 67 - - 5 24 
Qu+pidote 3 8 2 22 5 36 2 67 1 10 8 38 
Quo Grit, Epici. - - - - 1 7 - - - - - - 
Quo Ep. Glauc. - - - - - - - - - - 1 5 
Qu.Glauc. - - - - - - - - - 3 14 

L - 	Lochryan Rocks 	37 thin-sections 

OH - daddy House Rocks 9 thin-sections 

Cr - 	Oairnerzean Par 	Rocks 14 thin-sections 

ON - 	Cairnersean North Rooks 3 thin-sections 

B - Boreland Rocks 	10 thin sections 

G - 	G].enwhan Rooks 	21 thin sections 
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NODAL ANALYSES 

To establish the quantitative 3ineral ocipositicn of the greyvacke types 

present in the area a large number of thin section modal analyses were carried 

out. Before discussion of the results the general experimental conditions are 

set out. 

Thin sections were analysed on a Swift Autcaatio Point Counter for eight 

constituents: Quarts, 1elcpar, Basic igneous rock fragments, Acid igneous rook 

fragments, Letezaorphio rock fragments, Ferromagnesian minerals, and Uatrix 0  

Those constituents had been found to be characteristic of the groywacltes by 

qualitative examination of the thin sections. The essence of the point count 

method is the degree of rapidity in obtaining the results (see Chayes 1956) but 

this rapidity induces experimental error by causing misidantifications • The 

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

cuartz is defined to include all quartz grains and fragniente of vein quarts, 

i.e. fragients of quartzite in which there are no orientated inclusions, or trains 

of inclusions passing froi one arystal to the next in the fragment. The sources 

of error are two-told. Grains of fresh untwinned felspar showing no cleavage, 

and not in contact with a quartz grain or with Canada Balsam, are not readily 

distinguishable from quartz and may be counted as quartz. 1!etarnorphic quartzite 

with a small degree of strain extinction and no orientated inclusions may be 

confused with vein quartzite. 

PelsRar includes all low birefrirgent grains showing alteration, twinning or 

cleavage, other than ferramagnesian minerals. 

Under the Basic rook constituent were counted all spilites, keratophyres, 

and nielanooratio igneous rock fragments, while the Acid rook constituent includes 
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granitic, quartz keratophyre and acid lava fragments, most of which, in these 

rocks, contain free quartz. Error cisy arise by the confusion of very 

leucooratic keratophyro fragments (Basic) and acid lava fragiients. 

The T.etamoahic rock constituent includes all schist, gnioe, and cataclazite 

fraonts and also metamorphic quartzites, which are defined as quartzites in 

which the grains have sutured margins and either trains of inclusions psaing 

across grain boundaries or rnioaceoue material in the interstices between- grains. 

The absence of inclusion trains or inioaceous material from a quartzite of 

metamorphic origin loadA to the fragment being wrongly counted t7ith vein 

quartzite. 

TheFeromageaian mineral constituent consists of all detrital grains of 

amphibole and pyroxone. 

The 12atrix is arbitrarily defined as including all material smaller than 

0,1 mm, since the detrital quartz and felspar are not readily distinguishable at 

this grain-size. In addition all ohioritic, micaceous, and clay mineral 

material, and all heavy mineral grains, opaque minerals, and paoidoTnorphe, no 

matter what their grain size, arc counted as matrix, 

To ouarioe, the major sources of operator error by misidentificatione in 

these greywackes are the identification of quartz as felspar, metamorphic 

quartzite as vein quartz, very leuooQrato keratophyre as LAd, quartz porphyry 

as Basic if free quartz is fortuitously absent from the fragnent, and very small 

greywacke fragments as iMrix. 

The actual effects of operator errors are discussed in a later chapter. 

Preliminary Operations 

! major consideration in the present work was to investigate possible sources 
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of inconsistency in the oodal analyses and, if possible, to eliminate theia. The 

foUoing operations were therefore carried out before ooncezent of the 

definitive analyses. 

Grain-size 

Uodal analysis reeuts depend to some extent on the grain-aices of the rocks 

(Rolling 1962). This variable was therefore minimised by choosing, by inspaction, 

thin sections of nearly the same moan grain-size, in practice abo't 0,3 i. In 

addition specimens which wore of this mean grain-size but which contained grains 

very much larger than the other grains in the specimen were not analysed. 

Consistency of Identification of Constituents 

group of three thin sections was repeatedly analysed until replicate 

analyses of each thin section were closely similar. The results are shown in 

Table 3. 

Optimum Number of Points 

One of the above thin sections was progressively analysed and the analyses 

calculated after 875, 1000, 1250,  and 1500 points (Table 4). The analyses 

for 1250  and 1500 paints are closely similar to each other and to the later 

analyses of this thin section in Table 3. A standard of 1500 points was 

chosen so that there would be a large inertial effect to counteract variations 

due to slight differences in grain-size between thin sections, and between 

different parts in the acne thin section. 

Optimum L!tagnification 

The results in Table 4 were obtained with a microscope magnification of 

100 times. To examine the effect of a different magnification this section 

was analysed with a magnification of 50 tines, The result, shon in Table 5 

is similar to previous analyses of this thin section. 
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Definitive Analysis Results 

Specimens frcn the Loch Ryan coast section were collected on a oampling 

scheme suggested to the writer by Prof. tJ.0 • Kruiabein. 20 equally spaced 

stations were set up along the coastal 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 specimen of the required grain-size the nearest greywacke of the correct 

groinoize was sampled. 

The vest of the area was sampled by collecting a specimen at each inter-

section of a grid with 600 x 600 yard spacings, or at the nearest outcrop to 

this intersection., since the grain-size of the rooks is variable only a small 

proportion of these opeolmena 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. 

Loohrysn Rocks 

The Loohrysn Rooks are found in wide stretches in the north and centre of 

the area, Most of the exposures are concentrated along the short coast section 

and the escarpment along the shores of Loch flyan. In the field and in micro-

scopic examination the rooks are hciiogoneoua 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 fraients than the Upper division (significant at the I 

level). 
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Cairns rzoan Rooks 

These rocks occur in several isolated narrow strips. The modal analysis 

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

Ceirnercean Farm Type 

This strip stretching from Craigoaffie to Cairnerzean has two main areas 

of outcrop, distinguished in Table 7. as Cairnerzean Farm (&t) and Cairnersean 

Farm (West). An analysis of variance was carried out to determine whether the 

two samples were samples from the s=e population and thus establish the 

lateral homogeneity of the formation. The results in Table 0 show that the 

differences between the two samples are statistically not significant except in 

the total quartzoee fraction (quartz + acid rooks + metamorphic rocks) in which 

they differ at the 55 level, the eastern rooks being the tore quartzose. To 

check that this difference is not due to differences in the degree of discig-

gregation, although the analysis specimens are chosen to be of the same grain 

size, the total 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 showi in Table 7. Although this group of 

rooks occupies the sane stratigraphic position as the Cairnersean Farm Rocks, 

just above the Loohrysxi Rooks, there are differences in the composition, the 

Claddy Rouse Rocks showing loss quartz and more folepar and basic rock fragments. 

Cairnerzean (iorth) Rooks 

The remaining rocks containing ferromagnesian minerals are grouped into 

this greywacke type. They occur as isolated exposures in the northern part of 

the area. Table 7  shows a general increase in the content of ferromagnosien 
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mineralo and basic rock fragments coiipared ti th the Cairnerzeen and CladIy 

House Rocks. 

Boroland. Rocks 

The 3oreland. flocks are very poorly exposed and are mostly fine grained. 

The modal analysis specimens are therefore badly distributed, being collected 

from the two outcrops of coarse grainod. material (Table 9).  Wo estimation of 

lateral variation is possible but thin sections of these rocks do show an 

incoming of ferronagnesian minerals, in the for of pseudoiorphs, towards the 

top of the division. These rocks therefore pass diroot3y into the overlying 

(lernvhan Rocks, by a decrease in acid rook fragments and quartz, and an increase 

in fer'romaga and basic rock fragments, 

Glenthan Rocks 

The analyses for this formation are sheun in Table 10. Since the Glenwhan 

Rocks cover a large area it is important to determine who thor or not the analyses 

form a honogeneous population, in other words whether there is any lateral 

and/or cross-dip variation in the rocks. To this end the results were divided 

on a geographical basis into four samples  and analysis of variance performed on 

the constituents individually (toroney 1*58,  p.381). No significant variations 

between the samples were found (Table ii), showing that the formation is a 

homogeneous rook unit. 

Comparison of Eodal analysis Results 

To eliminate as for as possible the effects of differing degrees of 

die aggregation, during weathering and transportation, on the quantitative 

composition of the groywackea the modal analysis specimens wore chosen to have 

as near the same grain-size as possible. As a check on the ssumption that 
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small variations in grain-size do not cause najor changes in coipooition, and 

ro therefore not the causes of the differences between the formational 

individual analyses, a series of thin sections from,  various heights above the 

base in a single gz'ewacko bed were analysed (fig. 4). 

Variation in Grain-size 

This graph confirms the field observation that changes in grain-size of most 

of the graded Lochryan greywackes take place near the bottoii and near the top 

of the bed, most of the bed being of one grain-size. 

Constituents 

Quartz, Felspar, Lllatrix,, and L!etaznorphic rocks ohow a net increase in 

proportion, and the other rock fragments a net decrease in proportion tcarda 

the top of the bed. In other words there is a change in composition with grain-

size, but this is very slight. Men the changes are compared with the variations 

in proportions found when an analysis operator porfozas replicate analyses on 

a single thin section (see below) the within-bed variations are soon to be of 

the same order as the operator variability. The effect of slight differences 

in grain-size in causing within-formation variation can therefore be discounted, 

Replicate Analyses 

The tables of analyses results show some withinforration variability. As 

shown above this is unlikely to be due to variations in grain-size as the 

analysis specimens had been chosen to be of the same grain-size. cFw varia-

bility may be due to actual differences in composition between specimens or to 

operator variances, although great care was taken to maintain consistency of 

identification. As a measure of the variability the standard deviations of 

the components analysed were calculated for one forration (Table 1 2). The 

Boroland. Rooks were chosen for this test as the analyses are quite variable and 



the ooposition of this formation is based, of necessity, on only a fey analyses, 

and is therefore not firmly based statistically. One of the definitive thin 

sections was then selected and analysed at irregular intervals over a fairly 

long period of tine • The calculated aeans and standard deviationa for the 

replicate analyses of a single thin section (able 12) are found to be of the 

sane order of canitudo as tbceo for the foriational mean analysis, based on 

several thin sections. In other vords the ithin-thin section variability, due 

to operator variance, is the sane as the hetsen'thin section variability. This 

result leads to the specific conclusion that the Borelaniocs are a valid 

rock-group, desitc their variability, and to the sore ganoral conclusion that 

the within-foreation variability of =dal analyses is a function of operator 

varianeo of an operator who is however a consistent analyst since the within-

formation variations are sr-all (Bee Tables 6, 7, 9, 10). Therefore the within-

formation variability does not preclude the use of modal analyses to establish 

fonaati one as homogeneous rook-units. 

Conparison of Gr yiace Types 

The GreVacke tyoc described above arc ccnparsd by cualgAmnting the analysis 

oopouento into three groups, (Quartz, Acid roe!te, i1etanorphic rocks), (Setlissn-

tary rooks, Tatriz), (Basic rocks, ?olspar, ?errcinags), and plotting these groups 

on a triangular variation diaras, fig. 5. 

The diagran shavs good mixing of the Iohryan Upper and. Lcer divisions, in 

a field ccpletely distinct frca that of the Glenvhan 7locks. The area bot'scn 

these tvimo fields is occupied by the rocks of the other grcywacke types, which 

show a progressive north7arda change in oonpcaition so that the most northerly, 

Cairnerzeari (5orth) Rocks occupy the sass field as the G]enwhan. 
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The diagram suggests that the Cairnerzean Loccs are kindred to the Borelend. 

Rocks and fore a transitional series between the Iehrysn and Glenwhan Rocks. 

In fia, 6 the composition of the rack franent fraction of the greywackes 

is exeiiined in a variation diagram with Basic, Acid, and Let&orpbio rocks as 

apices. Lain the Lochryan and Glenwhan Rocks occupy separate fields with the 

other fonatioiis sh=dpv, a gradation between ths two, though less well cared 

than in fit, 5. In fig. 6 there is a better separation of the Lochrysn (Lcter) 

type into a distinct field. 

Comparison with hinno of Galouny 

The oiuoraloy aad petrology of the rocks of the area have enabled the 

subdivisions of the succession detailed above to be made. It is of interest 

hero to coVcre these oubdivii3ions with those set up by Kelling in the iThions 

of aUciay (Icc lUng 1961). 

In that part of the IThinne south of the Glen Aplo Fault Iolling set up three 

groupa. 	These are briefly caricod belc, 

Basioolaat 	Thick bedded greyiackes with little shale in 

succession. Coarse grained felspathic with 

Portpatriok 	 andesitie frags. and ferronags 

Acid-olat 	Thickly be&ea but with thick shale bends, 

elspathic with acid ig, frags. and ferrenags. 

aldenooh 	 Thin boded groyviackec with frequent much thicker 

bode, Coarse grained quarteoso with andesitic 

fraonts forrc22a,o and largo apatites. 
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Upper Barren 	Thinly bedded with many shale inclusions. 

Thick shale bands. Quartzcse with spilitic 

franents. No ferrcirags. 

rletaclast 	As above but with a bier proportion of 

metamorphic rook fragienta. 

Lower Barren As Upper Barren but with a few ferromgs. 

The rock descriptions and modal analyses published by Kelling, together 

with lateral extrapolations along strike from his map lead to the proposal of 

the following correlations with the present area. 

Gienvhsn Rocks equivalent to Portpatrick Basic-claat 

oreland Rocks 	 Aci&olaet 

Cairnorsean Group 11  

Loohryan (Upper) 
Rooks 	 ti 

Lochryan (Lower) U 

aaldenooh 

7drkoo1a Upper Barren 

" 	Lietaclast 

The rock types described in this thesis are similar to the descriptions 

published by Kelling, at times even in finest detail; for example large apatite 

grains arc reported in both Cairnerzean and Galdenoch Rooks. There are however 

some points of difference • Boroland Rocks are thinly bedded compared with the 

Portpatrick (Acid.-claat). This is parallelled by a reduction in bed thickness 

of the Loohryan compared with the Kirkcolm Group, 

brromagxiesian minerals are absent from moat thin sections of the Boreland 

Rocks but many specimens, especially those collected near the lowest Glenhon 
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Rocks, &.s contain p&eu&ozaorpha. The absence of ferro!iiagnesian iiinsrale 

compared with the Portpatrick (Acid-clast) may be a further inication of the 

eastwards irnpersictenco of a distinct formation between the Lcchryan--1arco]m 

and the Gleu'han'-Portpatriok (Basic-olast). It is shavn earlier in this 

thesis that the Cairzierzean Rocks change in cciposition northwards, becing 

like the Glenwhan Rocks; the distinctive Csirnerzean composition of the type 

area is lost to the north although the rooks are still stratigraphically just 

above the Loobryan Rocks. The lack of significant ferroaagnosian minerala in 

the Boreland Rocks and their similarity in composition and lithology to the 

Lochryan Rocks, suggests that the Boreland. Rocks are, like the Cairnorsean Rocks, 

a passage formation between the Lcchryan and the Glenwhsn, at much the same 

etratigraphic level as the Cairnerzean flocks. (lcelling (1962) equates the 

Galdenoch and the Portpatrick (Aci&olaat)). In this cane the Portpatrick 

(Acid-clast) rocks, a distinct facies in the Rhinna, have changed eastwards, 

becoming more like the Loohryan Rocks. The otr'atigraphio picture therefore 

emerges that in the north of the present area Lochrywi Rocks are overlain by 

rocks similar to the Glenwhan in composition but not in lithology, in the centre 

of the area Lochryan Rocks are overlain by rocks of a distinctive character and 

lithology (Cairnerzean Fare type) and in the south of the area Glenwhan Rocks 

are underlain by rocks identical to the Loohryan in lithology and similar to 

the Lochryan in composition. These relationships and the corresponding 

relationships in the Rhinna are illustrated in fig. 7. This figure shows the 

occurrence of the Portpatrick (ioid-clns t) --Galdanoch--Boreland--Cairnersean 

rocks between the I chryan-Iirkco1rn and the Glenv?hnn-Portpatrick (Basic-olast). 

In the figure this facies is represented as a wedge-shaped body because of the 

variations discussed above, but this interpretation is very tentative due to the 

poor oiposure precluding very accurate thickness measurements both in the Rhinna 

and in the present area. 
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Ccpa!'ison of rodal Analyses 

The mean modal analyses froi IeUing (1961) are oorod in Table 13 with 

the means for the corresponding for.ations east of Loch Ryan. Before 

proceeding with his on analyses the present writer was fortunate in being 

able to consult with Dr. KellIng on the identification of the various 

constituents, an obvious precaution in view of the complex composition of the 

rooks, discussed. above. The analyses of the two operators should then have 

been directly comparable. Hover as a measure of the possibility of mis-

identification of acme of the constituents, seven thin sections from the 

Loohryan (Upper) Rocks were analysed both by Dr. Kelling and the writer. The 

results are shown in Table 14, with, for coiparison, the corresponding mean 

analysis for the Kirkcolri (Upper Barren) rocks from Kelling 1961. The 

results showed that the writer's analysis of the seven Lochryan rooks was 

closer to the analysis of the Kirkoolm (upper Barren) rooks (Keiling 1961) 

(i.e. lateral equivalent of the Loohryan Rooks) than was Dr. Kelling's. This 

suggested that operator variance in the modal analysis of greyvmackes was a 

factor vihich could not be ignored if comparisons between areas were to be made. 

A more comprehensive trial of the point count modal analysis method was there-

fore carried out (Table 15). Analysis of variance of the results of this 

trial, (Table 16) ohms that in only two ociponents, Uetaxaorphio and Sedimentary 

rook fragments, is there no significant difference between the operators. 

That the lack of correlation between the analysts is due to the inherent 

possibility of misidentifying component grains and not to any carelessness on 

the part of the operators is shown in Tchle 17.,  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 each component in the sans order of decreasing magnitude, The conclusion 
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is reached that the two operators are able to place oomponcnts in the same  

order but the possibilities of misidentifications are great enough for the 

aotual rnagnitudes to have no significant areeent. The unadjusted point 

count modal analysis method is therefore not sufficiently accurate for use in 

regional comparisons between areas of different workers, though, as has been 

shown earlier, individual workers can be consistent enough for the results to 

be valid for comparisons inside their own areas. 

However the significant ranking correlation between the two operators 

suggests that a correction factor may be obtained to transform 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 each component. As expected, from the significant rank corrola 

tions, the graphs are linearly distributed, with positive correlation. The 

data for each oompouant were used to calculate the respective correlation 

coefficients and regression equations; the regression line for y on z 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 

Rhinna' date. (The close correspondence between the writer's initial 7 

Loohryan analyses and Kelling' s 1961 mean Kirkoolm Upper Barren is thought to 

have been coincidental, as no other group of analyses shows an unadjusted 

correspondence with the equivalent Rhinne group.) 

Table 18 shows the adjusted moan analyses of the writer's area with ranges 

in which the adjusted values lie With a 9511 '-' confidence level. The range in 

each case is twice the Standard Error of Estimate computed from the standard 

deviation and regression coefficient of the respective component in the operator 

variance analyses. The transformed analyses are compared below with the mean 
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analyses of the corroapondig Rhinns formations. The significance of the 

dioz'onoe noted in Table 18 io dcucaed later. 

lehan-2ortpatick (asicclaet) 

The ocipenents of the cean Portpatriok (Basic-olat) analysis lie within 

the ranges of the transfortaed. Glenwhan results except for Felspar, Basic, and 

Sediiientary rook fraiente, Felspar being higher and Basic and Sedimentary 

rock lower in the Portpatrick. 

Lcohryazi (Upper) Iirkoo] (upper Barren) 

The analyses are ccparable except for Basic rocks and Liatrix, Llatrix 

being higher and Basic rooks lower in the KirkcolEl. 

Lcchryan (Lower) -Kiroo3zn (Le taclast) 

The two mean analyses differ in Quartz, which is higher, and Lletarnorphio 

rocks, which are lower in the Kirkco1n (L1etaiclaat). 

Bore land--Portpcttrick (oid"olast) 

The iieaxi analyses differ in Irelspar and Uatrix. If however the average 

Portpatrick analysis (i.e. Basic-olast + Acid-olat) is used for comparison 

the only difference with the Boreland is in the Felspar constituent, a further 

indication of the eastwards loss of a separate distinctive character for the 

Borolend--Portpatriok (Acid-clas t) rooks 

Ceirnersean Rocks 

The Cairnerzean iccke are thought to be the lateral equivalent of the 

Galdencoh Group of the Rhixins. ton the Gaidsacob is ooipared. with the 

corrected values for the various areas of outcrop of the Coirnersoan Rocks, 

Quartz, Basic rocks and Llatrix are found to be different in all four areas,  
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reteiorphio rocks are different in aD. areas except the Clady House Rocks, 

and Sedimentary rocks differ in the Claddy House and t7estern area of the 

Cairnersean Farm rocks. The Caldenoch rocks are higher than the Cairncrzean 

in Quartz and Elatrix, and lower in Basic, Uetar.iorphic, and Sedimentary rocks. 

Conclusions 

The differences between the present area and the Mhimm are illustrated 

in fig. 9. 

Ior the most part the results in Table 18 confirm the equivalence of the 

various fortiations suggested by tho detailed petrography. Any differences 

may be explained as due to lateral variation between the east end. west aides 

of Loch Nyan, probably caused by the turbidity currents ficeing from slightly 

differing parts of the source area. 

The exception to simple comparisons between the two areas are the 

Cairns rzoan Rocks which show no simple relations with the corresponding 

Galdenoch Group. These disagreements are thought to be further evidence of 

the non-stable character of the passage rooks between the Lchryan-'Rirkco] 

and the Glenwhan--Portpatrick (Basic.'-olaat). 



Table 3 	Conistoncy of Identification of Specimens during Uodl Analysis  

Run I in2 Run  

W22 	quartz 34.3 27.5 34,8 36.6 

Felspar 4,8 7,9 9.8 10.0 

Basic 10,2 16,0 11,3 11,5 

Acid. 2.9 1.5 1.7 17 

net 1,4 0.7 0,4 0.5 

Sed. 10,2 7,8 6.4 7.4 

Matrid 36,2 38.6 35.6 32.3 

1t151 	Quartz 30.3 29.4 30.0 

blapar 2.0 4.4 6.0 

Basic 16,1 17.6 19,8 

Acid. 4.4 5,6 2.6 

et 063 0.5 1.4 

Sod 9.3 11.4 10,9 

• Latrix 37.6 31,1 29.3 

3960 	Quartz 30.7 26.2 31.9 

Felspar 13,9 17,1 21.9 

Basic 14.9 12,2 9.6 

Acid 2.6 3.8 3.6 

Let 3.7 2.4 3.1 

Sod 2.2 3,3 1,4 

Matrix 26.7 27.0 19.4 

Forroaga 5.3 8.0 9.0 



Table 4 	 Optimuz No. of Points for rio&1 £xlyoio 

876 Points 

34.8 

9.8 

11.3 

1.7 

004 

35.6 

1008 Points 

36.6 

10.0 

11.5 

1.7 

0,5 

7.4. 

32.3 

1259 Points 

3507 

11.2 

12.7 

1.7 

0.8 

7.5 

30.4. 

1519 Points 

35.0 

11.3 

13.4. 

2.5 

048 

7.6 

29.4. 

11722'  

Composition () after 

Quartz 

Feispar 

Basic 

Acid 

Let 

Sod 

t!Iatrix 

Table 5 
	

2ffect of Change of Uagnification during Uodal Analysis 

1722 	 Pe 

Quarts 
	

37.5 

Felspar 
	

10,1 
	

(Compare results with Table 4.) 

Basic 
	

11,4. 

Acid 
	

2.8 

Let 
	

1.1 

Sod 
	

8.7 

Matrix 
	28.1 



Table 6 Lcchrym RocIt, 11, odal Analyzis Results 

Number 372 3t14 	I 722 	9t71 O, I 9711 06.2    3t77 38 I t756 I 772 I t777  3t71 L 1715 31 5b I t?81 3j 6 1 t85 3171 1 371 7 313 8 3t720 I ti O. 9t73O h32 91731 3q33 3725 372b 3U30 31735 1 71 	3 Mean  

Quartz 29.8 24.5 	31.0 	19.8 22.8 35.3 31,0 29.6 23.7 27.9 21.0 .8 30.6 2.9 30,6 29.3 23.9 38,0 34,3 32.6 15.7 154' 26.7 30.6 9 32.1 28.9 27.5 31. 19.2 27.9 

Felspar 7.1 15.5 	10.9 	3.9 5.7 11,0 11.9 10.1 11.7 7.2 15 7.4 9.7 3.5 7,1 31 11.0 5.0 10.6 9.9 3.5 20 G. 7 6.5 5,9 6.9 7•7 4.8 4.6 3.5 7,5 

Basic 18.2 12. 	16.4 	35.6 21.2 10,2 1,9 6.4 22.0 7.0 1707 -27.7 19.8 14,1 20.0 22,2 24.1 18.9 5.0 6.3 32.1 42,,O 250 20,2 7.1 20.2 23.9 20.2 19,7 27.6 19.3 

Acid 7.6 8.7 	6. 	13. 21.2 6.5 4.3 9.8 6.0 20,3 12, 0 7,0 13.7 7.9 8.9 7,5 5•5 16.1  13,4. 22.8 15.1 5.O  7.5 9,9 8.5 6.2 3,5 5.0 18,3 10,2 

Let 12.3 7,1 	6.7 	5.3 7.4 5,7 11.9 2-4 6.5 5.2 871 2.3 5.5 2.0 10.6 11,6 3.5 jj,. 8.2 4,1 6,3 7, 1C.5  3,3 11.5 7.3 7,5 7,7 jØj 4,7 8.3 

Sod 3.0 :5.5 	2.8 	7.5 6.7 3.6 3.2 7.3 2.7 8.5 87 .5 5.5 3.2 4.1. 7,1 4,1 6.8 2.3 4.6 1z.,3 9,7  1,5 5,7 3,8 3,0 3.5 6.8 3.7 10,5 5,7 

Utrix 22.0 28. 	25,8 	14,5 14,9 27.7 22,8 31.,4 27. 23.9 27.- 19 21.9 16.7 19.5 17.8 25.9 14.,5 22.6 29.1 5.3 56 2 1- 3 16.3 17.8 22.0 22.3 29.5 25.6 16.1 21.3 

1.0 100.0 100.1 100.1 100.0 100.0 100,1 99,9 100.0 100,0 100.1 	00.0 100.1 99,9 100,0 100,0 100,0 100,1 99.9 Total 	100.0 100.1 100,0 	100.0 	99,9 	100,0 100.0 100,0 100,0 100,0 100O 
c m . 

4' • .. 
Upper Lchryan (Cot Section) 

k.1 - 
i •: 
- 

• 
. 

.:. - 

Number 171102 4171 	3t183 31.162 6tJ27 7t66 9730a  7t769 3750  1L!oo ' 

Quartz 27. 0  26.2 	35.4  27.5 32.9 30.7 33.3 29,0 34.8 31.) 
( 

1spar 6.4 3.5 	8,4 5.5 3.4 8.9 8.5 8.0 7.9 7. - 

Basic 19.5 25.2 	17.3 24.6 11.9 131 12.3 16.9 1,5 15,8 

Acid 12.3 12.1 	85 6.7 8.5 8.7 7.1 6.1 7.5 7.( 

Net 7.4 10.5 	11,8 9.8 31,6 16.3 15.1 19.1 15, 17, / 

Seü 4.2 3.7 	1.1 4.5 1.3 0.5 4.3 3.4 0,5 2 I 

Latrix 23.0 18.8 	17,5 214  10,3 21.8 19.5 17.5 19.5 18. 
:1:. :1 . 

.f: •: 
r rrcia 0c.1  

Total 99.9 10060 	100.0 100.0 9919 10010 100.0 100 10 100 6 1 - 

Other Upper Loobryan Lcer Lochryan 

I 



Number 7756 757 7t758 759 7760 7765 . 763 7761 

Quartz 17.2 10.6 26.1 13.0 13.4. 15.9 19.7 13.1 

liblapar 20.9 10.9 17.6 13,5 11.4 14.8 16.9 7,1 

Basic 18,6 14.1 13.0 26,3 44.1  23.7  18,6 24.1 

7.7 6.7 5.9 3.5 4.2 12.7 

5.2 16.7 15.1 16.9 6.1 12.3 13.0 17.9 

1.7 1.5 3.1 1.9 118 5,1 1.4 119 

12.9 17.7 14.7 10.5 12.4 16.0 20.0 11.3 

15.5 12.7 2.7 11.3 4.9 8.8 6.3 11.9 

99.9 100.1 100.0 100.1 100.0 100.1 100.1 100,0 

Acid  

1iet 

Sed 

Iatrix 

Ferroniag 

Total 

Cla1dy House 

Section 

Quartz 

olspar 

Basic 

cid 

Me  

Sod  

.iatrix 

1brroag 

Total 

1t7117 2r159 2t760 4rA 3& 4713b 41714. 41715 Uean 

8.1 8,9 6.9 6.7 4.8 8.5 7.7 7,4 

19.9 30.7 25.2 20.5 19.7 19.3 11.9 21.0 

23.1 23.9 23.7 25.4 30.1 24.9 39.3 27.2 

1,4 6.0 7.7 7,3 2.4 4.6 6.6 5.1 

6,9 5,3 8.6 1,1 5.0 6,8 7.9 6,4 

2.1 2,0 0,9 1.7 23 14.8 4.9 4.1 

28.3 15,9 15.6 19.3 19.3 15,7 13,9 18,3 

10.2 7,3 10.9 14.9 16.5 5.5 8.1 10.5 

100.0 100 1 0 100.0 99.9 100.1 100.1 100.3 100.0 

Cairierzean tbzn tTest 

7t762 Ue 35b 237 31753 3754  31755 31760 Uean 

1912 16 .$ . 1 1 . 1-5.2 14.9 17.9 11,9 10.9 14.9 14.3 

16.9 14.  -5 .8 9.4 11,3 14.9 11.9 18.9 14.0 

20.6 22 .8 43,4 27,6 33.2 34,6 24.8 31.2 

6.4 7.8 ,3 9.1 7.5 2.9 0.9 306 5.6 

4.7 ,7 10,9  4.9 4.1 7.5 11 1 1 8,0 

4.8 2i'~61 .0 2.6 7.3 2,5 2,5 1,5 3,1 

27.2 158 7,5 15.4. 22.9 19,3 19.9 17.6 

011 8,.t2- .:
- 

1.9 2.3 81 7,5 12,5 5.3 6.3 

99.9 100.2 10Y.1 100.1 100.0 99,9 100.1 100.0 100,1 

Cuirnerzean (North) 

7 4.172 772 8172 8115 

I4.7 5.6 4.8 16.7 5.4. 

11.9 11.5 14,2 10,3 18.5 

• 6 35.9 43.8 33.3 37.5 

,7 1,3 1,6 4.1 2.5 

4.7 7.2 14.1 7.4 

0,7 0,9 1.5 4.3 

,7 17.4 18,2 18,4 21,5 

f.4 22.9 9.3 1.6 2.9 

100.1 100,0 100,0 100.0 100.0 

• 	 •, 

Table 7 	 Cairnerzean Group, Lloda]. Analysis Results 

Cairneraean ]?arn East 



Total Between 'A' L. 'Be t7ithin A 	B P 	Sinifioance 

5.8, D.F, 8.8, D.F. Var,, S.S. D.F. Var, Ratio 5 

213 13 11 1 11 202 12 16.8 1.53 N.S. H.S. 

222 13 0.21 1 0.21 221.8 12 18.5 90.6 H.S. N.S. 

1171 13 33,5 1 33,5 1137,5 12 94.8 2.83 N.S. N.S. 

208 13 23.71 1 23.71 184.3 12 15.7 1.54. R.S. It.s. 

311 13 87.2 1 872 223.9 12 18,7 4.67 N.S. N.S. 

39 13 3.25 1 3.25 35.75 12 2.98 1.09 N.S. N.8. 

251 13 30,86 1 30.86 220.1 12 18.3 1.68 £1.8. N,S. 

259 13 31.9 1 31.9 227.1  12 18.9 1,68 I.s. u.s. 

1031 13 304 1 304 726.3 12 60.5 5.04 e £1.8. 

837.5 13  105.4 1  105.4 732.1 12 61.0 1.73 N.S, H.S. 

324 13 51.4 1 51,4 212.6 12 22.7 2.26 N.S, H.S. 

F 

B 

A 

Ii 

S 

UX 

Eta 

BFFM 

rixs 
p 

Table 8 	Statistical Coiparisn bet-men Cairnerge8n (Pam) East and 

Cairnerzean (Faifl) west 

• Significant at 5% level 

NS Not significant 



Table 9 	 Boreland Rocks., Loda1 Analyoi8 Results 

57i2a 5172b 650 67,751 653 Uean 

Quartz 24.4 16,3 18.1 17.5 18.7 1910 

Felspar 28.6 22.3 19.4 18.7 1911 21,6 

Uasio 13.9 18.1 1805 14.9 22.2 17,5 

Acid 8.3 3.9 3.5 10.0 18 1 0 8.7 

Uot 1.5 1,9 2.8 1.3 2.0 119 

Bed 1,1 0.7 1.1 0,8 2.5 1.2 

Latz"ix 22.0 36.8 36.8 36.7 17.5 30,0 

99.8 100.0 100.2 9919 1001 0 99.9 

S 

2.8 

3.8 

8.4 

5.3 

0,5 

0,7 

8.3 



Tablo 10 Glehon ROckso  1101 Lialyoia 2ooults 

E WE 917 m WU M7 j1 Im 57 si 8J StI S rb S7 S3 S7 SE NS SE 

Section 6,721 6tJ20 3770 3t787 3t773 3773 6w10 y:786 3ti89 67ili 6U 3b 3792a 3i93 5t711 3t94. 5t79 55 8t762 6713 6177 Lqean 

Quartz 3,4 5.0  3.4 2,1 5.9 5.0 1,9 8,5 3,4 3.9 4.7 3.3 5.1 3.9 6.8 5.3  1.2  3.7  8.0  5.3  8,8 4.8 

C1opar 6,3 16,5 15,3 15.0 9.1 10,2 11,1 14.1  9.0 18.2 16,2 20,4 17.6 13,9 21.3 16.5 12.4 11.7 11,1 12.4 13,5 13.9 

Basic 52.4 46.8 50.2 44.6 46.9 46.9 47.2 33.6 0.1 425 47 1 Th7 46.6 49.2 44.6 51.9 56,4 55.4 51.5 4.5.8 53.7 47,5 

Acid 9.2 0.6 4.6 2.4 3,2 7.1 8.7 4.3 10.0  4,3 ,7 31 3.2 1,9 3,0 3,1 31 3.3 6.1 1.1 2.3 4.3 

Uet 12.0 0.7 3,5 4.0 1.1 2,1 0,4 6,2 1.3 1,4 1 7 0.6 0,9 019 1,1 0.6 0.7 0,2 2.1 1,8 2.2 

see 4.7 2.5 1.1 7.6 6,1 11.0 8,9 4.5 0,3 0,5 2,09 12 2.4 7.6 1,0 0.1 3.5 6.7 2.7 0,9 1,1 3,8 

Eatrix 9,9 21.2 18,0 194 20,4 13,1 17,8 22,6 20,0 25.4 193 23 18.9 17,7 17.5 15.9 13.2 13.5 15,5 22.9 13.9 180 

)5erroinag 2.1 6.7 3.8 5.0 7.3 4.6 3.9 6.3 7.9 3.9 3.J .3 5.6 3.0 4.9 6.1 6,7 5,1 4,9 9,5 4.9 5•4 

Total 100,0 100.0 99,9 100.1 100.0 100.0 99,9 100.1 100.0 100.1 10O .1 1Qi,0100,0 100,1 100,0 100,0 100,1 100.1 100.0 100 1 0 100.0 10010 



Table 11 	Statistical Ccixparison between four areas of Glenvn Rocks 

Total Between Samples Within Samples P Significance 

S.S. D.P. 8.5. DP, Var. 8.5. D.P. Var. Ratio 5 15 

65 20 10 3 3.3 55 17 3.26 1.01 W.S. N.S. 

303.8 20 30.6 3  10.2 273.2  17 16,1 1.7 N.S. W-S, 

508.3 20 48.2 3 16.1 460.1 17 27.1 1.69 N.8. N.S, 

139 20 3 3 1 136 17 8 8 N.S. N.S. 

143.2 20, 23.9 3 7.97 119.317 7.03 1.13 N.S. N.S. 

233.8 20 4.6.9 3 15.6 186.9 17 11 1.42 N.S. N.S. 

85.81 20 2,6 3 0.87 83.2 17 4.9 5.28 Z.S. N.S. 

360.8 20 43.1 3 14.4 317.7 17 18.7 1.3 N.8. IT.S. 

520 20 152.4 3 50.8 367,6 17 21.6 2.4 H.S. U.S. 

Quartz 

elspaz 

Basic 

Acid 

met 

Sad. 

LIS M, 

N.S. Not significant 



Table 12 	Replicate Analyses of a Single Thin Section 

1orelzin 
5t2a 	(Boreland Rocks) Definitive 

ROu1tD 
Date 15.1,63 20.2.62 25,10.62 12.2.63 19.2.63 Lean S Lean 	S 

Quartz 18.3 24.4 20,3 19.7 19,5 20.4 2.1 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 87 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 1.1 1.6 2.5 1,1 1.3 0.7 1,2 	0.7 

LIatrix 22.3 22.0 22.8 27.4 18.9 22.7 3.1 30.0 	8.3 

Inc. 0.5 POLIg 



Table 13 	Comparison of Formational Mean Uodal Analyses 

Cairncrzean Cairnerzean Clady Cairnerzean Upper Love r 
Glenhan Boreland (Farm) East (Farm) West House (North) Lochryan Lochryan 

Q. 4,8 19.0 16.5 14,3 7.4 16.7 27.9 31,9 

F. 13,9 21,6 14.5 14.0 21,0 10,3 7.5 7,2 

B. 47.5 17.5 22.6 31.2 2762 33.3 19.3 15.8 

A. 4.3 8.7 . 	 7.8 5.6 5.1 4.1 10.2 7.6 

2.2 1.9 12.0 8.0 6.4 14,1 .8.3 17,0 

3.8 1.2 . 	 2.6 . 	 3.1 	. 4.1 . 	 1.5 5.7 2.2 

Per, 5,4 - . 	 8.2 6.3 . 10.5 1.6 - 4. 

Hat. 181 1 .30.0 .. 	15.8 . 	 17,6 18.3 18.4 21,3 18,2 

Minns of Gal loay 
Kirkoolm 	Iirkoo]a 

	

Portpatriok (Basic-  (AciI- 	Ga].denoch 
	

Upper Barren LIo ta-cleat 
clast) 
	

C last) 

	

8.6 
	

19.5, 	26.2 
	

27.2 
	

37.6 

F. 

	 30.9 
	

19.4. 	 9,7 
	

13.3 
	

9.0 

B. 	29.4 
	

13,1 
	

10.2 
	

9.8 
	

10.0 

Acid. 	5.2 
	

14,7 
	

13.2 
	

10.8 
	

15,5 

Lie t. 	0.6 
	

1.5 
	

2.8 
	

5,0 
	

8.0 

Sed. 	2.3 
	

3.5 
	

1.8 
	

6.7 
	

5.0 

For, 	13.4 
	

3.3 
	

7.8 
	

0.8 

nat. 	9.3 
	

24.0 
	

28.0 
	

25.5 
	

14.0 



Table 14 	Comparison of To Operators on 7 Loohryan Rocks 

7 3 2 5 6 4. 1 Uean 

Q. 31.3 24.6 30.4. 33.2 29.0 22.0 23.7 27.7 

P. 5.3 .6.0 5.4 3.8 8.9 4.9 6,0 5.8 

• 	 B. 12.2 17.5 8.4. 12.7 11.3 23.9 15.4. 14.5 

G. 	A. .16.6 26.1 23.4 24.2 21.6 15.1 13.6 20.1 

• 	 U. .3.8 2.6 4.3 10.5  76 10#7 7.9 6.7 o.f.Ueera £(ub (G7.1961) 

• 	 8. 9.7 11.3 8.7 2.2 794. 12.3 11.6 9.0 Q 27.2 

!Ix. 21.1 11.8 18.9 1394. 13.9 9.9 21.4. 15,8 P 13.3 

- 0.1 0.4. - 0.4. 1.2 0.5 0.4.  B 9.8 

Mean A 10.8 

Q 5.3 27.9 29.6 34.3 32.6 30.6 27.7  31.1 U 5.0 

F. 11.0 7.2 10.1 10,6 9.9 9.7 12.0 10.1 S 6.7 

B. 10.2 7.0 6.4. 5.8 6.3 19.8 15.3 10,1 Ux 25.5 

M. 	A. 6.5 20.3 9,8 160 13.4. 7.0 9.2 11.7 

U. 5.7 5.2 2.4 8.2 4.1 5.5 2.4. 4.8 

3. 3.6. 8.5 7.3 2.3 4.3 5.5 4.9 5.2 

Uxe, 27.7 23.9 34.4 22.6 29.1 21.9 28.5 26.9 

0t Dr. Gilbert Rolling 

t7J. Present tlritez' 



4. 1 22 9 

22.0 23.7 17.2 1.2 

4.9 6,0 19,5 13,4 	) 

) 

23.9 15.4 22.7 28.2 

15.1 13.6 20.3 2668 	) 

) 

10,7 7.9 0,4 3.1 	) 

12.3 11.6 2.1 3-4. , S 
) 

1,2 0.5 6.7 5.8 	) 

9.9, 21.4 11,3 6.4 	) 

30,6 27.7. 19.5. 1594 

9.7, 12.0, 8 6 0 14.0, 

19,8 . 15.3 16.2. 18.0. 

7.0 . 9.2 . 28.1 . 29.0, 

5.5. 2.4 267. 1.1 

5.5, 4.9. 5.3. 

- - 	
. 267 2.1 

21.9 . 28.5 ,3 16.5 

Operator A 

Operator B 

30.3 25.6 34.3 21 .91 21  .9 18.1 32.6 

19.8 11.5 10.6 8.9 15.9  13,9 , 9.9 

1,3 9.1 5.8 5.9. 6.7  17.0 . 6.3 

14.5 22.5 16.1 1  17,2, 13.4 

2.2 3,1 8.2 h9 1.5  2.5 4,1 

4,7 12.5 2.3 9.6,1i.5 7.7 4.6 

1.4 2.2 - 
f,0 397 

25.9 	13,5 22.6 	 20.0 2911 

23 5 10. 21 26 6 

25.4 33.2 2.2 2Q0 20.8 29.0 

5.7 3.8 02 12 9.0 8.9 

26.3 12.7 1.O.. 3446 23.0 11.3 

19.6 24.2 i8 15,0 21.6 

5.9 10,5 p.O. A49 35 75 

3.8 2.2 
.. 

1,8 :1342 12,3 7.4 

4.5 0 5.5 68 6.8 0.4 

8.9 13,4 2Q.9'. 5 9.6 13.9 

Table 15 	 Operator Variance Results 

Section 11 28 7 25 3 2 27 

Quartz 31.5 30,5 31.3 32.3 24.6 30,4 26.1 

Felpar 101 3 10.0 5.3 7.1 6.0 5.4 14.3 

Basic 12.9 17.1 12.2 10.7 17,5 8.4 13.4 

Acid 10.2 15.6 16.6 21.2 26.1 23.4 20.3 

riot. 2.8 3.1 3,8 1,0 2,6 4.3 1.3 

Sod 8.9 53 9,7 8.4 11,3 8.7 5.2 

Ferroxag 0.9 0.2 0 010 0.1 0,4. 3.3 

riatrix 22.6 18.1 21.1 190 11,8 18.9 16,2 

Quartz 35.8 29.9 35.3 35.7 27.9 29.6 

Felspar 10.3 12.7 11,0 '11.6 7.2 10.1 

Basic 8.9 9,5 102 51 76 0 6.4 

Acid 6.7 18,8 6.5 20.2 20.3 9.8 

Tet 5.4 4.5 5.7 1.0 5.2 2.4 

Sod 4.2 2.9 3.6 6.6 8.5 7,3 

Perromag - - - 01 1 - - 

liatrix 28,8 21.7 27.7 19.9 23,9 34.4 



Statistical Analysis 01 Operator Variance Data 

Const. 

Q 

P 

Q+P 

MX 

B 

a 

U 

S 

Total Rx Praga 

Operator B-A 
Uoan 

Discrepancy 

+ 1.82 

+ 3.41 

+ 5.24 

- 7.88 

- 2.82 

- 0.88 

- 1.77 

+ 9.65 

- 13.2 

0• 

3.3' 

4.66 

5.23 

6.59 

5.42 

2.71 

3.71 

4.06 

8.24. 

Student's 
t 

2.24. 

3.1 

4.12 

4.9' 

2.14. 

1.37 

1.94. 

7.8 

6.6  

Significance 

I 

I S 

• • e 

• I I 

I 
	

(5fo level = 2.12) 

N .S. 

N .8. 

III 

• I I 

Table 17 	Rank Correlation of Operator Variance Data 

Student" s, 
R t Significance 

Q 0.85 6.23 e o 0 

P 0.34. 1,41 N.S. 

B 0.62 3,04 

0.57 2.68 

U 0.52 2.36 

S 0.53 2.42 49 

ux 071 39 0 	0 

o 55 Level of Significance 

•, 15 Level of Significance 

o e e 0.1 Level of Significance 

N.S. Not Significant 



Adjusted 
Glenwhan 	Glenhan 

Q 4.8 7.2±4.8 
P 13.9 9.0 ± 6.1 
B 47.5 43.5 	12,2 
A 4.3 10,7 ± 6.6 
U 2.2 3.2 	5.2 
2 3.8 54± 1.8 
Lix 18.1 10,3 	3.8 
VQ 5,4 

By difference 

Port. Basic 

8.6 Within G rsz 
30.9 Outside 
29.4 Just Outside 
5.2 Within 
0.6 
2.3 Outside 
9.3 Within 

13,4. 

Lochryan 	Adjusted 
Upper 	L.U. 	Kir1oo]ia UB 

27.9 25.8 ± 4.8 27.2 
P 7.5 7.0 - 6.1 13.3 
B 19.3 24.2 ± 12.2 9.8 
A 102 14,8 ± 6.6 10.8 
U 8.3 8.8 t 5.2 5,0 
S 5,7 

+ 
72 - fl l.a 6,7 

Lix 21.3 12,5 t 3.8 25,5 

Within L rang  

Just Outside 
Within 

Outside range 

Lochryan 	Adjusted 
Lower 	L.L, 	Kirkooiii LIet 

Q 31.9 29,1 ± 4.8 37.6 
P 7.2 7.0 ± 6.1 9.0 
B 15,8 21.8 ± 12,2 101 0 
A 7.6 13.0 ± 6.6 15.5 
LI 17,0 16.9 t 5.2 8.0 
S 2.2 . 	3.6 ± 1.8 5.0 
LIX 18,2 10,3 ± 3.8 14.0 
Pa 0.8 

Outside. L ran 
Within 

Outside range 
Within 

Cairnorsean Adjusted. Ceirmorsean 
Farm West C. Farm West North 

14,3 14,7± 	4.8 16.7 
14,0 9.0 	6.1 10.3 
31,2 32.3 t 12.2 33.3 
5.6 + 11 1 7 	6.6 41 
8.0 8.6 ± 	592 14,1 
3. 4  i + 4.4- 	1.3 1.5 

17,6 9.8± 	3.8 18.4 
6.3 9.4e  1,6 

Cairnerzoan 	Adjusted 
Parm East C. Parm East 

Q 16.5 16.7± 4.8 
P 14,5 9.2.t 6.1 
B 22.6 26.4 ± 12,2 
A 7.8 13.2. t 6.6 

12,0 12.2 t 5.2 
5 2.6 4.0. 1: 1.8 
Lix 15,8 8.7± 3.8 

8.2 10.64  
By difference 

Outside C range : 3i5 U rcnoa  
Within a < jithin 
Outside 'I 

a 
:)utaide a 

Within Iii tun 
Outside a Vii thin a 

Within  
a 

Outside ci 
L. :' 	Outside 

Outside C range 
Within 
Outside 	a 

Within 	a 

Outside 
Outside 	a 

Outside 	ci 

Table 18 	Comparison of adjusted N.W. 17igtotvnshirs rocks with 

correoponding Rhinns formations 

Adjusted 
Boralend Boroaxid. Portpatrick (Acid-olast) 

1910 18.6 ± 	4..8 19.5 Within B razge 
P 21.6 11,2 t 	6.1 194 Outside 
B 17,5 23,0±12.2 13,1 Within 

8.7 13.7± 	6.6 14,7 
LI 1.9 3,0± 	5.2 1.5 
S 1.2 2,4t 	1.8 3.5 
LIz 30,0 18.4 	3.8 24,0 Outside 

c,f. 
Galdenoch C • Farm East 

26.2 Outside C range 
P 9.7 Within 
B 10.2 Outside a 

A 13.2 Within 
LI 2.8 Outside a 
S 1.8 Outside 
Lix 28.0 Outside a 
Fb 7.8 

14.0 
25 . 1 
21.5 
10.0 
1.0 
2.9 

17.9 

c,f. 
C. Pars West 

Within B range 
Outside 
Within 

o.. 
C. North 

0Ii&v Adjusted 
C. £!or±..... L ' cLO  C.H. 

16.8 .4.4e4. 963 ± 
± 

4,8 
8.1 •c... 21.0 11.0 6,1 

33.7 12,2 2 1. 2  29.7 ± 
± 

12.2 
106 5.1 11.2 6,6 
14,1 :5 G.4. 7.1 5.2 
2.7 •+ 8 5.5 - 1.8 

10,4 ± 3;cita.3 10,4. ± 3.8 
3.60 :1. 15,80 

Clad4y House 

Portpatrick Total 	:. 11. 
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io rocu3 of the area fom to distinotive litholoica1 cmd petoloioal 

types,, the Lohryen and Glentxhan ooka, with a pssace group, the Cajrneean--

1cieland Licoks, bet7,a en them, sharing acme of the properties of both types 

The sigdfioant details for an estiaation of the source area of the rocks of 

the area arc given below. 

Lcchryan Roc!w 

The quartz grains in the Loohrysn Rooks shovu only slight shadow 

extinction and may thus be igneousrigin (Potter and $iever 1956). Thic 

is supported by the types of inclusions in the quartz grains, being mainly of 

types suggesting an igneous origin with a subsidiary contribution fron 

schistose rocks (Keller and Littlefield 1950).  The touralino grains have 

colours indicative of a granite source (iz'yz4ne 1946). 

The dciinant rook fragxents in the greywackeu are of Bpilitic-:oratophyrio 

typo very similar to the spilites in the Ballaritras igneous coiaplex. Acid 

igneous rocks are much subordinate, consisting of quartz-sodio plagioclaso 

fragcnts and a few quartz porphyry and rhyoli tic franents. 

Letaaovphio rook fraionts consist oainly of metamorphic quarteita but 

there is a fairly largo content of quartz ausoavite schist and pyllite 

fraiients. Higher grads ins taorphic V raents are rare and none higher than 

garnet grads 5*0 found. The garnet grains seen in thin section, occasionally 

quite abundantly, are similar to those found in the garnet-bearing rook 

V ragnents. 

The source area of the Lochryen Rooks was a Elixed acid igneous and fairly 

low grade aetaaorp}iio terrain in which there had been considerable basic igneous 
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volcanic activity. The textural similarity of the basic igneous rock fragznts 

to volcanic rocks of Ordovician ago found elsewhere in the Southern Uplands 

and in Ireland suggests that the volcanic activity in the source area was 

ponedontemporaneous with sedimentation. 

The direction of the source area is more problematical. The few current 

structures in the Lochryan Rocks show a current-flow from the south-east. A 

remnant of the source area may therefore be the Pre-Cambrian granite and schist 

mass postulated by )ott (1961) to acoount for the magnetic enr2 gravity 

anomalies under the Aakrigg Block in West Torkahiro, copooially as the 

anomalies have been traced as far as the Lake District by H.U. Geological Surrey 

(Bullereell in discussion of Bott 1961), a land riaas to the south of the 

Southern Uplands is also shown by Wills in his Palaoogeographic Atlas (1951). 

Koiling (1962) suggests a Dalra.dian and Highland source together with a 

Ballantrac type igneous complex as the source of the Kirkcolm rocks. Hcsver 

recent radio-active dating work (Giletti et al. 1961) has shown an absolute age 

for the Dairadian metamorphism equivalent to Loter or Middle Ordovician. It 

is unlikely that sufficient unroofing of the Dairadiana could have taken place 

for their metamorphic rooks to be contributors to the Ordovician geosynolino, 

except along the axis of earliest uplift, which, Dr. U.D. Fraser (pore. oom.) 

suggests was the Portsoy—Boyndie SynoUne belt. 21io source would involve a 

distance of transport of at least 200 miles. If a northern source is thus 

discounted, and the present writer believes that it is since this long transport 

would take place across an area in which there were topographic lhigh& on 

which shallow water deposition was taking place (e.g. Cirun area, Williams 

1962) and which could have a poriding action on the turbidity currents, then the 

southern source, suggosted by the meagre current-flow data of the present area, 

shed the bulk of the detritus into this part of the geosyncline. This 
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interpretation does not conflict with the more abundant current-flai data from 

the Rhimz g  which show currant-flow from the north-east and south-west, as it 

is now well established that turbidity currents with sources along the 

margins of a goceynelime could turn to flow parallel to the axis of the 

trough (Dzulynski, Ksiazkiewicz and Ruenen 1959, £tnull 1959). The differences 

in flow directions between the lihinna and the present area are probably duo to 

the topographical configuration of the bed of the trough, causing longitudinal 

currents to curve dam the sides of a low. 0  

Glenwhan Rooks 

The ..quartz grthna of tha Glenwhari Rocks. are nearly all uns.treine and the 	- - 

inclusions in the quartzes suggest an igneous source with some contribution from 

gneissic rooks. Acid igneous and metamorphic rock fragments are the same as 

in the Lochryan Rooks except for the presence of occasional glauoophane achist 

fragments. The basic volcanic rocks which were eroded to fona a major part 

of the Lochryan Rocks were replaced by intermediate igneous rocks which were 

eroded into a flood of andesite fragments, and augite and hornblende grains, 

the freshness of those minerals suesting that the andeaitio volcanic activity 

was contemporaneous with sedimentation, The andesites are of a type found 

elsewhere in the Southern Uplands, for example at Ball Hill-!aine Hill, and 

andesitic tuffs and lavas of Llsndeilo-Caradoo age are abundant in the Lake 

District. The Glezwhan Rocks are therefore probably the result o2 deeper 

erosion into the southern lend mass, producing granitic and gneisoio detritao, 

accompanied by endesitic volcanic activity. 

Rolling postulates a ocutharn source for the equivalent Portpatrick 

rocks, in a volcanic island arc, antl has data showing that the depositing 

current flowed from the southeast or south-west. 
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The aeurce eras for the growackeo of the east side of Looiryan is 

thouht to have boeai an acid i 	us--iaotasorphio rco lead cws whose ?iplift 

was aocoaniod by first basic then inter Cliate volcanic activity, and wsose 

erosion produced &tr.tus of iaoreasins cotaorphio Vraee. 

The presence of a lend nasa south of the Southern tp]ans during the 

Lwer Pa1aoezo.o is a point of acne Ltsctnoicn, but is rejected as a major 

source area by =3t authore. The evidence of several authors is hciover 

capable of interpretation to suost the presence of this land ciass, 

Kel3.1g (1962) postulates a northern source for the Kircoln and a later 

southern source for 	Pcrtpatriok C,roup, 	ho equivalent reeks in the 

present writer's area have been discussed to show that there is a change in 

conposition between the Loohryan ( £Cirkcoln) and the Glenwhon E Portpatrick 

Basic-olast) via the Cairnersean Rooks. This change does not take place by 

interdigitation of rocks from different source areas but is a change 

suggetivo of progressively deepening erosion of a single source area, 

acccnpan.ted by eruption of first Basic then Intertediate lavas. 

Gordon (1962) found axial flow either Iron north-east or south-west for 

the currents which deposited Silurian greywackes in Central VTigtownshire. 

No olcar statement of the provenance or location of the source area is given 

and the provenance of the quartz grains, suggested by their inclusions is 

misinterpreted. Mo diagrams (1962, fig. 5, 9.127) show that the bulk of 

the inclusions licein the I and G classes of Keller and Littlefield which, 

their tables show, indicate dervaion from igneous rocks, and igneous rocks 

pith ubsidiag gnoissic rooks respectively. It is clearly wrong to state, 

as Gordon does, that his evidence suggests a metamorphic source for the 

quartz grains. A more accurate interpretation for the quartz grains in 



35 

Coirtro2 	 ic a Provenance In an 	 eouc rock area vhich includes 

eub3irj 3aoioslc roche. The cour or the pre77ackco in Central 

t7itc'nahie is ccpood of Y=TSO 8i ilar to tk3e vihich ccpod the 

Crvician cource civa. 

Iust (63) presents data shovin a wide sproad In c rentfloi directions 

frc north throh east to sthwst, iith cost of to currents ficirrj 

o7, ioi1y 	ore is no siy4ficant flow froa the I?orthscct cpairant. Those 

data uest that the courco orea lay to the south of Cout7h 

S30 fin. 10. 

fr the ncrth'east, but there are citnifioant nibors of currents fz' the 

co'ith-oat and aolthc7est, 

The data from all the areas mentioned above can be interpreted as 

suesting a southern source area from which turbidity currents, perhaps 

emanating from 5ub?iarine canyne, flawed first transversely to the axis of the 

geosyc1ine then szmg either north-east or so'1tbai1we3t to f1w along the 

axis of the trough. The proximity of the site of deposition to the Canyon 

mouth will determine the flow direction of the current at the point, 

Deposition close to the canyon will show flow directions near to transverse,, 

i,e approximately from the south-east while distal deposition areas will 

ohov axial flow. Fig. 10 shone acme possible variations in flow directions. 

The inset nap to this figure illustrates the postulated configuration of the 

lewhr7au--Xiekooln deposition area, a low point on the trough floor into which 

currents fl--wed fwoi different directions from a source area which contained 

essentially the same rock types all over the areain which there were enough 

local variations to cause the differences in ocepositton reported between the 
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The greiwackos of the area shou the sedimentary features usually accepted 

as typifying a turbidity current deposition, (e.g. Kuenen 1959), though the 

occurrence of these features varies widely within any particular fornation 

and also between formations. 

In the Lochryan Racks grading is a 000n and charauterlatic feature. 

During the stratigraphic measurement of 20 sections along the coect ceotien 

the sedicientary features of the beds were noted. These are shown in Table 19 

which lists the frequency of occurrence in each section. This table shows 

that sibple graded bedding is found in 37.87 (man 64j,,j of the gre,Wctes of 

the coast section. The graLing is rarely of the Walton (1956b) type a), 

perfect grading, but is most commonly of type o), delayed grading, in which 

the bulk of the bed is one grain-size which coarsens rapidly near the bottom, 

of the bed, and becces quickly finer at the top, mez'ging into the overlying 

shale interbed. Repeated grading was much lees frequently found on the coast 

section (0.'9, mean 2), usually as a streak or lens of coarser material in 

a finer bed. Tho more regular repeated grading of Ualtonla typo b) was 

rarely found. Reversed grading in which the stratgraphio top of a bed is 

coarser than the bottom was found only once, in a thin siltutone. 

The Glenwhan groywackee ore much thicker bedded and coarser grained than 

the Lcohryan rocks, They she?, simple grading only in the thinner bedded 

gre.ywackes which occur oocaeionaUy in the oucc000ion, 	he thicker beds. have 

repeated grading with streaks and lenses of coarse pebbly material distributed 

throughout the .thicknoez of the bed. One example of the pebbly material 

infillinig a waahout has been observed. 
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Presence of a Parting 

A parting in the groviaokeo is uncommon and in confined to the fine grained 

tops of the greywaokes or to thin fine siltetones. On the Loch Ryan coast 

section the occurrence is 0-10% (mean 3), formed by fairly closely spaced 

planes with a higher proportion of mica than the rest of the rock. 

Liany of the silts tones which have parting planes show deformations of the 

partings into low amplitude undulations which are thought to be minor 

convolution effects as gra&.ticnc do occur with all stages between shallow 

undulations and true convolute beading in which the boding laminae are 

deformed into overturned and rolled-up folds. Convolutions are found in 

0s11 (mean 5) of the beds of the Loch Ryan coast section. 

Cross Xination 

Crco lamination is very rare in the groywacke beds but is more ccmon 

in the thin siltatonss. On the coast section the frequency of occurrence 

is 	(mean 25) • The structure is found as very fine for-coot laminae of 

alternating light and dark grey and is therefore visible only on slightly 

weathered wave-smoothed surfaces. 

Due to the lack of unweathered exposures of the G]emwhan Rocks no within-

bed structure, other than graded bedding, have been found 

Flute Casts 

Very few soles have been found exhibiting flute casts, the only suitable 

exposures being on the coast section, which has yielded seven examples. 

This paucity of flute casts is a feature of the rocks, and not due to 

unsuitable exposures, as there am unny examples of smooth greyvtacke soles 

along the coast section. The configuration of the flute casts is shown in 
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1 1 and 12 and their orientations, after correction for the local dip, 

in fig. 13. The currents which produced the structures floved ininly from 

the south-east. 

zgituinal I1ssuz'es and nibs (Dzulynski and t7alton 1963) 

Fine parallel striations (fissures) separated by rounded ribs were found 

on a few gropvacke soles. In most cases scall cusp-shaped marks were found 

indicating the senso of the producing. current, flow 	betcen 500  and 1400  

(Fig. 13). 

Drag or Groove Casts 

Ono or to a=U exasplos of those sole 	dnga have been found, usually 

pith an orientation similar to the flute casts. 

Bounce Casts (Dzulynki et al. 1959) 

.g. 14 illustrates a specimen showing bounce Casts. These are casts of 

original hollows, on the muddy sea floor, formed by rock fragments., probably 

shale franonts produced by contemporaneous erosion, being bounced onto the 

sea floor by the current, forming saaU impact hollows. In the specimen the 

caste are about I ø1, deep in the centre, becoming shallower towards both 

ends. Their orientation is parallel to that shown by the flute casts. 

On the shore section the rocks are exposed chiefly as wave-cut platforms 

or as small cliffs at the back of the beech. Exposures of the soles of beds 

ore therefore not coion and estimates of the extent of load moulding nut 

be very tentative. Load moulding is found on the coast section on 0-1 0%)  

All a imuths in this thesis are given as bearings clockwise from Tti*e 
Worth (0°). 
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(zsan 5) of the groy7ace 50103 and althoJi this figure will be a sini!rnrn 

there are erzou5h beds exposed with smooth urnarced soles to swest that these 

structures are in fact not coizimon, 

Since data were av4i1able, from the otratiraphio measure-ment, of the 

relations of load moulded bode to their uoihbours an examination was made of 

the sedimentary environment of the load structures. Firstly the load 

structures, chiefly irregular protuberancioo on the soles, are not relatod to 

the grain-size, of the bed. Load structures arc found on the soles of grey-

waokes which vary in coarseness from pebbly grepwackes to fine ailtatonee 4  

A histogram was made shoiing the thickness distribution of bode with load 

structures, using the sane class tntozvsle used in the analysis of the 

etratigraphic measurement results. (See below Table 22) Tide diagram 

(Table 20) shows that the modal thickness of load moulded gz'eywackes is 

different from the modal thickness of all the aronitea of the coast section, 

with a mean bed thickness of 1.94' compared with a mean thie! s of 1.42' for 

all the grayuaokeo of the coast. Statistically however (Chi-square Test of 

Distribution) the higher mean bed tl4c!n' Sa of the load mouldod greaokes is 

not sigrificantly different from the mean bed thickness of all the greyiackes. 

Recent work has eharn that there are several influences which cause the 

formation of load structures of the knobbly irregular variety cliscuesod. here. 

One influence scar cod and advocated by IoUing and tlaltcm (1957) is the 

presence of surface irregularities on the mud on which the overlying greymacke 

is dupod by the turbidity current. These irregularities, once buried, are 

amplified by the differential loading which they cause at the mud—sand inter-

face, with sand pouching dowzi into the irregularities and mud rising 

concomitantly betccen the pouches to form flame structures, 	bis theory is 
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oupportod in the present area by the presence of a small amount of coarse 

greyv'aoko at the bottom of many of the load structures. It is suggested that 

irregularities, possibly made by the eroding snout of the turbidity currents 

or by rook fragments being bounced against the mud surface, were able to trap 

coarse detritus to a slight extent before being buried by the deposition of 

the overlying bed. 

A second method of production of irregular load structures is illustrated 

in Dzulynski and Walton (1963) 	These authors obtained irregular non- 

directional load structures during experiments with artificially produced 

turbidity currents, the structures being found after a slow dense current 

passed over a soft mud surface. These experimental structures usre forned only 

by currents with a narrow range of sizes and strengths and would therefore be 

found as sole markings on groiaokoa of a limited range in thicknesses, 

assuming that the thickness of a greywacke bed is a function of the size and 

treugth 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, therefore, have been the only method of formation of the load 

structures. 

Ten Haaf has suggested that load structures may be formed by differential 

deposition of sediment initiating later differential compaction. There seems 

to be no present method for differentiating the structures developed by these 

various modes of formation. 

Sedimentary Structures in the Shales 

The thin shale interbeda between the grewaokes show finely spaced parting 

planes but sedimentary structures are othereise absent. The thick shale bands 
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which characteriso the Lochryan Rocks and are found loss frequently in the other 

1ozations do exhibit some sedimentary features since they cctmay contain 

frequent oilttono ribs, usually 2 ,02" apart and .ijfl  thick. The thin 

siltstonss very frequently are finely cross lamixtated an have fine load and 

flse structures on the soles. Current ripple ciart is ocoaziczially found. 

The Loohryan Rooks are therefore composed of layers in which there is a 

simple standard succession of sedimentary structures. The 'bt.lk of each layer 

is formed of a poorly graded interval which trades towards the top into a 

pelitic interval, Bet7,men the graded interval and the pelitic interval there 

may be an interval of parallel lamination but this is relatively unoon. 

This simple standard succession contrasts with the Plyach of the PeiraCava in 

the Alpes Liaritirnes in which Botna (1962) found the following standard 

succession-.-  

Pelitic interval 

Upper lasinated interval 

Current rippled. interval 

Lower lasinated. interval 

Graded interval 

This standard succession is fully developed in the thicker greywackes of 

'oiraCava but In the thinner greywackee parts of the standard succession are 

usually absent due to base out-out end/or truncation of the top. The inoaa-

plete layers are explained in terms of distance from the source and interference 

between  several near-con teaporaxie ous turbidity currents • The chief difference 

between the present area and Peiz'a-Cava lies in the absence of a current 

rippled interval and the virtual absence of a laminated interval froim the 

layers in 17iatownshire. The difference is probably caused by the different 
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basin configurations in the two areas. The Peira-Cava area was part of an 

east--west trough into which turbidity currents fled transversely from the 

south. The trough however was broken up by a series of north—south submarine 

ridges into a number of individual cells which were relatively small and in 

which sedimentation took place independently. The restricted size of these 

sedimentation cells compared with the large trough in South-west Scotland 

probably accounts for the more complicated suite of sedimentary structures 

Stratigraphio Ueaaurecient of the Coast Section 

Stratigraphic measurement of the coast rocks north of Cairnryan was 

carried out in 20 sections each approximately 275' in thickness. Table 21 

shows the thickness of each section and the corresponding values of thickness 

of greywacke + siltatone, shale • mudatone, greywaoke to shale ratio, number of 

greywaoke beds, number of shale beds, and the mean gre3?wacke and shale bed 

thicknesses. 

Histograms were prepared sh=irkS the distributions of greywacke and shale 

thicknesses in each section. These histograms, Tables 22 and 23, suggest a 

remarkable homogeneity in the succession from one section to the next. This 

homogeneity may be due to two factors; a long period of sedimentation may have 

built up a thick mace of more or lees similar beds, or a much thinner 

succession may have been repeated structurally, perhaps several times. A 

second problem in such a succession which has no obvious marker horizons Is 

whether or not there is any rhythmic or cyclic sedimentation on a scale too 

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

The measurement data have been examined in the light of the following 

hypothesis (Nederlof 1959). The distribution of greywacke beds greater than a 

selected thickness was examined statistically to discover whether or not the 
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distribution is random. If the distribution is not randeD then there must be 

acme form of repetition, either structural repetition of the sane beds or 

repetition of similar beds by rhythmic sedimentation. The distinction betv7ecn 

thick greyt7aokee and thin grey7ackes was set at 4.' as the thickness distributions 

show a fairly aioothly doreasing distribution with increasing bed thickness 

be1or 4' while the distributions are more irregular above a thickness of 4' 

The null, hypothesis was sot up that the thick beds are distributed randomly 

throughout the succession. Data frcm the greywacke thickness histograms ware 

arranged into 5 groups and the value of )C % calculated to be 5.6 with 4.  degrees 

of freedai. This value of % is not significant at the 5,13 level, Thus  the 

null. hypothesis is acceptea that the thick groiwaokes occur ran.oly in the 

succession. Greywaakes thinner than 4' thick occur frequently in each section 

of the stratigraphio measurenent, and have a fairly smoothly decreasing distri-

bution with increasing bed thickness, suggesting that the turbidity current 

formation was controlled by some factor or factors which operated within fairly 

definite limits. For example, if the turbidity currents are fonned by slope 

deposits being overloaded and beginning to slide (1uenen end 1ienard. 1952) then 

turbidity current tozation will be quite tightly controlled by the angle of 

slope and the water content of the sediments. The frequency of occurrence of 

these thin grcyv7ackes in each section is ouch that any rhythmic sedimentation, 

which would be controlled by regular variation of the underlying causes of 

turbidity current fotiation, would be visible in the field. The random 

distribution of the thick greyaokeo shows that neither have they a. regular 

sedimentary occurrence nez' are they repeated structurally. The events in the 

source area which cmecl the formation of the large turbidity currents, giving 

thick greywackes, are therefore more intermittent than those producing the thin 
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greyaokes, suggesting that the large turbidity currents were perhaps triggered 

by earthquakes (Bailey 1936) whereas the srnaller currents were fornod 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 grewacke in a constant thickness of grey-

wackec and shales can take place in three ways; there may be variation in 

the thickness of a more or less constant nubor of beds; there may be variation 

in the number of greywaoke beds with the bed thickness remaining aoro or less 

constant; or both the rnzber and thictnese of the greywacks beds may vary. 

These alternatives are exminod in this area by calculating a series of 

Correlation Coefficients of the relationships between the amount of groyiaoke 

in each section and various paraetors. 

The variation of mean greywaoke bed thickness with the total thickness of 

greywacke in each section was tested and gave a Correlation Coefficient of 

-0.21. then this value was tested by Student's 't' to discover the probabi-

lity of its occurring by chance *tt  wcz tod to be 0.913 which is well below 

the 5 level of significance and in not statistically significant. 

The variation of the number of greywacko bode with the total thickness of 

greywaoke in each section gave a Correlation Coefficient of 0.55  and a corres-

ponding Student's 't' of 2.81 which is sigziificant at the l iq level. Since the 

Correlation Qceffioient is positive there is a sympathetic variation of the 

number of grcywackc beds and the total amount of greywacke. 

Since the succession is an alternating one, variation in the number of 

greywacke beds must have a sympathetic variation in the number of shale beds. 

If therefore variation in the number of greywacko beds is the method of varying 
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the amount of greyaoke in each section then there should be an antipathetic 

relationship between the aount of 8reyvacke and the mean shale thickness. 

This relatic ip has a Correlation Coefficient of '.0,69 and. a Student's , t' 

of ..06 which is aiifioant at the Mrs level. 

This evidence strongly suggests that variation in sedimentation in the 

area io duo to variation in the number of turbidity currents arriving in the 

deposition area. Those have already been shown to have a variable size, 

nonstratcd by the variable thiokneea of the beds. 

Fwcsky (1958) was able to distinguish between a turbidito portion and 

a 'normal' shale portion of the shales of the Podhale 'lysoh, illustrated by 

the character of the quartz grains found in the shale. In the area of the 

icohryaxi coast section the antipathetic relationship between the riieari shale 

thickness and the amount of greywaoko in the succession suggests that turbidity 

currents played only a anall part in contributing shale grade sediment. If 

the asei.ption that the thickness of a greywacke bed is an indication of the 

magnitude of the parent turbidity current is correct and the current contri-

butes a significant aowit of shale grade material then thicker greywackes 

should be followed by thicker shales. Table 24 shows the thickness diatr'i-

butions of shales overlying various thicknesses of greywacke, in two samples 

drawn from the northern and southern halves of the coast section. The class 

intervals of the shale thickness die tributiona were chosen the sos as those in 

the stratigraphic measurement histograms (Table 23) so that direct conparisons 

could be made. It is seen that the shale thickneso distributions for both 

samples are sisilar to those of the parent population no matter what the thick-

ness of the underlying greywackea. The turbidity currents which deposited the 

greywackes contributed, little shale grade material to the shale interbeds. 



This coneluejon ie reinforced by a calculation of the Correlation Coefficient 

for the variation a? mean shale thickness and roan grcaoko thickness in the 

coast section, ivin a correlation coefficient of 0.16 and a Student's 't' of 

0.69, with 18 degrees of freodcn, which is not statistically significant. 

ivircnont of Sedintation 

Deposition of the rooks of the area took place in a part of the Caledonian 

goosynolino bounded to the north by an area of both deep and shaU water 

deposition (airvan area, Williams 1962), and to the south by a land oass in 

which etcneivo vuloanicity had taken place, probably also in Caledonian titues. 

The southern land mass is thought to have contributed nest 02 the grewaoko 

esdinont, mostly VraCpenta of the volcanic rocks and quartz froa an acid 

ioous source. The source area may have boon part of the ?re-CadbrIan naso 

fauna geopleysically under the north of Rn3land,, or may have been an off-shore 

ri4e or 'tectonic land' foitned by an early conprossicn of the geosynolino 

(Kay 1951). Purther evidence which tentatively suggests a southern land riass 

is provided by the presence of a Xouguer anonaly under the Irish Sea (ott, in 

press), caused by a thinning of the cedicantary corer, prosuiably due to a rise 

in the basement under the Irish Sea. 

The basin and shallcuo area to the north is thought to have trapped most 

of the detritus fran the energing 01falands (c.f. Corolino and &aery 1959) 80 

that the background sednentation in the present area conoistod of fine grained 

silts and rnu& with sodizntaz'y structures prednoed by traction currents, 

indicating no great depth of water (See also KoUing 1961). 

Into this quiet possibly quito shaUovi basin there broke fairly frequent 

turbidity currents., depositing greywnoko a ed4niont. The rocks of the area belong 
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to two facies of greyviacko deposition, the early, Lcchryan, facie, and the 

later, Glezzhan, facts a with a passage group, Cairnersean Rocks, between them. 

The two facies differ in composition,, grain-size, mean bed thickness, Groiacke 

to Shale rations  and sedimentary structureS. 

Initial deposition in the area, forming the Lochryan Rocks, took place 

distantly from the source, causing the fine grain and thin bedding of the grey-

wackse (Kuencn Und Carrozzi 1953) and the high proportion of lutite in the 

succession. It has been shown above that greywacke deposition and shale 

deposition were independent of each other (the discontinuous and continuous 

sedimentation, respectively a%f. Goraine and Haery 1959) • Distance from the 

source would alloi accumulation of a high proportion of 3.utite 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 Kirkoolm grcyvzaoke association set up by Walton (1963). The only 

difference is in the frequency of sole structures, which, by definition, are 

abundant in the Kirkcolm association. Exposures of sole structures are by no 

means abundant along the Loch Ryan coast section, the best exposures in the 

area, and enough unmarked soles are visible to suggest that sole structures 

are in fact not common. Honever this in itself suggests deposition distally 

from the source. Recent workers (Dzulynski and Walton 1963, Craig and Walton 

1962,   Hsu 1959, Ten Haaf 1959) have suggested that sole structures occur in 

zones depending on the decreasing energy of the turbidity current along its 

course, i • e • on distance from the source • The paucity of flute and groove 

casts and the presence of irregular load structures and smooth soles are 

indicative of a low enargy, i.e. distal, environment of deposition. Later 

deposition was closer to the source, causing the thick bedding and much coarser 



grain size cO the 1oition Rcck, which from thooc ehorQteritics are ezp1es 

of the PortpatrioI geytacke cecciation defined  by l7culton (1963), The 

alternatin,S thin bdo1 and thiol: bedded sequences of the Cairnezzoan Rocko 

fomed a pasoac bteei these t7o onvircn=nts of sed$inoatatin. 



Table 19 	1requenoy of Sedimentary Structures on Cot Section 

Croce 
Strati- No. of Coarse Graded Repeated Load Convolu- lamina-  
graphic Beds in Beds Beds Grading Structure Parting tionz3 tiona 
Section Section 3 

1 	121 15 47 1 4 9 - 2 

2 	151 25 37 - 7 5 2 8 

3 	191 23 4.5 2 9 3 5 5 

4 	150 27 64. 3 7 3 7 j 

5 	137 39 77 7 7 2 3 2 

6 	137 38 69 7 7 2 3 - 

7 	144 40 64. 1 4 1 1 

8 	99 19 60 1 3 6 4. 2 

9 	129 36 67 4 3 10 9 - 

10 	121 22 78 3 6 2 3 - 

11 	100 26 72 4 7 3 11 1 

12 	117 27 87 3 10 1 7 1 

13 	95 12 82 1 - 2 5 1. 

14. 	14.1 23 75 1 5 2. 4 1 

15 	138 17 59 1 2 2 1 1 

16 	124. 19 64 2 3 2 3 1 

17 	127 22 65 2 7 9 4. 

18 	140 41 69 9 6 - 6 - 

19 	118 20 54. 2 3 3 4. 2 

20 	124 24 49 5 * 3 9 7 

Ltleaxi 26 64 2 5 3 5 2 



Table 20 	ThiolmeDoe3 of Beds sho-Ang Load Uouling 

-6' •i 21 -2 # 6f,  -3' _36 i.' -4 1 6 -5' _5fl -6' 6 0 6 

18 38 2718 12  7 3 2 4 4 2 1 - 	 2 

Total 138 



Table 21 	Stratigraphic teasurcient Data 

Stratigraphi 
section 

Thickness 	 1 	2 	3 	4. 	5 	6 	7 	8 	9 	10 

Total Thickness 276.71' 275.04.' 274.33' 275.07' 275.14' 275.99' 278,34' 274.95' 274.90' 250,55' 
No. of Beds 187 260 331 268 240 260 278 180 210 227 
A 	Shale + LIii 102.21' 76443' 69.22' 67.93' 88.64' 99,45' 95e89' 98.42' 64.31' 69.89' 
No. of Sh + Un beds 66 109 140 118 103 123 134 81 81 106 
Thus B Gw. + Silt 174.50' 198.61' 205,11' 207.14' 186.50' 176.54' 182,45' 176.53' 210.59' 180,66' 

in beds no. 121 151 191 150 137 137 144 99 129 121 

Ratio (w : Sh I $ .707 2.599 2.963 3.049 2,104 1.775 1.903 1.794 3.275 2.585 
Llean Sh + Ltu 1.55' 0.70' 0.49' 0.58' 0.86' 0.81' 0.72' 1.22' 0.79' 0.66' 
Iiean Gw + Silt 1944' 1.32' 1,07' 1.38' 1,36' 1.29' 1.27' 1,78' 1,63' 1.49' 

Grand Total Sh + mu = 1838.93' Grand Total Gi + Silt 3669.74' .. Seâtion = 5509.67' 

Stratigrophic 
Section 

Thickness Ii 12 13 14 15 16 17 18 19 20 

Total Thickness 291.77' 274.17' 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 + t!u 117.46' 95.38' 120,83' 90.87' 105.08'  90.32' 121,08' 49.12' 120.26' 95,84' 

in beds no. 101 121 84 127 138 111 107 116 103 92 
Thus B (v + Silt 174,31' 178.79' 159.56' 187.63' 169.91' 186.23' 153.84' 226.39' 154.28' 180.17' 

in beds0'B 100 117 95 141 138 124. 127 140 118 124. 
Ratio Cw : Sh 1.484 1.875 1.321 2.065 1.617 2.062 1.271 4.61 1.283 1.880 

Lean Sh + Uta 1,16' 0,79' 1.44' 0.72' 0,76' 0,81' 1.13' 0.42' 1,17' 1.04' 
neon Gw + Silt 144' 1.53' 1.68' 1,33' 1.23' 1.50' 1,21' 1,62' 1 9 31' 1,45' 



Table 22 	 Greyiacko Thickness Histograms 

Sec. Z6' -1' .-1 1 6 -2' -2 1 6 -3' -3'6 -4' -4 9 6 -5' -5'6 -6' -6t6' >6t6n Total 

1 22 32 22 16 12 7 2 4. 1 - - - - 1 119 

2 4.3442011 12 9 3 6 1- -- - 2151 

3 80 54. 18 14. 5 3 3 3 - 4 2 - 2 1 189 

4 36 49 20 11 8 8 4. 3 4 4 2- - - 149 

5 35 32 27 15 9 9 1 2 1 2 - I - 1 135 

6 4.3312612 9 3 2 4 4. 1- 1- 1137 

7 42 40 27 12 5 7 3 3- 1 2 1- 1144 

8 3014. 2112 3 4. 1 3- 2 2 3- 4. 99 

9 2631 18 20 10 5 3 4 3 1 - 2 2 2127 

10 20 36 31 14  5 7 1 2 4.- - - - 1 121 

11 36 18 19 8 5 3 1 1 1 4 1 1- 2100 

12 24 39 12  7  11 7 6 1 3 2 3 1 - 116 

13 12 30 13 15 5 6 53 2- * 3- 1 95 

14 46 39 18 15 6 4. 3 3 1 2 4- 1 114.3 

15 43 37 23 9 5 5 7 1 1 1 1 2- 1136 

16 32 25 21 13 11 6 6 3 2 2 1 1 1 - 124. 

17 50 30 21 5 10 4 - 2 1 2 1 - - 2 128 

18 4.0 23 17 25 9 6 5 7 2 - 2 1 1 3 14.1 

19 332524.13 6 7 8 1 2- 1- - - 120 

20 49 20 11 14 9 7 4. 2 2 - - - - 4 122 

Grand 742 64.9 4.09 261 155 117 68 58 35 28 22 16 8 28 Beds 
Total 

Tot&]. 2596 Beds 



Table 23 	Shale Thickness Histograms 

Section 0 - -9" -1' -1'3 	-1 1 9"-2' -2'3 2 1 6 -2'9 -3' -6' -9' -12' -15' -18'>18' 	Total 

1 29 9 7 7 5 1 - - I - - - 4. 2 1 1 	1 - 	. 68 

2 49 30124. 5 2 - 1 1 1 1- -2 - I 	- - 109 

3 79 32 12 5 5 5 - 2 1 - - - I - I - 	- - 14.3 

L. 57 31 13 5 3 2 * 2 - I - - 2 2 - - 	- - 118 

5 41 32 15 7 5 2 - - I - - - - - - I 	- 1 105 

6 49 27 15 13 6 1 1 4 2 - 1 1 2- - I 	- I 124 

7 67 28 15 7 2 1 1 2 - 1 2 2 5- - - - 134. 

8 421465 2 - - 5 1 2.- - 3- - - 	- 1 81 

9 36 20 10 6 1 2 2 - - 1 1 - I - - - 	- 1 81 

10 44 28 15 9 5 3 1 - - - - - -1 - I 	- - 107 

Ii 4.028f5 9 3 1 - - I - - - -1 - - 	- 1 99 

12 44 33 14 12 3 1 2 3 2 1 - - 31 - - 	I - 120 

13 25 18 11 8 4. 3 4 2 3 1 - 1 11 1 - 	- I 84 

14 47 37 17 6 4 4 4 1 2 - 1 - 3- - I 	- - 127 

15 61 22 15 17 1 6 4 2 2 1 1 - 32 1 - 	- - 138 

16 63 20 10 9 3 1 - - - - - - 21 1 - 	- 1 111 

17 53 18 13 8 1 2 - 4 2 - 1 1 1 1 - - 	- 2 107 

18 56 27 11 14. 5 - 2 - - - I - - - - - 	- - 116 

19 601594. 4 3 - 2 - I - - 1 1 - - 	- 2 102 

20 481964. 3 3 1 2 1 - - 2 -1 - - 2 92 

Totals 	990 488 241 159 70 	43 22 	32 20 	10 	9 	7 32 16 	5 	7 	2 13 	2166 



Table 24 	Thicknesses of Shaloo overlying Grevaokes 

Overyi Shale Thiomeas 

(30 -60  -9 -1' -1 0 3" -1 1 6" -I'S" -2' -2'3 -2 1 6" -29" -3' >3' Total 

<6 A8228 9 5 	2 1 - 2 1 2 - - 3 135 

B 65 34 12 8 	7 3 2 - I - - -7 139 

A 50 35 17  3 	4 4 - 

- 

 2 2 - I - 6 124 

B 58 18 88 2 5 3 2 2 1 - 15 113 

_116 A3713 35 - - - - - - - -2 60 

13 251512 9 	2 4 - - 3 1 1 -2 74 

A 14 13 5 51 I - I - - - - - 43 
-2' 

B 18 17 73 4 - - I - - - - - 50 

A 41O 4 3 	2 3 - - I - -1 28 

B 15 2 1 • 	2 1 1 - I - 1 24 

A7 452 1 - - - - - - - - 19 
-31 

B 871 2 	- I - - - 19 

A 422  
- 

B 6221 - - I • 1 - - - - 13 

A 231 1 	3 - - - I - -1 12 
-41 

B 3 1 - . 	a - - 1 - - - 2 7 

A 2 1 - - 	- - - - - - - - - 3 

2 - - - - - - - 6 

-5 ,  
B 1 1 3 - 	- - - - - - 

A1 1 - - 	- - - - - - - - 2 

B 2 - 21 1 - - - - - - - 6 

 - - - 	- - - - - - - - 
-6'  - - 2 	-- I - • - - - - - 3 

A- - - 	- - - - - - - - - - 

-6' 6" 

A 3 1 
), 6 1 6" 

B I I I - 	- - - - - - - - 3 

Sample A - 	Total 4.48 Bode 
Sample B - 	Total 444 
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FIG 13 UPPER LOCHRYAN DIRECTIONAL 
CURRENT STRUCTURE AZIMUTHS 
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Fig. 14 Specimen showing bounce marks. (drawn from a 
photograph) 



The distribution of the greyeacke types, (chap. 2), is a major aid in 

eluoidattng the major structural elements in the area and will, therefore, be 

described, here in fuller detail. 

The areas of outcrop of the various greywaoke formations are arranged in 

a series of strips of differing widths, parallel or nearly parallel to the 

regional caledonoid strike. The rocks found in each strip are described from 

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

The extreme north of the area is occupied by Upper Leohryan Rocks, well 

exposed along a short coast section and very poorly exposed inland. The rocks 

dip steeply to the south, but evidence from sedimentary structures, in 

particular graded bedding and load moulded greyeacke soles, ahovs a consistent 

way-up to the north. Two of the thick shale bands which are a characteristic 

feature of the Lochryan Rooks have been mapped along Glen App and are found 

to be displaced laterally several times by a series of siniatral wrench faults 

striking roughly north--south. Near Lagafater Lodge in the east of this broad 

tract of Upper Lochryan Rooks there are several outcrops of rocks of the 

Cairnotzoaxi Group, which are atratigraphically higher than the Upper Lochryan 

(see later) and thus require a faulted boundary, dovznthrowing south. 

To the south of this broad strip of Loohryon Rocks there are a few outcrops 

of Cairneracan (North) Rooks, foring a narrow strip between Csirnryan and the 

t7ater of Luce. Near Cairnryan the Cairnersean rooks are found above tightly 

folded Loohryan (Upper) Rooks, providing evidence. of the stratigraphical 

relationship of the two foriaationa. A strike fault, dothrowing to the south, 

is inferred to explain the juxtaposition of the younger Cairnerzean Rooks with 

the older Lochryan Rocks to the north, since both formations here have a near 

vertical dip. 



50 

The Cairnersean (north) Rocks are foflced to the south by more north-

facing vertical Ichywi (Upper) Rocks, including a thick shale band. The 

outcrop width between the Cairnersean (I1orth) Rocks and this thick shale 

decreases eastwards, suggesting the presence of another fault, as both 

formations ycung northwards. There is no evidence for the sense of displace-

ment of this fault, except that a branch of the fault has a sinistral wrench 

component, This suggests that the fault between the Cairnerzeen and Lochryan 

Rocks had a siniotral wrench coponent at some stage in its history, but the 

small-fault data discussed later shows that a sinistral wrench ncvezient on 

a fault in this orientation was not the firet movement on the fault. 

The next strip to the south is formed of folded Claddy House Rooks, and, 

atratigraphically be1or, folded Upper Loohryan Rocks. Again a major strike 

fault is inferred to explain the proximity of the folded Claddy House Rocks 

and the vertical north-facing Loohryan Rocks immediately to the north. 

The daddy House Rocks are in contact to the south with Lower Loohryan 

Racks. There is no palaeontological or structural evidence in the area for 

the stratigraphical position of this division of the Loohryan Rooks but 

consideration of the composition of the Lower Loohryan Rocks leads to their 

comparison with the kirkco1m (reta-olast) division in the Ehinna of GaUozray, 

which is stratigraphioally below the Rhinne equivalenteof the Claddy House and 

Upper Loobryan Rocks. The boundary between the Claddy House and Lower 

Lcohryan Rooks is therefore a fault. The Lower Lochryan Rooks occupy a wide 

stretch of ground between the Claddy House Rocks and the Beosh Burn, The 

rocks are steeply dipping and are often overturned to the north. Lanor 

folding is not signifiont and way-up is therefore consistently northwards. 
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The Lcar Loohryan Rocks are followed to the south by Ceiziersean Fani flocks, 

which also young northwards, suggesting a boundary strike fault dcmthrowing 

to the south. Ccpared with the other areas of Csirnerzocin Group Rocks zinor 

folding is not significant and the beds are iMforly overturned to the north, 

dipping steeply southwards. At the western end of this strip of Cairnerzeon 

Rooks there is a complex area in which snail patches of Cairnersoan Pam 

Rooks are faulted into contact with Upper and Ijer Lochryan Rooks, the faulting 

also causing considerable local variations in the bedding orientations. 

The Cairnersean Parm Rocks are followed to the south by enothor wide 

stretch of Lower Loohryen Rooks, the boundary again being a fault. This 

boundary fault is well exposed in Atilfeddar Gorge, in Which the Water of Luce 

flows along grepwackec and shales sheared in the fault plane. Just to the 

west of the Kilfeddar Gorge the boundary strike fault is displaced by a north--

south sinistral wrench fault. This tract of Loobryan Rocks is poorly 

exposed but shows a west to east variation of strike fron 70°  to 400. Over-

turning is not ccza!non the beds dipping steeply northc7ards. 

Glewrhan Rooks are found to the south, and they also show a west to east 

swing in strike. Again the stratigraphio position of this formation is 

deterthned by comparison with the Rhinns of Galloway, in the absence of 

palaeontological evidence. In ccpcsitjcn the G1enhan Rocks are equivalent 

to the Portpatrick (Basic-olast) Rooks which lie wastuards along strike in the 

Rbinns. The Portpatriok (iariio-olast) Rocks lie above the Rirkoolrn Group 

(Ic,hryan Rocks equivalent) in the Rhizms. The boundary between the G1ewthsxi 

and the Lovier Loohryan Rooks is therefore a major fault in the present area. 

Since the west to east swing in strike is found on both sides of the boundary 

the boundary fault has been modified structurally after its fornation. 
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The most southerly part of the area is a strip of poorly exposed ground 

oaverixi Boreland flocka striin3 65°  and with about 4CV, of the beds overturned 

and dipping steeply southwards. There is consistent way-up to the north and 

in oopcsition the Borelanti Mooks grade into the Glen,-A= Rooks. The Boreland 

Roche are therefore the lateral stratigraphical equivalents of the Portpatrick 

(Acid-olast) Rooks of the Minns of Galloway. Exposure is too poor to 

determine the extent of minor folding. 

Linor Structures 

A second major aid in the detereination of the major structures of the area 

is an examination of the minor structures. 

The area has been divided, for reference purposes, into a number of sub-

areas, shown in fig. 15, corresponding to the main outcrops. The data fra the 

minor structures in these sub-areas are detailed below. 

The poles to bedding planes in the area show that the rooks foi three 

broad structural belts. In the north (rn-areas A, B, C, D, figs. 16, 17, 189  

19, 20) there is a broad tract in which the rooks strike between 50 °  and 600  

and dip steeply to the south. Sodiwentary structures show that the beds are 

overturned. t2inor folds are not 000n but their presence in sub-area B 

canes slight girdling of the poles in figs. 17 and 18 about an axis dipping 

at a shallow angle towards 600. The close similarity of the bedding plane 

orientations in the area is well illustrated in fig. 18 which shows good mixing 

of the points fron trio parts of the coast section, and also by comparing this 

diagram with fig. 17 which shows another sample drawn frc3 the whole coast 

section, the two figures being identical. (The similarity of the two diagrams 

also shows the absence of any operator variance with time in the collection of 

the data as the data for fig. 18 were collected a year after those for fig. 17). 
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Uinor folding in the northern structural belt is confined to small folds 

in a few thick shale bands and very occasional unbroken fold hinges in grey-

waokeo. 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 miafl folds in the grepwackes. In sub-

areas A and B the fold axes plunge between 100 and 900  towards 40P to 90°  

A few more folds were detected by changes in the younging directions of 

greyacke sedimentary structures. An indication of the axial trend of these 

folds was obtained by plotting the stereographic traces Cf the orientations of 

greyacko beds of opposite facing directions, the traces intersecting in the 

fold axis. Fig. 24 shows the intersection (t ) points (fold axis poles) 

obtained by this method in sub-area B. The points are fairly scattered but 

show the fold axes plunging at a generally small angle, towards 400  to 90°. 

7ol4 style is the same in the siaall folds in the shales, wave"length 

3-12" and in the folds in the greytackes, which are also relatively small with 

a wave-length usually about 10' • Iaob fold is a unit composed of a syncline 

followed quickly by on antiolinc to the north, the common limb usually being 

alrnot horizontal or dipping at a low angle eastwards, ace figs. 25 and 2. 

This fold style is reminiscent of drag fold style and suggests the presence of 

a major antiolinal axis to the south of sub-area 3, (see later), 

The central structural belt includes sub-areas 1k'-1, L, and 1. The 

regional bedding orientation is shown by figs. 27 to 32 for sub-areas E, X, 

Gp Hs, J, and K. These show a regional strike of 700,  and a north to south 

decrease in the a=unt overturning. 

The regional strike pattern is disturbed in sub-areas I and 14 where there 

is much complicated faulting, and in sub-area L where there is a swing in strike 
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from the regionsl strike of 700,  shon by sub-area K to the west (fig. 32) to 

a strike of 400  (fig. 33). Sub-areas L and K include both Ier I chryan and 

Glem7han Rocks, and the boundary fault between them. This west to east owing 

in strike of the boundary therefore suggests that the boundary fault between 

the two fozatona has been affected by a later structural episode. The 

general north younging pattern of the central struotural belt is also affected 

in several narrow strips in which there is a large amount of sinor folding. 

In style this minor folding is usually tight with steeply dipping limbs. 

owever in sub-area V in which a series of folds are exposed in a bu= section 

the folding in the lowest part of the burn is of an open style with low 

amplitude, fig. 28. This diagram shows a lou axial plunge toiards 700  with a 

near vertioal axial plane. Purthor uphill the folds become tighter until in 

the highest part of the burn the beds dip steeply towards each other. This 

suggests that the minor folding is concentric in style, but unfaulted fold 

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

1g. 34. illustrates the strike variations in sub-areas 11 and I, showing 

the large proportion of bode in these cub-areas which have a north—south 

strike. Overturning is not conion. 

1ig. 35 shows 	-intersections for sub-area E scattered along a vertical 

great circle with a 650 azimuth. The number of points is unfortunately too 

few to determine whether this form of distribution has any structural 

significance, For sub-area F, fig. 36, the fold axes plunge at a low angle 

towards 50°  to 800. A atereograti of an axial plane cleavage we].1 developed 

in a quarry in sub-area F, fig. 37,. has the poles to the cleavage planes well 

concentrated with a maximum corresponding to an axial plane with 700  azimuth 

and a steep dip to the north. 
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T-he eolica 	bareo 	L1o re~r Mwtmtecl In OLS, 30, 
0 ) 	In to iA3raave a acattered Gt'1bti 	ut am  elvialble 
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50 r 220°  to 250°,  an a thlrZ set Which hao ateep or near ve'tio 
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Vie 	thc 	1s by HoMvC (%i), 	Ø%2), a vt (%), e1 

øirilj 	ibo ateap fo 	b-aeco Z  end 17a 

The southern structural belt (eub'aroas 11, , 0. ard 2), is a region of 

fairly intense minor folding obowi by ohangoo in facing direction and attitude 

of the beds, 0verturniig of the beds vioh are steeply dipping with a 

regionol strike of 600  to 650  is unooiion. 	The northern part of the belt is 

the only part of tho whole area in which there is a Wide stretch of reeks 

which young southwards,, see crc -eection fig. 50. The rocks in this belt 

are beat exposed an Craig PoU (sub-area ) • Pig. 39 illustrates the bedding 

coiguration in this sub-area, the rooks being folded with steep north-facing 

and rather s]iallowor south-facing limbs, Girdling of the poles shows a 

regional shallow fold axis plunge towards 600. The rest of the belt is more 

poorly exposed, with the bede dipping steeply to north rind south, figs. 40, 

41, 42. No unbroken fold hinges are exposed so fold orientations are derived 

from bedding intersection diagraie. Figs. 4.3 and 44. show 	-points 

indicating fold axis plunges towards 30°  to 70°, at a low to moderate angle 

In sub-areas P and Q 0  and at a moderate to steep angle in sub-area V. 

Additional evidence from oub-arori. L is provided by fig. 45 which shows the 
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plunge of cleavage—bedding intersections steeply towards 40 P  to 76c, and 

fig, 46 which shows the attitudes of the axial plane cleavage. In fig. 46 

there are two clusters of poles to cleavage planes, with the larger nu2ber of 

planes dipping south and a small number near vertical dipping north. 

Summary 

The data for the various sub-areas is summarised in Table 25. 

Only meagre data are available from the individual sub-areas but 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, 7hon contoured, fig, 48 

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

Plunging at 100  towards  500 

3050  towards 650  

Horizontal along 750 

Plunging 20°  towards 100 

'r) Vertical and near vertical 

Maxima i), ii), and v) are 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 occurrence in the area of two axial trends 500 and 750, which are 

closely aligned and which interfered with each other, and a set of vertical 

axes associated with wrench faulting. Liaxigaum iv) is formed by only a few 

folds, from sub-areas I and II where faulting is thought to have rearranged the 

orientation of blocks of the country rock. 
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The usin stress directions which produced folding in the area were 

probably aligned along 140P  and 165°  corresponding to the 500and 750  axial 

trends. 

Major Fold Structure 

The distribution of formations and the small fold data enable a major fold 

model to be constructed to explain the consistent north-younging attitude of 

the beds and the restriction of araafl folding to fairly narrow strips in the 

area. 

The major folding of the area produced beds which dip steeply, northwards 

or, overturned, southwards, with a strike varying between 50P and 70O 

folds styles are seen, one with tightly folded near parallel limbs, the other 

formed of small antioline--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 500  to 60°  and are thought to be 

associated with the I 4Q0  principal stress. 

The minor folds plunge eastwards at variable angles but the variation in 

plunge is not duo to successive tilts to the east as faults with a low angle of 

hads show no preference for a dip to the west and fault planes with vertical 

sliokenoidsa, shown later to be early structures, intersect in a horizontal 

line, fig. 49. It is therefore more likely that the folds formed with their 

present axial plunge. Andezzon (1962) explained the regional eastwards tilt 

of the Ards Peninsula in Northern Ireland as a result of the intrusion of the 

Newry igneous rooks. However the regional tilt of fold axes is a wide spread 

phenowenon in the western Southern Uplands and is probably due to a fundamental 
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cause of which the Iewry intrusions are another manifestation. In any case 

Lnderson hiriscif considers that the tilting vas contemporaneous with the 

Pollowing a principle well established in metamorphic structural geology  

(e.g. Weiss and LIacIntyre 1957) the configuration of the minor folds 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 composed of 

nticlie--s3rncljne units in which steeply dipping north-facing limbs are 

separated by a shallow dipping limb. The shallow limb is much crumpled by 

small folds which do not however seem to cause much change in atratigraphic 

level. Wfeotively therefore it is the plane joining 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 antiolne--syncline units. 

The structure of the area 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 antioline. The second major fold unit, Unit 2, lies between 

Cairnryan and the Beoch Burn, The Claddy House Rooks are the antiolinal 

hinge, most of the unit therefore being fonaed of the south limb of the 

synclinal part of the unit. Unit 3 lies between the Beech Burn and the 

Loohryan"-Glenwhan boundary. The Cairns rzean flocks 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 Glenwhcn and 

Bore].and Rocks, the antioline--syncline configuration is best illustrated, 
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only part of the anticliztc 'c northora liL2b being faulted out. The boundaries 

betc -aen the fold tmrits arc major striLe faults which have had a colez 

movocient history, (see later). The not result of their moveient hovever is 

a dcrmthrau to the south. 

raulting 

¶ihe area has been much affected by faulting, not only on a laXe scale 

pradming the major strike faults, but also on a email scale in which displace-

rents are of the order of a few feet or a few inches. The multiplicity of the 

small faulting is best seen along the well exposed coast section. Du to the 

thin bedded nature of the Lochryan greywackea 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 bode into the 

fault plane. 

t7renoh Faults  

The poles of 214 ainistral and 163 dextral wrench faults are shown in figs. 

51 and 52 respectively. In both diagrams there is a wide scatter of points 

which has been examined by preparing histograms of the azimuths of the faults, 

fig. 53. The otrihos of the faults are seen to form broad fan-shaped distri-

butions, about a north—south azimuth for the sinistrals and an east--west 

azimuth for the dextrals. Separate histogram were drawn for those wrench 

faults with a hade lees than 100,  figs. 54. and 55, and zhou that these faults 

have a bimodal distribution of their azimuths, with the sinistrals having modes 

along 15-1 950  and. 175-355°  with a subsidiary mode along 155-335°, and the 

dextrala having modes along 65-24.5°  and 115-2950. If the 1750  sinistrals are 

considered to be the complements of the 1150  dextral faults then application of 

the stress theory (xiaorson 1951) produces a maximum principal stress along 
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145-325°  and a value of 300  for X, the angle of internal friction. This angle 

of is close to the mean value of 33°  derived from a few pairs of ocpleen-

tary wrench faults in the field. The other wrench fault modes, using a value 

of 5 of 300 give naximuu principal stresses along 165-3450  and 125-3050  for 

the other ainistral nodes, and 95_2750  for the remaining dextral mode. 

Iorinal Faults 

The oriontatioia of 40 normal faults are shown in fig. 56. Again there is 

a wide spread in their distribution. Separation of those faults with a dip 

greater than 60°  enoblos An8ersens (1951) method to be applied, assuming a 

$ angle of 309., 	Yig. 57 sho'tvs. a bimodal distribution of their azimuths with 

Wdes alcg 35*2150  and 55-235°, corresponding to minimma principal stresses 

along 125-3050  and 145-3250  respectively.. 

Pig. 58 sham the orientations of 115 faults with a reverse displacemoElt 0  

Prom these data fig. 59 was prepared shoving the azimuths of those faults pith 

a dip less thori 30°, i.o, thrusts which can b3 analysed by Andersonla method. 

The distribution is again bimodal with odeo along 25*205°  and 50*230°, rz  

corresponding to mwdmum principal stresses along 115-295 0 
  arid 140-320°  

respeotive3r. 

tilliams (1959) and elling (1961) follong cinstr (1953) consider 

polodal wrensh fault distributions to be due to azimuthal swingg of a single 

principal stress, preduoir*g second arid third order shears • Thcation of the 

data frcm the present area hocver shows that the wrench fault principal 

stresses often produced thrusts, and folds. It is therefore ocnaidcred that 

each principal stress was a discrete event in the area, especially as there are 
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also normal faults in the correct orientation for generation on release of each 

stress, although iz'eot evidence for the ago of the normal faults is meagre. 

The following stress periods have affected the area: -  

1 45-2250  producing folds, thrusts, wrenches, and possibly 

followed by a tensional phase producing nozial faults 

165-345 
0  producing folds, and wrench faults 

125-305 producing thrusts, wrench faults, and possibly 

followed by a tensional phase with normal. faulting 

95_2750 prothiig wrench faults 

Evidence for the age relationships of these stress periods is meagre in the 

present area. Sir4stral wrenches generated by the 1450  principal stress are 

seen to be diplaced by sirdatral wrenches generated by the 165°  principal 

stress, and a porphyrite dyke filling a tension fracture associated with the 

14.5°  principal stress is seen displaced by a ainistral wrench generated by the 

1650  stress. One fold bingo faulted by a thrust generated by the 1250 

principal stress is ezposod on the coast section. A acre satisfactory fault 

chronology will be suggested later by analogy with other areas. 

Few faults in the area have sliokenaido evidence for an oblique slip 

dieplacorILent. The data are therefore &rn].gamated from viidoly scattered 

exposures, mainly quarries in structural sub-areas A, K,, and M. The poles to 

the oblique slip faults are shovxi in fig. 60, which shows that most of the 

oblique slip faults have hades greater than 10°. Each of those faults was 

analysed by the aethod detailed in Williams (1959), which enables an oblique 

slip fault to be classified as a wrench-normal or wrench-reverse hybrid, gives 

the orientation of the principal stress axes, and gives the value of j6 for each 
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fault. Comparison of the analysis results with the Blip where 1ecm for a 

few faults showed, however, that the ie thod did not consistently classify some 

of the faults, giving a wrenoh-normal displacement for some and a wrench-

reverse for others whereas the field evidence in each case suggested reverse 

displacement. Williams (1959) believes that such discrepancies do not 

invalidate the iiethod, which analyses but one phase of movement on the fault, 

the movement which produced the slioLensides. In other words the disrepancies 

are evidence of reactivation of faults under a later period of stress. However 

if a later stress system is producing renewed movement on earlier faults 

oblique sliokensidee may be generated even though the stress system is not 

itself oblique (e.g. fig. 61), Williams attempted to assess the extent of 

reactivation in the Girvan area by an examination of the /5 values. obtained 

from small faults. A similar study of the present area is tabulated belc7, 

along with the porresponding results from Girvan. 

/5 0-9 10-19 20-9 30-9 40-9 50-9 60-9 70-9 80-9 tYigtawnshire 

IvS 10 14 	12 15 13 17 8 	7 	4 	110 faults Elean /5 400 

11 14. 	9 22 16 13 10 	5 	0 	100 faults Lean 4 = 35°  

The distributions of S values are very similar, the difference in mean 

values probably being due to the .Girvan area's having a more varied litholoSy  

than the present area. Only a relatively small proportion of the values lies 

in the 30-40°  range which has been suggested by various authors (Malanstry 

1953, Hafner 1951) as a good average value for /5. Uost of the values lie 

outside this range and are explained by tilliams (1959) in terms of existing 
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fault plenea r oting to further periods of strese, tho I= valzs of j6 being 

obtained fri reaotivated faults near the thooeical plae of shear of a 

friottonleso material., and the high angles f rcza faults near the new G 	plane. 

If ho'ever reactivation is rife in an area it must be aeauried that a proportion 

of the oblique slickenaidis were Generated by reactivation cnd not by oblique 

stress systems. Since this proportion can not be estimated and aince D  in the 

present area, the absence of marker horizons precludes the rccoiticn of 

individual reactivated faults,, except in one small area, the application of 

Ulliamlls technique is not valid. 

Further evidenae of reactivation is obtained in the field in sub-areas I 

and N, in which the structure is extremely complicated due to the close 

proximity of several large faults, both wrench and strike faults. k1s. 62 

shows a large scale sketch zaap of the area with the sense of movement and 

interaction of the faults illustrated. 

The faults in these sub.aareae belong to two sets, two major strike faults 

forming the northern and southern boundaries, and several wrench faults, 

sinistrals trending about l5,  and a dextral trending about 135°. 

The age of the strike faults is not directly determinable in the field but 

from their orientation and otratigraphic effect they are thought to be early 

near vertical dip-slip structures produced by the 145 0  principal stress. The 

sinistrale and dextral are nearly complementary, generated by a 1800  principal 

stress, and displace the strike faults. Reactivation is shown by displacement 

of the sinistrals themselves by the strike faults, possibly due to reactivation 

during the 950  principal stress as the strike faults are in the correct 

orientation for a dextral reaction to this stress, which is elsewhere manifested 

as small dextral wrenches. Reactivation is also she by a downthrcw component 
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on the wrenches and by different senses of this d(rwnthrow on different faults 

aid difi'orent parts of the same fault, fig. 62. 

The history of faulting shown by this einafl area is therefore thought to be:- 

?roduotcn of major strike faults by 145C  principal stress 

Wrench faulting produced. by 1800  principal stress 

Reactivation of strike faults under 95°  principal stress, 

causing displacement of ii). Release of the 95 0  principal 

stress is a possible source of the d.ovinthrow acperzente found 

in ii) which are in approximately the correct orientation for 

normal reaction to the release of this stress, but the ago 

of the downthrow movement is not determinable. 

Comparison with Other Areas 

The main stresses effecting the present area are listed. in Table 26. 

The major structure detailed above is formed of large antioiine-syncline units 

modified by strike faults to produce the present distribution of formations. 

This explanation of the structure is copletely different from that put forward. 

by Peach and Horns (3.U,ri. 1899). although no direct reference is made to 

the area except for the description of fossil localitioc, the cross-sections 

drawn across the Northern Belt make it clear that they considered the rooks 

to be repeatedly folded into a series of antioliz2es involving only a snail 

thickness (25001)  of rooks. The modern technique of using the sedimentary 

structures of the groywackes to determine their way-up shows, however, that 

even the well exposed coast section contains few fold hinges and few reversals 

from a general north-youngiug direction. The thicknesses of rooks are 

therefore greater than Peach and Horns believed (fig. 2). 
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A major structure of antiolina--oyaclirie units has been proposed elsewhere 

in the Southern Uplands by more recent workers (Craig and t7alton 1 959 8, Ruat 

1963) including, of particular interest, itl14g (1961) for the thinne of 

Galloway. The present area lies along strike froza the Rldnne and has been 

found to have 8c1ilar litbology and stratigraphy. It is therefore not 

surprising that the two areas should have the sane general structure though 

they differ in detail, in particular in the greater influence of strike 

faulting in the present writer's area. 

Anderson (I 962) was severely critical of ielling's structural history, an 

the grounds of insufficient data in the iIhinnc. Axidercn criticised Kelling's 

Proposal of a discrete stress period for each of the Caledonian folds in the 

thinzis, preferring to explain the folds in the Ards Peninsula, and the folds in 

the !lhinria, in terms of one main oonpressional phase in which azimuthal swings 

of the maximum 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 directions as discrete events 

since each is manifested by a varied suite of structures and some of the 

stresses are followed by a tensional phase. This interpretation is also open 

to criticism for lact of evidence, due to poor exposure, but it is regarded 

as more than coincidence that to relatively siafl samples (Minns and the 

present area) should imdioate the same porioda of stress, even though Rolling 

and the present writer differ slightly in the interpretation of the structural 

history of their areas. 

The various stress periods affecting the Loch Lyan area are listed in 

Table 26. There is meagre evidence for the relative ages of the various 



stresses and nearby areas have therefore been used to see if there is any 

'widespread regional stress pattern into which the Loch Ryan area can be fitted 

by analogy. These areas are: 

Girvan area 

Rhinns of Galloway 

Central lJigtownshire 

South Vigtownshire 

Ards Peninsula £ .1. 

and their location is shown in fig. 1. 

(Williams 1959) 

(Telling 1961, Undstrcm 1958) 

(Gordon 1962) 

(gust 1963) 

(Anderson 1962), 

elements have boon extracted fr-cm the respective texts and from figures, 

Table 27, To illustrate the OUffbrifig intopretations of the data the 

authors' ow structural histories are included. There are tvzo schools in 

the interpretation of the data. 7illi&s, Kellina, Anderson, and Gordon 

interpret the Caledonian movements as composing an early folding—thrusting 

phase followed by a later wrench fault phase, the polymodal distributions of 

the wrench fault azimuths being due to second and third order swings in the 

rnmriiius principal stress direction, after 1c1Unstry 1953* 

Rust on the other haM interprets each individual stress direction as a 

discrete event since the presence of several dike generations, Caledonian and 

Tertiary, in South -43townehire, enables fault sequences to be established. 

As previously stated the present writer favours this interpretation, and 

believes that the stress patterns in all the areas so far studied in South-

west Scotland can be interpreted in this way. 17illiarns states (1959, p.661) 

that 'the Stress field giving rise to the more important Main wrench faults 

showed the sane tendency for azimuthal owings of the principal stress axes as 
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ware found for the axes in the folding and thrusting." It is regarded as an 

unnecessary complication to postulate the repetition of the smie swings, 

especially as the data in Table 27 shmm the polymodal fault and fold patterns 

to have a very wide areal distribution. 

Sequence of Events in North-West 7igtownshire 

Table ,26 shows that the stress patterns found in the present area have a 

widespread occurrence in South-west Scotland. It is therefore thought valid 

to asplify the structural history in the present area by analogy with the other, 

areas, in which exposures are better. 

The earliest structures found in the area were produced by a 145-155 0 

principal stress forming folds plunging at a shallow angle towards 55, and 

more steeply towards 65 0, thrusting and wrench faulting. The folding phases 

established the major folds of the area by throwing the rooks into a series of 

anticline—syncline units. This stress period was probably folloed by a 

tensional phase in which there was normal faulting and dyke intrusion. 

principal streoc is clearly equivalent to the early 145 0  

stress direction which produced major folding and wrench faulting in South 

Uigtownshire and is found producing structures in all the other areas except 

the Ards t  there it was not detected 	See Table 27. 

Pllowtng the termional phase of I there vao renewed folding end simistral 

wrench faulting 4th a 165° 	. Prcn their azimuths the major strike faults 

were probably ostablieed during this stress phase. 

A 165-1700  maximum,  principal stress produced folding in the Minna, Ards, 

and airvan areas, where the respective authors regard it as the major folding 

stress, and wrench faulting in all areas except South t7itcvnchire. 
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III • The position in the stress sequence of a maxim principal stress along 

115'1250, manifested by threats, ciiniet!'al wrenches, and, on release,, noizal 

faults Is dubious, except for the eviere of cizo oxposure in which a thrust 

proiced1 by this stress is seen displacing an early fold hinge. A iicxiriza 

principal stress in this orientation produced thrusts and dextral wrenches in 

the Rhinns and on, release, normal faults, and generated ainietral wrenches in 

Central Wigtownshire, but neither of the respective authors atta,hes any 

significance to ib. The closest reference to such a stress is the 110 0  

which fazed the Ar&veli folds in the Gizvaw area, the last Caledonian folds 

according to illicia • This stress may also be equivalent to, but on a 

different orientation from, ivat's P4 (folds and thrusts with 1 3500 ) but 

flust dates his 1'4 as 1ercynian. It in thought that the 115-1230 o 	in the 

present area is, in fact, equivalent to the ArdWaU fold stress, and is not 

represented in South tigtovnsbire. 

IV. The final stress manifested in the area was a 950  naxinuu prjipal Otress 

which produced daxtral wrench faults, and dextral wrench reactivation of the 

major strike faults. This stress is closely analogous to Rust's P6 

(reactivating faults) and also produced structures in the other areas except 

the Pthinn3, ThIo phase was Illustrated by )137th (190) who ascribed the shearing 

in the porphyrite dykes of Calloway to an eaatweot compression. 

Conclusion 

The present area in South-west Scotland fills a gap betcon the other areas 

in which work has been oopletod. The proceeding paragraphs and Table 27 

illustrate that the structural features of all the areas belong to a very wide 

stress pattern in which the major principal stresses have a ubiquitous occurrence 

end a. well defined history. 
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The position of the area also ooraplete a oroes'ceotior aoro3s South-west 

Scotland froii Giivan to 1irrc Head. This is sham in fig. 63 and should be 

oopaz'ed vitb the crO3cseodon in Laorth (1878, 1882) and Peach and Homo 

(1899). 



Table 25 Summary of Elinor Fold Data 

Sub- Reg. Poling: 
area Strike Overturning tida. Plunge Renarke 

A 500 Dominant 100 90 	cars all antioline - syncline 
60 	- 90 unite in shales 

B 60°  Dominant  0-4 	tajraa Unbroken antioline 
50 	- 65 ayno line unite in 

greywackes 

 0 -60°  tgiarda Inferred by 	-dtagraoa 
40 	-90 

 35°c- 55
00toztarde Unbroken anticline - 

55 	- 75 eynolina unite in shales 

C 600 Dcinant 

500 
 Dominant 

E 70 50 	of 11 40
0 	5Q0  towards) 

readings 60 	70 	) 

 100 	orda Inferred by 	ç7) -diagrane 
240 	-250 	) 

) 
 Vertical 	) 

P 70°  None 1. 0 -20°  tgiarde Inferred by 	3 -diagrams 
50 	- 80 

2. Low angle From poles to axial plane 
towards 70 cleavage 

70°  50;_,7  of 
readings 

H 700 501c,f 
readings 

3 650  Dominant 

I 60°  NO t aini- I • 100 	 ) 0tovara 
variable ficant 30 	- 50 	) 

2. 0 - 	tcrda) Inferred by ( -diagrams 
220 	-250 	) 

) 
3. Vertical 	) 



Table 25 (Contd.) 

&b- Reg. 
area Strike Overturzdng Axial Plunge 

0..70°. 1ot signi- 209  toirda 
) 

Very ficant 0 - 10 	
) 

variable 
Vertical 

XC 700 309 of 
readings 

L 400 Not signi- 
ficant 

U 600  Not aii- 15 	85°  towards 
ficant 40P - 80 

P 60°  Not signi- 300 	owarda 
ficant 60 

Q 65°  Not signi- Nor.0  towards 
ficant 65 

R 60°  4Dof 
readings 

Inferred by f -diagreza  

Inferred by (3 - diagram 
and cleavage - bedding 
intersections 

Froa ir diagram 

From 11 diagram 



	

Table 26 	Snary of Stress Data 

	

Azimuth of 
	

Structure 

	

1 1,0* - 145° 	 Pclãa on 50°  axis 

wrench Pault3 (Sin. 175, Dex, 1150) 

Thrusts along 50 0 

Normals along 55 0 
 

	

165° - 1700 	 Polds an 750 - 800 axis 

Sinistral wrench faults along 1950 
 

	

115 	125° 	 Siniotral wrench faults 

Normal faults along 350  
Thruste along 25°  

90 - 95° 	 Dextral wrench faults along 650  
Reactivation of Strike faults 



Pablo 27 
	

Sary of Regional Stress Data in S.t. Sootlend 

iiinns of 
Galloway 
	 Girvan 

Lindstrom 
	

V7il1ias 
1958 
	

1957 

Fold 
Trends 

Fold O 

Thrust 
Trends 

Thrust o-j 

Sinietral. 
Trends 

Sinistral O 

Dextral 
Trends 

Dextral O 

Normal 
Trends 

Normal aj- 
History 
Of 
Events 	2 
(Frc3 
Text) 

470 

137°  

75°  

1650  

) 	 (75, 40, 30, 165,  105 

172-1979  140.158, 105-285 165, 13 0, 120, 75, 15°  

,Folds 07 137 	1 Folds 150 - 170 	1 • Folds 145 O 

Thrustso 1650  2. Thrusts 1450 	 2. Folds £ 17ronohes 165 
o-&-  Cr, 

Folds 110 	 36 Normals 75 15 

O x Folds,, 4.50 	4. Folds 190 a-.- 

tlrenob 1600  
O-D 

l ot Normal 80-107 
170-197 

2nd. ' 50-68 140-158 

9• 73 r 	15 	105 

O  67° 790 if 
	

65 75  100 

144° 1570  1690 4.7 	14.5 165 190 

65-75 95 1 35 

130-160° 1800  250 609 950 155-165 185 45 

t7z'enah Fault °, 	175, 190-200, 25-35, 55 

140-170 50P 700  1000 	 145, 160-170,  175-185, 25 

130, 1559  175, 90 

:160, 185, 25, 120 



Table 27 	(Ccit) 

Ards Central titcv7n13hiro South 7itowhire 

Mc.orsoi Gordan Rust 
1962 1962 1963 

polds 70°  65 4.5 	53 	95 	115 	180 
Isco, with 

t7renohoa 

Po1c3 O 160 70°  155 135 	14.5 	185 	25 	90 

Thrusts 110 	45 

Thrusts 	t7 200 	135 

Sinietral8 195 150 	250 	155° 1850 

Sin. 	0", 165 165° 	1800 	1250 145 

Dextrals 125 135 	155 	10 	65 110 

Dex. 	1)7 165 165 	180 	40 	95 14.50 

Noxal3 

'1ormal 011  

OT CY 

History 1 • Folds 160°  1 • Folds I • Folds 135 & Thrusts 
Of Thrusts 155 
Wentz 7renoh 

2. Kinks 70°  2. 7renohe 	165 2. 	0 	145 & Jrenc1iee 
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the area of a single worker but discrepancies between results were found when 

more than one operator analysed a control suite of specimens, suggesting that 

modal analysis results from the areas of different vorkere are not directly 

comparable due to operator variance. A technique was devised so that 

results from different areas could be adjusted and made comparable, 

Structural 

The major structure of the area was elucidated by conbining minor 

structural and stratigraphical data, and found, to be foziiod of four anti-

oline—synoline units modified by strike faulting so that most of the beds 

are nearly vertical and face northwards. In addition the minor-structures 

a complex structural history in which the rocks have been affected by 

at least four periods of folding and/or faulting. 
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Abstract 

The results of the present investigation can be susearised under three 

headings.- Stratigrahioal, Statistical, and Struotuial. 

Stratiraphioal 

Eight months field work and detailed examination of nearly 500 specimens 

have enabled the rocks of the area to be divided into three main formations--- 

the oldest Lochrysn Rocks, the youngest Glerithan Rocks, and the Canerecan 

Rocks between the two---hioh differ from each other in petrology, quanti-

tative composition, sedimentary features, and environment of sedimentation. 

The differences between the formations are described and discussed, shoving 

that the Loohryan and Glenihan Rocks are formations with discrete features 

while the Ceirnerseexi Rooks are a passage group bctveon the Lochrycn and Glenaan 

and therefore have some of the characteristics of both formations. 

The provenance of the rooks is discussed tithin the context of the Scottish 

Caledonian geosynclino. It is suggested that the main source of sediment vas 

a mixed acid gneous--metemorphic land mass lying to the south of the area and 

that weathering of contemporaneous volcanic rocks in this land mass also 

contributed a large volume of detritus to the geosynsline. 

Statistical 

Potrographio modal analyses were used extensively in the definition of the 

various formations and sub-divisions of formations. The validity of the 

application of modal analysis to this use was examined by the analysis of a 

large number of thin sections and the employment of various statistical tests 

to the results, The use of Modal Analysis was found to be valid tiithin the 

area of a single worker but discrepancies bote-een results were found when more 

than one operator analysed a control suite of specimens, suggesting that modal 
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