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To the Geoscientists,

'* See they not the camels how they are created,
And the heaven how it Is raised high,
And the mountains how they are fixed,
And the earth how it is spread out."

(AL-QUR' AN; 88:17-20)
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' He created man from dry clay like earthen
vessels'"

(AL-QUR AN; 55:1L4)
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by Muhammad Atique Ahmed Baig

Seventy=eight samples of the Oxford Clay and Kellaways Formations from
the Warlingham Borehole (W.B.) in Surrey and sixty-three from the
Winterborne Kingston Borehole (W.K.B.) in Dorset were investigated for
both their geochemical and mineralogical properties. Well crystallized
smectite attributed to air-fall volcanic ash occurs in the sediments of
the (W.K.B.), whereas the sediments of the (W.B.) contain non-expanding
mixed-layer clays. 1Illite and kaolinite in the (W.K.B.) sediments show
a better crystallinity than the same two minerals in the (W.B.) sediments.
Enriched abundances of kaolinite and chlorite in the (W.K.B.) sediments
are related to the significant contribution of the igneous and low-grade
metamorphic rocks of the 'Cornubian Massif', whereas enhanced abundances
of degraded illite associated with a comparatively less crystalline
kaolinite and non=expanding mixed-layer clays in the (W.B.) sediments
point to a major contribution of re-cycled material supplied by the
sedimentary rocks of Palaeozoic age in the 'East Anglian Massif®.

Ten major and nineteen trace elements were analysed by X-ray spectrometry
in the bulk rock and clay fraction samples of both boreholes. Sediments
of the (W.K.B.), on the whole, contain enriched abundances of Fep0O3, CaO,
Na0, P20s, S, Corg, Sr, Fet2, Fet3, Cr, Mn, Zn, Pb, Ni and H20", whereas
the (W,B.) showed enrichment in $iO, TiO2, Alp03, Kp0, MgO, Ba, La, Ce,
Y, Zr and Nb, There were also considerable differences in chemistry
within the stratigraphic horizons represented in each borehole, and
between the horizons in each borehole, Characteristic element associa-
tions were found for different clay minerals, carbonates, sulphides,
phosphates and organic carbon plus an adsorbed group possibly related
to Fe-Mn oxides/hydroxides coatings.

An acid-reducing agent leaching study revealed that most e¢lements in
the (W.K.B.) sediments were strongly associated with the lithogenous
fraction, whereas in the (W,B.) sediments the strongly lattice-held
elements were only Mg, Fe, K, Al, Cu and Cr.

In general, sediments of the (W.K.B.) are less mature than those of
the (W.B.), and experienced relatively stronger reducing conditions. The
sediments of the (W.B.) were rich in detrital components and showed
diagenetic formation of dolomite (ferroan). The 'Cornubian Massif?
to the west and the *East Anglian Massif' to the north were the
provenances for the (W.K.B.,) and (W.B.) sediments respectively,
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CHAPTER ONE

INTRODUCTION



1.1 General Introduction

The present study is concerned with the chemical and mineral
compositions of the Oxford Clay and Kellaways Formations, as represented
by samples from two boreholes, namely the Winterborne Kingston in
Dorset and Warlingham in Surrey, both located in southern England
(Fig.1l.1). These boreholes provided complete cored sections of the
Oxford Clay and Kellaways Formations. 78 samples were selected from
the Warlingham Borehole cores and 63 from the Winterborne Kingston
Borehole cores, access to which was kindly provided by The Director,

Institute of Geological Sciences, London,

All these samples, and their separated clay fractions (“%P>
were analysed and studied for ten major elements (e.g. Si, Ti, Al, Fe,
Mg, Ca, Na, K, S and P) and eighteen minor elements (e.g. V, Cr, Mn,
Ba, La, Ce, Th, Pb, As, Zn, Cu, Ni, Rby, Sr, Y, Zr, Nb and Mo).

Major elements were analysed as oxides in percentages by Telsec Beta~
probe and the minor elements as parts per million by X.R.F. The

details pertaining to sample preparation, etc, are given in Chapter

Two (see 2.III,1 & 2.III.2). In addition to these elements, three

major components, i.e. H20+, COy and Corgg were also determined for

all the samples. Iron abundances, as Fet2 and Fe'3 were also determined
for all samples. Twelve representative samples from each borehole
collection were subjected to a leaching study by acetic acid and
hydroxylamine hydrochloride (CHESTER and HUGHES, 1967), to observe the
partitioning trends of the major and minor elements in the various

phases present in the studied sediments.

Abundances of minerals such as quartz, calcite, dolomite(ferroan),
pyrite and feldspar were determined in the bulk rock samples, and
illite, kaolinite, chlorite, smectite and mixed-layer minerals in the
clay fraction (‘:%F) of the sediments of both boreholes through X-ray
diffractometry., The vertical distribution of mineral phases for the
(W.K.B.) is shown in Figure (3.3) and that for the (W.B.) in Figure (3.4)
respectively. All numerical analytical data obtained was processed on
the University Computer (ICL-2970) in bi-variant correlations and multi-
variant analysis programmes, the results of which are described in the

present thesis,
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1 Peterborough
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calloviense |3igaloceras
calloviense Kellaways
. Rock
. Prop%a?ulltes (2-12 f£t.)
g koenigi
o
M. (Kamptokephulites) Kellaways
) kamptus Clay
Macrocephdites . (3-12 ft.)
macrocephaluss |M.(Macrocephalites & Uooer
macrocephalus pp
Cornbrash

1. The standard zones of the Callovian and Oxfordian, their authors,

synonyms and type~localities were recently reviewed by Callomon (1964).
2, Formerly S.planicerclus Subzone. Comparison of the type of S.planicerclus

(Buckman 1923) with a plaster-cast of the holotype of S.enodatum (Nikitin

1881) kindly supplied by the Geological Institute of Leningrad shows

them to be conspecific., The holotype is refigured by Tintant (1963),

TABLE (1.1) has been reproduced from CALLOMON (1968).
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1.2 General Geology and Stratigraphy

The general geology and stratigraphy of the Oxford Clay and
Kellaways Formations is well established (CALLOMON, 1971). It is well
documented since the early days, and there exists a voluminous
bibliography on these Formations. It 1s beyond the scope of the
present thesis to summarize here the entire bibliography. However,
some of the workers are mentioned here, and these include NEAVERSON
(1925), ARKELL (1933, 1939, 1941 and 1948), SPATH (1939), CALLOMON
(1955, 1962, 1964 and 1968), RUTTEN (1956), HUDSON and PALFRAMAN (1969),
CALLOMON and COPE (1971), JACKSON (1972), JACKSON and FOOKES (1974),
DUFF (1975) and RUSSELL (1977). Recently COPE et al. (1980) have
correlated the Middle and Upper Jurassic rocks in the British Isles,
CHOWDHURY (1980), during his studies of the Corallian sediments of
southern England, has analysed the tectonic and depositional events
of the Mesozoic era in England, and has contributed valuable information
regarding the Mesozoic sediments, particularly of the Oxfordian stage.
The latest stratigraphic and facies analysis work is that published by
BRADSHAW and PENNEY (1982). These authors studied a cored sequence of
Jurassic sediments from north Lincolnshire, England, and mentioned that
Kellaways Clay separating the argillaceous Cornbrash from the Rellaways
Sand and the organic-rich Lower Oxford Clay is thin, owing to a basal
non=sequence, whilst the Upper Oxford Clay is condensed and less organic-
rich than in the East Midlands. They have mentioned thicknesses for
the Oxford Clay (35-36 metres) and for Kellaways Beds (8-38 metres)

from the studied Borehole.

Taking into consideration the above-mentioned work, the present
writer does not find himself in a position to add any further towards
the general stratigraphy of the Oxford Clay and Kellaways sediments.
However, a brief and generalised stratigraphic setting of the Oxford

clay and Kellaways Formations is given here,

The Oxford Clay and Kellaways Formations in the studied boreholes
are underlain conformably by the Cornbrash = the lowest succession of
the Upper Jurassics - and overlain by Corallian Beds of variable com-
position (WILSON, 1968; CALLOMON, 1969), as shown in Figure (1,1),.
- The Oxford Clay, on the basis of lithological and faunal variations,
may be divided into an Upper, Middle and Lower division (CALLOMON,
1968, WORSSAM, 1971), as shown in Table (1.1). The boundaries between



North-east Yorks. ZONE |[Central & Southern STAGE
England
; — u.
Yorkshire . — L
Mariae .
Oxford Oxtord Oxfordian
Clay —— Clay
= lamberti = M.
Hackness I j;ﬁ : Oxford U
Rock  frce=s Clay Callovian
o 52 Athleta
hiatus
Langdale 3
Beds i Coronatum L.
Oxford M.
. Clay Callovian
hiatus Jason
P Kellaways
Kellaways o cky
Rock : L.
Shales of the Kellaways | Callovian
Cornbrash B= Macr%;l Clay |
D Carnhirash cepnate === U. Cornbrash
u. —
Deltaic Discus o i L. u. )
Series = Cornbrash | Bathonian

TEXT-FIG. 1. Comparison of the lower part of the Upper Jurassic of Yorkshire .

and southern England, showing the development of a marginal facies in

Yorkshire during Callovian times. After Wright (1968). All zones drawn to
equal thickness, therefore the lithological sections are not to scale.

TABLE (1.2)

(After DUFF, 1975)



the three divisions are shown in Table (1.2), as observed by DUFF
(1975) in the Oxford Clay sediments from central and southern England,
The boundary between the Kellaways rock and the Lower Oxford Clay is
marked by the 'Jason Zone® and between the Lower and Middle Oxford
Clay by a transition from brown and shaly Lower Athleta Zone to the
greenish and plastic Middle Athleta Zone, The Middle and Upper Oxford
clay divisions are distinguished by the Lambarti Zone, as shown in

Table (1.1).

Generally speaking, the Lower Oxford Clay is shaly and bituminous,
and the Middle and Upper Oxford Clay is calcareous, more plastic and
poorer in fauna. The Lower Oxford Clay of the (W,B,) sediments contains
the highest abundances of organic carbon and total clays, and that of the
(W.,K.B.) also contains appreciably higher concentrations of Corg and
total clays; and therefore shows agreement with the published character-
istics of these clays. Similarly, the sediments of the Upper Oxford
Clay of both the boreholes contain the highest abundances of carbonates
and mixed~layer minerals, as shown in Figures (3.3 & 3.4), and thus

agree with the published properties of these sediments.

The Kellaways Formation consists of sandy clay in its upper parts,
and clays in the lower sediment. Table (1.3) indicates the standard
divisions of the Jurassic into stages, with radiometric ages as reported

by HOWARTH (1964).

The Oxford Clay and Kellaways Beds have been divided into various
groups and sub=-groups, on the basis of faunal variation. ARKELL (1933)
has summarized the various schemes given by different authors, which is
reproduced in Table (1.4)., CALLOMON (1968) has revised these zones and
sub-zones, which are shown in Table (1.1), These zonal divisions are

now widely accepted.

The Warlingham and Winterborne Kingston Boreholes provided a
complete succession of the Oxford Clay and Kellaways Formations.
Figure (1,2) shows the diagrammatic section at Warlingham, as reported
by WORSSAM et al. (1971), and indicates the underlying structure and
the presence of the London Platform. SMALLEY and WESTBROOK (1982)
presented geophysical evidence concerning the southern boundary of the
London Platform beneath the Hog's Back, Surrey, According to these

authors "the pre-Mesozoic basement beneath the thin Mesozoic succession



Standard subdivisions of the Jurassic into stages, with radiometric ages (in

m.y.) inserted
RETACEOUS)
(c (135)
Purbeckian
I s 132
. 8= 139
Portlandian g ,QC.”
£\~ 125, 128, 136
Upper = ‘
Upper | Kimmeridgian Middle
Lower
. 136
Oxfordian
O Callovian 139
N
2 Bathonian 163
oz | Middle
-:‘3 Bajocian
170
, 3
Toarcian
Pliensbachian
Lower >»179,1s1 —
Sinemurian
Hettangian
(190-5) —= 194
(TRIAS)

TABLE (1.3) (After HOWARTH, 1964)



north of the Hog's Back is of a lower density than that underlying the
thick Mesozoic succession to the south., This lower density basement
was probably the principal cause of the relative stability of the
London Platform during the Mesozoic era. The southern boundary of the
London Platform may have been initiated by Variscan thrusting with
subsequent reversal of displacement, or may be inherited from older
crustal lineament." It suggests that the London Platform might have
influenced greatly the history of deposition of the studied sediments

from the Warlingham Borehole.

Table (1.5) shows a comparison of the successions of Oxford
Clay and Kellaways Formations at Warlingham and at Warboys in the
English Midlands. It shows that, at Warlingham, the Upper and Middle
Oxford Clay divisions are relatively thicker than those of Warboys,
which shows a relatively thicker sequence of the Lower Oxford Clay
division and the Kellaways Formation. Figure (1.1) shows the strati~
graphic logs of the (W.K.B,) and (W.B.), and indicates that, in the
(W.K.B.), all divisions of the Oxford Clay and Kellaways Formations
are much thicker than their counterparts in the (W.B.), indicating,
comparatively, much deeper basin conditions in the western part of
southern England. This Figure also shows the presence of the lowest
unit of the (K.F.), i.e. Kellaways Clay, in the (W.K.B.), which is
absent in the (W.B.) sequence, further indicating a deeper environment

of deposition for the (W,K.B.) than for (W.B.) sediments.

The depositional environments of the Oxford Clay sediments have
been described by ARKELL (1933), as a deep-sea environment, RUTTEN
(1956) proposed a periodic 'water-bloom® theory for the deposition of
the Oxford Clay sediments at Woodham brick-pit. According to HUDSON
and PALFRAMAN (1969), the sea-bottom of the Oxford Clay at Woodham
was not stagnant and anaerobic. DUFF (1975) recognised the Lower
Oxford Clay as a deepening water sequence in which two distinct environ-
mental cycles are present. According to DUFF (op.cit.), the many small-
scale alternations of lithology within the Lower Oxford Clay indicate
relatively shallow-water deposition. HUDSON (1978) described *non-
stagnant' and *non-anaerobic' conditions for the deposition of Oxford
Clay at Woodham. JACKSON (1972) mentioned that, in general, the Lower
Oxford Clay is shaly and bituminous, whereas the Middle and Upper Oxford

Clays are more plastic, calcareous and poorer in the contents of fauna.
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FIG.(1.3): Showing the outcrop of the Upper Jurassic rocks, including
the Oxford Clay and Kellaways Formations (after
FURSICH, F.T., 1977).
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On the basis of field evidence, JACKSON (op.cit.) postulated that the
Lower Oxford Clay was laid down in deep-sea water with a stagnant
bottom, which facilitated the creation of reducing conditions and

formed the bitumen present in these sediments. According to the

same author, the Middle and Upper Oxford Clays were deposited in well
aerated sea~water., HUDSON and PALFRAMAN (1969) found abundant benthonic
fauna in the Middle and Upper Oxford Clay sediments at Woodham, and thus
confirm the later views of JACKSON (op.cit.). CALLOMON (1968) found
complete but immature shells of ammonites only in the Middle-Upper
Oxford Clay. This observation creates some doubt about the theory of
anaerobic and aerated water conditions of the Lower and Upper Oxford
Clay divisions respectively, of the Oxfordian seas. The 'water-bloom?
hypothesis postulated by RUTTEN (1956) may explain the situation
observed by CALLOMON (op.cit.). HUDSON (1978) described *non-stagnant’
and 'non-anaerobic! conditions for the deposition of the Lower Oxford

Clay at Woodham brick-pit.

The presence of pyrite and organic carbon in the entire
sequences of the (W,K.B.) and (W.B.) sediments in the present study
does, howevery suggest the existence of reducing conditions, most
probably either within the sediments or at the mud-sea-water interface.
HUDSON and PALFRAMAN (1969), DUFF (1975) and HUDSON (1978) also
suggested a similar mechanism regarding the occurrence of reducing
conditions. The higher contents of organic carbon, pyrite and certain
elements such as P, S, Cu, Mo, Fe+2, etc, in the sediments of the Lower
Oxford Clay, and their depleted abundances in the Middle~Upper Oxford
Clay of both the boreholes, suggest that stronger reducing conditions
occurred at the time of deposition of the Lower Oxford Clay sediments.
The highest average value of quartz in the sediments of the (K.F.) from

the (W.B.) suggests a near-shore deposition of these sediments.

The outcrops of the Jurassic rocks, including the Oxford Clay
and Kellaways Formations, are exposed from the Dorset coast in the
south to the Yorkshire coast in the north, as shown in Figure (1.3).
JACKSON (1972) and JACKSON and FOOKES (1974) have described the thickness
variation of the Oxford Clay Formations from different localities in
central and southern England. The thickness of the Oxford Clay generally
reduces from south to the north, as is shown in Figures (1.4 - 1.6).

EVANS and THOMPSON (1979) have reported the thickest sequence of the
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Oxford Clay from the central Bristol Channel where it measures
370 metres. The Oxford Clay and Kellaways Formations sequence at
Winterborne Kingston in Dorset is thicker (202 metres) than that

of Warlingham (102 metres).

1.3 History of Previous Work

The Oxford Clay and Kellaways Formations are well-known in
the geological literature for the rich faunal assemblage and also as
a source of raw material for the manufacture of bricks in England.

Previous work on the Oxford Clay may be summarized as follows:

(a) Palaeontological, stratigraphical and sedimentalogical

studies.,
(b) Geo-technical and Isotopic studies,

(¢c) Mineralogical and geochemical studies.

(a) Palaeontological, stratigraphical and sedimentalogical studies

There is a voluminous bibliography on these aspects of the
Oxford Clay and Keliaways Formations. It is not possible to summarize
the entire bibliography in the present thesis, WILLIAM SMITH (1815-16)
called it fclunch clay and shale', purely on the lithological character
of this Formation. BUCKLAND (1818) used the term 'Oxford Clay',
'Forest or Fan Clay' for this Formation. BUCKLAND and DE LA BECHE (1835)
and DAMON (1884) described the geology of the Weymouth and adjacent
areas of the Dorset coast, and studied the Oxford Clay, ANDREWS (1895)
studied the skeleton of a young Plesiosaur from the Oxford Clay of
Peterborough. ANDREWS (1909, 1910-13, 1915) studied New Steneosaurs

from Peterborough; he described the catalogue of Marine reptiles of
the Oxford Clay and wrote a note on a mounted skeleton of

Opthalmosaurus icenicus seeley, NEAVERSON (1925) described the zones

of the Oxford Clay near Peterborough. ARKELL (1932) described an
unknown Kellaways locality in Dorset. ARKELL (1933, 1939, 1941 and
1948) described the Jurassic system in Great Britain and studied the
ammonite succession at the Woodham brick-pit -~ situated at Woodham,

He studied the Upper Oxford Clay at Purton, Wiltshire, and the zones of
the Lower Oxfordian, ARKELL (op.cit.) also studied the Oxford Clay and

Kellaways Beds of the Dorset coast in the south of England.
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time,Dr.D.Moore,Geology Department University of Southampton
has compiled this map.( Personal communication)
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ARKELL (1933) described in great detail the structure of the
troughs or basins in which the deposition of Jurassic sediments in
England took place. He also interpreted the tectonic influence and
the post-depositional tectonic effects on the Jurassic sediments.
According to him, there were continued subsidence and uplifts of
varying intensity during Jurassic times. ARKELL (op.cit.) concluded
that the rate of subsidence varied from locality to locality, as
shown in Table (1.6). He further postulated that the axes of uplifts
sub~dived troughs into basins of deposition. Three of these axes
are important from the point of view of the Oxford Clay outcrop;

these are as follows:
(i) the Market Weighton axis;
(ii) the Weymouth anticline;
(iii) the Islip anticline.
Details of these axes are described by ARKELL (1933) and JACKSON (1972).

SPATH (1939) described the ammonite zones of the Upper Oxford
Clay of Woodham. The Geological Survey of Great Britain published
(in 1947) a memoire entitled 'The Geology of the Country around
Weymouth, Swanage, Corfe and Lulworth®, which describes all geological
aspects of the Oxford Clay and Kellaways Formations in these areas.
BARNARD (1952 & 1953) studied the foraminifera from the Upper Oxford
Clay of Red Cliff Point and from Warboys. RUTTEN (1956) described the
depositional environment of the Oxford Clay at Woodham brick-pit.
CALLOMON (1955, 1964 and 1968) described the ammonite succession in
the Lower Oxford Clay and Kellaways Beds at Kidlington brick-pit in
Oxfordshire. CALLOMON (1962) published notes on the Callovian
and Oxfordian stages., PALFRAMAN (1966) studied the variations and

the ontogeny of some Oxfordian ammonites: Taramelliceras richei (de

Loriol) and Creniceras renggere (oppel) from the Woodham brick-pit,
Buckinghamshire. CALLOMON (1968) described the Oxford Clay and

Kellaways Beds of the East Midlands, and revised the zonal scheme.

(A summary of the revised stages is given in Table (1.1).) HUDSON

and PALFRAMAN (1969) studied the ecology and preservation of the

Oxford Clay fauna at Woodham brick-pit, Buckinghamshire. TORRENS (1969)
edited an account of the International Field Symposium on the British

Jurassic Guide for Dorset and south Somerset, which describes the
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stratigraphy, fossils, lithological characters, palaeontological

zones and thicknesses of the Oxford Clay and Kellaways Beds in

Dorset. CALLOMON and COPE (1971) described the stratigraphy and
ammonite succession of the Oxford Clay and Kellaways rocks and clays
in the Warlingham Borehole, drilled in Surrey. Rood et al. (1971)
described electron microscope studies of Oxford Clay coccoliths.

DUFF (1975) studied the palaeocecology of the bituminous shale from

the Lower Oxford Clay of central England. He noticed the presence

of many benthonic burrows preserved in the Lower Oxford Clay, indicating
that the bottom conditions during the Middle Callovian times were less
anaerobic in comparison to those conditions under which the deposition
of the bituminous shales of the Lias took place, PERKINS (1977)
described the succession of the Oxford Clay and Kellaways Formations
at Crook Hill brick-pit, Chickerell, East Fleet; Tidmore Point and

Furzedown Cliff,

COPE et al. (1980) have recently correlated the Middle and
Upper Jurassic rocks in the British Isles, BRADSHAW and PENNEY (1982)
have described the stratigraphy and facies analysis of a cored sequence

of Jurassic sediments from the north of Lincolnshire,

(b) Geotechnical and Isotopic studies

JACKSON (1972), JACKSON and FOOKES (1974) studied the geo-
technical properties of the Lower Oxford Clay from different localities
in central and southern England., These authors concluded "that the
geological conditions of deposition for identical palaeontological
zones of the clay were approximately similar and that the influence on
engineering index, strength and low stress consolidation properties due
to different depths of burial were small', RUSSELL et al. (1978) studied
the shear strength anisotropy variations in weathered Oxford Clay in
England. RUSSELL and PARKER (1979) described the geotechnical, miner-
alogical and chemical inter-relationships in the weathering profiles of
Oxford Clay from localities including Sandy, Minety, Hillfield and
Fleet in England.
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HUDSON (1978) studied concretions, isotopes and the diagenetic
history of the Oxford Clay from central England, He identified three
types of concretions and the shales in which they occur, According to
HUDSON (op.cit.), the calcite of the concretion bodies is non=ferroan,
He further mentioned that "presumably Fe+2 activity in the pore waters
was kept low by the continuous precipitation of highly insoluble iron
sulphides, the precursor of eventual pyrite (BERNER, 1970). Recently
BLOOMER (1981) described the thermal conductivities of mud-rocks,
including the Oxford Clay and Kellaways Formations, in the United Kingdom.
SMALLEY and WESTBROOK (1982) presented the geophysical evidence con=
cerning the southern boundary of the London Platform beneath the Hog's

Back, Surrey.

(¢) Mineralogical and Geochemical Studies

The majority of the workers concentrated on the stratigraphy
and fauna, its preservation and conditions of deposition of the Oxford
Clay. Their conclusions are drawn mainly on the basis of the out=
standing marine fauna of the Oxford Clay, As far as geochemical and
mineralogical work is concerned, some had been attempted, but on a
very limited scale, FREEMAN (1956, 1958 and 1964) mentioned that
illite is the dominant and kaolinite is the subsidiary clay mineral
in the Oxford Clay. PERRIN (1971) stated that Lower Oxford Clay from
the south-east Midlands contains only two clay minerals, i.e. illite
(65 to 80%) and kaolinite (20 to 35%). He further mentioned that Upper
Oxford Clay from the Dorset area contains illite (40 to 70%), smectite
(5 to 40%), kaolinite (11 to 31%) and chlorite (4 to 10%), JACKSON
(1972), JACKSON and FOOKES (1974) studied the clay mineral suites and
other minerals such as quartz, gypsum, calcite (pure), calcite(Mg~rich),
dolomite, pyrite, plagioclase and Kefeldspars, in the Lower Oxford Clay
from different sections exposed on the surface from central and southern
England, and reported the presence of illite (54 to 75%), kaolinite
(21 to 45%) and chlorite (from zero to 4%). ATTEWELL and TAYLOR (1973)
reported the presence of mixed-layer clay mineral in the Oxford Clay,
but they quantified this mineral with illite. WEIR and RAYNER (1974)
studied a sample of the weathered Oxford Clay from the Denchworth Series
soil and reported the presence of an interstratified illite and smectite
mixed-layer mineral containing approximately 45% expandable layers.

RUSSELL (1977) carried out studies on samples of weathered Oxford Clay
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from seven profiles from the Midlands to southern England, to observe
the effects of weathering on the physical and chemical properties, He
reported the presence of illite, kaolinite, chlorite, montmorillonite
and mixed-layer minerals in the sediments studied by him., Recently
SHAW (1981) described the mineralogy and petrology of all the
argillaceous sedimentary rocks of the United Kingdom, and gave an
average clay minerals composition (i.e. illite = 50%, kaolinite = 20%,

swelling clay minerals = 30%) in the Upper Jurassic sediments.

As far as geochemical studies are concerned, as mentioned
earlier, very limited work has been done, and this mainly on surface
exposed sediments which are badly weathered. JACKSON (1972) reported
a partial chemistry of Lower Oxford Clay samples collected from the
brick-pit sites in the Midlands and Dorset. He carried out these
investigations in connection with studies of the geotechnical
properties of the Lower Oxford Clay. His samples, although suitable
for geotechnical investigation, were not ideal for geochemical and
mineralogical studies, being highly weathered. The weathering processes
might have leached the carbonate minerals and also some elements,
particularly Ca, Mg, Sr, Fe and P, as is proved by the present study.
It is obvious that geochemical studies of such samples provided biased
information and failed to represent the genuine distribution and
actual concentration of the elements and their role in the history of
the sedimentation. RUSSELL (1977) also studied the partial chemistry
of the Oxford Clay sediments; again this study was done on weathered

material,

1.4 Aims of Present Study

The thick sequences of fine-grained sediments containing clays
and other minor lithological units,deposited during the Jurassic times,
are ideal for geochemical and mineralogical investigations. GAD (1969),
for example, studied the geochemistry of the Withbean (Upper Lias)
sediments of the Yorkshire coast, and on the basis of geochemical
findings,explained the conditions of deposition of the studied sediments.
DUNN (1974) identified sedimentary cycles in the bituminous Kimmerid-
gian sediments from the Dorset coast, based on a detailed geochemical

study.

The work of GAD (1969) on the Whitbean sediments, DUNN (1974)



on the Kimmeridgian sediments, and that of JACKSON (1972) and HUDSON

(1978) on the Lower Oxford Clay, directed the writer's attention to

the need for detailed geochemical and mineralogical investigations of

the un-weathered sediments of the Oxford Clay and Kellaways Formations

from southern England. Keeping this background in mind, investigations

were initiated with the aims listed below:

(L)
(2)

(3)

(4)

(5)

(6)

(7

to study in detail the clay mineral species;

to study in detail non~clay mineral species, particularly

those of non-detrital origin;

to study the distribution and concentration of major and
minor elements in the bulk rock and clay fraction (< 2p)

samples;

to study the partitioning characters of major and minor

elements in the lithogenous part of the sediments;

to observe the relationship between organic carbon and

some minor elements;

to investigate the geochemical and mineralogical parameters

as evidence for the history of deposition of these sediments;

to trace the provenance of the studied sediments,

1.5 Sample Collection

Having the described aims and objectives in mind, samples of

the Oxford Clay and Kellaways Formations were first collected from the

surface exposed sections at the Chickerell brick~pit, Jordan Cliff and Red

Cliff sections in Dorset,

on these samples were found to be unrealistic and unsatisfactory, owing

to their highly weathered state, It was therefore decided to obtain

samples of unweathered sediments from suitable borehole sites drilled

'in southern England.

London, was approached, and only two boreholes, i.e. one at Warlingham

and the other at Winterborne Kingston, were found to have complete cored

successions of Oxford Clay and Kellaways Formations. Thus permission

was obtained to select samples from the cores of the two boreholes,

The Winterborne Kingston borehole is located near Blandford Forum

(Grid No.SY-807979) in Dorset, and Warlingham is in Surrey

(Grid No,TQ-34765719); both locations are shown in Figure (1.1).

19

Preliminary mineralogical and chemical findings

In this regard, the Institute of Geological Sciences,
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2.1 Mineral Analysis of Bulk Rock

2.,I.1 X-ray Diffractometry

KLUG and ATIEXANDER (1954) described the technique of mineral
analysis by X~ray Diffraction as the quickest and most accurate
method, Many other workers, including STRAHI (1958), VAN ANDAL(1964),
CALVERT (1966), COSGROVE (1972) and PAPAVASILIOU (1979), have used
this technique for the identification and satisfactory semi-
quantitative estimation of minerals in whole-rock, clay fraction

and silt fraction of sediments, during various research studies.

In the present investigations all mineralogical studies of
the whole-rock, . and clqy. fractions of the sediments of the two
boreholes were carried out using a Philip's PW1010, X-ray Diffractometer
operating at 36kV. and 24 mA; using Ni-filtered Cu Ked-radiation through~
out, in the Laboratories of the Geology Department, University of
Southampton. Philip%s PW10l0 X-ray Diffractometer is shown in
Plate (2.1).

2,1.2 Random Powder Sample Analysis (Qualitative Analysis

a) Sample Preparation

For random powder analysis, an aluminium powder holder,
specially prepared for this purpose, and the ground powder of the
rock were required, About 0.5 gm. of the sample powder was heaped
into the central hole (2 cm. by 1 em. in area, and about 1.5 m.m.deep)
of the aluminium powder holder. The back of the central hole was
covered with a glass slide to support the powder; the powder being
spread for equal distribution in the sample hole. The powder is
pressed into a smooth-surface using a second glass slide to
present a uniform flat surface to the X-ray beam. All samples,
including the bulk-rock and silt fractions, were prepared in this
way. More details have been given by COSGROVE (1972) and SULAIMAN
(1972).

b) Settings of X.R.D.,

Different settings of slit widths, scan and paper speed and

time constant are required depending on the nature of the sample,



PIATE 2.1

PHILIP'S PW1010 X-RAY DIFFRACTOMETER
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For random powder sample analysis the X.R.D. settings used were

as under:
Divergence slit and scatter slits = % degree
Receiving slit = 0«2 m.m.
Scanning speed of goniometer = 1 degree, 2 6/minute
Recorder chart speed = 600 cms/hour
Time constant = 4 & 8,

¢) X-ray Diffraction and Identification of Minerals

All random powder samples were scanned on the X.R.D. from
[o]

2

Between 20,29 to 650, 28, all important peaks of minerals are

s 28 to 650, 20, using the X.,R,D, éetting described above.

recorded on the X.R.D diffractograms., The identification of
specific minerals was done using the characteristics peak positions
of common minerals used by SCHULTZ (1964), KLUG & ALEXANDER (1954).
The common minerals identified in the sediments of the Warlingham
Borehole include quartz, calcite, dolomite (ferroan), pyrite and
feldspar (very small amounts) present only in a few samples. The
sediments from the Winterborne Kingston borehole contain the same
minerals with the exception of dolomite. The peak positions of

these minerals on the X.R.D. trace are shown in Table (2.1).

TABLE (2.1)

Minerals Peak Positions (Cu KX-radiation)
Quartz i) 26-66°, 20 (3.34 R)

ii) 20.85%, 20 (4-26 &)
Calcite i) 29-43°, 20 (3.03 &)

ii) 39.43°, 26 (2.28 &
Dolomite (ferroan) | i) 30.84°, 20 (2.72 R)
11) 41.04°, 206 (2.19 R)

Pyrite i) 33.07°, 20 (2.70 &)
ii) 37.10°%, 20  (2.42 B)
Feldspars i) 27.41°, 20 (3.22 &)

ii) 27.93°%, 20 (3.16 R)

Total clays 19.91°, 20 (4.45 R)
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2,1.3 Whole Rock Minerals Analysis (Semi-quantitative Analysis)

SCHULTZ (1964) used a method for semi-quantitative analysis
of minerals present in the 'Pierre shales', in which ‘intensity
factors' for every mineral were used. The minerals of the Pierre
shales include quartz, calcite, dolomite, pyrite, feldspar and
total clays, SCHULTZ (op.cit.) determined intensity factors for
these minerals using pure minerals. PAPAVASILIOU (1979) also
used the same method for the semi-quantitative analysis of minerals
present in Deep-sea sediments from the Indian Ocean., Both workers
experienced some problems over the estimation of ‘intensity factors!,
particularly for 'total clays®. They also faced the problem of the
unknown mass absorption of the rocks. They concluded that the
method only gives an idea of the relative proportions of the
minerals.  PAPAVASILIOU (op.cit.) experienced that the total
mineral analysis achieved by this method sometimes is over 100%,

and sometimes much less (i.e. 70%).

The sediments of the two boreholes, at present under study,
contain ‘total clays® as a ‘dominant component, which plays a vital
role in the mineralogical and chemical history of these sediments.
It is very important that the component of total clays of these
sediments should be estimated as accurately as possible. The amount
of each sample was very limited, so it was not possible to separate the
*clay fraction' in sufficient quantity to be used in the determination
of individual minerals' intensity factors. The method of semi~-
quantitative analysis applied here gives the quantities of minerals,

determined independently,in parts per hundred

The mineral quartz was determined by the X,R.D. method of
COSGROVE & SULAIMAN (1973). The amount of total carbonates was
determined by the acid digestion method proposed by MOLINA (1974),
using 10% acetic acid for sediments of the Winterborne Kingston
Borehole and 0-1N HC1 for the Warlingham Borehole sediments. The
amount of calcite in the Winterborne Kingston Borehole sediments
was calculated from the amounts of carbonate COp obtained by the Infra-
red gas analyser, which are shown in Appendix (2.1). The abundances
of calcite and dolomite for the Warlingham Borehole sediments were

estimated from the known values of calcite/dolomite ratios obtained



by the X-ray Diffractometer, and the equivalent amount of COy
obtained by converting the abundances of total carbonates,
determined by the acid digestion method, using O«IN(HC1), The
values of carbonate COp, C/D ratios, calcite and dolomite are shown
in Appendix (2.2)., The abundances of pyrite were calculated from
the amounts of sulphur (S) as obtained from the analysis of major
elements done by the Betaprobe. The amounts of organic carbon were
estimated from the amounts of CO2, representing organic carbon, and
obtained by subtracting the carbonate COy values from the total COp
values, The total CO2 for both boreholes! sediments and carbonate
CO2 for the Winterborne Kingston Borehole were determined by the
Infra-red gas analyser. The values of carbonate COy for the
Warlingham Borehole sediments were those obtained by converting

the contents of total carbonates determined by O0<IN (HC1l) acid
digestion method. The amounts of total clays for each sample of
the two boreholes' sediments were calculated by the difference
method, i.e. %total clays = 100 - (quartz + calcite + dolomite +
pyrite + organic carbon). COSGROVE (1972) and EL-SHAHAT (1977) used
this method and satisfactorily estimated the abundances of total

clays in the sediments studied by them.

2.1.4 Determination of Quartz

a) Rock Standards

For the determinations of quartz abundances in the samples,
first of all the X-ray Diffractometer was calibrated, by running
the‘samples of the rock standards in which the percentages of
quartz had already been determined by the gravimetric method
proposed by TROSTELL and WYNNE (1940). Eleven representative
samples, which are shown in Table (2.2), were used as rock standards.
These standards include 9 samples from the Warlingham Borehole
collection and 2 samples from the exposure of the Oxford Clay at
Chickrell brick-pit, near Weymouth in Dorset., The peak intensity
of a mineral present in a rock sample,to be scanned on X.R.D,,very
much depends on the grain size of the sample., It is therefore
necessary that the grain size of the standards and other samples

should be of the same dimensions. It is believed that grain sizes

24
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of standards and other samples, to be studied in the present
investigation, are similar since both received the same treatments

of grinding and pellet making.

b) Determination of Absolute amount of Quartz

The absolute amount of quartz in the frock standards® was
determined by the gravimetric method of TROSTELL & WYNNE (op.cit.).
Determinations, in some of the rock standards, were done in duplicate
to ensure the precision of the method. The reproducibility of the
method was found to be very good and satisfactory. A variation of
+ 1% was noticed in the duplicate determinations, which is shown

in Table (2.3).

¢) Settings of X,R.D.

The rock standard pellets were scanned on the X.R.D., on

the settings mentioned below:

Divergence and scatter slits = 1° degree

Receiving slit = 0.2 m.m.

Goniometer scanning speed = % degree, 20/minute
Recorder chart speed = 1200 cms

Time constant = 4 seconds.

d) Calibration of the X.R.D,

For the calibration of the X.R.D., pellets of eleven (11)
standards were scanned on the Philip®s PW1010 X-ray Diffractometer
from 190, 20, to 22, 2@; all the pellets were prepared according to
the method already described. Each pellet was scanned four times;
each time the position was rotated through 90° angle in order to
cover the whole surface area of the pellet. The average of the four
readings of the quartz peak height at 4.268 (20 850, 20) was taken

as the final reading for that sample,

The two quartz peaks of highest intensity are at 3.348
(26-66°, 20) and 4.268 (20.85°, 20). The main peak at 3.348
(26'660, 28) is overlapped by the (003) illite peak; this peak was
not used as illite is a dominant mineral in these sediments. The

second peak at 4268 (20-850, 20) is also overlapped by the gypsum

peak at 4-272. However, since gypsum has not been recorded in any
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of the samples of the Oxford clay, the peak of quartz at 4268
(20«850, 28) was therefore selected to record the amount of quartz

present in the samples.

The intensity of the peak of a mineral depends on many
factors; the mass absorption being perhaps the most important.
COSGROVE and SULAIMAN (op.cit.) and EL-SHAHAT (1977) have observed
the effects of mass absorption on the determination of quartz in
sedimentary rocks, and showed that an improvement in the *correla-
tion coefficient', for the calibration curve, could be achieved by
incorporating the mass absorption coefficient values. This mass
absorption correction was done in the present investigations by
incorporating the mass absorption values for the standards already
obtained from the X-ray spectrometer, when the standards and other
samples were being run on the Molybdenum tube programme for the
analysis of the trace elements. These mass absorption values are
suitable for Cu Ko{-radiation (1:548), being on the short wave
length side of the 'Fe! absorption edge, COSGROVE (1972).

Two calibrations, as shown in Figure (2.la and b), one for
the Warlingham and the other for the Winterborne Kingston Borehole
samples, were constructed in 1978 and 1980 respectively for each
borehole, The lines of the ‘*best fit' for (c.p.s. x pm) versus
the already known percentages of quartz, which are shown in Table
(2.2), were computed using the method of least squares. The reason
for the two separate calibration lines was due to the changes made
in the parameters of the Molybdenum tube programme in 1980, Due to
changes in the programme, higher values of the mass-absorption
coefficient were obtained for the same pellets of the 'standards?,
when they were run on the X,R,F, The variation in the mass absorption

coefficient values is shown in Table (2.2).

The working equations for the estimation of quartz

percentages for each regression are given below:

a) Regression Equation for the Warlingham Borehole sediments:

Y = 2.114 4+ 0.009X
OR
% Quartz = 2-114 + 0-009 x c.p.5. x p m.
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b) Regression Equation for the Winterborne Kingston Borehole

sediments:
Y = 2.0621 + 0.-0046X
OR
7% Quartz = 2.0621 + 0.0046 x c.p.s. X pm.
where:
Y = Quartz percentage, determined in the unknown
sample.
X = Peak intensity of quartz in counts per
second (c.p.s.) x pm.

M m = Value of the mass absorption coefficient,
obtained from the X.,R.F. Molybdenum tube
programme.

+2-114 = Value of intercept for the calibration of
the Warlingham Borehole sediments.

0.009 = Value of slope for the calibration of the
Warlingham Borehole sediments.

+2.0621 = Value of intercept for the calibration of the
Winterborne Kingston sediments,

0.0046 = Value of slope for the calibration of the

Winterborne Kingston sediments,

The abundances of quartz in the sediments of the two boreholes
were determined by using the values of peak intensity (c.p.s.) of
quartz and mass absorption coefficient for each sample, and the

respective regression equations,

The day to day drift of the X.R.D., which affects the peak
intensity of quartz, as is shown in Table (2.3), was controlled by
running two 'Master standard' samples, BR-129 for the Warlingham
Borehole and WBK-1 for the Winterborne Kingston Borehole sediments.
The Master standards were run every time with every batch of the

samples.

The reproducibility of the method has been found very good, as
is clear from the statisticalbdata for the two Master standards
shown in Table (2.3). Each Master standard was run on the X.R.D.
ten times in both cases. The peak intensity of quartz showed some

fluctuations every time, as is shown in Table (2.3). This

31



fluctuation is due to drifts of the X.R.D, The variations of the
peak intensity directly affects the amounts of quartz determined.

A variance of +1 to 2% of quartz values can be seen in Table (2.3).

2.1.5 Determination of Calcite/Dolomite Ratios

The sediments of the Warlingham Borehole contain two
carbonate minerals, namely calcite and dolomite (ferroan). The
abundances of calcite and dolomite were estimated by using the
ratios of calcite/dolomite obtained by the peak heights of the
respective minerals from the X-ray Diffractograms, and the amount
of carbonate COy calculated by the abundances of total carbonates,
determined by the acid digestion method, using O0+IN (HC1l). The

values of COp, calcite/dolomite ratios are tabulated in Appendix (2.2),

a) Rock Standards

Rock standards of calcite and dolomite were selected from
the Kimmeridge Clay of the Dorset coast, being the most similar rock
types. For calcite, a coccolithic limestone (the white band), and
for dolomite, a ferroan dolomite, were obtained from BELLAMY (1980).
First of all these rocks were scanned by X.R.D. as a random powder
for checking their composition, which was found satisfactory, The
coccolithic limestone contained only pure calcite, and the dolomite

also proved to be pure dolomite (ferroan).

b) Grinding and Pelleting the Standards

The Coccolithic limestone and dolomite (ferroan) samples
obtained from BELLAMY (1980) were first crushed into pea-size
fragments in the 'Jaw crusher®, The pea-sized fragments were ground
in a Tema-mill for about 4 minutes, MILLIMAN (1974) noticed that
increased grinding time affects the peak intensity of calcite +
aragonite. GOODELL and KUNZLER (1965) noticed that, by the effect
of heat produced due to over-grinding, aragonite is converted to

calcite.

Weighted fractions of calcite and dolomite, as shown in
Table (2.4),were again ground in plastic containers, having two
plastic balls, in the grinder for about 10 minutes, in order to get

the homogeneous mixture of calcite and dolomite. Pellets were
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prepared by using the homogenised mixture in the usual way, as
explained elsewhere., These pellets were also run on the X-ray
spectrometer to obtain the mass absorption values, in the

Molybdenum tube programme.

¢) Calibration of X.R.D, and Determination of Calcite/Dolomite
Ratios

Pellets of calcite and dolomite, prepared from the homogenised
mixtures, were run on the X,R,D., on the same settings used for the
calibration of quartz. Each pellet was scanned four times from
28°

of the four readings for calcite at 29-450, 26 and for dolomite(ferroan)

s 28 to 320, 20, by rotating its position at 900. The average

at 30~850, 28 was taken as the final reading respectively,

The calibration line shown in Figure (2.2) was constructed
using the values of the ratios of calcite/dolomite peak heights
multiplied by the mass absorption values and the ratios of the
weight percentages of calcite/dolomite, as shown in Table (2.4).

The working equation obtained is mentioned below:

Y = A+ BX + Cx$2
OR
2
Y = ~0-0098 + 0.8313 X + (~0.0124%X")
where:
Y = Calcite/dolomite ratios weight %

= Calcite/dolomite ratios of peak height x pm.
pm =  Mass absorption values, obtained from Molybdenum

tube programme X.R.F.

2,1.6 Determination of Carbonate Contents

The abundances of carbonates in the sediments of the two
boreholes were determined as (i) total carbonates, and (ii) individual
carbonate minerals, The two borehole sediments do not contain the
same carbonate minerals, The Winterborne Kingston Borehole sediments
contain only one carbonate mineral, i.e. calcite., The sediments of
the Warlingham Borehole contain two carbonate minerals, i.e. calcite
and dolomite (ferroan)., Due to the variation of carbonate minerals,

one single method for their determination was not possible to follow.
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TABLE (2.4):

34

Calibration of X.R.D. for

Calcite/Dolomite Ratios

Sample No. Composition Calcite/Dolomite Calcite/Dolomite
ratios peak height ratios,
corrected for
mass absorption
(1) *L only Infinity
(2) 9L + 1D 9.000 13.601
(3 8L 2D 4+.000 5.097
(4) 7L+ 3D 2+333 3.155
(5) 6L + 4D 1.500 1.788
(6) 5L + 5D 1.000 1.280
(7 4L + 6D 0-666 0.800
(8) 3L + 7D 0-428 0531
(9) 2L + 8D 0-250 0.306
(10) 1L + 9D 0.111 0.131
(11) *D only 0-000 0.000
Limestone
+ Dolomite
Regression Results of Calibration
Correlation coefficient (r) = 0.9976
(rz) = 0.995
S.T.D, Error (a) = 0.0446
" () = 0.0271
" () = 0.0019

Number of- Pellets

= 11
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Therefore different methods were tried, to select the methods which
are quick and give satisfactory results, It was noticed that the
acid digestion method proposed by MOLINA (1974), and satisfactorily
used by PAPAVASILIOU (1979) was only suitable for the Winterborne
Kingston Borehole sediments, which contain calcite as the only
carbonate mineral. 1In this method, acetic acid of 10% strength

was used to dissociate the carbonate minerals., The other methods,
in which the amounts of carbonate CO0y, obtained by various methods
are used for the computation of carbonates, were found suitable for
sediments containing more than one carbonate mineral, i.e. calcite
and dolomite, etc. The estimation of carbonates for such sediments
was done by using the amounts of carbonate CO02 and the conversion
factor of 2-27for only calcite, and 2.2 for a mixture of calcite
and dolomite, No difficulty was faced for the satisfactory
estimation of the carbonate contents of the Winterborne Kingston
Borehole sediments, as they contain only one carbonate mineral,
i.e, calcite. The abundancesof calcite were computed using the
carbonate COp Qalues obtained by the Infra-red gas analyser, which
have been checked for precision as shown in Figure (2.3a & b).

The values of CO2 and calcite of the Winterborne Kingston Borehole

sediments are tabulated in Appendix (2.1).

For the Warlingham Borehole sediments, which contain dolomite
(ferroan) as the additional carbonate mineral, it was noticed that
the amounts of carbonate CO7 determined by the Infra-red gas analyser
using Orthophosphoric acid, were much lower than the COy values

determined by other methods, including the calculated CO) concentra-

tions obtained from Ca0 and MgO values, assuming that they represent
the total carbonates, as is shown in Table (2.5). It seems that, due
to the presence of dolomite, incomplete dissociation of carbonates
took place, Therefore it was decided that the carbonate contents of
these sediments may be determined as ®total carbonates®, by the acid
digestion method used by BELLAMY (1980) for the Kimmeridgian sediments,
which contain similar dolomite (ferroan). The method was used after
some modifications, A brief account of all the methods used is

given below.

a) Total Carbonates in the Winterborne Kingston Borehole Sediments

i) Determination based on CO2 values obtained by Infra-red gas Analyser

The amount of carbonate COy for each sample was determined by
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the Infra-red gas analyser, as described under the heading of
*Determination of CO2%, and is tabulated in Appendix (2.1). The
values of COp, determined by Infra-red gas analyser, were found
satisfactory when compared with the COy values of the same samples
determined by other methods, as is shown in Table (2,5). A very

strong positive correlation, highly significant at an 0-.01% level,

between the values of COy obtained by Infra=-red gas analyser and

Ca0 values is shown in Figure (2.3a). Calcite being the only
carbonate mineral present, in these sediments, it was assumed that
the entire amount of carbonate C02 represents the amount of calcite.
The abundances of calcite for each sample were calculated and are
shown in Appendix (2.1). The estimation of the abundances of calcite

was done according to the following:
% Calcite = % COp (carbonate) x 227,

Factor 2:27 is the conversion factor for COp to calcite which is
derived by dividing the molecular weight of CaC04(100) by the
molecular weight of CO,(44).

i1) Determination by Acid Digestion method (10% Acetic acid)

Acetic acid of 10% strength was used for the determination
of carbonates, as proposed by MOLINA (1974) and applied by
PAPAVASILIOU (1979). The results obtained by this method from 12
representative samples showed an excellent agreement with the carbonate
values determined by other methods, including the COy values determined
by Infra-red gas analyser, which are shown in Table (2.5) and Figure
(2.3b). Therefore, it was confirmed that values of carbonate CO,
obtained by the Infra-red gas analyser are reasonably accurate, and
the abundances of calcite estimated from these values are satisfactory.
Figure (2.3b) shows a very strong positive correlation (r = +1-00),
highly significant at the 0-01% level, between the calcite abundances,
estimated by 10% acetic acid, and CO7 from Infra~red gas analyser,

confirming the satisfactory estimation of carbonates,

b) Total Carbonates in the Warlingham Borehole sediments

1) Determination based on COy values (I.G.A.)

The COp values obtained by Infra-red gas analyser for these

sediments were found to be much lower when compared with the COy values
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determined by various other methods, as shown in Table (2.5). The
abundances of carbonates estimated from these values were also
found to be much lower, which is also shown in Table (2.5). It
appears that Orthophosphoric acid, which completely dissociated
carbonates in the Winterborne Kingston Borehole sediments, was not
capable of dissociating thoroughly the carbonates of the Warlingham

Borehole sediments, due to the presence of dolomite.

ii) Acid digestion method (10% Acetic acid)

The acid digestion method proposed by MOLINA (1974), and
successfully used for the carbonate determination in the Winterborne
Kingston Borehole sediments, was also found unfit for these sediments
due to the presence of dolomite (ferroan). It appears that acetic
acid of 10% strength was not strong enough to dissociate completely
the entire contents of carbonates, This method was rejected as

being unsuitable for these sediments.

1ii) Acid digestion method (0°1N HC1)

The acid digestion method used by BELLAMY (1980) for the
estimation of carbonates in the Kimmeridgian sediments, containing
a similar type of dolomite (ferroan), was used with some modifications.
The carbonate contents of 12 representative samples were determined
by this method, The results showed an excellent agreement with the
results obtained for the same samples by other methods, as shown in
Table (2.5). Therefore the total carbonate contents of these
sediments were determined by this method, and are tabulated in

Appendix (2,2),

The details regarding the various steps involved, and the

apparatus used in this method, are given below:

1) Filtration was done by the same apparatus as was used by
MOLINA (1974).

2) Filtration disc of 3 porosity was used.,

3) Tema-mill ground sample was dried for % an hour in an

)

oven at 110 C temp,

4) Filter disc was washed and dried for 15 minutes in the
same oven,

5) Filter disc was cooled in a desiccator and accurately

weighed (A gms),

39



6)

7)

8)

9)

10)

11

12)

13)

40

0+5 gm. dried sample was weighed in a clean and

dry beaker,

About 100 mls. of O.IN HCl was added to the sample in

the beaker,

The beaker was stirred by a glass rod and was left on a
sand bath at 60°C overnight.

If all reaction was complete next day, the sample was
filtered using a vacuum pump. If reaction was still
evident, more hydrochloric acid (0.1N) HC1l was added.
Finally the filter disc and residues were washed
repeatedly by distilled water under the vacuum.

The washed filter disc, containing the residue, was left
in an oven at 110°C temp. to be dried.

When dried, the filter disc, along with the residue, were
carefully weighed (B gms.).

The loss in weight is the weight of carbonates removed,
and it may be obtained by the difference of the two readings

at steps (5) and (12), as is shown below:

A - B =2C gm. (weight loss in 0.5 gm.)

The contents of the total carbonates for each sample of the

Warlingham Borehole sediments were determined by this method, and

are tabulated in Appendix (2,2). From these carbonate values, the

equivalent amounts of COp were calculated by dividing the carbonate

values by a factor of 2+2, and are tabulated in Appendix (2.2).

c) Determination of Calcite and Dolomite Abundances

The abundances of calcite and dolomite for each sample were

calculated from the calcite/dolomite peak height ratios, already

obtained by the X.R.D., and the amount of carbonate COy obtained by

converting the contents of total carbonates determined by the acid

digestion method (0+1N, HC1l), and both are tabulated in Appendix (2.2).

The total carbonate content of each sample was divided by a conversion

factor of 2.2, to convert it into an equivalent amount of COy. The

conversion factor for COy to calcite is 2¢27 and for dolomite is 2.10.

The Warlingham Borehole sediments contain calcite and dolomite -~ both

minerals,

Therefore it was decided that a conversion factor may be

obtained by taking the average value of the two conversion factors.



The average value of the factors, being 2.18, was rounded up to 2-20,
The abundances of calcite and dolomite in each sample were calculated

as described below:

Let C = % calcite
D = 7% dolomite
.'+ C/D = R (known from the X.R.D.)
OR
CaCo0j5 - R
CaC03.MgCO3
OR

CaC03 + CaC03.MgCO3 — 2 CaO0 + MgO + 3CO9

~> X % of COp.

Since C/D = "' = « « & = & = = - (1)
44 88 _ o
€ x755 + (Dx Ts;) - X % of COp - e a e = (2)
Since C/D = R
a‘o C = RXD

By substituting the value of C in equation (2), we get:

(R xDx I%%) + (D x T%% = X % of COy
OR
(R x D x 0+44) + (D x 0°48) = X % of COy
OR
DR x O«&44 + 0448) = X % of €Oy
OR
D = X
(R x 0+44 + 048)
OR
D = R x 044 + 0.48

]

. . Calecite (C) D x R,

The values of the total carbonates determined by acid digestion
method using O+1N HC1l, and the total of calcite and dolomite abundances
calculated from the COp values according to the above method, showed
a very strong positive correlation (r = + 1:00), highly significant
at an 0.01% level of significance, as is shown in Figure (2.,3c)., This
confirms that the abundances of calcite and dolomite estimated for the

Warlingham Borehole sediments are reasonably satisfactory,
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2.1.7 Determination of Organic Carbon

The abundances of organic carbon in the sediments of both
the boreholes were computed from the amounts of CO2 representing the
organic carbon present in the sediments. The COy was determined by
the difference of the total COy and carbonate COy, both determined by
the Infra-red gas analyser, and are tabulated in Appendices (2.1 and
2.2); for details see Determination of COy. The amounts of total COy,
carbonate CO, and COy representing organic carbon are also tabulated

in Appendices (2.1 and 2.,2).

The amount of organic carbon present in each sample was

calculated according to the following method:

Let total COy = C%
Let carbonate €O, = (1%
.". COy representing organic carbon = C - Cl = (2%

Therefore the abundance of organic carbon will be %C2 x 12421

OR %C2 x 0.2729,
The calculated abundances of organic carbon are shown in Appendices

(2.1 and 2.2).

2.1.8 Determination of Pyrite Contents

The contents of pyrite of the sediments of both the boreholes
were calculated from the amount of sulphur (S), as obtained from the
Betaprobe, during the analysis of major elements (see analysis of
major elements). Since pyrite is the only sulphide mineral present
in these sediments, and detected in the X.R,D. runs of the random
powder analysis of these sediments, it seems realistic to assume that
the whole amount of sulphur of these sediments resides in pyrite.
Having this view in mind, the abundance of pyrite in each sample was
calculated and is tabulated in Appendices (3.1 & 3.2). The abundance

was calculated as follows:
The pyrite % = 7% sulphur x 1.871.

The factor 1-871 was obtained by dividing the atomic weight of
FeSyp (119.9) by the atomic weight of So (64.12).

119-9
6412

."+ % pyrite = % sulphur x OR % pyrite = % S x 1.871,

The % of sulphur is already known for each sample.
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2,1.9 Determination of Total Clays Content

The sediments of both the boreholes are composed mainly of
minerals, e.g. quartz, calcite, dolomite, pyrite, organic carbon
and total clays (illite, kaolinite, chlorite, smectite and mixed-
layered minerals), The abundances of these minerals, with the
exception of total clays, have already been calculated in parts
per hundred, for each sample. Therefore the amount of ®total clays®

present in each sample was obtained from the following equation:

% Total clays = 100 - (quartz + calcite + dolomite +

pyrite 4 organic carbon)

The accuracy of the estimation of total clay contents
depending on the accuracy of the other mineral determinations, the
mineral analysis of the bulk rock can only be regarded as semi-
quantitative. A very rough check on the amount of total clays,
determined in this way, can be done by comparing the calculated
abundances of total clays obtained by multiplying the carbonate
free values of Al,0, by a factor of 3, as suggested by BSSTROM
(1972, 1974) and BOSTROM et al. (1976). The abundances of total
clays determined by the difference method,and calculated from the
Alp03 values, are plotted in Figure (2.4), which shows a very strong
positive correlation (r = + 0.94), highly significant at an 0.01%
level of significance, between the abundances of the total clays
determined and calculated values of total clays from the Aly03
values, The abundances of total clays are tabulated in Appendix
(3.1).

2,I1 Mineral Analysis of Clay Fraction (< 2u )

2,11 a) Preparation of Oriented Slides

Oriented slides of clay fraction (< 2p) of each sample were
prepared for the study of clay mineral species present in the sediments
of the two boreholes, The clay fraction (< 2pu) was separated from the
whole rock by the processes of sedimentation. In this method rock
powder, ground by hand in an agate mortar and pestle, was used.
Mechanical grinding was avoided as it destroys the lattices of the

clay minerals,
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About 1 gm. of the powdered sample was placed in a 100 ml.
beaker. Acetic acid of 2% strength was added and the beaker was
placed in the ultrasonic tank for 10-15 minutes; then it was left
overnight so that the carbonate components are removed. The
following day the liquid was decanted and the residue was washed
with distilled water 3 to 4 times. Afterwards the beaker with
washed residue was % filled with distilled water and was put
for 30 minutes into the ultrasonic tank again for complete
disaggregation of the particles of the sample. To obtain the
clay fraction (<2p), the sample was allowed to sediment in the
laboratory for four hours; during this period of sedimentation all
the coarse particles settle down to the bottom of the beaker,
leaving the clay sized particles in the suspension, The upper
5 em. of this slurry was taken into a centrifuge tube, and the
sample was centrifuged for about 10 minutes; during this phase
all the clay sized particles (£ 2p ) settle down in the bottom
of the tube, leaving clear water above. From this deposit of
sediment four preparations were made by smearing the clay material
onto glass slides. One slide was prepared after a special acid
digestion treatment with hydrochloric acid (HC1), to destroy the
chlorite. If kaolinite and chlorite both occur in one sample,
removal of chlorite is necessary to obtain clear identification of
the kaolinite. This was achieved, as mentioned above, by boiling
the slurry in 1:1 hydrochloric acid for about 15 minutes. The acid
treated slurry, after washing thoroughly in de-ionized water, was
then smeared onto a glass slide in the usual way. All four slides
prepared in this way were labelled as (N) normal, (H) heated, (G)
glycolated, and (A/D) acid digested. The slide marked (G) was left
in a desiccator containingethylene glycol and placed in an oven at
=% 150°¢ temp. for one hour. The slide marked (H) was left in a
furnace at a temperature of 450-500°C for two hours., The identifica-
tion and estimation of the abundances of clay mineral species are

facilitated by the above-mentioned treatments.

b) X-ray Diffractometry

All the samples, prepared as described above, were scanned on

the Philip's PW 1010 X-ray Diffractometer on the X.R.D. settings

L4a



mentioned below:

c)

Divergence and scatter slits = %

Receiving slits

= 0.

Goniometer scanning speed = 1

degree

2 m,m.

O, 26/minute

Recorder chart speed = 600 cms/hour

Time constant

= 4

Identification of Clay Minerals

The clay minerals, identified in the sediments of the

Warlingham Borehole, include illite, kaolinite, chlorite and mixed-

layer (non=-expanding).

The sediments of the Winterborne Kingston

Borehole contain the clay minerals: illite, kaolinite, chlorite and

smectite (montmorillonite-illite),

The identification of these

minerals was done on the basis of their main (00l) peak positions

on the X~ray Diffractograms, which are shown in Table (2.6).

TABLE (2.6):

Peak Positions of the Clay Minerals on the X.R.D.

Diffractograms after certain treatments

45

d)

Clay Mineral Slide Peak position, 20 |Peak position in A
ILLITE N 8.84°, 20 9.998
G 8.84°, 20 9.998
H 8.84°, 20 9.998
KAOLINITE N 12.4°, 20 7.138
G 12.4°, 26 7 138
H Peak destroyed ~
CHLORITE N 6-2°, 20 14.248
G 6.2°, 20 14.248
H 6-4°, 20 13.808
MIXED-LAYER (non~ N From 8.0, 260 to
expanding) 4.29,26 11.068 - 21.028
(2 mound was ob-
served towards G No change No change
the 20 lower
angle)
SMECTITE (Montmor- N 6-0°,20 - 8.2°,20 14.728 - 10.778
. . . . o
illonite+illite) G 5.18°, 20 17.048
Note: N = normal slide; G = glycolated slide; H = heated slide.

Estimation of Relative Abundances

The relative abundances of the clay mineral

calculated by the method proposed by MATTER (1974),

species were

and satisfactorily
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used by PAPAVASILIOU (1979). For the correction of differences of
the reflectivity of minerals certain factors were used, which are

mentioned below:

Smectite peak area X 1/4
Illite peak area X 1/1
Mixed=layer peak area x 1/3
Kaolinite peak area x 1/2
Chlorite peak area X l/2

The kaolinite area was obtained on the acid digested slide, and then
equalised to the glycolated slide, according to the calculations

shown below:

Kaolinite area(K) = Kz x %%%% - - - - (D
where Ky = area of kaolinite counted on the acid digested slide
I(g)= area of illite " " " glycolated slide
I(a)= area of illite " " " acid digested slide.

The area of chlorite was obtained by the difference of area of kaolinite
as computed above (K), and the area of chlorite + kaolinite on the

glycolated slide, at a peak position of 72, which is shown below:

K ~ Kg = Ch. (area for chlorite).
where K = computed area for kaolinite, mentioned above in (1)
Kg = area of kaolinite + chlorite, counted on the glycolated

slide, at peak position of 7&,

All areas of the clay minerals were counted on glycolated
slides, and were summed and normalized to parts per hundred, and the
abundances of the sediments of the two boreholes are tabulated for

each sample in Appendices (ZJ1A and 7.2A).

e) Abundances of Clay Species in Bulk Rock

The abundances of the individual clay mineral species as part
of the bulk rock were calculated by using the already known values
of 'total clay® in per cent in the bulk rock, and the amounts of
individual clay minerals, calculated in percentages in the (< 2p)
fraction for each sample. The calculation was done according to the

following:



The amount of total clay in bulk rock

"

" "

. ".The amount of clay mineral(b) in bulk rock

clay mineral(b) in (< 2p ) fraction

i

]

A7
B%

A
oo * B.

As an example, the amounts of the individual clay minerals in the

bulk rock of sample BR-115 have been calculated, using the data of

its bulk and clay fraction (< 2p ) mineralogy as under:

i)

ii)

Minerals in bulk rock

Quartz

Calcite
Dolomite
Pyrite

Organic carbon

Total clays

Total

Minerals in clay

%
16.00
9.35
36.96
1.76
0.27
36.23

=100.57

i

1

It

i

]

fraction (& 2u )

I1lite
Kaolinite
Chlorite
Mixed~layer

Total

Illite in bulk rock =

" " —

Kaolinite =
Chlorite " " =

Mixed-layer" =

%
= 58
= 00
= 00
= 42

100

A/100
0.362

0.362
0.362
0.362

58

42
Total

]

]

i

1

i

21.00
0.00
OGOO

15-20
36.20
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Where A represents the abundance of total clays calculated in bulk rock.

B

1 "

" "

individual clay minerals in the

clay fraction (< 2p ).

iii) Final bulk mineral composition of sample BR-115

Quartz
Calcite

Dolomite

Pyrite

% Mineral

= 16-.00

= 09.35
= 3696
= 01.76
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% Mineral

Organic carbon = 00.27
Illite = 21.00
Kaolinite = 00.00
Chlorite = 00.00
Mixed-layer = 15«20

Total = 100.54
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