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SUMMARY

Holocene raised coastal sediments of the Dalbeattie, Kirkcudbright and New 

Abbey areas in Galloway, and the area of the former Lochar Gulf in Dumfriesshire, 

together with present-day intertidal surface sediments from the first three of these 

areas, were studied. In Part I, the nature of the research project and previous related 

work is considered. A summary of the geological setting of the field areas is also given.

The first half of Part II is concerned with the methods used in data-recording 

and sample collection in the field and with stratigraphical correlation of the Holocene 

raised coastal sediments within the Dalbeattie, Kirkcudbright and New Abbey areas on 

the basis of exposed vertical sections and auger-drilled boreholes. Correlation of the 

sedimentary sequences recorded in these sections and boreholes suggests that several 

sedimentary facies can be distinguished in the three areas studied in this way. Four 

sedimentary facies are also recognised within the present-day intertidal deposits of 

the same areas. Following a discussion of the concept of sedimentary facies, previous 

recognition of such facies in SW Scotland and the criteria on which sedimentary facies 

were distinguished in the course of the research project, descriptions of the 

present-day and Holocene facies are given. The four sedimentary facies recognised 

within the present-day intertidal deposits are: tidal-flat; tidal-creek; salt marsh; 

sand-barrier. The seven sedimentary facies recognised within the Holocene sediments 

are: A, complex of fine-grained sediments; B, inter-laminated fine sand and silt; C, 

coarse sand with pebbles; D, fine sand, rich in microfaunal remains; E, clays, rich in 

plant debris; F, coastal gravel and sand; G, peat.

In Part III, data on the shapes, sphericity, roundness and lithological 

compositions of Pleistocene glaciofluvial and Holocene storm-beach gravel deposits in
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the Dalbeattie area are presented and compared. Pleistocene clasts are mainly discs, 

Holocene clasts mainly blades; sphericity ranges between 0.5 and 0.9 in both cases, 

but the degree of roundness is greater in the Holocene clasts than in the Pleistocene. 

Greywacke is the commonest rock type in both. The Pleistocene gravels probably were 

derived mainly from the NW and west, the Holocene gravels partly from the 

Criffell-Dalbeattie granodioritic pluton and partly from Pleistocene glaciofluvial 

deposits. The results of orientation studies of (mainly) Holocene gravel clasts in the 

Dalbeattie and New Abbey areas are also given. They suggest deposition by SE-NW 

water flow. Detailed grain-size analysis indicates that most of the Holocene sediments 

in the Dalbeattie area and in the upper part of the successions in the Kirkcudbright and 

New Abbey areas (sediments of facies A) are of silt grade and bimodal or polymodal in 

grain-size distribution, whereas sand-grade and unimodal grain-size distribution 

predominate in the Holocene sediments (of facies D) in the area of the former Lochar 

Gulf and in the lower part of the succession in the Kirkcudbright and New Abbey areas. 

The present-day intertidal sediments of the Dalbeattie, Kirkcudbright and New Abbey 

areas are mainly of fine-sand grade and unimodal in grain-size distribution. In 

descending order of abundance, illite (mainly with the composition of biotite and 

muscovite), chlorite (mainly Fe-chlorite), kaolinite and vermiculite are the main 

clay minerals present in both the present-day intertidal and Holocene raised coastal 

sediments in the areas studied. Both detrital and authigenic illite, chlorite and 

kaolinite are present; detrital material greatly predominates over authigenic material 

in the cases of chlorite and kaolinite. Vermiculite is more abundant in the uppermost 

facies, A, than in the various underlying facies. Mixed-layer clays and 

montmorillonite are present in minor amounts in the Holocene sediments. Geochemical 

analysis of bulk samples and samples of the clay fraction of both the Holocene and
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present-day sediments indicates that the SiC>2 content, which is inversely related to

the content of AI2 0 3 , total iron, T 1O2 , MgO and K2 O, is higher in the Holocene 

sediments of the Lochar Gulf area than in the sediments of the same age in the three 

other areas studied. The CaO content in Holocene sedimentary facies D, which is 

approximately equal to that in the present-day sediments and higher than in the other 

Holocene sediments, may have been derived from fossil shell and other organic 

carbonate fragments in facies D. The trace elements Y, Sr, Rb, Th, Pb, Zn, Ni, Co, Ce, 

Cr, Ba and La are associated with the clay minerals present in the sediments.

Environments of deposition and possible provenances of the Holocene sediments 

are discussed in Part IV. The environments of deposition recognised, and their 

corresponding sedimentary facies or sub-facies, were: intermediate to low tidal-flat, 

facies D; intermediate to high tidal-flat, facies B; high tidal-flat, sub-facies Ab; very  

high tidal-flat or supra-tidal (salt marsh), sub-facies Ac; salt-marsh, sub-facies 

Aa; lake or marsh, facies E; storm-beach, facies F. A minor, additional, environment 

recognised in the New Abbey area only, was that of the fluvial channel-filling (facies 

C). Determination of provenance of the Holocene sediments on the basis of clay 

mineralogical and geochemical content must be regarded as very tentative.



DECLARATION

The material presented in this thesis is the result of independent research by the 

author, undertaken between January 1986 and November 1989, at the Department of 

Geology & Applied Geology, University of Glasgow. Any published or unpublished 

results of other works have been given full acknowledgement in the text.

Liftaa S. Kadem



PART I

THE RESEARCH PROJECT AND ITS GEOLOGICAL SETTING



CHAPTER 1 

INTRODUCTION TO THE RESEARCH PROJECT

1.1 Introduction

Sedimentological, stratigraphical and geomorphological evidence demonstrates 

that in the early part of post-glacial (Holocene) times (i.e. from c. 10,000 to 5,000 

years B.P.) a major marine transgression, followed by regression, occurred in 

south-western Scotland. The marine events were marked by the deposition of coastal 

sediments that vary in facies, composition, grain size and textural properties, and that 

represent a variety of depositional environments and sub-environments.

The Holocene marine sediments occur now at altitudes of a few metres above 

British Ordnance Datum (Newlyn), either as raised sand and gravel bodies or as areas 

of fine-grained deposits known locally as 'carse lands’, and they rest on tills or 

glaciofluvial deposits of the Devensian glaciation. Identification of the surface of 

contact between the inorganic Holocene and Devensian deposits is based partly on the 

presence, in places, of a thin layer of organic (peaty) debris, and partly on the 

distinctly different nature of the Holocene sediments and the Pleistocene glacial and 

glaciofluvial deposits.

As discussed below, prior to 1986 the coastal sediments had been studied at 

several locations along the northern shore of the Solway Firth. Research, however, 

had been devoted mainly to stratigraphical and geomorphological aspects; only limited 

sedimentological studies had been undertaken (Griffiths 1988), and mineralogical and 

geochemical studies had been almost totally neglected. It was considered useful, 

therefore, to undertake a research project that would concentrate on sedimentological, 

mineralogical and geochemical aspects of the Holocene raised coastal sediments. The
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geographical areas chosen for study were the New Abbey and Lochar Gulf areas, which 

already had been the subject of stratigraphical and geomorphological research 

(Jardine 1975; 1980), and areas in the vicinity of the towns of Dalbeattie and 

Kirkcudbright, which previously had received little attention (Fig. 1.1).

1.2 Previous work

The Holocene sediments of the Dumfriesshire and Kirkcudbrightshire shore of 

the Solway Firth were first mapped by the Geological Survey prior to 1879. Brief 

reference to the extent and nature of the deposits was made by Horne et al. (1896, 

36-39). Investigations of the inorganic coastal sediments and associated organic 

deposits by Wallace (1918), Donner (1959; 1963) and Marshall (1962a; 1962b) 

were mainly geomorphological in emphasis. Botanical and palynological studies of 

Lochar Moss, which overlies Holocene coastal deposits of the former Lochar Gulf, were 

made by Erdtman (1928, 175) and Nichols (1967), and brief reference to the same 

Moss was made by Godwin (1943, 227-228) in a general survey of British coastal 

peats.

The environmental history of Lateglacial and early Flandrian (Holocene) times 

in south-western Scotland was interpreted by Bishop & Coope (1977, 61-67) from 

detailed local stratigraphical investigations at several localities between the Solway 

Firth and the Clyde Estuary. Stratigraphical and faunal evidence and radiocarbon dates 

were discussed. Of particular interest is the dating of woody peat (with a pollen 

spectrum dominated by pine, birch and hazel) from the foreshore of Brighouse Bay 

(NX 634 452), which provided evidence that sea level in the Kirkcudbright area was 

below Ordnance Datum (O.D.) at c. 9,640 ±180 years B.P. (Godwin & Willis 1962; 

see also Bishop & Coope 1977, 68).



Other early work regarding changes of sea level within the Solway Firth area 

was undertaken by Donner (1963). He recorded evidence for the Holocene marine 

transgression at seven sites along the northern shore of the Firth and discussed the 

results in terms of the so-called 'Late-glacial 100-foot beach' and 'Post-glacial 

25-foot beach'. More recent research on the sediments and events of the Holocene 

transgression along the northern shore of the Solway Firth is described in a series of 

papers by Jardine (1964; 1967; 1971; 1975; 1977; 1980; 1981a; 1982). The 

chronology of Holocene marine transgression and regression and the archaeological 

significance of the Holocene coastal deposits of the same area are discussed by Jardine 

& Morrison (1976).

Studies with a sedimentological emphasis are those of Bridges & Leeder 

(1976), who examined intertidal mudflat channels near Carsethorn (south of New 

Abbey), and of Griffiths (1988), who recorded, analysed and re-appraised 

sedimentary facies and sub-environments of deposition both in Holocene times and at 

present in the estuaries of the River Cree and Water of Fleet, western Galloway.

1.3 Geographical areas studied

The areas studied in the course of the research project are located on the 

northern side of the Solway Firth (Fig. 1.1). In the Dalbeattie area, the Holocene 

raised coastal sediments that were examined occur on both sides of the Urr Water at, 

and south of, the town of Dalbeattie, and in the adjacent low, flat areas bordering 

Auchencairn Bay, Orchardton Bay and Rough Firth. The Kirkcudbright area 

consists mainly of the flat ground adjacent to the western side of the River Dee to the 

west, and for a few km to the north, of the town of Kirkcudbright. Sediments on either 

side of New Abbey Pow (i.e. burn or stream) downstream from the village of the same
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name are the deposits that were studied in the New Abbey area. The former 

Lochar Gulf occurs to the south-east of the town of Dumfries.

1.4 Aims of the research project

As explained above (Chapter 1.1), no detailed account has been given, as yet, of 

the sedimentological, mineralogical and geochemical characteristics and conditions of 

accumulation of the Holocene raised coastal sediments of the Dalbeattie, 

Kirkcudbright, New Abbey and Lochar Gulf areas. In addition, the extent and 

distribution of these sediments in the Dalbeattie and Kirkcudbright areas have not 

been mapped in detail. The main aims of the project therefore may be stated as 

follows:

Aim1 Mapping of the extent and distribution of the various facies of Holocene 

coastal sediments in the Dalbeattie and Kirkcudbright areas, (a) to 

determine the position of the shoreline at the maximum of the Holocene 

marine transgression, and (b) to investigate the nature and, if possible, 

successive positions of the shoreline during the period of marine 

regression.

Aim 2 Detailed study, both laterally and vertically, of the various sedimentary 

facies that occur in the Holocene sediments of the Dalbeattie, Kirkcudbright 

and New Abbey areas, and to a lesser extent of the former Lochar Gulf. Such 

a study should lead to identification of the various environments and 

sub-environments of deposition in which the Holocene sediments 

accumulated in these areas.



Aim 3 (a) Field recording of sedimentary structures (where observed) and shapes 

of Holocene sedimentary bodies, and their relationships to depositional events 

that occurred in the course of the Holocene marine transgression and regression, 

(b) Determination of the shape, sphericity and roundness, and 

of the orientation of the long axes, of clasts contained in natural and 

artificial exposures of Holocene beach gravels and adjacent Pleistocene 

glaciofluvial gravels, with a view to determining, (1) criteria for 

distinction between these two types of gravel deposit, and (2) current flow 

directions during deposition of these sediments.

Aim 4 Grain-size analysis of the various facies of the Holocene coastal sediments and 

of present-day intertidal deposits, with a view to determining, (a) the 

textural characteristics of the Holocene sediments and present-day intertidal 

sediments, (b) grain-size variation within the Holocene sediments from one 

area to another, (c) vertical variation in grain size within the Holocene 

sediments, (d) criteria for distinction between the present-day intertidal 

sediments and the Holocene sediments, and (e) modes of transportation and 

deposition of the Holocene sediments in the various environments and 

sub-environments of deposition.

Aim 5 Laboratory analysis to determine the clay mineral content of the Holocene 

sediments, with a view to determining, (a) the sources of the sediments 

and, (b) any differences in clay mineralogy from one facies or sub-facies to 

another that may be attributable to changes in environmental conditions.



Aim 6 Major and trace element geochemical analysis of bulk samples of the 

fine-grained Holocene and present-day intertidal sediments and of the clay 

fraction of both these groups of sediments, with a view to determining the 

provenances of these deposits.

1.5 Organisation of the thesis

The text of the thesis is divided into four Parts. The first two chapters, 

comprising Part I, explain the nature of the research project, outline previous related 

work and give a summary of the geological setting of the field areas that were studied.

Part II is concerned with the methods used in data-recording and sample 

collection in the field, stratigraphical correlation of the Holocene raised coastal 

sediments within the Dalbeattie, Kirkcudbright and New Abbey areas, and definition and 

description of the various sedimentary facies and sub-facies that were recognised in the 

Holocene sediments and present-day intertidal sediments.

Part III presents field and laboratory data on the sedimentological 

characteristics of Pleistocene and Holocene gravel deposits, and the results of 

grain-size, clay mineralogical and geochemical laboratory analyses of selected samples 

of the Holocene raised coastal deposits and present-day intertidal surface sediments.

In Part IV, the environments in which the Holocene raised coastal sediments 

accumulated and the provenances of these sediments are considered. A final chapter is 

devoted to a summary of the results of the research project, conclusions reached and 

suggestions for further study of the Holocene coastal sediments in the areas to which the 

study was directed.



1.6 Nomenclature and terminology

1.6.1 Nom enclature

The project is concerned mainly with the study and interpretation of sediments 

deposited during the Flandrian (Holocene) marine transgression and regression in 

south-western Scotland.

The beginning of the time interval involved is shortly before the time boundary 

between the Late Devensian Sub-Age and the Flandrian Age (or Holocene Epoch) (Table 

1.1). The 'Windermere Interstadial', spanning the time interval c. 13,000 years 

B.P. to 11,000 years B.P. and with stratotype at Lake Windermere, NW England, is as 

defined by Coope & Pennington (1977). The term 'Loch Lomond Stadial' is used as 

equivalent to the Younger Dryas Chronozone of NW Europe (Mangerud et al. 1974), 

and is correlative with stratigraphical units described elsewhere by several authors 

(e.g. Jardine & Peacock 1973; Lowe & Gray 1980; Jardine 1981b). The end of the 

Loch Lomond Stadial is taken as 10,000 radiocarbon years B.P., the date selected by 

the INQUA Holocene Commission as the beginning of the Holocene Epoch and, therefore, 

the Flandrian Age (cf. Bowen 1978, 106). In Britain, the boundary between the Loch 

Lomond Stadial and the Flandrian 'InterglaciaP appears to represent a moderately 

synchronous major environmental change (Coope & Pennington 1977).

The Late Devensian glacial episode spans the interval between c. 26,000 years 

B.P. and 10,000 years B.P. (Shotton 1973), and the term 'late Late Devensian' is 

used informally to denote the combined climatostratigraphical units of the 

Windermere Interstadial and Loch Lomond Stadial.

1.6.2 Term inology

Several terms and abbreviations used in the thesis are defined below:
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Holocene raised coastal sediments

These include the products of several individual sedimentary environments, 

each of which existed in the neighbourhood of the northern coast of the Solway Firth 

during part or all of the Holocene Epoch.

Estuarine sediments

These form extensive relatively-flat, low-lying tracts in the lower parts of 

river valleys and at the heads of bays. They are dominantly medium- or fine-grained 

sediments (cf. Jardine 1975, 174-175).

Sait marsh deposits

These are present-day sediments, locally called 'merse deposits', forming the 

low areas adjacent to but landward of the limit of present mean high water spring 

tides (MHWS). They are flooded occasionally by tidal waters, and they extend inland 

for variable distances up to c.100m. They are colonised by halophytic plants and are 

traversed by a ramifying system of shallow creeks or gullies.

Present-day intertidal deposits

These are sediments that are deposited between present-day mean low water 

(MLW) and mean high water (MHW) and are separated from the adjacent salt marsh 

deposits by very low cliffs. The areas in which these deposits accumulate are covered 

by water at times of high tide.

Altitude or elevation

This value is given as above Ordnance Datum (AOD) or below Ordnance Datum 

(BOD), Ordnance Datum being Mean Sea Level at Newlyn, Cornwall.

Positions of the surface of the sea

Several positions of the surface of the sea are denoted by the abbreviations used 

in Figure 1.2.
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Units of measurement

The units of length used in the determination and recording of distances, 

thicknesses, size grades etc. are the metre (m), kilometre (km, equivalent to 103m), 

millimetre (mm, equivalent to 10‘3 m), micron (urn, equivalent to 10‘ 6m). The 

units of mass used are the gramme (g) and kilogramme (Kg, equivalent to 103g).

Locations and directions

Reference to specific locations is given by use of the British National Grid 

Reference system, e.g. NX 9828 6581. Directions are abbreviated in some cases to 

NE, SSW, etc. National Grid References of all boreholes and natural sections from 

which samples of Holocene sediments were collected are given in Table 1.2.

Changes of sea level

All references to changes of sea level are to relative rather than absolute 

(eustatic) changes.

Size grades

The terms used to describe the size grades in mechanical analysis of the 

sediments (Chapter 7) are those of the Udden-Wentworth scheme (after Pettijohn et 

al. 1972). In the field, size grades were estimated. Field descriptions are of the 

form, for example, 'silty sand with clay', denoting a sediment predominantly of sand 

grade, with a lesser amount of silt grade and minor amount of clay grade.

Clay fraction

The size fraction finer in grade than 2 pm or >8.0 0  is the fraction that was 

separated in the laboratory by the sedimentation method based on Stokes's Law. 

Sample code numbers

Each sample collected in the field and analysed in the laboratory has a unique



code number, e.g. D2 0.70, NM 1.50 or Np 3-1, which is used in reference to that 

sample in the Tables included in the thesis.

In the first example given above, the initial capital letter and number, D2, 

refers to the geographical area and the number of the borehole or natural section in 

that area: D denotes the Dalbeattie area, K the Kirkcudbright area and N the New Abbey 

area. In the case of samples collected in the Lochar Gulf area, the relevant section or 

borehole is denoted by two capital letters. For example, NM denotes the Newmains 

borehole. The full list of abbreviations is as follows:

BB Bankend Bridge section NM Newmains borehole

HH Horseholm borehole NP Northpark borehole

HM Highlandman's Pool section PH Powhillon borehole

MT Midtown borehole SK South Kirkblain section

In the case of samples of Holocene sediments the depth, in metres, at which the 

sample was taken below the ground surface is indicated. For example, 0.55 following

the initial code letter and number denotes a sample taken at 0.55m below the ground

surface.

In the case of samples of present-day intertidal surface sediments, the initial 

capital letter D, K or N is followed by the letter p (present-day). The number of the 

line of traverse within the relevant area and the number of the sample along that 

traverse are also given. For example, Dp 2-3 denotes present-day sample number 3 

along traverse 2 in the Dalbeattie area.
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LOCHAR 
' GULF

DUMFRIES

NEW ABBEY

DALBEATTIE

Palnackie

KIRKCUDBRIGHT

Auchencairn

10km

Figure 1.1 Map of part of Dumfriesshire and Galloway, showing the locations of 
the Dalbeattie, Kirkcudbright, New Abbey and Lochar Gulf areas, 
which were studied in the course of the research project. Two other 
areas of Holocene raised coastal sediments, between Dumfries and 
New Abbey, and south of New Abbey, were not included in the study.
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Mean High Water Spring (MHWS) 

Mean Higher High Water (MHHW) 

Mean High Water (MHW) 

Mean High Water Neap (MHWN) 
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Figure 1.2 Diagrammatic representation of the surface of the sea 
(after Weimer et al.f 1982, Fig. 2).

1. Mean Neap Range
2. Mean Range
3. Mean Spring Range
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Table 1.2 Locations of boreholes and natural sections from which samples of 
Holocene sediments were collected and/or analysed in the course of 
the research project.

Dalbeattie area

or section National Grid IReference

D1 NX 8 3 0 2 5 9 1 5

D2 NX 8 2 1 0 5 7 1 7

D3 NX 8271 5 7 9 7

D4 NX 8 2 6 5 5 7 6 0

D5 NX 8 2 2 4 5 8 9 7

D6 NX 8 2 5 3 6 0 9 7

D7 NX 8 2 9 4 6 0 3 4

D8 NX 8 2 3 4 5 8 6 5

D9 NX 8 0 2 5 5 4 7 9

D10 NX 8 0 6 0 5 2 8 2

Kirkcudbright area

Borehole or section National Grid Reference

K1 NX 6871 5 2 1 2

K2 NX 6 8 6 2 5 2 2 3

K3 NX 6 8 4 6 5 23 9

K4 NX 6 7 8 0 5 1 5 9

New Abbey area

Borehole or section National Grid Reference

N1 NX 9 8 6 8 6 55 0

N2 NX 9 87 0 6 563

N3 NX 9 8 5 8 6571

N4 NX 9 8 0 9 6 57 5

N5 NX 9 8 0 2 6 57 2

N6 NX 9 7 9 8 6 58 6

continued
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Table1.2 continued 

Lochar Gulf area

Borehole or section National Grid Reference

Bankend Bridge (BB) NY 0291 6 8 4 7

Horsehoim (HH) NY 0 3 1 3 7 0 6 2

Highiandman's pool (HM) NY 0 4 4 7 6 6 9 2

Midtown (MT) NY 1189 6 5 7 7

Newmains (NM) NY 0 4 0 3 6 66 3

Northpark (NP) NY 0 3 7 2 6 6 8 5

Powhillon (PH) NY 0 5 7 2 6 7 5 0

South Kirkblain (SK) NY 0 2 6 9 6 9 5 6



CHAPTER 2

GEOLOGICAL SETTING OF THE RESEARCH AREAS

In this chapter the geological setting of the research areas is discussed briefly 

in terms of the origin and distribution of the underlying solid rocks, Pleistocene 

deposits and Holocene sediments.

2.1 Solid rocks

The four geographical areas chosen for study (Chapter 1.1 and 1.3) are located 

on the southern margin of the Southern Uplands of Scotland, a region of 

strongly-deformed sedimentary rocks of Ordovician and Silurian age, intruded in 

places by acid igneous plutons (Fig. 2.1). The deformed strata, striking 

approximately SW-NE, are traversed by a number of strike-oriented faults, which 

are thought to be rotated reverse faults (Weir 1974; McKerrow et al. 1977; Cook & 

Weir 1979). Sediments preserved in the Solway basin, to the south of the Southern 

Uplands, suggest that the basin was initiated as a SW-NE trending feature in late 

Devonian or early Dinantian times (Ord et al. 1988). Basin formation has been 

attributed to back-arc stretching similar to that operative in the present Aegean Sea 

area (Leeder 1976; 1982a) and to dextral shear movements (Dewey 1982).

The predominant types of solid rock in the Southern Uplands are these:

Igneous intrusions

The largest of the igneous intrusions are the granites and granodiorites of The 

Cheviot, in the east, and, in the west, Cairnsmore of Fleet, Criffell and Loch Doon -
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Loch Dee (immediately east of Merrick, Fig. 2.1). They were emplaced during and 

after formation of the Lower Palaeozoic sedimentary rocks, but prior to folding and 

(minor) metamorphism of these rocks (Greig 1971). The granitic bodies have been 

studied by a number of workers, e.g. Gardiner & Reynolds (1932; 1937), Macgregor 

(1937; 1938), Phillips (1956), Parslow (1968; 1971), Leeder (1971) and Cook 

(1 9 7 6 ) .

Upper Ordovician and Silurian rocks

The sedimentary rocks of the greater part of the Southern Uplands consist of 

greywackes and shales, together with thin slivers of basic igneous rocks associated 

with black shales (Hall 1970; Dewey 1971; Bluck 1980; Hall et al. 1984; Bluck 

1985). The Late Ordovician and Silurian history of sedimentation in the Southern 

Uplands trough can be understood in terms of several facies within the greywacke 

succession (Walton 1963). According to Adesanya (1982, 4a), the greywacke rocks 

may be divided broadly into two groups, fine-grained and coarse-grained. The latter 

are poorly sorted, with grain sizes ranging from <0.1 mm to c. 3.0mm. Large-sized 

grains are typically shale (and occasionally other rock) fragments. In the 

fine-grained greywackes, grain sizes average c. 0.01mm to 0.04mm. Fractured 

quartz is predominant. The cementing medium is typically calcite in the 

coarse-grained variety and clay in the fine-grained variety. Clay minerals, 

however, constitute about 10% or less of the composition of the greywackes.

Lower Palaeozoic greywackes and shales, together with the western part of the 

large granodioritic pluton of Criffell, underlie most of the Dalbeattie area, and 

Permian and Silurian sedimentary rocks underlie the former Lochar Gulf area. 

Ordovician and Silurian sedimentary rocks, together with the eastern margin of the
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Criffell granodioritic intrusion, are the bedrocks of the New Abbey area. The 

Kirkcudbright area is underlain mainly by Silurian greywackes (of. Fig. 2.2).

2.2 Pleistocene deposits

During cold intervals of the Quaternary period, the Scottish uplands nourished 

valley glaciers that coalesced on the adjacent lowlands to form piedmont glaciers and, 

ultimately, ice sheets. The western part of the Southern Uplands has many corries, 

several rock basins and much ice-scraped bare rock, all these features being evidence 

of the former presence of glacier ice in that region. The influence of glacial meltwater 

is particularly obvious in SW Scotland, kames, kettles and outwash deposits being 

common (cf. Charlesworth 1926a & 1926b; Jardine 1956, 180-212; Holden 1977; 

May 1981; Cornish 1981).

2.2.1 Dalbeattie and Kirkcudbright areas

In the Dalbeattie and Kirkcudbright areas, the Pleistocene deposits range from 

massive, unstratified and unsorted till to well-bedded and sorted gravel, sand and silt 

deposits. The till is mainly compact, but locally is sandy, and contains abundant 

striated cobbles and pebbles. In colour it ranges from dark grey to reddish brown, 

depending on the type and composition of the underlying bedrock. Ablation of the ice 

sheets released large quantities of meltwater, which in turn deposited sand and gravel 

in the hollows and flat areas around and between the decaying ice masses. In the 

Dalbeattie area, undulating spreads of kame mounds and esker ridges were formed, 

whereas in the Kirkcudbright area the glaciofluvial deposits form wide, flat-topped 

mounds of well-stratified sand and gravel. In both areas, the meltwater deposits have 

been incised by later river erosion and (nearer the Solway Firth) by marine
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incursion, to leave terraces above and adjacent to flat tracts that are largely composed 

of Holocene deposits (cf. Horne et al.1896; Greig 1971; Brown 1980; 1981; see also 

Figs. 2.3 and 2.4).

2.2.2 New Abbey and Lochar Gulf areas

During the last major glaciation of southern Scotland these areas were scoured 

by ice that moved in a generally easterly or south-easterly direction. The glaciers 

carried many boulders of granodiorite from the Criffell massif and these are now 

distributed widely as distinctive erratics on the low ground adjacent to the inlets that 

existed later (during the early part of the Holocene Epoch) at New Abbey and as the 

Lochar Gulf (cf. Greig 1971). The distribution of the tills and glaciofluvial deposits in 

these areas is shown in maps of the British Geological Survey (Brown 1981; 1983a; 

1983b) and of Jardine (1971; 1980).

2.3 Holocene deposits

The Holocene deposits of the four geographical areas chosen for study are the 

sediments with which the research project is mainly concerned. There is little need, 

therefore, to describe or discuss the nature and origin of these deposits here. Their 

distribution and geographical limits, however, are of relevance in relation to the 

geological setting of the project, so these aspects of the deposits are discussed briefly 

in this section.

2.3.1 Holocene deposits of the Dalbeattie area

In the northern, western and eastern parts of this area, the inland limit of the 

sediments deposited by the Flandrian marine transgression and regression is marked
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by small cliffs on either side of the valley of the Urr Water. The cliffs separate the 

Holocene deposits from higher areas that consist of Pleistocene deposits and solid rocks 

(e.g. at NX 8220 6108). In the south, the limit of the Holocene sediments is marked 

by a line of very low 'cliffs', located at present highest tide position. The 'cliffs' are 

cut in the Holocene raised coastal sediments. Seawards of them, and at a lower level, 

present-day salt marsh sediments occur. The width of the area of Holocene sediments 

varies from one place to another within the Dalbeattie area, being up to a maximum of 

c. 2km in the south. From the present distribution of these deposits, it may be deduced 

that the maximum northern extent of the shoreline during the Holocene marine 

transgression was c. 12km landwards of the position of the present shoreline (Fig.

2.3).

2.3.2 Holocene deposits of the Kirkcudbright area

The Holocene deposits of this area, forming a tract of variable width between 

the River Dee and mounds of Pleistocene sand and gravel, are exposed in parts of the 

banks of the river by the action of high spring tides. The Holocene deposits extend 

northwards from the town of Kirkcudbright to Tongland Bridge (NX 6921 5334), the 

position of the maximum landward extent of the sea in this area during the Holocene 

marine transgression. The position of the former shoreline is marked by either a 

small 'cliff' or a facies change or a break in slope of the ground surface. A few 

discontinuous remnant 'cliffs' of Holocene sediments are present to the west of 

Kirkcudbright Bridge (NX 6841 5125) on the western bank of the River Dee (Fig.

2 .4) .
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2.3.3 Holocene deposits of the New Abbey area

Holocene raised coastal sediments extend on both sides of New Abbey Pow and 

Drumillan Pow north-westwards from the mouth of New Abbey Pow (Pow Foot, Fig.

2.5). The sediments are typically developed in south-bank meander scars of New 

Abbey Pow at NX 9858 6571, NX 9809 6575 and NX 9802 6572 . The shoreline that 

existed during the main Flandrian transgression was located about 3km inland from the 

present shoreline, the maximum landward extent of the Holocene raised coastal 

sediments along the course of New Abbey Pow being c. 400m to 500m west of the 

village of New Abbey.

2.3.4 Holocene coastal deposits of the former Lochar Gulf

Much of the large tract of Holocene coastal sediments that extends northwards 

on either side of the Lochar Water from the Solway Firth to the vicinity of the village 

of Locharbriggs is covered by thick deposits of peat, so natural exposures of the 

former marine sediments are few (Jardine 1980, 25). Locations of relevance to the 

present research project are those where boreholes were sunk or sections exposed at 

NY 1189 6577 (Midtown), NY 0372 6685 (Northpark), NY 0403 6663 

(Newmains), NY 0447 6692 (Highlandman's Pool), NY 0572 6750 (Powhillon) and 

NY 0313 7062 (Horseholm) . In the course of the present project, sections at NY 

0269 6956 (South Kirkblain) and NY 0291 6874 (Bankend Bridge) were sampled.

At the time of the main Holocene marine transgression, the area that is now 

located c. 5km to the east of Dumfries was a large embayment (the so-called Lochar 

G u lf, Jardine 1975) with narrow inlets at its northern extremity. The inlet in 

which the upper reaches of the Lochar Water are now sited was by far the largest
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extension of the gulf. The site of the village of Locharbriggs, which was on the 

shoreline at the time of the maximum of the Holocene transgression, is sited now c. 

15km from the coast (Fig. 2.6).
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D A L B E A T T I

/

uchencairn Bay
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Salt marsh and present-day 
intertidal sediments
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Figure 2.3 Map of the Dalbeattie area, showing the distribution of 

Pleistocene, Holocene and present-day sediments (based on field 
mapping).
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Figure 2.4 Map of the Kirkcudbright area, showing the distribution of 
Pleistocene, Holocene and present-day sediments (based on field 
mapping).
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Locharbriggs

D U M F R I E S
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Figure 2.6 Map of the Lochar Gulf area, showing the distribution of 
Holocene sediments (unshaded) in relation to surrounding areas 
of solid rocks and Pleistocene deposits (shaded).



30

PART II

FIELD DATA RECORDING, STRATIGRAPHICAL CORRELATION 

AND FACIES DESCRIPTION



CHAPTER 3

DATA-RECORDING AND SAMPLING IN THE FIELD

Fieldwork in the course of the research project was concentrated on examination 

and sampling of sediments rather than recording of geomorphological features. 

Recognition of such features, however, was used as an aid in the mapping of the extent of 

the various sedimentary units.

3.1 Mapping and vertical logging of Holocene raised coastal deposits

The lateral extent and, in lesser degree, the thicknesses of the various units of 

the Holocene raised coastal deposits are controlled by the morphology and distribution of 

the Pleistocene tills and glaciofluvial sand and gravel bodies that are adjacent to and 

underlie the Holocene sediments. The lateral extent and thicknesses of the Holocene 

sediments also depend on the topography of the local bedrocks and their structures, the 

latter of which affect the width of the valley floors and the orientation and slope of the 

valley sides.

The main aim of the mapping of the raised coastal sediments was to determine, as 

accurately as possible, the position of the shoreline at the maximum of the Flandrian 

marine transgression, in order to compare the former shoreline with the present 

shoreline.

Vertical logging of profiles through the Holocene sediments was carried out at 

selected locations, with a view to recording the characteristics of the sediments that are 

typical of the various facies and sub-facies that exist in the areas studied.

Two different types of profile were recorded by vertical logging. In the first



type, the sediments were exposed in natural, (approximately) vertical sections, mainly 

along river banks and streams. In such cases, each log was measured and recorded 

downwards’ from an arbitrary 'zero recording point' at a measured altitude, above 

Ordnance Datum, determined by instrumental levelling of the profile to an established 

Ordnance Survey bench mark. This allowed precise inter-section correlation to known 

altitudes above or below Ordnance Datum (AOD/BOD). In some cases, to enable a 

continuous vertical profile to be constructed, a series of steps had to be cut down the 

stream bank. Also, in a few cases, information concerning the lower part of a logged 

succession was obtained by augering below the lowest exposed part of the river or 

stream bank.

In the second type of profile recorded, a hand-operated 75mm diameter 

bucket-auger, with extension rods, was used to core through the Holocene sediments 

from the ground surface to maximum depths of about 3.75m. In such cases, the 'bucket' 

of the auger was emptied at successive depths equal to the length of the bucket. By this 

method, the vertical positions of changes in the sedimentary succession could be 

recorded accurately as the work progressed. The altitude of the ground surface at each 

location where an auger profile was recorded was determined by instrumental levelling 

to established Ordnance Survey bench marks. This allowed auger-hole profiles and 

profiles recorded as natural vertical sections to be correlated with each other, both 

within the individual geographical areas studied, and from one area to another.

Ground-level heights of recorded sections and boreholes are given in Table 3.1.

3.1.1 Mapping in the Dalbeattie and Kirkcudbright areas

The methods used in determination of former shoreline positions in the 

Dalbeattie and Kirkcudbright areas were recognition of geomorphological features of the



former shoreline, e.g. small cliffs and breaks in slopes, and changes in lithology at 

boundaries between Holocene coastal sediments and adjacent Pleistocene deposits. In the 

latter case, it was noted that in places the Holocene and Pleistocene sediments are 

separated by a thin layer of organic debris, which may contain angular pebble-sized 

clasts of inorganic material.

The Dalbeattie and Kirkcudbright areas were mapped on a scale of 1 : 10,560. 

Mapping was based on the nature of the sediment exposed at the ground surface, except 

where the surface soil layer was thick. In such cases, small pits were dug to examine 

the nature of the sediments immediately beneath the soil, and to determine changes in 

sedimentary facies.

In the Dalbeattie area, the upper surface of the fine-grained Holocene sediments 

was found to be generally at c. 9.0m AOD, whilst in the Kirkcudbright area the highest 

recorded surface elevation of the fine-grained Holocene sediments was 6.16m AOD.

3.1.2 Mapping in the New Abbey and Lochar Gulf areas

In the present project, no mapping of the distribution of Holocene sediments or 

of former shoreline positions in these areas was carried out since both these objectives 

had been achieved already by Jardine (1975; 1980). Maps from these publications 

have been used in the course of the parts of the present project that are concerned with 

the New Abbey and Lochar Gulf areas.

In the New Abbey area, the upper surface of the fine-grained Holocene sediments 

was found to be generally at c. 7.5m AOD, whilst in the Lochar Gulf area the surface 

elevation of the fine-grained Holocene sediments was generally at c. 9.0m AOD.



3.2 Sample collection

Sampling of sediments was carried out in four ways:

1) Core sampling

A hand-operated 75mm diameter bucket-auger was used in the sampling of 

Holocene coastal sediments underlying extensive tracts of flat ground in the Dalbeattie 

area, no natural exposures being present in these areas. Eight auger holes were sunk at 

selected locations, and samples taken of the various sedimentary units that could be 

distinguished in the course of the augering (Fig. 3.1). The depth of the auger holes 

varied between 2.95m and 3.65m, and it should be noted that some of the auger-hole 

profiles represent a complete Holocene sedimentary succession, whilst others 

represent only part of the Holocene sequence.

Samples collected from certain parts of the Lochar Gulf area by power and hand 

augering in the 1970s were provided by Dr. W. G. Jardine for laboratory analysis in 

the course of the research project discussed in this thesis (Fig. 2.6).

2) Sampling of exposed natural sections

Sampling was carried out at selected exposed sections on stream and river banks 

(Figs. 3.1, 3.2, 3.3 and 2.6). In addition, coring by hand auger at the base of exposed 

sections was used to augment or complete sampling of sections as far as possible.

3) Sampling of gravel deposits

In the Dalbeattie area, samples of gravel-sized clasts were collected from two 

abandoned gravel pits in Pleistocene glaciofluvial deposits, at Chapelcroft (NX 804 

550) and Broomisle (NX 823 592) (Fig. 3.1). Samples of gravel-sized clasts were
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also collected from natural exposures and by digging small pits in an upper ridge (NX 

804 531 to NX 808 529) and a lower ridge (NX 808 521 to NX 810 522) of Holocene 

beach deposits at Torr.

4) Sampling of present-day intertidal areas

Samples of present-day intertidal sediments were collected from the surface 

layers of these sediments. The collection of samples of these sediments was carried out, 

at times of low tide, either along the direction of gentle slope of the intertidal zone 

(Kirkcudbright area) or transverse to the direction of stream flow at the heads of bays 

(Auchencairn Bay, Dalbeattie area, and New Abbey Pow, New Abbey area).

3.3 Recording of sedimentary structures and of pebbie orientation

Sedimentary structures were difficult to recognise in the areas studied, but the 

present work included recording of sedimentary structures that were preserved and of 

pebble orientation in relevant facies of the sediments studied.

The following structures were identified:

1 ) Small-scale cross-bedding was recorded in pits in Pleistocene glaciofluvial

gravel deposits in the Dalbeattie area (at Chapelcroft and Broomisle; see Chapter 

6). Also, a few cross-strata were recorded in the lower part of the Holocene 

coastal sediments in naturally-exposed sections in the banks of New Abbey Pow.

2 ) Inter-lamination of clay, silt and fine sand was recorded in sections of Holocene

sediments in the Kirkcudbright and New Abbey areas.

3 ) Bioturbation of fine-grained sediments, which occasionally causes destruction of

pre-existing sedimentary structures, was recorded.

4 ) Layers that include lenses of pebbles and sand were recorded in small cliffs in



salt marsh deposits, mainly in the New Abbey area.

5 ) Current-ripple structures were recorded in present-day intertidal sediments. 

Such structures are common on the floors of channels that cut these sediments.

In the Dalbeattie area, dip-direction readings were taken in imbricated gravel 

deposits exposed in Potterland Lane (see Chapter 6.8.1), and in two units of Holocene 

beach gravels at Torr, where there are occasional exposures at the bottom, and in the 

banks, of a few streams (see Chapter 6.8.2). Dip-direction readings were also taken in 

Holocene beach gravel ridges in the New Abbey area, at NX 985 657 and NX 986 653 

(see Chapter 6.8.2). The purpose of these readings was to determine the flow directions 

of currents that deposited these gravels.
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68 69

Salt marsh and present- 
day intertidal sediments
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Figure 3.2 Map of the Kirkcudbright area, showing positions of sites (K1, K2, K3 and K4) where 
samples of Holocene sediments and traverses (Kp1-1 to Kp1-4, Kp2-1 to Kp2-4, 
Kp3-1 to Kp3-4 and Kp4-1 to Kp4-3) where samples of the present-day intertidal 
sediments were collected.
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Table 3.1 Ground-level heights of sampled sections and boreholes in 
Holocene sediments in the four areas studied

1. Dalbeattie

Section or borehole Height in metres AOD

D1 9 .385
D2 7 .550
D3 9 .158
D4 9 .070
D5 9 .005
D6 9 .500
D7 8 .870
D8 9 .215
D9 8 .940
D10 7 .642

Kirkcudbright

Section

K1
K2
K3
K4

New Abbey 

Section

N1
N2
N3
N4
N5
N6

Height in metres AOD

5 .305
4 .180
6 .160
4 .410

Height in metres AOD

Not measured 
Not measured 

7 .550  
7 .700
7 .180  
7 .255

4. Lochar Gulf

Section or borehole Height in metres AOD

BB Not measured
m 9.910
HM 9.340
MT 9.330
NM 9.020
NP 10.045
PH 8 .120
SK Not measure
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CHAPTER 4 

STRATIGRAPHICAL CORRELATION OF THE HOLOCENE RAISED COASTAL 

SEDIMENTS 

4.1 Introduction

Logging of natural and artificial vertical profiles through the Holocene raised 

coastal sediments in the four areas of study gives an indication of changes in lithology 

through Holocene time at each of the individual locations where profiles were recorded. 

When individual profiles are represented together diagrammatically, as in Figures 

4.2, 4.3, 4.5 and 4.7 for the Dalbeattie, Kirkcudbright and New Abbey areas, a more 

useful picture of changes in lithology in time and space is obtained. The main aims in 

constructing correlated vertical lithological columns, therefore, were to determine the 

equivalence and lateral extent of each of the distinctive sedimentary units it was 

possible to distinguish in the field at individual locations. A subsidiary aim was to 

determine the relationships between the Holocene raised coastal sediments and the 

adjacent Pleistocene till and glaciofluvial deposits in the areas studied.

4.2 Dalbeattie area

4.2.1 North-South section

A correlation diagram along an approximately North-South line (Fig. 4.1) was 

constructed from seven recorded borehole or naturally-exposed sections in the 

Dalbeattie area. The diagram (Fig. 4.2) extends from section D6 at the town of 

Dalbeattie in the north, near the farthest 'inland' extent of the shoreline during the 

Holocene marine transgression, to section D10 in the south, near the head of 

Auchencairn Bay. The diagram shows vertical variations in the sedimentary succession
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and the lateral continuity of the various sedimentary units. In places, e.g. at locations 

D2 and D6, the complete succession of Holocene sediments may be present in the 

recorded section. At other locations, perhaps only the upper part of the Holocene 

sedimentary sequence is present.

From the diagram it may be inferred that, in places, a thin layer of organic 

(plant) debris and reworked gravel clasts is present at the contact between the 

Holocene sediments and the underlying Pleistocene deposits in this area. The 

organic-rich layer is succeeded upwards by a layer of pale grey clayey silt that varies 

in thickness over the Dalbeattie area. This layer in turn is overlain by clayey silt 

with fine sand. A layer of brown or grey clayey silt, rich in plant matter and variable 

in thickness, forms the uppermost stratum of the Holocene sediments throughout the 

length of the diagrammatic section. In section D10, the uppermost layer of clayey silt 

is interrupted by a thin unit of pebbly sand, which may have been deposited in a local 

channel. In section D9, a layer of grey fine sand and coarse silt, rich in plant debris, 

ostracods and foraminifers, was encountered at the base of the auger hole drilled at this 

location. This unit resembles the present-day intertidal sediments of the same area in 

terms of its general appearance and size grade. In terms of its microfossil content it 

resembles the deposits found in many of the boreholes sunk in the Lochar Gulf area by 

Jardine (1980, 29-31) and in the lower part of sections recorded in parts of the 

Kirkcudbright and New Abbey areas (see Chapter 4.3 and 4.4 below).

4.2.2 NNW - SSE section

Three boreholes, D5, D3 and D4, sunk in the area between the town of 

Dalbeattie and the village of Palnackie (Fig. 4.1), and represented in an approximately



NNW to SSE diagrammatic section (Fig. 4.3), show a marked variation in the Holocene 

sedimentary sequence between the NNW and SSE ends of the diagram. In the NNW, 

adjacent to a former cliff-line in solid rocks, borehole D5 penetrated Holocene 

sediments that appear to have been separated at least partially from the 

contemporaneous sea by a higher area of Pleistocene glaciofluvial deposits. The area 

where borehole D5 was sunk is thought to have been occupied at the maximum of the 

Holocene marine transgression by brackish water, or to have been a marsh 

environment in which there accumulated clayey silt and large amounts of plant debris, 

including pieces of wood. In contrast, to the SSE near Urr Water, where section D3 is 

common to both Figures 4.2 and 4.3, and borehole D4 penetrated deposits similar to 

many of those represented in Figure 4.2, the Holocene sediments are composed of pale 

grey clayey silt at the base, overlain by clayey silt with fine sand and occasional pieces 

of plant matter. The uppermost deposit of the sequence is the layer of brown silty clay 

that also tops the sequence in the North-South section of the Dalbeattie area (Fig. 4.2).

4.3 Kirkcudbright area

Figure 4.5 is a roughly North-South section, aligned approximately parallel to 

the course of the River Dee west of the town of Kirkcudbright (Fig. 4.4). It shows the 

relationships of the sedimentary units identified in four recorded sections. In K4, the 

contact zone between the Holocene coastal sediments (above) and Pleistocene 

glaciofluvial gravels (below) consists of a layer of compacted plant debris ('peat') 

overlain by a layer of reworked pebble-sized clasts. In the other three sections (K1, 

K2 and K3), the lowermost recorded Holocene sedimentary unit comprises grey fine 

sand and silt, rich in mica flakes and also in foraminifers, ostracods and fragments of
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bivalve shells. The fossiliferous sediments are overlain in sections K1 and K2 by a 

layer, consisting of alternating laminae of fine sand and silt, that is absent in section 

K3. This may be due to the deposition in K3 of reworked pebbles, embedded in sand 

(Fig. 4.5), derived from adjacent Pleistocene gravels, which are exposed at present in 

nearby low cliffs. The uppermost layer of Holocene sediments, occurring in all four 

sections but thicker in K1, K2 and K3 than in K4, is of clayey silt with a variable 

content of clay and fine sand. It changes gradually in colour from grey at the base to 

brown nearer the ground surface, where it also is richer in organic (plant) matter.

4.4 New Abbey area

The Holocene sediments of the New Abbey area are represented by four recorded 

sections, at N3, N4, N5 and N6 (Fig. 4.6), shown in correlated vertical successions in 

Figure 4.7. The lowermost recorded sedimentary unit common to all four sections 

consists of grey fine sand with silt, rich in mica flakes and also in foraminifers, 

ostracods and fragments of bivalve shells. In section N3, a layer of pebbles and sand, 

possibly due to local deposition in an intertidal channel, was recorded below the layer 

of grey fine sand with silt. In sections N5 and N6 the fossiliferous fine sand layer was 

overlain by a brown-coloured layer of pebbles and sand that was seen in the banks of 

New Abbey Pow to extend laterally for a distance of several metres. The pebbly sand, 

rich in plant debris but devoid of marine faunal remains, may be the product of local 

deposition in a fluvial channel. This is suggested by the sharpness of the contact of the 

pebble layer with both the underlying and overlying sediments, and by evidence of 

channel-cutting into the underlying layer of fossiliferous fine sand with silt.

The pebbly sand layer of N5 and N6 and the fossiliferous fine sand with silt 

layer of N3 and N4 are overlain by a laterally-continuous layer of clayey silt with fine



sand. The layer is of a characteristic pale grey colour and contains rare remains of 

marine microfossils. It is succeeded upwards by a layer consisting of alternating 

laminae of fine sand and silt. Both these layers vary markedly in thickness (Fig. 4.7).

In all four recorded sections in the New Abbey area, the uppermost layer of 

Holocene sediments consists of clayey silt with a variable amount of sand. The colour 

varies from grey or pale grey at the base to brown near the ground surface. The 

thickness is variable (Fig. 4.7).

4 .5  Lochar Gulf area

Correlation diagrams were not constructed for the Lochar Gulf area because 

distinct laterally-continuous units within the Holocene inorganic sediments of that 

area are not readily distinguishable. The Holocene inorganic sediments of the former 

Lochar Gulf appear to consist largely of fine sand with silt, rich in foraminifers, 

ostracods and fragments of marine bivalve shells, together with minute fragments of 

dark-coloured matter that may be organic in nature (cf. Jardine 1980, 25-31).

4 .6  Conclusions

Comparison of the diagrammatic vertical sections for the Dalbeattie, 

Kirkcudbright and New Abbey areas (Figs. 4.2, 4.3, 4.5 and 4.7) suggests that the 

Holocene sedimentary units listed below can be recognised in at least one or in all of 

these areas:

Unit consisting of clayey silt, or of clayey silt with fine sand

Unit consisting of laminated fine sand and silt

Unit consisting of coarse sand with pebbles



Unit consisting of fine sand, rich in microfaunal remains 

Unit consisting of clayey silts with plant debris.

These sedimentary units, together with two others, a peat unit and a coastal 

gravel-and-sand unit, are considered to represent seven sedimentary facies of the 

Holocene deposits of SW Scotland. The characteristics of these facies in the Dalbeattie, 

Kirkcudbright, New Abbey and Lochar Gulf areas, and the characteristics of four facies

recognised within the present-day intertidal sediments of the Dalbeattie,

Kirkcudbright and New Abbey areas are discussed and described in detail in Chapter 5.
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CHAPTER 5 

DESCRIPTION OF SEDIMENTARY FACIES

5.1 Introduction

5.1.1 The concept of sedimentary facies

It is useful to consider briefly the concept of sedimentary facies and some of 

the uses that have been made of the term 'facies' before applying the concept and the 

term to the coastal sediments that were studied in the course of this project.

The modern concept of facies was introduced into geology by Amand Gressly in 

1838 as a result of Gressly's studies of Jurassic rocks in Switzerland (Middleton 

1978, 323). Since then the term facies, as applied to sediments and sedimentary 

rocks, has been expanded, defined and explained by several authors. A recent 

discussion of the concept and term explains that, 'A facies is a body of rock with 

specified characteristics. Where sedimentary rocks can be handled at outcrop or from 

boreholes, it is defined on the basis of colour, bedding, composition, texture, fossils 

and sedimentary structures. A biofacies is one for which prime consideration is given 

to the biological content. If fossils are absent or of little consequence and emphasis is 

on physical and chemical characteristics of the rock, then the term lithofacies is 

appropriate' (Reading 1986, 4). Further, the term facies may be used in different 

senses, e.g. 'in a genetic sense for the products of a process by which a rock is thought 

to have formed' or 'in an environmental sense for the environment in which a rock or 

suite of mixed rocks is thought to have formed' (Reading 1986, 4).

The several facies of Holocene coastal sediments that were recognised in the 

course of this project (Chapter 4) and are discussed in greater detail in this chapter 

were distinguished from each other on the basis of processes by which and the 

environments in which they are thought to have formed. Thus, the term facies is used



in relation to these sediments in the genetic and environmental senses. Also, since 

these sedimentary facies have been distinguished for the most part on the basis of 

physical and chemical characteristics and with only minor reference to their fossil 

content, they appear to be largely lithofacies rather than biofacies on the basis of the 

criteria given above. Middleton (1978, 324), however, pointed out that the presence 

or absence of fossils (including trace fossils and fragmental fossil material) 

constitutes an essential part of the lithology of many sedimentary rocks, so that 

distinction between lithofacies and biofacies may not always be clear.

5.1.2 Previous recognition of sedim entary facies in Holocene

deposits of south-western Scotland

Attempts to define facies of the Holocene coastal sediments of Dumfriesshire and 

Galloway were made prior to commencement of this research project. In a 

preliminary study, Jardine (1967) distinguished four facies, which he termed beach, 

open-bay, estuarine and lagoonal, on the basis of six criteria: shape of the sedimentary 

body, location of the sedimentary body in relation to the contemporaneous shoreline, 

texture (grain size), degree of sorting, degree of stratification, and organic content.

In a later publication, Jardine (1975, 174) stated that the coastal deposits are 

the products of at least seven different sedimentary environments: beach, gulf or 

open-bay, estuarine (including tidal-flat), lagoonal, coastal-bar, coastal-dune and 

coastal marsh. Using the six criteria given above, the characteristics of each of the 

facies representing seven sedimentary environments were described by Jardine & 

Morrison (1976, 177-179).

Recently, Griffiths (1988, 25) suggested that Jardine's (1967) six criteria 

are not adequate to allow a definite environmental interpretation and the assignment of 

a particular facies to a depositional environment to be made. In the area studied by 

Griffiths (Wigtown Bay, west of the areas considered in this project) the reasons for
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the inadequacy of the criteria were partly a lack, or limited evidence, of the criteria as 

a result of changing sedimentological conditions through time, and partly because of an 

uneven distribution of suitable sections within the field area. Both of these reasons 

apply also in the areas studied in the present project, but they do not completely negate 

attempts to distinguish sedimentary facies and environments of deposition in the areas 

studied by Griffiths and in this project; they only present a greater challenge.

Griffiths (1988, 29) showed how the challenge may be met when she wrote, 

To resolve these problems, detailed attention must be paid to lateral changes in facies 

and to juxtaposition of environments'. Her remarks lead to consideration of the lateral 

and vertical relationships between sedimentary facies and environments, and the 

criteria by which sedimentary facies were recognised in the course of the project 

discussed in this thesis.

5.1.3 Sedimentary facies recognised in this study

In the four coastal areas studied, several different sedimentary facies were 

formed during Holocene times, and others are forming at present.

The relationships between the individual present-day facies are those that exist 

between two or more laterally-adjacent depositional units. The relationships between 

the Holocene sedimentary facies are more complex; there are both laterally-adjacent 

and vertically-adjacent facies. As remarked by Reading (1986, 4-5), the importance 

of relationships between facies has been recognised at least since Walther's Law of 

Facies was expounded in 1894. In essence, Walther noted that facies occurring in a 

conformable vertical sequence were formed in laterally-adjacent environments, and 

facies in vertical contact must be products of geographically neighbouring 

environments. This principle has long been used to explain how a prograding delta 

yields a coarsening-upwards sequence (Reading 1986, 5). Equally, it may be used to 

explain the facies sequences that were encountered in stream-bank exposures and
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vertical boreholes through the Holocene sediments of the four areas studied in the 

course of this project. In the latter case, however, the sequences have resulted from 

shifts in sub-environment brought about by marine transgression and regression 

within a generally estuarine environment.

The present-day (four) and Holocene (seven) sedimentary facies recognised in 

the Dalbeattie, Kirkcudbright, New Abbey and Lochar Gulf areas are listed in Table 

5.1. The criteria used for their distinction, and the characteristics considered in their 

descriptions below were: shape of the sedimentary body, location of the sedimentary 

body in relation to contemporaneous deposits, texture (grain size), degree of sorting, 

sedimentary structures (where observed) and faunal content (where faunal remains 

were found). Grain size was determined initially on the basis of field observation (cf. 

Chapter 1.6.2 above). In certain cases, later laboratory analyses led to amendment of 

the size grade recorded in the field. In such cases, the size grade recorded in the 

description is that determined in the laboratory.

5.2 Present-day sedimentary facies

Four present-day sedimentary facies were recognised: tidal-flat, 

tidal-channel, salt-marsh and sand-barrier.

5.2.1 Tidal-flat facies

Present-day tidal-flats consist of sediments that are being deposited between 

MHW and MLW in certain circumstances (Fig. 5.1). Weimer et al. (1982, 191) 

indicated that tidal-flats occur on open coasts of low relief and relatively low energy 

and in protected areas of high-energy coasts associated with estuaries, lagoons, bays 

and other areas behind barrier islands. These authors subdivided tidal-flats into 

intertidal and subtidal environments and noted that these environments control facies 

distribution. They also noted that, although the intertidal zone makes up the major
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extent of the tidal-flat, the subtidal zone represents that part of the tidal-flat most 

likely to be preserved.

Reineck (1975) proposed the terms sand-flats, mixed-flats and m u d ­

flats to denote respectively the lower, middle and upper parts of the area between low 

tide and high tide on intertidal flats. Weimer et al. (1982, 197), however, pointed 

out that these descriptive size-grade terms are relative and 'mud', for example, does 

not mean that only silt and/or clay is present; minor amounts of sand may also be 

present.

The following data are relevant in relation to defining (a) the tidal-flat 

environment of the Dalbeattie, Kirkcudbright and New Abbey areas and, (b) the 

characteristics of the tidal-flat facies of these areas. Tidal-flats were not studied in 

detail in the Lochar Gulf area.

The areal extent of the tidal-flats is wide at the heads of Auchencairn Bay and 

Rough Firth (in the Dalbeattie area) and Kirkcudbright Bay, and at the mouth of New 

Abbey Pow (Figs 2.3, 2.4 and 2.5). In places, where there is low relief on the 

adjacent seaboard, the intertidal flat is more than 2km in width. The tidal range 

within the area of the Solway Firth varies greatly, in general being greater in the east 

than in the west (Fig. 5.2). On the basis of tidal data from localities on the shores of 

the Solway Firth, spring tidal range is 6.7m at Kirkcudbright Bay, mean high water 

level being 3.77m A.O.D. and mean low water level 2.93m B.O.D. Spring tidal range at 

Hestan Island, offshore from Auchencairn Bay, is 7.40m, mean high water level being 

4.20m A.O.D. and mean low water level 3.20m B.O.D. (Table 5.2). These are 

macrotidal ranges (cf. Davies 1973; Hayes 1975; Nichols & Biggs 1985).

The size grade of the tidal-flat deposits differs slightly between one area and 

another. The sediments of the Kirkcudbright area are composed mainly of medium to 

fine sand with rare silt and clay, whereas the tidal-flat sediments of the Dalbeattie and 

New Abbey areas consist mostly of fine sand with silt and clay. Sedimentary



structures within the deposits, e.g. current ripples and interlaminations of sand and 

silt, were identified occasionally. The presence of molluscs (frequent to abundant) was 

noted, although genera and species were not identified. The limited presence of 

sedimentary structures is almost certainly due to disturbance by molluscs and other 

fauna (cf. the activity of the gastropod Hydrobia ulvae, the amphipod C oroph ium  

vo lu ta tor and the polychaete Nere is d ivers ico lor, Bridges & Leeder 1976, 

544-545; see also Wilson 1967). A further factor in the disturbance of the

sediments may be the migration of the numerous tidal creeks which cut the tidal flats

of the Dalbeattie, Kirkcudbright and New Abbey areas.

Because there is marked disturbance, it is difficult to subdivide the tidal-flat 

sediments into high, medium and low sub-facies on the basis of their sedimentary 

characteristics. However, a distinction can be made between the high-tidal sediments 

on the one hand and the medium-tidal and low-tidal sediments on the other as the grain 

size becomes progressively finer from lower to higher positions on the tidal flats. The 

sediments of the low- and medium-tidal zones are mainly of medium- to fine-sand 

grade and are rich in macro- and micro-fauna. In contrast, the sediments of the

high-tidal zone are mainly silt and clay with fine sand, and fauna is rare in these

sediments.

5.2.2 Tidal-creek facies

As pointed out by Weimer et al. (1982, 193), the deposits that accumulate in 

the creeks that traverse tidal flats are, from a geological standpoint, the most 

important tidal facies. This is illustrated by the fact that, although examination of a 

tidal-flat surface at any instant in time usually shows tidal creeks occupying less than 

50 percent of the total surface area, the tidal creeks and major tidal channels are 

dynamic features that continually shift position. This certainly appeared to be the case 

in the present-day intertidal zone of the Dalbeattie, Kirkcudbright and New Abbey
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areas, where shifting of the positions of the creeks was noted between one period of 

fieldwork and another.

In these areas, the tidal creeks are wide. Generally they are about 1-2m in 

depth. The courses are sinuous, and constantly changing position, thus leading to 

erosion and deposition, as shown especially in the Dalbeattie area (Plate 5.1). 

Deposition is taking place mostly on the margins of the larger creeks (where current 

ripples may be present, Plate 5.2) and on point bars. The sediments on the floors of 

the creeks are characterised by the presence of pebble-sized clasts of mud and sand. 

Where observed, the tidal-creek deposits were well-laminated.

5.2.3 Salt marsh facies

Sediments of the salt marsh facies form vegetation-covered areas adjacent to 

and landwards of MHWS (Fig. 1.2). They are flooded occasionally by spring tidal 

waters (Jardine 1980, 4-5), being separated from the more seaward unvegetated 

intertidal zone by 'cliffs' that commonly are less than 1m in height. Landwards, these 

deposits extend over variable distances up to several tens of, occasionally more than 

one hundred, metres and in places they form barriers that separate small ponds from 

the open sea, e.g. in the Dalbeattie area (Fig. 5.1).

Characteristically, the salt marsh deposits are traversed by ramifying systems 

of narrow creeks or gullies, which essentially are extensions of the gullies that 

transect the adjacent tidal-flats (Plate 5.3). The depth of the gullies is variable, 

decreasing landwards, but frequently exceeds one metre throughout much of the salt 

marsh area. In size grade and depositional arrangement, the salt marsh sediments 

generally comprise laminated silt and clay (Plate 5.4).

5.2.4 Sand-barrier facies

The sand-barrier facies is limited to one locality, in the Dalbeattie area. At NX
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813 527, on the western side of Orchardton Bay, peaty black-grey clay and other 

Holocene deposits are separated from salt marsh deposits and the marine waters of 

Craigrow Bay by a sand barrier c.150-200m in width (Fig. 5.3). Since the eastern 

marginal part of the barrier rests on present-day salt marsh deposits and the 

maximum elevation of the barrier is at approximately the same level as the maximum 

elevation reached by exceptional present-day spring tides in this area, the barrier is 

thought to be a product of recent coastal (storm) processes. The deposits of the 

barrier are brown to red coarse sand, well-sorted but apparently devoid of 

stratification.

5.3 Holocene sedimentary facies

As concluded in Chapter 4, in the four areas studied, many of the Holocene 

raised coastal depositional bodies comprise several facies, arranged adjacent to each 

other either in vertical sequence or in lateral juxtaposition or in a combined vertical 

and lateral relationship. Collectively the facies represent a sedimentary complex that 

was deposited in a variety of environments or sub-environments. The various 

sedimentary facies that have been distinguished are listed in Table 5.1 and their 

characteristics are given in Chapter 5.3.1 below.

5.3.1 Description of Holocene sedimentary facies

Seven Holocene sedimentary facies were recognised: complex of fine-grained 

sediments (A); inter-laminated fine sand and silt (B); coarse sand with pebbles (C); 

fine sand, rich in microfaunal remains (D); clay, rich in plant debris (E); coastal 

gravel and sand (F); peat (G) (Table 5.1).

The recognition of four of these facies (A-D) was based on the record of 

numerous natural (vertical) sections and artificial (vertical) boreholes through the 

Holocene deposits of the Dalbeattie, Kirkcudbright and New Abbey areas and, to a lesser
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extent, the area of the former Lochar Gulf. The characteristics of these four facies are 

presented in tabular form in Tables 5.3, 5.4 and 5.5. The fact that these tables show 

representative rather than actual sections in three of the areas studied is a reminder 

that, not only do the sedimentary facies concerned occur in more than one area, but 

they extend laterally for a considerable distance within any one of the areas and 

therefore would be misrepresented by data from a single location.

The three other facies (E-G) are more restricted in their distribution. This 

reflects the fact that they are products of more specialised environments than the 

supratidal or intertidal environments in which facies A-D were deposited.

5.3.1.1 Complex of fine-grained sediments (facies A)

This facies constitutes the total thickness (c. 1.90m - 4.10m) of the raised 

Holocene sediments over most of the Dalbeattie area and the uppermost part in the 

Kirkcudbright (0.91m - 2.30m) and New Abbey (1.65m - 3.70m) areas. In the New 

Abbey area, it also is present as a c. 0.35m - 1.30m thick sub-surface unit, below 

facies B (Table 5.5). It has also been recognised in the Lochar Gulf area.

The appearance of the sediments of this facies varies from one exposure to 

another, being massive in places (mainly in the upper part) and laminated in others. 

In size grade the facies consists mainly of silt with clay, or silt with clay and very fine 

sand. Occasional plant debris is present, especially in the upper part. There are rare 

occurrences of echinoid spines and sponge spicules, especially in the lower layers of 

the unit. The colour changes from grey to brown upwards through the profile. Mainly 

on the basis of observations in the Dalbeattie area, there appear to be three 

sub-facies, Aa, Ab and Ac, arranged one above the other, and discussed in detail in 

Chapter 10.
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5.3.1.2 Inter-laminated fine sand and silt (facies B)

This facies is missing in the Dalbeattie area, but is present in the three other 

areas studied. In the Kirkcudbright and New Abbey areas it comprises a c. 0.40m - 

0.97m thick layer of interstratified fine sand laminae and silt laminae within which 

plant debris and rare to occasional foraminiferal tests, echinoid spines and sponge 

spicules occur (Tables 5.4 and 5.5).

5.3.1.3 Coarse sand with pebbles (facies C)

This facies is present mainly in the New Abbey area. In the Dalbeattie and 

Kirkcudbright areas it forms a minor facies, up to 0.35m thick, composed of pebbly 

sand rich in plant debris. It is developed only locally, and may have been deposited 

from reworked adjacent Pleistocene glaciofluvial sediments.

In the New Abbey area, layers of this facies, lenticular in shape, are exposed 

in the banks of New Abbey Pow upstream from its mouth. In these exposures it was 

observed that the size grade is mainly pebbly coarse sand, occasionally interstratified 

with thin layers of clay. Small quantities of plant debris, mainly leaves and pieces of 

wood, are present. There appears to be an erosional surface between this facies and the 

underlying facies D.

5.3.1.4 Fine sand, rich In microfaunal remains (facies D)

This facies was detected at the base of one borehole (D9) in the Dalbeattie area 

but occurs much more extensively in the three other areas studied. It is developed 

most fully in the area of the former Lochar Gulf. In size-grade the sediments consist 

mainly of fine sand but they also contain small amounts of medium sand and silt. 

Quartz is the main mineral present, especially in the deposits within the Lochar Gulf 

area. The sediments, predominantly grey in colour, are rich in small faunal remains; 

molluscan shell fragments, foraminiferal tests, ostracod valves, fragments of echinoid
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spines and sponge spicules are present. In places, abundant remains of plant debris 

are present. Small fragments of (?) charcoal have been recorded in the Lochar Gulf 

area (Jardine 1980, 29).

5.3.1.5 Clays, rich in plant debris (facies E)

This facies is present in the Dalbeattie area. Approximately 2km SSW of the 

town of Dalbeattie and immediately south of Broomisle, there is a low flat area that is 

bounded in the east by mounds of Pleistocene glaciofluvial deposits and Holocene 

sediments of facies A, and in the west by solid rocks (Fig. 5.3). This area is covered 

by a layer of surface peat of variable thickness (facies G, see 5.3.2.7, below). The 

Holocene succession, represented by borehole D5 at location NX 8224 5897, is shown 

in Table 5.6.

The grey to black clay facies of this area obviously differs greatly in character 

from the adjacent Holocene sediments (of facies A) to the east of it. Clearly, in the case 

of the grey to black clay facies there was very little sand and silt input but a very high 

organic (plant) input during deposition. The sediments of this facies (E) were 

probably deposited in a lake, separated from the sea by barriers of Pleistocene 

glaciofluvial gravels and areas of Holocene coastal sediments.

This facies is probably present in the Lochar Gulf area, but was not studied in 

the course of the present work.

5.3.1.6 Coastal gravel and sand (facies F)

The coastal gravel and sand facies (F) occurs in the Dalbeattie, New Abbey and 

Lochar Gulf areas. In the southern part of the Dalbeattie area (Fig. 5.3) the sediments 

of this facies form elongate, sheet-like bodies of pebbles and cobbles, occasionally 

interstratified with coarse pebbly sand sheets or lenses of sand, arranged



approximately parallel to the present shoreline. In detail, two sheets of gravel form 

ridges, with gently sloping sides, that rest on the surface of finer-grained deposits (of 

facies A). The two ridges occur at different altitudes above O.D. and the thickness of the 

gravel varies from place to place, up to c. 1.0m. In a few exposures, the gravel is 

seen to be imbricate, with long axes of the clasts dipping towards the present position 

of the sea. The gravel ridges are thought to have formed baymouth bars at two different 

times during Holocene progradation by the sea (cf. Chapter 6).

In the New Abbey area, the most obvious development of this facies, mapped by 

Jardine (1980, 34-36), consists of horizontally-bedded interstratified gravels and 

sands that form a broad, low ridge extending southwards from near the mouth of New 

Abbey Pow for a distance of more than 1km. The gravels and sands overlie deposits of 

facies D (5.3.1.4, above), a relationship that led Jardine (1980, 35) to suggest that 

the gravel ridge formed a baymouth bar between Aird's Hill and a headland located east 

of Ingleston Hill (Fig. 2.5) about the time of the maximum of the Holocene marine 

transgression. The sediments of this facies consist of pebbles and cobbles, occasionally 

showing imbricate structure in exposures in small cliffs oriented parallel to the 

present shoreline.

In the Lochar Gulf area at least three Holocene gravel and sand spit-like ridges, 

one c. 600m in length, the others 150-200m in length, occur near the south-western 

edge of the gulf (Fig. 5.4). A larger ridge of gravel and sand, occurring at the 

south-eastern edge of the gulf, may represent Pleistocene sand and gravel debris 

re-distributed only in minor degree by the sea in Holocene times (Jardine 1980, 29). 

The deposits of the ridges were not investigated in the course of the research project 

discussed here, but Jardine (1980, 29) established that the largest of the three ridges 

located at the western edge of the mouth of the Lochar Gulf is c. 2.5m in thickness and



the gravel rests on Holocene marine deposits that probably are equivalent to facies D as 

defined in this Chapter above.

5.3.1.7 Peat (facies G)

Thin covers of peat are present in many small hollows within the four areas 

studied. Larger and thicker expanses of peat, of greater interest in relation to the

research project although they were not studied in detail, occur in the vicinity of

Broomisle (Dalbeattie area) and in the Lochar Gulf area.

At Broomisle, the peat, variable in thickness up to c. 1.5 m, covers clays, rich 

in plant debris, of facies E (Chapter 5.3.1.5, above). The peat appears to have 

accumulated in a hollow bounded in the east by mounds of Pleistocene glaciofluvial 

deposits and Holocene sediments of facies A, and bounded in the west by solid rocks 

(Fig. 5.3)

In the Lochar Gulf area, much of the large tract of Holocene raised coastal 

deposits that occupy the former gulf is covered by peat, up to at least 3.5m in

thickness in places. According to Jardine (1980, 33-34 and fig. 7), the main area of

the Lochar Gulf was cut off from the sea around 6645 ± 120 years B. P. Thereafter, 

peat formation commenced in the abandoned embayment.



S a n d  b a r S a lt marsh 
*  \

o -

I n t e r t id a l  

S a n d  &  M u d  F la t

_ AM HW

'4  m

M LW
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the sedimentary facies that develop in this zone.
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Figure 5.4 A. Map of the former Lochar Gulf and surrounding area south east of 
Dumfries, showing the maximum extent of the sea during the Holocene 
epoch (indicated by the boundary between Holocene marine deposits and 
other rocks). Inset: summaries of sedimentary sequences in boreholes 
at Sandyknowe Bridge, Nether Locharwoods and Midtown.

B. Map of south-western part of the Lochar Gulf, showing the 
distribution of gravel bars between Caerlaverock Castle and Lochar 
water, and the location of the borehole at Northpark.

C. Map of the area in the vicinity of the borehole at Midtown.
(Jardine 1975, fig. 6).
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Table 5.1 Sedimentary facies identified in the course of the 
research project, and their occurrence in the four 

geographical areas of study.

X = facies present, — = facies absent.

a) Present-day intertidal sediments

Facies Dalbeattie Kirkcudbright New Abbey

T idal-flat 

Tidal-creek  

Salt marsh 

Sand-barrier

X

X

X

X

X

X

X

X

X

X

b) Holocene raised coastal sediments

Facies D albeattie  K irkcudbright New Abbey Lochar Gulf

A Complex of fine-grained
sediments X

B Inter-laminated fine sand
and silt - - -

C Coarse sand with pebbles ( X )

D Fine sand, rich in
microfaunal remains (X )

E Clay, rich in plant debris X

F Coastal gravel and sand X

G Peat X

X

X

(X )

X

X

X

X

(X

X

?

X

X
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Table 5.2 Tidal data for locations on the shore of the Solway Firth 
(after Jardine 1975, Table 2). The locations listed are 
shown in Fig. 5.6

Location Spring tidal range MHW level MLW level

(Spring Tides) (Spring Tides)

Portpatrick 3.50m + 2 .00m -1 .50m

Drummore 5.20m + 2 .70m -2 .5 0 m

Isle of Whithorn 6.40m

Kirkcudbright Bay 6.70m + 3 .77m -2 .9 3 m

Hestan Islet 7.40m + 4 .20m -3 .2 0 m

Silloth 8.40m + 4 .80m -3 .6 0 m

Newbie + 5 .00m -2 .0 0 m

Glasson + 5 .44m + 0.24m

Redkirk Point + 5 .5 1 m + 1 .7 1 m
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Table 5. 3 Representative section through the Holocene raised coastal 
sediments in the Dalbeattie area, showing the lithology and 
other characteristics of the sediments and the facies to 
which each sedimentary unit was assigned.

Lithology, etc.

Topsoil

Brown silt, with clay and very fine 

sand, becoming grey clayey silt at 

depth; little evidence of disturbance 

by organisms; occasional plant 

debris

Grey silt, with very fine sand and 

clay; rare echinoid spines and 

sponge spicules

Grey to dark grey clayey silt with 

fine sand; occasional plant remains 

and rare echinoid spines and sponge 

spicules

Fine sand, rich in microfaunal 

remains

Black plant debris intermixed with 

pebble-sized clasts

Th ickness  Facies

0.40m to 1.10m Ac

0.80m to 1.40m Ab

0.70m to 1.60m Aa

> 0 .20m  D

0.05m to 0.10m
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Table 5.4 Representative section through the Holocene raised coastal 
sediments in the Kirkcudbright area, showing the lithology 
and other characteristics of the sediments and the facies to 
which each sedimentary unit was assigned.

Lithology, etc.

Topsoil

Brown silt with clay and very fine 

sand, becoming grey clayey silt with 

plant debris at depth; rare echinoid 

spines and sponge spicules

Inter-laminated fine sand, silt and 

clay, with rare sponge spicules, 

echinoid spines and foraminifers

Grey pebbly sand rich in plant debris

Fine sand, rich in mica flakes, ostracods 

and foraminifers; echinoid spines and 

sponge spicules are also present

Th ickness  Facies

0.91m to 2.30m A

0.40m to 0.95m B

0.35m  C

> 1.30m . D

Black plant debris intermixed with

angular pebble-sized clasts c. 0.10m
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Table 5.5 Representative section through the Holocene raised coastal 
sediments in the New Abbey area, showing the lithology 
and other characteristics of the sediments and the facies to 
which each sedimentary unit was assigned.

Lithology, etc. Th ickness  Facies

Topsoil

Brown silt with clay and very fine 

sand, becoming grey clayey silt with 

depth; occasional plant debris, very 

rare echinoid spines and sponge

spicules 1.65m to 3.70m A

Inter-laminated fine sand, silt 

and clay, with rare sponge spicules,

echinoid spines and foraminifers 0.45m to 0.97m B

Grey clayey silt with lenses of fine 

sand; rare echinoid spines and

sponge spicules 0.35m to 1.30m A

Pebbly very coarse to coarse sand 

containing plant debris, mainly 

leaves and pieces of wood; laterally

lenticular in shape 0.58m to 1.11m C

Fine sand, rich in mica flakes, 

ostracods and foraminifers; 

echinoid spines and sponge

spicules are also present > 1.80m . D



Table 5.6 Succession of Holocene coastal sediments in borehole D5 
(NX 822 589), Dalbeattie area. The top of the borehole 
is at 9.005m AOD.

Lithology, etc.

Peat; at the base mixed 

with black clays

Grey to black, uniform sticky clay, 

rich in plant debris

Plant debris, containing 

patches of brown sand with 

pebbles

Angular pebbles and brown patches 

of sand, with plant debris and seeds

Thickness

0.55m

1.85m

0.02m

0.35m

Pleistocene sediments
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Plate 5.1 Tidal creeks in the intertidal zone of the Urr Water, near the village of 
Palnackie, Dalbeattie area

Plate 5.2 Tidal creeks and current ripples in the intertidal zone of the Urr Water, 
near the village of Palnackie, Dalbeattie area
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Plate 5.3 Creeks or gullies in salt marsh deposits at the head of Auchencairn Bay, 
Dalbeattie area.

Plate 5.4 Small cliffs in salt marsh deposits, showing sedimentary laminae, south 
of Pow Foot, New Abbey area
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PART III

SEDIMENTOLOGICAL, MINERALOGICAL AND GEOCHEMICAL

ANALYSES
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CHAPTER 6 

SEDIMENTOLOGICAL STUDIES OF THE PLEISTOCENE AND HOLOCENE 

GRAVEL DEPOSITS

6.1 Introduction

In the course of mapping the Holocene raised coastal sediments in the Dalbeattie 

area, two ridges composed of gravel and sand, overlying fine-grained sediments and 

forming a distinct sedimentary unit (facies F of Chapter 5.3.1.6, above), were 

recognised in the area between Torr House and Torr Hill, NW of Auchencairn Bay. 

Also, in the New Abbey area, Jardine (1980, 34-36) noted that a low ridge of gravel 

and sand extends southwards from near the mouth of New Abbey Pow for a distance of 

more than 1km (see also Chapter 5.3.1.6, above). It is thought that each of these 

deposits was thrown above the contemporaneous normal high water mark by the action 

of occasional storms, to form a semi-permanent upstanding feature of the coastal 

landscape.

The two ridges of gravel and sand in the Dalbeattie area occur at different 

altitudes from each other. The higher ridge extends in an east-west direction as a 

narrow strip approximately parallel to the present shoreline at the head of 

Auchencairn Bay, whilst the lower ridge, exposed in a few low cliffs, forms a barrier 

that separates present-day supratidal (salt marsh) deposits from a more landward 

complex of Holocene fine-grained sediments. The higher ridge is about 1km in length 

and the lower ridge about 800m in length. Widths are variable, reaching a 

maximum of c.250m in the lower ridge (Fig. 6.1).
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Samples of gravel-sized clasts were collected from exposures or by digging 

small pits in the higher ridge (at locations between NX 804 531 and NX 808 529) and 

in the lower ridge (at locations between NX 808 521 and NX 810 522) at Torr in the 

Dalbeattie area. Dip-direction readings were taken of the long axes of imbricated 

pebbles in situ at the same locations in these ridges and also at NX 985 657 in the 

main gravel ridge in the New Abbey area, and at NX 986 653 in a smaller gravel ridge 

in the New Abbey area (Fig. 6.2).

Pleistocene glaciofluvial deposits of gravel and sand occur adjacent to, and 

underlie, the Holocene raised coastal deposits in parts of all four geographical areas 

studied. In the Dalbeattie area, samples of gravel-sized clasts were collected from two 

abandoned gravel pits, at Chapelcroft (NX 804 550) and at Broomisle (NX 823 592). 

Dip-direction readings were taken of the orientation of long axes of pebbles in a gravel 

deposit exposed below Holocene fine-grained estuarine-marine deposits in the banks of 

Potterland Lane at (approximately) NX 803 553 (Fig. 6.1).

The samples of Pleistocene and Holocene gravels were collected and

dip-direction readings were taken with the following main aims in view:

1 ) Determination of the shape, sphericity, degree of roundness and lithological

composition of the clasts comprising the gravels.

2 ) Determination of the flow directions of the wave-fronts or currents that

deposited the Pleistocene and Holocene gravels.

Subsidiary aims were:

3 ) Relationships between the Pleistocene and Holocene gravels on the basis of

pebble shape, sphericity, roundness and lithological composition.
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4 ) Determination of the provenances of the Pleistocene giaciofluvial gravels and 

the Holocene beach gravels.

6.2 Shapes of gravel clasts

Three aspects of sedimentary grain or clast morphology are shape, sphericity 

and roundness (Tucker 1981, 17). The shape or form is generally defined by 

plotting two axial ratios, intermediate axial dimension / longest axial dimension and 

shortest axial dimension / intermediate axial dimension, against each other, as 

suggested by Zingg (1935) and used by many workers (e.g. Krumbein 1953; Bluck 

1967; Rose 1975; Nemec & Steel 1984; see also Lindholm 1987, 107). Four shape 

classes are recognised by this method: equant (more commonly called spheroid), 

blade, disc and rod.

In the present project, shapes of Pleistocene pebbles (71 from Chapelcroft 

pit, 34 from Broomisle pit) and of Holocene pebbles (48 from the higher ridge at 

Torr, 86 from the lower ridge at Torr) in the Dalbeattie area were determined by 

measuring the lengths of the short, intermediate and long axes and then plotting the 

ratios intermediate / long and short / intermediate against each other (Tables 6.1 and

6.2 and Figs. 6.3 and 6.4).

In summary, the predominant shapes of Pleistocene pebbles are: 

at Chapelcroft, discs (33.80%); at Broomisle, spheroids (38.23% ). The 

predominant shapes of pebbles in the Holocene gravel ridges at Torr are: higher ridge, 

blades and discs (each 29.16%); lower ridge, discs (41.86%).

6.3 Sphericity of gravel clasts

Sphericity is a measure of how closely a clast shape approaches that of a
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sphere. A perfect sphere has a sphericity of 1.0 and, according to Folk (1980), most 

sedimentary grains have sphericities of between 0.6 and 0.7. It should also be noted 

that, for any numerical value of sphericity, there are several possible shapes. For 

example, a clast with a sphericity of 0.5 may be bladed, discoidal or rod-shaped 

(Lindholm 1987, 107).

Sphericities determined in the present project are shown diagrammatically in 

Figures 6.3 and 6.4. The results may be expressed as follows:

1 ) Sphericity of 71 pebbles from the Pleistocene gravels at Chapelcroft: mainly

0.5 to 0.9; seven pebbles 0.3 to 0.5.

2 ) Sphericity of 34 pebbles from the Pleistocene gravels at Broomisle: mainly

0.5 to 0.9; four pebbles 0.3 to 0.5; one pebble >0.9.

3 )  Sphericity of 48 pebbles from the higher ridge of Holocene gravels at Torr:

mainly 0.5 to 0.9; six pebbles 0.3 to 0.5; two pebbles > 0.9.

4) Sphericity of 86 pebbles from the lower ridge of Holocene gravels at Torr: 

mainly 0.5 to 0.9; one pebble <0.3; ten pebbles 0.3 to 0.5; one pebble >0.9.

6.4 Roundness of gravel clasts

Roundness is geometrically independent of sphericity and shape, although this 

fact is sometimes not appreciated because of careless usage (Lindholm 1987, 107). 

Roundness is concerned with the curvature of the corners and edges of a grain or clast, 

and usually six classes, from very angular to well rounded, are distinguished (Tucker 

1981, 17). Tucker also noted that, for environmental interpretation, the roundness 

measures are more significant than shape or sphericity. He also emphasised (Tucker
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1981, 18) that care must be exercised in interpreting roundness values since the 

roundness characteristics of a clast may be inherited and, in addition, intense 

abrasion may lead to fracturing and angularity in clasts.

Roundness may be measured by a series of difficult and tedious operations or 

calculated by the use of complex formulae. More commonly, however, roundness is 

determined by the use of visual comparison charts. The latter method, using the 

roundness and sphericity chart of Powers (1953), was adopted in the present 

project. The results obtained are shown in detail in Table 6.1 and summarised in 

Table 6.3.

In brief, angular pebbles (52.11%) are most abundant in the Pleistocene 

gravels at Chapelcroft, whereas sub-rounded pebbles (38.23%) are most abundant in 

the Pleistocene gravels at Broomisle.

In the higher ridge of Holocene gravels at Torr, sub-rounded pebbles 

(56.25%) are by far the most abundant, whereas in the lower ridge rounded 

(32.56%) and sub-rounded pebbles (31.39%) are approximately equal in 

abundance. When the results for the two Holocene gravel ridges are compared it is 

seen that, taken together, rounded and sub-rounded pebbles make up the bulk of these 

deposits (higher ridge 72.91%, lower ridge 63.95%).

6.5 Lithological composition of gravel clasts

The lithological compositions of the rock clasts collected from the Pleistocene 

gravel pits at Chapelcroft and Broomisle and from the higher and lower ridges of 

Holocene gravel at Torr were identified. Three categories were recognised: arenaceous 

rocks (mainly greywackes); granite/granodiorite; argillaceous rocks (shales). The
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results are given in Table 6.1 and are summarised in Table 6.4.

The results show that the vast majority (c. 70%) of the Pleistocene gravels in 

both pits consist of greywackes, presumably derived from local or not too distant 

outcrops of Upper Ordovician and Silurian rocks (see Chapter 2.1 above and Figs. 2.1 

and 2.2). In contrast, the majority (c. 60%) of the rock clasts in the higher ridge of 

Holocene gravels at Torr consist of granite/granodiorite, whilst the majority (c. 

58%) of the rock clasts in the lower ridge consist of greywackes.

6.6 Relationship between shape and lithological composition of

gravel clasts

The relationship between shape and lithological composition of clasts in the two 

Pleistocene and two Holocene gravel ridges studied in the course of the research 

project is shown in Table 6.5. The data indicate that the shapes of the gravel clasts do 

not depend on the lithological composition of the clasts either in the case of the 

Pleistocene or the Holocene deposits.

In the case of the Holocene beach gravels, it may be noted that the disc shape is 

the most abundant in both greywacke clasts (higher ridge 33.33%, lower ridge 

34.00%) and granite/granodiorite clasts (higher ridge 31.03%, lower ridge 

5 1 .4 5 % ).

In the Pleistocene gravels at Chapelcroft, the disc shape is the most abundant in 

greywacke clasts (34.00%) and granite/granodiorite clasts (33.33%). In contrast, 

in the Pleistocene gravels at Broomisle, the spheroid shape is the most abundant in 

greywacke clasts (30.43%) and granite/granodiorite clasts (62.50%).
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6.7 Relationship between roundness and lithological composition of 

gravel clasts

The relationship between roundness and lithological composition of clasts in the 

two Pleistocene and two Holocene gravel ridges studied in the course of the research 

project is shown in Table 6.6. The data indicate that the majority of the clasts in the 

higher ridge of Holocene gravels are sub-rounded in both greywacke pebbles 

(66.67%) and granite/granodiorite pebbles (51.72%), whilst in the lower ridge the 

majority of clasts are either rounded or sub-rounded in both greywacke pebbles 

(rounded 36.00%, sub-rounded 34.00%) and granite/granodiorite pebbles (rounded 

27.71%, sub-rounded 28.57%).

In the Pleistocene gravels, greywacke clasts are relatively more rounded than 

granite/granodiorite clasts. This is especially notable in the Chapelcroft pit where 

greywacke pebbles range from rounded (22%) through sub-rounded (16%) and 

sub-angular (24%) to angular (38%), whereas granite/granodiorite clasts in the 

same pit are mainly angular (80.95%). This may indicate that the greywacke 

pebbles have been transported a greater distance than the granite/granodiorite 

pebbles, which most probably were derived from the nearby Criffell-Dalbeattie 

granite/granodiorite pluton. The same trend, though less marked, is to be seen in the 

relationship between roundness and lithological composition in the case of the 

Pleistocene gravels of the Broomisle pit. There, greywacke pebbles range from 

sub-rounded (47.87%) through sub-angular (34.78%) to angular (17.39%), 

whereas granite/granodiorite clasts are mainly angular (62.50%); sub-rounded 

(25.00%) and sub-angular (12.50%) specimens make up the remainder of the 

sampled clasts.
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6.8 Palaeocurrent flow directions

6.8.1 Pleistocene gravels

As noted above (Chapter 6.1), dip-direction readings were taken of the 

orientation of long axes of clasts in gravel deposits exposed in the banks of Potterland 

Lane at (approximately) NX 803 553 (Fig. 6.1). The oriented gravels are situated 

about 500m south of a sheet of Pleistocene gravel deposits the surface of which

slopes gently to the south. The oriented gravels are also situated about 300m to the

NW of a ridge of Pleistocene gravels the summit of which stands several metres above 

the flatter area where the oriented gravels now occur. Fine-grained sediments, which 

are thought to have been deposited in the course of the Holocene marine transgression, 

overlie the oriented gravels.

The rose diagram constructed from the clast-orientation data (Fig. 6.1) 

suggests that the final alignment of the clasts was produced by flow from the SE. At 

least two possible explanations of such a flow orientation are these:

1 ) The oriented gravels were derived from an ice mass located to the SE of their 

present position, the gravels being transported to that position by water flowing down 

a SE-NW oriented slope at the time of ice melting. Thus, the oriented gravels may be 

part of an outwash mass associated with the ridge of (? ice-contact) glaciofluvial 

gravels that is now located SE of their position.

2 ) The oriented gravels may originally have been part of the sheet of Pleistocene 

gravels that lies a short distance to the north of the location where orientation 

directions were measured in the banks of Potterland Lane. In the early phases of the 

Holocene marine transgression, as the sea penetrated into the shallow hollow now
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occupied by Potterland Lane, the sheet of Pleistocene gravels may have been eroded by 

marine action and the clasts re-oriented so that their present alignment is indicative 

of SE-NW onshore flow action.

6.8.2 Holocene gravels

As also noted in Chapter 6.1 above, dip-direction readings were recorded for 

the orientation of long axes of clasts in the two Holocene gravel ridges at Torr, 

Dalbeattie area, and two Holocene gravel ridges in the New Abbey area. In all four 

cases, the rose diagrams constructed from the clast-orientation data indicate that the 

waves that deposited the beach gravel ridges, presumably in storm conditions, moved 

in a SE to NW direction (Figs.6.1 and 6.2). The results are consistent with the shapes 

and geographical positions of the gravel ridges in relation to contemporaneous major 

coastal features (headlands and embayments) in the vicinity of Auchencairn Bay 

(Dalbeattie area, Fig. 6.1) and the mouth of New Abbey Pow (New Abbey area, Fig. 

6 .2 ).

6.9 Relationships between Pleistocene and Holocene gravels of the

Dalbeattie area

In this section, the relationships between the Pleistocene and Holocene gravel 

deposits of the Dalbeattie area are considered, mainly on the basis of pebble shape, 

roundness and lithological composition, to a lesser extent on the basis of sphericity.

1 ) Shape: In both the Pleistocene and Holocene gravels, the disc is the commonest 

clast shape (Pleistocene 30.48%, Holocene 37.31%; Table 6.7). Spheroids 

are next in abundance in both cases. Blades are slightly more abundant in the
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Pleistocene than in the Holocene deposits, whereas rods are slightly commoner 

in the Holocene than in the Pleistocene deposits. The higher percentage of 

blades in the Pleistocene deposits suggests that the Holocene deposits are more 

mature than the Pleistocene deposits, as a result of marine wave and current 

action in transport and deposition of the Holocene sediments, compared with 

glaciofluvial current action in the case of the Pleistocene deposits. It may be 

noted (Table 6.1) that the disc- and blade-shaped clasts are mostly larger than 

the spheroid- and rod-shaped clasts if the intermediate axis of the clasts is 

used to describe the size attributes (cf. Bluck 1967).

2 ) Sphericity: The sphericity of the Holocene pebbles is concentrated mainly

between values of 0.5 and 0.7 (Fig. 6.4), whereas the sphericity of the 

Pleistocene pebbles is scattered between values of 0.3 and 0.9 (Fig. 6.3). This 

indicates better sorting in the Holocene than in the Pleistocene gravels.

3 ) Roundness: As shown clearly in Table 6.8, the estimated roundness categories

of the two major groups of gravel deposits show that (as would be expected) the 

Holocene beach gravels are more rounded than the Pleistocene glaciofluvial 

gravels. This is probably due to Holocene marine wave and current action 

causing abrasion of the corners and edges of clasts during coastal transport and 

deposition.

4 ) Lithological composition: As shown in Table 6.9, the Holocene gravels consist

of nearly equal proportions of greywacke clasts (50.74% ) and 

granite/granodiorite clasts (47.76%), whilst the Pleistocene gravels consist 

mainly of greywacke clasts (68.57%) and a much smaller proportion of 

granite/granodiorite clasts (28.57%). The differences in lithological
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composition are almost certainly a reflection of provenance of the two groups of 

gravels. The Pleistocene gravels, being glaciofluvial deposits, were derived 

dominantly from the NW and west, where greywackes are the major bedrock, 

although some granite/granodiorite clasts were derived locally from the 

western part of the Criffell-Dalbeattie pluton. In contrast, the Holocene beach 

gravels may have been derived partly from Pleistocene glaciofluvial gravels 

that were being eroded by marine action within the Dalbeattie area during the 

Holocene marine transgression and regression, and from outcrops of 

granite/granodiorite of the Criffell-Dalbeattie pluton that were exposed 

simultaneously to the south and SE of the area of Holocene marine deposition.
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Table 6.1 Lengths (in cm) of the three axes (S = short, I = intermediate, L = long),
calculated shapes according to Zingg's diagram (1935), estimated round­
ness according to Power's chart (1953) and lithological compositions of 
the Pleistocene and Holocene gravel deposits studied in the Dalbeattie area.

Table 6.1a Pleistocene gravel, Chapelcroft (NX 804 550)

s 1 L l / L S / I Shape Roundness Lithology

3.50 8.30 14.60 0.57 0.42 Blade Subang. Greywacke
2.40 6.30 7.10 0.89 0.38 Disc Ang. Greywacke
4.20 5.20 5.80 0.90 0.80 Sphd. Ang. Greywacke
2.40 4.90 6.90 0.71 0.49 Disc Ang. Granite
2.60 4.20 6.60 0.63 0.62 Blade Subr. Greywacke
1.40 3.90 5.00 0.78 0.36 Disc Ang. Granite
2.20 3.60 4.30 0.84 0.61 Disc Rd. Greywacke
1.50 2.90 4.00 0.72 0.52 Disc Ang. Granite
1.30 4.00 5.30 0.75 0.31 Disc Ang. Greywacke
2.30 4.20 5.10 0.82 0.55 Disc Rd. Greywacke
0.90 2.80 4.20 0.67 0.32 Disc Ang. Greywacke
2.00 3.20 4.46 0.71 0.63 Disc Ang. Granite
1.20 3.70 5.10 0.73 0.32 Disc Ang. Greywacke
1.15 2.60 5.10 0.51 0.44 Blade Ang. Greywacke
1.00 3.20 5.30 0.60 0.31 Blade Ang. Greywacke
1.90 2.55 3.00 0.85 0.75 Sphd. Rd. Greywacke
1.60 2.80 3.10 0.90 0.57 Disc Rd. Greywacke
1.40 2.70 6.80 0.40 0.52 Blade Ang. Greywacke
1.90 2.60 3.80 0.68 0.73 Sphd. Ang. Granite
1.50 1.80 2.90 0.62 0.83 Rod Ang. Granodiorite
1.15 1.95 3.40 0.57 0.60 Blade Ang. Greywacke
1.75 2.20 3.70 0.59 0.47 Blade Ang. Greywacke
0.70 2.00 2.20 0.91 0.35 Disc Ang. Greywacke
1.50 2.20 3.50 0.63 0.68 Rod Ang. Granodiorite
1.10 2.30 4.46 0.52 0.48 Blade Subr. Granite
0.60 1.40 2.30 0.61 0.43 Blade Ang. Granite
0.80 1.10 1 .90 0.58 0.73 Rod Ang. Granodiorite
0.90 1.30 1 .70 0.76 0.70 Sphd. Ang. Granodiorite
0.70 1.20 1 .70 0.71 0.58 Disc Ang. Granite
1.10 1.90 2.90 0.66 0.58 Blade Subang. Greywacke
1.40 2.70 4.10 0.66 0.52 Blade Rd. Granite
1.20 2.60 3.10 0.84 0.46 Disc Rd. Greywacke
1.40 1.80 1 .90 0.95 0.78 Sphd. Ang. Greywacke
1.00 1.90 2.30 0.83 0.53 Sphd. Subr. Greywacke
1.00 1.70 1 .90 0.89 0.59 Sphd. Ang. Greywacke
0.70 1.60 2.30 0.70 0.44 Disc Ang. Greywacke
1.40 2.10 2.20 0.95 0.67 Sphd. Subang. Greywacke
0.90 1.60 2.30 0.70 0.56 Disc Rd. Greywacke
0.95 1.50 2.20 0.68 0.63 Disc Subr. Granodiorite
1.45 1.60 2.40 0.67 0.90 Rod Subr. Granodiorite
0.95 1.40 1.90 0.73 0.67 Sphd. Subr. Greywacke
0.80 1.20 1 .70 0.71 0.67 Sphd. Ang. Greywacke
0.80 1.10 1 .80 0.61 0.73 Rod Subang. Greywacke

(continued)
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Table 6.1a continued

8.00 10.0 24.0 0.42 0.80 Rod Ang. Greywacke
4.50 7.00 14.0 0.50 0.64 Blade Subr. Greywacke
2.00 3 .20 4.50 0.71 0.62 Disc Rd. Greywacke
2.40 3.00 5.80 0.52 0.80 Rod Subr. Greywacke
2.30 2.90 3.40 0.85 0.79 Sphd. Subr. Greywacke
0.80 3.00 4.80 0.62 0.26 Blade Ang. Greywacke
0.60 2.70 4.20 0.84 0.22 Disc Ang. Greywacke
1.50 1.90 3.10 0.61 0.79 Rod Ang. Greywacke
0.80 2.10 3.20 0.66 0.38 Blade Subr. Greywacke
2.00 3.20 3.40 0.94 0.62 Disc Subr. Greywacke
0.80 1.70 3.00 0.57 0.47 Blade Ang. Granodiorite
1.40 1.50 2.50 0.60 0.82 Rod Subang. Greywacke
1.40 1.70 2.60 0.65 0.82 Rod Subang. Greywacke
1.35 1.65 2.55 0.65 0.81 Rod Subang. Greywacke
1.40 1.60 2.80 0.57 0.87 Rod Subang. Greywacke
1.10 1.40 2.50 0.56 0.78 Rod Rd. Greywacke
1.30 1.70 2.70 0.63 0.76 Rod Rd. Greywacke
1.00 1.60 2.65 0.60 0.63 Blade Rd. Greywacke
1.30 1.50 2.50 0.60 0.87 Rod Rd. Greywacke
0.90 1.80 2.10 0.85 0.50 Disc Ang. Granite
1.10 1.20 1.70 0.71 0.92 Sphd. Ang. Granodiorite
1.20 1.40 2.00 0.70 0.86 Sphd. Ang. Granodiorite
0.90 1.60 2.40 0.67 0.56 Disc Ang. Granite
0.90 1.60 2.80 0.57 0.56 Blade Ang. Granodiorite
1.10 1.40 3.10 0.45 0.79 Rod Ang. Granodiorite
0.65 2.00 2.70 0.74 0.56 Disc Subang. Greywacke
0.90 1.80 2.10 0.85 0.50 Disc Subang. Greywacke
0.80 1.00 1 .90 0.53 0.80 Rod Subang. Greywacke

Table 6.1b Pleistocene gravel, Broomisle (NX 823 592)

S I L I / L S/ I Shape Roundness Lithology

4.10 4.80 8.80 0.55 0.85 Rod Subr. Greywacke
0.90 3.10 5.20 0.60 0.29 Blade Ang. Shale
3 .10 3.80 5.40 0.70 0.81 Sphd. Ang. Greywacke
2.00 2.30 2.40 0.96 0.87 Sphd. Ang. Granite
1.60 2.00 2.10 0.95 0.80 Sphd. Ang. Granite
2.30 2.60 3.80 0.68 0.88 Sphd. Ang. Granite
1.20 3.40 3.60 0.94 0.35 Disc Ang. Shale
1.75 3.20 4.40 0.73 0.55 Disc Subr. Greywacke
1.10 2.20 4.20 0.52 0.50 Blade Subr. Greywacke
1.70 2.95 3.90 0.76 0.58 Disc Subr. Greywacke
3.00 3.60 4.40 0.81 0.83 Sphd. Subr. Greywacke
2.20 3.00 4.20 0.71 0.73 Sphd. Subang. Greywacke
2.00 3.40 4.30 0.79 0.59 Disc Subang. Greywacke
1.10 2.40 2.80 0.86 0.46 Disc Subr. Granite
1.90 2.35 3.35 0.70 0.81 Sphd. Subr. Greywacke
1.90 2.40 4.40 0.55 0.79 Rod Ang. Greywacke

1.20 2.00 2.10 0.95 0.60 Disc Subr. Greywacke

(continued)
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Table 6.1b continued

0.90 1.20 1.90 0.63 0.75 Rod Subr. Greywacke
1.20 1.50 1.80 0.83 0.80 Sphd. Subr. Greywacke
1.20 1.40 1.90 0.74 0.86 Sphd. Subr. Greywacke
0.95 1.20 1.60 0.75 0.79 Sphd. Subr. Granite
0.60 1.10 2.70 0.41 0.54 Blade Subang. Granite
0.90 1.80 3.30 0.54 0.50 Blade Ang. Greywacke
0.90 2.00 3.00 0.67 0.45 Disc Ang. Granodiorite
1.30 1.80 2.20 0.82 0.72 Sphd. Ang. Granite
0.70 1.60 2.55 0.63 0.44 Blade Subang. Greywacke
0.60 1.40 2.30 0.61 0.43 Blade Subang. Greywacke
0.80 1.30 1 .70 0.76 0.62 Disc Subang. Greywacke
1.40 1.50 1.90 0.79 0.93 Sphd. Subang. Greywacke
1.00 1.55 2.60 0.60 0.65 Blade Subang. Greywacke
1.10 1.40 2.50 0.56 0.79 Rod Subang. Greywacke
0.40 1.10 2.40 0.46 0.36 Blade Rd. Greywacke
0.90 1.20 1.50 0.80 0.75 Sphd. Rd. Shale
0.80 1.10 2.00 0.55 0.73 Rod Subr. Greywacke

Table 6.1c Holocene beach gravel, higher ridge, at Torr (NX 804 531 to NX 808 529)

S I L I / L S / I Shape Roundness Lithology

2.05 4.20 6.65 0.63 0.48 Blade Subr. Greywacke
1.85 3.65 4.55 0.80 0.59 Disc Subr. Granodiorite
1.85 3.15 4.80 0.60 0.58 Blade Rd. Granite
5.85 6.15 10.25 0.63 0.93 Rod Subr. Granite
2.80 4.20 6.60 0.63 0.67 Rod Subr. Greywacke
1.15 1.85 3.85 0.48 0.62 Blade W.Rd. Granite
2.20 3.55 5.75 0.61 0.62 Blade Subr. Greywacke
3.25 5.55 7.45 0.74 0.59 Disc Rd. Granite
2.75 5.65 6.50 0.86 0.49 Disc Subr. Greywacke
2.40 2.60 4.70 0.55 0.51 Blade Rd. Granite
2 .80 6.00 6.55 0.92 0.47 Disc Subr. Granite
2 .50 4.15 6.15 0.67 0.60 Disc Ang. Granite
2.00 3.50 7.80 0.64 0.38 Blade W.Rd. Granite
2.60 4.90 9.20 0.53 0.53 Blade Ang. Greywacke
2.30 4.05 6.05 0.67 0.58 Disc Subr. Granite
2.90 4.00 4.90 0.83 0.72 Sphd. Subr. Granite
2.20 4.65 6.35 0.73 0.47 Disc Rd. Granite
2.40 3.25 4.80 0.68 0.74 Sphd. Rd. Greywacke
2.70 3.20 4.20 0.76 0.84 Sphd. Rd. Greywacke
1.45 3.60 6.10 0.59 0.24 Blade Subr. Granite
2.80 3.20 5.20 0.61 0.87 Rod Rd. Shale
2.45 4.75 5.00 0.95 0.52 Disc Rd. Granite
2.00 2.90 4.00 0.72 0.69 Sphd. Subang. Greywacke
2.90 3.50 4.25 0.98 0.82 Sphd. Subang. Granodiorite
2.90 3.25 3.55 0.91 0.89 Sphd. Subr. Granite
2.25 3.90 4.20 0.92 0.58 Disc Subr. Granite
1.25 1.35 5.95 0.23 0.93 Rod Subr. Greywacke
1.80 3.00 5.15 0.58 0.60 Blade Subr. Granodiorite
2.50 3.40 4.80 0.70 0.73 Sphd. Subr. Granite
1.70 2.15 4.50 0.48 0.79 Rod Subr. Greywacke
2.50 3.35 4.30 0.78 0.75 Sphd. Su Granite

(continued)
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Table 6.1c continued

1.10 2.20 3.80 0.58 0.50 Blade W.Rd. Greywacke
1.65 2.75 4.20 0.65 0.60 Blade Ang. Granite
1.50 2.25 3.40 0.66 0.67 Rod W.Rd. Granite
1.80 2.70 3.80 0.71 0.67 Sphd. Subr. Granite
2 .50 3.70 4.30 0.86 0.93 Sphd. Ang. Granite
1.40 2.70 4.00 0.68 0.52 Disc Ang. Greywacke
1.20 1.80 4.40 0.41 0.67 Rod Subr. Granodiorite
2 .80 2.70 3.80 0.71 0.67 Sphd. Ang. Granodiorite
0.90 1.70 4.80 0.35 0.53 Blade Ang. Granodiorite
1.60 3.20 3.70 0.86 0.50 Disc Subr. Greywacke
1.45 2.25 3.05 0.75 0.65 Disc Subr. Greywacke
1.00 1.50 3.90 0.38 0.67 Rod Subr. Greywacke
1.50 1.70 3.10 0.55 0.88 Rod Subr. Greywacke
1.35 2.80 3.20 0.88 0.48 Disc Subr. Greywacke
0.90 1.80 3.30 0.55 0.50 Blade Subr. Granodiorite
0.90 1.05 3.35 0.31 0.85 Rod Subr. Granodiorite
1.65 2.50 2.90 0.86 0.66 Disc Subr. Greywacke

Table 6.1d Holocene 
522)

beach gravel, lower ridge, at Torr (NX 808 521 to NX 810 to

S I L 1/ L S / I Shape Roundness Li thology

1.80 3.60 4.10 0.88 0.50 Disc Subr. Granodiorite
1.10 1.80 2.20 0.81 0.61 Disc Subr. Granite
1.10 2.30 2.40 0.96 0.48 Disc Rd. Granite
1.25 2.40 3.50 0.69 0.52 Disc Rd. Granite
1.55 2.20 4.25 0.51 0.70 Rod Rd. Granodiorite
1.05 1.60 5.20 0.30 0.66 Rod Subr. Granite
2.60 3.20 4.90 0.31 0.81 Rod Subr. Greywacke
1.10 2.35 2.80 0.84 0.47 Disc Subr. Greywacke
1.40 2.30 3.05 0.77 0.61 Disc W.Rd. Greywacke
1.20 2.30 4.10 0.56 0.52 Blade Rd. Greywacke
1.90 2.90 4.20 0.69 0.65 Disc Subr. Greywacke
1.00 2.60 3.20 0.81 0.38 Disc W.Rd. Granite
1.55 2.30 2.80 0.82 0.69 Sphd. W.Rd. Greywacke
0.85 1.85 3.25 0.57 0.46 Blade W.Rd. Greywacke
0.90 2.00 2.40 0.83 0.45 Disc Subr. Greywacke
1.00 1.60 3.50 0.46 0.63 Blade Subr. Greywacke
1.00 2.20 2.40 0.92 0.45 Disc Subr. Granodiorite
1.30 2.30 2.80 0.82 0.57 Disc Rd. Granite
1.40 2.25 2.90 0.77 0.62 Disc Rd. Greywacke
1 .40 2.70 2.95 0.91 0.52 Disc Rd. Greywacke
1 .60 2.10 2.60 0.81 0.72 Sphd. Rd. Greywacke
1.10 1.60 2.10 0.76 0.69 Sphd. Rd. Greywacke
1.05 2.10 2.20 0.95 0.50 Disc Rd. Granite
1.00 2.10 3.00 0.70 0.48 Disc Subr. Greywacke
0.70 1.60 2.25 0.71 0.44 Disc Rd. Greywacke
1.20 1.70 2.40 0.71 0.71 Sphd. Subr. Greywacke

(continued)
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Table 6.1 d continued

0.80 1.10 2.00 0.55 0.73 Rod Rd. Granite
0.85 1.20 1.50 0.80 0.71 Sphd. Rd. Greywacke
1.30 2.20 2.70 0.82 0.59 Disc Rd. Greywacke
1.00 2 .25 2.70 0.81 0.44 Disc Subr. Granite
0.50 1.80 3.00 0.60 0.27 Blade Subr. Greywacke
1.25 2.20 2.45 0.89 0.57 Disc Subr. Shale
0.90 1.40 1.60 0.87 0.64 Sphd. Subr. Greywacke
0.70 1.40 1.50 0.93 0.50 Disc Rd. Granodiorite
1.10 1.75 2.40 0.73 0.63 Disc Subang. Granodiorite
1.20 1.60 2.10 0.76 0.75 Sphd. Subang. Granodiorite
0.80 1.90 2.30 0.83 0.42 Disc Rd. Granite
1.00 1.30 1.85 0.70 0.77 Sphd. Subang. Granite
1.20 1.20 1.80 0.67 1.00 Sphd. W.Rd. Greywacke
1.00 1.10 2.05 0.54 0.91 Rod Subang. Greywacke
0.90 1.40 2.10 0.67 0.64 Disc W.Rd. Greywacke
1.40 1.60 2.10 0.76 0.88 Sphd. Subang. Greywacke
1.00 1.05 1.90 0.55 0.95 Rod Rd. Greywacke
0.80 1.05 1 .90 0.55 0.76 Rod Rd. Greywacke
0.70 0.95 1.80 0.53 0.74 Rod Subr. Granite
2.20 4.30 9.20 0.47 0.51 Blade Ang. Greywacke
1.00 2.00 3.70 0.54 0.50 Blade Ang. Granodiorite
1.90 3.50 3.80 0.92 0.54 Disc Subr. Greywacke
1.20 1.80 1.80 1.00 0.67 Sphd. Rd. Greywacke
1.00 2.50 3.90 0.64 0.40 Blade Subr. Granite
1.60 1.95 3.00 0.65 0.82 Rod Rd. Granite
1.10 1.40 2.40 0.58 0.79 Rod Rd. Greywacke
1.30 1.70 1.80 0.94 0.76 Sphd. Subr. Granite
0.90 2.40 2.70 0.88 0.38 Disc Rd. Greywacke
1.50 1.80 2.70 0.67 0.83 Sphd. Rd. Greywacke
1.00 1.50 2.80 0.54 0.67 Rod Rd. Greywacke
1.00 2.05 2.50 0.82 0.49 Disc Subang. Granite
1.40 1.80 1 .90 0.95 0.78 Sphd. Subang. Granodiorite
1.00 2.00 2.60 0.77 0.50 Disc Subr. Greywacke
2.80 3.20 5.50 0.58 0.88 Rod Subang Granite
1.05 1.50 2.05 0.73 0.70 Sphd. Subang. Granite
2.50 3.10 8.30 0.37 0.81 Rod Subr. Granodiorite
1.05 1.20 1 .60 0.75 0.87 Sphd. Subr. Greywacke
0.70 0.80 1 .30 0.61 0.87 Rod W.Rd. Greywacke
3.50 4.80 7.10 0.68 0.73 Sphd. W.Rd. Greywacke
2.00 3.55 5.50 0.65 0.56 Blade Ang. Granite
2.00 3.45 4.00 0.86 0.56 Disc Ang. Granite
1.60 3.00 4.40 0.68 0.53 Disc Ang. Greywacke
3.10 3.80 4.60 0.83 0.82 Sphd. Subr. Greywacke
2.10 3.90 4.30 0.91 0.54 Disc Subr. Greywacke
2.60 2.80 3.40 0.82 0.93 Sphd. W.Rd. Granite
1.40 3.00 5.00 0.60 0.47 Blade Subr. Greywacke
1.50 2.40 2.90 0.83 0.63 Disc W.Rd. Granodiorite
0.80 2.40 3.50 0.83 0.33 Disc Ang. Granite
0.60 1.90 2.40 0.79 0.32 Disc Ang. Granite
1.20 1.60 2.40 0.67 0.75 Sphd. Subr. Greywacke
1.50 2.00 2.60 0.77 0.75 Sphd. Subr. Greywacke

(continued)
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Table 6.1 d continued

1.00 1.80 2.60 0.70 0.56 Disc Rd. Greywacke
1.30 2.00 2.70 0.74 0.65 Disc Rd. Greywacke
1.45 2.70 3.50 0.77 0.54 Disc Ang. Granodiorite
1.45 1.70 4.40 0.39 0.85 Rod Subr. Greywacke
1.40 1.85 2.45 0.75 0.76 Sphd. W.Rd. Greywacke
1.20 1.50 2.35 0.64 0.80 Rod. W.Rd. Greywacke
1.60 1.70 2.40 0.71 0.94 Sphd. Rd. Greywacke
1.25 2 .10 2.90 0.72 0.60 Disc Rd. Greywacke
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Table 6.2 Shape distribution of the gravel clasts studied in the Dalbeattie area

Shape P l e i s t o c e n e  
Chapelcroft Broom isle  

n=71 n = 34

H o I o c e n e 
Higher ridge Lower ridge 

n = 4 8 n = 86

Blade 23.94% 23.54% 29.16%  12.79%

Disc 33.80% 23.54% 29.16%  41 .86%

Rod 23.94% 14.70% 20.83%  18.60%

Spheroid 18.31% 38.23% 20.83%  26.74%

Table 6.3 Degree of roundness of the gravel clasts in the Dalbeattie area

Roundness P l e i s t o c e n e  
Chapelcroft Broom isle  

n=71 n = 34

H o I o c e 
Higher ridge 

n = 4 8

n e
Lower ridge 

n = 8 6

W. Rd. 0 .00 0.00 6 .25% 17.44%

Rounded 15.49% 5.88% 16.66% 32.56%

Sub.Rd. 15.49% 38.23% 56.25% 31.39%

Subang. 16.90% 26.47% 4.16% 10.46%

Angular 52 .11% 29.41% 10.41% 9.30%

Table 6.4 Lithological compositions of the gravel clasts studied in the Dalbeattie area

L itho log ica l P l e i s t o c e n e Ho I o c e n e
composition Chapelcroft Broom isle Higher ridge Lower ridge

n=71

**COIIc

I

n = 4 8 n = 8 6

Greywacke 70.42% 67.64% 37.50% 58.14%

Granite/

Granodiorite 29.58% 23.53% 60.42% 40.70%

Shale 0.00% 8.82% 2.08% 1.16%
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Table 6.5 Relationship between shape and lithological composition of gravel clasts 

studied in the Dalbeattie area

Blade Disc Rod Spheroid

Pleistocene gravels

Chapelcroft

Greywacke (n=50) 24 . 00% 34 . 00% 24 . 00% 18.00%

Granite/Granodiorite (n=21) 23 . 81% 33 . 33% 28 . 57% 19.05%

Broomisle

Greywacke (n=23) 21 . 74% 26 . 09% 21 . 74% 30 . 43%

Granite/Granodiorite (n=8) 12 .50% 25 . 00% 0 .00% 62 .50%

Shale (n=3) 33 . 33% 33 . 33% 0.00% 33 . 33%

Holocene gravels

Higher ridge

Greywacke (n=18) 22 . 22% 33 . 33% 27 . 77% 16.66%

Granite/Granodiorite (n=29) 2 7 . 59% 31 . 03% 13.79% 27.59%

Lower ridge

Greywacke (n=50) 12 .00% 34 . 00% 20 . 00% 34 . 00%

Granite/Granodiorite (n=35) 11 .43% 51 . 45% 20 . 00% 17.14%



Table 6.6 Relationship between degree of roundness and lithological composition of 

gravel clasts studied in the Dalbeattie area

W.Rd. Round Subrd. Subang. Angular

Pleistocene gravels

Chapelcroft

Greywacke(n=50)

Granite/Granodiorite

Broomisle 

Greywacke (n=23) 

Granite/Granodiorite 

Shale (n=3)

Holocene gravels

Higher ridge 

Greywacke (n=18) 

Granite/Granodiorite

Lower ridge 

Greywacke (n=50) 

Granite/Granodiorite

0 .0 0 % 

(n=21) 0 .00%

0 .00% 

(n=8) 0 .00%

0 .00%

5.55%  

(n=29) 10 .34%

2 2 .00% 

(n=35) 8 .57%

22. 00% 16.00%  

0 .00% 14.28%

4 .34% 47 . 87%

00.00% 25 .00%

33 . 33% 0 .00%

11.10% 66.67%

17.24% 51 . 72%

36. 00% 34 . 00%

27. 71% 28 .57%

24 . 00% 38 . 00%

4.76% 80.95%

34 . 78% 17.39%

12.50% 62.50%

0.00% 33 .33%

5.55% 11.10%

3.45% 17.24%

4 . 00% 4 .00%

20. 00% 17.14%
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Table 6.7 Average shape distribution of gravel clasts studied in the Dalbeattie area

Blade Disc Rod Spheroid

Pleistocene 23 .81% 30 . 48% 20 . 95% 24 .76%

gravels (n=105)

Holocene 17.92% 37 .31% 19.40% 25 .37%

gravels (n=134)

Table 6.8 Average degree of roundness of gravel clasts studied in the Dalbeattie area

W.Rd. Round Subrd. Subang. Angular

Pleistocene 0 .00% 10.47% 22 . 85% 21 .90% 44 .74%

gravels (n=105)

Holocene 10.94% 25 .54% 40 . 14% 8.95% 11.94%

gravels (n=134)

Table 6.9 Average lithological compositions of gravel clasts studied in the Dalbeattie 

area

Greywacke G r a n i te /  Shale

G ranodiorite

Pleistocene 68.57% 28 .57% 2.86%

gravels (n=105)

Holocene 50.74% 47 .76% 1.49%

gravels (n=134)
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Chapter 7 

GRAIN-SIZE ANALYSIS

7.1 Introduction

Grain-size analysis is a fundamental descriptive measure of sediments and 

sedimentary rocks. It is also important in determining the distance of sediment 

transport, and in understanding the processes involved during transportation and 

depositon (cf. Passega 1957; Sahu 1964; Sly et. al. 1983; Lindholm 1987, 154). In 

addition, grain-size analysis can be used to help to distinguish between sediments of 

different environments and facies (Tucker 1981, 16).

The Holocene raised coastal sediments and present-day intertidal sediments that

are the subject of this research project represent a complex of environments. As 

stated in Chapter 1.4 above, the main aims of this part of the project were to 

determine:

(a )  The textural characteristics of the Holocene sediments and present-day 

intertidal

sediments in the four geographical areas of study.

( b ) Grain-size variation within the Holocene sediments from one area to another.

(c )  Vertical variation in grain size within the Holocene sediments.

(d ) Criteria for distinction between the present-day intertidal sediments and the 

Holocene sediments.

(e )  Modes of transportation and deposition of the Holocene sediments in the various 

environments and sub-environments of deposition.

It was noted, however, that deductions about environments of deposition should 

be based on a combination of several approaches, e.g. facies, palaeocurrent, basin
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geometry and grain-size analyses, rather than on one type of analysis on its own 

(Leeder 1982b, 40).

Several methods have been used to discriminate between and interpret 

depositional environments on the basis of grain-size distribution, such as plotting 

skewness against sorting (Friedman 1961), comparing the coarsest fraction with the 

median-size fraction (Passega 1964), analysing cumulative curve shape (Visher 

1969) and comparing mean, standard deviation, skewness and kurtosis variables and 

variables related to the tails of the distribution curves (Abu el-ella & Coleman 

1985). Also, since grain-size distribution is dependent partly on the effect of the 

transporting fluid on the sediment grains, it provides a basis for interpreting the 

hydraulic conditions during transportation and deposition of the sediments (cf. 

Middleton 1976; Sagoe & Visher 1977; Brown 1985). In relation to this, Lambiase 

(1980) pointed out that in the present Avon River estuary (Nova Scotia) the 

hydraulic environment certainly does control sediment distribution, and grain-size 

distribution reflects this control. Other relevant studies of grain-size distribution are 

those of Quaternary sediments around Lake Gardsjon, SW Sweden (Melkerud 1983), of 

variations in floodplain deposits of the River Severn, England (Brown 1985), and of 

recent estuarine environments in the Tigris-Euphrates delta, Arabian Gulf (Darmoian 

& Lindqvist 1988).

7.2 Methods of study

In the present study, grain-size analysis was carried out by sieving and 

sedimentation methods. The method used depended on the grade of sediment being 

analysed. When sand grade was dominant, sieving was used. Sediment composed of silt
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and clay was analysed by the pipette method.

The samples studied were analysed by standard techniques, modified from those 

described by Carver (1971) and Folk (1974), and were as follows:

1 ) Bulk samples were examined by the naked eye and binocular microscope

to determine their lithology and grain-size, after which about 40g of each 

sample from fine sediments (silt and clay) and about 60g from each

sample from the coarser sediments (sand) were obtained by mixing and

quartering after drying at room temperature.

2 ) 30ml of 6% hydrogen peroxide (H2 O 2 ) was added to samples that were

rich in organic matter, and the samples then left overnight . About 20ml 

of distilled water was added to the resultant suspension, which was then 

heated on a sand bath for about ten minutes to remove excess hydrogen 

peroxide, and finally washed with distilled water and left to dry.

3 )  The dry samples were weighed. They were then suspended in a 0.01 M

solution of Calgon (Sodium hexametaphosphate, Na4 P2 C>7 . 1  OH2 O) and

left overnight.

4 ) Distilled water was added, and the suspension was stirred for about 30

minutes, to produce complete dispersion.

5 ) Using a wash bottle, the dispersed samples were washed on a 62 |im sieve

over a long funnel. The silt and clay passing through the sieve were

collected in a one litre graduated cylinder.

6 ) The sand fraction was dried, prior to being analysed by the sieving

method.

7 ) The sieving of the sand fraction was carried out according to the method
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described by Folk (1974, 33-34).

8 )  The grain-size distribution of the clay + silt fraction (< 62 pm ) in

suspension was calculated according to Stokes's Law, using the pipette 

method.

7.3 Grain-size parameters

The grain-size terminology used here is that proposed by Folk (1974). The 

measures used most commonly in calculating graphic statistical grain-size parameters 

are given by the following formulae (after Folk & Ward 1957; Folk 1974). The 

terminology used is that of Folk (1974).

1) Median (Md)

The grain-size corresponding to the 50% point on the cumulative curve is the 

median.

2) Graphic mean (Mz)

The graphic mean is the standard graphic measure for determining overall 

grain size. It takes into account the total grain-distribution curves, the tails of which 

are considered especially significant in sedimentary processes. The graphic mean is 

given by the formula:

(j)16 + (J)50 +(j)84
Mz = -------------------------

3

Folk & Ward (1957) suggested the following scale for graphic mean size, in (j) 

units based on the Wentworth (1922 ) size scale:

Mz -1 <() to 0(j) very coarse sand 0(J) to 1(j) coarse sand
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1<j) to 2(j) medium sand 2(j) to 3(j) fine sand

3<J> to 4(j) very fine sand 4(j) to 5 4 ) coarse silt

5<{> to 6(|) medium silt 64) to fine silt

?*]) to 8(j) very fine silt

-©
-

COA clay

3) Inclusive graphic standard deviation (G |)

This measure of sorting is given by the formula:

((J)84 - <|)16) (4)95 - 4)5)

O l  = --------------------- + -----------------------

4 6.6

This includes about 90% of the distribution and is the best overall measure of 

sorting. The following verbal classification scale for sorting was suggested by Folk 

( 1 9 7 4 ) :

< 0.35<j) very well sorted

0.354) to 0.504> well sorted

0.504) to o -e
- moderately well sorted

0.71(1) to

-e-
oo

moderately sorted

1 .oo4> to r° o o -e
- poorly sorted

-e-
oocvi to 4.004) very poorly sorted

> 4.00(1) extremely poorly sorted

4) Inclusive graphic skewness (Sk|)

This parameter is used to describe the symmetry of the grain-size 

distribution.
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((j)16 +084 - 2050) (05 + 095 - 2050)
Sk| = -------------------------------  + -----------------------------

2(084 - 016) 2(095 - 05 )

This formula incorporates 90% of the distribution and it determines the 

skewness of the tails and the central portion of the cumulative curve. When the curve

is symmetrical, Sk|= 0.0. If the value is positive, it indicates an excess of fine

sediment and if negative it indicates an excess of coarse material. The following verbal 

limits of skewness were suggested by Folk (1974):

Skl +1 .00  to +0 .30

+0 . 30  to +0 .10  

+ 0 .10  to - 0 . 1 0  

- 0 . 1 0  to - 0 . 3 0  

- 0 . 3 0  to - 1 . 0 0

5) Graphic kurtosis (Kq )

This is the parameter used to measure the ratio between the sorting in the 

extremes of the grain-size distribution curve and the sorting in the central portion of 

the curve.
095 - 0  5

kg = ---------------------
2.44 (<|>75 - (j)25)

strongly fine skewed 

fine skewed 

near symmetrical 

coarse skewed 

strongly coarse skewed

The descriptive terms of the graphic kurtosis suggested by Folk (1974) are as
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follows:

< 0.67 very platykurtic

0 .67 to 0.90 platykurtic

0.90 to 1.11 mesokurtic

1.11 to 1.50 leptokurtic

1.50 to 3.00 very leptokurtic

> 3.00 extremely leptokurtic

When the tails of the curve are better sorted than the central portion, the 

curve is platykurtic and when the central portion is better sorted than the tails the 

curve is peaked or leptokurtic.

7.4 Textural characteristics of the sediments

7.4.1 Sediments of the Dalbeattie area

Grain-size analysis was carried out for 44 samples of Holocene raised coastal 

sediments. The samples are representative of the vertical and lateral sedimentary 

distribution at nine sites (D2 to D10, Fig. 3.1) and also representative of the various 

sedimentary facies and sub-facies of the Dalbeattie area described and discussed in 

Chapter 5.3.2 above (see also Table 5.1). In addition, 12 selected surface samples 

from the present-day intertidal zone were analysed.

Percentage weights of sand, silt and clay grades were calculated (Table 7.1 A &

7.1 B), and the results plotted on a triangular diagram (Fig. 7.1 B ; after Lindholm 

1987, 156, modified from Folk 1974, 27-29). The diagram shows that the Holocene 

raised coastal sediments in the Dalbeattie area are composed of silt (18 samples ), 

mud (18 samples), fine sandy silt (5 samples), sandy mud (3 samples) and silty sand 

(1 sample). The percentage of clay in the present-day intertidal sediments is much
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lower; the analysed samples comprised fine sandy silt (7 samples) and coarse silty 

sand (5 samples).

7.4.2 Sediments of the Kirkcudbright area

Grain-size analysis was carried out for 16 samples of Holocene raised coastal 

sediments. The samples are representative of the vertical and lateral sedimentary 

distribution at four sites (Fig. 3.2) and are also representative of the various 

sedimentary facies of the Kirkcudbright area described and discussed in Chapter 5.3.2 

above (see also Table 5.1). In addition, eight surface samples from the present-day 

intertidal zone of the Dee estuary were analysed.

Percentage weights of sand, silt and clay grades were calculated (Tables 7.2A & 

7.2B), and the results plotted on a triangular diagram (Fig. 7.1 C). From the diagram, 

it is concluded that the Holocene sediments comprise a variety of size grades; silt (8 

samples), sandy silt (4 samples), silty sand (3 samples) and mud (1 sample). The 

present-day intertidal sediments do not differ greatly in grain-size composition from 

that of the Holocene sediments; the analysed present-day samples comprised silt (3 

samples), sandy silt (2 samples) and silty sand (3 samples).

7.4.3 Sediments of the New Abbey area

Grain-size analysis was carried out for 15 samples of Holocene raised coastal 

sediments. The samples are representative of the vertical sedimentary distribution at 

two sites (N5 and N6, Fig. 3.3) and also representative of the various sedimentary 

facies of the New Abbey area described and discussed in Chapter 5.3.2 above (see also 

Table 5.1). In addition, four surface samples from the present-day intertidal 

sediments at the mouth of New Abbey Pow were analysed.
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Percentage weights of sand, silt and clay grades were calculated (Table 7.3A & 

7.3B) and the results plotted on a triangular diagram (Fig. 7.1 D). The diagram shows 

that the Holocene raised coastal sediments in the New Abbey area are composed of silt 

(5 samples), sandy silt (5 samples), sand (2 samples), mud (2 samples) and silty 

sand (1 sample). Except that they contain no mud, the present-day intertidal 

sediments do not differ greatly in grain-size composition from that of the Holocene 

sediments; the analysed present-day samples comprised sandy silt (3 samples) and 

silty sand (1 sample).

7.4.4 Sediments of the Lochar Gulf area

Grain-size analysis was carried out for 35 samples of Holocene sediments from 

eight sites with the area of the former Lochar Gulf. The samples are representative of 

part of the vertical sedimentary distribution at these sites (Fig. 3.4). However, since 

the area of the former Lochar Gulf is very much larger than each of the other three 

areas, the eight sites probably are not truly representative of the sediments within the 

gulf as a whole.

Percentage weights of sand, silt and clay grades were calculated (Table 7.4), 

and the results plotted on a triangular diagram (Fig. 7.1 E). The diagram shows that, at 

the sites sampled within the former gulf, the Holocene sediments consist mainly of 

silty sand (28 samples), there being minor amounts of silt (2 samples), sandy silt (2 

samples), muddy sand (2 samples), and clayey sand (1 sample).

7.5 Graphical presentation of grain-size data

7.5.1 Histograms

Using the Wentworth (1922) scale, representative histograms were drawn
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from the grain-size data obtained from both the Holocene raised coastal sediments and 

the present-day intertidal sediments of the Dalbeattie, Kirkcudbright, New Abbey and 

Lochar Gulf areas (Figs. 7.2 to 7.11)

The histograms show that most of the Holocene sediments of the Dalbeattie area 

are bimodal or polymodal in nature. The dominant modal class is coarse silt, there 

being secondary modes in the fine silt and clay grades (Figs. 7.2 to 7.4). The 

present-day intertidal sediments in the same area are largely unimodal in nature, the 

modal class being fine sand (Fig. 7.5 ).

The Holocene raised coastal sediments of the Kirkcudbright and New Abbey

areas are bimodal or polymodal in the upper part of the vertical sections or profiles 

that were studied. The dominant size class (modal class) is coarse silt. In the lower 

part of the same sections or profiles, the sediments are unimodal in nature, the 

dominant size grade being fine sand (Figs.7.6 & 7.7 and 7.9). The present-day

intertidal sediments of the Kirkcudbright and New Abbey areas are mostly unimodal in

nature, the dominant size grades being fine sand and coarse silt (Figs. 7.8 and 7.10).

Most of the Holocene sediments within the former Lochar Gulf are unimodal in 

nature, fine sand being the dominant size grade (Fig.7.11).

7.5.2 Analysis of cumulative curves

Several authors have suggested that the shape of a cumulative curve is a 

function of the relative proportions of the distribution of the grain populations 

(Tanner 1959 &1964; Spencer 1963; Visher 1969). Also, the idea has been advanced 

that each grain population is related to a specific sediment-transport mechanism 

(Fuller 1961; Moss 1962, 1963 & 1972; Spencer 1963; Visher 1969; Middleton 

1976; Sagoe & Visher 1977). Cumulative curve shape has also been attributed to the
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grain-size distribution of the source material (Shea 1974). As mentioned in Chapter

7.1 above, the relation between the characteristics of a cumulative curve and the 

hydraulic conditions of transportation and deposition of sediment were discussed by 

Lambiase (1977 & 1980).

Cumulative curves were constructed for all the samples of Holocene raised 

coastal sediments and present-day intertidal sediments that were analysed. Selected 

curves are shown in Figures 7.12 to 7.20. On the basis of comparison of the shapes of 

these cumulative curves with those of previous studies (Visher 1969; Middelton 

1977; Sagoe & Visher 1977; Darmoian & Lindqvist 1988) the following conclusions 

may be drawn:

1 ) The majority of the samples from the Holocene raised coastal sediments in the

Dalbeattie area and the upper part of the sections in the Kirkcudbright and New 

Abbey areas are similar to those for sediments of tidal-flat areas described in 

previous studies. They reflect the occurrence of large suspension populations 

that include mainly the sizes finer than very fine sand.

2 ) The Holocene sediments of the lower part of the sections studied in the

Kirkcudbright and New Abbey areas are represented by cumulative curves 

similar to those for beach sediments in previous studies, the majority of the 

grain-size populations being fine sand and very fine sand.

3 ) The majority of the samples from the former Lochar Gulf are similar to beach

sediments, the grain-size population being in the medium to fine sand and very 

fine sand grades.

4 )  The present-day intertidal sediments of the Dalbeattie, Kirkcudbright



and New Abbey areas, mainly of fine sand grade, have cumulative curves 

similar to those of beach sediments (Visherl 969).

7 . 6  Statistical grain-size parameters in relation to Holocene

sedimentary facies

The statistical parameters, median, mean, standard deviation, skewness and 

kurtosis, were calculated for the results of the grain-size analysis, using the 

equations given by Folk & Ward (1957; see also Chapter 7.3 above). The calculated 

parameters and their means and ranges are presented in Tables 7.5 to 7.8.

The relationships between each of the four main parameters (Mz, a\, Sk\ and

Kq ) and the Holocene sedimentary facies present in each of the four geographical areas

studied were examined by plotting the values of these parameters against depth below 

ground level in appropriate sections through the Holocene sediments (Figs. 7.21 to 

7.28). The diagrams suggested the following relationships:

7.6.1 Dalbeattie area

A complex of fine-grained sediments (facies A, Chapter 5.3.1.1 above) 

constitutes the total thickness of the Holocene sediments over most of the Dalbeattie 

area. In detail three sub-facies, arranged one above the other, are present. These are 

(see also Figs 7.21, 7.22, and 7.23):

Clayey silt sub-facies of facies A

Clayey coarse silt with fine sand sub-facies of facies A

Clayey silt sub-facies of facies A
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Graphic mean size (Mz) changes from fine silt or clay grade in the lowermost 

sub-facies to medium to fine silt grade in the middle sub-facies, and back again to fine 

silt or clay grade in the uppermost sub-facies.

Graphic standard deviation (a |) changes slightly through the vertical sections, 

but sorting is always poor or extremely poor. It may be noted that the sorting is 

relatively better in the middle sub-facies than in the lowermost and uppermost 

sub-facies.

Graphic skewness (Sk|) varies throughout the vertical sections plotted in 

Figures 7.21, 7.22 and 7.23 from strongly coarse skewed, through near

symmetrical to strongly fine skewed. There does not appear to be a clear relationship

between skewness and the sedimentary sub-facies represented by the plots.

Graphic kurtosis (Kq ) varies throughout the vertical sections plotted, and

there is no clear relationship between kurtosis and the sedimentary sub-facies 

represented by the plots.

7.6.2 Kirkcudbright area

The vertical section (K1) represented in the plots for the Kirkcudbright area 

(Fig. 7.24) includes three of the sedimentary facies described in Chapter 5.3.1 above. 

These are, in descending order:

Complex of estuarine fine-grained sediments (facies A) 

Inter-laminated fine sand and silt (facies B)

Fine sand, rich in microfaunal remains (facies D)

Graphic mean size (Mz) changes from fine sand grade in facies D to coarse silt

grade in facies B. The change in mean size between facies B and facies A is not clear.
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Graphic standard deviation (a|)plots show that facies B is better sorted than 

facies A.

Graphic skewness (Skj) changes from near symmetrical in facies B to mainly 

fine skewed in facies A.

Graphic kurtosis (Kq ) changes from mainly platykurtic and very platykurtic 

in facies B to leptokurtic and very leptokurtic in facies A.

7.6.3 New Abbey area

The two vertical sections (N5 and N6) represented in the plots for the New 

Abbey area (Figs. 7.25 and 7.26) include four of the sedimentary facies described in 

Chapter 5.3.1 above. In descending order, these facies are:

Complex of fine-grained sediments (facies A) 

Inter-laminated fine sand and silt (facies B)

Clayey silt sub-facies of facies A 

Coarse sand with pebbles (facies C)

Fine sand, rich in microfaunal remains (facies D)

In Figures 7.25 and 7.26, the four main grain-size parameters show a 

distinction between the four lowermost facies or sub-facies in the list above and the 

uppermost facies in the list above, as follows.

Graphic mean size (Mz) in the lower part of the sedimentary sequence is in the 

coarse silt and fine sand grade, whereas in the upper part it is in the fine to medium 

silt grade.

Graphic standard deviation (a|) distinguishes between the two major parts of
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the sedimentary sequence, showing the lower part to be poorly sorted and the upper 

part to be very poorly sorted.

Graphic skewness (Sk|) does not show a clear distinction between the major 

sedimentary facies. Most of the sediments are fine to very fine skewed.

Graphic kurtosis (Kq ) plots show that much of the lower part of the sequence is

very leptokurtic, whereas the sediments of the uppermost facies are leptokurtic to 

platykurtic.

7.6.4 Lochar Gulf area

As noted in Chapter 7.4.4 above, the sites within the former gulf from which 

samples were obtained probably are not truly representative of the sediments in the 

gulf as a whole. Plots of grain-size parameters against depths below ground level 

were made for analysed samples from sites at South Kirkblain (NY 0269 6956) and 

Horseholm (NY 0313 7062). It should be noted, in Figures 7.27 and 7.28, that the 

samples from the South Kirkblain section represent the sedimentary sequence from 

ground level down to c. 3m below ground level, whereas the samples from the 

Horseholm section represent the sedimentary sequence between c. 3m and 8m below 

ground level. No direct comparisons therefore can be made for the results obtained 

from these sections. Figures 7.27 and 7.28 show that:

Graphic mean size (Mz) is mainly in the fine to medium sand grade at 

Horseholm. Mz varies from medium silt to medium sand grade in the South Kirkblain 

section.

Graphic standard deviation (Gj) determinations show that the Horseholm 

sediments are well to moderately well sorted. The sediments in the section at South
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Kirkblain are poorly to very poorly sorted.

Graphic skewness (Sk|) in the Horseholm sediments is mainly near 

symmetrical or fine skewed except at c. 6m below ground level, where it is coarse 

skewed. In the South Kirkblain section, Sk| changes from coarse skewed to strongly 

fine skewed up the section.

Graphic kurtosis (Kq ) in the Horseholm section is mainly mesokurtic to 

leptokurtic except at c. 6m below ground level, where it is very leptokurtic. In the 

South Kirkblain section, Kq  changes from very leptokurtic to mesokurtic up the 

section.

7.6.5 Inferences

1 ) The statistical parameters assist in the distinction between the three

sub-facies within facies A in the Dalbeattie area.

2) In the Kirkcudbright area, Mz distinguishes between facies D and the

overlying facies B and A, but not between facies B and A. In contrast, a  

Sk|, and Kq  distinguish between facies B (below) and facies A (above).

3 ) In the New Abbey area, Mz, G|, Sk| and Kq  assist in the distinction

between a unit comprising the four lower facies or sub-facies (facies D, 

facies C, sub-facies Aa and facies B in ascending order) and the 

uppermost sedimentary facies (facies A).

4 ) In the Lochar Gulf area, facies distinction is less clear than in the other

three areas studied, but the parameters suggest that the sediments 

sampled in the Horseholm borehole belong to a different facies from the 

sediments sampled in the South Kirkblain section.



120

7.7 Inter-relationships of the statistical grain-size parameters

The inter-relationships between the four statistical grain-size parameters,

Mz, a |, Sk|, and Kq , for the Holocene sediments that were sampled and analysed were

determined by constructing scatter diagrams for all six mutual relationships between 

the four parameters, (a) in relation to the four areas of study (Figs. 7.29 to 7.36), 

and (b) in relation to five of the sedimentary facies (Figs. 7.37 and 7.38).

7.7.1 Relationships within the four areas of study

1) Mean size (Mz) versus standard deviation (o|)

In all four areas there is a poor linear relationship between these parameters.

The relevant regression equations and correlation coefficients are these: 

y = 2.672 - 4.533 -2x; r = -0.01, for the Holocene sediments, Dalbeattie area 

y = 1.889 + 0.143x; r = 0.03, for the present-day sediments, Dalbeattie area

y = 1.173 - 0.132x; r= -0.18, for the Holocene sediments, Kirkcudbright area

y = 0.298 -0.015x; r = -0.0, for the present-day sediments, Kirkcudbright area

y = 1.537 + 7.301 x; r = 0.12, for the Holocene sediments, New Abbey area

y = - 0.247 + 0.337x; r = 0.36, for the present-day sediments, New Abbey area 

y = 0.854 + 0.199x; r = 0.04, for the Holocene sediments, Lochar Gulf area.

The diagrams do not assist in distinction between the various facies present in 

the Holocene sediments in these areas.

2) Mean size (Mz) versus skewness (Sk|)

In all four areas there is a poor linear relationship between these parameters.

The relevant regression equations and correlation coefficicents are these:
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y = 1.173 - 0.132x; r = -0.18, for the Holocene sediments, Dalbeattie area

y = 0.298 - 0.006x ; r = -0.01, for the present-day sediments, Dalbeattie area

y = 0.163 - 0.004x; r= 0.15, for the Holocene sediments, Kirkcudbright area

y = 0.665 +0.155x; r = 0.22, for the present-day sediments, Kirkcudbright area

y = 0.324 + 0.013; r = 0.02, for the Holocene sediments, New Abbey area

y = - 0.545 + 0.135x; r = 0.10 for the present-day sediments, New Abbey area

y = 0.232 - 0.025x; r = -0.01, for the Holocene sediments, Lochar Gulf area.

In general, the finer-grained sedimentary sub-facies (clayey silt, and clayey

coarse silt with fine sand) are fine skewed, whilst the coarser-grained sedimentary 

facies (inter-laminated fine sand and silt, and fine sand) are coarser skewed.

3) Mean size (Mz) versus kurtosis (Kq )

In the Dalbeattie and Kirkcudbright areas there is a fairly good inverse 

relationship between these parameters, whereas in the New Abbey and Lochar Gulf 

areas the relationship between these parameters is very poor. The relevant regression 

equations and correlation coefficients are these:

y = 2.41 - 0.213x; r = 0.25, for the Holocene sediments, Dalbeattie area 

y = 4.64 - 0.636x; r = 0.48, for the present-day sediments, Dalbeattie area 

y = 2.118 - 0.18x; r= -0.20, for the Holocene sediments, Kirkcudbright area 

y = 1.733 + 0.049x; r = 0.01, for the present-day sediments, Kirkcudbright area 

y = 1.511 -0.048x; r = -0.02, for the Holocene sediments, New Abbey area 

y = 0.384 + 0.163x; r = 0.30, for the present-day sediments, New Abbey area 

y = 1.446 -0.045x; r = -0.01, for the Holocene sediments, Lochar Gulf area.
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4) Standard deviation (a |) versus skewness (Sk|).

In all four areas there is a poor linear relationships between these parameters.

The relevant regression equations and correlation coefficients are these: 

y = 0.505 - 0.106x; r = -0.01, for the Holocene sediments, Dalbeattie area 

y = 0.195 + 0.012x; r = 0.01, for the present-day sediments, Dalbeattie area 

y = 0.234 + 0.07x; r= 0.03, for the Holocene sediments, Kirkcudbright area 

y =-0.662 +0.407x; r = 0.33, for the present-day sediments, Kirkcudbright area 

y = 0.175 +0.114x; r = 0.07, for the Holocene sediments, New Abbey area 

y = 0.521 - 0.399x; r = -0.29, for the present-day sediments, New Abbey area 

y = 0.009 + 0.081 x; r = 0.10, for the Holocene sediments, Lochar Gulf area.

5) Standard deviation ( a \ )  versus kurtosis (K q )

In the Dalbeattie, Kirkcudbright and New Abbey areas there is a poor linear

relationship between these parameters. In contrast, there is a good positive 

relationship between these parameters in the Lochar Gulf area. Relevant regression 

equations and correlation coefficients are these:

y = 0.553 + 0.169x; r = 0.05, for the Holocene sediments, Dalbeattie area 

y = 3.193 - 0.563x; r = -0.26, for the present-day sediments, Dalbeattie area 

y = - 0.943 + 0.861 x; r= 0.33, for the Holocene sediments, Kirkcudbright area 

y = 3.202 -0.669x; r = -0.44, for the present-day sediments, Kirkcudbright area 

y = 2.465 - 0.626x; r = 0.15, for the Holocene sediments, New Abbey area 

y = 0.852 + 0.198x; r = 0.14, for the present-day sediments, New Abbey area 

y = 1.460 - 0.114x; r = -0.05, for the Holocene sediments, Lochar Gulf area.
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6) Skewness (Sk|) versus kurtosis (Kq )

In all areas there is a very poor linear relationship between these two 

parameters. Relevant regression equations and correlation coefficients are these: 

y = 0.892 + 0.199x; r = 0.02, for the Holocene sediments, Dalbeattie area 

y = 1.406 +1.57x; r = 0.06, for the present-day sediments, Dalbeattie area 

y = 1.169 - 0.272x; r= 0.00, for the Holocene sediments, Kirkcudbright area 

y = 2.043 -0.852x; r = -0.37, for the present-day sediments, Kirkcudbright area 

y = 0.750 + 1.277x; r = 0.11, for the Holocene sediments, New Abbey area 

y = 1.083 + 0.242x; r = 0.12, for the present-day sediments, New Abbey area 

y = 1.394 - 0.835x; r = -0.17, for the Holocene sediments, Lochar Gulf area.

As a general comment it may be said that, as shown by the regression equations 

and correlation coefficients, the scatter diagrams do not show good relationships 

between the various statistical grain-size parameters. This may be due to the 

fine-grained nature of the sediments, which are mainly of silt grade in the areas 

studied in the course of the research project. Other studies, e.g. those of Friedman 

(1967), which showed good relationships between the statistical grain-size 

parameters, were concerned with coarser-grained sediments, mainly of sand grade.

7.7.2 Relationships within facies

Figures 7.37 and 7.38 show the relationships between the statistical

grain-size parameters, Mz, a  |, Sk| and K q , for analysed samples of five of the

Holocene sedimentary facies. The Figures show that the grain-size parameters 

differentiate between facies D and facies A (which are the two facies that occur most 

widely throughout the areas studied). The Figures also show that the plots for facies B
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fall generally betweeen the clusters for facies D and facies A. Plots of Mz versus g |,

Sk| and Kq  differentiate facies C from the other facies. The similarities between facies 

E and facies A are shown by the overlapping of their plots.

7.8 Grain-size image (CM diagram)

Passega (1957) proposed a combination, on a bi-logarithmic diagram, of two 

grain-size parameters, the coarest, one percentile, value (C) and the median value 

(M) given by the grain-size cumulative curve. He argued that the texture of a clastic 

sediment represented in this way is characteristic of the depositional agents that 

caused accumulation of the sediment. After analysis of many samples, he confirmed 

(Passega 1964) the usefulness of CM patterns as indicative of the relationship 

between sediment texture and the transporting mechanism that built up the deposit.

Passega & Byramjee (1969) extended the graphic method proposed by Passega 

(1957) and represented the textures of clastic deposits by 'grain-size images' that 

comprised CM, FM, LM and AM diagrams, F, L and A being the percentage by weight in a 

sample of the fractions finer than 125, 31 and 4 microns, respectively. The CM 

diagram has also used by other workers, e.g. Royse (1968), Vandenberghe (1975) 

and Brown (1985).

For practical purposes, Passega & Byramjee (1969) subdivided the CM 

diagram into nine classes, designated I to IX (Fig. 7.37). The distribution, within these 

nine classes, of the analysed samples of the Holocene raised coastal sediments from the 

four areas of study, is shown in Table 7.9 .

The majority of the analysed samples from the Dalbeattie, Kirkcudbright and 

New Abbey areas fall into classes VII and VIII. According to Passega & Byramjee 

(1969), samples within class VIII represent sediments transported by uniform
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suspension, in a situation where the bottom currents have low turbulence but the 

turbulence nevertheless is sufficient to prevent the particles from forming a pelagic 

suspension. Class VII represents sediments transported, as a uniform suspension, by 

currents that are not in contact with the water-substrate interface. The sediments of 

class VII are mainly coarser grade than those of class VIII.

The analysed samples from the former Lochar Gulf are distributed mainly in 

classes III and VII and therefore represent sediments transported, as a uniform 

suspension, by currents not in contact with the water-substrate interface (VII) and 

sediments transported by graded suspension (III).

From the above inferences, in combination with the distribution of the samples 

of the Holocene sediments in the CM diagram of Figure 7.37, it may be concluded that 

the majority of the fine sediments in the sampled sections at Dalbeattie and in the 

upper part of the sampled sections at Kirkcudbright and New Abbey were transported 

by currents with uniform suspension. The sediments in the lower part of the sampled 

sections at Kirkcudbright and New Abbey were transported by currents not in contact 

with the water-substrate interface. The sampled sediments in the Lochar Gulf sections 

show variability, but generally they were transported by currents not in contact with 

the water-substrate interface, by uniform suspension in some cases and by graded 

suspension in others.

7.9 Conclusions from grain-size analyses

The grain-size analyses carried out on selected samples of the Holocene raised 

coastal sediments and present-day intertidal sediments from the four geographical 

areas of study lead, directly or indirectly, to the following conclusions:

1 ) Most of the samples from the Holocene raised coastal sediments in the
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Dalbeattie, Kirkcudbright and New Abbey areas are of silt grade; fine sand and 

clay is present in minor amounts. The majority of the Lochar Gulf samples 

consist of sand grade sediments.

2 ) Generally, the percentages of fine silt and clay increase upwards in the

Holocene sediments of the Dalbeattie area and in the upper facies of the Holocene 

sediments of the Kirkcudbright and New Abbey areas, whilst coarse silt and 

fine sand form the major part of the lower facies in the latter two areas.

3 ) The present-day intertidal sediments are generally coarser grained and

sandier than the upper facies of the Holocene raised coastal sediments in 

the Dalbeattie, Kirkcudbright and New Abbey areas but they resemble the 

sediments of the lower facies (fine sand) in the same areas.

4 ) Representative histograms indicate that the majority of the Holocene raised

coastal sediments are bimodal or polymodal in nature in the Dalbeattie area,

and in the upper part of the succession in the Kirkcudbright and New Abbey

areas, whilst most of the studied samples of the Lochar Gulf area and in the 

lower part of the successions in the Kirkcudbright and New Abbey areas are 

unimodal. The present-day intertidal sediments in the Dalbeattie, 

Kirkcudbright and New Abbey areas are mainly unimodal.

5 ) Cumulative curves show that the Holocene raised coastal sediments were

deposited under a variety of environmental conditions. There are 

resemblances between the curves for sediments of the Dalbeattie area and the 

curves for the upper part of the sedimentary successions in the Kirkcudbright 

and New Abbey areas. These curves resemble those for estuarine sediments. 

Cumulative curves for the lower part of the Kirkcudbright and New Abbey 

successions resemble each other and those for beach sediments. Cumulative
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curves for the Lochar Gulf are variable, depending on the nature of the 

sediments, but the majority of the analysed samples gave curves similar to 

those for beach sediments.

6 ) Variations in the values of the statistical grain-size parameters (Mz, a\, Sk\

and Kq ) through vertical profiles of the Holocene raised coastal sediments in

the various areas studied assist in distinction between some of the sedimentary 

facies present in these areas.

7 ) The majority of the fine-grained sediments in the areas studied are poorly to

very poorly sorted, whereas the coarser-grained sediments are medium to 

poorly sorted.

8 ) Plots of the inter-relationships between the statistical grain-size parameters,

Mz, cr |, Sk| and Kq , differentiate between facies A, B, C and D, and show the

similarities between facies E and facies A.

9 ) The CM diagram shows that most of the Holocene raised coastal sediments in the

Dalbeattie, Kirkcudbright and New Abbey areas were transported in uniform 

suspension conditions whereas the sandier sediments of the Lochar Gulf were 

mostly transported by either uniform suspension or graded suspension.
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Figure 7.12 Q um ula tive  curves show ing g ra in -s ize  d is tribu tion  in five
samples from section D2, Holocene sediments, Dalbeattie area.
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Figure 7.13 C um ula tive  curves show ing g ra in -s ize  d is tr ib u tio n  in four
samples from section D5, Holocene sediments, Dalbeattie area.
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Figure 7.14 Cum ulative curves showing gra in-s ize d is tr ibu t ion  in six
samples from section D6, Holocene sediments, Dalbeattie area.
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Figure 7.15 C um ula tive  curves show ing g ra in -s ize  d is tr ib u tio n  in five
samples from section D10, Holocene sediments, Dalbeattie area.



C
U

M
U

LA
TI

VE
 

FR
EQ

U
EN

C
Y 

(%
)

143

9 9 . 9

9 9 - 8 -

K1 0.55

K1 1.60
9 9  -

K1 3.30
9 8 -

K1 4.40

K1 6.00
9 5 -

9 0 -

8 0 -

7 0 -

6 0 -

5 0 -

4 0 -

3 0 -

2 0 -

1 0 -

5 -

2 -

1 -

0-2-
0 -1 -

0 - 0 5 -

0X)1
7 953 1 11-1

G R A I N - S I Z E  ( P HI  U N I T S )

Figure 7.16 C um ula tive  curves show ing g ra in -s ize  d is tr ib u tio n  in five
samples from section K1, Holocene sediments, Kirkcudbright area.



C
U

M
U

LA
TI

VE
 

FR
EQ

U
EN

C
Y 

(%
)

144

99.99

9 9 . 9 -

9 9 - 8 -

K4 0.30

K4 0.80 

K4 1.90 

K4 2.15

9 9 -

9 8 -

9 5 -

9 0 -

8 0 -

7 0 -

6 0 -

5 0 -

4 0 -

3 0 -

2 0 -

1 0 -

5 -

2 -

1 -

0.01

-1

G R A I N - S I Z E  (PHI  U N I TS )

Figure 7.17 C um ula tive  curves show ing g ra in -s ize  d is trib u tio n  in four
samples from section K4, Holocene sediments, Kirkcudbright area.
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Figure 7.18 C um ulative curves showing gra in-size  d istribu tion  in seven
samples from section N5, Holocene sediments, New Abbey area.
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samples from Northpark section, Holocene sediments, Lochar Gulf
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Kirkcudbright and New Abbey areas.
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Table 7. 1A Weight percentages of the sand, silt and clay fractions in
the Holocene raised coastal sediments, Dalbeattie area

Sam ple Sand% S i 11 % C Iay%

D2 0.60 6 .38 76.61 16.17
D2 1.20 8 .07 80.40 11.50
D2 1.80 3 0 .05 59 .59 8 .82
D2 2.50 9 .52 50 .55 3 9 .92
D2 2.70 5 .34 5 5 .64 3 9 .0 2
D2 2.95 3 5 .38 39 .16 2 4 .65

D3 1.00 3 5 .50 27.21 3 6 .66
D3 1.40 5.59 67 .52 2 6 .84
D3 1.90 2 .00 69.09 3 3 .7 4
D3 2.20 0 .98 73 .56 2 5 .10
D3 2.95 1.22 66.76 3 1 .8 6

D4 0.50 3 .92 66.30 3 0 .09
D4 1.20 4 .55 5 6 .35 3 9 .1 0
D4 2.10 0 .60 67.86 3 1 .5 2
D4 2.90 1.15 96.99 1.93

D5 0.70 1.40 5 1 .57 4 7 .15
D5 1.50 5 .66 54 .20 40.11
D5 2.20 6 .62 62.56 37 .49
D5 2.80 15.60 67.28 32.71

D6 0.50 1.17 5 4 .37 4 4 .44
D6 1.20 1.40 5 2 .08 4 7 .80
D6 1.70 4 .43 4 1 .24 55.41
D6 2.00 2 .60 72.15 25.24
D6 2.30 1.26 4 9 .10 48 .89
D6 2.60 1.66 59.38 38 .84

D7 0.40 2 .47 73.96 24.16
D7 1.10 5.93 32.83 60.00
D7 1.60 2 .67 73.95 2 3 .46
D7 2.25 3 .96 76.04 20 .80
D7 3.70 0.60 77.60 20.74

D8 0.40 11.36 71.90 16.71
D8 1.60 13.52 64.68 20.81
D8 2.00 1.83 61.34 37 .70
D8 2.70 1.83 69.41 28.39

D9 0.40 4 .13 55.26 39 .23
D9 1.06 22.83 72.20 5 .93
D9 1.56 5 .57 85.79 9 .35
D9 2.92 63.13 26.09 9.09

Continued
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Table 7.1 A continued

D10 0.55 1 .17 85 .27 14.00
D10 1.50 2 .23 75 .77 2 1 .88
D10 2.07 2 .89 79.76 17.33
D10 2.36 1.66 68.38 2 8 .43
D10 2.80 6 .30 6 0 .07 33.61
D10 3.03 2 .02 6 0 .16 3 6 .7 8

Table 7. 1B Weight percentages of the sand, silt and clay
fractions in the present-day intertidal sediments, 
Dalbeattie area

Sam ple Sand% S111% C lay%

Dp 1-1 60 .69 32 .44 6 .84
Dp 1-2 4 5 .00 39 .52 15.35
Dp 1-3 3 4 .50 50 .15 14.89
Dp 1-4 13.73 71.76 14.51
Dp 1-5 64 .40 26 .66 8 .94
Dp 1-6 64.80 23 .56 11.56
Dp 1-7 81.40 13.45 5 .12
Dp 1-8 67.50 25.41 7 .42
Dp 2-1 31 .80 4 5 .39 2 0 .94
Dp 2-2 2 8 .75 52.31 19.94
Dp 2-3 4 6 .00 3 7 .52 16.47
Dp 2-4 3 0 .6 0 63 .25 5 .85
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Table 7. 2A Weight percentages of the sand, silt and clay fractions in
the Holocene raised coastal sediments, Kirkcudbright area

Sam ple Sand% S i 11 % C lay%

K1 0.55 5 .66 7 1 .97 22 .23
K1 1.60 43 .16 48 .08 8.71
K1 3.30 8.95 88 .87 2 .23
K1 4.40 61.08 33 .24 5 .64
K1 6.00 65.30 3 6 .75 6 .85

K2 0.50 3 .47 66 .87 2 9 .66
K2 1.60 0 .60 73.08 2 6 .04
K2 4.20 28 .90 59.21 11.95

K3 0.60 3 .19 68 .07 28.71
K3 1.80 27 .85 5 7 .93 13.85
K3 3.50 5 .64 78.63 15.68
K3 5.10 13.38 68 .60 15.91

K4 0.30 5.25 73 .05 21 .63
K4 0.80 5 .3 7 72 .62 21 .00
K4 1.90 1.40 56 .79 4 1 .75
K4 2.15 7 3 .14 19.22 6.56

Table 7. 2B Weight percentages of the sand, silt and clay fractions in 
the present-day intertidal sediments, Kirkcudbright area

Sam ple Sand% S i 11 % C lay%

Kp 1-1 6 .82  84 .32  6 .59
Kp 1-5 61 .70  3 6 .99  1.18
Kp 2-1 8 .28  75 .08  16.00
Kp 2-2 1.50 86 .33  12.23
Kp 2-3 26 .09  70 .50  1.54
Kp 2-4 21 .50  63 .98  13.40
Kp 3-4 62 .00  3 2 .18  5 .63
Kp 4-3 59 .70  39 .56  0 .77
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Table 7. 3A Weight percentages of the sand, silt and clay fractions in 
the Holocene raised coastal sediments, New Abbey area

Sam ple Sand% S i 11 % C lay%

N5 0.50 1.34 82 .42 17.45
N5 2.10 1.03 74 .88 24 .08
N5 3.60 43 .9 4 5 2 .74 3 .27
N5 4.40 12.24 80 .50 6 .25
N5 4.70 91.63 7.55 0 .00
N5 5.10 96 .65 3.28 0 .00
N5 6.20 44.71 5 0 .32 3 .95
N5 7.10 64.73 28.71 6.48

N6 1.40 8.34 .53.29 3 7 .96
N6 2.00 10.58 5 2 .48 36.91
N6 2.90 6 .73 79.38 13.86
N6 3.70 9.54 67 .22 23 .08
N6 3.90 13.41 75.83 10 .47
N6 4.60 3 .68 70.43 25.85
N6 5.00 14.54 65.78 17.89

Table 7. 3B Weight percentages of the sand, silt and clay fractions in 
the present-day intertidal sediments, New Abbey area

Sam ple Sand% S i 11 % C lay%

Np 1-1 4 5 .3 0  52 .95  1.27
Np 1-2 6 8 .4 7  2 8 .4 7  3.01
Np 1-3 4 1 .4 9  53 .83  4 .64
Np 1-4 26 .00  68 .80  5 .20
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Table 7. 4 Weight percentages of the sand, silt and clay fractions in
the Holocene raised coastal sediments, Lochar Gulf area

Sam ple Sand% S i 11 % C lay%

NP 2.13 92.94 6 .56 0 .00
NP 2.74 60 .10 36 .10 3 .65
NP 2.89 59 .26 23 .96 16.14
NP 3.35 67.91 20.31 10.54
NP 4.26 50.61 42 .25 4 .10
NP 5.02 5 8 .09 41 .89 0 .00

SK 0.60 8 .20 67.05 24 .75
SK 1.20 63.62 3 0 .34 4 .70
SK 2.10 82.94 16.99 0 .29
SK 2.90 73 .54 18.06 2 6 .42

BB 070 2 0 .93 53 .10 25 .29
BB 1.30 63 .66 2 5 .59 10.80
BB 2.00 92.01 5 .14 2.61
BB 3.10 5 8 .2 7 37 .09 4 .50

HH 3.22 2 .35 89.85 7 .75
HH 4.57 72.66 2 7 .32 0 .00
HH 5.48 90.95 9 .03 0 .00
HH 5.79 94 .64 5 .33 0 .00
HH 7.31 94 .15 4 .54 0 .00
HH 7.62 95 .87 4.11 0 .00

NM 3.88 94.55 5 .42 0 .00
NM 4.19 64.61 33.36 0 .00
NM 5.33 89.33 10.23 0 .00
NM 6.93 83 .80 16.27 0 .00
NM 7.46 96.49 3 .47 0 .00

PH 2.13 60 .66 39.32 0 .00
PH 3.20 86.34 13.65 0 .00
PH 3.50 80.14 19.82 0 .00
PH 4.82 89.63 10.35 0 .00
PH 5.30 86.52 40.72 0 .00
PH 6.37 59 .28 40.72 0 .00

MT 3.14 64.01 36 .00 0 .00
MT 4.06 65.05 15.61 15.41
MT 4.16 54.42 34.96 10.47
MT 4.31 85.08 11.92 0 .00

HM 0.71 18.55 60.77 20 .68
HM 1.93 88.61 11.38 0 .00
HM 3.56 85.97 14.03 0 .00
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Table 7.5A Statistical parameter values for the Holocene samples from 
the Dalbeattie area; Median = Md(0), Mean = Mz(<J>), 
Standard deviation = G j(0 ) ,  Skewness = Sk|,
Kurtosis = Kq '

P ara m e te r M d ( 0 )  Mz (0 ) G j (0 ) S k | Kg

sam ple

D2 0.60 7.06 7.41 2 .25 0.11 0 .49
D2 1.20 4 .65 5.41 2 .37 0 .63 1 .32
D2 1.80 4 .60 5 .00 2 .16 0 .22 0 .96
D2 2.25 6.90 7 .36 2 .43 0 .13 0 .59
D2 2.70 7.00 7 .40 2 .25 0 .13 0 .57
D2 2.95 6.05 7 .25 4 .13 - 0 .07 0 .67

D3 0.60 3 .95 5.1 1 2 .52 0.61 0.81
D3 1.00 6 .60 6 .06 2 .70 - 0 .27 1 .57
D3 1.40 5 .40 6.63 2 .33 0 .63 0 .90
D3 1.90 5 .60 7.01 2 .42 0 .68 0 .60
D3 2.20 6 .60 6 .70 1.66 0 .19 0 .74
D3 2.95 5 .95 6.85 2 .05 0 .52 0 .54

D4 0.50 6.20 7.30 2 .13 0.45 0 .37
D4 1.20 7.30 7.63 2 .29 0 .09 0 .72
D4 2.10 7.00 7.53 1.99 0.32 0 .75
D4 2.90 5.90 6.11 1.01 0.48 0.99

D5 0.70 7.55 7.78 2 .38 0.13 0.61
D5 1.50 7.90 7.80 1 .34 - 0 .08 0 .66
D5 2.20 6.50 7.26 2.31 0.32 1 .47
D5 2.80 6.00 6.25 2 .38 0 .09 1 .97

D6 0.50 7.80 7.73 2 .15 - 0 .36 0 .68
D6 1.20 7.90 8.03 2.06 0 .02 0 .66
D6 1.70 9 ,8 5 8.63 2.44 - 0 .57 0 .76
D6 2.00 6.90 7 .23 2.17 0 .23 0.94
D6 2.30 8.15 8.20 2.04 0.1 1 0.74
D6 2.60 7.80 8.01 1 .81 0.19 0.73

D7 0.40 6.60 7.13 1 .88 0 .26 1.12
D7 1.10 8.50 7.90 2 .32 - 0 .32 0 .99
D7 1.60 6.00 6.51 1 .75 0 .60 0.91
D7 2.25 6.55 6.50 1 .82 0.05 0 .82
D7 3.70 6.60 7.05 1 .81 0.26 0 .94

D8 0.40 5.90 6.23 2.53 0 .37 1 .43
D8 1.60 5.80 6.60 3 .23 0.24 2.39
D8 2.00 7.00 7.58 2 .77 0.41 0.64
D8 2.70 6.20 7.25 2 .46 0 .63 1 .02

Continued
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Table 7.5A continued

D9 0.40 6.65 7.11 2 .52 0 .24 0 .69
D9 1.06 5 .00 5 .16 2 .16 0 .26 1 .14
D9 1.56 5 .10 5 .48 2 .48 0 .5 7 1 .82
D9 2.92 3 .30 3 .76 3.31 0 .26 1.31

D10 0.55 5 .00 6 .20 1.93 0 .90 1 .27
D10 1.50 5 .10 6 .53 2 .25 0 .78 1 .30
D10 2.07 5 .80 6 .86 2 .30 0.61 0.91
D10 2.36 6.85 7 .36 2 .56 0 .30 0 .78
D10 2.80 6 .60 7 .75 2 .87 0 .43 0 .70
D10 3.03 7 .60 7 .56 2 .45 0.01 0 .55

Table 7.5B Statistical parameter values for the present-day intertidal 
samples from the Dalbeattie area (Median = Md($), Mean = 
Mz((j)), Standard deviation = a f($ ), Skewness = Sk|, 
Kurtosis = Kq ).

P a ra m e te r Md (&) Mz ((j)) <3 j (<j) ;■ S k j Kq

Sam ple

Dp 1-1 3 .20 3 .28
Dp 1-2 4 .15 5 .25
Dp 1-3 4 .50 5 .28
Dp 1-4 5 .90 5 .53
Dp 1-5 3 .45 3 .66
Dp 1-6 3 .20 3 .66
Dp 1-7 3 .25 3 .20
Dp 1-8 3 .80 3 .68
Dp 2-1 5 .20 5 .32
Dp 2-2 5 .35 5.51
Dp 2-3 4 .40 4 .75
Dp 2-4 5 .15 5 .35

2.91 0 .17 1 .71
3 .42 0 .36 1 .64
2.99 0 .50 1 .37
1 .94 0 .14 1 .41
2.52 0 .28 1 .49
3 .23 0 .28 2 .20
1 .51 0 .33 3 .98
1 .46 0 .13 2 .80
3 .02 0 .03 0 .96
2 .88 0 .05 1 .22
3.31 0 .19 1 .04
1 .28 0 .26 1 .34
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Table 7.6A Statistical parameter values for the Holocene samples from 
the Kirkcudbright area; Median -  Md(0), Mean = Mz((j)), 
Standard deviation = a f (0), Skewness = Sk|,
Kurtosis = Kq *

P ara m e te r

Sam ple

Md {§ ) Mz (()))

-O;>—
I

b
S k | Kg

K1 0.55 5 .80 6 .88 2 .37 0 .56 0.91
K1 1.60 4 .35 4 .65 2 .07 0 .38 2.22
K1 3.30 4 .80 5 .00 1.55 0 .36 0 .17
K1 4.40 3 .60 3 .75 1.68 0 .23 0.41
K1 6.00 3 .00 3 .13 3 .09 0 .19 2.30

K2 0.60 6.45 7 .28 2.45 0 .27 0.78
K2 1.60 6 .40 7 .29 2 .49 0 .44 0.79
K2 4.20 5 .00 5 .48 2 .32 0 .49 1.01

K3 0.60 6.60 7 .30 2 .17 0 .33 0.52
K3 1.80 5 .28 5 .23 2 .19 0 .18 1 .45
K3 3.50 5.90 6 .95 2 .38 0 .46 0.90
K3 5.50 5.00 5 .95 2.53 0 .57 1 .52

K4 0.30 5 .35 6 .66 2 .52 0 .68 0.94
K4 0.80 5.60 6 .73 2.41 0 .57 1.14
K4 1.90 7.00 7 .53 2 .09 0 .27 0.69
K4 2.15 2.95 3 .78 2 .94 0 .40 1 .22

Table 7.6B Statistical parameter values for the present-day samples 
from the Kirkcudbright area (Median = Md(<2)), Mean = 
Mz( 6). Standard deviation =G r((j)), Skewness = Sk|, 
Kurtosis = Kq

P aram ete r Md '$ ) Mz ((|)) O j  «l>) S kj kg

Sample

Kp 1-1 5 .00 4.51 1.37 - 0 .50 2.91
Kp 1-5 4.00 4 .55 1.64 - 0 .37 1 .93
Kp 2-1 5.30 6 .50 2 .57 0.56 1 .44
Kp 2-2 6.00 6.16 1 .66 0 .33 2.25
Kp 2-3 4.60 4 .73 1.28 0.24 2.21
Kp 2-4 5.30 5 .16 2.21 0 .10 2.04
Kp 3-4 3.50 3 .66 2 .45 0 .27 1 .45
Kp 4-3 3.50 3 .55 1.54 0 .06 1 .53
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Table 7.7A Statistical parameter values for the Holocene samples from 
the New Abbey area .'Median = Md(0), Mean = Mz((j>), 
Standard deviation = (7 ^ $ ) ,Skewness = Sk|,
Kurtosis = Kg *

Parameter  Md (0) Mz (0) <7 r (0} Sk| Kq

Sample

N5 0.50 5 .30 6 .18 2 .13 0 .56 0.81
N5 2.10 6 .20 7 .08 2.34 0 .47 0 .96
N5 3.60 5 .20 5 .45 1 .24 0 .47 1 .67
N5 4.40 6 .20 6 .30 1 .57 -0.11 0 .78
N5 4.70 0 .60 1 .13 2 .02 0 .32 0.61
N5 5.10 0 .00 -0.05 1 .57 -0.23 1.11
N5 6.20 3 .95 4.41 1 .70 0 .68 2 .80
N5 7.10 4 .80 4 .9 3 1 .78 0 .65 1 .86

N6 1.40 5 .85 6.81 2 .45 0 .42 0 .80
N6 2.00 5 .90 6 .75 1 .53 0.35 0 .64
N6 2.90 5 .90 6 .35 1 .94 0 .36 1 .39
N6 3.70 5 .80 6 .78 2.71 0 .47 0 .92
N6 3.90 5 .00 4 .98 1 .68 0 .28 2 .76
N6 4.60 6 .20 7.1 1 2 .68 0 .43 0 .69
N6 5.00 5 .60 6 .53 1 .68 0 .38 1.11

Table 7.7B Statistical parameter values for the present-day samples 
from the New Abbey area Median = Md(0), Mean = 
Mz(0), Standard deviation = <7f (0), Skewness = Sk|, 
Kurtosis = Kq

P ara m e te r Md (0 ) Mz (0 ) G j (0 ; Sk| Kq

Sam ple

Np 1-1 
Np 1-2 
Np 1-3 
Np 1 -4

4 .35 4 .18 1 .33 -0.17 0 .97
4 .00 3 .95 1.10 0 .02 1.14
4.15 4 .33 0 .97 0.22 1 .03
4.85 4.86 1 .45 0.08 1 .23
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Table 7.8 Statistical parameter values for the Holocene samples from 
the Loch ar n uif grn* (Median = Md(0), Mean = Mz(^), 
Standard deviation = a r(CJ)), Skewness = Sk|,
Kurtosis = K q

P a ra m e te r M d Mz ((j)) O' j ((()> Sk| Kq

Sam ple

NP 2.13 -0.85 0 .10 1 .48 0.94 0 .97
NP 2.74 3 .00 3 .13 2.98 0 .12 0 .72
NP 2.89 4 .00 3 .63 3 .18 0 .07 0 .84
NP 3.35 4 .00 3 .65 3 .64 0.12 0 .93
NP 4.26 4.1 0 4 .70 1.71 0.69 2.1 1
NP 5.02 4 .20 4 .28 0 .47 0.26 0 .96

SK 0.60 6 .35 6 .45 2 .43 0.12 1 .04
SK 1.20 3 .30 2 .95 2 .23 0 .07 1 .24
SK 2.10 2 .20 2.31 2 .02 0.19 1 .13
SK 2.90 2 .50 2 .76 2.81 0.32 1 .58

BB 0.70 5 .25 6 .28 2 .96 0.34 0 .93
BB 1.30 3 .65 3 .86 2 .38 0.41 2 .03
BB 2.00 2 .65 2.31 1 .71 -0.34 2 .05
BB 3.10 3 .8 5 3 .83 2.21 0.03 2.71

HH 3.22 3 .60 3.81 1 .55 0.24 1 .20
HH 4.57 3 .75 3 .78 0 .57 0.06 0 .74
HH 5.48 3 .35 3 .35 0.66 -0 .0 2 0 .86
HH 5.79 3 .55 3 .33 0.83 -0 .4 4 2 .20
HH 7.31 3 .35 3 .43 0 .70 0.35 1 .06
HH 7.62 4 .05 3 .25 3.01 0.81 0 .03

NM 3.88 3 .40 3 .40 3 .75 0.48 0 .06
NM 4.19 3 .70 3 .65 0.57 0.00 1 .30
NM 5.33 3 .95 3 .88 0.60 0.03 1 .21
NM 6.93 4 .00 3 .94 0.58 0.26 0.91
NM 7.46 3 .90 3 .88 0.42 0.20 0 .80

PH 2.13 4 .20 4.01 0.53 -0.48 1 .50
PH 3.20 3 .85 3 .70 0.52 -0.33 2 .30
PH 3.50 4 .20 4 .06 0.74 -0.33 2 .00
PH 4.82 3 .78 3 .94 0.48 -0.34 1 .89
PH 5.30 4 .18 3 .95 0.65 -0.33 1 .98
PH 6.37 4 .03 3.91 0.53 -0.48 1 .45

MT 3.14 3 .95 3 .90 0.48 0.17 0 .90
MT 4.06 4 .00 4 .90 3.76 0.25 0 .90
MT 4.16 4 .30 4.71 3.18 0.30 1.10
MT 4.31 2 .30 2.46 0.70 0.29 1.10

HM 0.71 5 .80 6 .43 1 .91 0.14 0 .86
HM 1.93 3.80 3 .76 0.52 -0.05 1 .80
HM 3.56 3.50 3 .53 0.38 0.21 0.61



Table 7.9 Distribution of analysed Holocene samples in the various areas 
studied among the nine classes of the CM diagram of Passega & 
B yram jee(1969).

Number of samples in each class

A rea Sam ples I I I I I I V V I I V I I I I X

Dalbeattie 4 5 0 0 1 0 1 7 2 6 1

Kirkcudbright 1 5 0 2 0 0 7 6 0

New Abbey 1 5 2 0 0 0 6 6 1

Lochar Gulf 3 5 4 2 1 0 3 1 4 2 0
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CHAPTER 8 

CLAY MINERALOGICAL STUDIES

8.1 Introduction

In this chapter a general account is given of the results of clay mineral analysis 

of samples of the Holocene raised coastal and present-day intertidal sediments from 

the four geographical areas of study. Aspects of the results that may throw light on 

the sources of the sediments and that may indicate differences in clay mineralogy 

attributable to changes in environmental conditions are discussed more fully in 

Chapters 10 and 11 below.

The clay minerals were examined and identified by X-ray diffraction (XRD) and 

Scanning Electron Microscopy (SEM).

8.2 Preparation techniques and methods of separation of clay

minerals for analysis

All preparation techniques may modify clay minerals. Even such an apparently 

mild treatment as standing in water can modify smectites significantlty if they are left 

immersed for a long enough period. In addition, being silicates, clays are easily 

damaged by mechanical processes and, being very fine grained, with large surface 

areas, they may be modified by chemical treatments. All pre-treatments therefore 

must be as mild as possible, both physically and chemically (Brown & Brindley 

'1980, 306).

Preparation and pre-treatment of the oriented clay samples for X-ray 

diffraction were as follows (modified from Folk 1974; Hutchison 1974, 225-228; 

Thorez 1976, 1; Brown & Brindley 1980, 305-355).



Vigorous shaking of samples with distilled water to remove soluble salts that 

may cause flocculation of the clay particles. This procedure was applied several 

times, the distilled water being changed between periods of shaking.

After vigorous shaking for 10 to 15 minutes, until complete dispersion had 

occurred, the sand fraction was separated from the clay plus silt fraction by wet 

sieving through a 63pm sieve.

In samples where the silt plus sand fraction was rich in organic matter, 6%

H2 O2  (hydrogen peroxide) was added and the samples left overnight.

In a few samples, in which dispersion had not taken place, the dispersion agent 

sodium hexametaphosphate (Calgon) was added and the samples left overnight. 

Distilled water was added to the silt plus clay fraction in a one litre cylinder and 

the solution was then stirred mechanically for 10 to 15 minutes.

Separation of the clay particles (< 2pm) from the silt fraction (2pm - 63pm) 

was achieved by repeated decantation from the water suspension, according to 

Stokes's Law.

Since clay minerals generally have a platy morphology and consequently readily 

develop a parallel-oriented arrangement, preparations of oriented clay samples 

were made on glass slides using pipette techniques. The glass slides were left 

undisturbed until they had dried at room temperature.

The thin, oriented air-dried clays were examined, using a Phillips

diffractometer with Ni-fiitered CU-Ka radiation. The goniometer scanning 

speed was 1 degree per minute for a few samples and 2 degrees per minute for 

the majority of the samples. The X-ray tubes were operated at 40 Kv and 20 

mA.

Various treatments were used in order to identify the clay mineral species 

within the mixture of clay minerals:
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( a ) Samples were left as untreated, air-dried samples.

( b ) Oriented samples were left overnight in ethylene glycol in an evacuated

desiccator.

(c) Oriented samples were heated to 450°C for 3 hours.

(d) Some of the clay samples were heated to 600°C for 3 hours.

The laboratory procedural steps for clay mineral investigation are shown in 

Figure 8.1.

8.3 Identification of clay minerals by XRD

8.3.1 General points

Identification of clay minerals may be made by observation of their basal 

reflections produced by X-ray diffraction (cf. Brown 1961; Hutchison 1974, 128; 

Villumsen & Nielsen 1976; Thorez 1976; Brindley & Brown 1980, 305-359 ).

1) lllite

The term "illite" is used throughout this work as a collective name for all the 

10 A non-expanding clay material (muscovite, illite sensu stricto, biotite, phengite) 

(cf. Gaudette et al. 1966). Illite may be identified by the reflections at 1 oA, 5 A and

3.3 A in untreated, glycolated and heated samples. Birkeland & Janda (1971) pointed 

out that illite may be identified by a sharp symmetrical (001) peak between 9.28 A 

and 10.5 A. The illite recorded by peaks between 10.1 A and 10.5 A may be slightly 

hydrated or randomly interstratified with small amounts of vermiculite or chlorite.

The shape of the basal reflection of illite can be used for an evaluation of the 

crystallinity. When the material is well crystallised, the (001) reflection at 10 A is 

relatively narrow and symmetrical, as in muscovite. When the composite layers of 

illite are progressively and then intensively stripped of their original K+ , the shape 

of the (001) reflection becomes asymmetrical (Thorez 1976, 12). The intensity
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ratio of (002)/(001) is proposed as a first approximation indicative of the

A ^O g/FeO  minus MgO content in the octahedral layer of illites (Esquevin 1969).

From the low intensity of the (002) reflection at 5 A and from a (060) determination 

it is possible to differentiate between illite and biotite (Stevens et al. 1987).

2) C h lo r ite

Chlorite displays a sharp symmetrical (001) peak between 13.81 A and 14.2 A 

and a peak near 7 A that is commonly more intense than the (001). These peaks are 

not affected by ethylene glycol treatment or by heating to 550°C (Birkeland & Janda 

1971; Thorez 1976, 31). Also, according to Thorez (1976, 31), degraded chlorite 

with unstable layer shows various forms of collapse that maintain the (001) 

reflections between 10 A and 13 A, and soil chlorite collapses or is decomposed at 

450°C.

The small size and rather irregular crystallinity of the particles in 

clay-chlorite provoke some diffuseness of the reflections and the absence of some 

ordinarily weak reflections. Chlorites in which the number of octahedral positions 

occupied by Fe-ions does not exceed 30% show medium to strong intensities for the 

first orders of the (001) series (Brown 1961).

3) K a o lin ite

Kaolinite is one of the dioctahedral layer silicates, which also include dicktite, 

nacrite and halloysite. This group, called kandites, can be identified by X-ray 

diffraction techniques, both as oriented aggregates and as random powder 

preparations. In oriented preparations, kandites are easily recognisable by their 

(001) sequence of harmonic reflections at 7 A (001), 3.58 A (002) and 2.37 A 

(003). The (001) reflections are stable after glycolation; between 400°C and 450°C  

they show a slight decrease of intensity. After having been heated to 500°C, they are
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suppressed from the X-ray pattern (Thorez 1976, 4). Almohandis (1984) pointed 

out that the reflections at 7.15 A (001), 3.58 A (002) and 2.37 A (003) are the 

most diagnostic for kaolinite. These reflections disappear and collapse upon heating to 

5 50 °C . By heating, differentiation between kaolinite and chlorite is possible, 

although the identification of kaolinite in the presence of chlorite is difficult because 

of the overlapping of some of the (001) reflections. In the present work, the methods 

of Bradley (1954) and Biscaye (1965), which depend on the (002) reflection of 

kaolinite (3.58 A), and may become resolved from the (004) of chlorite at 3.5 A, 

were used. Also, heating to 550°C was used to differentiate between the two minerals. 

The reflections of kaolinite collapse and disappear upon heating to 550°C, whereas the 

reflections of chlorite are not affected on heating to 550°C.

4) V e rm ic u lite

Vermiculite is identifiable at 14 A in untreated and glycolated samples and, 

after heat treatment, at 10 A. Thorez (1976, 26) indicated that the identification of 

vermiculite is often a difficult problem because of the mineral's variable behaviour 

upon treatment. He pointed out that normal naturally or artificially Mg-saturated 

vermiculite may be identified by the (001) reflection at 14 A. Glycolated samples 

may be identified at 14 A (001) and samples heated to 500°C at 9.6 A to 10 A, while 

desaturated vermiculite may be identified by (001) reflections at 14 A. Expansion 

takes place after glycol treatment to give reflections at 10 A when heated to 500°C. 

The vermiculite with hydroxyl interlayered materials, identifiable at 14 A (001), is 

variable after glycol treatment and reflections move to between12 A and 14 A after 

heating to 500°C.

Vermiculite is identified by a (001) reflection between 13.5 A and 14.5 A that 

expands to less than 15 A on glycolation and collapses to about 10 A after heating



(Birkeland & Janda 1971). According to Walker (1961), true vermiculite can be 

positively identified only by its lack of expansion with glycol.

5) M o n tm o rillo n ite

Montmorillonite shows one or more peaks between 12.00 A and 12.80 A or 

13.39 A and 15.23 A. The peaks expand to 16 A to 18 A after the mineral has been 

placed in an ethylene glycol atmosphere at 80°C to 90°C for abouit 15 hours. After 

glycolation, the (001) peak is more clearly defined than the unglycolated (001) peak 

(Birkeland & Janda 1971). After glycol treatment, montmorillonite exhibits a series

of basal X-ray peaks at 17 A, 8.5 A, 5.7 A, 4.2 A and 2.8 A.

6) M ixed-layer clays

The mixed-layer clays encountered in the present work are mostly irregular 

(random) mixed-layer vermiculite-montmorillonite and/or montmorillonite- 

chlorite and rare mixed-layers of illite-chlorite. All the mixed-layer minerals were 

identified according to the methods described by Thorez (1976).

Table 8.1 shows the values in d(A) of the characteristics of the series

(001) of relevant clay minerals after various treatments.

8.3.2 Semi-quantitative determination of clay mineral composition

Without a scanning electron microscope equipped with chemical analysis 

facilities, quantitative analysis of a mixture of clay minerals in a complex is not yet 

possible, although several methods have been used to calculate the percentage of each 

clay mineral in a mixture (e.g. recently Villumsem & Nielsen 1976; Parker et al. 

1983; Gold et al. 1983; Pederstad & Jorgensen 1985).

X-ray diffraction cannot be used directly as a measure of a clay mineral's 

abundance because of variations between diffractograms, crystallinity of the minerals 

and chemical composition of different samples of the same mineral. However,
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comparisons of clay minerals from sample to sample have been made by examining the 

ratios of peak areas, and this method has been used to show changes in clay mineral 

distribution. Correction factors have been given by Bradley (1953), Johns et al. 

(1954), Weaver (1958), Biscaye (1965), Jorgensen (1965) and Pederstad & 

Jorgensen (1985).

The relative proportions of the clay mineral species examined in the present 

project were determined from the peak areas in the X-ray diffractograms. The 

relative clay mineral contents were determined as follows:

1 ) The peak area of the 3.3 A untreated sample was compared with the 3.57 A peak 

after heating of the sample to 450°C, to give the relative amounts of illite and 

kaolinite.

2 )  In the clays analysed during the project, chlorite and vermiculite were both 

present in the same sample. The value given by twice the peak area of the 10 A 

untreated reflection of illite was compared with the peak area of the 14 A 

reflection after heating to 450°C , to give the relative amounts of illite and 

chlorite. After heating to 450°C, the intensity of the 14 A reflection decreases 

because of the disappearance of vermiculite. The difference between the peak 

areas of the 14 A reflection before and after heating gives the peak area for 

vermiculite. This difference may be compared with the value of three times the 

peak area of the 10 A untreated reflection, to give the relative amounts of 

vermiculite and illite (Pederstad & Jorgensen 1985).

3 ) The glycolated peak area of tits mixed-layer minerals (montmorillonite-

chlorite or montmorillonite-vermiculite) 15 A to 17 A was compared with the 

value of 3.5 times the peak area of the 10 A glycolated peak of illite, to give the 

relative amounts of the mixed-layer minerals and illite.

4 ) To cover the possibility of the presence of montmorillonite, which is very rare,
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the peak area of the 17 A glycolated montmorillonite was compared with the 

value of four times the 10 A peak area of the glycolated illite, to give the 

relative amounts of illite and montmorillonite (Johns et al. 1954).

In addition to the previously-described method of calculation of the percentage 

clay mineral composition of the Holocene and present-day intertidal clays studied, the 

relative abundances of identified clay minerals were estimated semi-quantitatively on 

the basis of the intensity and width of the deflection peaks (Taggart & Kaiser 1960; 

Carroll 1970; Carver 1971). The abundance of the clay minerals is expressed in 

semi-quantitative terms including, in order of decreasing abundance: major, 

abundant, common, minor, trace and absent (Tables 8.7 to 8.10). This method was 

used to give an indication of the distribution of the clay minerals both laterally and 

vertically, and to compare the results so obtained with those obtained by the 

quantitative percentage method described above.

8.4 Clay mineral distribution

Clay mineral distribution in the four areas studied is shown in Tables 8.2 to 

8.5. Maxima, minima, means and standard deviations for the values shown in these 

tables are given in Table 8.6.

8.4.1 Dalbeattie area

(a) Holocene raised coastal sediments

Eight types of clay minerals were recognised in the Holocene raised coastal 

sediments in the nine vertical sections studied in this area (Figs. 8.2 and 8.3; Tables

8.2 and 8.7). The distribution of these clay minerals reflects lateral and vertical 

changes in the clays of the various facies of the Holocene coastal sediments (Chapter 

5 ) .
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Illite (major to abundant), chlorite (major to common), kaolinite (common to 

minor) and vermiculite in variable amounts (abundant to trace or absent), 

montmorillonite (trace or absent) and mixed-layer clays, dominantly of 

montmorillonite-chlorite or montmorillonite-vermiculite, are present in most of the 

samples studied. Illite-chlorite mixed-layer clays are present in one sample at the 

top of section D6. The mixed-layer clay minerals are not found in section D5, which 

represents sediments deposited in a lagoonal environment separated from the sea by 

Pleistocene glaciofluvial deposits and Holocene estuarine fine-grained sediments of 

facies A (Chapter 5.3.2.1). The mixed-layer clays, montmorillonite-chlorite or

montmorillonite-vermiculite, are absent in section D9, and the clay minerals in that 

section are, in order of decreasing abundance, illite, chlorite, vermiculite and 

kaolinite. The sediments in that section are thought to have been deposited in 

conditions similar to those that led to deposition of the sediments in section D5.

(b) Present-day intertidal sediments

Four types of clay minerals were recognised in the analysed samples of 

present-day intertidal sediments of the Dalbeattie area: illite (major to abundant), 

chlorite (major to common), kaolinite and vermiculite (in variable amounts) (Fig. 

8.4; Tables 8.2 and 8.7).

8.4.2 Kirkcudbright area

(a) Holocene raised coastal sediments

Six clay minerals were recognised in the clay fraction of samples collected from 

the Holocene raised coastal sediments of the Kirkcudbright area (Fig. 8.5). The clay 

minerals recognised were illite (major to abundant), chlorite (major to trace), 

kaolinite (common to minor), vermiculite (abundant to absent) and mixed-layer 

clays represented by montmorillonite-chlorite and/or montmorillonite-vermiculite
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(abundant to absent) (Tables 8.3 and 8.8).

(b) Present-day intertidal sediments

Three main clay minerals were recognised in the clay fraction of sediments 

collected from the surface of the intertidal zone of the River Dee at low water. The clay 

minerals recognised were: illite (major), chlorite (common to minor) and kaolinite 

(abundant to common). Vermiculite (minor to trace, in two samples only) and 

montmorillonite (trace in one sample) were also detected (Fig. 8.6; Tables 8.3 and 

8 .8 ).

8.4.3 New Abbey area

(a) Holocene raised coastal sediments

Six clay minerals were recognised in the clay fraction examined from two 

selected vertical sections, N5 and N6. The dominant clay minerals in section N5 were 

illite (major to abundant), chlorite (major to common), vermiculite (common to 

trace) and kaolinite (major to absent). Mixed-layer clays of montmorillonite- 

chlorite and/or montmorillonite-vermiculite were also recognised. The clay minerals 

recognised in section N6 were illite (major to abundant), kaolinite (major to 

common), chlorite (abundant to common) and vermiculite (minor; common in one 

sample). Montmorillonite-chlorite and/or montmorillonite-vermiculite (common to 

trace) were also identified (Fig. 8.7).

From Tables 8.4 and 8.9 it may be inferred that there is both vertical variation 

in clay mineral content in the sections studied (N5 and N6) and lateral variation in the 

nature and abundance of the clay minerals.

(b) Present-day intertidal sediments

Three clay minerals were recognised in the clay fraction of the present-day
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surface sediments of the intertidal zone near the mouth of New Abbey Pow: illite 

(major), chlorite (abundant) and kaolinite (minor) (Tables 8.4 and 8.9).

8.4.4 Lochar Gulf area

Six clay minerals were recognised in the clay fraction of samples of Holocene 

raised coastal sediments from part of the Northpark borehole (NY 0372 6685) of the 

Lochar Gulf area: illite (major), chlorite (abundant to common), kaolinite (common 

to trace), vermiculite (minor to absent), mixed-layer illite-vermiculite (minor, in 

one sample) and mixed-layer montmorillonite-vermiculite (minor, in one sample) 

(Table 8.5 and 8.10).

Four clay minerals were recognised in the sections at South Kirkblain (NY 

0269 6956) and Bankend Bridge (NY 0291 0647) (Fig. 8.8): chlorite (major to 

absent), illite (major to abundant), kaolinite (abundant to common) and vermiculite 

(major to minor).

Three clay minerals were recognised in the clay fraction of samples from the 

Midtown borehole (NY 1189 6577), Highlandman's Pool section (NY 0447 6692) 

and Horseholm borehole (NY 0313 7062): illite (major), chlorite (abundant) and 

kaolinite (trace). Few of the samples from these locations contained clay minerals 

because of the sandy nature of the sediments at these sites.

8.5 Scanning Electron Microscopic (SEM) studies of the clay minerals

Scanning of twenty selected samples from the Holocene raised coastal sediments 

from the four geographical areas studied was carried out. The purposes of the 

scanning were to:

1 ) Show the morphological features of the clay minerals under high magnification.

2) Differentiate between authigenic and detrital clay minerals.
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3) Examine the clay particles by energy dispersion X-ray spectrum analysis 

(EDX) to yield characteristic peaks that show the composition of the clay 

minerals, and thus lead to identification of the clay mineral species and the 

associated elements within the clays.

Many studies of clay minerals by SEM have been made (e.g. Bohor & Hughes 

1977; Welton 1984; McHardy & Birnie 1988). In the present study, the scanning and 

EDX were carried out using a Cambridge S360 SEM with integrated Link AN 10,000 

series EDX analyser. All the analysed samples were coated in gold.

Occasionally, it was found that the features of the clay minerals could not be 

identified clearly and, therefore, the morphology of the clays could not be determined. 

This may have been due to the mixing of clay flakes and to the presence of mixed-layer 

clays, which can cause covering of particles. In such cases, it was concluded that XRD 

is more helpful than SEM in clay mineral identification.

Most of the clay minerals identified by XRD were recognisable on the bases of 

their morphology under SEM analysis and peak compositions shown by EDX analysis.

The clay minerals identified by SEM were as follows:

1 ) Illite

Both detrital and authigenic illite were identified. The detrital illite (Plate 

8.1) is characterised by irregular flake platelets oriented parallel to each other. 

Occasionally, authigenic illite or chlorite is also recognisable within these flakes of 

illite .

The authigenic illite is mostly filamentous in morphology (Plate 8.2) and 

occurs in association with kaolinite or chlorite. This may be due to diagenetic transfer 

of other clay minerals to illite.

Authigenic and detrital illite can readily be differentiated on the basis of 

morphology.
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The EDX spectrum peaks for detrital and authigenic illite are distinctly 

different from the peaks for other clay minerals. They resemble each other except in 

the amounts of Fe and Ti that are present. Representative EDX spectrum peaks for 

illite are shown in Figure 8.9.

2 )  Chlorite

It was found that both detrital and authigenic chlorite is present. The detrital 

chlorite mostly formed face to face particles or parallel flakes, and kaolinite was 

present in association with the chlorite (Plate 8.3).

Authigenic chlorite, which was common, mostly had a rosette morphology 

(Plate 8.4). Representative EDX spectrum peaks for the chlorite particles (Figs. 

8.10 and 8.11) show that most of the chlorites examined are rich in Fe and the 

amount of Mg is low. Also, Ti was associated with chlorite in variable amounts.

3 )  Kaolinite

Kaolinite recognised in the clays was mostly detrital in origin, and was without 

clear morphology. Some authigenic kaolinite was identified, arranged in stacked plates 

with face to face structure. The kaolinite particles appeared to be intermixed with 

other clay minerals, especially mixed-layer clays.

The EDX spectrum peaks (Fig. 8.12 ) show the typical composition peaks for 

kaolinite, in addition to peaks for Fe, which may be related to mixed-layer clays.

4 )  Smectite

Smectite, in association with other clay minerals, was detected in the form of 

mixed-layer clays in most of the samples studied.

8.6 Genesis of the clay minerals

8.6.1 Introduction

Prior to commencement of this project, there were no detailed clay
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mineralogical studies of Holocene raised coastal sediments in Scotland; studies of 

unconsolidated rock material were concerned mainly with clay minerals in the soil. On 

the basis of analyses carried out over the last 40 years (e.g. Mitchell 1955, 

MacKenzie 1965; Wilson 1966; 1970; 1971; 1973; 1976), it has been concluded 

that the types of clay minerals found in Scottish soils are dependant largely on the 

parent materials and drainage classes of the soils. Thus, significant differences have 

been noted between soils developed on basic igneous rocks on the one hand and on 

granitic and certain kinds of metamorphic rocks on the other. Soils of the former 

group are characterised by a predominance of vermiculite or montmorillonite and 

soils of the latter group by a predominance of illite (Wilson et al. 1984).

Limited analysis of soils developed on raised estuarine sediments in 

south-western and other parts of Scotland suggest that the most abundant clay 

minerals in these soils are smectite-illite interstratified clays, illite and kaolinite, 

with chlorite occuring widely but in small amounts (Wilson et al. 1984). As shown 

in Tables 8.2 to 8.5, the main clay minerals recognised in the present study were 

crystalline to weathered illite, chlorite, kaolinite and vermiculite. There were also 

minor amounts of montmorillonite and irregular mixed-layers of montmorillonite- 

chlorite and/or montmorillonite-vermiculite and rare mixed-layers of illite- 

vermiculite.

The genesis and behaviour of each of the clay minerals recognised in the clay 

fraction (< 2p.m) of the samples studied in the course of the project are discussed 

below.

8.6.2 Illite

According to Weaver & Pollard (1973), illite is relatively stable, and 

therefore is presumed to be formed, in an environment where the waters have a high
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K/H+ ratio. In addition, Macchi (1987) noted that illite can be produced by reaction 

between pyrophyllite and K-feidspar:

A l 2 ( S i 8 0 2 o ) ( O H ) 4 . n H 2 0  + KAISigOg ...............> K A I ^ S i y A I C ^ o )

pyrophyllite K-feldspar illite

Further, Stevens et al. (1987) suggested that mica minerals may all be 

represented by the 10 A reflection in X-ray diffraction but, from determination of the 

(060) reflection and the intensity of the (002) reflection, it may be possible to 

differentiate between different types of mica. He suggested that all the minerals of this 

group are formed in regional crystalline bedrocks and can be derived by simple 

mechanical weathering. From the observations made by Macchi (1987) and Stevens et 

al. (1987), it may be suggested that the high percentage of illite in the clays of the 

areas studied in the course of this project may be related to the high concentration of 

mica in many of the rock types that form the bedrocks in these areas.

Settling tendencies of illite and other clay minerals in saline waters are 

discussed by Whitehouse et al. (1960), and the stability of illite in different 

environments has been discussed by many authors. Powers (1957) suggested that 

illite alters to chlorite in saline waters, and Karlin (1980) reported that illite and 

chlorite are abundant components of marine sediments, illite being more abundant in 

marine than freshwater sediments. In a study of the Pamlico estuarine sediments, 

Edzwald & O’melia (1975) found that amounts of illite are minor in the upper reaches 

of the river but increase towards the mouth of the river, where the salinity is high. 

They claimed that illite can be shown to be a stable clay undergoing particle 

aggregation. Also in relation to the fluvial-estuarine environment, Nelson (1960) 

suggested that illite may be expected to aggregate more slowly than kaolinite and be 

deposited downstream, whilst Griffin & Ingram (1955) found that illite and chlorite
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occurred at the lower end of an estuary.

In the present work, illite was found to be the dominant clay mineral in most of 

the samples studied; both detrital and authigenic illite were present. The crystallinity, 

diagenesis and weathering of the illite are considered below on the basis of calculation 

techniques suggested by several authors.

Intensity ratios of the (001) and (002) reflections, i.e. 1(001 )/ , (002)> are

greater than 3.00 in the majority of the samples (Table 8.11), indicating that most of 

the illite is dioctahedral and Fe-rich (Grim et al. 1951; White 1962). Also, values 

obtained for the intensity ratio l(002)/ , (001) (Tab,e 8-H ) suggest that the 'illite' 

in the samples studied has the composition of biotite, muscovite and phengite (Esquevin 

1969). In addition, since most of the samples show an asymmetry of the (001) 

reflection towards the low angle side, it may be concluded that there is transition of the 

illite to the mixed layer systems (Reynolds & Hower 1970; Kodoma et al. 1969).

On calculating the crystallinity of illite according to the method of Donoyer de 

Segonzac (1970) (Table 8.11), it was found that there is variation in the 

crystallinity within the deposits studied in vertical sections. In section D6 of the 

Dalbeattie area, the illite is poorly crystalline in what Donoyer de Segonzac called the 

sedimentation and diagenetic zones (Fig. 8.13). In section D9, also in the Dalbeattie 

area, all the illite is well crystallised and is present in the anchizone.

Figure 8.13 shows the characteristics of illite in selected vertical sections 

within the study areas on the basis of the crystallinity index (or acute index) and the 

Al2 ° 3 /Fe0  + MgO composition of the octahedral layer. Evolution of the crystallinity 

and of the composition of the illite takes place from the diagenetic or weathering zone 

towards the epizone. It may be concluded from this diagram that the degree of

crystallinity is variable, and the 1(002)^(001) ra^° indicates that the Holocene 

raised coastal sediments have been affected by diagenesis in varying degree. The
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majority of the illite minerals have the composition of biotite and muscovite, with 

lesser amounts of illite (sensu stricto) and phengite, suggesting that the source rocks 

contained illite and mica minerals. The present-day intertidal surface sediments 

show differences in the crystallinity index of illite from one area to another, but the 

illite present has octahedral layer composition and is composed of biotite or muscovite 

mica except in one sample, which is of phengite.

A more general conclusion is that the illite in the present-day intertidal 

sediments is more crystalline than the illite in the Holocene raised coastal sediments, 

perhaps because the illite in the present-day sediments has been subjected to less 

weathering than the Holocene sediments.

8.6.3 Chlorite

Edzwald & O'melia (1975) stated that chlorite minerals are abundant 

components of marine sediments, whilst Kantorowicz (1984) stated that chlorite and 

interstratified chlorite-vermiculite occur in non-marine sandstones, either together 

or in isolation. Chlorite may occur in either saline or fresh depositional pore water or 

during burial of sediments. Fe-chlorite formation requires reducing conditions. 

Biscaye (1965) reported that chlorite occurs as a widespread primary constituent of 

rocks of low-grade metamorphism and in shales as a product of weathering of other 

clay minerals such as illite (cf. Jackson 1959, 136; Quigley & Martin 1963). 

Several workers have suggested that chlorite may form by alteration of other 

land-derived minerals in marine environments (Grim et al. 1949; Grim & Johns 

1954; Powers 1954; Griffin & Ingram 1955).

Griffin & Ingram (1955) reported that a chloritic mineral similar to the 

chlorite in an estuary is present in the lower part of the river entering the estuary. 

They suggested that this chlorite was formed in an estuarine environment, either in



195

the present estuary and washed upstream during times of high winds, or in a former 

enlarged part of the estuary. Downstream within the estuary, chlorite increases 

relative to kaolinite. According to Griffin & Ingram (1955), the formation of chlorite 

and illite may be explained in several ways. The two-layered kaolinite being 

introduced into the estuary may be changed to three-layered chlorite or illite by the 

addition of a silicon sheet to the kaolinite or by the breakdown of the kaolinite in the 

marine environment and re-arrangement of the material into chlorite or illite. Much 

of the material that is amorphous to the X-ray may be degraded soil washed into the 

river and its estuary. It may form the three-layered structures that are re-arranged 

in the marine environment.

Donoyer de Segonzac (1970) suggested that chlorites produced from the 

three-layered clay minerals are unstable under two conditions: 1) in highly leached 

surficial environments, and 2) under temperatures and pressures higher than those 

present in the epizone.

Millot (1970, 305) stated that illite and chlorite are common inherited 

detrital minerals in many soils and sediments. These minerals will be stable during 

weathering that is mainly physical in character, in poorly drained soils of modest 

chemical activity, in sediments deposited in alkaline water and in the course of 

alkaline diagenesis.

During their studies of clays in Scottish soils, Wilson et al. (1984) suggested 

that chlorite occurs in minor amounts, particularly in granitic soils in eastern 

Scotland and in the Dalbeattie area. They also suggested that chlorite and vermiculite 

occur occasionally in soils derived from glaciofluvial deposits and raised beaches..

In the present project, chlorite minerals were found to occur in most of the 

vertical sections studied, as a mineral second in abundance after illite. Amounts varied 

from one section to another and there was a clear change in amount from the base to the
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top in the same section. From calculated chlorite amounts (Tables 8.2 to 8.5), it is 

concluded that chlorite is more abundant in samples of Holocene raised coastal 

sediments and present-day intertidal sediments from the Dalbeattie area than in 

samples from the other areas. Generally, there is less chlorite in the topmost parts of 

the sections studied than in the lower parts. The chlorite minerals detected in the 

present work are mostly detrital in origin. A few are authigenic.

It was noted in most of the sections that, when chlorite decreased, vermiculite 

increased, an observation that agrees with that of Wilson et al. (1984), who suggested 

that chlorites in surface horizons (of soils) tend to be altered to vermiculite.

Varieties of chlorite and their recognition from the character of the basal peaks 

obtained by XRD have been discussed by several authors (e.g. Bayliss 1975; Thorez 

1976, 31-32; Brindley & Brown 1980, 340). In the present study, observation of 

peak intensities and changes produced by various treatments showed that Fe-chlorite 

is dominant, with Mg-chlorite occasional and swelling chlorite rare.

8.6.4 Kaolinite

The genesis of kaolinite has been discussed by many authors. According to 

Keller (1958a), Millot (1970) and Donoyer de Segonzac (1970), kaolinite is a 

product of weathering and soil formation under strong acid leaching conditions (e.g. it 

is common in granitic soils; Wilson et al. 1984). Weaver (1959), Wilson & Pittman 

(1977) and Karlson et al. (1979) noted that kaolinite is common in sedimentary 

rocks and is a typical mineral in the alteration of acidic rocks (cf. Stevens et al. 

1 9 8 7 ).

Birkeland & Janda (1971) reported that kaolinite is commonly associated 

with montmorillonite minerals, whilst McMurty & Fan (1974) noted that the 

percentages of montmorillonite and kaolinite are higher when sedimentary cover is
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greater than 50%, and when it is less, the percentage of mica is higher. 

Montmorillonite and kaolinite are closely associated with Quaternary and older 

sediments and probably formed from feldspar and non-micaceous ferro-magnesian 

minerals, although they also form from mica.

As regards the stability of kaolinite, Edzwald & O'melia (1975) claimed that 

kaolinite is dominant at the upper end of an estuary where salinity is least, and 

decreases in abundance towards the mouth. Previously Griffin & Ingram (1955)(see 

also Chapter 8.6.3 above) had suggested that kaolinite is the dominant clay mineral in 

the freshwater part of an estuary, and they had further suggested that when the 

two-layered kaolinite is introduced to the estuary it can be changed into three-layered 

chlorite or illite by the addition of a silica sheet to the kaolinite or by the breakdown 

of the kaolinite in the marine environment. Donoyer de Segonzac (1970) showed that 

kaolinite is very sensitive to the geochemical environment; the mineral is stable in 

acidic conditions and unstable in alkaline conditions. The same author suggested that 

most of the kaolinite in marine sediments is detrital in origin and may be used as a 

palaeogeographical indicator of climate and shoreline position. According to Keller 

(1968), some kaolinite is produced by diagenetic transformation of illitic clays in 

the presence of acidic waters containing high concentrations of organic material. 

Grim (1968, 530) reported that kaolinite is present in marine sediments but less 

abundant than illite. The abundance of kaolinite increases close to the shore.

Kaolinite is one of the dominant clay minerals in the samples analysed from the 

four areas studied in the course of the research project. In the Dalbeattie area,

. changes in the abundance and crystallinity of kaolinite are apparent in each of the 

vertical sections that were sampled (Figs. 8.2 and 8.3). In section D6, the kaolinite 

has well developed crystallinity and is dominant in the topmost samples, and 

crystallinity and abundance decrease with depth. In section D9, important changes in
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crystallinity and abundance of the kaolinite occur, whilst in section D5, which 

represents a lagoonal environment, the crystallinity of the kaolinite is moderately to 

well developed in the top samples and the abundance decreases and the crystallinity 

becomes moderate to poor in the basal samples.

Kaolinite is also abundant and the crystallinity is moderately to well developed 

in samples analysed from the present-day intertidal zone in the Dalbeattie area (Fig. 

8 .4 ).

In the Kirkcudbright area, kaolinite is common to moderate in abundance in 

sections K1 and K2 (Fig. 8.5 and Table 8.3); it is most common in samples from near 

the top of the sections, and decreases in abundance with depth. The crystallinity of the 

kaolinite is moderate to poor in samples from near the top of the sections, but 

improves with depth, the crystallinity in samples from the base of the sections being 

well developed. The amount of kaolinite in section K4 is less than in sections K1 and 

K2 - minor to common near the top of the section, becoming minor at the base. 

Crystallinity of the kaolinite is poor to moderate near the top and becomes well 

developed at the base of section K4 .

Kaolinite is abundant in samples from the present-day intertidal surface zone 

in the Kirkcudbright area, and the crystallinity is well developed (Fig. 8.6; Table 

8 .3 ).

In the New Abbey area, samples from sections N5 and N6 (Fig. 8.7) were 

examined. The amount of kaolinite varies vertically in each of the sections studied, 

but in general the mineral is always moderately to poorly crystalline, the 

crystallinity being better developed in the lower part than in the upper part of the 

sections. Kaolinite is dominant in the topmost samples in both sections, decreases in 

abundance at about 2m below ground level, increases around 2.9m below ground level 

and decreases again in abundance near the base.
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Kaolinite is dominant in present-day surface sediments in the New Abbey area, 

crystallinity being moderately to well developed.

In the area of the former Lochar Gulf, kaolinite is common in samples from 

near the top of the sections at South Kirkblain (SK) and Bankend Bridge (BB)(Fig. 

8.8), becoming minor to trace with depth; crystallinity is moderate. Samples from 

the Northpark and Midtown boreholes contain minor amounts to traces of kaolinite. It 

should be noted, however, that all the samples analysed from these two sites were 

obtained from depths greater than 2m below the ground surface.

8.6.5 Vermiculite

Experimentally, it has been found that biotite, particularly phlogopite, is 

altered to vermiculite with the interlayer K+ being substituted by Mg++ and vice  

versa  (Barshad 1948). In podzol soil profiles, biotite may be completely transformed 

to hydrous mica and then to vermiculite (Walker 1947; 1949; 1950).

The formation of vermiculite from chlorite has been described by Jorgensen 

(1965). The process was assumed to be an exchange between Mg from the brucite 

layer and protons in exchangeable position. Walker (1961) assumed that the 

vermiculite was always of secondary origin, formed by the alteration of rock-forming 

mica, pyroxene, amphibole, chlorite and feldspar. Most vermiculites are 

trioctahedral and form by alteration of trioctahedral micas and chlorites. The original 

layer charge on the mica or chlorite may be reduced slightly during the alteration to 

vermiculite by oxidation of octahedral ferrous iron or by hydroxylation of oxygen to 

OH. Fine-grained vermiculite in soils and sediments may be either trioctahedral or 

dioctahedral. Dioctahedral vermiculite presumably forms primarily by alteration of 

dioctahedral illite (Brindley & Brown 1980, 98).
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In the present work, the vermiculite generally is abundant to common, but is 

present in minor amounts or is absent in some samples from the Holocene sediments 

and present-day intertidal surface sediments of the Dalbeattie area. In the 

Kirkcudbright and New Abbey areas, vermiculite is common to absent in the Holocene 

raised coastal sediments, whilst in the present-day intertidal sediments it is very 

rare or absent. In the Lochar Gulf area, the amount of vermiculite varies from section 

to section.

From the analyses, it is concluded that the amount of vermiculite present 

varies inversely with the amount of chlorite present. Vermiculite appears to be a 

diagenetic product of alteration of chlorite and illite.

8.6.6 Mixed-layer clay minerals

Mixed-layer clay minerals are clay minerals in which different kinds of layers

alternate with each other. According to Millot (1970, 15-18), there are various 

types of mixed-layer structures: regular, irregular or segregation of alternating 

packets. The same author stated that there are intermediate layers or mixed minerals 

or structures that are intermediate between the original clay mineral and the new 

mineral (Millot 1970, 101).

The origin of mixed-layer clays probably is a transitional stage in the

transformation of illite or chlorite into mixed-layer clays and then into

montmorillonite (Millot 1970, 108): 

illite

illite-verm jculite

vermiculite ̂ vermiculite-montmorillonita^ montmorillonite 

chlorite-vermiculite

chlorite
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In the present work, mixed-layers of vermiculite-montmorillonite and/or 

chlorite-montmorillonite were recorded in most of the Holocene raised coastal 

sediments but were very rare in the Lochar Gulf samples. Mixed-layer clays were 

identified in the present-day intertidal sediments.

It was also noted that traces of minor mixed-layers of illite-vermiculite or 

illite-chlorite were present in a few of the samples studied. Most of the mixed-layer 

minerals present were random or irregular mixed-layer varieties.

8.6.7 Montmorillonite

Montmorillonite is known to be formed by degradation of micas during 

weathering. Also, subaqueous weathering of acid volcanic ash usually produces 

montmorillonite.

In the present study, montmorillonite or montmorillonite-like minerals were 

observed in trace or minor amounts, and with very poor crystallinity, in a few 

samples from the sections studied in the Dalbeattie area.

8.7 Variation in the vertical distribution of clay minerals

The relative abundance of the various clay minerals in the Holocene sediments of 

the areas studied leads to recognition of the following points:

1) Dalbeattie area (Figs. 8.14 and 8.15)

Generally, illite is the major clay mineral from the base to the top of the 

sections studied. There is no clear change in its abundance from base to top. Chlorite 

increases from the top to the base, whilst vermiculite is more abundant at the top and 

decreases in abundance with depth. Occasionally, vermiculite is abundant at the 

contact between the Holocene sediments and the underlying Pleistocene deposits.
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Kaolinite increases from the top to the base in some sections (e.g. D5), but shows no 

trend in others.

2) Kirkcudbright area (Fig. 8.16)

Illite increases in abundance from top to base. Similarly, chlorite is more 

abundant in the lower part of the sections studied (fine sand facies) than in the upper 

part (clayey silt facies), whilst vermiculite is abundant near the top and decreases 

with depth. The amount of kaolinite present is small, but it shows an increase from 

the top to the base of the sections.

3) New Abbey area (Fig. 8.17)

Chlorite is the main clay mineral in the lower part of the sections, but it 

decreases in abundance upwards. Illite varies in abundance through the sections, but it 

is the major clay mineral in the upper part (clay silt facies). Kaolinite varies in 

abundance, being major to abundant in the uppermost facies, decreases in the middle 

facies (inter-laminated fine sand and silt), and increases in the lowermost facies (fine 

sand).

4) Lochar Gulf area (Fig. 8.18)

In the Northpark borehole, illite is the major clay mineral. It decreases 

slightly in abundance with depth. Chlorite, also decreasing in abundance with depth, is 

the most dominant clay mineral after illite. Vermiculite and kaolinite, present in 

small quantities only, increase slightly in abundance with depth.

From the above, it is concluded that the clay mineral species vary in abundance 

from the base to the top of the sections studied. This variation may be caused by 

diagenesis of the clays, as chlorite transforms to vermiculite under diagenetic 

conditions and mixed-layer minerals (also present in the deposits sampled in the 

vertical sections) represent a mid-stage in the diagenesis of clays. Another reason for 

the variable abundance of clay mineral species may be changes in environmental
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conditions. This is suggested by the correlation that appears to exist between the 

distribution of the clay minerals and the succession of sedimentary facies present in 

the sections studied.

8.8 Conclusions from the clay mineral studies

The clay mineral studies suggested the following conclusions concerning the 

Holocene raised coastal sediments and present-day intertidal sediments:

1 ) The main clay mineral species present in the Holocene raised coastal sediments

are, in descending order of abundance, illite, chlorite, kaolinite, vermiculite 

and mixed-layers of various clay species. Very small amounts of 

montmorillonite are also present.

2 ) Semi-quantitative determination of clay compositions indicated that clay

mineral abundance varies from one vertical section to another in the Holocene 

sediments, there being a noticeable relationship between change in sedimentary 

facies and change in clay-mineral abundance.

3 ) The main clay mineral species present in the present-day intertidal sediments

are, in descending order of abundance, illite, chlorite, kaolinite and 

vermiculite. Montmorillonite and mixed-layer clays are rare or absent in 

these sediments.

4 ) Illite is more abundant in the Holocene than in the present-day intertidal

sediments.

5 )  Illite is of variable crystallinity in both the Holocene and present-day

sediments. This may be due to different sources or the effects of diagenesis 

and/or it may reflect the presence of both detrital and authigenic illite 

(detected in SEM and EDX studies).

6 ) The crystallinity index for illite suggests that the illite present in the analysed
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samples has the composition of biotite and muscovite.

7 )  The fact that illite is the most abundant clay mineral in the sediments may be 

due to the large amounts of mica in the source rocks and to alteration effects in 

the environments of deposition.

8 )  SEM and EDX studies showed that both detrital and authigenic chlorite are 

present in the sediments studied. This may be due to both the effect of 

provenance and the environmental conditions of formation of the sediments.

9 ) SEM and EDX studies showed that most of the chlorites are rich in Fe.

1 0 ) Kaolinite is present in all the samples studied. As shown by SEM and EDX

studies, it is mainly detrital, but small quantities of authigenic kaolinite are 

present.

1 1) The crystallinity of the kaolinite varies from poorly-crystalline to very well

developed forms.

1 2 ) The kaolinite may have been derived from K-feldspar that was present in the

source rocks.

1 3 ) Vermiculite is present in most of the samples studied, increasing in amount 

near the top of most of the Holocene sections. The vermiculite is thought 

to be mainly an alteration product, derived from other clay minerals in both 

the Holocene raised coastal sediments and present-day intertidal sediments. 

The abundance of vermiculite varies inversely with the abundance of chlorite.

1 4 ) The mixed-layer clays are common in most of the Holocene sediments, but

rare or absent in the present-day intertidal sediments.

1 5 ) The montmorillonite, present in only a few samples in the Holocene raised 

coastal sediments in the Dalbeattie area, may have formed by degradation of 

micas during weathering.

1 6 ) In terms of vertical variation of clay mineral contents in the sections of
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Holocene raised coastal sediments studied, the following points were noted: 

illite is common and shows no clear variation in abundance from the base to the 

top in most sections; chlorite generally decreases from the base towards the top 

in most sections studied, especially in the Kirkcudbright and New Abbey areas; 

vermiculite is generally low in abundance in the lower part of sections and its 

abundance increases towards the top; kaolinite shows no clear trend in most of 

the sections studied.

1 7 ) From EDX studies it was found that Ti is associated with most of the clay 

minerals that are present.
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Sample

i
Disaggregation in water suspension

i
Wet sieving through a 63 pm Sieve

Dispersion of the sample in water by mechanical shaker
and/or ultrasonic vibrator. In a few samples in which
d i s p e r s i o n  did not  o c c u r ,  ca l g o n  (sod i um
hexametaphosphate) was added.

Separation of the clay fraction (< 2 pm) by decantingi
Oriented preparation of clay fraction 

Examination by X-ray diffraction (XRD)

1. Air drying (untreated) followed by XRD

2. Ethylene glycol followed by XRD

3. Heated to 450°C for three hours followed by XRD

4. Heated to 600° C for three hours followed by XRD
(a fewselected samples)

Figure 8.1 Laboratory procedure for clay mineral separation and investigation by 
X-ray diffraction.
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Figure 8.3 XRD diffractograms for oriented samples of the clay fraction 
(< 2pm) of the Holocene raised coastal sediments in section D9, 
Dalbeattie area.
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Figure 8.4 XRD diffractograms for oriented samples of the clay fraction 
(< 2pm) of present-day sediments in the Dalbeattie area.
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Figure 8.5 XRD diffractograms for oriented sampfeS 61 the clay fraction 
(< 2pm) of the Holocene raised coastal sediments in section K2, 
Kirkcudbright area.
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I l l i te  001-peak
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Figure 8.6 XRD diffractograms for oriented samples of the clay fraction 
(< 2pm) of present-day sediments in the Kirkcudbright area.
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C h l o r i t e  0 0 1 - p e a k

Sample

SK 0.60

SK 1.20

SK 2.90

V e rm i c u l i t e  0 0 1 -p e a k
Illite  00.1-peak

K ao lin ite  001-peak  
C hlorite  002-peak .
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Figure 8.8 XRD diffractograms for oriented samples of the clay fraction 
(< 2pm) of the Holocene raised coastal sediments in the South 
Kirkblain section, Lochar Gulf area.
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Figure 8.9 EDX peak traces for illite particles, sample D6 1.70, Holocene 
raised coastal sediments, Dalbeattie area.
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Figure 8.10 EDX peak traces for chlorite particles, sample N6 3.90, 
Holocene raised coastal sediments, New Abbey area.
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Figure 8.11 EDX peak traces for chlorite particles, sample K2 3.10, 
Holocene raised coastal sediments, Kirkcudbright area.
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Figure 8.12 EDX peak traces for kaolinite particles, sample D8 0.40, 
Holocene raised coastal sediments, Dalbeattie area.
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#  Holocene raised coastal sediments, Dalbeattie area 
O Present-day Intertidal sediments, Dalbeattie area

*  Holocene raised coastal sediments, Kirkcudbright area 
□ Present-day Intertidal sediments, Kirkcudbright area

► Holocene raised coastal sediments, New Abbey area
> Present-day Infertldal sediments, New Abbey area

® Holocene raised coastal sediments, Lochar Gulf area

Figure 8.13 Illite crystallinity indices for representative samples from the 
four areas of study, plotted on Thorez's (1976, fig.8) diagram.
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Figure 8.14 Histograms, showing vertical variation in the percentages of 
illite, chlorite, kaolinite and vermiculite, section D5 of the 
Holocene raised coastal sediments, Dalbeattie area.
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Figure 8.15 Histograms, showing vertical variation in the percentages of 
illite, chlorite, kaolinite and vermiculite, section D6 of the 
Holocene raised coastal sediments, Dalbeattie area.
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Figure 8.16 Histograms, showing vertical variation in the percentages of 
illite, chlorite, kaolinite and vermiculite, section K1 of the 
Holocene raised coastal sediments, Kirkcudbright area.
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Figure 8.17 Histograms, showing vertical variation in the percentages of 
illite, chlorite, kaolinite and vermiculite, section N5 of the 
Holocene raised coastal sediments, New Abbey area.
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Figure 8.18 Histograms, showing the vertical variation in the percentages of 
illite, chlorite, kaolinite and vermiculite, Northpark (NP) 
section of the Holocene raised coastal sediments, Lochar Gulf 
area.



224

Table 8.1 Values in d (A ) of the characteristic reflections of relevant clay
minerals after various treatments: N = natural, untreated sample;
EG=Ethylene glycol treatment; 450°C and 600°C heat treatments 
(modified from Carrol 1970; Thorez 1976, 39; Hutchison,
1974, 228)

Clay mineral Treatment Values of d, in A , of the characteristic
reflections of minerals after treatments

(001) (0 0 2 )  (0 0 3 )  (0 0 4 )

N 10.00 5 .00 3.33 2 .50
EG No change

lllite 450°C No change
600°C No change

N 7.10 3 .58 2 .33 —

EG 7.10 No change
Kaolinite 450°C 7 .10 No change

600°C Disappearance of all reflections

N 14.00 7 .00 4.72 3 .50
EG No change

Chlorite 450°C No change or slight change in even orders
600°C No change but disappearance in even orders

N 14.00 7 .00 4.72 3 .50
EG No change

Vermiculite 450°C 10.00 5 .00 3.33 2 .50
600°C 10.00 5 .00 3.33 2 .50

N 13.00-15.00 7 .00 5.10 . . .

EG 17.00 8 .50 5 .70 4 .20
Montmorillonite 450°C 10.00 5 .00 3.30 -  -  -

600°C 10.00 5 .00 3.30 ----------

Mixed-layer clays Depends on the kinds of clay mineral present and effects during 
various treatments
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Table 8.2 Clay mineral contents, as percentages of the clay fraction, in sediments of
the Dalbeattie area.

A. Holocene raised coastal sediments

Sample Illite Chlorite Kaolin. Verm. Mont. Mixed-layer

D2 0.60 37 .3 5 15.05 7 .03 27 .50 0 .00 8.05
D2 1.20 39 .0 0 16.00 6 .50 2 3 .40 0 .00 9.50
D2 1.80 40 .6 0 2 2 .0 0 6 .07 16.00 0 .00 12.30
D2 2.50 5 1 .20 2 7 .42 12.00 0 .00 0 .00 0.00
D2 2.70 4 8 .0 0 2 9 .32 10.35 0 .00 0 .00 6.21
D2 2.95 3 5 .2 0 3 8 .44 9 .20 9 .06 0 .00 5 .60

D3 0.60 4 1 .0 6 13.10 13.30 3 2 .3 2 0 .00 0.00
D3 1.00 3 6 .6 4 4 .73 4 .52 3 3 .8 2 0 .00 20.29
D3 1.40 4 1 .1 4 9 .97 15.96 1.00 2 .99 29.02
D3 2.20 4 1 .3 2 14.76 21 .40 0 .00 0 .00 22.14
D3 2.95 4 0 .1 2 18.30 16.40 0 .00 0 .00 23.82

D4 0.50 38.21 16.05 11.82 2 2 .30 0 .00 6.80
D4 1.20 3 2 .0 4 3 7 .20 6 .50 4 .30 3 .72 14.09
D4 2.10 3 0 .5 6 3 5 .2 0 4 .53 16.00 2 .50 10.35
D4 2.90 4 2 .6 0 2 6 .59 9 .88 8 .45 0 .00 0.00

D5 0.70 4 8 .75 16.25 11.25 2 3 .74 0 .00 0.00
D5 1.50 4 0 .5 7 2 5 .79 16.23 15.94 0 .00 0.00
D5 2.20 3 4 .4 7 14.70 16.00 20 .58 0 .00 0 .00
D5 2.80 35.00 19.33 25.00 16.66 0 .00 0.00

D6 0.50 5 0 .39 23 .62 7 .87 5 .24 0 .00 12.86
D6 1.20 4 7 .5 7 10.31 13.59 18.44 0 .00 5.88
D6 1.70 60 .40 9 .48 11.11 5 .55 0 .00 0 .00
D6 2.00 50 .00 21 .38 11.00 0 .00 0 .00 16.56
D6 2.30 43.31 13.79 11.74 13.20 0 .00 13.54
D6 2.60 40.31 22 .06 14.60 11.50 0 .00 10.45

D7 0.40 44 .30 26.22 10.30 7 .50 0 .00 9.88
D7 1.10 5 1 .00 19.50 13.50 0 .00 0 .00 14.25
D7 1.60 3 9 .00 2 1 .67 10.33 7 .35 0 .00 18.00
D7 2.25 48 .00 18.75 14.35 5 .62 0 .00 13.82
D7 3.70 4 4 .36 27.51 9 .68 7 .98 0 .00 8.50

D8 0.40 4 6 .23 16.00 18.32 0 .00 8 .55 0.00
D8 1.60 28 .00 3 2 .15 8 .70 3 .66 0 .00 18.22
D8 2.00 3 8 .0 0 2 3 .05 10.22 6 .83 0 .00 17.32
D8 2.70 3 1 .54 3 5 .52 16.00 0 .00 0 .00 12.50

D9 0.40 3 6 .4 2 14.28 17.14 18.28 0 .00 12.85
D9 1.06 51 .42 20 .00 11.86 12.00 0 .00 6.56
D9 1.56 4 7 .69 13.46 9 .39 29 .80 0 .00 0.00
D9 2.92 5 6 .7 7 13.20 12.11 17.20 0 .00 0 .00

Continued
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Table 8.2 Continued 

D10 0.55 3 5 .3 4 16.96 6 .06 2 5 .45 0 .00 16 .16
D10 1.50 3 6 .0 0 16.85 6 .20 2 5 .20 0 .00 16 .00
D10 2.07 4 3 .4 7 11.04 2 .09 3 3 .4 7 0 .00 9 .93
D10 2.36 50.41 26 .5 6 8 .33 15.62 0 .00 0 .00
D10 2.80 50.51 25.51 10.26 13 .77 0 .00 0 .00
D10 3.03 5 4 .7 9 3 0 .6 0 16.36 7 .20 0 .00 0 .00

B. Present-day sediments

Sample Ullte Chlorite Kaolin. Verm. Mont. Mixed-laye

Dp 1-3 47.41 2 4 .5 5 13.79 11.07 0 .00 0 .00
Dp 1-4 5 0 .3 0 2 2 .5 3 15.09 12.07 0 .00 0 .00
Dp 1-7 3 4 .3 3 3 3 .7 8 10.23 14.33 0 .00 0 .00
Dp 2-1 3 2 .9 4 3 6 .8 2 7 .64 13.52 0 .00 0.00
Dp 2-2 4 3 .5 5 2 1 .3 0 6 .38 19.88 0 .00 0 .00
Dp 2-3 5 3 .2 4 2 9 .6 0 5 .30 9 .23 0 .00 0 .00
Dp 2-4 3 5 .5 5 2 7 .7 7 13.56 6 .56 2 .22 0 .00



227

Table 8.3 Clay mineral contents, as percentages of the clay fraction, in sediments of 
the Kirkcudbright area.

A. Holocene raised coastal sediments

Sample Illite Chlorite Kaolin. Verm. Mont. Mixed-layer

K1 0.50 3 1 .4 0 3 .04 3 .46 31.11 5 .24 34 .0 5
K1 1.60 3 0 .5 5 6 .25 6 .25 25 .00 16.66 13.88
K1 4.90 4 5 .5 4 3 3 .1 2 11.38 1.60 0 .00 8 .28
K1 6.00 4 6 .4 7 2 4 .66 7 .92 8.81 0 .00 12.11

K2 0.60 2 0 .5 0 4 .90 5 .70 24 .59 0 .00 4 4 .2 6
K2 1.60 23 .4 3 2 .92 7.81 16.73 0 .00 4 9 .0 9
K2 3.10 4 4 .0 9 18.89 12.59 1.75 0 .00 2 2 .83
K2 4.20 36 .3 2 17 .92 11.20 15.20 0 .00 19.25

K3 0.60 3 1 .5 0 12 .35 9 .43 2 3 .60 0 .00 16.65
K3 1.80 4 7 .2 2 9 .30 13.48 2 1 .50 0 .00 0 .00
K3 3.50 4 5 .3 3 7 .94 18.69 10 .66 0 .00 16.25
K3 4.20 55 .8 0 19 .60 2 4 .16 0 .00 0 .00 0 .00

K4 0.30 32 .4 5 15.21 14.20 2 .05 0 .00 37 .1 9
K4 0.80 41 .7 3 2 2 .1 9 19.42 16.64 0 .00 0 .00
K4 1.90 5 1 .1 9 17.49 13.49 17.44 0 .00 0.00
K4 2.15 4 0 .0 0 2 7 .7 5 15.00 15.00 0 .00 0 .00

B. Present-day sediments

Sample Illite Chlorite Kaolin. Verm. Mont. Mixed-layer

Kp 1-1 50 .4 5 4 .58 20 .10 16.51 0 .00 8 .25
Kp 1-2 52 .3 4 5 .30 17.69 14.32 0 .00 7 .32
Kp 1-5 39 .0 5 16.44 17.18 2 7 .3 7 0 .00 0 .00
Kp 2-3 48 .1 2 6 .02 13.65 3 2 .1 2 0 .00 0 .00
Kp 3-4 50 .9 0 21 .0 3 11.55 11.30 0 .00 0 .00
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Table 8.4 Clay mineral contents, as percentages of the clay fraction, in sediments of
the New Abbey area.

A. Holocene raised coastal sediments

Sample Illite Chlorite Kaolin. Verm. Mont. Mixed-layer

N5 0.50 3 1 .4 0 3 .04 3 .46 31.11 5 .24 34 .0 5
N5 2.10 3 0 .5 5 6.25 6 .25 2 5 .0 0 16.66 13 .88
N5 3.60 4 5 .5 4 33 .1 2 11.38 1.60 0 .00 8.28
N5 4.40 4 6 .4 7 24 .6 6 7 .92 8.81 0 .00 12.1 1
N5 5.10 2 0 .5 0 4 .90 5 .70 24 .59 0 .00 44 .2 6
N5 6.20 2 3 .4 3 2 .92 7.81 16.73 0 .00 49 .09
N5 7.10 4 4 .0 9 18.89 12.59 1.75 0 .00 22 .83

N6 1.40 3 2 .3 9 12 .85 7 .19 12.85 10.28 37 .2 7
N6 2.00 3 9 .4 0 6 .2 7 10.10 2 1 .5 0 0 .00 32 .6 2
N6 2.90 3 7 .0 0 27 .7 5 0 .00 10.66 0 .00 2 3 .34
N6 3.70 3 9 .3 5 31.71 0 .00 0 .00 6 .02 13.65
N6 3.90 3 6 .5 2 27 .8 2 0 .00 2 .05 0 .00 21 .3 0
N6 4.60 3 2 .5 6 16 .00 0 .00 16.64 0 .00 41 .60
N6 5.00 3 9 .0 3 2 9 .5 6 0 .00 17.44 16.82 9 .23

B. Present-day sediments

Sample Illite Chlorite Kaolin. Verm. Mont. Mixed-layer

Np 1-1 37 .0 0 3 .2 0 17.36 22 .88 7 .50 6 .90
Np 1-3 3 7 .5 0 9 .87 2 0 .83 20.41 0 .00 12.50
Np 1-4 45 .0 0 2 1 .0 0 2 8 .00 0 .00 0 .00 6 .20



229

Table 8.5 Clay mineral contents, as percentages of the clay fraction, in sediments of 
the Lochar Gulf area

Sample Illite Chlorite Kaolin. Verm. Mont. Mixed-layer

NP 2.13 4 4 .7 2 4 6 .5 8 0 .00 8 .68 0 .00 0 .00
NP 2.74 5 1 .0 6 3 4 .4 6 7 .37 4 .24 0 .00 2 .80
NP 2.89 6 0 .22 3 9 .2 4 0 .00 0 .00 0 .00 0 .00
NP 3.35 4 3 .6 9 3 1 .0 2 9 .68 6 .20 0 .00 0 .00
NP 4.26 4 7 .1 4 2 5 .14 14.28 13.71 0 .00 14.28
NP 5.02 3 9 .8 8 3 0 .8 2 14.66 14.66 0 .00 0 .00

SK 0.60 4 6 .1 9 2 2 .8 2 11.95 11.90 0 .00 0 .00
SK 1.20 3 5 .8 0 4 3 .1 2 19.35 12.90 0 .00 0 .00
SK 2.90 5 6 .5 2 3 9 .1 3 4 .30 0 .00 0 .00 0 .00

BB 0.70 2 2 .3 0 0 .00 15.30 5 8 .55 0 .00 0 .00
BB 1.30 4 2 .5 0 2 9 .30 8 .60 17.56 0 .00 0 .00
BB 3.10 4 7 .65 2 8 .50 11.30 0 .00 0 .00 0 .00

MT 4.06 3 9 .7 5 2 5 .3 0 14.45 2 0 .48 0 .00 0 .00
MT 4.16 3 9 .7 7 2 5 .7 0 10.28 13.22 0 .00 0 .00

HH 3.22 3 9 .7 5 5 1 .8 0 2 9 .50 0 .00 0 .00 0 .00

PH 0.71 5 6 .2 2 3 1 .6 0 10.63 0 .00 0 .00 0 .00
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Table 8.6 Values of Maximum (Ma), Minimum (Mn), Mean (7) and Standard
Deviation (a) of clay minerals (< 2 |im) for the analysed samples in
the various areas of study.

1. Dalbeattie area

A. Holocene raised coastal sediments

N = 44 
Clay Min.

Ma Mn X a

Illite 60 .40 28.00 42 .90 7 .30
Chlorite 38 .44 4 .73 20 .90 8 .22
Kaolinite 25 .00 2 .09 11.35 4 .56
Vermiculite 33 .82 0 .00 12.77 10.27

B. Present-day intertidal sediments

N = 8
Clay Min.

Ma Mn X a

Illite 53 .24 32 .94 42 .4 7 8 .24
Chlorite 36 .82 21 .30 28 .05 5 .78
Kaolinite 15.09 5 .30 10.28 3 .94
Vermiculite 19.88 6.56 12.38 4 .22

2. Kirkcudbright area

A. Holocene raised coastal sediments

N = 16 Ma Mn 3T C
Clay Min.

Illite 55 .80 20.50 38 .7 7 9 .97
Chlorite 33 .12 2 .92 15.22 9.10
Kaolinite 24 .16 3 .46 12.14 5 .50
Vermiculite 31.11 0.00 14.48 9.59

Continued



231

Table 8.6 continued

B. Present-day intertidal sediments

N = 5

Clay Min.
Ma Mn X C

Illite 5 2 .3 4 3 9 .0 5 4 8 .1 7 5 .32
Chlorite 2 1 .0 3 5 .30 10 .67 7 .55
Kaolinite 2 0 .1 0 11 .55 16.03 3.41
Vermiculite 3 2 .1 2 11 .30 2 0 .3 2 8 .96

3. New Abbey area

A. Holocene raised coastal sediments

N = 14 

Clay Min.
Ma Mn X a

Illite 3 9 .3 5 2 2 .35 3 3 .5 6 5 .15
Chlorite 3 7 .0 9 6 .27 2 4 .1 6 10.01
Kaolinite 2 0 .5 2 5 .54 1 1 .57 6 .64
Vermiculite 23.61 0 .00 6 .50 7 .60

B. Present-day intertidal sediments

N = 3 Ma Mn X a
Clay Min.

Illite 45 .0 0 3 7 .00 3 9 .8 3  4 .48
Chlorite 2 1 .00 3 .20 11.36  8 .99
Kaolinite 28 .00 17.36 2 2 .0 6  5 .43
Vermiculite 22 .88 0 .00 14 .43  12.55

Continued



Table 8.6 continued

4. Lochar Gulf area, Holocene raised coastal sediments

N = 16 Ma Mn X G
Clay Min.

Illite  6 0 .2 2  2 2 .3 0  4 5 .3 3  9.21
Chlorite 4 6 .5 8  0 .00  3 0 .1 4  10.51
Kaolinite 19 .35  0 .00  1 0 .25  5 .32
Vermiculite 5 8 .5 5  0 .00  12 .23  14 .04
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Table 8.7 Relative abundances of clay minerals, Dalbeattie area; Ma = Major,
Co = Common, Ab = Abundant, Mi = Minor, Tr = Trace

A. Holocene raised coastal sediments

Sample I l l i te Chlori te Kaolin. Verm. Mont. Mixed-l i

D2 0.60 Ma Co Mi Ab Tr Tr
D2 1.20 Ma Co Mi Ab T r Mi
D2 1.80 Ma Co Mi Mi T r Mi
D2 2.50 Ma Ab Mi -  - -  - -  -

D2 2.70 Ma Ab T r Mi -  - Tr
D2 2.95 Ab Mi Mi -  - -  - Mi

D3 0.60 Ma Ab Tr Mi T r Co
D3 1.00 Ma Ab Mi Mi T r Co
D3 1.40 Ma Ab Tr Mi Mi Mi
D3 2.20 Ma Ab Co Mi -  - Co
D3 2.95 Ma Ab Mi T r Mi -  -

D4 0.60 Ma Ab Co T r _ _ Mi
D4 1.20 Ab Ma Mi T r T r Co
D4 2.10 Ab Ma T r Co T r Co
D4 2.90 Ma Ab Co T r -  - -  -

D5 0.70 Ma Ab Mi Mi _ _

D5 1.50 Ab Ma Tr Co -  - -  -

D5 2.20 Ab Ma Mi T r
D5 2.80 Ma Ab Mi -  - -  - -  -

D6 0.50 Ma Ab Mi T r _ _ Mi
D6 1.20 Ma Ab Mi Mi -  - -  -

D6 1.70 Ma Co Tr Mi -  - Co
D6 2.00 Ma Co Co -  - -  - Co
D6 2.30 Ma Ab Mi Mi -  - Mi
D6 2.60 Ma Ab Mi Mi -  - Co

D7 0.40 Ma Ab Mi Mi _  _ Mi
D7 1.10 Ma Co Co -  - -  - Mi
D7 1.60 Ma Co Co -  - -  - Co
D7 2.25 Ma Co Co Tr -  - Mi
D7 3.70 Ma Ab Co Mi -  - Co

D8 0.40 Ma Co Ab .  - Mi _ _

D8 1.60 Ab Ma Mi T r Mi Co
D8 2.00 Ma Ab Mi T r -  - -  -

D8 2.70 Ab Ma Ma -  - -  - Co

Continued
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Table 8.7 continued

D9 0.40 Ab Ma Mi Co - .
D9 1.06 Ma Ab Mi Co - -
D9 1.56 Ma Ab Mi Mi - - . .
D9 2.92 Ma Ab Mi Co - - - -

D10 0.55 Ab Ma Mi Mi _ Tr
D10 1.50 Ma Ab Mi Mi . . - _
D10 2.07 Ma Ab Mi Mi . _ Tr
D10 2.36 Ab Ma Mi T r . - Tr
D10 2.80 Ab Ma Mi T r - - Tr
D10 3.03 Ma Ab Co . . . . - .

B. Present-day intertidal sediments

Sample I l l i te Chlorite> Kaolin. Verm. Mont. M ixed-I

Dp 1-3 Ma Co Ab Mi
Dp 1-4 Ma Ab Ab T r -  - -  -

Dp 1-7 Ab Ma Tr Co -  - -  -

Dp 2-1 Ma Ab T r Co -  - -  -

Dp 2-2 Ma Co Mi Ab -  - -  -

Dp 2-3 Ma Ab Tr Mi -  - -  -

Dp 2-4 Ma Ab T r Co -  - -  -
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Table 8.8 Relative abundances of clay minerals, Kirkcudbright area;
Ma = Major, Co = Common, Ab = Abundant, Mi = Minor,
Tr = Trace

A. Holocene raised coastal sediments

Sample I l l i te Chlori te Kaolin. Verm. Mont. Mixed- layer

K1 0.50 Ab Ma Co Co Mi
K1 1.60 Ma Co Ab Mi -  - Co
K1 4.90 Ma Mi Co T r -  - Mi
K1 6.00 Ma Co Mi Tr -  - Mi

K2 0.60 Ab Ma Mi Co _ _ Co
K2 1.60 Ma T r Co Ab -  - Ab
K2 3.10 Ma Co Mi T r -  - Mi
K2 4.20 Ma Co Mi T r -  - Co

K3 0.60 Ma Co Ab T r _ _ Mi
K3 1.80 Ma Mi Ab T r -  - Mi
K3 3.50 Ma T r Ab T r -  - -  -

K3 4.20 Ma Mi Co -  - -  - -  -

K4 0.30 Ma Co Mi Mi _ _ Co
K4 0.80 Ma Co Ab Mi -  - -  -

K4 1.90 Ma Co Co Co -  - Mi
K4 2.15 Ma T r Ab -  - -  - -  -

B. Present-day sediments

Sample I l l i te  Chlori te Kaolin. Verm. Mont. Mixed- layer

Kp 1-1 Ma Co Ab - - T r Mi
Kp 1-2 Ma Co Co Mi - - - -
Kp 1-5 Ma Mi Ab - - - - - -
Kp 2-3 Ma Ma Ab T r - - - -
Kp 3-4 Ma Co Ab - - - - - -
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Table 8.9 Relative abundances of clay minerals, New Abbey area; Ma = Major, 
Co = Common, Ab = Abundant, Mi = Minor, Tr = Trace

A. Holocene raised coastal sediments

Sample I l l i te Chlori te Kaolin. Verm. Mont. M ixed- layer

N5 0.50 Ma Co Ab T r Mi
N5 2.10 Ma Co Ab T r -  - Co
N5 3.60 Ab Ma T r Mi -  - Tr
N5 4.40 Ma Ab T r T r -  - Mi
N5 5.10 Ma Ab T r T r -  - Mi
N5 6.20 Ma Co T r T r -  - Co
N5 7.10 Ma Ab T r - - -  - Tr

N6 1.40 Ma Co Co Mi _  _ Mi
N6 2.00 Ma Co Co Mi -  - Mi
N6 2.90 Ab Ma Ab -  - -  - Mi
N6 3.70 Ab Ab Ma -  - -  - Mi
N6 3.90 Ab Ma Ab Mi -  - Mi
N6 4.60 Ma Ab Co Mi -  - Co
N6 5.00 Ma Ab Co Mi -  - Co

B. Present-day sediments

Sample I l l i te Chlori te Kaolin. Verm. Mont. M ixed- layer

Np 1-1 Ma
Np 1-3 Ma
Np 1 -4 Ma

Ab
Ab
Ab

Mi
Mi
Mi
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Table 8.10 Relative abundances of clay minerals in the Holocene raised coastal 
sediments, Lochar Gulf area; Ma = Major, Co = Common, Ab = 
Abundant, Mi = Minor, Tr = Trace

A.

Sam pie I l l i te Chlorite Kaolin. Verm . Mont. M ixed-I

NP 2.31 Ma Ab T r Mi
NP 2.74 Ma Co Co Mi -  - —

NP 2.89 Ma Co Co Tr -  - -  -

NP 3.35 Ma Ab Mi Tr -  - -  -

NP 4.26 Ma Co Mi Mi -  - Mi
NP 5.02 Ma Co Mi Mi - - - -

SK 0.60 Ab Ma Co Mi _  _ _ _

SK 1.20 Ab Ma Co Co -  - -  -

SK 2.90 Ab Ma T r Co -  - -  -

BB 0.70 Co -  - Ab Ma -  - -  -

BB 1.30 Ma Ab Mi Co -  - -  -

BB 3.10 Ma Ab Mi Co -  - -  -

MT 4.06 Ma Ab T r _ . _ _ _ _

MT 4.16 Ma Ab T r -  - -  -

HH 3.22 Ma Ab T r -  - -  - -  -

PH 0.71 Ma Ab T r _ _ _ _ _ _
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Table 8.11 Ratio of intensity of (001 Reflection (5A) to intensity of (001)
reflection (1 oA) of illite, thickness of (001) reflection (1 oA) at half 
height and character of this reflection in selected studied sections.

A. Holocene raised coastal sediments

1. Dalbeattie area.

Sam ple
( 0 0 2 ) / ( 0  0 1) Thickness of (001), 

at half height
In mm, Character of (001)

D5 0.70 0 .218 4 .00 Nearly symmetrical
D5 1.50 0 .218 4 .00 Nearly symmetrical
D5 2.20 0 .283 4 .00 Asymmetrical
D5 2.80 0 .300 7.00 Asymmetrical

D6 0.50 0 .230 17.00 Asymmetrical wide
D6 1.20 0 .228 15.00 Asymmetrical wide
D6 1.70 0 .194 16.00 Nearly symmetrical
D6 2.00 0 .159 7 .00 Nearly symmetrical
D6 2.30 0 .114 11.00 Asymmetrical
D6 2.60 0 .147 11.00 Asymmetrical

D9 0.40 0 .310 6.50 Asymmetrical
D9 1.06 0 .300 3 .50 Nearly symmetrical
D9 1.56 0 .230 5 .00 Nearly symmetrical
D9 2.92 0 .240 3.50 Nearly symmetrical

2. Holocene raised coastal sediments in Kirkcudbrigh t area.

( 0 0 2 ) / ( 0 0 1 ) Thickness of (001), In mm, Character of (001)
Sample at half height

K1 0.50 0 .300 9.00 Nearly symmetrical
K1 1.60 0 .250 4 .00 Symmetrical
K1 4.90 0 .260 3.00 Symmetrical
K1 6.00 0 .280 4.00 Symmetrical

K2 0.50 1 .120 8.00 Asymmetrical
K2 1.20 0 .270 3 .00 Nearly symmetrical
K2 1.70 0 .280 3.20 Nearly symmetrical
K2 2.00 0 .250 4.00 Nearly symmetrical

K4 0.30 0 .310 6.50 Nearly symmetrical
K4 0.80 0 .300 3 .50 Asymmetrical
K4 1.30 0 .280 8.00 Asymmetrical
K4 2.15 0 .330 6.00 Asymmetrical

Continued



Table 8.11 continued

3. Holocene raised coastal sediments in New Abbey area.

( 0 0 2 ) / ( 0 0 1  ) Thickness of (001), in mm, Character of (001)
Sample at half height

N6 1.40 0 .130 7 .00 Asymmetrical wide
N6 2.00 0 .150 7 .00 Asymmetrical wide
N6 2.80 0 .150 9 .00 Asymmetrical wide
N6 3.70 0 .090 9 .50 Asymmetrical wide
N6 3.90 0 .2 3 0 9.00 Asymmetrical wide
N6 4.60 0 .1 4 0 9.00 Asymmetrical wide
N6 5.00 0 .1 5 0 8.00 Asymmetrical wide

4. Holocene raised coastal sediments in Lochar Gulf area.

( 0 0 2 ) / ( 0 0  1) Thickness of (001), in mm, Character of (001)
Sample at half height

SK 0.60 0 .130 7.00 Asymmetrical wide
SK 1.20 0 .150 7 .00 Asymmetrical wide
SK 2.90 0 .150 9 .00 Asymmetrical wide

MT 3.14 0 .240 6 .50 Nearly symmetrical
MT 4.06 0 .240 6 .50 Nearly symmetrical

B. Present-day intertidal sediments.

1. Dalbeattie area

( 0 0 2 ) / ( 0 0 1 ) Thickness of 001, in mm, Character of (001)
Sample at half height

Dp 1-3 0 .350 5 .00 Nearly symmetrical
Dp 1-4 0 .280 5 .00 Nearly symmetrical
Dp 2-1 0 .230 5 .00 Nearly symmetrical
Dp 2-4 0 .250 5 .00 Nearly symmetrical

Continued



Table 8.11 Continued

2. Kirkcudbright area

( 0 0 2 ) / ( 0 0 1 )  Thickness of (001), in mm, Character of (001)
Sample at half height

Kp 1-1 0 .250  3 .30 Nearly symmetrical
Kp 1-5 0 .300  3 .00 Nearly symmetrical
Kp 2-3 0 .280  2 .80 Nearly symmetrical

3. New Abbey area

( 0 0 2 ) / ( 0 0 1 )  Thickness of (001), in mm, Character of (001)
Sample at half height

Np 1-1 0 .230
Np 1-5 0 .230
Np 2-3 0 .220

6.00
5 .50
6.00

Nearly symmetrical 
Nearly symmetrical 
Symmetrical
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20 jim

Plate 8.1 SEM photograph of sample D6 1.70, 
showing detrital illite flakes.

5.00 pm

Plate 8.2 SEM photograph of sample D6 2.00, showing 
filamentous authigenic illite' flakes.
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5.00 jim _ _

Plate 8.3 SEM photograph of sample N6 3.90, 
showing detrital chlorite.

10 p m  .______

Plato 8.4 SEM photograph of sample N6 3.90, showing 
rosette morphology of authigenic chlorite.
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10 p.m

Plate 8.5 SEM photograph of sample D8 0.40, 
showing stacked plates of kaolinite.-
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CHAPTER 9 

GEOCHEMISTRY OF THE SEDIMENTS 

9.1 Introduction

The Holocene raised coastal sediments in the four areas of study consist mainly 

of clayey silt and variable proportions of clay and fine sand, especially in the upper 

part of the succession. Detailed X-ray fluorescence and wet chemical analyses were 

made of the major and trace element contents in bulk samples of the fine sediments 

and in the clay fraction of selected samples of the Holocene sediments from the four 

areas. Similar analyses were made of bulk samples of fine sediment and of the clay 

fraction of selected samples of the present-day intertidal surface sediments from the 

Dalbeattie, Kirkcudbright and New Abbey areas. In total, 152 samples were analysed 

for determination of the major elements and 107 samples were analysed for 

determination of sixteen trace elements. Few samples of the clay fraction were used 

in determination of trace elements because of difficulties in the separation of a large 

amount of the clay fraction (more than 5g) from the bulk sediment.

9.2 Aims of the geochemical studies

As far as the writer is aware, few studies of the geochemistry of Holocene 

raised coastal sediments and present-day intertidal sediments of Scotland have been 

made. Most of the studies that have been made are concerned with soil chemistry. The 

purposes of the geochemical studies in the present research project therefore were:

1 ) To record the chemical composition of the Holocene raised coastal sediments 

in the four areas of study, and simultaneously substantially increase the 

available geochemical data on these sediments in Scotland as a whole.

2) To record the chemical composition of the present-day intertidal sediments in
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the Dalbeattie, Kirkcudbright and New Abbey areas, and simultaneously 

substantially increase the available geochemical data on these sediments in 

Scotland as a whole.

3) To examine qualitatively the mineralogical control on the distribution of the 

major and trace elements in the Holocene sediments and to determine whether 

or not the elements change laterally and vertically with change in sedimentary 

facies and change in grain size.

4) To compare the chemical compositions of the Holocene raised coastal sediments 

and the present-day intertidal surface sediments in the Dalbeattie, 

Kirkcudbright and New Abbey areas.

5 ) In selected samples, to study the composition of the clay fraction in order to

throw light on the distribution and concentration of major and trace elements 

with a view to determining the origins and sources of the clay minerals.

6 ) To compare the results of the geochemical analyses of the clay fraction with

clay species recognised by XRD.

9.3 Laboratory methods and calculation procedures

In this section, the laboratory methods used and calculation procedures adopted 

are described briefly.

9.3.1 X-ray fluorescence (XRF)

X-ray fluorescence analysis was used to determine ten major oxides (Si0 2 , 

TiC>2 , AI2 O3 , Fe oxides total, MnO, MgO, CaO, Na2 0 , K2 O and P2 O5 ) and 16 trace 

elements (Zr, Y, Sr, U, Rb, Th, Pb, Ga, Zn, Cu, Ni, Co, Cr, Ba, Ce and La). Major 

element analyses were performed on fused glass beads (Harvey et al. 1973). The 

beads were made by fusing 0.375g of 100 mesh rock powder and 2.000g of flux 

(lithium tetraborate).
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Trace element compositions were determined on pressed pellets consisting of 

6.000g of 250 mesh rock powder and 1.000g of thermal binder (phenol 

formaldehyde).

All the major and trace element determinations were carried out by the 

Phillips PW 1450/20 sequential automatic X-ray spectrometer. The X-ray 

spectrometer used three different detector tubes (W, Cr & Mo) and five different 

reflecting crystals [Ge, LiF(220), LiF(200), P.E. (Pentaerythritol) and T.A.P 

(thallium acid phthalate)] for analysing the major and trace elements. With 

occasional minor modifications, the combinations of tubes and crystals and details of 

current, voltage scintillation or flow detection and analysing angles followed those 

described by Leake et al. (1969).

For precision, all the XRF major element measurements were made in 

duplicate and averaged.

9.3.2 Wet chemical analysis

Ferrous iron oxide (FeO), water (H2 O) and carbon dioxide (CO2 ) contents 

were determined by a standard procedure of wet chemical analysis. Ferrous iron was 

determined by titration with standard dichromate solution after the rock had been 

attacked with sulphuric and hydrofluoric acids.

The FeO% determined by titration was used to calculate the amount of ferric 

iron (Fe2 0 3 ) present, according to the following relationship:

Fe2 C>3 = Fe*2 C>3  (XRF value) - 1.112 x FeO (titration result), where Fe*2 C>3 

is the total of the iron oxides present, i.e. Fe2 0 3  + FeO.

Water and carbon dioxide contents in a sample were determined simultaneously. 

The sample was inserted in a combustion tube at 1 1 0 0 °C  to 1 2 0 0 °C . The water and 

carbon dioxide produced were removed with a current of nitrogen, absorbed and their 

quantities determined gravimetrically.
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9.3.3 Niggli numbers

Niggli numbers avoid the problems caused by the fact that the largest single 

constituent of most rock analyses is SiC>2 , and increases in Si0 2  are nearly always 

accompanied by decreases in other constituents because of the constant sum effect 

caused by all analyses being reported to 100%. Niggli numbers also simplify the 

number of separate chemical constituents to be considered by limited grouping 

together of elements that commonly substitute for each other in rock-forming 

minerals. The numbers are designed to facilitate graphical plotting so that large 

numbers of analyses can be dealt with and trends of variations deciphered that cannot 

be readily recognised in tables of numbers. They are also equally usable for studying 

the mineralogy of igneous, metamorphic, metasomatic or sedimentary rocks with none 

of the assumptions made in normative calculations. Finally, linking chemical and 

mineralogical variations is simplified using Niggli numbers. Basically, Niggli 

numbers are molecular proportions adjusted (Niggli 1954) so that: 

al (AI2 O 3 ) + c (CaO) + fm (MgO + Feo + 2 Fe2 C>3 + MnO) + alk (Na2 0  + 

K2 O) = 1 0 0 , with si (Si0 2 ), p (P2 O 5 ) and ti (Ti0 2 ) being calculated on the same 

basis as that used to reduce al + c + fm + alk to 100. It should be noted that Niggli 

k, considered below, is a measure of the ratio mol.K2 0 /mol.(K2 0  + Na2 0 ).

Most common sediments are dominated by mixtures of quartz, feldspar, sheet 

minerals and carbonates. Van de Kamp & Leake (1985) pointed out that, since albite 

and K-feldspars have equimolecular amounts of Na2 0  + K2 O and AI2 O 3 , Niggli 

al-alk = 0 , whereas sheet minerals (mica, clay minerals and chlorites) normally 

have a strongly positive al-alk value, which enables their presence to be deduced and 

the al present in sheet minerals to be distinguished from that in feldspar.

Although anorthite, Ca0 .Al2 0 3  2 Si0 2 , has al-alk of 50, so that increasing 

calcic plagioclase increases al-alk, this can be distinguished from al-alk increases
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due to clay minerals, micas and chlorites by the positive correlation of c and al-alk in 

plagioclase which is absent in sheet minerals. Similarly, increases in k caused by 

increased K-feldspar can be distinguished from increased k caused by enhanced mica 

contents because increase in K-feldspar results in falling al-alk, whereas larger 

mica contents give larger al-alk values. By judicious choice of such variables plotted, 

it is possible to use Niggli numbers of sediments to derive a good deal of information 

about the nature of the constituent minerals in the sediments. For example, since 

detrital calcic-rich feldspar is comparatively rare, most al-alk values in sediments 

are relative to the clay mineral content, and if plots of al-alk against trace elements 

are made it is possible to deduce which trace elements are dominantly in the clay 

minerals and micas (e.g. Ti, Ni, Cr) and which are antipathetic to the sheet minerals 

(such as Sr).

9.4 Major elements geochemistry

A large number of studies has been made of the major element geochemistry of 

sediments, to reflect differences in mineral distribution (e.g. Pearson 1979; 

Loring 1982; Melkerud 1983; Pederstad & Jorgensen 1985; Van de kamp & Leake 

1985). Geochemical criteria, as means of differentiating marine from fresh water 

sediments on the basis of their mineral contents have also been discussed by many 

workers (e.g. Dewis et al. 1972; Roaldset 1972; Villumsen & Nielsen 1976).

In the present work a detailed analysis was made of the major elements in the 

Holocene raised coastal and present-day intertidal sediments with a view to comparing 

these two groups of sediments, and in an attempt to differentiate between the various 

sedimentary facies within the Holocene raised coastal sediments. Means and standard 

deviations were calculated for bulk sediment samples and samples of the clay fraction 

from each of the four areas studied (Tables 9.1 to 9.4).

The major elements used in the chemical correlation are discussed below and
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their distributions shown in Tables 9.6 to 9.8.

The data in Tables 9.6 to 9.8 show that the major element contents of the 

complete Holocene sedimentary succession in the Dalbeattie area and the upper part of 

the Holocene successions in the Kirkcudbright and New Abbey areas are very similar. 

This supports the suggestion that these three groups of deposits belong to the same 

sedimentary facies (facies A of Chapter 5.3.2.). In contrast, the geochemical data 

show that the lower part of the Holocene sedimentary succession in the Kirkcudbright 

and New Abbey areas (facies B and D of Chapter 5.3.2) differs from the upper part of 

the Holocene succession (facies A) in the same areas. In addition, the major element 

content of the Holocene sediments of the former Lochar Gulf differs noticeably from 

that of most of the Holocene sediments in the three other areas studied.

It may also be noted that the major element content of the present-day 

intertidal surface sediments of the Dalbeattie, Kirkcudbright and New Abbey areas 

resembles that of Holocene facies B and D (of the Kirkcudbright and New Abbey 

areas).

In both the Holocene and present-day sediments, the Si0 2  percentages in the 

bulk samples studied show inverse relationships with the percentages of Ti0 2 , AI2 O3 , 

F e * 2 C>3 , MgO, and K2 O (Figs. 9.1 to 9.5), poor inverse correlation with the 

percentages of CaO and CO2  (Figs. 9.6 to 9.7) and undefined relationships with the 

percentages of MnO, Na2 0  and P2 O5 . In the clay fraction, the SiC>2 content is thought 

to be contained within the clay minerals, and also in very small amounts of quartz, the 

latter of which were detected by XRD.

Generally, most alkali rocks are enriched in Ti, and Ti, being relatively 

resistant, remains during weathering. Its concentration is highest in sedimentary 

rocks (Mielke 1979,13-37). Also, Wedepohl (1978) suggested that the presence of 

T i0 2  in sediments is due to terrigenous material consisting of: (1 ) weathering 

residues in the form of either chemically unaltered grains such as rutile or partly
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decomposed minerals such as mica; (2 ) products of weathering such as anatase and 

clay minerals; (3) diagenetic minerals.

In the present work (Tables 9.6 to 9.8), the Ti0 2  content in the Holocene 

raised coastal sediments of the Dalbeattie area and in the upper facies of the 

Kirkcudbright and New Abbey areas is higher than in the present-day intertidal 

sediments of all three areas.

Figure 9.8 shows a positive relationship between Niggli al-alk and Niggli ti in 

the bulk samples of the Holocene raised coastal sediments, confirming that the Ti0 2  is 

associated with the clay minerals, whilst the relationship in the present-day 

intertidal sediments is poor or shows no correlation. This may be due to the Ti0 2  

being present in the form of detrital or unaltered grains such as rutile.

Generally, the AI2 O3  content in a sediment increases as the amount of the clay 

fraction increases. Schultz (1964) pointed out that montmorillonite, illite and 

mixed-layer clays are the common aluminous varieties and, therefore, the amount of 

alumina should bear a fairly consistent relation to the total clay content in each 

sample.

In both the Holocene and present-day sediments analysed, the abundance of 

AI2 O3  may be directly related to the abundance of clay minerals and mica. The strong 

positive relationship between AI2 O3  and K2 O (Fig. 9.9) and the positive correlations 

of Niggli al-alk with K2 O (Fig. 9.10) and Niggli k with Niggli al-alk (Fig. 9.11), 

together with the relationship of Niggli al-alk versus Niggli k x Niggli alk (Fig. 

9.12), are good indications that AI2 O3  and K2 O are dominantly in the clay minerals 

and other sheet silicates rather than in feldspars in the various areas of study. This 

agrees with Argast & Donnelly's (1987) suggestion that concentration of AI2 O 3  

correlates well with K2 O concentration and the AI2 O 3 -K2 O trend passes near the 

origin of the AI2 O3 -K2 O graph. The trend has a slope of about 0.3, the ratio of K2 O 

to AI2 O3  in illite. K-feldspar does not have K2 O and AI2 O3  in the necessary ratio to
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produce this trend. The slight negative correlation between Niggli al-alk and Na£0  

and the undefined relationship between Niggli al-alk and CaO (Figs. 9.13 to 9.14) 

indicate that the AI2 O 3  is contained mainly in the clay minerals and other sheet 

silicates rather than in feldspar.

The clay fraction of the samples studied has high AI2 O3  and K2 O contents and 

low CaO and Na2 0 , all of which confirm the importance of illite.

The relationships between CaO and CO2 , and between CaO and P2 O5  (Fig

9.15), are slightly positive or undefined. For the most part, CaO is more abundant in 

the present-day intertidal sediments than in the Holocene raised coastal sediments.

The correlation between Niggli c and Niggli al-alk (Fig. 9.16) shows that the 

majority of the analysed samples have a low content of CaO when the Niggli al-alk 

value is high, indicating that CaO is not present or is present in very small amounts 

in the clay minerals. A few samples show a negative correlation between Niggli 

al-alk and Niggli c in both the Holocene and present-day intertidal sediments, which 

indicates that the increases in CaO and AI2 O3  contents are not due to the presence of 

anorthite (Ca0 .Al2 0 3  2 Si0 2 ). It is suggested that the presence of organic 

carbonates, fossil shells and apatite is responsible for the abundance of CaO in these 

samples.

In both the Holocene and present-day sediments, the Na2 0  content is variable, 

with a wide range in most of the samples from the four areas, and there is no 

significant difference between the Na2 0  content in the bulk samples and clay 

fractions of the sediment studied. The Na2 0  may be shared by detrital feldspars and 

clay minerals (cf. Mielke 1979), and the concentration of Na2 0  agrees approximately 

with the suggestion by Heier & Billings (1969) that the concentration of Na2 0  in 

shales averages 0.80%.

A few samples in both the Holocene raised coastal sediments and the 

present-day intertidal sediments have relatively high Na2 0  content (1% to 3%).
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This may be due to the presence of detrital grains of plagioclase feldspars (Fig. 9.13).

Fe2 C>3 is more abundant than FeO in most of the samples studied and the total 

iron oxide is greater in the clay fraction than in the bulk-sediment samples from both 

the Holocene and present-day intertidal sediments. Weaver & Beck (1971) 

confirmed the suggestion that chloritic clays are rich in iron (23.9 % Fe as Fe2 0 3 ). 

Roaldset (1972) noted that an increase in illite content leads to an increase in the 

Fe2 C>3 , MgO and K2 O contents and suggests the presence of considerable amounts of 

trioctahedral illite*

In the present work, the high percentages of FeO and Fe2 0 3  may be due to the 

high proportion of clay fraction in the sediments studied. This suggestion is 

confirmed by the high content of iron oxides in samples of the clay fraction. The 

relationship between Niggli al-alk and Fe* 2 0 3  (i.e. total iron oxides) (Fig. 9.17) is 

positive in both the Holocene and present-day intertidal sediments, which may be an 

indication that the iron oxides are contained mainly in clay minerals and other sheet 

silicates.

The MgO content in the sediments analysed in the present work is mainly in 

the clays such as chlorite and illite, as confirmed by the high content of MgO in the 

studied samples of the clay fraction. Figure 9.18, showing positive correlation 

between Niggli al-alk and Niggli fm, confirms that the Mg and Fe are contained in 

clay minerals and other sheet silicates.

The P2 O3  content in both the Holocene and present-day sediments is very low

in the four areas studied. The undefined relationship between CaO and P2 O 5  (Fig.

9.15) and the positive relationship between al-alk and P2 O5  (Fig. 9.19) may be due 

to the P2 O 5  being contained mainly in clay minerals and sheet silicates. This is in

agreement with Wedepohl's (1978) suggestion that the absorption of P on clay

minerals can be significant.
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9.5 Trace elements geochemistry

Trace elements have been used by many workers to determine the provenances 

of sediments or the environments of deposition. Atherton (1986) used the 

relationships between Rb, Zn, Ba, V and K to differentiate between fluvial, 

glaciofluvial and estuarine sediments. Previous work (e.g. Van de Kamp et al. 1976; 

Senior & Leake 1978; Van de Kamp & Leake 1985) has shown that, typically, many 

trace elements such as Cr, Ni, Ti, Rb, Y, Zn, La and Ce are contained dominantly in the 

clay-mineral fraction of a sediment whereas Sr usually is contained in detrital 

plagioclase or carbonates. Also, Lerman (1966), Couch & Grim (1968), Brockamp 

(1973) and Villumsen & Nielsen (1976) pointed out that B, Li and Rb are 

incorporated in the clay fraction in amounts that increase with salinity. Hickman & 

Wright (1983), during a study of the Appin Group slates, used the relationships 

between Y + La + Ce, Ni + Cr and Sr to suggest the provenances of the rocks. They 

also tried to distinguish between and correlate the various rock units within the Appin 

Group slates on the basis, of trace element compositions and they suggested that the 

most useful trace elements in this respect are P, Cr, Zn, Cu, Pb, Sr, Y, Nb, Ba, La and 

Ce, the elements which give clearest separation on a triangular plot being Cr, Zn and 

Y.

In the present project, trace elements study was carried out to determine the 

distribution of these elements and establish their relationships with the various 

sedimentary facies in the Holocene raised coastal sediments. Further aims were to 

compare the concentrations of these elements in the Holocene sediments and in the 

present-day intertidal sediments in the various areas studied, and to investigate the 

sources of the trace elements and their relationships with the clay minerals. Using 

Niggli al-alk, Niggli k and K2 O contents as a measure of the clay-mineral content, 

plots were made against the trace elements and between the trace elements in an 

attempt to determine the provenances of the sediments.
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Table 9.5 shows the means and standard deviations of trace element 

concentrations, and Tables 9.6 to 9.8 show the concentrations of trace elements, 

calculated in ppm, in the various sediments and in selected samples of the clay 

fraction.

9.5.1 Niggli al-alk versus trace elements

The association of trace elements with clay minerals was studied by Van de 

Kamp & Leake (1985) using a number of plots of Niggli al-alk versus trace elements. 

These authors indicated which elements are related to sheet silicates and which 

elements are not. In addition, the distribution and origin of trace elements and their 

relationships to clay minerals have been discussed by authors such as Moore(1963), 

Wedepohl (1978) and Taylor & McLennan(1981).

Plots of trace elements made against Niggli al-alk should show which elements 

were dominantly added to the sediments in the clay minerals and mica. In the present 

study, the plots of Niggli al-alk against trace elements show the following 

relationships:

1 ) Niggli al-alk shows positive correlations with Y, Sr, Rb, Th, Pb, Ga, Zn, Ni, 

Co, Ce, Cr, Ba and La in analysed bulk samples of Holocene sediment from the four 

areas studied (Figs. 9.20 to 9.32). These elements also show slight positive 

correlations with Niggli al-alk in the present-day intertidal sediments of the 

Dalbeattie, Kirkcudbright and New Abbey areas (Figs. 9.20 to 9.32).

Generally, the concentration of all the above-named elements is greater in the 

fine-grained sedimentary facies (clayey silt) than in the coarser-grained facies (fine 

sand) of the Holocene sediments. Also, the concentrations of these elements are much 

higher in the clay fractions than in bulk samples. It may be concluded that these 

elements are contained mainly within clay minerals and other sheet silicates.

It may be noted that the concentration of these elements increases with an
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increase in the amount of clay fraction in the bulk sediments and is not related to the 

clay mineral species present. Accordingly, there is no clear relationship between 

Niggli al-alk and trace elements in the clay fraction of the samples analysed (Figs. 

9.20 to 9.32).

The weak positive correlation of the above-named elements with Niggli al-alk 

in the present-day intertidal sediments in the Dalbeattie, Kirkcudbright and New 

Abbey areas may be due to the low amount of clay fraction contained in the bulk 

samples from the present-day intertidal sediments.

It may be noted that Sr concentrations in the present-day intertidal sediments 

are higher than in the Holocene raised coastal sediments, possibly due to the 

abundance of CaO in the present-day intertidal sediments. Because of this possibility, 

and from the lack of a clear negative correlation between Niggli al-alk and Sr 

(Fig.9.21), and because of the high concentration of Sr in the clay-fraction samples, 

it may be concluded that Sr is neither concentrated in K feldspar and clay minerals 

nor totally absent from these minerals. This is consistent with the results obtained 

from the CO2  versus Sr plot (Fig. 9.41) described below.

2 )  Niggli al-alk shows a poor negative correlation with Zr (Fig. 9.33) that 

may be due to the association of Zr with detrital minerals such as zircon.

3 )  In both bulk samples and in the clay fraction of the Holocene raised coastal 

sediments and present-day intertidal sediments, Cu shows an undefined relationship 

with Niggli al-alk. Its concentration, however, is greater in the clay fraction than in 

the bulk sediment (Fig.9.34). Wedepohl (1978) suggested that the accumulation of 

Cu in sedimentary environments probably is connected with detrital matter such as 

iron minerals. He also claimed that the organic fraction of shales often is enriched in 

Cu and he added that most of the Cu is fixed in reducing environments by clays and 

organic carbon. Accordingly, the enrichment in Cu of samples of the clay fraction 

(and some bulk samples) in both the Holocene and present-day intertidal sediments
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may be due to the presence of organic material and/or to reducing environmental 

conditions at certain localities. In four samples the concentration of Cu is more than 

200 ppm. It is possible that this is due to contamination of the samples in the field. 

(All four sites concerned were located close to stream banks where there may have 

been a nearby concentration of metal in the form of overhead electricity wires and/or 

domestic refuse.)

4) U shows no correlation or very poor positive correlation with Niggli al-alk

(Fig. 9.35) in both the Holocene and present-day intertidal sediments. The

concentration in samples of the clay fraction is the same as that in the bulk sediments. 

However, U has a very low concentration in the various facies of the Holocene 

sediments.

9.5.2 Niggli k versus trace elements

As stated in Chapter 9.3.3 above, Niggli k provides a measure of the

ratio mol.l<2 0 /m ol.(K 2 0  + Na2 0 ). In the present work it was noted that K2 O

increases in the Holocene fine-grained sedimentary facies and in samples of the clay 

fraction. The relationships between Niggli k and some of the trace elements were 

plotted (Figs. 9.36 to 9.39). The relationship between Niggli k and Zr is undefined, 

, confirming that Zr is not associated with clay minerals but is associated with detrital 

minerals, as zircon (Fig. 9.36). There is no clear relationship between Niggli k and 

Sr (Fig. 9.37), which suggests that Sr is shared by both clay minerals and K 

feldspar, whilst the relationships between Niggli k and both Rb and Ba are positive 

(Figs. 9.38 & 9.39), as is usual in crustal materials.
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9.5.3 Niggli c versus Sr

The relationships between Niggli c and Sr (Fig. 9.40) and between CO2  and Sr 

(Fig. 9.41) were plotted for the Holocene and present-day intertidal sediments to 

show whether Sr is related to the carbonates and feldspars or to clay minerals. It 

was noted that samples from the Holocene raised coastal sediments (Fig. 9.40A) had 

low Niggli c values and Sr probably is not associated with CaO but related to the clay 

minerals or K feldspar.

Comparison of Figure 9.40B with Figure 9.40A shows that Niggli c and Sr are 

more highly concentrated in the present-day sediments than in the Holocene 

sediments. This may be due to the presence of Sr in detrital K feldspars or in 

carbonate and clay minerals.

9.5.4 CO2 versus trace elements

Plots of all trace elements against CO2  were made to show which trace elements 

are related to carbonate. All the trace elements show undefined relationships except 

Sr (Fig. 9.41), which shows poor or undefined relationship in the Holocene raised 

coastal sediments (Fig. 9.41 A) and poor relationship in the present-day intertidal 

sediments (Fig. 9.41 B). It is concluded that Sr is weakly related to carbonate in the 

Holocene raised coastal sediments and more strongly related to carbonate in the 

present-day intertidal sediments.

9.5.5 Relationships between trace elements

Relationships between Sr and Rb, and between Zn and Ba were plotted (Figs.

9.42 & 9.43 ) and gave positive relationships between these elements. In Figures

9.42 and 9 . 4 3  it is noticeable that there is more than one cluster of the trace element 

contents due to the presence of several facies of Holocene sediments, each with a 

different concentration of Sr, Rb, Ba, and Zn. This is especially clear in the
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Kirkcudbright and New Abbey sediments, where the upper sedimentary facies (clayey 

silt) has a greater concentration of these trace elements than the lower facies (silt 

with fine sand, and fine sand).

Hickman & Wright (1983) pointed out that Ni and Cr indicate basic source 

regions, whilst Y, La and Ce indicate a granitic source, and Sr is highest where the 

source contains sedimentary rocks. Accordingly, a triangular plot diagram for Ni +Cr 

versus Y + La +Ce versus Sr (Fig. 9.44) was constructed to give an indication of the 

sources of the sediments. The diagram suggests that, in the various areas studied, 

both the Holocene raised coastal sediments and the present-day intertidal sediments 

of the same areas were derived from various sources (Fig. 9.44 ; see also Chapter 10, 

below).

9.6 Vertical variations in the geochem istry of the Holocene

sediments

In the four areas studied, the major and trace elements show vertical variation 

in their distribution within the sampled sections of Holocene raised coastal 

sediments. Suggested causes of this variation are:

1 ) Variations in the textural characteristics of the samples studied.

2) Variations in the mechanism of transportation of the sediments, perhaps caused

by instability in the position of the shoreline at the time of deposition.

3) Changes,through time,in the physiography or in the environments of deposition.

4) Weathering effects on the various oxides and trace elements. Burek (1985)

calculated weathering ratios of some oxides and trace elements (e. g. Ga : 

AI2 O3 , MgO : Ni, FeO : Co) and showed that vertical variations in these ratios 

are produced by the effects of weathering.
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9.6.1 Dalbeattie area

Figures 9.45 and 9.46 show vertical variations in the distribution of some of 

the major and trace elements in sections D5 and D10. In section D5, Si0 2  decreases 

with depth, perhaps because of an increase in the clay mineral content in the lower 

part of this section. AI2 O 3  and K2 O show slight decrease with depth, whilst 

Fe*2 C>3 increases slightly to a maximum at the base of the section. Zr is slightly 

variable and shows a maximum concentration at about 1.2m below ground level. Rb, 

Zn and Sr are more concentrated near the top and the bottom of the section and are 

minimal in the middle of the section (c. 1.2m). Ba concentration is greater at the top 

of the section and decreases with depth. The vertical variation of the major and trace 

elements in this section is not marked. This may be due to the homogeneity of the 

sediments, which, it is suggested, were deposited in a lagoonal semi-closed local 

environment, and to the high content of organic material, including peat.

The vertical variation of the same oxides and elements in the D10 section is 

such that Si0 2  shows inverse relationship with AI2 O3  and Fe*2 C>3 . Si0 2  reaches a 

maximum in the clayey silt (facies A) at a depth of c. 0.70 m below the surface, 

whilst other oxide contents are minimal at this depth. Plots of the concentrations of 

the trace elements Ba, Zr, Sr, Rb and Zn show slight changes in concentration 

through the section. It may be noted that the slight change in the content of major 

and trace elements in both selected sections is difficult to use as a discriminatory tool 

between the various sedimentary facies, perhaps because these facies vary only 

slightly in their textural characteristics.

9.6.2 Kirkcudbright area

AI2 O3 . Fe* 2 0 3  and K2 O contents are at their maxima near the top of section 

K1 and have an inverse relationship with Si0 2  (Fig. 9.47). Changes in the contents 

of these oxides occur at the changes of facies from fine sand to inter-laminated fine
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sand and silt in the lower part of this section, and from inter-laminated fine sand and 

silt to clayey silt in the upper part of the section.

The trace elements show slight changes in their concentrations with the changes 

in sedimentary facies.

It may be concluded from the above that it is possible to use the change in 

contents of certain of the major elements and the change in concentration of some of 

the trace elements to detect changes in the sedimentary facies in this area.

9.6.3 New Abbey area

In section N5 of the New Abbey area (Fig. 9.48), changes in the oxide contents 

correspond with changes in sedimentary facies. As in the uppermost sub-facies 

(clayey silt) of the Dalbeattie area and the upper part of the succession in the 

Kirkcudbright area, the change in contents is slight. There is a clear break in the 

geochemical contents at a depth of about 3.0m below ground level. At depths of 

between 3.0m and 5.0m, large variations in the geochemical content reflect sudden 

changes in sedimentary nature that are indicative of unstable conditions at the time of 

deposition. Below 5.0m depth, the geochemical content shows stability within the 

fine sand facies.

There are slight fluctuations in the concentrations of the trace elements Ba, 

Zr, Sr, Rb and Zn through the vertical sections.

9.6.4 Lochar Gulf

In the Holocene raised coastal sediments of the former Lochar Gulf, major and 

trace element contents show a wide variation both laterally and vertically (Fig. 

9.49). Si0 2  content increases with depth, whilst AI2 O3 , Fe*2 C>3 and K2 O contents 

decrease. The trace elements Ba, Zr, Sr, Rb and Zn show no clear variation with 

depth.
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A break in the concentration of the major elements at about 1.0m below the 

ground surface may have been caused by weathering of some elements and 

concentration of others and by a change in sedimentary facies.

In this area the vertical variation is great and differs from one section to 

another.

9.7 Element variation in different types of sediments

Generally, it is possible to discriminate between the Holocene coastal sediments

and the present-day intertidal sediments by using the trace element concentration. 

Table 9.5 shows that the concentration of most of the trace elements associated with 

the clay minerals (e.g. Y, Rb,Th, Ga, Zn, Ni, Co, Cr, Ce, Ba and La) is greater in the 

Holocene raised coastal sediments than in the present-day intertidal sediments. In 

contrast, Zr is more concentrated in the present-day intertidal sediments than in the 

Holocene raised coastal sediments because of the strong relationship between this 

element and detrital minerals. Also, it may be noted that Sr is more concentrated in 

the present-day intertidal sediments than in the Holocene raised coastal sediments.

Table 9.5 summarises the concentration of the trace elements in bulk samples

and in samples of the clay fraction, and indicates that the majority of the trace

elements are more highly concentrated in the clay fraction than in the 

coarser-grained fractions of the sediments.

9.8 Conclusions

From geochemical studies of bulk samples of the Holocene raised coastal 

sediments and present-day intertidal sediments, and geochemical analysis of the clay 

fraction of selected samples, the following may be concluded:

1 ) The average major element compositions of the majority of the Holocene raised 

coastal sediments of the Dalbeattie area and of the upper facies (clayey silt) of
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the same sediments in the Kirkcudbright and New Abbey areas are generally 

similar. Similarly, the lower facies (inter-laminated fine sand and silt, and 

fine sand) of the Kirkcudbright and the New Abbey areas resemble each other in 

geochemical content.

2  ) The Si0 2  content in the Holocene raised coastal sediments of the Lochar Gulf

area is higher than that in the Holocene sediments of the Dalbeattie, 

Kirkcudbright and New Abbey areas. The high Si0 2  value is a sign that the 

sediments were derived either from clastic sedimentary rocks rich in mature 

quartz or from mature sandstone.

3 )  Generally, the Si0 2  content shows slight or no clear vertical variation in the 

Holocene sections studied in the Dalbeattie area, whilst it shows an increase 

with depth in the Kirkcudbright and New Abbey areas. In the Lochar Gulf 

area, the vertical distribution of Si0 2  varies from one locality to another.

4 )  In both the Holocene and present-day sediments of all four areas studied, 

Si0 2  shows an inverse relationship with AI2 O3 , Fe*2 0 3 , TiC^, MgO and K2 O.

5 ) The positive relationships between Niggli al-alk and P2 O 5 , and Niggli al-alk

and Niggli ti indicate that P2 O5  and T O 2  are present mainly in clay minerals.

6 ) The positive relationship of Niggli al-alk with Fe* 2 0 3  in the Holocene raised 

coastal sediments and the greater concentration of the total iron oxides in the 

clay fraction than in bulk samples indicates the association of these oxides 

with clay minerals.

7 )  The major elements content of the present-day surface sediments of the 

Kirkcudbright and New Abbey areas is similar to that of the lower facies (silty 

sand or fine sand) of the Holocene sediments of the same areas.

8  ) The SiC>2 content of the present-day intertidal sediments of the Dalbeattie area

is greater than that of the Holocene raised coastal sediments of the same area.
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9 ) The SiC>2 content of the present-day intertidal sediments of the Kirkcudbright 

area is greater than that of the Holocene sediments in the same area.

1 0 )  In the Dalbeattie, Kirkcudbright and New Abbey areas, the CaO content is

greater in the present-day intertidal sediments than in the Holocene sediments, 

perhaps because of a greater content of organic carbonates or shell fossils 

and/or apatite in the present-day sediments. No clear relationship has been 

established between CaO and P2 O5 . The relationship between CaO and Si0 2  is 

undefined in the Holocene raised coastal sediments and there is an inverse 

relationship between these oxides in the present-day intertidal sediments (Fig. 

9.6). The relationship between CaO and CO2  is very poorly positive or 

undefined in the Holocene raised coastal sediments and positive in the 

present-day intertidal sediments. The relationship between Niggli al-alk and 

Niggli c shows that most of the samples have a very low CaO content and, in 

this case, the CaO is related to clay minerals.

1 1 ) The wide variability and low content of Na2 0  in the bulk samples studied,

and the presence of Na2 0  in samples of the clay fraction may be due to the 

presence of this oxide in both clay minerals and detrital minerals such as 

feldspar.

1 2 ) The high contents of AI2 O3  and K2 O in the fine-grade sediments (clayey silt) in 

all the areas studied, and the strong inverse relationships between these oxides 

and Si0 2 , together with the positive relationships between Niggli al-alk and 

K2 O and between Niggli al-alk and Niggli k, indicate that AI2 O 3  and K2 O are 

related mainly to the clay minerals present in the sediments.

1 3 ) The variable content of major elements in the present-day intertidal sediments 

from one locality to another within the same area may be due to the analysed 

samples having been collected from different physiographic positions or 

different sedimentary bodies within the present intertidal zone. Some of the
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samples were collected from point-bars, others from the sides of gullies or 

areas between gullies.

1 4 ) The positive relationships between Niggli al-alk and Y, Sr, Rb, Th, Pb, Zn, Ni,

Co, Ce, Cr, Ba and La in the bulk samples show that these elements are 

associated with clay minerals. The concentration of these elements is greater 

in the finer-grade sedimentary facies (clayey silt, and clayey silt with fine 

sand) than in the coarser facies (inter-laminated fine sand and silt, and fine 

sand).

1 5 ) Niggli al-alk gave undefined relationships with trace elements in samples of the

clay fraction, and positive relationships in bulk samples, since concentration 

of the trace elements depends on the magnitude of the clay fraction and not on the 

clay mineral type or species.

1 6 ) The high concentration of trace elements in the clay fraction confirms that the

majority of the elements concerned are associated with clay minerals.

1 7 ) The variability in major elements content and in the concentration of the trace

elements within the clay fraction of the Holocene and present-day intertidal 

samples may be due to differences in clay-mineral species and/or the presence 

of small amounts of other minerals such as quartz and feldspar.

1 8 )  In the Holocene raised coastal sediments, major and trace element contents 

change vertically with changes in sedimentary facies.
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r i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  f o r  t h e  d i s t r i b u t i o n  o f  t h e  b u l k  s a m p l e  

v a l u e s  f o r  a l l  a r e a s .
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Values for samples of the clay fraction from the Dalbeattie, 
Kirkcudbright and New Abbey areas are grouped together.
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Table 9.1 Mean(X) and standard deviation (O )o f major elements data for 
Holocene and present-day bulk sediment samples and samples of 
the clay fraction, Dalbeattie area.
(n = number of analysed samples)

Holocene P re s e n t-d a y Clay fraction
n = 39 n = 1 1 n = 29

X a X a 3( o

Si02 68.46 5 .50 73 .75 4 .28 50 .6 3 .03
Ti0 2 0.76 0 . 1 2 0.55 0 .05 0 .83 0 .04
AI2 O3 12.85 2 .47 7 .15 0 .82 2 1 .96 1.46
Fe2 C>3 3.25 1 . 1 2 1.46 0 .50 6.81 1.65
R= 0 1.47 0 .42 1.14 0 . 1 2 1.76 0 .32
MnO 0.06 0.06 0 .08 0 .03 0 .07 0 .05
MgO 2.06 0 .47 1.63 0 .18 3 .30 0 .46
GO 1 . 0 0 1.26 3.60 0 .35 0 .62 0 .55
Na2 0 1 . 1 2 0 .34 1.82 0 .3 7 0 .5 7 0 .34
k2o 2.73 0 .40 1 .77 0 . 1 0 3 .96 0 .33
P2 O5 0 . 1 0 0 .03 0 .14 0 .09 0 .50 0 .26
H2 O 3.89 1.78 2 .39 0 .96 6 .32 1.64
CO2 2.26 1 .57 4 .3 7 0 .96 2 .9 7 1 . 2 1

Table 9.2 Mean(X) and standard deviation (G )o f major elements data 
for Holocene and present-day bulk sediment samples and 
samples of the clay fraction, Kirkcudbright area.
(n = number of analysed samples)

Holocene P re s e n t-d a y Clay fraction
n = 23 n = 1 2 n = 8

X a X a X a

Si02 73.54 5 .67 70 .22 4 .96 4 9 .4 2 2 .65
Ti02 0 .67 0.13 0.57 1 . 2 2 0 .80 0 .05
AI2 O3 10.19 1.94 8.43 0 .85 1 9 .97 2.1 9
Fe2 0 3 2.45 1.04 1.83 1.07 7.21 2 .93
FeO 1.51 0.42 1.41 0 .39 1 .58 0 .33
MnO 0.07 0.04 0.09 0 .05 0 .09 0 .04
MgO 1.72 0.52 1.87 0 .48 3 .56 0 .2 7
GO 1.47 1.64 3 .66 1.23 1 .77 1 .63
Na2 0 1.26 0.33 1.25 0 .35 2 .35 0 .58
K2 O 2.25 0 .27 1.96 0 .52 3 .6 2 0 .2 7
P2 O5 0.08 0.03 0.13 0 .05 0 .15 0 .05
H2 O 3.02 1.23 3.14 1.28 6 .14 1 .15
CO2 2.15 1.49 5.91 2.09 3.70 1.48
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Tabic 9.3 Mean(5?) and standard deviation (a) of major elements data for 
Holocene and present-day bulk sediment samples and samples of 
the clay fraction, New Abbey area.
(n = number of analysed samples)

Holocene P re s e n t-d a y Clay fraction
n = 11 n = 4 n = 2

X G X G 5c G

Si02 75.33 2.53 75.46 1.72 51.63 6.48
Ti02 0.58 0.14 0.51 0.02 0.78 0.12
AI2O3 9.62 2.05 7.71 0.55 19.60 1.54
Fe203 2.46 1.16 2.03 0.44 6.33 0.43
FeO 1.46 0.40 1.22 0.22 2.19 0.22
MnO 0.08 0.11 0.07 0.01 0.07 0.01
MgO 1.53 0.23 1.51 0.09 3.17 0.25
CaO 1.26 1.26 2.99 0.21 1.35 0.64
Na20 1.01 0.18 1.22 0.18 1.30 0.76
K2O 2.24 0.24 1.81 0.10 3.55 0.23
P2O5 0.08 0.02 0.11 0.01 0.9 0.04
H2O 2.76 0.46 2.16 . 0.22 6.70 1.95
CO2 2.06 0.87 3.97 0.67 3.42 0.59

Table 9.4 Mean(30 and standard deviation (G ) of major
elements data for Holocene bulk sediment samples 
and samples of the clay fraction, Lochar Gulf area, 
(n = number of analysed samples)

Holocene Clay fraction
n = 11 n = 4

3T G % G

Si02 80.24 4.68 51.35 5.57
Ti02 0.47 0.14 0.75 0.10
AI2O3 8.12 2.64 21.51 2.33
Fe203 1.82 0.53 5.92 1.46
FeO 1.29 0.32 2.34 1.16
MnO 0.11 0.07 0.05 • 0.03
MgO 0.89 0.34 3.58 0.87
CaO 0.35 0.23 0.50 0.08
Na20 0.84 0.14 0.98 0.18
K2O 1.88 0.31 4.05 0.43
P205 0.10 0.06 0.12 0.05
h2o 2.40 1.36 6.78 1.94
OO2 1.94 0.92 2.73 0.87
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Table 9.5 Mean(X) and standard deviation (G ) of trace element
concentrations in Holocene and present-day bulk sediment samples 
and samples of the clay fraction from the various areas studied.
(n = number of analysed samples}

Holocene P re s e n t-d a y  Clay fraction
n = 65 n = 20 n = 23

X G X G X G

Zr 182.38 34.22 252.25 83.66 130.41 22.00
Y 26.24 7.38 23.70 4.29 32.90 7.78
Sr 102.76 16.16 148.80 27.37 107.40 0.97
U 2.72 0.98 2.43 0.87 3.37 1.03
Rb 102.03 30.21 73.20 24.60 177.60 30.00
Th 7.63 3.00 5.00 2.07 12.90 2.47
Pb 21.70 26.89 45.40 29.35 40.63 8.40
Ga 15.21 14.14 9.60 12.21 26.27 3.13
Zn 69.15 29.06 104.90 65.95 159.22 47.15
Cu 19.96 210.56 29.50 51.24 124.50 78.09
Ni 30.86 13.33 21.30 12.21 61.54 17.25
Co 11.77 6.19 9.20 5.82 24.54 6.15
Cr 98.67 22.44 97.25 26.30 145.22 17.23
Ce 60.29 17.71 48.85 14.21 96.82 14.44
Ba 353.83 44.23 308.50 24.43 400.40 45.49
La 27.35 9.47 22.25 8.59 47.36 7.40
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Table 9.6 Major and trace elements analyses of the Holocene raised coastal 
sediments (bulk samples) from the various areas studied (D2 to 
D10, Dalbeattie area; K1 to K4, Kirkcudbright area; N5, New 
Abbey area; SK and BB, Lochar Gulf area).

D 2 D 2 D 2 D 3 D 4 D 4 D 4 D 4 D 4 D 4
1 . 1 b 2 . 5 b 2 . 9 5 b 1 . 4 b 0 . 5 b 1 . 2 b 1 . 6 b 2 .1  b 2 . 5 b 2 . 9 0 b

Si0 2 6 6 . 6 7 7 1 . 3 5 6 4 . 1 0 7 0 . 6 8 6 6 . 2 3 6 4 . 6 5 6 7 . 8 8 6 6 . 4 5 6 8 . 0 8 6 7 . 3 6
T i02 0 . 6 7 0 . 7 8 0 .7 8 0 .7 4 0 . 8 0 0 .8 0 0 .8 5 0 .8 5 0 . 8 7 0 .7 4

CO
OCVI
<

1 2 . 7 6 1 4 .4 1 1 2 . 3 8 1 4 .1 3 1 4 .1 0 1 5 . 2 2 1 4 . 6 8 1 4 . 6 5 1 5 . 2 7 1 3 .0 7
F&2O 3 4 . 0 4 3 .0 0 3 .4 2 3 .1 5 5 .6 2 4 .6 9 4 . 0 9 5 . 0 0 3 .9 4 2 .7 7
FeO 1 .4 5 1 .2 8 2 . 0 5 1 .4 2 0 . 0 3 1 .1 9 1 .3 4 1 .4 0 1.68 1 .8 9
MnO 0 . 0 3 0.02 0 .0 3 0 .0 4 0 .0 7 0 .0 8 0.10 0 .0 5 0.11 0 . 0 8
MgO 1 .9 4 1 .6 9 1 .9 3 1 .8 0 1.88 2 .1 8 2 . 1 7 2.22 2 . 2 6 3 .1 5
CaO 0 .3 4 0 .2 8 0.21 0 .3 5 0 . 2 9 0.22 0 . 3 0 0 . 3 2 0 . 4 7 3 . 1 0
Na20 0 . 8 4 0.86 1 .3 9 0.88 1 .5 2 1 .0 8 1 .2 7 0 .6 5 1 .0 5 0 . 9 7

K2O 3 . 2 0 2 .9 4 3 .1 1 2 .91 2 .7 4 3 . 1 8 2 .9 8 2 . 9 5 3 . 2 0 2 . 7 0

P2O 5 0.10 0 .0 6 0.10 0 .0 9 0 .0 7 0.10 0 .0 9 0 .0 7 0.11 0 .1 4
H2O 5 . 2 0 4 . 3 2 6 .7 4 2 .1 7 5 .0 1 6 .7 4 2 . 1 7 5 .01 5 . 8 6 3 . 8 2

CO2 2 .9 1 3 . 0 4 3 . 8 0 1 .2 8 1 .8 4 3 .8 0 1 .2 8 1 .8 4 1 .8 3 1.11
T o ta l 9 9 . 9 1 1 0 4 . 0 3 1 0 0 . 0 4 99.64 100.20 1 0 1 . 0 9 100 .73 9 8 . 9 8 9 9 . 9 9  1 0 0 . 2 9
F e *203 5 . 6 6 4 .4 2 5 .7 0 4 . 7 3 5 .6 5 6.01 5 .5 8 6 .5 6 5 .8 1 4 . 8 7

Z r _ 202 2 1 7 1 7 9 1 8 4 1 6 7 1 7 4 1 7 9 1 7 3 1 6 7
Y 31 2 7 31 21 4 0 3 0 3 2 3 2 2 7
S r 9 8 1 0 9 100 9 5 1 0 3 9 8 102 1 0 4 112
U 3 5 4 4 3 3 2 3 3

Fb 1 2 4 1 4 2 1 2 4 1 1 6 141 1 2 8 1 2 9 1 3 4 1 0 7
Th 9 7 11 8 8 9 9 10 7
Pb 1 9 20 2 9 2 4 2 8 2 7 2 5 1 9 1 4
Ga 1 6 1 6 - 1 6 1 7 1 9 1 7 1 7 19 1 4
Zh 7 2 7 9 8 7 7 9 8 2 8 7 9 2 9 5 7 7
Cu ' 2 1 1 7 1 7 8 1 6 1 5 1 7 1 8 1 8
Ni 3 4 3 7 41 31 5 0 4 0 51 4 5 3 5
Co 1 2 1 3 11 1 4 2 0 1 9 1 8 1 9 1 8
C r 1 0 6 1 1 2 9 5 1 1 0 1 1 4 1 0 4 1 0 9 1 1 1 9 3
Ce 6 7 71 7 0 5 7 88 71 7 4 7 4 6 9
Ba 3 9 9 4 11 3 5 2 3 7 3 4 0 6 3 8 1 3 8 0 3 9 1 3 3 6
La 3 3 3 2 31 31 3 3 3 7 3 4 3 5 3 0

D5 D 5 D 5 D 5 D 5 D 6 0 6 D 6 D 6 D 6
0 . 7 b 1 . 2 b 1 . 5 b 2 . 2 b 2 . 8 b 0 . 5 b 1 . 2 b 1 . 7 b  2 . 0 0 b 2 . 6 b

Si02 6 6 . 1 2 6 5 .0 1 6 6 . 7 7 5 8 . 5 3 5 5 . 4 5 6 4 . 5 6 6 7 . 5 0 6 3 . 5 2  6 0 . 7 3 5 9 . 3 9
H O 2 0 . 8 9 0 . 7 5 0 . 7 4 0 .7 8 0 .7 5 0 .9 2 0 .8 4 0 .9 4 0 .7 3 0 .8 9
AI2O 3 1 5 . 9 6 1 3 . 4 6 12 .9 1 1 3 .0 8 1 3 .4 0 1 6 . 3 4 1 5 . 6 2 1 6 . 5 0 1 6 . 2 2 1 7 . 0 3
Fe203 2 .8 1 3 .4 9 3 . 8 8 3 .9 0 4 .91 3 .5 5 3 .2 1 4 .1 4 4 . 2 0 4 . 0 0
FeO 1 .8 4 1 .5 7 1 .5 4 1 .9 6 1 .2 5 1 .5 4 1 . 8 8 1 .7 7 2 . 0 3 2 . 3 6
MnO 0.02 0 . 0 5 0 .0 7 0 .0 9 0 . 0 6 0 .0 4 0 . 0 2 0 .0 4 0 .0 4 0 .0 5
MgO 2 . 2 7 2 . 2 1 2 .5 1 2 .5 0 2 .3 0 2 .31 2 .0 4 2 . 2 2 2 . 2 7 2 .4 9

CaO 0 . 3 0 0 .4 9 0 . 8 0 1 .0 8 0 .6 5 0 .1 8 0 . 3 3 0 .9 4 0 . 1 9 0 .2 9

Na20 1 .0 3 1 .5 6 1 .1 7 0 .9 6 1.11 0 .9 8 1 .0 3 0 .7 0 1 . 0 1 0 . 5 2

K2O 3 .1 3 2 . 7 9 2 . 7 0 2 .8 2 2 . 7 0 3 .11 3 .11 3 .3 2 3 .2 2 3 .4 2

P2O 5 0 . 0 8 0 .1 3 0 . 1 2 0 . 1 1 0 . 1 1 0 . 0 7 0 .0 8 0 . 1 0 0 . 1 0 0 . 1 1

H2O 4 . 2 0 5 .3 2 4 .0 1 6 .9 5 1 0 .4 5 4 .3 2 3 . 1 0 3 .2 4 4 .3 2 6 .1 7

CO2 1 .5 0 2 .3 8 2 .3 5 8 . 0 0 6 . 2 0 3 .11 1 .0 5 2 . 6 7 2 . 5 0 3 . 2 0
Total 100.15 99.21 99.57 100.76 99.34 101.30 99.81 1 0 0 . 1 0 97.56 99.92

F g *203 4.85 5 . 2 3 5 .5 9 6 .0 8 6 .3 0 5 .2 6 5 . 3 0 6 . 1 1 6 . 4 6 6 . 6 2

Z r 1 6 5 1 6 6 1 48 171 1 7 6 1 8 5 1 5 6
Y 3 0 2 7 2 8 2 5 2 8 2 6 3 8
S r 1 0 2 9 7 1 1 3 1 0 0 1 0 0 9 4 1 0 1

U 3 3 3 3 2 2 3
Rb 1 3 7 1 1 0 1 2 5 1 2 6 1 3 7 1 0 7 1 5 8
Th 1 1 8 8 8 1 2 7 1 2

Pb 31 2 1 2 8 2 9 3 0 2 4 3 2
Ga 1 8 1 5 1 7 1 9 2 0 1 4 2 1

Zh 91 7 8 8 5 7 5 - 7 5 7 5 1 1 4
Cu 1 3 1 4 1 4 1 2 1 7 1 6 22
Ni 3 4 4 2 4 0 3 4 3 3 3 0 5 7
Co 1 4 1 5 16 8 1 1 8 18
C r 1 09 9 2 9 9 102 1 0 7 8 7 1 2 2

Co 8 0 6 3 68 7 4 7 2 61 8 5
Ba 3 9 5 3 4 5 3 3 5 3 9 2 3 8 8 3 5 3 411
La 41 2 8 31 3 5 31 2 5 41

Continued
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Table 9.6 con t inued
D7 D 7 D 7 D 7 D 7 D 8 0  8 D 8 0  8 D 9

0 . 4 b 1 . 1 b 1 . 6 b 2 . 2 5 b 3 . 7 0 b 0 . 4 0 b 1 . 2 b 2 . 0 0 b 2 . 7 0 b  0 . 4 b

S i 0 2 7 5 .1 1 7 3 . 8 0 7 2 . 3 5 7 1 . 7 2 6 9 . 3 5 7 4 . 1 8 7 4 . 3 0 6 4 . 5 5  6 7 . 3 1 6 8 . 1 0
T i 0 2 0 .5 2 0 . 7 0 0 . 7 0 0 .7 3 0 .7 8 0 . 7 2 0 .6 4 0 . 9 0 0 .8 3 0 . 9 2
Al203 7 .3 9 1 2 .3 0 1 221 12 .1 9 . 1 1 .1 5 1 1 . 9 5 1 1 .2 0 1 5 . 7 0 1 4 . 0 4 1 2 .6 1
F&2O3 1 .3 0 2 .0 2 3 .3 8 3 .8 6 2 .5 0 2 .7 2 1 .5 6 3 . 7 2 4 . 5 2 3 . 9 6
FeO 1 .4 0 0 .7 9 1 .2 8 1.31 1 .6 5 1 .1 4 1 .8 9 1 .8 4 1 .6 4 1 .4 2
MnO 0 .0 7 0 .0 2 0 . 0 3 0 . 0 7 0 .0 8 0 .0 2 0 . 0 5 0 . 0 9 0 . 4 2 0 . 0 3
MgO 1 .5 5 1 .2 8 1.61 1 .8 0 2 . 8 0 1 .5 5 1 . 4 0 2 . 6 4 2 . 5 0 1 .6 7
CaO 3 . 1 6 1 .4 0 0 .1 5 0 .1 6 2 . 2 5 0 .2 1 0 . 2 7 0 . 3 7 1 .0 4 0 . 4 0
N a ^ 1 .2 7 1 .2 5 0 .8 7 1 .0 6 0 . 6 3 1 .1 4 2 . 3 2 1 .1 2 0 . 7 2 1 .0 7
K2O 1 .8 2 2 .6 0 2 . 5 7 2 .6 7 2 .4 1 2 .4 1 2 . 4 2 3 . 2 0 2 . 8 5 2 . 7 6

P2O 5 0 . 1 2 0 .0 6 0 .0 8 0 .1 3 0 . 1 3 0 . 0 7 0 . 0 6 0 . 1 7 0 . 1 7 0 . 0 7
H2O 2 .1 4 2 .3 2 3 .1 2 3 .7 3 4 .2 5 2 . 1 9 3 .4 1 2 . 9 4 2 . 3 4 5 . 9 0
CO2 5 . 5 2 1 .0 6 2 .0 9 1 .5 2 2 . 6 2 1 .0 8 1 . 3 7 1 . 7 9 1 .5 0 3 . 2 5
Total 1 0 1 . 3 7 9 9 . 6 0 1 0 0 . 4 4 1 0 0 .9 5 1 0 0 . 6 0 9 9 . 3 8 1 0 0 . 8 9 9 9 . 0 3 9 9 . 8 8  1 0 2 . 1 6
F e *203 2 .8 6 2 .9 0 4 .8 0 5 .3 2 4 .3 3 3 . 9 9 3 . 6 6 5 . 7 6 6 . 3 4 5 . 5 4

Z r 1 9 6 1 7 2 1 5 6 1 8 4 1 7 6 1 8 2 1 7 7 1 7 2 1 7 0 _ .

Y 2 4 2 4 3 4 3 0 2 8 2 0 2 3 3 3 2 9
S r 8 5 91 91 9 4 9 4 9 5 9 3 141 121
U 3 3 3 4 2 3 4 4 3
Rb 111 1 0 8 1 4 3 1 1 0 9 4 9 5 9 3 141 121
Th 7 9 11 9 8 5 8 1 0 1 2
Pb 2 4 2 5 2 9 2 3 2 2 21 2 2 2 8 2 7
Ga 1 7 1 3 2 0 14 1 3 1 4 1 3 2 0 1 6
Zh 4 3 6 4 1 0 9 8 7 6 6 5 2 5 0 1 0 2 8 7
Cu 11 14 2 4 19 1 2 5 1 2 2 0 1 7
Ni 1 5 2 7 7 6 3 9 2 9 2 5 2 5 4 7 4 5
Co ■ 3 12 3 0 1 6 1 3 6 7 1 5 1 9
C r 8 7 8 9 1 1 2 8 7 9 5 1 2 5 8 3 1 1 0 1 0 0
Ce 6 4 5 6 8 4 6 9 6 4 4 9 51 8 5 6 8
Ba . 3 4 6 3 8 6 3 7 0 3 5 5 3 3 2 3 4 8 3 3 8 3 8 1 3 6 3
La 2 7 2 8 3 5 3 3 2 9 2 4 1 9 3 8 3 0

D9 D 9 D 9 D 9 D 1 0 D 1 0 D 1 0 D 1 0 D 1 0 K 1
1 . 0 6 b 1 . 5 6 b 2 . 0 0 b 2 . 9 2 b 0 . 5 5 b 1 . 5 0 b 2 . 1 0 b  2 . 3 6 b  3 . 0 3 b 0 . 5 0 b

S i 0 2 7 6 . 6 9 7 4 .5 1 7 9 . 9 0 7 9 . 1 0 7 7 . 2 8 6 7 . 1 3 6 7 . 0 0 6 6 . 4 2  7 0 . 4 2 7 3 . 0 5
TiC^ 0 .6 3 0 .71 0 . 6 3 0 . 5 5 1 .1 2 0 . 7 3 0 . 7 3 0 . 8 0 0 . 4 9 0 . 8 3
Al203 1 0 .3 2 1 2 .0 6 9 .9 5 7 .8 8 8 . 8 5 9 .8 6 1 0 . 1 6 1 1 . 0 0 9 .0 4 1 2 . 5 4

2 .5 2 3 .4 9 1 .4 5 1 .2 2 1 .5 8 2 . 4 9 2 . 1 5 3 . 4 6 1 .1 7 2 . 5 4
FeO 0 .9 0 1 .1 0 1 .1 9 1 .2 4 0 . 9 7 1 .5 3 1 .8 7 1 .6 9 1 .2 2 1 .2 3
MnO 0 .0 3 0 .0 4 0 .0 5 0 .0 8 0 . 0 5 0 .1 1 0 . 0 9 0 . 1 4 0 . 0 9 0 . 0 3
MgO 1 .4 0 1 .6 0 1 .4 3 1 .6 8 1 .1 0 2 . 3 9 2 . 5 9 2 .7 4 2 . 5 0 1 .6 4
CeO 0 . 2 0 0 .1 5 0 .2 2 1 .6 0 0 . 6 5 4 .4 8 4 .8 1 2 . 7 3 3 . 5 4 0 . 2 9
N a ^ 1 .3 6 1 .3 5 1.41 1.81 1 .2 4 0 .9 2 1 .01 1 .1 5 1 .5 3 1 .2 2

2 .3 4 2 . 6 0 2 .3 6 2 . 0 8 1.91 2 .1 3 2 .2 4 2 .4 1 2 . 6 9 2 . 5 4

P2O 5 0 .0 6 0 .0 9 0 .0 8 0 .1 0 0 . 1 7 0 . 1 2 0 . 1 2 0 . 1 3 0 . 1 0 0 . 0 3
2 .7 7 1 .9 2 1 .0 2 2 .0 9 3 . 3 6 4 .81 3 . 8 9 3 . 9 5 2 .3 4 2 . 9 5

CCfe 1 .2 8 0 .7 0 0 .6 1 1 .1 3 2 .0 9 3 . 0 0 2 . 7 6 2 . 9 6 4 . 7 5 1 . 3 2
Tota l  1 0 0 . 5 0 1 0 0 . 3 2 1 0 0 . 3 0 1 0 0 .5 6 1 0 0 . 4 7 9 9 . 6 2 9 9 . 4 2 9 9 . 5 8  9 8 . 8 8  1 0 0 .2 1
F e *203 3 . 5 2 4 .71 2 .7 7 2 .6 0 2 . 6 6 4 .1 9 4 . 2 3 5 .3 4 2.53 3.91

Z r 2 0 0 1 8 8 2 0 3 2 6 9 2 3 9 2 3 9 2 3 7
Y 2 6 2 8 21 2 7 2 7 31 31
S r 9 3 9 6 1 3 3 1 3 3 1 3 7 1 0 6 1 1 5
U 2 2 2 2 2 4 2
Rb 8 9 1 0 6 6 8 8 5 8 7 9 5 1 0 0
Th 7 8 4 6 8 9 9
Pb • 2 0 2 0 1 5 15 1 7 2 0 2 0
Ga 1 2 13 7 1 2 1 3 1 1 1 5
Zh 4 8 61 3 9 5 6 6 3 6 8 7 2
Cu 9 13 6 1 3 1 6 1 7 1 8
Ni 1 9 3 3 19 2 6 2 8 31 31
Co 8 1 3 7 16 1 1 1 1 1 0
C r 8 4 9 4 6 9 8 9 8 7 9 7 9 2
Ce 5 8 6 5 3 8 5 6 5 5 6 6 6 0
Ba 3 4 6 3 4 5 3 2 2 3 3 6 3 41 3 4 1 3 6 6
La 2 5 2 9 1 9 2 2 2 3 2 7 3 2

Continued
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Table 9.6 continued
K1 K 1 K 1 K 1 K 1 K 1 K 1 K 1 K 2 K 2

1 . 1 b 1 . 6 b 2 . 2 b 2 . 8 b 3 . 1 b 3 . 9 b 4 . 4 b 5 . 2 b 0 . 6 b 1 .O b

Si02 8 1 . 4 4 8 1 . 0 3 8 2 . 1 5 8 1 . 5 2 7 0 . 3 2 7 4 . 0 5 7 5 . 6 2 7 4 . 3 1 7 6 . 3 0 7 5 . 0 3

TiC>2 0 . 6 7 0 .6 0 0 .5 4 0 .5 3 0 . 5 7 0 .5 4 0 . 5 5 0 . 5 3 0 . 7 6 0 . 8 3
AI2O 3 8 .4 0 8 .51 8 .3 3 8 . 1 9 8 .8 1 8 .4 6 8.12 8 . 4 2 1 0 . 9 0 11.10
Fe203 1 .4 8 1 .9 7 2 .5 0 1 .9 9 2 . 2 5 1 .9 7 1 .1 3 1 .8 2 2 . 0 4 2 .9 6
FeO 1.02 1 .1 6 1 .6 2 1 .3 2 1.41 1 .3 5 0 . 9 7 1 .0 7 1 .5 2 1 .6 2

MnO 0 . 0 6 0 .0 7 0 .1 4 0.02 0 .0 7 0 . 0 9 0 . 0 7 0 . 0 7 0 . 0 3 0 .0 9

MgO 1 .1 4 1 .0 6 0 .9 8 0 .9 8 0 . 9 6 1 .9 5 1 . 8 5 1 .9 0 1 . 4 3 1 .4 7

CaO 0 .3 4 • 0 .3 3 0 .2 6 0 .1 8 4 . 1 7 2 .8 1 2 .9 1 3 . 1 2 0 . 1 6 0 . 1 5

Na20 1.20 1 .31 1 .8 2 1 .4 5 0 . 8 0 1 .2 7 1.00 1 .0 3 1 .0 5 1 .0 7

K2O 2.02 2 . 0 3 2.01 2 . 0 5 2.02 2 . 0 3 1 . 9 7 1 .9 5 2 . 3 0 2 .5 0

P2O 5 0 .0 9 0.10 0 .0 8 0 .0 5 0.10 0.10 0 . 0 4 0 . 0 8 0 . 0 4 0 .0 4
H2O 2 . 0 6 1 .8 2 1.21 1 .4 2 4 . 3 2 3 . 8 0 4 . 0 4 3 . 7 5 3 . 0 6 2 . 3 2

CO2 0 . 8 2 0 . 5 0 0 .4 0 0 . 5 2 3 .1 1 1 .3 2 3 . 0 5 2 . 8 4 1 . 6 2 2 .1 4
Tota l  1 0 0 .7 4 1 0 0 .4 9 1 0 2 . 0 4 100.20 9 9 . 9 0 9 9 . 6 4 1 0 1 . 3 7 100 .76 101 .24 101.32

F e *203 2 .6 1 3 . 2 6 4 .3 0 3 . 4 6 3 . 8 2 3 .4 7 2.21 3 .0 1 3.73 4.76

Z r 3 1 0 2 5 8 1 7 3 2 0 5 1 8 6 211 1 7 3 2 1 6 2 2 7 1 6 4

Y 2 7 2 4 19 2 3 22 21 20 2 7 2 8 20
S r 9 2 91 9 0 1 5 5 1 1 5 1 1 5 1 1 9 9 0 91 9 7
U 3 3 3 2 3 2 2 2 3 2
Rb 6 9 7 0 68 7 3 7 3 71 6 7 9 0 9 9 7 3

Th 7 6 4 5 6 5 6 7 10 6
Pb 16 1 7 1 3 15 1 7 17 1 4 21 22 15
Ga 9 8 9 9 9 8 9 1 4 1 4 1 1
Zh 4 6 4 5 3 8 5 7 4 9 4 7 4 7 6 2 5 4 4 8

Cu 2 4 7 8 8 3 5 6 5 1 3

Ni 1 7 20 20 22 20 17 1 9 22 1 5 1 5

Co 10 6 7 8 10 8 4 9 8 5

C r 1 0 7 41 6 2 7 2 1 1 8 9 7 9 3 1 0 7 1 0 4 8 0

Ce 51 4 5 3 4 5 0 4 4 41 3 6 6 1 6 5 3 8

Ba 3 0 7 3 0 0 3 1 4 2 9 8 3 0 0 3 01 3 0 9 3 0 9 3 3 9 3 3 8

La 22 22 1 6 19 2 3 1 7 1 6 2 6 3 0 1 6

K2 K 2 K 2 K 2 K 3 K 3 K 3 K 3 K 4 K 4
1 . 6 b 2 . 7 b 3 . 8 b 4 . 2 b 0 . 6 b 1 . 8 b 3 . 5 b 4 . 0 b 0 . 3 b 0 . 8 0 b

Si02 7 1 . 8 6 7 8 .5 1 7 3 . 2 0 7 2 . 3 8 6 8 . 3 3 7 7 . 0 9 6 6 . 8 7 6 7 . 8 7  6 7 . 9 2 7 2 . 8 5

TiC>2 0 .8 2 0 .5 4 0 .5 1 0 .5 4 0.88 0 .7 9 0 . 6 5 0 . 5 7 0 . 7 4 0 . 7 2

CO0CM<

1 1 . 9 5 8 .9 0 8 .5 1 9 .2 2 1 3 . 9 0 1 0 . 6 5 1 0 . 6 5 9 .7 1 1 0 . 7 9 1 0 . 5 7

FG203 3 .6 1 1.68 1.81 2 .2 8 5 .4 1 1 .1 5 2 . 1 7 2 . 1 6 2.10 2 .8 3
FeO 1 .6 4 1 .3 8 1 .4 2 1 .0 4 1 .4 0 1.31 1 . 6 7 1 .5 4 2 . 6 0 2 . 3 0

MnO 0 .0 9 0.10 0 . 0 6 0 . 0 4 0 .0 5 0.02 0 . 0 7 0.10 0 . 0 5 0 . 0 6

MgO 1 .7 9 1 .8 3 1 .6 4 2.10 1 .8 0 1.22 2 . 4 5 2 . 2 8 1 .5 3 1.51

CaO 0 .2 4 1 .5 2 3 .3 3 3 .2 7 0 .0 5 0.12 4 . 6 4 4 . 4 4 0 . 3 0 0 . 3 0

Na20 1 .1 5 1 .0 9 1 .1 8 1 .2 4 1 .1 4 1 .6 3 1.68 2.20 0.66 1 .3 7

K2O 2 .5 0 2.10 2 .0 4 2 .1 6 2 .5 3 2 .2 8 2 . 2 5 2 . 1 5 2 . 3 3 2 . 3 0

P2O 5 0 .0 9 0.10 0 .0 6 0 . 0 4 0 . 0 6 0.02 0.11 0 . 1 0 . 0.11 0 . 1 3
H2O 2 .5 4 1 .8 7 4 .8 6 4 .8 6 3 . 2 4 3 .0 7 3 . 6 6 2 . 4 4 2 . 3 0 3 . 2 0

CO2 1 .9 6 0 .7 7 1 .9 9 1 .0 9 1 .0 9 1 .4 2 4 . 2 3 5 . 1 5 2 . 0 5 2.12
Total 1 0 0 . 2 3 1 0 0 .3 4 1 0 0 . 6 3 1 0 0 . 3 2 9 9 . 8 8 1 0 0 . 7 7 101.10 1 0 0 . 7 6  9 9 .7 0 100 .26

F e *203 5.43 3 .21 3 .3 9 3 . 4 4 6 .9 7 2 .6 1 4 . 0 3 3 . 8 7 4 .9 9 5.39

Z r _ _ 1 6 4 1 6 8 1 6 6 201 1 8 2 112 1 1 3

Y 20 20 20 2 7 2 3 3 0 3 7

S r 9 7 122 121 8 4 1 3 9 1 5 3 102
U 2 2 3 5 4 2 4

Rb .  . 7 3 7 2 7 7 1 0 9 9 0 1 6 4 1 8 4

Th 6 4 4 1 1 7 1 3 1 4

Pb 1 5 1 5 1 5 2 4 1 8 3 9 3 9

Ga 1 1 1 0 9 1 6 1 4 22 2 5

Zn . _ 4 8 51 51 7 4 6 4 1 3 2 171

Cu . . 1 3 6 8 9 1 1 7 4 9 8

Ni 1 5 1 9 2 4 2 9 2 9 5 9 5 6

Co . . 5 7 2 7 1 4 1 0 2 7 2 4

Cr 8 0 9 3 9 8 1 1 4 1 0 3 121 1 4 3

Ce 3 8 4 4 71 61 51 81 9 4

Ba 3 1 3 3 0 0 3 4 0 3 5 9 3 2 0 3 9 2 3 6 4

La 1 6 1 7 3 4 3 0 22 4 2 4 4

Continued
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Table 9.6 continued
K4 K 4 N 5 N 5 N 5 N 5 N 5 N 5 N 5 N 5

1 . 6 b 2.1  b 0 . 5 b 1 . 2 b 2.1  b 3 . 0 b 3 . 6 b 3 . 9 b  4 . 4 b 4 . 7 b

Si02 6 1 . 4 5 6 1 . 9 9 7 5 . 7 6 7 3 . 3 2 7 1 . 1 9 7 6 . 5 2 7 6 .8 0 7 5 . 2 0  7 0 . 9 2 7 6 . 9 2

T i02 0 .7 2 0 . 8 3 0 . 7 0 0 .7 5 0 . 7 8 0 .7 4 0 .5 5 0 . 4 9 0 .5 6 0 .5 6

AI2O 3 1 0 .5 7 1 3 .9 3 1 1 . 0 5 1 2 . 2 8 1 2 . 4 9 1 1 . 1 9 9 .0 8 8 . 7 2  1 0 . 1 8 7 .1 5

Fe2c 3 4 .1 0 4 .4 4 2 . 6 5 2 .8 4 3 . 4 4 2.68 2 .0 8 1 . 7 2 2 .2 8 5 .2 6

R O 2 .0 4 2 . 1 6 1 . 3 2 1 .4 0 1 .5 6 1 .1 3 2 .1 7 1 . 4 5 2 . 1 7 0 .9 4

MnO 0.12 0.21 0.01 0 . 0 5 0 . 0 7 0 . 0 4 0 .0 9 0 . 0 7 0 .0 9 0 .0 4

MgO 3 .2 0 2 .1 9 1 .5 6 1 .7 8 1 .7 7 1 .6 7 1 .6 0 1 . 8 0 1 .51 1 .1 5

CaO 1.20 0 .2 5 0 . 2 7 0 .2 9 0 . 2 6 0 . 2 8 1 .51 1 . 5 8 1.91 0 .3 6

Na20 1 .0 8 1 .3 6 1 .3 2 0.86 0 . 9 9 1 .1 6 0 .9 0 1 . 3 0 0 . 9 7 0 .9 2

K2O 2 .9 2 2 .7 9 2 . 3 4 2 .4 9 2 . 4 0 2.20 2 .4 4 2 . 1 9 2 . 5 4 1 .9 6

P2O 5 0.12 0 . 0 7 0 . 0 7 0 .0 7 0.11 0 . 0 9 0 .0 7 0 . 0 9 0 . 0 5 0.12
H2O 3 .9 2 4 . 8 0 2 . 6 3 2.88 2 .8 1 2 .7 1 2 .91 2 . 5 3 3 .1 1 3 .6 2

CO2 4 . 5 5 5 .4 5 1.11 1 .0 5 2 . 3 2 1 .5 7 1 .7 3 2 . 5 7 2 . 4 3 1 .0 4

Total 9 9 . 4 6  100 .28  1 0 0 . 7 9 1 0 0 . 0 6 100.20 1 0 1 . 9 8 101 .7 6 9 9 . 7 1  9 8 . 7 2  1 0 0 . 4 0

F e * 2 0 3 6 . 3 7 6 .8 4 4 . 1 2 4 . 4 0 5 . 1 7 3 . 9 4 4 .4 9 3 . 3 3 4 . 6 9 6 .3 0

Z r . . 171 1 7 4 1 9 0 1 91 1 8 8 1 5 6 1 6 2 1 6 2 1 7 4

Y 2 9 1 9 2 4 3 3 22 1 9 20 2 3 18

S r 9 3 8 9 9 3 9 5 9 0 1 0 3 1 0 3 1 0 9 9 9

U 4 3 2 4 2 2 2 1 2
Rb 1 2 7 8 7 1 0 4 102 9 8 8 5 81 9 4 6 7

Th 11 6 9 8 7 5 2 7 3

Pb 2 5 21 2 3 2 5 17 1 4 1 5 21 1 7

Ga 1 7 1 3 14 1 5 13 1 1 10 13 7

Zh 8 9 5 4 6 9 81 5 9 5 5 5 7 7 0 4 0

Cu 15 12 7 1 1 7 8 8 14 12
Ni 3 9 1 9 3 4 3 6 2 5 22 2 6 3 2 1 7

Co 1 4 7 12 1 8 9 7 10 1 1 10
C r 1 1 6 8 3 9 8 1 0 4 86 9 6 7 7 110 7 8

Ce 7 5 4 7 5 5 71 5 2 41 4 8 5 7 4 0

Ba 3 5 5 3 3 3 3 5 0 3 5 0 3 2 9 3 0 7 3 0 7 3 5 0 3 21

La 3 2 2 3 2 4 2 9 20 1 7 22 2 5 1 9

N5 N 5 N 5 S K S K S K S K BB BB BB  .

5 . 1 b 6 . 2 b 7 . 1 b 0 . 6 b 1 . 2 b 2 . 1 b  2 . 9 b 0 . 7 b 1 . 3 b 2 . 0 b

Sj0 2 7 8 . 0 2 7 8 . 4 7 7 5 . 6 0 7 0 . 1 2 8 2 . 7 5  7 9 .7 5  8 4 . 1 5 7 7 .00 8 4 . 9 5 8 1 . 9 5

TiC>2 0 .4 7 0 . 3 7 0 . 4 0 0 . 8 3 0 . 4 3 0 .3 9 0 . 4 0 0 .57 0 . 3 8 0 . 4 4

AI2O 3 8 .7 5 6 .8 5 7 . 0 7 1 4 . 6 5 6 . 9 7 7 .1 7 6 . 4 6 9 .83 6 .7 1 7 . 6 3

Fe203 1 .4 9 1 .4 8 1.00 2 . 9 5 1 .9 1 1 .5 9 1 .2 6 1 .2 9 2.02 2.21
FeO 1.11 1.66 1.21 1 .2 3 1 .0 4 1 .6 2 0 . 9 4 1 .81 1 .31 1 . 0 4

MnO 0 .0 4 0 . 0 4 0 .0 6 0 . 0 6 0 . 1 3 0 .0 6 0 . 1 3 0 .0 3 0 . 2 8 0 . 0 7

MgO 1 .3 8 1 .1 3 1 .6 0 1 .7 2 0 .8 4 0 .51 0 . 7 6 0 .9 8 0 . 7 0 0 . 9 0

CaO 0 .2 5 3 .0 0 3 . 7 7 0 1 9 0 . 3 2 0 .9 2 0 . 2 8 0 .20 0.21 0 . 2 8

Na20 0 .9 2 1.01 0 . 7 5 0 . 9 6 0.86 0 .9 2 0 . 9 4 0 .6 0 0 . 7 4 0 . 7 9

K2O 2 .1 7 1 .9 4 1 .9 0 2.66 1 . 7 7 1 .7 9 1 . 7 6 2 .02 1 .6 7 1 .7 4

P2O 5 0 .0 8 0 . 0 7 0 .0 7 0 . 0 5 0 . 0 5 0 .21 0 . 0 7 0 .0 5 0 . 0 8 0 . 1 3

H2O 2 .5 5 2 . 7 4 1 .7 4 2.20 1 . 3 0 2 .8 4 1.10 3 .9 4 0 . 9 0 1 .9 5

CO2 1 .9 5 2 . 2 6 3 .9 9 3 . 0 0 2 . 1 4 3 .0 8 2 . 3 0 2 .10 0 .4 1 1 .0 4

Total 9 9 . 1 8  1 0 1 . 0 2 9 9 . 1 6  1 0 0 . 6 2  1 0 0 .5 1  1 0 0 .8 5  1 0 0 . 5 5  1 0 0 .4 2  1 0 0 . 3 5 100 .35

F e * 2 0 3 2 . 7 2 3 .3 2 2.34 4 . 3 2 3 . 0 7 3 .3 9 2 . 3 0 3 .3 0 3 .47 3.37

Z r 1 2 5 1 4 3 1 3 9 1 6 7 1 4 5 2 1 5 2 0 3 1 2 4

Y 6 3 1 4 1 6 2 4 1 8 1 6 1 5 3 6

S r 1 1 8 1 1 3 1 3 0 91 8 2 88 8 3 7 2

u 3 2 1 1 2 2 2 3

Rb 1 8 2 66 66 7 4 5 9 5 9 5 8 8 3 ■ *
Th 1 8 4 4 5 4 3 3 9 '  ■
Pb 4 6 1 5 1 3 1 6 1 1 1 4 1 3 22 ■ ■
GQ 2 5 8 8 1 2 8 7 5 0 * ■

Zn 1 86 3 6 3 8 4 2 3 9 2 9 2 7 68 * ■

Cu 3 7 4 1 9 6 6 6 4 0 51 ■ -
Ni 6 3 1 9 1 4 19 1 4 1 0 1 3 3 6 ■ •

Co 20 2 1 6 6 1 4 12 * ■
C r 1 4 4 66 5 5 1 0 4 1 3 2 1 9 2 5 9 8 9 ■ ■
Ce 1 3 0 3 8 3 5 5 5 3 3 3 1 3 6 7 6 ■ ■
Ba 3 3 6 2 8 9 2 9 0 4 4 6 5 2 6 3 7 7 3 6 6 5 0 2 * ■
La 7 0 1 5 1 6 2 6 1 5 1 3 10 3 8
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Table 9.7 Major and trace elements analyses of the present-day intertidal 
sediments (bulk samples) from three of the studied areas (Dp, 
Dalbeattie area; Kp, Kirkcudbright area; Np, New Abbey area)

Dp D p D p Dp D p Dp Dp Dp D p Dp
1 * 2 b 1 - 3  b 1 - 4 b 1 - 5  b 1 - 6 b 1 - 7 b 1 - 8 b 2 -1  b 2 - 2 b 2 - 3 b

Si02 7 5 . 0 4 7 4 .7 1 7 2 . 1 2 7 3 . 9 0 7 8 . 3 7 7 9 . 0 8 7 9 . 0 4 7 1 . 4 0 6 5 . 9 4 6 8 . 5 2
T i02 0 . 6 5 0 .5 8 0 . 5 3 0 .4 9 0 . 5 2 0 . 6 4 0 . 5 3 0 .5 0 0 .5 5 0 .5 6
AI2O 3 7 . 1 7 7 .0 4 7 . 7 5 7 . 0 4 6.20 5 . 9 2 5 . 8 9 7 .6 8 8.00 8 . 0 7
F e203 1.51 1 .3 0 1 .8 5 1 .1 7 0 .7 1 1 .0 4 1.02 1 .9 6 2 .4 1 1 .8 4
FeO 1.10 1.20 1 .0 9 1.22 1 .31 1 .0 6 0 .9 6 1 .0 4 1 .0 4 1 .3 3
MnO 0 .0 8 0 . 0 8 0 . 0 9 0 .0 9 0 .0 7 0 . 0 8 0 .0 8 0.12 0.00 0 .0 7
MgO 1 .7 5 1 .6 2 1 .7 3 1 .5 0 1 .4 5 1 .3 8 1 .41 1 .8 2 1 .9 4 1 .6 0
CaO 3 . 5 7 3 .5 6 3 . 7 8 3 . 5 4 3 . 1 4 3 . 2 0 3 . 1 0 4 .0 5 4 . 1 0 3 .5 7
Na20 1 .7 0 2 .4 2 2 . 0 7 1 .5 3 2 .2 3 1 . 4 3 2 .8 1 1 .8 2 1 .9 9 2 .3 5
K2O 1 .7 2 1 .7 7 1.86 1 .6 9 1 .6 9 1 .5 8 1 .7 2 1 .8 7 1 .9 3 1 .7 9
P2O 5 0.12 0.12 0.11 0.10 0.11 0.12 0.11 0.12 0 .4 1 0.12
H2O 1 .7 7 2 . 1 6 2 . 1 7 2 . 3 4 1 .1 8 1 .8 7 0 . 8 0 2 .7 7 3 .9 5 3 .51
CO2 4 .6 5 3 . 0 8 2 . 1 8 4 .7 5 3 . 9 6 2 . 8 4 3 .2 2 5 .6 8 6 .0 9 5 .8 4
To ta l 1 0 0 . 8 3 9 9 . 6 4 9 7 . 3 3 9 9 . 3 6 9 9 . 9 4 1 0 0 . 2 3 9 9 . 6 9  1 0 0 . 7 9 9 8 . 4 9 9 9 . 1 0
l;e *203 2 .7 3 2 . 6 3 3 . 0 6 2 .5 3 2 . 1 7 2.22 2 .0 9 3 .1 2 3 .5 7 3 .3 2

Z r 4 1 1 3 5 5 2 3 0 2 1 9 2 9 3 3 9 3 1 9 9 . . . 1 2 4
Y 2 7 2 4 22 19 1 9 2 3 2 3 3 3
S r 1 3 8 1 3 9 1 3 9 1 3 8 120 1 17 1 6 5 200
U 3 4 3 2 2 2 2 3
Rb 5 8 5 8 6 4 5 7 5 2 4 9 7 4 1 2 4
Th 7 7 4 4 2 2 5 9
Pb 31 3 3 3 7 2 6 22 1 9 5 0 1 0 4
Ga 6 7 9 7 5 6 10 1 8
Zn 61 6 2 7 4 5 4 4 5 . 4 1 1 0 3 2 2 8
Cu 8 8 7 8 6 2 1 7 1 1 6
Ni t 3 13 20 12 8 7 2 3 4 4
Co 2 9 6 8 1 3 10 21
C r 9 9 9 5 8 7 1 8 0 7 2 8 7 1 0 6 1 2 3
Ce 4 9 4 2 41 3 7 3 0 3 8 4 7 7 7
Ba 3 0 5 3 01 3 1 2 2 8 9 2 8 6 2 7 2 3 1 7 3 5 7
La 1 7 21 1 9 1 6 1 9 1 4 21 4 0

Dp K p K p K p K p Kp K p K p K p K p
2 - 4  b 1 -1  b 1 - 3 b 1 - 4 b 1 - 5 b 2 -1  b 2 - 2 b 2 - 3 b 2 - 4 b 3 - 1  b

S i0 2 7 2 . 1 2 6 5 . 0 3 6 7 . 4 2 6 6 . 8 9 7 2 . 3 0 6 5 . 3 5 6 9 . 2 1 6 9 . 0 4 6 8 . 0 9 7 5 . 0 3
Ti02 0 .5 3 0 .6 5 0 . 6 2 0 . 6 0 0 .5 4 0 . 6 2 0 .6 0 0 .6 0 0 . 6 0 0 .5 7
AI2O 3 7 .7 5 10.00 9 .0 4 9 .4 8 7 . 5 5 9 .0 1 8 .7 0 8 . 9 3 9 . 5 5 7 . 1 3
Fe203 1 .8 5 2 . 7 8 2 . 3 2 1 .6 9 1.51 1.86 1 .7 9 2.00 2 .0 9 1 .4 3
FeO 1 .0 9 1 .5 6 1 .4 6 2 .0 5 1.12 2 . 0 4 1 .6 3 1 .1 5 1.61 1.11
MnO 0 .0 9 0.10 0.11 0 . 1 5 0 . 0 8 0 . 1 3 0 .0 9 0.01 0 . 0 9 0 . 0 8
MgO 1 .7 3 2 .4 0 1 .9 4 2 .0 8 1 .5 9 2 . 2 7 1 .81 1 .9 7 2 .1 5 . 1 .5 8
CaO 3 .7 8 3 . 3 4 3 . 8 3 4 .1 3 3 .6 7 3 . 7 9 3 . 6 7 3 .8 5 3 . 8 4 3 .4 2
Na20 2 . 0 7 0 . 9 6 1 .8 5 1 .1 6 1 .3 0 1 .1 5 1.02 1.20 1 .2 7 1.02
K2O 1.86 2 .2 6 2 . 0 9 2 .0 3 1 .8 2 2 . 0 8 1 .9 4 2.00 2 .0 6 2 .6 4

P2O 5 0.11 0 .1 4 0 . 1 4 0 .1 6 0.12 0 . 1 7 0 .1 5 0 . 1 5 0 . 1 5 0 .1 3
H2O 2 .1 7 4 .3 7 3 . 7 8 4 . 3 2 3 .7 3 3 . 3 5 3 .5 7 3 . 0 6 2 .6 4 2 . 0 4

CO2 2 .1 8 5 . 8 2 5 . 1 6 5 . 8 7 5 .1 4 8 .8 1 8 .3 3 6 .2 3 4 . 8 0 5 .4 6
Tota l 100.24 9 9 .4 1 9 9 . 7 6 1 0 0 .6 1 1 0 0 .6 1 1 0 0 . 4 7 1 0 0 .5 1 1 0 0 . 1 9 98 .94 100 .76
F e *203 2.61 4 .51 3 .9 4 3 .9 7 2 .7 5 4 . 1 3 3 .6 0 3 .2 8 3 . 8 8 2.66

Z r 1 3 5 .  _ 222 2 8 4 221 2 5 5 _ . 2 4 6 3 4 7
Y 31 2 6 20 2 6 2 4 2 5 2 3
S r 212 161 1 4 2 1 4 9 1 4 6 1 5 3 1 3 4
U 1 2 2 3 3 2 3
Rb 121 8 0 6 2 8 3 7 2 7 4 6 0
Th 8 5 5 7 6 3 4
Pb 121 5 4 2 7 5 7 4 5 4 4 2 8
Ga 19 10 8 1 1 9 10 7
Zh 2 3 9 1 5 4 8 2 1 4 4 120 1 2 8 7 0
Cu 181 1 7 6 1 7 12 1 5 4
Ni 4 4 2 7 1 8 3 2 22 22 14
Co 19 1 3 9 10 10 11 6
Cr 1 1 9 9 6 9 4 9 7 1 0 6 8 9 88
Ce 8 2 5 4 4 3 5 7 4 7 5 5 4 5
Ba 3 6 0 3 2 2 2 91 3 3 4 3 1 7 3 1 7 301
La 37 2 4 14 2 9 21 2 8 14

Continued
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Table 9.7 continued
Kp K p Kp

3 - 2 b 3 - 4 b 4 - 3  b

S i0 2 7 5 .1 1 7 5 . 0 0 7 4 . 1 3
T i02 0 . 5 2 0 .4 7 0 . 4 7
AI2O 3 7 . 3 9 7 . 0 8 7 . 2 7
Fe203 1 .3 0 1 .6 5 1 .5 4
FeO 1 .4 0 0 . 9 4 0 . 9 2

MnO 0 . 0 7 0 . 0 7 0 . 0 8
MgO 1 .5 5 1 . 6 5 1 . 4 5

CaO 3 . 1 6 3 .6 1 3 . 4 5

Na20 1 .2 7 1 .6 0 1 . 1 8

K2O 1 .8 2 1 .8 2 1 . 8 4

P2O 5 0.12 0.11 0.01
H2O 2 . 1 4 2 . 4 5 2 . 2 6

CO2 5 . 5 2 4 .1 1 5 . 7 7
Total 1 0 1 . 3 7 1 0 0 . 5 6 1 0 0 . 5 6
F e *203 2.86 2 . 6 9 2 . 5 6

Z r 2 7 3 2 2 3

Y 20 1 9

S r 1 3 3 1 4 5

U 3 3

Rb 5 9 6 1

Th 4 4

Pb 3 0 2 7

Ga 6 9

Zh 68 7 4

Cu 5 8
Ni 12 1 4

Co 6 7

C r 66 6 2

Ce 41 4 0

Ba 2 9 1 2 9 9

La 1 7 1 6

N p Np Np N p
1 -1 b 1 - 2 b 1 - 3  b 1 - 4 b

7 4 . 0 9 7 7 . 8 5 7 5 . 5 8 7 4 . 3 2

0 .5 0 0 .4 9 0 . 5 2 0 .5 4

7 .8 6 7 .0 1 7 .6 4 8 . 3 3

1 .7 6 1 .6 0 2.20 2 . 5 9
1.00 1 .0 9 1 .5 0 1 .3 0
0 .0 8 0 . 0 6 0 . 0 8 0 . 0 9
1 .6 0 1 .4 2 1 . 4 6 1 .5 6
3 .1 0 2.68 3 . 0 6 3 .1 5
1 .4 3 1 .3 0 1 .1 3 1.02
1 .8 3 1 .81 1 .8 0 1 .8 2

0 . 0 9 0.11 0.12 0.12
2 . 4 7 1 .9 5 2 . 0 7 2 .1 8

4 .4 5 3 .0 0 4 .0 4 4 .4 0
1 0 0 . 2 6  1 0 0 . 3 7 1 0 1 . 3 4 1 0 0 . 8 3

2 .8 7 2 .8 1 3 . 8 7 4.03

1 8 9 3 0 8 1 1 3
1 9 20 31

1 2 7 1 1 6 202
1 3 3

6 3 5 9 1 3 4
3 3 8

1 9 3 5 1 1 4
8 8 • 19

4 6 6 3 2 5 1
5 9 1 3 9

1 9 1 3 4 9
4 7 22

7 0 8 3 1 2 6
3 9 3 8 7 5

2 6 7 3 0 2 3 3 0
18 1 8 4 2
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Table 9.8 Major and trace elements analyses of clay fraction samples
of the Holocene raised coastal sediments from the various 
areas studied (D2 to D10, Dalbeattie area; K1 to K4, 
Kirkcudbright area; N5, New Abbey area; SK and BB, 
Lochar Gulf area) and five selected samples from two 
areas of the present-day intertidal sediments (Dp, 
Dalbeattie area; Kp, Kirkcudbright area)

D2 D 2 D 2 0 3 D 3 D 4 D 4 D 4 D 4 D 5

1 . 1 0 2 . 5 0 2 . 7 0 1 . 4 0 1 . 9 0 0 . 5 0 1 . 2 0 2 . 1 0 2 . 9 0 0 . 7 0

Si0 2 47.91 5 0.40 5 0.67 49.18 50.17 5C.39 50.11 48.50 53.53 60.60

TiCfe 0 .74 0.81 0 .77 0.73 0.69 0.88 0.95 0.85 0 .92 0.98

AI2O3 22 .00 23.63 22 .63 22.53 22.84 21.70 21.80 21.48 18.96 17.85

FS2O3 8.81 6 .06 4 .87 9.24 7.59 6.80 7.12 10.24 4 .16 3 .52
FeO 1.76 1.95 1.44 1.12 1.57 1.62 1.30 1.45 2 .30 1.82

MnO 0.04 0 .03 0 .04 0.04 0.06 0.11 0.10 0 .18 0 .07 0 .06

MgO 3.95 3 .00 2 .9 2 3.30 3.65 3.21 3.35 3.47 3 .83 2.64

CaO 0.38 0 .32 0 .35 0.36 0 .40 0.52 0.26 0.42 2 .09 0.34

NagO 0 .52 0 .13 0.64 0.89 0.68 0.23 0.48 0.45 0.44 0.91

KgO 4.09 4.68 3 .60 4.12 4 .48 3.87 4.06 4.07 3.61 3 .50

P2 ° 5 0 .18 0 .17 0 .27 0.19 0 .25 0.11 0.13 0.22 0 .16 0.14

HoO 6 .32 4.99 8 .14 4.26 4.31 7.09 8.61 7.34 6 .02 5 .15

CO2 3.74 2 .73 3 .18 1.84 2.74 3 .08 1.52 2.72 4 .39 2 .90

Total 100.44 98.93 99 .63 9 7.80 99.43 99.61 9 9.80  101.39 100 .48 100.41

Fe*2O3', 0 -77 8 .26 6 .47 10.48 9.33 8.60 8.56 11.85 6 .72 5.54

Zr 121 122 125 120 139 144

Y 3 7 21 40 37 33 32

S r 102 110 111 109 121 102

U 5 4 4 3 4 3

Rb 2 14 192 201 191 167 162

Th 16 13 13 16 10 12

Pb 4 2 35 37 49 3 4 3 0

Ga _ 30 28 28 28 2 3 21

Zn 147 160 140 158 123 114

Cu 139 104 50 93 57 66

Ni 58 58 63 83 60 41

Co 23 29 20 36 23 19

Cr _ _ 152 157 153 152 139 118

Ce . _ 112 7 7 112 111 98 82

Ba 4 16 438 432 375 4 32 432

La - - 26 - - - - - - 38 59 51 52 37

D 6 D 6 0 6 D 7 D 7 D 7 0  7 D 8 D 8 D 8

0 . 5 0 1 . 7 0 2 . 6 0 0 . 4 0 1 . 6 0 2 . 2 5 3 . 7 0 0 . 4 0 1 . 4 0 2 . 0 0

Si02 45.95 4 9.45 5 0 .77 47.83 49.17 50.77 49.85 50.34 48.00 51 .67

Ti0 2 0 .86 0 .72 0 .63 0.91 0 .73 0.82 0.77 0.91 0 .79 0 .95

AI2O3 23.36 22.57 21.44 22.75 22.41 23.31 21.54 23.35 23.48 22 .22

F<?203 5.17 5.46 5 .47 5.03 8.33 8.61 7.34 7.66 8.34 6 .63

R O 1.38 1.65 2.23 1.67 1.45 1.61 1.96 2.04 1.97 1.79

MnO 0.01 0 .05 0 .04 0.02 0 .02 0.05 0.08 0.04 0.09 0 .17

MgO 3.06 3 .27 3 .10 2.40 3 .17 3.47 4.27 2.77 3 .35 3 .90

CaO 0.84 0 .55 0 .20 0.51 0.34 0.33 1.14 0.28 0 .27 0 .40

NagO 1.04 1.32 1.20 0.27 0 .65 0.50 0.24 0.01 0 .20 0 .28

KgO 3.85 4.04 3 .98 3.94 4.01 4.32 4.25 3.61 4 .03 4.27

P2 °5 0 .08 0 .14 0 .12 0.19 0 .18 0.33 0 .16 0.11 0.18 0.14

FUO
CO2
Total

7 .94 4 .89 6 .00 10.42 7.34 4.25 6 .30 6.54 6.98 5 .16

6 .55 5.33 2 .79 5.18 3.01 1.82 2 .20 2.21 2.82 2 .09

100.09 99.44 97.97 101.12 100.81 100.19 100.10 99.87 100 .50 9 9 .67

Fe*203  6 .70 7 .29 7 .95 6.89 9.94 10.40 9.52 9.93 10.53 8 .6 2

Zr 124 106 119 127 117 - -

Y _ _ 29 53 32 37 23 ■ *

Sr
u

93
3

79
4

101
2

105
2

99
4

Pb _ _ 210 179 198 2 00 179 * "

Th . _ 15 1 6 14 1 8 1 2 ■ -

Pb _ _ 51 4 1 58 55 42 ■ -

Ga . . 30 26 29 28 27 ■ ■

Zn . _ 236 3 22 146 162 118 - "

Cu _ . 248 869 212 183 107 - ‘

Ni _ . 43 56 65 67 53 —

Co . _ 16 22 26 24 19 * *

Cr .  _ 146 132 163 162 144 * -

Co . . 88 109 101 110 82 - ‘

Ba .  . 3 56 317 400 416 407 - - * "

L a 45 58 52 56 35
C o n t i n u e d
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Table 9.8 continued
D 8 D 9 D 9 D 9 D10 D 1 0 K 1 K 2 K 2 K 3

2 . 7 0 0 . 4 0 1 . 0 6 1 . 5 6 0 . 5 5 3 . 0 3 1 . 6 0 3 . 1 0 3 . 8 0 3 . 5 0

S i02 5 1 .4 7 4 9 .3 5 4 9 . 6 6 5 9 .0 4 5 0 .0 5 5 1 .1 9 4 8 .4 0 54.11 5 0 . 4 2 4 8 .0 8
T 1O2 0 .9 0 0 .8 9 0.88 0 .9 0 0 .7 8 0 .7 3 0.86 0 .7 7 0 .8 7 0 .7 7

CO
OCM

<

2 0 .8 5 2 2 .0 5 2 2 .7 9 18 .8 8 2 1 .3 5 2 2 .9 5 2 0 .7 8 16.42 2 2 .9 3 2 0 .9 0
Fe203 7.81 7.31 7 .9 9 5 .6 9 5 .9 5 5 .8 2 9.21 4 .24 8 .5 2 4 .8 8
FgO 1.89 2 .14 2 .4 4 1.86 1 .44 1.86 2 .8 9 1.94 2 .2 4 2 .5 0
MnO 0 .1 9 0 .0 6 0 .0 5 0 .0 4 0 .0 3 0 .0 9 0 .13 0 .0 7 0 .0 6 0 .0 5
MgO 3 .7 9 3 .1 2 3 .0 6 2 .7 3 2 .9 0 4 .0 5 3 .6 5 3 .5 0 3 .1 5 4 .0 0
CaO 0 .7 8 0.61 0 .41 0 .2 6 1 .5 0 2.31 0 .5 2 3 .4 4 0 .1 6 2 .9 0
Na^o 0 .4 9 0 .1 7 0 .5 8 0 .6 2 0 .8 7 0 .9 7 0 .0 7 1.40 0 .1 5 1 .03

KgO 4 .0 4 3 .8 8 4.01 3 .5 9 3 .1 0 3 .9 0 3 .2 5 3 .8 3 3 .9 6 3 .3 8

p2 ° 5 0.20 0 .1 3 1 .1 6 0 .1 4 0 .1 5 0 .1 5 0.22 0 .1 3 0 .0 9 0.11
HgO 5 .3 4 7 .6 2 6.12 4 .7 2 8 .7 6 3 .8 7 6 .4 2 6 .3 2 6.00 6 .7 6

CO2 2 .4 8 3.01 2 .0 4 1 .5 0 3 .2 4 2 .1 4 2.88 2 .9 4 1 .9 3 3 .7 8
Total 1 0 0 .2 3 10 0 .3 4 1 0 1 .1 9 9 9 . 9 7 100.12 1 0 0 .0 3 9 9 .6 8 9 8 .5 3  1 0 0 .3 5 9 9 .7 3
F e *203 9 .91 9 .6 9 1 0 .7 0 7 .7 6 7 .5 5 7 .8 9 12 .4 2 6 .4 0 11.01 7 .6 6

Zr 1 2 5 122 125 1 23 1 1 9 1 17
Y 3 2 21 31 2 7 4 6 2 9
S r 1 13 120 131 141 100 1 36
U 3 5 5 4 4 4
Rb 1 8 5 1 90 171 133 1 94 1 84
NI 13 12 12 9 13 13
Th 3 3 4 0 3 5 2 6 4 4 2 9
Pb 2 6 30 2 3 20 2 9 2 6
2h 1 3 5 111 141 120 1 9 5 1 48
Cu 5 9 77 80 74 1 3 0 120
Ni 61 5 2 61 4 7 6 2 6 4
Co 2 7 16 20 2 7 3 5 2 3
C r 1 39 1 4 6 1 39 9 8 1 6 8 1 36
Co 91 81 95 71 1 68 84
Ba 4 0 7 4 4 3 3 6 8 3 4 0 4 0 2 4 2 6
La 4 5 4 6 41 34 5 6 4 2

K 3 K 4 N 5 N 5 SK BB B 8 Dp Dp Dp
4 . 0 0 0 . 3 0 3 . 0 0 4 . 4 0 0 . 6 0 0 . 7 0 1 . 3 0 1 - 1 2 - 2 2 - 3

S i02 4 9 .4 2 4 6 .3 5 4 7 . 0 5 5 6 .2 2 4 7 .8 4 4 8 .4 7 5 7 .8 0 5 0 .7 7 5 7 .6 9 4 9 .6 4
TiC>2 0 .7 7 0 .7 7 0 .7 0 0 .8 7 0.68 0.71 0 .8 7 0.68 0.71 0 .6 5

CO
O<

1 8 .8 9 19 .9 0 2 0 . 7 0 18.51 2 2 .0 3 22.68 18 .83 14.99 1 4 .1 0 1 5 .3 5
F©203 4 .9 6 11 .4 5 6 .0 3 6 .6 4 5 .7 7 7 .4 5 4 .5 4 5 .0 2 1 .84 2.12
FeO 2 .1 4 2 .4 0 2 .3 4 2 .0 3 3 .6 6 1 .48 1 .90 2.02 1 .8 4 2.12
MnO 0 .1 5 0 .0 6 0 .0 7 0 .0 6 0 .0 8 0 .0 3 0 .0 5 0.22 0 .1 7 0 .1 5
MgO 3 .5 9 3 .5 2 3 .3 5 2 .9 9 4 .5 8 3 .2 0 2 .9 7 1.45 2 .8 5 3 .3 0
CaO 3 .5 8 0.20 1 .8 0 0 .9 0 0 .4 6 0 .5 9 0 .4 4 3 .5 0 4 .6 2 2.88
Nago 0 .9 6 1 .3 3 1 .9 0 0 .8 2 1.01 1.15 0 .7 9 1.09 1 .8 7 1 .3 4
KgO 3 .3 8 3 .6 6 3 .71 3 .3 9 4 .5 0 4.01 3 .6 5 2 .8 5 2 .4 4 3 .5 6

P2 ° 5 0 .1 4 0.21 0 .0 6 0.12 0 .0 9 0 .09 0 .1 7 0 .09 0 .1 5 0 .2 3
H jO 7 .3 9 4 .0 0 8 .0 6 5 .3 0 6.02 8 .98 5 .34 8 .04 3 .1 5 7 .1 2

CO2 4 .6 2 6.10 3 .8 4 3 .0 0 2 .3 0 3 .7 4 2 .1 5 8 .0 5 6.10 9 .1 9
Total 9 9 .8 0 9 9 .9 5 99 .6 1 1 0 2 .5 8 100.02 102 .58 9 9 .5 0 9 8 .7 7 9 9 . 1 9 9 9 . 3 7
Fe*2C>3 7 .3 4 1 4 .1 2 8 .6 3 8 .9 0 9 .8 4 9 .0 9 6 .6 5 5.54 6 .4 0 6 .4 0

Zr 1 06 141 110 1 4 5 142 144
Y 3 3 3 3 3 8 41 3 3 3 2
S r 9 8 1 0 5 9 5 101 104 102
U 6 4 4 3 3 3
Fb 1 78 1 5 6 1 59 202 171 1 62

Th 14 1 1 14 13 13 12
Pb 4 3 4 0 5 2 3 8 40 3 0

Ga 24 2 4 2 3 2 3 24 21
2h 1 87 1 3 6 191 1 59 154 114

Cu 102 122 17 1 69 161 66
Ni 5 3 55 64 1 26 60 66
Co 24 2 3 31 3 8 19 19

Cr 1 50 1 3 8 1 42 1 82 139 118

Ce 9 5 9 4 1 06 1 1 9 9 6 8 2

Ba 3 6 6 4 0 5 2 9 8 4 9 2 441 4 3 2

La 49 4 4 53 5 2 4 5 3 7
Continued
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Table 9.8 continued

SiOg

Kp  
1 -1  

4 9 .4 8

Kp
2 - 4

4 7 .9 9
TiC>2 0 .7 6 0 .6 5
AI2O 3 1 9 .0 3 1 7 .7 8
Fe203 3 .5 8 4 .9 5
FaO 2 .6 0 2 .5 6
MnO 0 .1 7 0 .1 5
MgO 3 .4 4 3 .4 6
CaO 3 .3 7 3 .3 2
NagO 1.10 1 .5 9

KgO 3 .3 6 3 .1 3

p2 ° 5 0.12 0 .0 9
HgO 4 .1 8 7 .2 3

CO2 6 .9 4 4 .6 5
Total 9 8 .4 2 9 9 .9 6
F e *20 3 6 .4 7 7 .7 9

Z r
Y
S r
U
Rb
Th
Pb
Ga
Zn
Cu
Ni.
Co
Ce
Ba
La
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PART IV

PALAEOENVIRONMENTS AND PROVENANCES



CHAPTER 10

SEDIMENTARY ENVIRONMENTS REPRESENTED BY THE HOLOCENE RAISED 

COASTAL SEDIMENTS

10.1 Introduction

Recognition of the presence of a number of distinct facies within the Holocene 

sediments of the Dalbeattie, Kirkcudbright and New Abbey areas (Chapter 5) prompts 

an attempt to identify the environments in which each of these facies was deposited. The 

relationships between tide-influenced sedimentary environments and facies have been 

considered by many authors, for example in Britain by Evans (1965), Greensmith & 

Tucker (1973; 1976) and Griffiths (1988), and elsewhere in a number of papers 

contained in a publication by de Boer et al. (1988) and in a paper by Frey & Howard 

(1 9 8 8 ) .

In this study, identification of the sedimentary environments is based on 

combinations of the following criteria, characteristics and procedural techniques, all of 

which may not be present or applicable in the case of any individual sedimentary facies:

1 ) Sedimentary structures, e.g. cross-stratification, rhythmic interlaminations.

2  ) Shape and location of the sedimentary body in relation to the position of the

contemporaneous shoreline.

3 ) Lateral and vertical variations in the individual sedimentary units.

4 ) Correlation of similar sedimentary units, to determine the lateral and vertical

continuity of the combined unit.

5 ) Presence and abundance of plant debris within a sedimentary unit.
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6  ) Comparison of present-day intertidal sediments of known environments with

Holocene sediments that possess similar characteristics, on the basis of (a) 

grain-size analysis, (b) clay-mineralogical analysis and (c) geochemical 

analysis.

Identification of the environments of deposition represented by the Holocene 

sediments of the area of the former Lochar Gulf has not been attempted in the course of 

this project for the following reasons:

1 ) Much of the surface of the former 'gulf is covered by a thick layer of peat.

2 ) Only the upper part of the inorganic sediments is exposed or has been sampled

in the course of this project.

3 ) Only limited data, from widely scattered locations, are available.

10.2 Holocene environments of the Dalbeattie area

As discussed in Chapters 4 and 5, and summarised in Table 5.1, the Holocene 

inorganic raised coastal deposits of the Dalbeattie area may be subdivided into three 

main sedimentary facies, those designated A, E and F. Facies E, consisting of grey to 

black clays, rich in plant debris, is thought to have been deposited in a coastal marsh or 

lake environment. The sediments of facies F, comprising marine-deposited gravel and 

sand, are regarded as beach deposits that accumulated on at least two different occasions 

when storm conditions prevailed.

Facies A, consisting mainly of silt grade clastic material, together with variable 

proportions of clay and fine sand, is thought to represent a complex of environments 

which were located close to high water mark. The differentiation of these environments 

is difficult solely on the basis of the few sedimentary structures that were observed in 

the deposits and on the geometry of the sedimentary bodies. On the basis of the
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dominance of the clay, silt and fine sand fractions and by comparison with the 

characteristics of the present-day sediments (Chapter 5.2), three sub-facies, Aa, Ab 

and Ac, may be recognised (Fig. 10.1). The lowermost sub-facies, Aa, is a pale 

grey-blue clayey silt which, in places (e.g. in an exposure in the western bank of the 

Urr Water at site D7), shows interlamination of silt and clay. It is suggested that this 

sub-facies was deposited in a marsh environment, similar to the present-day salt 

marsh, which was covered by marine waters at times of spring high tides. Sub-facies 

Ab consists of grey to blue clayey silt with fine sand and rare remains of microfauna, 

e.g. foraminifers and ostracods. In view of its resemblance to the upper part of the 

present-day intertidal sediments, it is suggested that the environment of deposition of 

sub-facies Ab was that of high tidal-flats. The uppermost sub-facies, Ac, comprises 

brown to grey clayey silt with pieces of plant debris. No traces of lamination were 

observed in this sub-facies, but in other respects the sediments resemble those of 

sub-facies Aa. It is therefore tentatively suggested that sub-facies Ac was deposited in 

the very  high tidal-flat or supra-tidal environment, similar to that of the present-day 

salt marsh. Clay mineralogical and geochemical studies (Chapters 8  and 9, above) 

showed no significant differences in the clay mineral and geochemical content of the 

three sub-facies of facies A.

At the base of one bore-hole through facies A in the Dalbeattie area (bore-hole 

D9, cf. Chapter 4.2.1; see also Fig. 10.2) a layer of fine sand with silt, and rich in 

foraminifers and ostracods, was encountered. As noted in Chapter 4, this deposit 

resembles the present-day intermediate to low intertidal deposits of the Dalbeattie 

area. The suggested environment of accumulation of this sediment is therefore the 

intermediate to low intertidal flat (Chapter 5.2.1). Geochemical analysis of this
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deposit showed a high percentage of SiC>2 in comparison with other oxides. The

concentration of trace elements was lower than in the (finer-grained) sediments of 

facies A. It should be noted that this deposit probably is the equivalent of facies D 

(Table 5.1), which was identified much more extensively in the Kirkcudbright, New 

Abbey and Lochar Gulf areas.

Geochemical and clay mineralogical analyses of sediments of facies E, 

represented by samples from bore-hole D5 (Fig. 4.3) gave the following results. The 

percentage of SiC>2 in these clays is lower than that in the sediments of facies A, the 

content of other oxides accordingly being higher. The concentration of trace elements is 

relatively high in the marsh/lake deposits of facies E. Illite is the most abundant clay 

mineral in this facies.

The mean grain size, clay mineralogy, geochemical content and suggested 

environments of deposition of the Holocene sedimentary facies identified in the 

Dalbeattie area are summarised in Table 10.1. The suggested stratigraphical and 

environmental relationships of the facies are shown in Figure 10.3.

10.3 Holocene environments of the Kirkcudbright area

The Holocene sediments of the Kirkcudbright area represent three main 

environments of deposition, as follows.

The intertidal mud- and sand-flat environment is represented by facies D 

(Table 5.1), which is composed of fine sand with coarse silt and a low percentage of 

clay, and contains a rich microfauna of foraminifers and ostracods together with 

macrofauna, such as molluscan valves. This sedimentary facies resembles the 

sediments of the present-day intermediate to low intertidal flats of the Kirkcudbright
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area (and Dalbeattie and New Abbey areas) in its textural characteristics, clay 

mineralogical and geochemical composition and faunal content.

In two of the sections studied in the Kirkcudbright area, facies D sediments were 

overlain by those of facies B (Table 5.1), which comprises inter-laminated fine sand 

and silt containing plant debris and occasional to rare remains of foraminifers and 

ostracods. The sand laminae vary from very fine to fine sand in size grade, are rich in 

mica flakes and are variable in thickness. Occasionally, very thin laminae are present. 

When compared with the present-day sediments, facies B resembles both tidal-creek 

and salt marsh deposits in being laminated (cf. Chapter 5.2.2 and 5.2.3). Because of its 

faunal content and the size grade of its sediments, this facies probably did not 

accumulate in a salt marsh environment. It is suggested tentatively, however, that 

facies B represents intermediate to high tidal-flats.

The major part of the Holocene deposits of the Kirkcudbright area consists of 

sediments of facies A (Table 5.1). In this area, these sediments are composed mainly of 

pink grey to dark grey clayey silt with variable proportions of fine sand and clay, and 

they are rich in mica flakes. Echinoid spines and sponge spicules are present in 

moderate amounts, but remains of foraminifers and ostracods are rare.

Three superimposed sub-facies of facies A are illustrated diagrammatically in 

Figure 10.4. The lowermost sub-facies, Aa, is composed mainly of pale to dark grey 

clayey silt with included fragments of wood, rare echinoid spines and sponge spicules. 

Mica flakes are uncommon in this sub-facies. As in the case of the Dalbeattie area, it is 

suggested that this sub-facies accumulated in a salt marsh environment, covered by 

marine waters at times of spring high tides. The overlying sub-facies, Ab, 

pink-coloured clayey silt with fine sand, rich in mica flakes and plant debris, and with 

rare sponge spicules, may have been deposited in the high tidal-flat environment. The
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uppermost sub-facies, Ac, is composed of pink to brown to grey clayey silt, and 

penetrated by root channels. As discussed in relation to the Dalbeattie area, it is 

tentatively suggested that sub-facies Ac was deposited in the very high tidal flat or even 

supra-tidal environment, similar to that of the present-day salt marsh.

Details of the grain-size, clay mineralogical and geochemical composition of the 

three major Holocene facies (D, B and A) identified in the Kirkcudbright area are shown 

in Table 1 0 .2 , from which the following conclusions may be drawn. The succession 

shows a fining-upwards trend. The percentage of illite decreases upwards from the 

intertidal environment at the base to the supratidal environment at the top, whilst 

vermiculite and mixed-layer clay minerals show an inverse trend to that of illite. 

Kaolinite and chlorite show no trend related to inferred changes in environment.

Geochemically, the abundance of AI2 O3  and of K2 O increases from the intertidal

environment (at the base of the succession) to the supratidal environment (at the top). 

In contrast, the CaO content decreases upwards between facies D and sub-facies Aa. This 

may be related to the decrease in content of macro- and microfauna upwards through the 

succession. In general, the content of trace elements increases upwards.

The suggested stratigraphical and environmental relationships of the various 

Holocene sedimentary facies in the Kirkcudbright area are shown in Figure 10.5.

10.4 Holocene environments of the New Abbey area

Using comparison of the properties of the Holocene sediments and present-day 

sediments as a basis for environmental interpretation, and adopting the same degree of 

caution in cases of uncertainty as was adopted in 1 0 . 2  above, the Holocene sediments of
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the New Abbey area appear to represent several environments of deposition, as follows.

The intermediate to low tidal-flat environment probably is represented by 

facies D (Table 5.1), which is composed of micaceous fine and very fine sand, coarse to 

fine silt and a low percentage of clay, and contains (unidentified) molluscan shell 

fragments, tests of foraminifers and ostracod valves. This sedimentary unit resembles 

the present-day intermediate to low intertidal surface sediments of the New Abbey area 

in textural characteristics and faunal content. Sedimentary structures appear to be 

few, but occasional laminae and ripples were observed. The microfaunal remains 

suggest a fully marine environment of deposition of this facies, and the broken nature of 

the macrofaunal remains indicates relatively strong current and wave action.

In vertical section N3 (Fig. 4.7) the sediments of facies D were underlain by 

lenses of pebbly coarse sand which, in the field, were interpreted as resulting from 

local deposition in intertidal creeks. Examination of the pebbly coarse sand in the 

laboratory showed that this deposit contains molluscan shell fragments and remains of 

foraminifers and ostracods, confirming that this sediment was deposited under marine 

conditions.

In two of the sections studied (N5 and N6, Fig. 4.7; see also Fig. 10.6), lenses 

of a brown coarse sand containing pebbles and cobbles, together with layers of 

alternating silt and clay, occurred near the base of the sections. The lenses cut into the 

underlying sediments of facies D (see Fig. 10.7). The pebbly sand contained no remains 

of marine fauna, but was rich in remains of land plants, including leaves and pieces of 

wood. This unit (facies C, Table 5.1), therefore, is interpreted as having been 

deposited in completely terrestrial conditions, perhaps as a fluvial channel-filling 

sediment.

In all the sections studied in the New Abbey area, a layer of inter-laminated fine
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sand and silt, occasionally with thin laminae of clay, was observed. This sediment 

resembles the sediments of facies B of the Kirkcudbright area (Chapter 10.3, above) 

in composition and colour. It is tentatively interpreted, therefore, as having been 

deposited in the intermediate to high tidal-flat environment.

The uppermost part of the sedimentary succession in most parts of the New 

Abbey area is composed of clayey silt with fine sand (facies A, Table 5.1). This unit 

contains organic remains, the nature of which changes upwards, as does the colour from 

pale grey at the base, through grey, to brown at the top. The unit as a whole appears to 

lack traces of sedimentary structures, but a few laminae were seen to be present in the 

lowermost part of this facies.

As in the Dalbeattie and Kirkcudbright areas, three sub-facies of facies A are 

recognisable. The lowermost sub-facies, Aa, comprises dark grey clayey silt which 

may have been deposited in salt marsh conditions affected by marine waters during 

occasional high tides. Sub-facies Ab, of grey clayey silt with fine sand rich in mica 

flakes and with rare foraminifers and ostracods, may have been deposited as high 

tidal-flats. The topmost sub-facies, Ac, mostly brown in colour, and containing pieces 

of wood and other plant remains, rare sponge spicules and abundant mica flakes, may 

have been deposited in the very high tidal-flat or even the supratidal environment.

As discussed in Chapters 5 and 6, facies A is overlain in parts of the New Abbey 

area by ridges of coastal gravel and sand (facies F), which were deposited in conditions 

of exceptional storms and, therefore, represent the storm-beach environment.

Mineralogical and geochemical data for the various sedimentary facies and 

sub-facies and, accordingly, the various environments of deposition, are shown in Table 

10.3.

The most abundant clay mineral is illite. It is more abundant in the
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intermediate to low tidal-flat than in the intermediate to high tidal-flat and salt- 

marsh/supratidal sediments.

The geochemical data show greater contents of AI2 O 3 and Fe*2 C>3 in the

intermediate to high tidal-flat and salt-marsh/supratidal sediments than in the 

intermediate to low tidal-flat sediments. The CaO content is higher in the fossiliferous 

fine sand of facies D (intermediate to low tidal-flat) than in the overlying sediments of 

facies B and A, which may have been deposited in the intermediate to high tidal-flat and 

supratidal environments. Trace elements show a greater concentration in the 

intermediate to high tidal-flat and supratidal (finer-grained) sediments than in the 

intermediate to low intertidal (fossiliferous fine sand) sediments.

The suggested stratigraphical and environmental relationships of the facies are 

shown in Figure 10.7.

10.5 Succession of environm ents

Figures 10.2, 10.4 and 10.6 together with Figures 10.3, 10.5 and 10.7 show 

successions of environments in the Dalbeattie, Kirkcudbright and New Abbey areas 

based on the conclusions reached in Chapter 1 0 .2 , 10.3 and 10.4 above. In the 

Dalbeattie area, the sequence appears to begin with the intermediate to low tidal-flat 

environment (facies D) and is followed by the salt marsh (sub-facies Aa), high 

tidal-flat (sub-facies Ab) and very high intertidal to supratidal, i.e salt marsh, 

environments (sub-facies Ac). Surprisingly, the high tidal-flat environment appears 

to be missing between the intermediate to low and salt marsh environments.

In the Kirkcudbright area, the sequence is similar to that in the Dalbeattie area 

except that here the transition between intermediate to low tidal-flat environment
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(facies D) and salt-marsh environment (sub-facies Aa) is represented by the 

intermediate to high tidal-flat sediments of facies B.

In the New Abbey area, the sequence appears to be similar to that in the 

Dalbeattie area except that in the former area the period of salt marsh formation 

(represented by sub-facies Aa) appears to have been interrupted by a local 

transgressive event during which facies B was deposited in intermediate to high 

tidal-flat conditions. The fluvial channel environment (facies C) identified in the New 

Abbey area (Fig. 10.6) is regarded as a local interruption between the intermediate to 

low tidal-flat (facies D) and salt-marsh (sub-facies Aa) environments.

The broad sequence present in all three areas may represent transgressive 

conditions (D) followed by minor regressive (Aa) and transgressive (Ab) conditions. A 

final regression may be represented by sub-facies Ac. Possible interpretations of the 

omission of the high intertidal environment between the intermediate to low and salt 

marsh environments in the Dalbeattie and New Abbey areas are either that 

transgression in these areas was rapid or that sediments originally deposited there 

were removed by erosion.



Facies L ith o lo g ica l d escrip tio n Environm ent of deposition

Ac
Brown to grey clayey 
silt with plant debris 
and oxidised root channels

? Supra-tidal {Salt marsh) 
or very high tidal-flat

Ab

Grey clayey silt with 
fine sand, rich in mica 
flakes, and with rare 
microfauna

High tidal-flat

Aa
Pale grey-blue clayey silt 
with mica flakes and plant ? Salt marsh

Figure 10.1 Sedimentary facies, lithological description and suggested
environments of deposition, Holocene raised coastal sediments, 
section D2, Dalbeattie area.
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Facies L ith o lo g ica l d escrip tio n Environm ent of deposition

Ac
Brown to grey clayey 
silt with plant debris 
and oxidised root channels

? Supra-tidal (Salt marsh) 
or very high tidal-flat

Ab

Grey clayey silt with 
fine sand, rich in mica 
flakes, and with rare 
microfauna

High tidal-flat

Aa
Pale grey-blue clayey silt 
with mica flakes and plant 
debris

? Salt marsh

D
Fossiliferous fine sand 
and silt with low 
percentage of clay

Intermediate to low 
tidal-flat

Figure 10.2 Sedimentary facies, lithological description and suggested 
environments of deposition, Holocene raised coastal sediments, 
section D9, Dalbeattie area.
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Fac ies L ith o lo g ica l d escrip tio n Environm ent of deposition

A c
Brown clayey silt, 
penetrated by root 
channels

? Supra-tidal (Salt marsh) 
or very high tidal-flat

A b

Pale pink clayey silt with 
fine sand, rich in mica 
flakes and plant debris, and 
with rare sponge spicules

High tidal-flat

A a
Pale to dark grey clayey 
silt rich in plant debris 
and with rare microfauna

? Salt marsh

B Inter-laminated fine sand 
and silt, with occasional to 
rare microfauna

? Intermediate to high 
tidal-flat

D
Fossiliferous fine sand 
and silt with low 
percentage of clay

Intermediate to low 
tidal-flat

Figure! 0.4 Sedimentary facies, lithological description and suggested 
environments of deposition, Holocene raised coastal sediments, 
section K1, Kirkcudbright area.
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Facies L ith o lo g ica l d escrip tio n Environm ent of deposition

Ac

Brown clayey silt 
with plant debris, 
and rare sponge 
spicules

? Supra-tidal (Salt marsh) 
or very  high tidal-flat

Ab
Grey clayey silt with 
fine sand, rich in mica and 
with rare sponge spicules

High tidal-flat

A a
Dark grey clayey silt 
rich in plant debris, and 
with rare sponge spicules

? Salt marsh

B Inter-laminated fine sand 
and silt, with occasional 
to rare microfauna

? Intermediate to 
high tidal-flat

A a
Dark grey clayey silt 
rich in plant debris and 
with rare sponge spicules

? Salt marsh

C
Lenses of gravel and 
sand, rich in plant 
debris

Fluvial channel-filling

D
Fossiliferous fine sand 
and silt with low 
percentage of clay

Intermediate to low 
tidal-flat

Figure 10.6 Sedimentary facies, lithological description and suggested 
environments of deposition, Holocene raised coastal sediments, 
section N6, New Abbey area.



343

<
LU
U )

J Q

U .

= 6 - 3ni . y

O )

O )

> .

CO
_Q -
I c
co
co
co co 
o  2

^  to
15 >>
~  cd
C  .P  
CD _Q
E <  
o 5V- CD

Q> CD

■O ~  
C  C  
CO —  

_  T3
03 CD
2  HE 

In : '■£
S - TO TO *g

ro o
CD 

CO _

T >  O  
CD -
oo CQ
TO -  
0 ) <  
O T —  
TO CO 
CO <U

o  3
o ^

*.=  CO 
2  C
c : cd
CD C  
CO .— 
CD "O  
* -  CD
g-“
W Q)

.a gpis
TO -  »— 0 } 
O I.C  
CO * -

Q  o

o ’

CD
k .TO
D )

Ll

c3

—  O "Ox ) 2  c
- S o r t  
© •= CO
° - E T3 

o  ©
$

■o £  5  
5 * 2  
8  “g

8 S |
rt © rsO c o 0 = 0
o' cf ul

"O
c: 
(0

-o 
c  
(0 
CO

_ ©  
P n LE

T3
C
cfl
CO

CD
c

rf_rt x :
0  ‘co
c  5^

1 ®2  CO 
X I o

CO
T3 

>»  CD

> *  £  co .E
o  E  

5K*?CD >-
J- © O) ~

o  X ) ©  -
<  <  <  OQ

Q
Z<



344

Table 10.1 Environments of deposition in the Dalbeattie area, and their
sedimentary mean grain sizes, clay mineral compositions and
geochemical contents.

Environment Intermed. ? Salt High ? Supra-tidal
to low marsh t i d a l - or v e r y  high

tidal-flat f l a t tidal-flat
Facies (D) ( Aa) ( Ab) (Ac)

Param ete rs

Grain size n =1 n =15 n = 10 n =15
Mean size(4>) 3.76 6.77 7.51 6.75

Clay Minerals ( % ) n = 1

0011c n = 5 n = 8

Illite 56.77 41.25 48.85 41.86
Chlorite 13.20 21.61 11.69 13.71
Kaolinite 12.11 14.38 10.42 10.02
Vermiculite 17.80 7.66 16.81 18.28
Mixed-layers 0.00 10.84 11.06 11.33

Geochemistry

Major (%) n =1 n = 9 n = 10 n =13
Si02 79.10 70.16 68.18 68.80
TiC>2 0.55 0.77 0.79 0.74
AI2O3 7.88 11.19 13.79 12.19
Fe*2C>3 2.69 4.42 5.33 4.79
MnO 0.08 0.05 0.06 0.1 1
MgO 1.68 1.79 2.07 2.38
CaO 1.60 0.81 0.57 1.77
Na20 1.81 1.21 1.03 1.04
K2O 2.08 2.46 2.86 2.72
P2O5 0.10 0.09 0.10 0.13
H2O 2.09 3.82 3.29 3.20
CO2 1.13 2.33 2.04 2.14

Trace (ppm) n =1 n = 4 n = 4 n = 11
Zr 203 184 184 184
Y 21 30 30 30
Sr 133 106 106 1 06
U 2 3 3 3
Rb 68 123 123 123
Th 4 9 9 9
Pb 15 25 25 25
Ga 7 26 26 1 6
Zh 39 66 66 85
Cu 6 12 12 1 7
Ni 19 30 30 41
Co 7 1 1 1 1 1 6
Cr 69 99 99 1 04
Ce 38 63 , 63 71
Ba 313 363 363 373
La 19 28 28 33

Lake
or

marsh
(E)

n = 4
7.25

n = 4

41.25
19.23
17.12
19.02

0.00

n = 5 
62.38 

0.78 
13.76 

5.61 
0.06 
2.30 
0.66  
1.16 
2.83 
0.1 1 
6.19 
4.08

n = 3
160 
28 

1 04 
3

1 24 
9 

1 7 
8 

85 
14 
39 
1 5 

100  
70 

358 
33
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Table 10.2 Environments of deposition in the Kirkcudbright area, and their
sedimentary mean sizes, clay mineral compositions and geochemical
contents.

E n v iro n m e n t In te rm e d . ? Interm ed.

Fac ies
Pa ram ete rs

to low  
t i d a l -  
f l a t  

( D )

to high 
t i d a l -  
f l a t  

( B )

? Salt 
ma r s h

(Aa)

H igh
tida l-

flat

(Ab)

? S u p ra -tid a l 
or v e ry  high 

tid a l-fla t

( A c )

Grain size 
Mean size (4»)

n = 4
4.58

n = 2 
5.98

n = 1
7.30

n = 2 
5.80

n = 6 
7.01

Clay Minerals (%) n = 3 n = 1 n = 1 n = 3 n = 4

Illite
Chlorite
Kaolinite
Vermiculite
Mixed-layers

42.78
25.23
10.16

8.54
13.43

44.09
22.35
12.59

1.75
22.83

40.00 
27.75
15.00
15.00 

0.00

35.05
8.88
9.18

19.73
20.97

27.02
11.33
10.70
18.59
31.37

Geochemistry

Major (%)
Si02
TiC>2
A I 2 O 3

F e * 2 C > 3

MnO
MgO
CaO
N a 2 0

K 2 O

P2O5
H 2 O

CO2

n = 11
71.76

0.54
8.66
3.60
0.08
1.80
3.75
0.99
2.03
0.08
4.59
2.55

n = 10
72.86

0.55
8.79
3.20
0.08
1.98
3.31
1.35
2.05
0.07
3.78
2.69

n = 4
75.39 

0.57 
9.15 
3.77 
0.08 
1.70 
2.21 
1.65 
2.11 
0.09 
2.12  
2.24

n = 2
72.02 

0.76 
11.79 

4.52 
0.09 
1.77 
0.41 
1.29 
2.42 
0.08 
3.03 
2.45

n = 6
73.29

0.73
11.63

4.96
0.05
1.56
0.21
1.08
2.42
0.09
2.51
1.73

Trace (ppm)
Zr
Y
Sr
U
Rb
Th
Pb
Ga
Zh
Cu
Ni
Co
Cr
Ce
Ba
La

n = 5
176 
24 

120  
2 

94 
7 

21 
12 
68 
20 
28 
1 5 

105 
55 

330 
26

n = 2
177 

21 
117 

3 
73 

5 
16 
1 0 
50 

7 
20 

9 
106 
44 

300 
20

n = 3
183 
21 

144 
4 

34 
7 

14 
9 

48 
9 

30 
6 

71 
41 

308 
1 7

n = 1
247 

27 
92 

3 
89 

8 
20 

9 
60 

7 
26 
1 0 

88 
58 

322 
25

n = 3
1 76 

28 
94 

4 
116 

1 0 
25 
1 5 
87 
36 
29 
1 3 

1 1 0  

65 
350 

40
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Table 10.3 Environments of deposition in the New Abbey area, and their
sedimentary mean grain sizes, clay mineral compositions and
geochemical contents.

Intermed. ? Salt ? Intermed. ? Salt High ? Supra-tidal
to low marsh to high marsh tidal- or v e r y  high

tidal- tidal- flat tidal-flat
flat flat

Fac ies (D) ( Aa) (B) ( Aa ) (Ab) ( Ac)
P a ra m e te rs
Grain size n = 5 n = 1 n = 1 n = 1 n = 2 n = 2
Mean size (<» 5.98 6.78 5.45 6.35 6.35 6.50

Clay Minerals n =3 n =1 n =1 n = 2 n = 1 n = 2

Illite 38.20 32.59 39.35 33.36 39.40 31.98
Chlorite 33.72 16.00 31.71 21.75 6.27 11.35
Kaolinite 12.03 7.06 12.04 10.02 10.50 18.85
Vermiculite 0.93 0.00 0.00 11.80 10.10 11.60
Mixed-layers 16.00 45.11 13.65 18.44 32.62 32.40

Geochemistry
Major (%) 11c n =2 n =1 n =1 n = 1 n = 1
SiC>2 77.25 76.65 73.03 71.19 73.32 75.76
Ti0 2 0.45 0.65 0.53 0.78 0.70 0.75
AI2O3 7.45 10.68 9.45 12.49 12.28 11.05
Fe*2C>3 3.67 4.30 4.10 5.17 4.40 4.12
MnO 0.13 0.06 0.08 0.07 0.05 0.01
MgO 1.31 1.65 1.65 1.78 1.56 1.78
CaO 1.84 1.78 1.73 0.26 0.27 0.29
Na20 0.90 1.09 1.13 0.99 1.32 0.86
K2O 1.99 2.36 2.36 2.40 2.34 2.49
P2O5 0.08 0.07 0.07 0.1 1 0.07 0.07
H2O 2.66 2.91 2.81 2.80 2.88 2.63
CO2 2.31 2.00 2.50 2.32 1.05 1.1 1

T race(ppm)

CMIIc n = 2 n = 2 n =1 n = 2 n =1
Zr 141 168 159 188 192 174
Y 1 5 21 20 22 29 1 9
Sr 122 104 1 03 90 94 89
U 2 2 2 2 3 3
Rb 66 94 83 89 1 03 87
Th 4 7 4 7 9 6
Pb 14 21 1 5 1 7 24 21
Ga 8 13 1 1 1 3 1 5 1 3
Zn 37 70 56 59 75 54
Cu 6 14 8 7 9 12
Ni 17 32 24 25 35 1 9
Co 2 11 9 9 15 7
Cr 61 110 87 86 101 83
Ce 37 57 45 52 64 47
Ba 290 350 307 329 350 333
La 1 6 25 20 20 27 23
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CHAPTER 11

PROVENANCES OF THE HOLOCENE RAISED COASTAL SEDIMENTS

11.1 Introduction

As seen above, especially in Chapter 5, the Holocene raised coastal sediments of 

the four geographical areas studied in the course of the project comprise several 

distinct lithological facies. These facies are the products of a number of different 

sedimentary environments (Chapter 10), but their variation in characteristics may 

also be due partly to their having been derived from several different provenances.

Many studies of the provenances of Holocene and present-day sediments in 

various parts of the globe have been made (e.g. recently, Kraft 1971; Pye 1380; 

Carson & Arcaro 1983; Jelgersma 1983; Van de Kamp & Leake 1985; Roser & Korsh 

1988). The most profitable studies have used the clay-mineral and geochemical 

content of the sediments being studied as indicators of provenance. Here the same 

methods are used principally, although it may be noted that (for example) the 

provenances of Holocene beach gravel and sand deposits in the Dalbeattie area (Chapter 

6.9, paragraph 4) and of a fluvial pebbly coarse sand unit in the New Abbey area 

(Chapter 10.4) have been deduced on more general evidence.

11.2 Determination of provenance on the basis of clay-mineral

content

Keller (1970) reported that clay minerals may be used as indicators of 

provenance or diagenesis or both. He noted that montmorillonite may form by 

alteration of volcanic ash and, in the marine environment, it may be changed to 

chlorite, whereas illite is mainly stable in the marine environment. McMurty & Fan
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(1974) suggested that mica represents a residual concentration from crystalline rocks 

and that montmorillonite and kaolinite are closely associated with Quaternary and older 

sedimentary rocks; montmorillonite and kaolinite are probably formed from feldspar 

and non-micaceous ferromagnesian minerals, although they also may be derived from 

silica. Stevens et al.( (1987) noted that kaolinite is formed by the weathering of 

granitic bedrocks. Biotite, which is relatively unstable in weathering conditions, was 

considered by these authors to be the probable parent mineral in the formation of 

vermiculite and mixed-layer biotite-vermiculite, minerals which often form in soil 

developed on granitic terrains in cold temperate climates.

The majority of the Holocene raised coastal sediments studied in the present 

project are of fine grade and were deposited during the Flandrian marine transgression 

and regression in environments that were broadly estuarine in character. As noted in 

Chapter 8 , the most abundant clay minerals in all facies of the Holocene fine-grained 

sediments are illite, chlorite, kaolinite and vermiculite, there being subordinate 

amounts of mixed-layer clays, and a low content of montmorillonite in a few samples. 

Song et al. (1983) suggested that the relative influence of off-shore and land sources in 

determining the clay-mineral content of a coastal sediment appears to be reflected in 

the ratio of illite + montmorillonite (smectite) to kaolinite + chlorite. In the present 

work, it was found that illite is dominant in all the samples studied, whilst chlorite and 

kaolinite are less abundant. The amount of vermiculite varies from sample to sample.

With regard to the provenances of the illite, chlorite and kaolinite in the 

Holocene sediments, the illite may have been partially derived from the fine flakes of 

mica that are abundant in the fine sand and silt fractions of the sediments, the mica 

previously having been derived from the granitic rocks and greywackes that outcrop 

within the areas studied. In contrast, the kaolinite and chlorite may have had their
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provenances in the Pleistocene tills that cover large parts of the solid rock within and 

around the areas studied. This conclusion is in accord with Pye's (1980) study of 

recent sublittoral fine-grade sediments on the floor of Kilbrannan Sound, Firth of 

Clyde. Pye suggested that the dominant clay minerals, illite, chlorite and kaolinite, and 

subordinate montmorillonite and mixed-layer clays in Kilbrannan Sound were derived 

principally from local glacial till deposits.

11.3 Determ ination of provenance on the basis of geochemical

composition

In their study of the petrography and geochemistry of feldspathic and mafic 

sediments of the northeastern Pacific margin, Van de Kamp & Leake (1985) suggested

that the high AI2 O 3 and K2 O contents of these sediments indicate a high felsic 

component. They added that a decrease of Fe*2 0 3 , Ti0 2  and MgO and corresponding 

increase of K2 O reflects a decrease of mafic-rock and increase of felsic-rock

components. An increase of Ba, Rb, La, Ce and Nb and decrease of Co and Y may be 

attributable to the same change in rock components.

Bhatia & Crook (1986) claimed that La, Ce, Y, Th, Zr, Hf, Nb, Ti and Se are the 

trace elements most suited for determination of provenance and tectonic setting because 

of their relatively low mobility during sedimentation processes and their low residence 

time in sea water. These elements are transported quantitatively into clastic 

sedimentary rocks during weathering and transportation and their proportional content 

in the new rock therefore will reflect the signature of the parent rocks. Hickman & 

Wright (1983) pointed out that P and Zr are associated chiefly with apatite and zircon 

respectively, two minerals which are concentrated in near-shore sediments. The
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elements Y, La and Ce are indicative of a granitic provenance, whereas Ni and Cr 

indicate basic source areas, and Sr possibly is highest where the source contains 

sedimentary rocks. The same authors added that the trace elements are influenced by 

water depth and salinity. Elements such as Cr, Nb and Sr are generally high in 

concentration in shallow-marine or fresh-water sediments, whereas relatively high 

concentrations of Ni, Cu, Ce and Pb are indicative of deeper marine water.

The relationships between geochemistry and provenance, outlined above, 

together with the results of a study of arenaceous rocks made by Pettijohn et al. 

(1972), are applied now to the Holocene sediments analysed in the course of the 

project.

The geochemical data presented in Chapter 9 indicate that the Si0 2  content in the 

finer-grade Holocene sediments (clayey silt, clayey silt with fine sand) is that of the 

average for shale. In the sandier Holocene sediments (fine sand with silt), the SiO£ 

content corresponds with the average for a combination of greywacke and shale. The 

percentages of AI2 O 3 and K2 O are relatively high in the fine-grained sediments and 

vary inversely with the Si0 2  content, suggesting that the fine-grained sediments are

most probably derived from felsic rocks. The K2O may have been added from sea water 

during diagenetic processes. Similarly, the presence of MgO may be related to addition 

of Mg from sea water, and the high Fe* 2 0 3  content may be due to the oxidation

conditions at the time of deposition. Other possible sources of the Fe*2 0 3  and MgO are 

mafic rocks contained within the greywackes. All the above-mentioned oxides correlate 

positively with the clay-mineral content of the Holocene sediments, perhaps indicating 

that the oxides were added during clay-mineral formation in the parent rocks and
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during diagenesis of the Holocene sediments.

The concentration of CaO is highest in samples of the Holocene fossiliferous fine 

sand sediments, suggesting that the CaO was derived from mollusc shells and other 

calcareous skeletal material present within the depositional environment. The high 

concentration of micaceous material in these sediments may be attributable to the close 

proximity of the granitic and granodioritic rocks of the Criffell-Dalbeattie pluton, the 

most probable provenance of the mica.

Pettijohn et al. (1972, 60) suggested that the chemical composition of a 

sandstone, expressed as log (SiC>2 / AI2 O3 ) against log (Na2 0  /  K2O), may be used to 

identify the rock type (e.g. greywacke, arkose, etc.). Most of the sediments analysed in 

the course of this project are of finer grade than sand. However, applying the diagram 

used by Pettijohn et al. to the Holocene sediments in the four areas studied (Fig. 11.1), 

it is found that most of these sediments fall into the categories of arkose and subarkose; 

a few samples appear to have the composition of lithic arenites. The sediments in the 

first two categories may have been derived from acidic rocks (e.g . the 

Criffell-Dalbeattie pluton) and the sediments of the last category from rocks with a 

high argillaceous content (e.g. the Lower Palaeozoic shales or, to as lesser extent, the 

greywackes).

Trace element data presented in Chapter 9 show higher concentrations of these 

elements in the fine-grade sediments (clayey silt) than in the coarser-grade sediments. 

Also, it may be noted that most of the trace elements are associated with the clay 

fraction in the Holocene sediments, and have a positive relationship with al-alk (Figs. 

9.20 to 9.32). However, plotting of data from the analysed sediments on Hickman & 

Wright’s (1983) triangular diagram of Ni + Cr versus Y + La + Ce versus Sr (Fig.
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9.44) does not assist greatly in distinguishing the provenances of the various 

sedimentary facies. Zr may have been derived from detrital heavy minerals, which are 

thought to have been come from greywackes.

11.4 Provenance of Holocene coastal gravel deposits

As noted in Chapter 6.5 and 6.9, the Holocene coastal gravels at Torr, in the 

Dalbeattie area, may have been derived partly from Pleistocene glaciofluvial gravels 

(themselves composed mainly of Lower Palaeozoic greywacke clasts, to a lesser extent 

of granite/granodiorite clasts) and partly from outcrops of the granite/granodiorite of 

the Criffell-Dalbeattie pluton.
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CHAPTER 12 

CONCLUSIONS

12.1 Introduction

Some general conclusions concerning the characteristics of the present-day 

intertidal sediments and Holocene raised coastal sediments of the Dalbeattie, 

Kirkcudbright, New Abbey and Lochar Gulf areas are recorded in this final chapter. 

The extent to which the six major aims of the research project, listed in Chapter 1 .4, 

have been fulfilled is also considered. In addition, a few suggestions are made for 

further work that might extend aspects of the project that it was possible to 

investigate only briefly or inadequately in the limited time available.

12.2 Form er Holocene shore line  positions in the D albeattie  and

Kirkcudbright areas 

The position of the shoreline at the maximum of the Holocene marine 

transgression in the Dalbeattie and Kirkcudbright areas (Chapter 1.4, Aim 1a) was 

successfully mapped in the field on the scale 1 : 10,560 by the recognition of small 

cliffs and breaks in slope, and changes in lithology at the boundaries between Holocene 

coastal sediments and outcrops of either Pleistocene deposits or older, solid rocks 

(Chapter 3.1.1).

Aim 1b, determination of the nature and, if possible, successive positions of the 

shoreline during the post-transgressive period of Holocene marine influence, was 

more difficult to achieve. However, suggestions made regarding successive 

environments of deposition in the Dalbeattie and Kirkcudbright areas (Chapter 10.2 

and 10.3), in combination with the evidence provided in vertical profiles through the
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Holocene sediments (Figs. 4.2, 4.3 and 4.5), allow at least movements of the shoreline 

to be proposed as follows, although the precise positions of the shoreline have not been 

established:

1 ) The commonest (generalised) succession of sedimentary facies and sub-facies 

in the two relevant areas is, from top to base:

Brown to grey clayey silt (sub-facies Ac)

Grey to blue clayey silt with fine sand (sub-facies Ab)

Grey-blue clayey silt (sub-facies Aa)

Fine sand, rich in microfaunal remains (facies D).

As discussed in Chapter 10.2, 10.3 and 10.4, facies D is interpreted as a 

deposit that accumulated as an intermediate to low intertidal sand-flat 

sediment. The sediments of sub-facies Aa are tentatively regarded as salt 

marsh deposits, whilst sub-facies Ab is taken to represent deposits of the 

high tidal-flat environment. The uppermost of the Holocene sub-facies, Ac, 

may have accumulated in the very high tidal-flat or supra-tidal (salt marsh) 

environment. Facies B, inter-laminated fine sand and silt, and regarded 

tentatively as a deposit of the intermediate to high tidal-flat, interrupts the 

succession listed above at different 'horizons' in the Kirkcudbright and New 

Abbey areas. As discussed in Chapter 10.3 and 10.4, in the Kirkcudbright area 

this facies may represent a transition between the intermediate to low tidal 

flat regime of facies D and the salt marsh regime of sub-facies Aa. In the New 

Abbey area, facies B may represent a local fluctuation in the position of the 

shoreline during a phase of very high tidal-flat or salt marsh accumulation, 

represented by sub-facies Aa.

2 ) If these environmental interpretations are correct, the sedimentary succession
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suggests a slight seaward movement of the shoreline position between 

deposition of facies D and Aa (recorded in the Kirkcudbright area by the 

deposition of facies B), followed by a landward movement between deposition of 

sub-facies Aa and Ab (but interrupted in the New Abbey area during the 

deposition of sub-facies Aa by a minor landward and then seaward movement of 

the shoreline). Between deposition of sub-facies Ab and Ac there appears to 

have been a further seaward movement of the shoreline.

12.3 Present-day and Holocene sedim entary facies

Detailed field study of the lateral and vertical distribution of the present-day 

intertidal and Holocene raised coastal sediments in the Dalbeattie, Kirkcudbright and 

New Abbey areas, and of the Holocene sediments in the area of the former Lochar Gulf, 

led to the recognition of four present-day and seven Holocene sedimentary facies in 

these areas (Chapter 1.4, Aim 2). The facies were distinguished mainly on the basis of 

the following criteria (cf. Aim 3a): shapes of the various sedimentary bodies and the 

locations of these bodies in relation to contemporaneous deposits; textures (grain 

sizes) of the sediments; degree of sorting of the sediments; nature of the sedimentary 

structures (where observed) in, and faunal content of, the deposits. The facies 

recognised in the present-day sediments, and their characteristics, in brief, were:

1 ) Tidal-flat: identified within the intertidal zone in the Dalbeattie,

Kirkcudbright and New Abbey areas; composed of fine sand and mud; 

occasionally seen to contain sedimentary structures, e.g. current ripples 

andinterlamination of sand and silt; molluscs and microfauna (foraminifers and 

ostracods) frequent to abundant; divisible with difficulty into medium-to-low 

and high tidal flats.
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2 ) Tidal-creek: identified within the intertidal zone in the Dalbeattie,

Kirkcudbright and New Abbey areas; creek-floor deposits characterised by 

pebble-sized clasts of mud and sand; where observed, deposits on creek sides 

were well-laminated.

3 )  Salt marsh: adjacent to and landward of present-day MHWS in the Dalbeattie,

Kirkcudbright and New Abbey areas; generally composed of laminated silt and 

clay; traversed by ramifying systems of narrow creeks or gullies.

4 ) Sand-barrier: limited to one locality, in the Dalbeattie area; composed mainly

of well-sorted but apparently unstratified coarse sand.

The facies recognised in the Holocene sediments, and their characteristics, in

brief, were:

A) Complex of fine-grained sediments: forms the uppermost part of the Holocene

raised coastal sediments throughout much of the Dalbeattie, Kirkcudbright and 

New Abbey areas; on the basis of colour, textural characteristics, clay 

mineralogy, geochemistry and organic content, divisible into three sub-facies, 

Aa, grey clayey silt with mica flakes, plant debris and occasional traces of 

lamination, Ab, clayey silt with fine sand rich in mica flakes and with rare

microfauna, Ac, brown clayey silt with plant remains and penetrated by 

oxidised root channels.

B ) Inter-laminated fine sand and silt: present in the Kirkcudbright, New Abbey

and Lochar Gulf areas; interstratified fine sand and silt laminae, with plant 

debris and rare to occasional microfaunal remains.

C) Coarse sand with pebbles: present mainly in the New Abbey area (a minor

facies in the Dalbeattie and Kirkcudbright areas); local lenses of pebbly sand 

which include plant debris.
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D) Fine sand, rich in microfaunal remains: occurs in the Kirkcudbright and New

Abbey areas, probably extensively in the area of the former Lochar Gulf and 

perhaps at depth in the Dalbeattie area; composed mainly of fine sand 

and coarse silt, with a low percentage of clay; rich in molluscan shell 

fragments, foraminiferal tests, ostracod valves, echinoid spines and sponge 

spicules; resembles the present-day intermediate to low tidal-flat sediments 

in its grain-size, clay mineralogical and geochemical characteristics.

E) Clays, rich in plant debris: identified in the Dalbeattie area; composed mainly

of dark-coloured sticky clay, rich in plant debris, and covered by a layer of 

peat (facies G).

F ) Coastal gravel and sand: occurs in the Dalbeattie, New Abbey and Lochar Gulf

areas; mostly forms sheet-like ridges oriented approximately parallel to the 

present shoreline; in places, the gravel clasts exhibit imbricate structure; the 

two ridges present in the Dalbeattie area occur at different altitudes.

G) Peat: covers the Holocene inorganic sediments thinly in limited parts of the

Dalbeattie area and thickly (up to c. 3.5m) and extensively in the Lochar Gulf 

area.

12.4 Sedimentary characteristics of the Pleistocene and Holocene

gravel deposits

Samples of gravel-sized clasts collected from Pleistocene glaciofluvial deposits 

at Chapelcroft (NX 804 550) and Broomisle (NX 823 592) in the Dalbeattie area and 

from a Holocene higher gravel ridge (NX 804 531 to NX 808 529) and lower gravel 

ridge (NX 808 521 to NX 810 522) at Torr in the Dalbeattie area gave the following
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sedimentological data (Chapter 1.4, Aim 3b):

1 ) Shapes : Pleistocene clasts are predominantly discs at Chapelcroft and

spheroids at Broomisle; Holocene clasts are predominantly blades and discs in 

the higher ridge and discs in the lower ridge.

2 ) Sphericity : sphericity values are mainly between 0.5 and 0.9 in both the

Pleistocene and Holocene clasts.

3 ) Roundness: angular pebbles are most abundant in the Pleistocene gravel at

Chapelcroft, whereas sub-rounded pebbles are most abundant in the

Pleistocene gravel at Broomisle. Sub-rounded clasts predominate in the

Holocene higher ridge at Torr, whereas rounded and sub-rounded clasts are 

equally dominant in the lower ridge. The Holocene gravel clasts are more 

rounded than the Pleistocene gravel clasts.

4 ) Lithological composition: about 70% of the Pleistocene clasts consist of

greywacke, whereas about 60% of the clasts in the Holocene higher ridge are of 

granite/granodiorite and in the lower ridge are of greywacke.

5 )  The shapes of the clasts in both the Pleistocene and Holocene gravels of the

Dalbeattie area do not depend on the lithological composition of the clasts.

6 ) The Pleistocene greywacke gravel clasts, especially at Chapelcroft, are more

rounded than the Pleistocene granite/granodiorite gravel clasts. The Holocene 

greywacke gravel clasts are more rounded than the Holocene 

granite/granodiorite gravel clasts.

7 )  The lithological data show that the Holocene gravels consist of nearly equal

proportions of greywacke and granite/granodiorite clasts, whilst the 

Pleistocene gravels consist predominantly of greywacke clasts. This may 

indicate that the Pleistocene gravels were derived mainly from the NW and
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west, whilst the Holocene gravels were derived partly from the Criffell- 

Dalbeattie pluton and partly from Pleistocene glaciofluvial deposits.

Dip direction readings taken of the long axes of imbricated pebbles in the 

higher and lower Holocene gravel ridges at Torr, Dalbeattie area, in Holocene gravel 

ridges at NX 985 657 and NX 986 653 in the New Abbey area and of clasts in gravel 

deposits exposed in the banks of Potterland Lane (NX 803 553) in the Dalbeattie area 

gave the following results:

1 ) The Holocene gravel ridges at Torr in the Dalbeattie area, and near the mouth of 

New Abbey Pow in the New Abbey area, were deposited by wave action that came 

from a SE direction.

2 ) The gravels exposed in Potterland Lane were deposited by water that flowed

from the SE. This may indicate either that the gravel clasts were derived (in 

Pleistocene times) from an ice mass located to the SE of their present position 

or that the gravel clasts were eroded from a pre-existing Pleistocene gravel 

mass in the course of the Holocene marine transgression and re-aligned by 

SE-NW onshore water action.

12.5 Grain-size characteristics of the Holocene raised coastal

sediments and present-day intertidal sediments

Detailed grain-size analysis of samples from both the Holocene and present-day 

sediments leads to the following conclusions (Chapter 1.4, Aim 4):

1 ) The majority of the Holocene samples from the Dalbeattie, Kirkcudbright and

New Abbey areas are of silt grade, whilst the samples from the Lochar Gulf area 

are mainly of sand grade. The present-day intertidal sediments in the 

Dalbeattie, Kirkcudbright and New Abbey areas are mainly of coarser grade and
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are sandier than the majority of the Holocene sediments of the same areas.

2 )  Within vertical sections through facies A of the Holocene sediments, the

percentage content of fine silt and clay generally increases upwards.

3 ) The textural characteristics of the sediments in the lower part of the Holocene

succession (facies D) in the Kirkcudbright and New Abbey areas resemble those 

of the present-day intertidal sediments in the same areas.

4 ) The upper parts of the sedimentary succession in the Kirkcudbright and New

Abbey areas, together with the complete sequence of Holocene sediments over 

much of the Dalbeattie area, i.e. the sediments of facies A, are mostly bimodal 

or polymodal in their grain-size distribution. In contrast, the sediments of 

facies D in these areas, and in the area of the former Lochar Gulf, are unimodal 

in their grain-size distribution. The present-day intertidal sediments of the 

Dalbeattie, Kirkcudbright and New Abbey areas are mainly unimodal in their 

grain-size distribution.

5 )  Cumulative curves showing grain-size distribution in the sediments of facies A

resemble those for sediments of tidal-flat areas. In contrast, cumulative 

curves showing grain-size distribution in the sediments of facies D resemble 

those for beach sediments.

6 ) The majority of the fine-grained (silt-grade) sediments are poorly to very

poorly sorted, whereas the coarser-grained (sand-grade) sediments are 

moderately to poorly sorted.

7 )  Plots of the inter-relationships between the statistical grain-size 

parameters, Mz, o j, Skj and Kq , differentiate between facies A, B, C and D, and 

show the similarities between facies E and facies A.
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8 ) The CM diagram shows that most of the Holocene sediments of the Dalbeattie, 

Kirkcudbright and New Abbey areas were transported by uniform suspension, 

whereas the (sandier) sediments of the Lochar Gulf area were transported 

mainly by either uniform suspension or graded suspension.

12.6 C lay-m ineral content of the Holocene and present-day

sediments

Clay mineral analysis of samples from both the Holocene and present-day 

sediments suggested the following conclusions (Chapter 1.4, Aim 5):

1 ) The main clay mineral species present in both the Holocene raised coastal

sediments and in the present-day intertidal sediments, in descending order of

abundance, are illite, chlorite, kaolinite and vermiculite. In Holocene vertical

sections or boreholes, there is a noticeable relationship between change in

sedimentary facies and change in clay mineral abundance.

2 ) The crystallinity of illite is variable within both the Holocene and present-day

clays. The crystallinity index suggests that the illite mainly has the 

composition of biotite and muscovite.

3 ) Both detrital and authigenic illite, chlorite and kaolinite are present. Detrital

material greatly predominates over authigenic material in the cases of chlorite 

and kaolinite.

4 ) The chlorite is mostly Fe-chlorite.

5 ) Vermiculite is present in most of the analysed samples. It is more abundant in

the uppermost facies (facies A) of the Holocene sediments than in the 

underlying facies.

6 ) Mixed-layer clay minerals, present in most of the samples of the Holocene
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sediments, may represent stages in the transformation of one clay mineral to 

another or incomplete weathering.

7 )  Montmorillonite, present in only a few of the samples of Holocene sediments, 

may have been produced by degradation of micas during weathering.

8 ) Titanium is found in association with most of the clay minerals present in the 

Holocene sediments, perhaps being absorbed on to the surfaces of these 

minerals.

12.7 Geochemistry of the Holocene and present-day sediments

Geochemical studies of bulk samples and samples of the clay fraction from both 

the Holocene and present-day sediments suggest the following conclusions (Chapter 

1.4, Aim 6 ):

1 ) As might be expected, the Holocene sediments in the Dalbeattie, Kirkcudbright

and New Abbey areas identified as comprising facies A on the basis of field 

evidence have similar major-element and trace-element compositions. 

Similarly, the sediments of facies D, identified in the lower part of the 

Holocene succession in the Kirkcudbright and New Abbey areas, resemble each 

other in their geochemical content.

2  ) The SiC>2 content in the Holocene sediments of the Lochar Gulf area (mainly

sand grade) is higher than that in the Holocene sediments of the three other 

areas studied (mainly fine sand, silt and clay).

3 ) In both the Holocene and present-day sediments of all the areas studied, the

SiC>2 content is inversely related to the content of AI2 O 3 , Fe* 2 0 3  (i.e. total

iron oxide), T O 2 , MgO and K2 O.
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4 ) Ti0 2  and P2 O5  are present mainly in clay minerals.

5 ) The CaO content in the Holocene sediments of facies D of the Kirkcudbright and

New Abbey areas is approximately equal to that in the present-day sediments of 

the same areas and higher than that in the other Holocene sedimentary facies of 

these areas. This may indicate that the CaO was derived from fossil shell and

other organic carbonate fragments in the sediments of facies D. In the

remainder of the Holocene sediments, in which the CaO content is low, the CaO 

appears to be related to clay minerals.

6  ) The AI2 O 3  and K2 O present in the sediments are related mainly to clay

minerals.

7 )  The wide variability and low content of Na2 0  in the analysed bulk samples,

together with the presence of Na2 0  in samples of the clay fraction, suggest that

the Na2 0  is associated with both clay minerals and detrital minerals such as 

feldspar.

8  ) Most of the trace elements (Y, Sr, Rb, Th, Pb, Zn, Ni, Co, Ce, Cr, Ba and La)

present in the bulk samples are associated with clay minerals.

9 ) The trace element concentration depends on the magnitude of the clay fraction

rather than the clay mineral species.

1 0 ) The high concentration of trace elements in the clay fraction, together with the 

higher concentration of trace elements in the fine-grained sediments than in 

the coarser-grained sediments, suggests that these elements are associated 

mainly with clay minerals.
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1 1 )  In the Holocene sediments, both the major and trace element contents change 

vertically with changes in sedimentary facies.

12.8 Environments of deposition of the Holocene sediments

Field study of the Holocene raised coastal sediments in the Dalbeattie, 

Kirkcudbright and New Abbey areas, and to a lesser extent in the area of the former 

Lochar Gulf, led to recognition of seven sedimentary facies in these areas. The field 

studies, in combination with laboratory analysis of the grain-size, clay mineralogical 

and geochemical characteristics of the various Holocene facies, and comparison with 

the known environments of deposition of the present-day sediments of the same areas, 

enabled identification of Holocene environments to be made (Chapter 1.4, Aim 2, cf. 

Aims 4 and 5). In summary, the environments identified were as follows:

1 ) Dalbeattie area. The three sub-facies of facies A are thought to have

accumulated successively in salt marsh (sub-facies Aa), high tidal-flat 

(sub-facies Ab) and ve ry  high tidal-flat or even supra-tidal/salt marsh 

(sub-facies Ac) environments. Other environments of deposition identified in 

this area were lake or marsh (facies E) and storm beach (facies F).

2 ) Kirkcudbright area. In this area, five successive environments of deposition

were recognised, these being, intermediate to low tidal-flat (facies D), 

intermediate to high tidal-flat (facies B), salt marsh (sub-facies Aa), high 

tidal-flat (sub-facies Ab) and very  high tidal-flat or even supra-tidal/salt 

marsh (sub-facies Ac).

3 ) New Abbey area. The five environments of deposition identified in the

Kirkcudbright area were also recognised in this area. In addition, however,
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two more localised environments (fluvial channel-fil! and storm beach) were 

identified. The full sequence recognised, from earliest to youngest, was as 

follows: intermediate to low tidal-flat (facies D), fluvial channel-fill (facies

C), salt marsh (sub-facies Aa), intermediate to high high tidal-flat (facies B), 

salt marsh (sub-facies Aa), high tidal-flat (sub-facies Ab), v e ry  high 

tidal-flat or even supra-tidal/salt marsh (sub-facies Ac) and storm-beach 

(facies F).

From the lateral and vertical distribution of the sediments, their fossil content 

and their conjectural environment of accumulation, it is suggested that the sediments 

of facies D were deposited under transgressive marine conditions. In contrast, the 

sediments of facies A and facies B probably were deposited slightly later, at a time 

when the position of the shoreline fluctuated slightly. In the absence of radiocarbon 

age-dating of the sediments of the Dalbeattie, Kirkcudbright and New Abbey areas the 

exact times of these events are not certain. The Holocene sediments that were studied 

in these three areas, however, together with the Holocene sediments of the Lochar Gulf 

area, appear to the equivalents of Holocene sediments at Newbie Cottages, further to the 

east in the Solway Firth area, which Jardine (1975) showed ranged in age from c. 

7,400 to 5,500 years B.P. Broadly, the lower part of the relevant Holocene sediments 

in the Newbie Cottages resemble the sediments of facies D of this study, whilst the 

sediments of the upper part of the Holocene sediments at Newbie Cottages resemble the 

sediments of facies A of this study.

12.9 Provenances of the Holocene sediments

Although clay mineralogical and geochemical studies proved rather inconclusive 

with regard to indicating the provenances of the Holocene sediments (Chapter 1.4, Aim
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6 ), the following possibilities were suggested by these studies.

The illite may have been partially derived from fine flakes of mica, the mica 

previously having been derived from the granitic rocks and greywackes that outcrop 

within or close to the areas studied.

The geochemical studies suggest that the fine-grained Holocene sediments may 

have been derived mainly from felsic rocks. When the compositions of these sediments 

are represented on the diagram of Pettijohn et al. (1972) for the chemical 

composition of sandstones, it is found that most of the Holocene sediments fall into the 

categories of arkose and subarkose, although a few appear to be lithic arenites. 

Surprisingly, none appear to be of greywacke composition. It is suggested that the 

arkoses and subarkoses may have been derived from acidic rocks (e.g. the 

Criffell-Dalbeattie pluton) and the lithic arenites from rocks with a high argillaceous 

content (e.g. the Lower Palaeozoic shales or, to a lesser extent, the greywackes). Most 

of the trace elements present in the sediments are contained within the clays.

The Holocene coastal gravels of the Dalbeattie area may have been derived 

partly from Pleistocene glaciofluvial gravels and partly from outcrops of the 

granite/granodiorite of the Criffell-Dalbeattie pluton.

12.10 Suggestions for further work

The work carried out in the course of the project has added substantially to the 

grain-size, clay mineralogical and geochemical data available regarding the Holocene 

raised coastal sediments and present-day intertidal sediments of the Dalbeattie, 

Kirkcudbright, New Abbey and Lochar Gulf areas. The following additional studies of 

the Holocene sediments, it is suggested, would of particular use in furthering the 

interpretation of the nature of these sediments, the environments in which they
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accumulated and the chronology of their deposition:

1 ) Detailed faunal studies, especially of the foraminifers and ostracods

present in facies D.

2 )  Detailed SEM studies of the clay minerals, to add information concerning the 

authigenic or detrital nature of the clays, and to suggest the origins of the clays.

3 ) Heavy mineral studies (of the Holocene sediments and representative solid

rocks and Pleistocene deposits that are present in the four areas studied), to 

provide much more reliable indications of provenance than were given by the 

clay mineralogical and geochemical studies carried out in the course of the 

project.

4 ) Chemical analysis of the organic and CaCC>3 content of the fine-grained

Holocene sediments to improve the geochemical data available regarding these 

sediments, and to assist in the interpretation of their environments of 

deposition.

5 ) Radiocarbon dating of the organic detritus that underlies parts of the Holocene

succession and of the peat that overlies parts of the succession, to provide a 

time scale for the beginning and end of the Flandrian marine transgression, 

especially in the Dalbeattie, Kirkcudbright and New Abbey areas. This would 

supplement or improve the chronology of Flandrian marine transgression and 

regression on the northern side of the Solway Firth, established to the east of 

the New Abbey area and to the west of the Kirkcudbright area by Jardine 

( 1 9 7 5 ) .
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