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SYNOPSIS

In weak argiliaceous rocks the unweathered strength may be
barely sufficient to meelt civil engincering requirements and any
reduction due to weathering will be critical, This study
investigates the weathering of the Lower Lias clays with particular
reference to their petrography and engineering properties.

.Investigationé revealed the Midland Basin of deposition
to contain reasonable thicknesses of clay, relatively uniform in
nature with a well developed weathered zone, From the availabls
exposures, the weathering zonme of the Blockley Clay pit was |
selected and sampled for laboratory investigations ofyj Structure,
Mineralogy and Chemistry and Engineering Properties,

The nature and orientation of the fissures in the unweathered
clay were analysed. A close relationship was found to exist betlween
the major joint set and the ground surface, with stress release due
to excavation being almost negligible. Thin sections of the clay,
examined for struétural data, suggested that there exist layers or
areas that have been disturbed as a result of density differancag,k
Shear planes were found in both the unweathered and weatherved clay,

in the latter case often associated with remoulding of the material.

.

A direct measure of remoulding was obtained from the birefringence

ratio.

The fabric was examined in closer detail using the seanning
electron microscope. Mineralogy, as revealed by Xeray and optiedl
techniques indicated illite as the dominant clay mineral, with
kaolinite subsidiary; quarte, caleite, pyrite, chlmﬂita/varmi@ulﬁfﬂ
are present as accessory minerals. Weathering changes this ”
relationship, ealeite and pyrite being remaved Bay Ly iﬁg%' ;

with i11ite being degraded. The pementing ackion af @




iron oxides was investigated however, this was shown'fo be
negligible.

Quantitative measurements of both fixed (with minerals) and
free (oxide coatings) iron were obtained by atomic absorption, with
the Fe3+/Fe2+ ratio obtained by Mosshauer spectroscopy. Fvidence
indicates that free iron oxide coatings only become important
as a result of weathering with the maximum concentration in the

%
very highly weathered material.

Engineering index properties and shear strength values were
talken throughout the profile. Relationships between mois{ura
content and strength, liquid 1imit and iron (Te) were oblained

and a correlation between the weathering zomes and the sheary

strength/depth curve has been established.
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CHAPTER 1

INTRODUCTION

1:1 OBJECT OF STUDY

Geological materials, when subjected to the processes of
weathering undergo marked changes in both lithology and engineering
properties. In virtually all civil engineering schemes such weatherad
materials are involved to some greater or lesser extent. The
involvement may be in place either as a foundation or exposed in
excavations and cuttings. Otherwise ihe material may be excavated
and used as a Till in a variety of situations,

The rate of weathering is very variable ranging from a few
days to thousands of years. In many cases the civil engineer ia
involved in assessing both the long term and the short term stahility
of foundalions, side slopes etc. The accelerated degradation of
buildings construcled of Mdgnesian Limestone and the part played by
weathered material in the Malpasset (Report 1960) and Vaiont (Kiersch
and Asce 1964) disasters highlights this importance.

Whilst the deterioration of streﬁgth as a result of weathering
is grealer in strong rocks than in wesk, it is only rarely that the
former is of consequence in civil enginerring. In weak argillaceous
rocks the unweathered strength may be barely sufficient to meet the
¢ivil engineering requiréments and any reduction due to weathering will
he critical.

Chandler (1969) when studyina the effects of weathering on The

Keuper marl indicated that the linuid limit and natural moisture

content of the marl increased with increasing weathering wheveas Uhe
\ . Co / - 4 o -
bull density, permeability, ¢ ;{ and ¢y (effective slrees

parameters descrihing strength) all decreased, The nature ﬂf‘thﬁ‘_rp”“



and structure), the climate and time.

It is well known that slope failure occurs in very low

angled slopes, often when it is not expected. Chandler (1971, 1972)
has shown that slopes in Upper Lias clay have failed when the
natural angle of slope was between 79 ~ 16° and yet cuttings in the
Upper Lias in the same area, with similar slope angles and greater,
are stable. Chandler therefore suggested that the failures have

oceurred at locations where the Upper Lias clay is less strong

probably as a result of weathering or where there is a greater

influence of ground water conditions.

Weathering leads to chemical and structural changes which

. N . 4 ' N
in turn influence ¢’ 5 ¢ and ﬁf, Therefore the use of strength

1

parameters without reference to the state of the material may lead
to the over—, or underdesign of slopes, even though the material
has the same index properties.

The object of the present investigation was to obtain

information on the degradation characleristics of Lower Lias clay

due to weathering. It was intended to correlate weathering changes
with engineering properties. Therefore a\site was chosen where
previous glacial and periglacial conditions had not seriously
affected the normal weathering processes.

1:2 ASPECTS TO BE INVESTIGATED

Observation of the degradation of Lower Lias clay due to

weathering necessitates an intense study of the unweathered and

wealhered material in order that comparisons may he made. A
program of sampling and examination was carried out with the view of
inspecting all aspects thal were likely %o change with weatharing.

All observations can he hroadly grouped undey threa maln




headings; Structure, Mineralogy and Chemistry, Engineering Properties.

1:2:1 STRUCTURE

Mesositructures can be defined as those structures visible to
the naked eye, bul excluding faults, folds etc., which have a large
regional extent. Thﬁs the nature of the material, its appearance,
the orientation of discontinuities (primarily joints) can be treated
in a single analysis. The dala obtained here were often found ta have
important influences in latler investigations.

Sedimentary structures would normally be treated as mesostructures,

but due to the nature of the Lower Lias clay these are often only

observable in thin section or acetate peels (staining with crystal
violet or ferric chloride will often enhance any such structures),
The smaller sedimentary structures and primary fabric (mierostruoture)
can be investigated using the optical microscope.

As clays arve often less than 2 um in size and therefore
out of range of optical microscopes, (except when the clays form

domains) the specialised techniques of scanning electron microscopy

and texture determination by X-rays were necessary to determine the
particle orientation,

Texture analysis by X-rays in the case of clays relies on the
reflection of X-rays from the basal surfaces (001) of the c}&y
minerals. Although it proved preferential orientation of the clay
minerals in a quantitafive manner it was felt that scanning electron
microscopy enabled preferred orientation to Dbe investigated in move

detail since the particles can be observed directly.

Information obtained in this part of the investigation provided

data on the physical changes in the material due to weathering.




1:2:2 MINERALOGY AND CHEMISTRY

Mineralogical and chemical changes are closely interrelated
and the study of either has considerable bearing on the other,
Mineralogy was investigated by both optical microscopy and X-ray
diffraclion technicues. Quantitative chemical analysis employed the
use of Atomic Absorption, Infra-Red Spectrometry, Mossbauer
Spectroscopy and Standard laboratory procedures. The information
thus obtained enables the chemical changes due to weathering to be
assessed.

1:2:3 TDNGINEERING PROPERTTES

A detailed investigation of the negineering broperties (index
and strength parameters) was 1o be carried out at frequent intervals
down the soil profile, ¢ ¢ and g being obtained by further research
students as part of a more gxtensive investigation of the Lower Lias
clay. Due to unforeseen circumstances the only strength results
available were those obtained by the Torvane (Chapter 10) and the

¢’ ; Iﬂl and ﬂ; for the unweathered material.

1:3 CHOICE OF SITE

The project therefore required a reasonable thickness of
Lower Lias clay, relatively uniform in nature with a well developed
weathered zone. An investigation of the stratigraphy of the Liasaic
deposits (Chapter 2) indicated that the Midland basin was most
uniform, with fewer limestone bands and greater thicknesses of clay.
There was also the fact there this area had been exploited by the
brick manufacturing industry and therefore sxcavations enabling
direct examination would he available.

A survey of the area proved thatf apart from temparary ﬁgﬁ@§ﬁ$ﬁ§ f

due to construction, brick pits were the only eXposures of the Llas..

The majovity of these have naw clogsed down and had benome: tetal dy




:

t

overgrown. The Blockley Clay Pit was still working and.therefore
the profiles were fresh and easily examined. The site had good
access and drilling was accomplished with minimum inconvenience to
the Brick Company. The pit had préviously been investigated on
palacontological grounds (Chapter 3) and therefore the stratigraphy
of the section through the unweathered Lower Lias clay was known
with reascnable accuracy.

1:4 PREVIOUS WORK

i

Previous works on the weathering of hard rocks, the state of
disintegration and the mechanisms of physical and chemical weathering
have been numefous (Chapter 3). However, the effect of weathering of
soft rock and particularly its influence on engineering pronerties
has been neglected. Chandler (1969) in his study of Keuper marl,
investigated the change of effective strength parameters with
weathering; EoweVer, no work was carried out on the chemical and
structural chagges with a view to corrélation. More recently,
Cc-andler (1972) states that a detailed chemical and mineralogicdl
examination of the Upper Lias clay was not attempted.

A literature search also revealed that very little had been
done on the geochemistry of the Lias clay (Le Riche 1959, Hallam
1960, Catt et al. 1971). Similarly, it appears that no
investigation of the miﬁeralogy and structure of these clays has been
attempted. Since only a few examinations had been carried out on
the Lower Lias clay very 1ittle information couid be used from

previous workers 1o supplement this investigation. Such relevant

work is referred to in the appropriate chapters.



CHAPTER 2

LIASSIC STRATIGRAPHY

2:1 INTRODUCTION

The Liassic or Lias is the name given to the lowest of
the three major divisions of the Jurassic which is also the most
uniform in 1ithology, being usually argillaceous. The name Lias,

stems from the Gaelic word "Leac™

, meaning a flat stone since at
several horizons in the Lias, ruddy and shelly limestones exist in

thin beds.

3

(L

The Jurassic system was defined as early as 1829 and tak
its name from the development of strata of that age in the Jura
Mountains. The relatively thick succession of strata in Britain
which comprise the Jurassic system was initially subdivided on

¥
1lithology and fauna by William Smith in the first half of the
* *
nineteenth century. However Oppel and Quenstedt working on the
German Jurassic established a zonal system baséd on the ammonite
fauna which redefined the lithological divisions on a faunal basis.

Eleven stages are now internationally recognised but in
Britain it is still convenient to continue with the usage of a
twelfth, the Purbeckian. These stages comprise a great number of
Zones and Subzones due ‘to the abundance of ammonites during the
Jurassic times and their rapid and complex evolution. For example
the Lower Jurassic or Lias is divided into twenty—-two ones and
forty-nine Subzones (Tables2:1 and 2:2).

The base of the Jurassic system in Britain is now taken

as the top of the Rhaetic, the Rhaetic being placed in the preceding

‘Priassic system. In Britain early workers used lithology as the

—_—

v aonr--11 (107333) .
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main basis of division and since the Rhaetic was the first invasion

of Keuper lake-flats by the shelf seas it was naturally placed in

the Jurassic bécause of its marine nature. In the type area for

{he Rhaetlic in the Eastern Swiss Alps, the ammonites found are similar

to the marine Triassic of the Tethys environment, They differ
considerably from the later Jurassic ammonite fauna and hence the Rhaetic

is now placed in the Triassic system.

2:2 PALABOGEOGRAPHY TN LOWER JURASSIC TIMES

The present day outcrop of the Jurassic in Britain, 1is

arcuate in shape extending from Lyme Regis on the south coast in a
north-easterly direction reaching the North Sea coast in Yorkshire.
Qutiiers arve found al Prees (Cheshire), Carlisle (Cumbria) and
in the nortﬁwwest Scotland notably Skye, Ardanamurchan, Mull, Raasay
and Morverﬁ‘

Trom Yorkshire to the southern Midlands the Juragsic rocks
have a gentle regional dip varying from east to south-east, the many

minor divergences having 1ittle effect on the broad crescentic sweep

of the main outcrop. In southern England the Alpine Orogeny of
approximately early Miocene age has had a greater effect on the

Jurassic strata with folds becoming more acute. In south Dorset the
outcrop 1is complicated by the acuteness of the anticlines

which have locally overturned northern 1imbs and are associated
with reversed faulting. Furthermore intra-Cretaceous movements and
the considerable overstep of the Upper Cretaceous also modify

the outcrop considerably.

A general indication of the Lias palaeogreography which was

inherited to some extent from the Triassic, is given in Pigs 2:1, 2:2,

2:3.




TABLE 2:1

JURASSIC SYSTEM

( Purbeckian
( Portlandian
Upper Jurassic ( Kimmeridglan
- ( Oxfordian
(

Callovian

Bathonian
Bajocian

Middle Jurassic
- Aalenian

o~

Toarcian
Pliensbachian
Sinemurian
Hettangian

Lower Jurasslc
or
Lias

o~ N TN TS

TABLE 2:2

LIAS STAGES AND ZCNES

Pleydellia aalensi
Dumortieria levesquel
Grammoceras thoursense

. . Yeovilian
Toarclan

or Haugia variabilis
Upper Lias. : ’

Hildoceras bifrons

Harpoceras falcifer ) Whitbian

Dactylioceras tenuicostatum )

P e N i

Pleuroceras spinatum‘
Amaltheus margaritatus

Upper Pliensbachian
or Middle Lias

—~

Prodactylioceras davoei
Tragophylloceras ibex
Uptonia jamesoni

Lower Pliensbachian

Echioceras raricostatum
Oxynoticeras oxynotum
Asteroceras obtusum
Caenisites turneri
Arnioceras semicostatum
Arietites bucklandi

Sinemurian

Scholtheimia angulata
Alsatites liasicus
Psiloceras planorbis
Pre-Planorbis Beds

Hettangian

P e s i




FIG 2:1

PALAEOGEOGRAPHY IN LOWER JURASSIC TIMES
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FIG 2:2

LIAS ISOPACH MAP OF W.EURCFE
AFTER 1067 [1963]

FIG 2:3
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The major part of western Europe coensisted of a shallow
shelf sea with the deeper water of the Tethys geosyncline to the south.
On the subdivision of basin types by Bitterli (1963), this shallow
shelf sea would be classed as epicontinental;

"one which is generally of limited extent,

covering temporarily or encroaching upon

e previous continent, and'in which the

hallow of moderate

vater 1§ usﬁally of s
depth.”

On the southern edge of this epicontinental sea bordering
the Tethys deeps, & 1imestone facies developed whereas further north
the sediment was mainly argillaceous in nature,

The area of deposition in the Lias of Europe consisted
of basins, partially connected bui separated by belts or areas of
shallowing, or actual islands. _In the west was the supposed land
mass of Atlantis (covering the major part of Ireland) with its shores
running parallel to the north-west of Scotland. In many
palaeogeographical reconstructions Scotland .is shown as one large
landmass forming the Scottish-Pennine Island; there is however, no
good evidence for this Pennine extension (Hallam 1964b, 1966) .
Initially Northern Scotland itself may have been a large land area
in early Lower Lias times. Howéver in the closing stages of the
Lower Lias, when there 1s thought to have been & eustatic
rise in sea level over the whole of Europe (Hallam 1961, 1964a)
Scotland could have been reduced to a series of scattered islands.
Hudson (1964) working on the petrology of {he Great Estuarine Series

of the Middle Jurassic concluded that the Scottish mainland was @&

major source of sediment. Therefore it 1is reasonable to suppose
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that in Liassic tip 3 o e ‘ . ‘ .
mes Scotland was ip fact a large island or a series

of small ones where Little it any sediment was derived until after

the earth movements of the Middle Jurassic.

Wales was originally'thought to have been part of Atlantis. The
discovery of 1304p of lias sediment in 8 borehole at Mochras
Pl 5

west of Llanbedr (Woodland 1971 ) has necessitated s
reappraisal of the palaeogeography. A basin of depositicn is postu--

lated and.Wales is now considered to have been similar to Scotland,
either as one large island or an archaeopeligo,

To the north east of Britain was Fenno-Scandia. This
landmass had relatively sufficient relief to develop large river

1

h Sea area

systems draining into the German basin and the Nort

~

‘esent

[97]

¥

(Arkell 1956). An estuarine gulf existed in the area of P

D

day east Germany and southern Sweden an area of seven hundred squar

I

kilometres. This suggests a’large river system draining from
northern Sweden and Russia across the low lying Russian Platform.
It has been shown by recent work (Sellwocd 1972) that the island of
Bornholm Denmark was adjacent to this estuarine gulf. A section here
of Sinemurian age was interpreted as a regressive tidal flat with
a supra-tidal salt-marsh (coals and rootlet-beds) flaser— énd
wavy-bedded clays and sand, anq subtidal sand bars. The quantity
of sediment deposited in Jurassic times indicates that this was not
the only major river, yet there is no good evidence for rivers from
the north-west.

Information on the Jurassic climate is deduced from several
actual temperatures were first calculated by

disciplines although

Urey et al, (1951). Colbert and Kay (1965) have calculated temperatures

(based on a relative abundances of oxygen isoctopes in carbonate




14

shells, mainly belemnitgs) for the Jurassic of western Australia.
They indicate a mean annual temperature of 250C with a seasonal
range of : 5OC. Température measurements of belemnoids of western
Europe suggest a sea temperature of 210C although Schwarzbach (1963)
reports temperaturcs from the French Lias of 24° - 25°C and from the
Scotlish Jurassic as 17° - 23°%,
It is a known fact that temperatures in the Jurassic period
were uniformly high, the difference between equatorial and polar
temparatufes wvere not as marked as at-the present time. Althcugh
there was a cooler Boreal Province it is thought that temperatures
were still high encugh to prevent any glaciation taking place. &
humid belt in Jurassic fimes exlisted crossing Scandis and porthern
Britain, the drier scuthern edge of this belt being marked by the
northern limit of the coral reef. In the areas of moré humid climate
where coal formation sometime§ resulted in extensive kaolinization
as in Séandis, this, together with the characteristic clay mineral
facies of the'Lias, suggests intensive chemical weathering of the
source area probably due to the development of red and yellow
podzolic soils of subtropical woodlands. Fossil spore studies
support this view. Strakhov (1962) reports that the flora of Lurope
consistedmainly of Cycadeans and Ginkgoaceous plants, conifers
being reduced to a secondary iéportance. In Franz Josef land however
in the Boreal region, the flora was mainly conifer.

2:3 BASINS OF SEDIMENTATION

Due to the nature of the ribbon like outcrop of the Jurassic
in Britain, early workers Kendall (1905), Buckman (1901) and Arkell

(1933a) postulated ridges or axes separating the basins of deposition,

and since then it has been standard practice to relate all facies
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changes and variations to these so called axes of uplift. Arkell

(193%) defined axes as;

" <1 19 o ~ g : :
positive areas of little sedimentation

and occasional unconformity separating
basins one from ancther, linear in plan
with a definite direction.™
Godwinuéustin (1856) first put forward the theory of the
Mendips a;ting as an axis in Jurassic times, scon after this many
others were proposed: The Market Wejghton, Melton Mowbray, Banbury
Weedon Moreton-in-the-Marsh énd several of minor importance. They

were said to be related 1o ancient Palaeczoic structures and

produced intra-Jurassic movements.

Arkell (1933a, b) in his wcerks added several other minor
axes but dlso wrote a critical review of all the axes suggested up
to that time. Because of new ‘evidence produced at this time
Godwin-Austins Mendip axis was shortened in length since whe:
originally proposed it extended through the Weald, and borings had now
proved a thick sequence of Jurassic rocks in this area. Arkell (1933a)
noted that the Vale of Moreton axis where Buckman (1901) had observed the

Inferior Oolite to thin, could not be related to one ITine.

There was distinct evidence at the time for three Major

axes, these being:

1) Mendip: trend east-west.

2) Market Weighton: trend cast-west.

3) Oxfordshire or Moreton-in-the-Marsh: trend
dominantly north-—east south~wvest.

In the Moreton area the Lower Lias clays thin towards the

<fordshi 5 'S, evi > coming from
south—east onto the Oxfordsbire shallows, evidence coming
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boreholes.  The Mickleton (5P162436) boring on the west side of

Ebrington Hill proved the base of the Lias at 195m below 0.D.

giving the Lias a thickness of 292m. A second boring at Lower

Lemington (SP219345) indicates the thickness of the Jias as 152m.

This 1s a thinning in the region of 140n over a distance of 11km.
(Sketch Diagram Tig. 2:4).

Hull (1855) and Buckman (1901) suggested an
"anticline” in the lower rocks with the axis through the Vale of
Moreton. Bvidence comes from the beds of the Upper Lias and Inferior
Oolite which thin over it and then thicken again. Such thinning

across an axis has not been observed for the Lower Lias, the thinning

in this case being interpreted by Arkell (1947) as due to a
northwvard shelf like projection from the Oxfordshire shallows.

By 1947 when Arkell wrote his Geology of Oxford he was of the
opinion that the Vale of Moreton axis was in fact a mythical entity
and that the local thinnings and disappearance of Mesozoic sediments
were better explained by the prescnce of the "Oxfordshire shallows"?
which were a broad extension of the London Piatform. Kent {(1949)
examined the pre-~Permian land surface in England by anralysing

borehole data and concluded that the Mesozoic basins did not arise

from posthumous folding but were due to vertical movements on
essentially different lines from those which controlled pre-Permian
sedimentation. This suggests that the Mendip axis is in fact a shelf

like projection from the Welsh Island.

Kent (1956) made a thorough investigation of the Market

Weighton axis and concluded that the structure is in fact a stable
"block" of limited extent, with a WNW - .ESE orientation. There was

evfdence for troughs of deposition both to the east and west, and the

- - N 3 -
. . cad . P . not intimately related
facies changes in the Jurassic were gradual and Yy




to the structure.

He also concluded that the block could not have formed a

barrier to faunal migration. This contradicts evidence of faunal

variations putl forward by Ager (1956) who postulated that to some

extent these were barriers. Regional faunal differences in modern

4

seas however are not always separated by anj

1Y
J

physical barriers
and this could be the case in Liassic times.

IQ 1970 Aud]ey—Charles produced a series of lithological-
isopachous maps of the palaeogeography of the British Isles in
Triassic times. He produced evidence to show that the grabens and

most of the principal basins in which the Triassic sediments

accumulated were structurally controlled. These fault controlled
regions of deposition were formed before the beginning of the Triassic
period and.were probably initiated at the end of the Hercynian
Orogeny.

The three major tectonic trends which gpear to have influenced
the orientation of the grabens are:

1) Caledonoid Trend in the : Irish Sea Graben,

Cardigan Basin, ‘

Carlisle Basin and partly

in the Cheshire Graben.

2) Charnoid Trend in the : Cheshire Graben,

Needwood Basin,
Bosworth Trough.

3) A North-South or Malvernian trend in the:

Worcester Graben,
Eccleshall Basin,
Wessex basin and possibly in the

St. Georges Graben.

. 17
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Earth mov » . .
ements which produced these great thicknesses of

Triassic sediment became inactive towards the Rhaetic which brought

the Triassic to a close. In the Wessex basin there are great
thicknesses of both Triassic and Liassic sediment. From the positions
of the outliers, Carlisle, Prees (Cheshire) and Solihull, one can
assume that the Lias at one time covered these areas also. These
correspond to the basins of sedimentation in the Triassic period.
Therefore 11 is probable-that these Triassic basins were also the

main basins of deposition for the Lias.

As already stated the Rhaetic {Division 6, Audley-Charles
1970) is regarded as a transition group between the Triassic and
Jurassic marking the change from oxidizing conditions of the Triassic
to a reducing, fully marine environment of the Jurassic. The flat
plains of late Keuper times with the gypsiferous lakes were invaded
by the sea which remained shallow with little lateral variation in
facies. I1 has been suggested by Audley-Charles (1970) that the fault
movements (which had been so influentiql in regards to sedimentation)
during the earlier part of the Triassic period, now ceased fo be
important, this being shown by the way in which the Rhaetic passes
unchanged over the Market Weighton axis .

It is probable that these graben and basins, although.inactiveA
in the Rhaetic became active again on a reduced scale during the
Lower Jurassic, before dying out completely at the end of the Lias.
The initial movements were relatively small, being more numerous inthe

1 51 i B ian and Sinemurian stages
Lower Lias, particularly in the Hettangiar | g

deepening the basins rapidly but gradua}ly.

Isopach maps compiled by Togt ( Bitterli 1963)

. i s of deposition with thicknesses
Figs 2:1, 2:2 show the four main areas Ol )

greater than three wundred metres. To obtain these thiclmesses it is

18




robable that initial i 4 ; ;
P = - deepening was by epeirogenic movements, although

. ~ AU, - ‘
as 1t will later be shown, custatic movements did have some influence

e

2:4 LIASSIC SEDIMENTATION

A general lithofacies map of Burope (Sellwood 1972) Fig 2:3,
shows limestones and dolomites in a broad band along the Tethys

ocean border extending northwards to take in south-west Enoland
o

These limestones pass'laterally into marls, which in turn pass inéo
clays which cover the major portion of this epicontinental shelf
sea. Sandy marginal facles exist adjaceﬁt to the large continental
land masses and islands, their lateral extient being rather limited.

In the area of Britain where deposition was limited to %he

basins, lateral facies variation is not as dramatic with only local
marginal facies on the swells. These are however important, since

the unconformities and non-sequences that are identifiable give a

.

picture of the local disturbances as well as any eustatic mcvements

of the sea level. An overall picture of the sedimentation in

Britain can be obtained from Fig 2:5. The sediments,mainly clays
and limestones give way to a thick sequenée of clays, allowing the

Lias to be subdivided on lithology into twe distinct sections:

.

a) intercalations of limestone and clay.

b) clays (Fig 2:7)

Of the three Jurassic divisions the Lias shows best the

] . ] o e
marked variations in thicknesses in the different subsiding basing

and across the intervening swells. In addition each major basin had

its own variants in sedimentation and the way 1n which certain zones

increase or decrease in thickness, cut out entirely, or change in

facies from one basin to another is often complicated.
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In the Midlands and south of England there is a tendency

for the lowest Lias to be partly or entirely calcareous. In Lincolnshire

fo?’example the Pre-Planorbis beds are called the 'Hydraulic' limestones
and consist of 6m - 9m of impure calcareous rocks.
The Lias of the Wessex basin exposed in the Dorset cliffs, is

of Lower and Middle Lias in age, much of the latter being sandy and

standlng out as beds of calcareous sandstcne. The Blue Lias consists

of marls, limestones (calcilutites\ fine laminated limestcnes and
bituminoué shales, the repetition of this unit producing cyclic
sedimentation (Bitterli 1963). The marls and limestones are highly
fossiliferous with both free swimming and bottom living fauna,

ammonites and lamellibranchs being outstanding.

in the most westerly outcrops (Wobber 1967), this facies butting up
agains£ the Carboniferous islands in the same manner as the underlying
Rhaetic. The littoral beds consist of massive limestones with chert,
sandy and conglomeratic beds, some of the-limestones being rich in
corals. In this nearshore facies, wave action is shown by the
winnowing of shell debris on the upper surface of some limestones
together with erosion surfaces when there is a relative lowering of
the wave—base. Wobber (1967) has suggested that the bedding plane
irregularities in the South’Waies Lias are due to the instability of
nearshore sediments compared with the deeper water deposits, this

instability being due to three factors;

1) Dip at 30— 50 away from the .land therefore subject

to gravity.
2) Subject to greater variations in density than

offshore sediments because of a widely variable

abunddnce of lithoclasts and fossil debris.

20
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3) The shallow water Lias of South Wales contain
trace fossils more than 20% of +otal rock volume,
suggesting a high rate of sediment mixing by an
infauna.

In Wales there are no beds above the semicostatum Zone. In

fact there is no other Mesozoic or Tertiary material except that now
known to exist at Mochras and Cardigan Bay (Wood and Woodland 1968,
Woodland 1971).

The main outcrop of the Lias stretches rorthwards through the
Mendips which formed islands and shallows of Carboniferous limestone
beyond which lay the shallows of the Radstock shelf where sedimentation
wvas slow and intermitteﬁt. This is well seer in the lowest zones of
the Lower Lias which are locally thin and conglomeratic, and in

places absent altogether Fig 2:5. The ibex and davoei Zones arc howsver

thicker and represented by the‘typical clay facies, Later there was
further tectlonic activity in this region resulting in the Upper Lias
overstepping the Middle l.ias.

North of Bristol is the Severn basin where the Lias is complete
and thick, 505m of mainly clays and shales being found in the Stowell
Park borehole. There is a general reduction over the Oxfordshire
shallows, the effect being particularly marked in the Upper Lias which
is reduced to approximately,i.ﬁm in thickness.

The Severn basin and the Midland basin (Leicestershire,

Northamptonshire and Lincolnshire) were partially cennected and hence

.. . . Ma A » 1 7e ¥ n a ver
show similar sediments; the Midland basin however was much shallowe

the maximum thickness of the Lias being 335m.Deposition here was not

continuous and the Upper Lias again shows local erosion and overlap

. P asin had fine filled up.
within its zones, as if the basin had finally e it

All the Liassic divisions thin northwards through Lincolnshire.

22
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The Lower Lias varies from 213m in Liﬁcolnshire to 92m at fhe Humber

and 30m at Market Weighton where it is the only division present.
The full sequence reappears in +he Yorkshire basin with a thickness

i y i a 9 . . .
of over 427m and is pore argillaceous and less variable than in south-west

England.

Workable iron ores are present in all divisions of the Lias
but mainly in the northern_part of the main outcrop (Table 2:3). The
iron is present as Siderite (ferrous carbonate), chamosite (hydrous
iron aluminosilicate ) and limonite (Hydrbus oxides of iron) with the

non-ferrous components of calcite, quartz, and clay minerals

TABLE 2:3

Main Iron Ores in the Lias

Upper Lias :~ north-east Yorkshire.

Middle Lias :- spina?um_Zone of Cleveland, Yorkshire
and the Marlstone Rock bed of the
‘Midlands and Lincolnshire.

Lower Lias :~ Frodingham, north Lincolnshire

(semicostatum and obtusum Zones).

The ironstone is generally oolitic with siderite, limonite,

calcite and shell debris as the matrix. The ocoliths originally of

chamosite having been localiy altered to siderite and limonite. The
Frodingham ore is the most important among the Liassic ironstones.

This bed is however limited since it passes southwards into 46m of clays
that are locally ferruginous and thins northwards towards the Market

Weighton axis. The formation of the ironstories and the origin of
the iron has been discussed by Carroll (1958) and Hallam (1963, 1966).

caneda- (R
fo : : ; hey were probably associated with a
It is now considered that they I y

: . coinated from is another problem and
pro~delta. Where the rivers origina P

23



as Hallam (1966), sta’es there is 1little evidence for a Pennine land mass

with a large river.Therofore the most likely area must lie to the north
or north~east (i.e. Scandis),

2:5 CYCLIC SEDIMENTATION OF THEALIAS

Bitterli (1963) in his examination of the Lower Lias of
Pinhay Bay/Lyme Regis recognized a series of cycles extending from

the planorbis to the lower part of the semicostatum Zone. Over this

interval, eight main "cycles" can be distinguished, each comprising
a strongly bituminous shale bedsat the base followed by an alternafion
of about seven bands of limestone and (weakly bituminous) shale bed.
In addition, a few incomplete cycles can also be recognized. Above
this the Blue Lias (as it is known ) merges into a more homogeneous
but still fairly bituminous clay shale. This type of sequence can be
recognised on many occasicns throughout the whole of the Jurassic
in Britain. This regular alternation of clay shales and argillaceous
limestones of the Blue Liés facies is strong evidence of very quiet
conditions especially during the formation of the limestones, these:
forming in conditions beyond wave action and outside current and
coastal influences.
The rhythmic formation of clay/limestone alterhations can be
attributed to one or more of the following reasons:
1)  Intermittent fluvial influx of carbonate in solufion
and subsequent precipitation owing to climatic
rhythms.
2) Periodic changes in the'physical and chemical
composition of the sea water.

3) Epeirogenic (or eustatic) movements.
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Bitterli (1963) alsc noteg that strongly reducing conditions

recurred about a dogzen times in the Lyme Regis area, due to
g ’

int@rmitteﬁtanaerobicvconditions probably restricted to the bottom

water.
Hallam (1961) also recognized "an extraordinary lateral

constancy of several distinct lithological horizons in north-west

1T

.Europe”. The eleven stratigraphical units he identified were related

to faunal changes so giving an intimate relationship between ammonites
and cyclothems.

Klupfel (1917) has shown in Germany that the rhythmic sedimentation
thich is asymmetrical, is due to rapid subsidences followed by gradual
uplift and shallowing of the sea (Fig 2:6),folloved by comparatively
sudden deepening again. Klupfel interpreted this as due to regional
epeirogenic movements of the sea floor, this being similar tc the
cycles described by Bitterli (1963) at Lyme Regis.

Hallanm (1964a) put forward a different model in which regional
facies variations were accommodated as well as cyclic variations in
the vertical succession. IHallam showed that in areas of landlocked
basins, which characterise the Lias, different environments
of deposition existed. The environmental conditions and therefore the
sediments deposited being determined by their positions relative to
wave base and the level of theilimit of oxygen availability.A Using
these environmental criteria he demonstrated that Klupfelian cycles

in Britain, Germany and northern France were local expressions of
in, )

extremely widespread and essentially synchronous variaticns in the

depth of the sea which were independent of a complex pattern of basins

; bhe Jhe underlying control may have
and swells. He has suggested that the un ving y

been the eustatic rise and fall of sea level rather than local

epeirogenic movements.
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Considering the Lias of Dorset only, it appears that approximatel

three of the cycles definea by Bitterli (1963) are equivalent to one of

the cyclothems of Hallam (1964a) 1t is therefore reasonable to suppose

that both epeirogenic movements as well as eustatic rise and fall of sea
level, produced the conditions that existed during the Lower Lias,
throughout EFurope.

The Rhaetic is fairly uniform, being deposited in brackish
water to almost marine. its consistency of sediment type indicates that
in fact there was very little difference.in the depths of water
between the two extremes. During the Lias, thicknesses in excess of
300m were deposited in ﬁhe basins compared to a few metres on the
swells. Since the land masses had been eroded to a virtual peneplain
at this time, eustatic rises in sea level would have caused extensive
transgressions across the land without developing major basins of
sedimentation. Hallam (1961) .admitted that deepening of the sea did
not seem to be related to widespread transgressions or regressions
over the neighbouring land masses. However, in a subsequent paper as
already shown he suggested that sedimentary and faunal changes could be
related to changes of seal leve. If this is the case the formation
of basins must have been due to local epeirogenic movements along
lines of weaknesses that are similar to the Triassic grabens. These
would produce the cycles recoghised by Bitterli (1963) in the Blue Lias
with eustatic rises of sealevel giving a widespread lithological boundarie:
thus explaining the cycles within the major cyclothems of Hallam (1964a)
In Britain towards thé end of the Sinemurian (a eustatic boundary), the

cycles within the cyclothems then become difficult to recognise and

non—existent in most localities. The small epeirogenic movements must

therefore have ceased at the end of the Blue Lias, the basins having

finally reached their maximum depths. These then began to fill up
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with argillaceous material producing large thicknesses in éxcess

of three hundred metres in {he deepest parts. The eustatic changes

of soal>1eve1 however; still caused non~sequences »nd lithological
changes on the shoals and shallows, and edges of land masses. |

One final point to be considered here, is the qgestion as to
why there should have existed such a large expanse of sea which had
uniform conditions with basins in hich stagnant conditions fTormed
witlh apparent ease. At the present day there is no area of equivalent
size where conditions of this type exist. However, Kaare Munster Strom
(1939) put forward the suggestion that under suitable natural
conditions seas and even oceans can become stagnant. He demonsirates
that the Atlantic ocean deeps are well ventilated (5ml of oxygen/litre)
yet at depths of 50 to 1,200 metres in areas north and south of +he
equ tor, the oxygen content is low {(1ml/litre at a depth of 500 metres).
If there was a more globally equable climate the bottom waters would
also become stagnant since at the present time the deeps are being
ventilated by cold aerated waters from the Arctic and Antarctic oceans.
In the Jurassic, as already shown, the températures were uniform with
the difference between polar and equatorial temperatures being small,
There were also major land masses lying between the Liassic seas and
both the north and south poles. Thus both climate and physical
barrier conditions existed during the Liassic to facilitate the

s s : 45 = +
development of stangant conditions by reducing circulation in the seas.
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CHAPTER 3

AREA OF STUDY

3:1  INTRODUCTION

The selection of an area for study had several restraints
imposed upon 1t, these being:

a) Lithology

b) Availability ahd accessibility of outcrop

¢c) Size of outcrop

the major restraint being lithology. This was important
since material was needgd which was fairly homogenous (or appeared to
be so). It was therefore necessary to have a large thickness of clay
with as few limestone bands as possible. The Midland basin and
Wessex basin were ruled out on lithological grounds since there are
many limestone horizons within. the clay, some even being used in the
manufacture of cement. The largest thicknesses of suitably exposed
clays are found in the Severn basin and since this was relatively close
it was decided to examine this area for exposure. As expected, the
clays occupy low lying, well cultivated ground with little or no
exposure. Brickworks and recent excavations for building were the
only source of sizeahle outcropns extending into the unweathered clay.
Recent excavations reachiné this depth were very limited (and
of a temporary nature) and to take samples and notes on the exposure

would have hindered work and these had to be ruled out. At the

beginning of the century brickworks were quite numerous. This is no
1+ - avT.e 1 v
longer the case and many are now overgrown, and without extensive

: het tair
excavation few,if any, intact unwveathered samples could be obtained.

S e > i : e 1 | I e
T e ] ; i ted 1n the Orth rn CO LSWO dS na f a
] h bI‘leon‘kk S leCimd 13 10C8t00 T
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kilometre south of t{he village of Paxford (SP 185378), and belongs

to the North Cot Brick ang Tile Company Limited (SP 181372). Of the

other brick pits in the area,

none provided the necessary profile.

3:2 DESCRIPTION OF THE ARFEA

M. 3 o . i ] )
The folloving region to be discussed is the outcrop of Lias

(Fig 3:1) which lies north of the line running from Evesham in the

est, through Broadway (SP 095374) to Moveton—in—the-Marsh (SP205325) in
the east aund bounded northwards by the Keuper Marl (I.G.S. 1" 4o 1
sheet 217). A large percentage of the arca is the fla+ alluvium
covered Vale of Evesham (its rich scil ideal for markei gardeners)
with the River Avon draining down this vale to the south-west. The
only high ground is the Cotswolds in the south. The majority of the
smaller streams drain northwards into the Avon or eastwards into
the River Stour which eventually joins the Avon scuth of Stratford-
upon--Avon.

The Cotswolds themselves form a ridge with an axis running

N.E. - S.W. with its highest point in the area being 283m 0.D. The

geology of the area has affected the landscape and this will be

described in more detail later. Tt is sufficient to say that the lower

ground is made up of the Lower Lias clay, with the higher ground being

Keuper in the north, and the Middle Jurassic capping the Coﬁswold Hilis.
The site of the brickworks in relation to the outérop of the

Jurassic is shown in Fig 3:1 and Fig 3:2, being 20km due socuth of

Stratford-upon~Avon and known locally as the Blockley Clay Pit.

The pit is situated alongside Blockley railvay station (now closed) and

- its operati is - drawn from the villages of Blockley
the labour for its operation 15 g

(SP 164348), Paxford, Draycott and Aston Magna.

3:2:1 GEOLOGY
. . Ly . L . N - A . 5
. | . : in the area is given in 1*]_5)' 3:2 and
The geo]oglca.l succession h a |
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the following is a brief descriplion of the deposits in the area.

Keuper Marl

This is a series of red-brown mudstones ard silty mudstoneé
of Triassic age. Interspersed in the series are a number of sandstones
and frequent siltstones with occasional pebble beds. Vast quantities
of the fine grained material were transported and deposited both by
wind and water from the surrounding higher ground. In this arid
environment flash floods ﬁust have been common,as these give rise to
pebble beds, with halite and anhydrite deposits forming when the lakes
and pools dried up. The Keuper Marl outcrops to the north (Stratford-
upon-Avon) and to the west (Tewteshury) forming higher ground
overlooking the flatter outcrop ¢f the Lower Liss.

There are no outcrops of Rhaetic in this ares, However,its
presence is known from the boreholes put down at Mickleton and Lower
Lemington (Chapter 2). The Rhaetic is 22.5m thick at Mickleton
thinning to 14.7m at Lower Lemington. This indicates that a "barrier"
existed at the end cf the Triassic period, giving further evidence that
the basins of deposition during the Lower Lias are identical to those
of the Triass. .

Lower Lias.
As already stated these form the low lying ground with very
little exposure, the majority of exposures recorded being old brick

workings and railway cuttings. These are now overgrown and weathered

93 ' : e roduced when the
and are of little value. These exposures were p 7

rallways in this area were first bui1£ and were of great use in mapping
the Lias.
As already shown (Chapter 2) the Lias thins to the south-east.

Arkell (194G) has suggested that there may be a fault in the Lias
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unobservable from the outcropyto explain in part this thinning. The

evidence for fault trol] bagine 4 : . . -
‘ controlled basins in the Triassic is considerable

(Chapter 2) and further movement during Lower Lias times on such

faults could have resulted in the thinning in this area.

The variation in sediment type and thickness apparent through

the Jurassic period in the Moreton region suggests a boundary to a
basin of deposition along which epelrogenic movements have occurred
from time to t{ime.

The clays of the Blockley area are almost entirely above the
jamesoni Zone. At fston Magna (SP 200357) the small brick pit 1s in
the davoei Zeone, the top of the pit being in the Middle Lias almost
up to the ironstone. The Lower Lias/Middle Lias Junction can still
be seen but is rapidly becoming overgrown and destroyed by landslips.
The Blockley Clay Pit (North Cot Brick Works) exposes the lower
section of the davoei Zone and. the ibex Zone (Fig 3:4). Other
exposures in the area consist of old railway cuttings which are now
évergrown althongh fossils from the davoei Zone were reported when

a cutlting near the village of Dorn (SP 294340) was excavated.

Middle Lias

This consists of micaceous silts and clays in the lower beds,
increasing in sand content up the sequence, the upper layers forming
The marlstone contains a high proportion

a harder marlstone band.

of iron. Some workers refer to it as an ironstone although the iron

is not in economically workable quantities in this locality. This
ironstone forms the first noticeable esecarpment especially in the
arca around Chipping Campden (SP 150390). The escarpment becomes even

' C . 111 1t 1s worked as
more pronounced towards the eas t W g 1t i

an iron ore.



Upper Liﬁi

This i ariah ormadt i —
S a variable formation consisting of sands and clays,

the sand forming the dj - . . . .
g lachronous Cotswold Sands. They are fine grained,

yellow in colour, ofter loose and friable, although sometimes they are

rendered cohercent by a calcareous cement

Inferior Oo]i@g

This oolite attains its greatest thickness (106.68m) in the
Severn basin to the norih bf Gloucesterand in the Blockley region it
reaches a.thickness of 90m. It is almost entirely calcarcous,
including sandy and rubbly limestones, pisclites and oolitic freestones.
It is cream in colour, shell banks and shells are abundant, echinoderms

and corals being common in certain beds. The colite forms the indented

[0}

scarp of the Cotswolds and is quarried extensively as a building ston
and for road construction.

The oolite being a relatively competent rock rests on a weak
foundation the Upper Lias clays. The clay has a low shear strength and
will under certain conditions flow laterally into the valleys so
causing fracturing of the rocks ahove. These fractures (approximately

at right angles to the bedding planes) eventually become filled with

debris and are often cemented by percolating water rich in calcium

carbonate. <Lhese are then termed gulls. In some cases these gulls

~

. ) . . . . . . _l
can become more resistant than the surrounding ocelite and are finally

weathered oul as pillars. As the foundered masses of oolite slide

down the hillside +tle bedding planes become rotated and dip towards

the valley or plains, (cambering) .

1 i 1 *osion, a more rapid one
This cambering is a slow process of erosion, P

being the slips (rotational and slab) that also occur along this

. Dov 111 SP 140399). I
escarpment (good examples can be seen at Dover Hill SP 140399) n

valleys that are steeply cut down into the Lower Lias clay,valley



bulging also occurs hence it is not only the Uéper Lias clay that
deforms by plastic flow.

Pleistocene and Recent

Glacial drift cove

rs a rclatively large area of the Midlands.

Around Moreton-in-the-Marsh it is virtually continuous yet at Blockley the

drift is patchy. It has been shown (Tomlinsen 1963, Shotton 1953)
that the Cotlswold region has been affected by at least two glaciations,
an older Elsterian (Anglian) glaciation (equivalent to the Lowestoft
glaciation) and a younger one of Saalian (Wolstonian)age. At the
height of the Ilsterian glaciation the areas now occupied by the
Severn valley and the upper part of the Thames valley must have been
buried beneath thick ice. Hawkins and Kellawvay (1971) have shown

that at least two glaciations affected the higher parts of fhe

Mendips possibly carrying Welsh erratics to Salisbury Plain.

Kellaway, Horton and Poole (1971) suggest that these ice-sheets
from Wales were then joined by ice pushing southwards from the Midlands
onto the Cotswolds. At the maximum of the Klsterian Glaciation the:
great Northern Drift ice-sheets extended across Oxfordshire towards

the Chilterns and to the south-west across Berkshire as far as the

Chalk escarpment.

This was the first glaciation in which ihe Welsh ice had
maximum influence and the drift that formed around Oxford is a
red boulder clay with Triassic pebbles. Its character mainly

influenced by the large expanse of Triassic deposits which the ice had

crossed.

An interglacial (Holstein) period then followed with the

formation of interglacial deposits (Nechells, Birmingham). During
the second major glaciation the Welsh ice was initially the more

. ,ova the Cotswolds.
influential. over running the Severn and'on towards
b}
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The Fastern ice proceeded along the Avon valley blocking the drainage

northwards and eventually

allowed Lake Harrison to form covering the

Midlands with its associated deposits. The Eastern ice pushed further

south destroying Lake Harrison, yet when +this ice retreated a
lake again formed on the same site but its extent was not as great.
The deposits in the Vale of Moreton are associated with both
these glaciations, the boulder clay béing a plastic red-purple clay
containing scattered Bunter quartzite pebbles. In the Blockley area
the drift is patchy, the gap between Ebrington Hill and Dovers Hill
is covered by drift containing grav;l with both Bunter pebbles and
Welsh igneous rocks, with well-bedded sands. The Paxford Gravel found
to the east of Paxford and at the village of Stretton-on-Fosse consists
of pebbles of local oolitic limestone and ironstone with Jurassic
fossils and ﬁebbles of Tfiassic origin. Both the Paxford Gravel and
the Lower Stretton Sands are fluviatile in origin and thought toc have
accumulated during the interglacial period. Above the Paxford Gravel
at the Stretton sand pits are the lake-clays deposited when Lake Harrison
formed. These clays finally being capped with boulder clay when the
Eastern ice moved further south.
The area surrounding the Blockley Clay Pit was. examined and
ho boulder clay or fluvial gravels were found in the close proximity.
There was thus no problem in confusing drift with a fully weathered zone.
A fully weathered zone of Keuper marl however, can be confused with a
boulder clay mainly due to the similarity in colour (Chandler 1969)

which was the reascn why the drift was examined locally to ensure no

confusion withthe weathering profile.

Melt water from the ice sheets led to the development and

deepening of the Avon Valley and the Evenlode but it has had little

effect on thé broad Vale of Moreton. In fact the main features of
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drainage and relief of the Cotswolds were formed soon after the

retreat of the ice (Shotton 1953, Tomlinson 1963)

In the decply dissected valleys, cambering is widespread and

-1 A il . R 5 U
he occurrence of landslips today is not uncommon. In the Midlands

many of the old slips are in a state of metastable equilibrium, this

relative stlability being due to the existing low relief (Chandler 1971) .
Ty e ; P T : . S .
There is no slipped material in the vicinity of the clay pit and no

bulging.

3:2:2 North Cot Brick and Tile vWorks (Blockley Clay Pit).

This is an open excavation covering O.5km2 to a depth of 9-12m
approximately 0.8km from the Middle Lias. Bedding is not easily
discerned except where the harder argillaceous calcilutite beds occur
and these showan almost horizontal bedding. The pit exposes the upper
part of the Lower Lias clays as a thickened sequence of the ibex Zone
This zone in Dorset is limited to a single bed less than 0.3m thick.
However by careful collecting of the ammonite at Blockley, Call-
amon (1969) vwas able to further subdivide the ibgz_Zone and to defjne
the luridum Subzone.

A section through the pit is shown in Fig 3:4 and the upper

weathered and lower unweathered portions of the section are considered

separately.

Unweathered

A, Weathered clay to be described later.
B, Dark grey clay, highly fissured (Fracture spacing, Ip. mediumg

7 : i i ining alon
Fookes, Dearman, Franklin 1971), with iron staining along

the joints close to the base of the weathered zone, occasional

nodules, very few crushed fossils and fossil fragments these
+ b

a il r close to the
increasing toward the mudstone beneath. The clay c

mudstone is finely bedded with thin bands (1—2mm) of quartz

rich material.
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IION, BLOCKLEY CLAY PIT
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A WVEATHERED CLAY : YELLOW WITH OCCASIONAL IRON -NODULES.
B BLUE- GREY CLAY : OCCASIONAL NODULES AND FOSSILS.
C MUDSTONE VERY LIMY IN PLACES.
D CLAY WITH SILTY HORIZONS.
E PECTEN BED : LIMY MUDSTONE VWITH GREY MASSES OF FOSSILS.
F BLUE - GREY CLAYA WITH CRUSHED FOSSILS.
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Thicknes AT ac ..
11ckness varieg due to the varying depth of the weathered

zone but is the range 2.7m -~ 2,9

N . X ) .
Fauna: Lytoceras frimbratunm

![‘\] o : 20 5 .i. .
L Incg S1sS Jent ca areous ds ‘ M etions

are common hoth in t} one ; :
1n the mudstone ang replacing it. No bedding

is visible so it is not possible to say if the concretions are
syngenetic or diagenetic. The inconsistant nature of the bed
appears due to vertical loading at 2 time when the bed was

sti1ll in a plastic state.

Thickness: 0-0.15m.

np . ".‘ —~ ]
Fauna: Llpdroceras 5p. Aegoceras sp. Gryphaea arcuata

Silty clay, very fossiliferous with lamellibranches, ammonites
and gastropods.

Thiclkness: 0.3m.

Fauna: Tragophvlloceras loscombi

Astarte guexi

‘

Pecten Bed: Grey calcareous mudstone becoming an argillaceous

limestone in places; fauna abundant with nodular ironstone

locally or fossil breccia in the clay immediately below the
mudstone. Banks of shells were occasionaliy unearthed as the
pit overburden was removed. These banks were in localized

concentrations and appear to have been formed by'currént action.

.
. . . . = < and
The fossils found include lamellibranches, gastropods a

ammonites, one ammonite Psiloceras sp.measured 0.3m in

e .  than thi
diameter and fragments indicated-ammonites larger than this

with whorls O.12m thick. As will be shown this sediment was

deposited in shallow water. It is unlikely that such large

g - o \ * = ,} pl Obab
ammoun eS8 COUld SUrvi ve 11N 1S €nvlr onmen an t eV \%



floated into this area when they died and they sank to the sea

bed.
Thickness: 0.3-0.5mn,

Fauna: Liparoceras pseudostriatum,

Aepoceras luridum,

Astarte guexi s Gryphaea arcuata,

» 5 ..
Pleuromya costata, Mactromya cardioides,

Pecten sp

. Below the Pecten Bed is the blue-grey clay which is used for

the. manufacture of bricks., The top few metres still
contain ar abundance of fossils and fossil debris, Liparoceras

Pseudostriatum being very common. The quantity of fossils

decreases with depth but local pockets of fossils are not
uncommon. The clay is a fine micaceous clay, blue~grey in

colour with thin silty horizons of limited lateral extent.

Fauna: Liparoccras pseudostriatum, Linaroceras cheltiense

.

Astarte guexi.

Apart from the hard mudsitone bands it is impossible to determine
the bedding.. The mudstone indicates a horizontal bedding and on close
examination a definite lineation could be seen in the clay itself almost®
paralleling the mudstones above.

Interpretation of the Section.

The clays at the base of the section which are very dark blue-grey

- : ini i . It is
almost black were deposited in an almost euxinic envircnment

i iric conditions
not necessary for the bottom waters to be euxinic for euxinic

) { iment interface.
can exist immediately below a normally oxygenated water/sedin :

i unt of ) i "auna and their
The bottom water contained a varied amount of benthonic faun
: 1 ive rise to the anaerobic
remains together with bacterial action could give 1
h =} .

. o, The possibility
. sediment terface. P : v
environment jUS t below the w / ntoon

i in the boltom water is ruled out by
that anaerobic conditions existed in v

it is associated with
the considerable benthonic fauna. Iron pyrite .

» 41
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fossil remains but ;i i in i :
7 1s also found in irregular string like masses,

these possibly being produced by bacterial action (Love 1957). Higher

up the section fossils becor : indi i
_ S1ls become more numerous, indicating a shallowing

with an increased food sy " .
Aooq supply. The shallow}ng was probably due to

the filling up of the region by sediment. Condiiions finally enabled

I T . .
calcium carbonate 1o be precipitated to form a calcareous mudstone

(Pecten Bed). The formatéon of the Pecten Bed was clese to wave base
and 1in part Tossil debris has been concentrated into shell banks.
Several fragments of wocd (Pléte'}:i) many larger than 150mm
in length were found indicating that the source arca supporied forests.
The wood was well preserved allowing the cells and structure +o be
examined. Examination of a thin section of the wood suggests a
gymnosperm. The fragment has thirteen distinct annual rings indicating

(s N

that the cjimate at this time was seasonal with definite temperature
changes. .

Soon after deposition of the Pecten Bed +there was a slight
deepening of the sea. Clay and silt were laid down in thin layers
with some reworking of the upper surfaces showing that there was some

increase in turbulence.

The subsidence was not too marked and the area again filled up
and the second calcareous mudstone formed. Kent (1937) and Simpsan
(1956) have suggested that these inconsistant mudstones occufring in
nodular masses were formed by the segregation of calcium carbonate from
the surrounding sediment into the nodules where it has crysiallized‘
between the clay particles without causing any increasg in the
original volume of sediment. Simpson (1956) based his theory on the state o

the fossil Chondrites found in the nodular limestones near Bristol.

In the Blockley section there did not appear to be any Chondrites
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in the nodules exposed.

There was then g second subsidence, greater than the first

with mud and silt being deposited inp thin layers, these passing

vertically into blue-grey clay.




CHAPTER 4

WEATHERING AND SOILS

4:1  INTRODUCTION

In the description of a weathered section there are two
weathering schemes that can be used to define the weathered horizons.
Bach classification is designed for a specific purpose for use in
different disciplines;

a) The Engineering Weathering Scheme; a scheme

based on morphology, being dependent on in situ

observational examination. The grade of weathering

defined in this'scheme is often accompanied by
information assessing the mechanical nature of

the material to help the Engineer.

b) The Pedological Scheme; a scheme whereby the

chemical and to some extent the physical nature of

the weathered horizons are described.

Both schemes cover the range of weathering of rocks in a

profile thus each scheme will be described to allow their useability

to be examined in a later section.

.

There are various definitions of weathering emanating from
. . : -
the differing viewpoints of pedologists, geomorphologists, geologists

and engineers. The most widely accepted definition is that of Reiche

(1950);

"Weathering is the response of materials which
were in equilibrium within the lithosphere to
conditions at or near its contact with the

I3 and perhaps still
atmosphere, the hydrosphere, P I

3 1"
more important, the biosphere™.
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‘Keller (1957) was of the opinion that this definition could

be improved if +the T .
- : W s e
P ords "which were in equilibrium" were removed

Sir rocks . » i .
since rocks are only in equilibrium momentarily while the environment

in which they were formed persists. An early definition by Polynov

(1937) defined weathering as;
"the change of rocks from the massive to the
clastic state',
this however does not take into account extensive chemical veathering.
The defiﬁition by Ollier (1969) covers the main criticisms that have
been levelled at previous definitions;
"Weathering is the breakdown ard alteration of
materials near or on the earths surface to
products that are more in equilibrium with
newly imposed physico-chemical conditions".

Engineers terd to use a more simplified definition such as
that used by Saunders and Fookes (1970) which is based on that of
Weinert (1965);

"Weathering is that process of alteration of

rocks occurring under the direct ipfluence of
the hydrosphere and atmosphere". ¥ i

This definition ignores the deep weathering which can penetrate
to depths of several hundred métres, engineers applying the general
term "rotting" for weathering at this depth. This can be very

important in engineering projects and can cause severe problems as

oceurred at the Keiwa hydro-electric project, Victoria, Australia

% Tn both definitions the term rock has been used in the geological

i ' , rock g1 ~ing soils and hard rocks.
sense to include both soft rock or engineering 1
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where weathered mylonite, was found at a depth of 122m on the Keiwa

e Dyri : ati >
river. uring the excavation of the head race tunnel an oxidized

a depth of 320m with partially weathered

J

copper lode was also fcound at
feldspars and open 1ron stained joints at depths of 350m.
An engineer is not only concerned with the results of
weathering that have taken place over long periods of geological time.
He is also interested in the shorier term effects which are concerned
with the durability of rocks which may continue to weather in a slope,
tunnel or during use as a construction material. Weatherabjlity Wa s
defined by Fookes, Dearman and Franklin (1971) as "the susceptibility
of rock to short weathering" implying that the rock is forming some
‘part of an engineering structure e.g. dam abutment, road base or
sub-base.
4:2  WEATHERING
In any consideration of weathering, it is possible tc visualise
it as a combination of processes and products, a suggestied subdivision
i1s given in Table 4:1.
TABLE 4:1
1) Fundamental Weathering processes.
a) Mechanical.
b) Chemical.
2) VWeathering Controls.
a) Climate
b) Topography
¢) Hydrological Conditions
d) Properties of th; Material
e) Biotic

f) Time

47



TABLE 4:1 (continued)

g) Depth of Burial

3) Results of Weathering.
a) Soil and Soil Formation
b) Landform Evolution
c) Deep Weathering

4) Rates of Weathering
Dependent on.
a) Environmental Factors:-
climate, parent material,
hydrological and biological
conditions, topography.
b) The properties of the
material forming the rock:-
mineral composition, clay size
percentage, permeability.
¢) The properties of the Rock
Mass:— jointing and fraoture
spacing.

A rock can weather either by physicol breakdown without

.

considerable change of its minerals (disintegration) or by chemical

alteration of the minerals (decomposition). These are the two

fundamental processes of weathering. Several workers place organic

weathering as a fundamental process but since this is a combination
of physical and chemical effects it is best referred to as a controlling

: : . he f esses based on
factor of weathering. A summary of the fundamental processes

Krumbein and Sloss (1958) is shown in Table 4:2.
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Type of
Weathering

TABLE 4:2

e

Examples

Physical-

disintegration

Summary

~

Sheeting, unloading

and spalling of rock
(QUring erosion)
Thermally induced
volume changes. Fros£
Action (ice wedges).
Colloid plucking
(pulling effect of gels)

Wetting and drying.

Generally of
secondary importance
in warm climates.
Net effect is
particle size
reduction; increased
surface area; no
change in chemical

composition.

Chemical-

decomposition

Solution

Hydration, hydrolysis
Oxidation (with or
without valence
increase).

Reduction.

Carbonation.

Changes of chemical
and physical

properties
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C‘r‘.zl’te .
limate affects rock directly and also acts through vegetation

and the hydrological situation, and is therefore the most important

o T
ntrolling facto: "W : . . '
controlling factor of weathering. Certain climates tend to give rise

to particular 1ls, f i 4
ok ] soils, for example loose soils with a carbonate
accumulation may develop in dry areas and whilst in warm humid areas red
earths with iron accumulations tend to dominate.
i o . .
Certain climatic factors have singular significance more or

less independently. Temperature itself is important since high

temperatures speed up the najority of chemical reactions and. therefore,

e

1

o e
€2

@]

as

o

in warm climates chemical weathering more significant. In c
there is little chemical action, organic action is reduced therefore
soil formation is limited. Rainfall is clearly important for leaching.

The precipitation/evaporation ratio is also of great importance.
If evaporation exceeds precipitaticn there is usually an accumulation
of salts at the surface to form saline soils. If precipitation
exceeds evaporation there is a loss of ions due to leaching
and the formation of podzolic type soils. (Sce Ollier 1969, Rieche
-1950).

On @ broad scale it can be seen that there is a correlation of
type and intensity of weathering with different climatic regions.
‘Peltier (1950) recognised a series of morphogenic regicns
within which the intensity and relative significance of the Qarious

.

. 1 ’ 3 I 11 e 1 ~ T"S
geomorphic processes are thought to be essentially uniform. hi

T1c

relation between climate and weathering can be represented in diagramma
E - o v | 5.3 L

el AT " climate control on
form Figs4:1, 4:2, 4:3 and providesa summary of clima +

weathering.

4:3 SOILS

[N

. ‘ i / 21 .~ Ulle X _L C SO 1 forma
1 1 i o &le dlSt]nCﬁJOl] DeTWweel wea noe a d 1 §
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ieche (1950) states that there is no useful purpese in making such a

distinction. However, one can regard soil formation as one end of the
wealhering processes és in Table 4:1.

The controls for soil formation are also the controls for
weathering and one should refer to Ollier (1969), Rieche, (1950),
Saundersand Fookes (1970) for a comprehensive account of the soil
types, classifications and formation.

Millar, Turk-and Foth (1966) regard scil formation as a result
of gains and losses, transformations énd'translocaﬁions, i.e. the top
soil gains; water (by precipitation, condensation and flow), oxygen,
carbon dioxide, organic matter, mineral matter (washed down) and
energy from the sun,and loses; water (by evaporation, transpiration,
seepage), nitrogen (by denitrification), carbon dioxide and mineral
matter.

There are several majér soil-forming processes that can occur
during soil formation and are taken into account when the horizons are
described and classified. These are defined below:

1. ORGANIC ACCUMULATION: Takes place at the ground

surface due to accumulation of decaying vegetable
matter although in Podzols there may be a’secondary
accumulation lower down the profile. (B horizon).

2. ELUVIATION: The mechanical translocation of cla&

or other fine particles down the profile.
3. LEACHING: Removal of material from a horizon in
solution, and its movement down the profile.
4. ILLUVIATION: ~Accumulation in thé lower part of

the profile, of material washed down (eluviated)

from above.
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PRECIPITATION:

()]

Formation of solid matter in the
subsoil frop solutions washed down.

6. CHELUVIATION: Downward movement of material,
similar to leaching gut under the influence of
organic chelating agents.

7. ORGANIC SORTING: The separation of material,
usually into different grain sizes by organic
activity (worms, termites, etc.).

4:3:1  SOIL HORIZON NOMENCLATURE

An aséemblage of soil layers or horizons is known as a soil
profile, the soil profile concept being developed by the Russian
Dokuchaiev (Glinka 1928) who also provided a system for labelling
the component horizons.

Dokuchaiev originally used the letters A, B, and C for the
layering in a chernozem soil formed on loess in Russia; A was the
eluviated horizon, the eiuviated material being deposited in the B horizen,
the parent material beneath being termed C. Since then there have been
many difficulties with the definition of the C horizon which in many
cases was found not to be the varent rock. This can be shown if one
considers a granite which is deeply weathered with a podzolic soil on

the unper part of the 7regolith. The A and B will be the eluviated

be labelled the D horizon.

The initial horizons were developed for freely drained soils,
the waterloocsed soils producing conditions (anaerobic) which enable
different features to develop. These grey, often mottled horizons

are called gley or glei, the horizons having complex relationships
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to other horizons. The gleys can be either ground vater gleys due to

waterlogging at depth or surface vater gleys produced by perched

water over deeper soil or, seasonal waterlogging.

The main diffi . . .
e fficulty arises from assumptions regarding genesis

of horizens, i.e. by using the A, B, C nomenclature one is assuming
that the layering was developed from the narent material. How does
one know from direct observation that the layers have been formed

by eluviation and illuviation since one or more of the layers could
have been due to a depositional origin (i.e. wind, hillwash or creep)
which are unrelated to the C horizon?

This recognition and distinction between scil horizons end

depositional strata is a major problem in many studies of soi

ot

(03]
Py
s
48]
wn
-
o

Layering due to geological conditions was often overlooked in the

descriptions of soil profiles from Australia recognise geological
events for most of the horizons and very little pedclogical lavering
(Churchward 1963 , Butler 1967 ).

In the majority of instances profile nomemclature is becoming

standardized although there is still a great amount of vrriation. The

A, B, C horizon is now accepted for the main horizdns, with a variety
of suffixes te imply specific conditions or subdivisions.

The nomenclature and definitions below are to some extent. those
currently in use.

- 4:3:1:1 ORGANIC AND ORGANO - MINERAL SURFACH HORIZONS

L Undecomposed litter

F Decomposed litter

- R . e ter
H Well-decomposed humus layer, low in mineral mattey




?

A An horizon i i i i
s ; which, though mainly inorganic,

consists of an intimate mixture of organic

and inorganic materials resulting from the activity

of soil animals and the decay of roots in situ.
It is generally dark-coloured.

Ap  Ploughed layer of cultivated scils.

(A) An incipient A horizon in raw soils.

4:3:1:2 SUB--SURFACE HORIZONS

Ea Bleached or pale coloured subsurface horizon in
podzolized soils more or less depleted of
sesquioxides and clay.

Eb A layer, paler in colour than overlying or
underlying horizons (especially when dry)
slightly depleted of clay and/or sesquicxides.

(B) Horizon without appreciable depletion of, or
enrichment in colloidal material, distinguished
from the overlying A horizon and from underlying
horizons éf 1éss altered material by colour and

structure.

Bt Horizon containing illuviated clay.
Bh Black or very dark brown horizon enriched in
illuviated organic material.
Bfe An orange-brown or brown horizon enriched in
illuviated iron (and often aluminium).
C Little altered substratum apparently similar in
constitution to the material from which the

overlying horizons have developed. Can be

subdivided into distinct subhorizons.
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D If parent material is known then this is labelled

D indicating that the profile developed from

unweathered material of this composition and form.

g Used as a prefix with other horizon symbols (except D)
when morphological features resulting from gleying

are superimposed.
(g) This is used when gleying is only weakly expressed.
ca Used with symbols C and D when there is an

apprecilable amount of deposited (secondary) calcium
carbonate.,

A/(B)

or Transitional horizons of iniermediate character
(B)/cC
As one would expect, the influence of the different weathering
factors, principally those contributed by climate, results in sub-
stantially different profiles. For a comprehensive account of the
soll types and their classifications one is referred to the works
of Ollier (1969), Saunders and Fookes (1970), Bridges (1970)

4:4  ENGINEERING CLASSIFICATION

It has been apparent for some time that the ergineering
) o o .
properties of weak argillaceous rocks especially, vary throughout

the weathered profile, The assessment of rock weathering is therefore

necessary to the understanding of the behaviour of the materials,

| i i 1 i i are 1 n 1 ncept of weathering
: Engineering classifications are based on the concep g

zones (gﬁﬁeSX In certain rocks the junction between the weathered

and fresh rock is sharp this being termed the "basal platform'" by

Linton (1955), "basal surface of weathéring" by Ruxton and Berry (1957)
7 )
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0 the now commonly accepted "Weathering front" proposed by Mabbutt

(1961).

Between the fregh rock at some depth and the topsoil at the
surface, the regolith is not even ang may be divided into a number
of zones that occur in Tairly constant arrangement. These according to
Ollier (1969) are not the soil horizons, though soil layering may add
to or overlap zones.

The first ciassification vas devised by Moye (1955) from the
work on the Snowy Mountain Scheme and covered from the completely
altered state at the surface down through zones of decreasing weattering
to fresh rock at depth.

Ruxton and Berry (1957) wvorking on granite in Hong Kong produced
a similar scheme but excluded the soil.

Soil (not counted by Ruxton and Berry as a

weathering "zone)

Zone 1 - residual debris of structureless
sandy clay or clayed sand

Zone IT - Residual debris with rounded
free corestone

Zone iII - Angular, locked corestones with
resi@ual debris

Zone IV - Partially weathered rock with
minor residual debris along
structural planes.

A sharp junction separated Zone IV from the unweathered rock.
Knill and Jones (1965) used a fourfold classification to

. ] i s rocks. In the
describe the stages of weathering of igneous
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geotechnical assessment of a site at M
proton accelerator, Ward et al.

scheme for the chalk.,

Grade V -

Grade IV .-

Grade III

!

Grade II :-

-Grade I e

The grades I,

different hardness.

undford, Norfolk for the

(1968) used a five fold grading

Structureless melange. Unweathered
and partially - weathered angular

chalk blocks and fragments set in a

 matrix of deeply - weathered remoulded

chalk. Bedding‘and jointing are absent.
Friable to rubbly éhalk. Unweathered or
partially - weathered chalk with bedding

or jointing present. Joints and small
fractures closely spaced, ranging from

Tem apart to about 6cm apart. Joints
commonly open up to 2cm and infilled

with weéthered debris and small unweathered
chalk fragments.

Rubbly to blocky chalk. Unweathered medium
to hard chalk with joints 6cm to 20cm
apart. Joints open ub to Ycm, sometimes
with secondary staining and fraémentary
infilling.

Medium hard chalk with widely-spaced

closed joints. Joints more than 20cm
apart.

Hard brittle chalk with widely-spaced

closed joints.

TT and III describing unweathered chalk of

6



TABLE 4:3

Skempton & Davis 1966 for Keuper Marl

Zone

Description Notes
Fully Ivb Matrix only Can be confused with
Weathered solifluction or drift
deposits, but contains
no pebbles. Plastic,
slightly silty clay.
May be fissured.
Partially IVa Matrix with Little or no trace of
Weathered occasional clay zone 1 structure,
stone pellets, although clav may be
to 1/8" dia. fissured. Lower
but usually permeability than
coarse sand size underlying layers.
I11 Matrix with Water content of
frequent matrix > than that
lithorelicts of lithorelicts.
up to 1 in.
As weathering
progresses
lithorelicts
became less
angular
11 Angular blocks Spheroidal weathering
of unweathered Matrix starting to
marl, virtually encroach along joints
no matrix first indications of
chemical weathering.
Unweathered I Mudstone (often Water content varies

fissured.)

due to depositional

" variations.
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GRADE

VI

Iv

ITT

IT

TABLE 4:

4

ENGINEERING GRADE CLASSTFICATION OF WEATHERED ROCK

(Fookes & Horswill 1969)

DEGREE OF
DECOMPOSITION

Soil

Completely
Weatlhered,

Highly
Weathered.

Moderately
Weathered

Slightly
Weathered.

Fresh rock.

FIELD RECOGNITION SOIL

(SOFT ROCKS)

The original soil is completely
changed to one of new structure
and composition in harmony with
existing ground surface conditions.

The soil is discoloured and altered
with no trace of original structures.

The soil is mainly altered with
occasional small lithorelicts of
original soil. Little or mo trace
of original structure.

The soil is composed of large

discoloured lithorelicts of original
soll separated by altered material.
Alteraticon penetrates inwards from

~the surfaces of discontinuities.

63

The material is composed of angular
blocks of fresh soil, which may or
may not be discoloured. Some

altered material starting to penetrate
invards from discontinuities ‘
separating blocks.

The parent soil shows no
discolouration, loss of sirength
or other effects due to weathering.



A scheme for soft rock was adopted by Skempton and Davis
(see Davis (1966)) when investigating the engineering behaviour of

the Keuper Marl in the Midlands (Table IIT). Chandler (1969) using

this scheme has quoted permeabilities (from 4riaxial test specimens)
of "5 x 10"6 to 5 x 10~7 mn/s for Zone IV marl t =>

i arl compared to 1 x 10
to 1 x 10"6 mm/s for Zone IIT marl. He has accounted for this lower
permeability of the more weathered Zone IV marl as due 1o the increasing
proportion of free or disaggregated clay particles. This increasing
proportion of frece clay particles could also be due to the process of
illuviation which weould in pedological nomenclature be part of the B
horizon.

A more versatile scheme of weathering zones is that of Foockes
and Horswill (1969) (Table 4:4) and is the one used in this project.
It should he noted that this weathering scheme was adopted by the
Lngineering Group Working Party (1972) in their report on "The

Preparation of Maps and Plans in Terms of Engineering Geology".

° 4:5 SUMMARY OF CLASSIFICATIONS
Saunders and Fookes (1970) have stated that in all the

classifications the prime object is the subdivision of the weathered

rock and that the itrue residual "soils" (approximating to the A and B
pedological horizons) are generally contained within the engineering

Zone VI (zones based on Fookes and Horswill 1969 ).

It can be seen from the descriptions and the development of

the weathering schemes, that both the full pedological profile and

the engineering zones cover the same ground, yet each is emphasising

i | i i e i ;h ? I‘OC]
S )G'lelC da, . ‘i_e eng 1S COHSlde g \/Il ‘/a e ) [$]

i - ist is concerned with the nature and state
material whereas the pedologist is 1

of the upper horizons (chemical and physlcal)-

54




7
Since the ] i i
engineering scheme is based primarily on ‘the degree

of disintegrati ] : . .
gration it glves no indication of what is occurring
T o

hemically., T I :
chemically. The use of both schemes is therefore required to cover both

the character " o
r and the o0rigin of the weathered profile, but only a peneral

correla’ion between the two chemes is possible (Fig. 4:4)

Fig. 4:4
Skempton & Fookes &
Davis (1966) _ Harswill (1970) Pedological
Ivb VI ; ________________ ) A
) E
IVa Vo ). B
__________________________ 3T
11T | v )
__________________ )
( ITI ) ¢
IT ¢ )
« 1T e )
)
I I b

4:6 WEATHERED PROFILE AT BLOCKLEY CLAY PIT

The weathered material appears to have formed directly
from the underlying clay and has had something in the order of

11000 years in which to form. This assumes that the clay was left

exposed to the elements after the last ice sheet had retreated.

This is unlikely as some glacial material must have been deposited

and this would first have to be removed before an equilibrium'profile

based on the parentage of the Lias clay could evolve. Both the

pedological nomenclature and the engineering classification of

Fookes and Horswill (1969) are used to describe the weathering.

BLOCKLEY SERIES.
Location:~ North Cot Brick and Tile Works (SP 164348)

Parent Material:— Lower Lias clay. (ibex Zone)
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rneheme Depth Descrigtion
Pedological Fookes &

Horswill 1969

Ap VI 0-0.2m

Dark brown earth, very
firm when moist. Reddish
ochre material in lenses
and streaks.  Material

is a silty clay loam.
Microscope examination
shows 60-80% of quartz

of silt size this teing
easily felt between the
fingers; no stones coarse
blocky structure (4-6em.),
extremely hard whken dry.
Pierced by rcots and

small animal burrows.

Ebg VI 0.2-0.46m Paler in colour than
overlying ploughed layer,
grey brown with reddis}
brown mottling although
pale grey clay is
noticeable on the surf
of fissures. This indica
that these surfaces are
continually wetted by a
reducing vadose water.

Coarse (< 6em) sub-
angular to prismatic
structure. Onen fissures
(5~8mm) with smooth
undulating grey surfaces
extending through this
section (from the surface)
into the material below.
Only very strong roots
penetrate to this depth.
Mica flakes become noticeable
Non calcareous.

ace
ca

s
4
Le s

v 0.46-0.92m Layer of pale grey clay,
soft, plastic when wet
with extensive reddish
brown to yellow brown
mottling. Roots do not
penetrate far into this
material. Coarse (4-6cm)
prismatic structure, open
fissures (3-4mm) extending
down to a depth of 1.4m.
Limonitic nodules are
present in horizontal
layers these being the
remains of clay ircnstone
nedules that have now

Btg(fe)




§£ﬁeme Depth

Pedological Fookes &
Horswill 1969
Btg(fe) \ 0.46-0.92n
C1(g) v 0.92-2.28
c 11 2.28-2.70
2
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Description

(cont) weathered indicating
the parent material to be
Lias Clay  The soil
matrix near the nodules
is redder indicating

that iron oxides are
moving away from the
nodules, (usually
spheroidally). It

was cnsured that no
nodules were near when
sampling the scil for
testing. Lithorelicts
(Brewer 1964) are less
than 2cm in size. Non-
calcareous,

Olive grey clay with
ochreous iron mottling
(yellowish brown to
reddish brown) firm when
moist. The grey becomes
more intense with depth
(towards the blue-grey of
the parent material)
Coarse prismatic structure
(4~6cm) slightly fissured
at the base of the zone.
Lithorelicts frequently

up to 3cm and larger at
the base. Non-calcareous.

Blue grey clay, highly _
fissured (If. low to medium)
amount of fissuring
decreasing to an If. of
medium with depth.
Weathering is chemical
along joint surfaces and
is mainly a ferric oxide
coating although on rare
occasions there are then
coatings of pale clay.
Calcareous although fossil
fragments are rare.

Unweathered blue-grey clay,
fissured, no signs of
weathering although along
open joints (<1mm) at
depths of 8 1o 9m
superficial clay coatings
were found. Calcareous.
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fhis profile appears to be typical of the weathering profile

that has formed on, and from, the Lower Lias clays. Its extent and

development has been dependant on such factors as climate, water table,
time etc. The clays are poorly drained and are sesonally waterlogged near
the surface to produce the surface vater gley soils. The anaerobic
conditions produced by vaterlogging and the chemical reactions which
occur include changes in the form of the iron compounds. In well aeratcd
parts of the soild the brown and red colours of ferric oxides predominate,

whereas in waterlogged anaerobic parts (i.e. surfaces of fissures

o}

~—

grey

or blue-grey colours are present. In many instances the excess of

waler 1s self-evident when water seeps from the scil profile at
specific horizons and from’the increase of water contents in the samples.
This is very noticeable in the Sections at Blockley (Fig 4:5) where
water contents increased and seepage occurred near the Btg(fe)/Cs(g)
junction.

The samples take in relation to the profile for Section One and
Two are shownbin Fig 4:5 together with their moisture contents. The
Sections were taken at differernt times, hence the difference in shape
of the water content curves.

Section One: one day after rain showers

Section Two: after a relatively dry period

4:7 HONEYBOURNE CLAY PIT

For comparison a'profile at the Honeybourne clay pit is

briefly described. The pit is located approximately 0.4 km north

of Church Honeybourne in the Vale of Evesham, and is one of the
pits examined during the search for a suitable profile. The pit is

i i t ckley it being no greater than
very small in comparison with the Blockley p g
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MOISTURE CONTENT/DEPTH RELATIONSHIPS,
BLOCKLEY
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3.6m deep with maini ea b erial
P ainly weathered material exposed. The clay belongs

to the semicostatum Zone of the Sinemurian stage just above the Blue

Lias. Remains of the anmoni : . i
se ammonites being fragmental but numerous in

the southern half of the excavation. The weathered clay is used
to manufacture tiles and pipes (no bricks are manufactured). The
water table is relatively close to the surface in the vale sc the

weathered profile is somewhat attenuated.

Location: Church Honeybourne SP 115454

Parent Material:- Lower Lias clay (semicostatum Zone).
Scherme Depth Description
Pedological Fookes &

Horswill 1969

Ap VI 0-0.2 Dark brown, rich in humus,
silt material blocky
structure, firm when moist.

° Eb/Bt(g) \ 0.2-0.6 Difficult to distinguish
any definite boundary to
either of these zones.

Olive grey with a small
amount of gleying, pale
grey on the ped surfaces.
Coarse (4-6cm) blocky
structurés becoming

highly fissured at the base.

C Iv - 0.6- Very highly fissured (If.
"~ medium to low) brownish

grey with little or no
mottling, fissured blocks
(2-20 cubic cm) have
unaltered lithorelicts
inside having a lower water
content and are much firmer.
These lithorelicts increasing
in size with depth. Fissure
surfaces are ofter pale
grey in colour, brownish
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(continued)

75

grey beneath the surface

covering,with the
unveathered blue-grey
within the lithorelict.



CHAPTER 5

MESOSTRUCTURES

5:1 INTRODUCTION

Structure in rock is an extremely complex concept to
quantify, since structure can exist at a number of levels from micro
to macro. Mesostructures include such features as horizontal
layering, laminations, varves; vertical root channels and tension
cracks; and random fissuring and jointing. In other words the
majority of ﬁesostructures can be termed discontinuities.

These discontinuities can exert a dominant influence on the
strength of the material. Terzaghi (1936) described a stiff fissured
clay as

"When it is dropped a big chunk of such clay breaks

into polyhedric, angular or subangular fragments
with dull or shiny surfaces. The diameter of the
fragments may range between less than one centimetre
and more than twenty centimetres. In some cases the

jointing has been produced or intensified by

]

preceding natural slides".
In the same paper he also pointed out that the overall strength

of these "stiff fissured clays" could be as low as one fifth to one

tenth of the strength as measured on small intact samples.
1t was after the publication of Terzaghi's paper that work

was carried out on long-term stability problems. Skempton (1948)

showed that the strength of the London Clay continued to decrease

. vas -
after a cutting had been excavated. Direct evidence was produced
) &

t h that at least a part of the loss in strength could be attributed
Lo show that east a
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to softening of the clay along fissures which as Terzaghi (1936) had

suggested, became open as a result of small movements occurring after
the remotal of lateral support when the excavation was made .

Further work by Skempton (1964) Suggestéd that in addition
to allowing the clay to soften, the Joints and fissures cause
concentrations of shear stress which locally exceed the peak strength
pf the clay and lead tc progressive féilure. Skempton and La Rochelle
(1965) at the site of the nuclear power reactor, Bradwell, gave a
ratio of short-term overall strength to the strength measured in
conventional laboratory tests of 55% apd yet a ratio of 75% was
obtained for large-scale loading tests at depths of 15m by
Whitaker arnd Cooke (1966). Rowe (1972) reported an incident when
a trench dug in the Lower Lias clay failed within half an hour of
completion. The undrainea strength had been given as 2OOI&N/m2 with
an associated factor of safety exceeding 5, but the high permeability
at this site allowed rapid softening and the approach of the long
term condition within half an hour. With an excavation the loss of
suction on the open face decreases the effective stress and as the
fabric opens up the permeability is increased causing rapid softening
with the result that slips occur, working inwards from-the face.

It can be seen therefore that discontinuities are of great

importance to the engineer.

5:2 DISCONTINUITIES

5:2:1 DEFINITIONS AND OBSERVATIONS

Skempton, Schuster and Petley (1969) in their work on joints
and fissures in the London Clay distinguished five types of
discontinuities. They stated that there was some degree of overlap

between the categories and it was not always possible to assign
B o
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g n feature unambiguously to one particular class. Their five

discontinuities were
(a) Bedding
(b) Joints
(c) Sheeting
(d) Fissures
(e) Faults
These discontinuities cover a range of stress conditions from
Zero ﬁo brittle fracture.
Pettijohn (1957) was only concerned with discontinuities of
sedimentary origin which are mainly assoclated with bedding yetl
this leads to a classification in which the terms are defined with
some genetic implications.
Braybrooke (1966) suggested a classification based on genesis

on the grounds that different origins produce features with different
physical properties. Three major types of discontinuity were

proposed.
1) Discontinuities of sedimentary origin.

2) Discontinuities associated with brittle fracture.

.

(a) Tectonic
(b) Intrusive

3) Discontinuities associated with plastic deformation.

Unfortunately joints were not defined in this context and the

existing definitions could be applied to any of the three groups.

If this classification were applied to clays then group (3) would

have to be either omitted or redefined, as in the existing context,

it applies only to terms defined by Turner and Verhoogen

(1960) for igneous and me tamorphic rocksf
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It seems that of the five discontinuities defined by Skempbon
et al. (1969) only two, bedding and faults have a good definition;
"Bedding planes record the termination of one

episode of sedimentation and the beginning of

another". Pettijohn (1957),

"A Fault is a plane of fracture thch exhibits
obvious signs of differential movement of the
rock mass on either side of the plane". Price (1966).
Krynine and Judd (1957) defined a fracture as any brealt in a
mass of rock regardless of size and then subdivided this into:
(a) Joint: a fracture along which no visible

differential movement has occurred in the

plane of discontinuity.
(b) Fault: a fracture along which visible
movement has occurred in the plane of
fracture.
Skempton et al. (1969) when talking about jeint, fissure and
sheeting described them as;

(a) Joint: predominantly vertical (normal

to the bedding at the site they
investigated).

(b) Sheeting: surfaces of moderate size,
more th;n 323 Cm2.in area dipping at
angles between 5° and 25% with a
smooth surface,slightly undulating.
They can be differentiated from bedding
by the dip and topography of their
surfaces and classed as low angle

joints or sheeting.
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(¢) Fissures: in the London €lay are
planar or conchoidal fractures, rarely

more than 150.0 mm in size with a matt

surface texture.

There is no compatable definition for the term joint as use
by geologists and engineeré.

The American Geo]ogical Institute (1962) regard small scale
discontinuities and,closed large discontinuities as joints and
open large discontinuities as fissures. Engincers on the other
hand use the British Standards Institute (1957) definition and regard
large discontinuities open or closed, as cracks and joints
respectively and small discontinuities.

Fookes and Denness (1969) when working on the Cretaceous rocks of
south—east England used the term fissure regardless of size or closure
and described them on their morphological properties; size, shape,
geometry and surface marking.

In this way the old definitions of joints, fissures and sheéting
are combined and they are all classed as discontinuities but separate

features. In this study the same concept will be followed and the

same size, surface and geometry descriptions are used (Fookes & Dennes
size,

1969) One change was made in the geometry descriptions. It was found

very difficult to distinguish curved, semicurved and planar on the

definition by Fookes and Dennesssince the radius of curvature was

impossible to determine with accuracy. The geometry was therefore

simplified and the fissures recognised on profile.

5:2:2 ORIGIN
Joints and fissures are of interest since they give a general

stress field to which the rocks have been subjected;

expression of the
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and by careful mapping, the orientations of the joints may reveal

a geometrical relationship to other elements, i.e. fold, faults,

bedding etc.
Berger and Gnaedinger (1949) worked on thixotropic clays and

found that a system of fine fissures developed during a period of

long storage at constant water content and suggested that syneresis

may be the cause. Skempton and Northey (1952) and Skempton (1953)
define syneresis as:
"a colloidal process whereby the particles draw
themselves together, under the action of

attractive forces and expel some of the

pore water",

They demonstrated this fissure development with London Clay,
remoulded at the liquid limit and stored under water. It eventually
became "chunky" in nature this they attributed to syneresis. They
found that the water contént in the immediate vicinity of the
fissures was slightly lower than in the bulk of the clay. Rosengvist
(1955) was also convinced that syneresis is a prime factor involved

in the development of fissures and slickensides in fine grained

sediments.

The majority of joint and fissure patterns are related to

some tectonic event such as folding, faulting or uplifting. This has

led to classifications and theories of origin based on the stress

system that the rocks have undergone.

Griggs (1935) noted that shear fractures in the laboratory

are inclined to the direction of maximum compression, at angles

: rere commonly slickensided.
somewhat less than 45° and that these were COMMODLY

Tension fractures (according to Griggs) were characterised by clean,
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granular breaks, with Nada; (1950) noting plumose markings.on et

surfaces produced under tension in the laboratory. Parker (1942)

associated plumose patterns with shearing, while Hodgson (1961),

Muehlberger (1961) and Badgley (1965) all favour a tensional

assoclation.

Roberts (1961) considered that feather-fracture itself was
not indicative of either shearing or tensile siress, but demonstrated
that feathering was pfoduced by rapid separation of the medium.

This was supported by Gramberg (1966)' on laboratory tests on rocks.

Muehlberger (1961),ana1yzed diagonal {ractures with smrall
dihedral angles and concluded that there is a continuous spectrum
between tensional and shear failure, this means that extension
fractures should be a near surface phenomencn.

Price (1966) has shown that fractures which could form in
a rock are dependant on the stresses set up in the rock. A rock
initially under approximately hydrostatic stress when uplifted
towards the surface will form tension joints or fractures at a
specific level due to the decay of stress. If it is assumed that
tectonic stresses which develop during a compressive phase, remain

as residual stresses then the stresses on uplift will not only decay

but alsc change in orientation. (Fig 5:1).

The greatest principal'stress initially acts horizontally and

; i replaces in a vertical
as uplift proceeds, stress changes until Ué rep gé

direction. The ratio of greatest to least principal stress at this

stage may be too small to cause fractures to develop yet with

continued uplift the ratio will increase until the conditions

. fract is fulfilled.
necessary for the development of shear fracture
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The develo ; ' /T
evelopment of shear i
© fractures will release an unknow

proportion of residual stress and at this point vertical"ioad will

become the maximum principal
! Bl ncipal s PR .
T i) strgss direction, Further uplift

will cause the rock to : n . . .
pass into tension with possible subsequent

development of a system of tension joints.

Price in the same discussion also sﬁggested that sheeting was
due 1o strain energy release parallel to the surface due to erosion
and uplift.

Gramberg (1966) also advanced similar ideas in that most
vertical fractures in the crust without shearing movement in the
fracture plane, are caused by tensile stresses; the best explanation
i1s that they begin as a "Griffith Crack". He recognised two types
of external loading;

1. Direct tensile loading in which the crack forms

normal to the tensile load; a 'single crack is
formed leaving an open gap with rough walls;
2. Indirect or induced tensile loading in which
the fracture plane extends in the direction of the
major load axis and is normal to the minor load
(Tablel5:1).
to Grambergs model most regional fracture patterns

According

particularly those in basement rocks, form as a result of ductile

. . ' . ; i izontal directions
flow in Zone 1 which causes destressing in horiz

within Zones 2 and 1. Two vertical fracture systems may also form

at right angles if both the least and the intermediate stress

directions are horizontal and multiple vertical fracture directions

cnde of ssing.
may arise from several periods of destressing
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TABLE 5:1

AFTER_GRAMBERG 1966

Zone %onfining Cause of
qieasure - Horizontal Fracturing Fracture Type
Stress
_SURFACE
3 dos?ressed Direct tensile Vertical open, non-
ensile stress planar, extensive
direct tensile
fractures at
regular distances
TENSION POINT
7 .
2 ., low Indirect tensile Vertical closed
transition zone stress at low planar extensive
confining a) single
pressure b) or multiple
2 o4 Indirect tensile Vertical closed
high stress at high planar short cleav-
confining age - fractures
pressure evenly distributed
1 S = O -0 no fracturing pure plastic flow
1 2 3
Fookes (1965) summarised the origin of fissures and joints prior
to his orientation studies and these he used as a working hypothesis.

He assumed that fissure

o [3
one or more of the following processSes:

1. Tormed at the time o

.by syner

of the environment of depo

s in general could be formed and modified by

f depositiocn or soon after

sition.
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2 Formed o Cp
. 8 r modif; L
’ ted some time later than (1)

by insitu physicochemical changes brough

about by such agencies as groundwater,
weathering or ion exchange.

3. Formed or modified by tectonic (or quake )
stresses during folding, faulting or
shearing of the beds.

4. Formed or modified by non-diastraphic
processes, eg. drying, hill creep, rebound

on unloading or stress release during erosion.

5:2:3 CLASSIFICATIONS

As stated previously joints and fissures can be related

to some stress distribution to which the rock has been .subjected or
it may be random. The classification of joints and fissures is -
dependant to some extent on the area examined.

The main factor that is of interest is the fissuring intensity.
Fookes and Wilson (1966) in the Siwalik clay defined a classificatiqn
for assessing the degree of fissuring, based on the distance between

the fissures. Denness (1969) modified this and used the area of

3 . .
fissures per unit volume (mz/m ) and the average size of intact

blocks (mj or cmj).

e e . N ) some
Area and volume classifications are ideal but they are cumbersome

to use in the field and Fookes et al. (1971) have returned to the

ge distance between fissures

fracture spacing index which is the avera
(Table 5:2).

5:3 OBSERVATION OF DATA

: A3y A e
For joint and fissure analysis there are two maln methods,

the cavity and the block technique- In this study both cavity and
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block technique were employed and compared

TABLE 5:2

FRACTURE SPACING INDEX (If.)

I¢ in metres

Extremely High >2

Very High : 0.6 -2
‘High 0.2 - 0.6
Medium 0.66 - 0.2
Low 0.02 -~ 0.06
Very Low ' 0.006 - 0.02
Extremely Low < 0.006

5:3:1 BLOCK TECHNIQUE

In this technique the site area is selected and a one foot
square column of clay is exposéd by careful excavation. The final
trimming of the block is done by palette knife to avoid mechanical
disturbance. In most cases the block sample is cut and trimmed to
a 200 mm cube, covered in waxed hessian, further waxed and a biscuit
tin placed on top. It is then severed at the base, inverted and the

base treated similarly. The space between the block and tin 1is

filled in with wax. The tin is then sealed and suitable for transport.
The samples at Blockley were taken 10.35 m. below the surface

in the side of the excavation, the weathered material and the

unwanted overburden being removed by scraper and bulldozer to a depth

of 7.5m — 8.8m. The remainder was removed by hand to produce a ledge

in the side of the pit from which the sgmples were taken. All blocks

were talken 0.91 — 1.22m from the edge to reduce sample disturbance

and any moisture loss due to drying from the face.
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11’11/ 2 -l -
LN . p S
a ex erir ent Wwere Cdl[]ed_ Out on t'jle use € h

samples.

saw for extracting block The chain saw used wa
nai sSa IS was an

"Oregon Super T Lot
. © Tronic ot o _
h » Detrol dIlVen, two stroke. It was found

difficult to handle ang there was considerable vibration.

Although the saw provided clean cuts when used, especiallv when

cutting a block to size, a spade was used for trimming and final
trimming done by hand using stiff spring steel spatulas.

A 30cm squaie column of clay was carefully exposed and the
top was planed flat using a small"sﬁrférm". The magnetic north was

indicated on the surface by an arrow carved in the material to
facilitate the reorientation of the bleock in the lJaboratory.

The faces and top are then immediately covered with wax to
prevent moisture loss, the wax being a mixture of paraffin wax and

petroleun jelly (ratio of 1:1). The molten wax was kept a degree

or two above melting point and brushed on in a thick even coat.

- By keeping the wax close to its freezing point application of the
wax by brush causes the wax to solidify almost immediately. This
techniague avoids wax penetrating any fissures or pores in the

clay. The block was then severed from the rest of the column and

placed on heavy duty aluminium foil on a timber stretcher. The base

L 1 -
i with wax and then the whole bloc
was then +trimmed and coated ‘1t x and then v I .k

wrapped in foil. The foil was pressed close against the block to

; 4 reral coats. An
exclude all air and then waxed again with several coat ¥

. Ing an
external coat of pure wax is recommended for easy handling a d
(A%

the block should be transported on the wooden stretcher and never

vt an hour if the column is

. ) bo
removed. This method can take from a

)4 o v ‘.. i f )C'\ lS JDC‘ b
< bO
a’d a lmo pO -LO 5

d surface.
taken from a few metres below an expose
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PLATES 5:1~- 5:8
Sequence Illustrating Block Technique for

Fissure Analysis
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PLATE 5:5
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PLATE 5:7

PLATE 5:8
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T 3
0 alem - R . .
malke the measurements the block is orientated in exactly

the same position as it ; C . .
1 on-as it was in the field, this is done in the same

-

way as orientatir 5y f o .
J ntating a map. To record the required data about

individual fissures the block is carefully dissected using a palette
knife and gentle manual persuasion. The orientation of the Tissures
isrecorded as a dip and strike measurement directly, using the

compass and clinometer.

The method of wrapping the block is very efficient, moisture

contents before wrapping gave 17.5% and one year later an average

value of 16.2%.

5:3:2 CAVITY TECHNIQUE

Measurement problems can be overcome to a certain extent by
measuring the fissures in the field in the usual geological way.
The major difference between the field technique and the laboratory
one is that, instead of exposing and removing a block, recording
of data is done in plaée by careful excavation (by hand) of a
small recess in the matlerial having similar dimensions tao the size
of a block that has also been examined.
The major problems of mechanical disturbance do not exist with
the cavity technique although there are other inherent problems.
Suitable weather conditions are necessary for the block

technique only when the block 1s being removed and in faect this

A . g o . .
can be eliminated by using a suitable shelter. VWeather is critical

. for the cavity technique since clay will shrink on drying so it

is essential to avoid direct sunlight and drying winds. Rain will

not cause any volume change to saturated materials but will tend

to disguise minor features such as roughness. Therefore, examinations

should not be made in the rain unless an adequate shelter is

provided The cavity technique con take from one io three days so
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the cavity must be protected at night.
The method is good for highly fissured clay or soil which

is not too highly overconsolidated. At Blockley the Lias clay is

very firm.The majority of fissures are closed and manual dissection
is difficult.

Due to inherent problems in both techniques it was decided
that the fissures would be exgmined using both methods. Five block
samples were taken of which two were used in the fissure analysis.

5:4 PRESENTATION OF DATA AND VALTDIT?

In order toc evaluate the relative frequencies of the jecint

orientations observed and to clarify the geometrical relationships
between the various joint sets, the joints are represented as
points on the projection of a reference sphere. One 1is
referred to Phillips (196C), Turner and Weiss (1963) and Terzaghi
(1965) for a detailed desc}iption of the mathematics involved.
There are iwo different varieties of projection that are in common
use in geology and engineering.

In many instances it 1is desirablelto usé a projection in

which angular measurements are not distorted, in these circumstances

the Wulff projection is used. This enables one to reorientate joint

sets without distorting the angle between them.
‘he other projection, the Lambert or Schmidt equal area

projection is important since it preserves areas correctly this

being necessary when any statistical appraisal of the density of

structural elements 1in different orientations is required.

Once the poles of the joint surface are plotted, the projection

' e only with ar equal area projection.
can be contoured. This can be done only 1 q pro

It is not valid to contour a Wulff stereographic projection.
41 : , !




Contours are usual] :
v sually based on the number of data points within

each one pe xe 4 .
per cent unit area of the projection. Since standard

Schmidt nets have a 20Cmm diameter, & circular counter of 20 mm

in diameter has one- ) . .
ne-hundredth the projection area. A 1 cm square

grid can then be used beneath the projection and the counter moved
systematically to each grid interéection. The number of data points
within each area being classed as a percentage.

Several other counting methods have been produced,in
particular Denness (1969).

The validity of the tremds obtained depend on the extent to which

the data is a representative sample of the pavent population. The

optimum sample size as defined by Stauffer (1966) 1is; "the minimum
sample size required to give good representation", and this will vary
with the complexity of fabric and strength of concentration. =
double standard exists in this definition of optimum sample size,
depending on the use being made of the fabric interpretation. IT

one is interested only in the approximate orientation of the symmetry
elements, then fewer points are reqﬁired than if a study is being

made that involves variations in the development of preferred

orientation.

> v - o MR S
For the purpose of structural analysis the statistical

correlation coefficient is a more critical test of preferred

orientation. Hovever, in the case of a strong fabric it need only be

supplementary to visual determinations of symmetry and grouping.

Since the fabric under examination was quite strong it was

felt unnecessary to carry out a correlation coefficient analysis.

The number of points needed to obtain a respresentative

o] e 7 "t, . ’ T ¢ ( .
sample was based on the method developed by Stauffer (1966)

(Appendix B).
96




5:5 JOINT ANALYSIS AT BLOCKLEY

Three caviti
i avat :
€S were excavated by hand and are referred

to as sites I, II, ITI. They were excavated at different positions

along the working face during weekends and holidays.

A total of five block samples were taken, two of which were

for joint and fissure analysis, the other blocks were for shear
failure, consolidation and residual strength tests. Both the block
and cavity technique were undertaken to ensure that any of the
nroblems outlined earlier in tsking the measurements did not result
in a radically different picture.

To elucidate the relationships of the fissures, the measurements

are shown as stereographic projections.

As soon as data became available it was plotted and
contoured and Stauffers method (1966) (Appendix B) was used to
determine the optimum sample size. Initial plots of 100 points gave
a point maximum of between 8% to 12%. This indicated that atleast
300 points would be necessary to obtain a representative sample.

In the region of 100 to 150 data points were obtained from each

site.

The majority of fissures were planar and although a method of

plotting non planar fissures was attempted no relationship could be

obtained. Denness (1969) showed that there is a relationship

between the proportioh of planar to non planar fissures and the

period of time an exposure had been uncovered. The non planar

fissures increased in number. He accounted for the formation of

extra non-planar fissures by either being present in previously

on of a planar fissure. Denness (1969)

intact material or from the extensi

tions during unloading at the

suggested that the stress condi
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extremities of a planar c
pianar crack are such as to propagate il in a

curved or gemicurved manner, this being analogous to the
. o
propogation of cracks in metal.

Although non planar fissures exist

before excs 1 " \
cavating the exposure, he concluded that stress release

tended to generate more non planar than planar therefore the latter

were earlier in origin.

He has made no suggestion that once the exposure is excavated

it immediately begins to dry out and stresses are set up at the
extremities of the fissures, and this could be the cause of the
increase in the number of non planar fissures rather than unloading

since unloading in many cases would be relatively small.

No statistical analysis was undertaken in respect to size of
the fissures or surface markings (details were recorded). The
majority of fissures were in the size range of 0.01 to 1m2 (Fodkes
and Denness 1969) with the éurface texture varying from smooth to
rough. Jt was noticeable that the fissures that were pock marked
all had an orientation paralleling the main orieptation as deducéd
from the stereographic projections.

5:5:1 CAVITY TECHNIQUE RESULTS

As one can see from Figs 5:2, 5:3 there is a medium to
. . 0 .
strong uniplanar sel of fissures with a dip of 11 N.I. on a strike
of 45° a4t Site I to a horizontal set at Site IL According to

Stauffef (1966) three hundred data points were necessary to obtain

a representative result, so three hundred points taken at random

from the results from Site I,IIandIllvere plotted to produce Fig 5:4

Again this shows an almost axial symmetry with a medium strong

.. ‘ o] 0
uniplanar set of fissures dipping at T N.E., 45 (J1)’

A second set of vertical conjugate fissures (J2 and J3) with
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strikes of 042° J 0 '
( 2) and 127 (J3) are present. These are weak

concentra‘tions The J { ) ] 1
O e set of e e tr r 1
_ 2 flSSUI‘ S are S onge 1in number han

the J3 set.

This set P4 @y e
s set of fissures encloses a mean dihedral angle of

85° aboutl their E. - W. bisectrix.

Another . e S . .
very weak concentration is observed with a strike of

¢} It .
1737 ., There are two uniplanar sets J dip 84° - 90° E strike
4 ke

164°

. o . )
W O p v e .

) J5 dip 507 ¥W. strike 164 and this may be a conjugate
set with an acute bisectrix of 46°.

U e » . : .

A very weak concentration of a uniplanar set with a sirike

420 1 0 0 o - . . .
148 and dip 84 - 90 E 1s observable but its existance is

doubtful.

5:5:2 BLOCK TECENIQUE RESULTS

One block sample (number 2B) was taken from a depth of
10.349m below ground ievel and corresponds to the approximate depihs
at which fhe cavities themselves were excavated. Only 100 data
points were pletted toAallow a comparison with the cavity data

(Fig 5:5). It can be seen that around 300 points will be ne®ded
to be absoluteiy valid, but an approximate comparison can be made.

A 7% concentration of a uniplanar setof fissuresoccurs with
a dip ¢ - 50 E strike 1320 . This is almost the sdme as the J1 set

found with the cavity technique and a closer examination indicates

is

the presence in weak concentrations of J2; J3; J4; J5 although J5

rather doubtful, and it would be impossible to infer a J6.

As one can see there is very 1ittle difference between tlhe

stereographic projections for the block sample and those of the

cavity samples.

In all stereographic PTOjeCtiO”S the poles of the plancs are

plotted in the southern hemisphere and the black line is the trace
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of th ccavati f .
¢ excavation face. The excavation face has a strike of

o . 0
133 - and a dip 55 E.
5:6 DISCUSSTON
The fissures fall into +} j i
. 44 1NL0 three groups; a weak major girdle
and two uniplanar sets. The probability of the uniplanar set
concentration of 9% bhei f i ri '
/o being found in a randomly orientated set of
fissures 1s many millionsto one against, therefore the uniplanar

‘ C . o .. 0 ) .
set orientated at strike 1327, dip 10° E is very significant.

(J1).

RSN

The major girdle is rather weak with concentrations of 2

or 3% and not fully developed. The two major concentrations in this

. girdle are J , J_ with a very weak J .
2 3 4
Set J2 and J are probably one set with an acute bisectrix of
. 0
approximately 85 .
The uniplanar set J5 could be associated with J4 forming a,
conjugate set.
Since the fissure analysis was carried out below the depth
of weathering in the same horizon (i.e. The ibex Zone of the Lias

clay), lithology and weathering shovuld have little effect. Data from

the borehole cores taken on the same site give a very small variation
in both clay content and the. plasticity index; clay content 3& - 47%,

’ ici i insignifi t variations and
= plasticity 1ndex 28 - 36%, These are insignificant v

should have no effect on the types and intensity of the fissures.

The other factors asdefined by Fookes and Denness (1969)

that could have some affect are as follows:-—
(a) Bedding,

(b) Stress release parallel to exposure

surface,

10
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(¢c) Stress release parallel 1o ground

surface,
(a) ‘Tectonism,
(e) Age of Exposure.

The uniplanar set J1 is almost paralleling the ground
surface and the bedding. The set J4, J5 could be related to the
stress release parallel to the exposure surface. Tectonism is
limited'to earth moﬁements during the Jurassic period and gentle
warping during the Alpine earth movéments and pfobably 1ad very
little effect. The age of the exposure has negligible effect since
no exposure was more than one day old and all measurements were
completed within two days.

Hancoclk (1968) working on the Middle Jurassic limestone in
the samé area found six uniplanar sets of joints, four cozonal and
statistically normal to the " bedding surfaces and two inclined to
the bedding bf moderate angles. The oldest (which he termed J1 and
J_) appeared to form a complementary system of wrench shear fracturés
enclosing an acute dihedral angle (850) about an E. -~ W. bisectrix.
This is the only set of joints found by Hancock which shows
similarities to that found in the Lower Lias clay i this study.
Hancock (1968) follows the opinion of Price (1966) who postulated
hi;h have been compressed but no£ folded,

that in horizontal rocks W

two sets of shear jointsdevelop and these may be subsequently

followed by two sets of tension joints. The occurrence 1in the

Cotswolds of a conjugate pair of wrench shear joint sets led Hancock

to suggest that the region was subjected to a single cycle of

subsidenc compression and uplift as Price proposed for the general
u e, C -

case There was remarkable similarity between the geometry
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proposed by frice (1966) and that found by Hancock in thé oolitic

limestones.
There is no way i ; :
y in which the fissures at Blockley can be
s o . A _
identified as shear as no slickensided fissures were observed. It is

therefore almost impossible to indicate the stress system under

which they developed.

There is good evidence to suggest that the factors which
produced the uniplanar set (J1) were a combination of bedding
foliation of the clay minerals and‘stréss release parallel to
the ground surface. The set J4 and J5 that are probably eassociated

with the exposure face could develop in time and pose a problem for

any long term slope stability.

The intensity of fissuring increases in a narrow zone just
below the yeathering profile and just above in the weathered zone
the true fissures change into apparent. Fissuring had no effect on
excavabion stability in the weathered and unveathered except for

the deep desiccation cracks (2 - 3m) that occurred during dry

spells. -




FIG 5:2

Contoured equal-area projection
for 150 joint orientation in the

Lower Lias,Blockiey (Site II).
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SITE I

CONTOURED EQUAL-AREA PROJECTION FOR
100 JOINT ORIENTATIONS IN THE LOWER
LIAS AT BLOCKLEY
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FIG 5:4

SITE T, I1, III'

Contoured equal-area projection for 300 joint orientations
in the Lower Lias at Blockley
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FIG 5:5

BLOCK SAMPLE 2B

Contoured equal-area projection

for 100 joint orientations in the

: ¢

Lowef Lias from Block 2B
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CHAPTER 6

MICROSTRUCTURES

6:1  INTRODUCTION

Much of the engineering behaviour of a soil can be
attributed to its structure or fabric which in turn is a result
of the geological conditions governing the deposition, and
subsequent stress history and weathering of the soil.

In the ©previous chapter joint analysis was described under
the heading of Mesostructures these being defined as those
structures visible to the naked eye, bul excluding faults, folds
etc., which have a large regional extent. Microstructures are
therefore those structures that can be observed by magnification
of some kind although as will be seen later some of these Struciu}es
can Be quite large but due to thé nature of the Lias clay, they
can only be seen in thin sections.

Microstructures can be studied by a polarising

microscope, a scanning electron microscope or an X-ray diffractometer.

The scanning electron microscope has a high resolution and will
therefore give detailed information at the scale of, individual

clay particles. The X-ray diffractometer and the polarising

microscope have a lower resolution, in the case of the polarizing

microscope not less than two microns and they therefore use a larger

area to gain information. This information can however be on a

. - ST + ~
quantitative basis whereas the electron microscope at the present

. - .4 ,’r‘. - ~ .
time is only be gualitative. Only the polarising microscope and

the scanning electron microscope were used with success, the X-ray

diffractometer giving limited results. All methods required
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pecimen preparation and these will be described first

6:2  PREPARATION OF THIN SECTIONS

It is well known that clays will absorb water (especially
when in direct contact) and expand, causing an increase in volume
hence the preparation of thin sections of a scil or rock with a
high percentage of clay in the normal geological way 1s out of
the question. There are two basic methods for the preparation
of thin sections of soils and clays dependant on the initial state
of the specimen in each case;

(a) Wet

each method having ils advantages and disadvantages, but both are
impregnations. The wet method involves the replacement of water by
a wax tbat is miscible with water in most cases Carbowax 6000

(a polyethylene glycol fraction of average molecular weight 6000).
The dry method requires the sample to be traroughly dried before
impregnating with a media such as epoxy resins (Araldites).

6:2:1 CARBOWAX 6000

Mitchell (1956) first successfully used Carbowax 6000 to
produce 40 pm sections of moist clays. He immersed small samples

in molten Carbowax 6000 for several days and found that impregnation

was complete and therefore permits the use of procedures similar

to those used in preparing rock sections. The only modifications

necessary were the use of paraffin (Kerosene) instead of water for

all grinding and cleaning operations; and a cement that did not

require heat treatment for securing the specimen to the slide.

Polyethylene glycols (PEG) have the general formula
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CH M t
HO(CH, 2O>n CH26H2OH and are known by various names such as

-

polyoxyethylenes, polyglycols, carbowaxes, aguawaxes and oxydwacks.
The lower members of the series are obtainable in the pure‘state.
However, commercial products are fractions consisting of mixtures of
glycols i.e. in PEG 6000, n might range between 130 to 170. At room
temperature the fractions of molecular weights less than 600 are
colourless liquids but those between 1000 - 20000 are white, soft

to hard, waxy crystalline solids. The latter being soluble in
solvents such as water, alcohols, ketones, ethers and esters, but

are relatively insoluble in saturated hydrocarbons (for properties

of PEG 6000 see Table 6:1).

TABLE 6:1
Fraction No. Av. Mol, ¥Wt. m,p. range Solubility in
Carbowaxes. oc H,0 at 20%
' (% w/w)
1000 950" - 1050 38 - 41 = 70
1549 1300 -~ 1600 43 - 46 70
4000 3000 ~ 3700 53 - 56 62
6000 6000 - 7500 60 - 63 50
20M 15000 -~ 20000 = 70 v ] -

The technique has been developed by a succession of workers
Morgenstern and Tehalenko (1967c), Quigley and Thompson (1966) and

Greene-Kelly et al. (1970). The samples are immersed for

i i i i : owax mixtures of
varying times in a succession of aqueous Carbowax mixtu ¢

- M i o3 (S n( 1 o i W 0T Y -
various strengths. Cohesive clays that have a high water content

. 2 . : =1 : 10% 3 : fo .
often require only 5 minutles immersion 1n & i0% solution, followed

. ‘ : JRURS: BRI 2 .
by 2 hours in 25% and 4 hours in & 50% solution and then overnight

in molten CarbowaX.
The moisture content of a sample can be raised as employed by

this is unnecessary as the sample

wn

o N M oeeoat ip many Cases
Davis (1906).HOW9VLf:l“ many &

Ja,
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can be immersed i i :
mersed in a higher strength aqueocus Carbowax mixture.

The strength of the mixture must be carefully chosen as tooldilute
a mixture may cause disturbance with the interaction of the clays.
Too strong a mixture can set up an osmotic pressure difference
which could produce artifacts in some clays because of rapid

dehydration.

) - - 3 o : < -
When impregnation is complete, the sample is removed and

elther castas a block or the excess wax is drained away and

allowed to solidify. Greene-Kelly et al., (1970) suggests slow

cooling 1o avoid cavitation in the centre of the sample however

this has the disadvantage of allowing the wax to crystallize in large

crystals and spherulites. Carbowax is not isotropic and il can produce
second order interference colours. Birefringence is thought to vary with
the differing amounts of water absorbed in the wax. This can cause

problems with the identification of argillaceous cutans. Mitchell

(1956), Morgenstern and Tchalenko (1967 a,b) recommend rapid
cooling, primarily to reduce the crystal size of the arbowax,

immersion in liquid nitrogen being recommended.
The cutting of thin slices are then carried out normally

using a lubricant such as Kerosene, Shell Tusus A or Castrol Honilo.

The surface then being ground flat in the usual way using 200, 400

and 600 Carborundum powder.

Dyes can be incorporated within the impregnating solution

and can be used to identify voids and structures in fine grained

material. Adsorption of dyes by mutﬁally orientated clay particles

often greatly changes the optical_properties of the stalned area.

e A edive indices ve in
The clay may become pleochrolc and the refractive indices change in
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such a way that the birefringence may increase or decreaée, and

the optical sign may change, Greene—Kelly (1963) describedAthe

kind of optical effects observed when expanding or partially-

expanding clay minerals are immersed in simple aromatic liguids.
Crystal violet dye stains intensely without distorting the

clays optical properties. The staining my be carried out either during

impregnation or after g?inding and before mounting the cover slip.

Crystal violet in équeous solution will turn from violet to blue,

to green, to yellow depending on tﬁe acidity of the solution.

(Fig 6:1). The water molecules held strongly to the surface of the

clays can therefore react with the crystal violet dye with resultant

colour changes.
(Fig 6:1)
CH,
I CRYSTAL VIOLET STRUCTURE

D .

C Ha—~—~H/\\\/

CHa CH
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Carbowax 6000 having a low melting point (60°¢) heans
that the section must be cemented to the slide by a cold setting

Araldite rather than the usual Lakeside which has a melting point

of SOOC.

6:2:2 EPOXY RESINS

It was found that the Carbowax 6000 was ideal for samples
with a relatively high'permeability such as lhe weathered Lias
clay. Unweathered élay however, has a very low permeability in the
order of 10“6mmﬁ . This low perméability causes impregnatilon
with Carbowax 6000 to be difficult and in factl almost impossible.

Impregnation was no more than a few millimetres after several

days immersion in Carbowax 6000. Thus,only very small samples could
be impregnated. Aryattempt to cut the clay without impregnation
resultea in the clay fracturing along the bedding planes. herefore,
it was necessary to use an époxy resin that could penetrate much
more easily. Carbowax has a viscosity of 6 to 9 poise which 1is
high compared to witer {0.01 poise).

The majority of the araldite epoxy resins have quite high

viscosities compared with water. The most common Araldite used

is AY103 Resin and Hardner HY951, this is a cold setting resin

although il can be cured at elevated temperatures to speed up the

i ity of this resin is 1 ise though this
process. The viscosity of this resin is 18 poise oug

can be reduced by using acetone as a solvent. This causes the

- - 3 -1 - nust
impregnation to becomne rather lengthy since the acetone must be

allowed to evaporate off before the resin is cured.

A hot setting Araldite that until now has not been used for

impregnation is the Resin AY 18 with the Hardner HZ 18 the

properties of which are given in Table 6:2.
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TABLE 6:2

Mixture Parts by Weight Parits By volume
Araldite AY 18 100 | 100
Hardner HZ 18 ’ 75 96
Useable Life:- The useable life of the mixture is about

5 - 7 days at 21°C (70°F)

Drying times:-

45 - 50 hours at 15°C (59°F)

or 40 hours at 22°C (72°F)
or 1 hour at 80°C (176°%)
or 30 mins at 100°C (212°F)
or 12 mins at 120°C (248°F)
Curing times:-~ Cure adhesive for at least

2 hours at 80°C (176°F)

or 30 mins at 100°C (212°F)
or 20 mins at 140°C (284°F)
or 15 mins at 180°C (356OF)

: o .
Initial Viscosity at 21°C 0.2 poise.

This viscosity can be reduced using acetone.

The maximum temperature to which clays can be raised without

o . . . P
too much distortion is 100°C therefore this resin can be used with

great success with any type of material especially the fine grained

clavs with low permeability. Using this Araldite, impregnation

of 50 mm cubes of Lias clay has been achieved successfully.

6:3 PROCEDURE FOR TMPREGNATION AND CUTTING

6:3:1 CARBOWAX

iat wax mixtures are determined and
1. The appropriate agueous carbowva

made up.
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2. S le is wra 5 .
ample 1s wrapped in either gauze or placed in a wire mesh

cage. This is to prevent the sample from being damagéd when being
transferred from solution to solution and for easy removal.

3. A dye can be incorporated with the final immersion in the
carbowax. |

4., The sample 1is drained and allowed to harden for several hours.
5. Slices approximately Tth inch thick can be cut with the
appropriate lubricant, A WHI cutting and grinding machine,
manufactured by Cutrock »Ltd., London was found to be ideal for the
job.

6. The slice was ground flat and mounted using cold setting
araldite, this being ground down to 0.2 mm on the grinding wheel
using the device that was specially designed for this purpose:
(Fig 6:2).

7. This can then be ground to thickness using 200, 400 and 600
Carborundum powder.

At this stage the clays can be dyed by immersing the slide

in a Kerosone solution of crystal violet.

8. A cover slip is attached in the normal manner using Canada

Balsam.

6:3:2 EPOXY RESINS

1. Air dry the sample at room temperature for two days.

2 Place the sample in the vacuum desiccator in the apparatus as

shown in (Fig 6:3). The resin mixture being piaced in the funnel
above.

3 The desiccator 1is evacuated. With fine grained material that is

very friable this should be done slowly over a period of half an

hour and should be kept at this for an hour.
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SLIDE GRINDING ATTACHMENT
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APPARATUS TOR EPOXY RESIN IMPREGNATION

- - - ARALDITE

v

TO VACUUM PUMP
Sy

1]

SAMPLE

FIG 6:3
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run in ensuring i :
Ng no alr enters the vacuum desicator.

5. The specimen is then left under vacuum for 1 to2 hours or

less if it has a high permeability. The sample is either

removed and drained of excess Araldite or it is cast in a block in
the container. |

6. Cutting and grinding is as before.

N.B. Before fixing the siip to the glass slide, the excess grinding
powder ard the orientated clay flakes should be removed using the
peel technique (as described in the next section) and the surface

is flooded with Araldite before fixing to the glass slide.

6:4 PREPARATION OF ELECTRON MICROSCOPE SAMPLES

As with most agglytical methods sample preparation is very
important.. There are two main types of electron microscopy in
current use, based on transmission and reflection, respectively.

For the transmission microscope the most common procedure is
to use replicas of fracture surfaces of air dry samples, or
alternatively freeze drying may be Qsed and one is referred to
Smart (1969) and Silva et al. (1965). Other methods
reported in soil structure investigations are the imbregnate - section
—etch — replica of Silva gj;gg:(1965); and the impregnated gltra
thin section method of Pusch (1966).

The scannigg electron microscope uses the reflection of a beam

of electrons from the surface of the object rather than transmission

through a thin section. The instrument was first used in soil

structure by Roscoe at Cambridge University (Roscoe 1967), and this

led other workers to investigate the method. The main advantages of

this method are that .the actual surfaces can be examined with
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magnifications up to 50,000X and the instrument has a high depth

of focus thus providing a strongly three dimensional (élmost
stercoscopic) picture. Actual'stereoscopic pictures can be
obtained by tilting the specimens through 3° and a quantitative
analysis of the fabric can be obtained.

When the sample is placed in the scanning electron microscope
it is subject to a high vacuum, therefore it must contain no water
or loose particles. The sample should therefore be dry or impregnated.
Work by Barden and Sides (1971 ) have shown thai impregnation is
unsatisfactéry and air dried samples are much better. Gillot {1969)

gave details of the freeze drying method however, efforts by other

workers (Smart 1967, Barden and Sides 1971 ) have shown that this

process is difficult to control. Gillot (1969) also proposed the

method of "critical point drying" but again this is rather a complex

procedure and has not been used by many researchers.

These methoeds of Gillot were proposed mainly because it was

thought that drying of samples would produce internal changes. For

most materials this is not so unless the water content is very high

and thus the amount of shrinkage large. The Lias clay in this

investigation had a water content between 17% and 19% which is very

close to its shrinkage limit of 17%.

The simplest and nost effective procedure is air drying followed

’ & - ,; u -
by mechanical fracture to expose a surface for viewing. The

) mechanical fracture may however not be typical since the fracture

. ; - e -£ t ‘her
may form along preferred orientations and microicatures. There
. =]

. 1 the chance of loose debris on the surface which if not
is also t! ]

removed can cause severe overcharging during examination.

Barden and Sides (1971, 1970 } used a fractured surface
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PLATE 6:1
TREATED AND UNTREATED CLAY SURFACE

(UNTREATED SURFACE, INTENSE CHARGING
PRODUCING NO DETAIL) X53.
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and removed the debri P )
¢ debris by a series of applications and removals of

Sellotape, they recpmmended 50 - 100 peels with Sellotape,

To remove the probability of the fracture surface being
non typical an air-dried sample was cut very slowly by a diamond
wheel saw using a lubricant or an air blast. The flat surfaces
were carcefully ground with 200 and 400 Carborundum to remove the
disturbance caused by the cutting wheel. The orientiation of the
surface particles due to grinding and the loose grinding powder was
removed by several applications of-cellulose acetate. Two coats
are applied and allowed to dry and thern peeled away to Tremove
the surface material. Three to four successive applications are
sufficicnt and this would be equivalent to 50 peels with Sellotape.
The differenceAbetween the treated and untreated surface is shown
in Plat;6:1. Both the fracture surface and the cut surface

methods were used. i

The samples are then fixed to the support stub with Durofix

and earthed to the stub with colloidal silver. The sample and

stub is then shadowed first by carbon and then by silver at a

higher angle. The conducting coat which is only a few Angstroms

thicle is necessary to prevent charging of the sample under the

electron beam and improves the quality of the pictures.

For detailed desériptions of the equipment and mode of

operation one 1s referred to Birhs (1964), Zussman (1967).

6:5 RESULTS OI THIN SECTION ANALYSIS

Thin sections of the Lias clays can be used:

(a) to obtain a picture of the structures present
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PLATE 6:24

DENSITY STRUCTURES (SAMPLE ?39/1)

PERPENDICULAR TO BEDDING
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PLATE 6:2B

DENSITY STRUCTURES (SAMPLE S39/1)
PERPENDICULAR TO BEDDING
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in the weather
the weathered Or unweathered material.

(b) to obta?n a quantitative measure of
orientation using the method initiated
by Mitchell (1956) ana developed by
Morgenstern and Tchalenko (1967 a,b).

In bhand specimens one observes a lineation of the clay

'

particles parallel to bedding which is confirmed in thin
section. The profile examined is over 15m in depth and
samples for sectioning were taken méiniy in the weathered zone, though
some were cut from the unweathered clay for comparison.

In the unweathered clay, certain horizons show alternate
layers of clay and silt. In most cases this shows up as a coarser
texture in the hand specimen but these horizons cannot be seen clearly

by the naked eye. The only horizon where the interlayering is

observable, 1s just above the Pecten Beds. Here the horizons are

2 — 3 mm thick, slightly contorted in places and broken as if

reworked after deposition.
The layering observed in thin section are no greater than

1 mm in thickness and are usually much smaller than this. Reworking,
1

producing ruptured and very slightly contorted bedding is common,
(Plate 6:2).

ing a fai ¢ scale was also found at
Convolute bedding on a fairly large scale va c

X L, FRN a1 111 o
one horizon, there could however, be others,since unhe convolutions

. - - - -3 muy,
were only found after the examination of thin sections. The

i folds, large slides being necessary
convolutions were large rounded , g g

to examine them The deformations were highlighted by using the dye

Vi T ] v i onvolute bedding is a name
ry tal violet f sier obser atien. Con t
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.01 d Db . ) . !
coined by Keunen (19)3) to apply to peculiarly deformed laminations

which have the following characteristicsg: °

t . : % - .
. Crumpling of the laminations increases in

intensity nd 1 i
tensity upward and then gradually dies out

again so that the upper laminae of the bed
are flat.

2. No rupture of laminae has occurred. The
laminafion planes can be’ traced across
several undulations shdwing rounded
distortions.

3. Only one bed is affected at a time, but
the disturbance can be traced laterally
in all directions within that bed.

-4. Affected bed shows no external irregulaties
in thickness.

5. The degree of distortion is of almost
equal intensity in two planes, the other
at right angles to the original slope.

Kuenen (1953) suggested that deformation was caused by turbidity

i ti resent timé there are a
currents soon after deposition. At the p

variety of views for the explanation of convolute bedding. he most

satisfactory one in the case of Lias clays 1is plastic flow induced

by gravity, and is demonstrated well by the experimental work of
ty, 1

Dzulynski et al (1969). The experiments were designed to investigate

the effect of density controlled deformation on the character of the

sediment water interface. They produced unstable, water-saturated,

layered sequences in sedimentation tanks by alternate deposition of
T 3 € A L

Jute suspension. DBach suspension

clayey silts and fine sands from di
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was introduced after the preceding one had » . .
g ad  settled,at time intervals

short enough to 8 . .
. ensure a loose packing and ‘high water content

throughout the system. Deformatiop usually started spontanecusly

with the deposition of a "eritical layer" which raised the total

weight of the column beyond the 1limits of its bearing capacity.

The deformation can also be triggered.off by a slight shock. The
deformation,once initiaﬁed,proc%ﬂedin the known pattern for density
contro¥led deformation. They found very complex structures forming
when sequences of clay laminae were.topped by very fine cohesicnless
sand.

Conditions during Lias sedimentation were just perfect for

this to take place. Quiet conditions existed for the clays to be

deposited in laminae with porosities in the range of 70 - 80%.
Further.clay laminae would initiate compaction, however, any silt
horizons depoéited on clay of this porosity would have an above :
average chance of producing density structures. 1

The convolute bedding found at a depth of 4 m has almost
unaltered silty clay horizons aﬁove vhich suggests a density
controlleddeformation (Plate 6:2).

This type of deformation took place before Tithificationy

another tvpe of deformation must also have occurred when the
. [V

sediment was lithified. Shear planes are found in specific thin

sections, cutting across silt horizons and offsetting them by

several millimetres. Large mica flakes that extend into the

these shear zones are no more

shear zones do become bent. Hovever,

than 12 - 24 pm thick occasionally reaching 100 um thick,

(Plates 6:3, 6:4, 6:5) and consist of orientated clays.
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PLATE 6:3A

SAMPLE §32/1 PERPENDICULAR TO BEDDING
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PLATE 6:3B

SAMPLE s32/1 PERPENDICULAR TO BEDDING
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1 ) suggeste hat .
(1934) suggested that aggregate birefringence is enhanced by a

uniformitly in particle orientation. Individual clay particles are

submicroscopic and therefore not discernable but aggregates of
clay particles will exhibit optical birefringence in transmitted
light. fThus this property provides a measure of the preferred
orientation or structural anisostropy. The thin sections were
examined with a polarising microscope set up for quantitative fabric
analysis using the'methﬁd initiated by Mitchell (1956) and
deve]obed by Morgenstern and Tchalenko. (1967 a,b).

In this method the ratio of the minimum to the maximum 1ight
intensity transmitted through crossed nolars as the thin section
is rotated, is measured photometrically. This ratio is termed the
birefringence ratio,/@ , and 1t 1s used to interpret the degree
of preferred orientation in an aggregate of particles. For random
orientationnﬂ = 1 and for perfect orientation/ﬂ = 0. At intermediate
orientations the magnitude of /3 indicates the degree of orientation.
In monomineralic aggregates the orientation can also be expressed
in terms of an orientation ratio, R, which is uniquely related to
a particle distribution model. The relationship between /6 and R is

dependanf upon the model used;in this case it is the two dimensional

. . . i (
model. The intensity readings were taken on an area of 0.25mm

diameter or less on sections cut perpendicular to the bedding.
A measure of the birefringence ratio will therefore give an

indication of the amount of remoulding and the change in any

particle orientation.

‘he unweathered material has a birefringence ratio of 0.38

to 0.52 this being steady up to a depth of 1.4 to 1.8m. At this
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point remoulding becomes dominant and the/3 ratio of the lithorelicts
changes slightly The remoulded material has a ratio of 0.7 —
0.8 and increases towards 1.0 nearer the surface.

The change of the'/S ratio with weathering is shown in
(Fig 6:4), with an average curve. An almost identically shaped curve
was obtained by Chandler (1972) for the Upper Liassic clay of
Northamptionshire.

It was noticed that the fabric structure of the lithorelicts
is identical to that of the parent material and the majority of the
lithorelicts were yellowish brown to dark red-brown in colour due
to iron staining (Plate 6:6). Thesc kept their colour until they
became remoulded, and at this point the iron was probably leached
out to a large extent by the percolating water. The remoulded
material then became more easily invaded by water and therefore
becomes reduced in waterlogged conditions whereas the lithorelicts
remain in an oxidised staﬁe.

6:6 RESULTS OF THE SCANNING ELECTRON MICROSCOPE (SEM)

As stated previously the SEM can examine structure down to

clay particle size, the resolution on such instruments being in the

order of 1002 and less on the larger machines.

Since the initiaticn of SEM studies, a terminology has been

built up regarding the fabric and structure at this level. Smart

(1969) has defined the following terms (Fig 6:5).

Domains:—  Aggregates of platy particles, laths or tubes, large in

comparison with the particles, in which almost all the

particles are approximately parallel to a smooth

surface, plane or curved. (Fig 6:5)

i v arti lmost
Packets:~ Aggregates in which platy particles are aimos parallel,
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<tend across the packet and are capable of admitting

vater between themselves.

Stacks: -~ Aggregates of platy subparticles, almost parallel, and
in permanent contact; thus stacks are a form of granule.
(However, being difficult to distinguish from packets,
they are often classified as such).

Bundles:- Aggregqtes of laths or tubes approximately parallel to
a line, straight or curved.

Cement: - Material which bonds partiéles together.

Mortar:- Material in which particles are embedded and does

not bind the particles together.
The mechanism of joining between adjacent particles is
summarised in Fig 6:6
Clay structure is the arrangement of the clay particles or
aggregates of clays and the& vary according to age, environment of
deposition and stress history but basically they can be divided into
two groups:
(a) Open Structurés,
(b) Denser Structures.

6:6:1 OPEN STRUCTURES

These usually have a high porosity and permeability, the

different structures being dependant on environment and charge

effects on the clays. Edge to face (EF), ecdge to edge (EE) attraction

with face to face (FF) repulsion resulting in a cardhouse structure.

A salt flocculated or bookhouse structure 1s a modified cardhouse

structure with FF attraction in the packets (Pig 6:5F and Fig 6:73) .

Evidence by Rosengvist (1959) supports the existance of these tvypes

of structure. The honeycombe structure (Fig 6:5H) proposed by

Casagrande (1932) and confirmed by Pusch (1966) is an open flocculated
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structure with ER ¢ atl L1 :
3 and FF attractions, Sand and/or silt sized

artli S PR . .
P icles and organic matter are important in this structure.

6:6:2 DENSER STRUCTURES

A dispersed StructureAimplies a rather closely packed
structure involving essentially FI arrangements (Fig 6:7D). Aylmore
and Quirk (1966) proposed a more realistic representation of a
dispersed structure (Fig 6:9) which they called turbostratic. In
this case domains are closely packed and their overall orientation
has two extremes, the random and the almost{ perfeclly orientated.

It is now the practise of many workers to use the simpler
terminology taken from Brewer (1964) one of the most common terms
being a ped. A 'ped' is a compound particle separated from adjoining
peds by surfaces of discontinuity, including fissures, voids or skins
of different composition known as cutans. Thus a large ped can
contain smaller peds and so on down to the scale of domains.

cher types of-structures both denseand open are shown in

Fig 6:7, 6:8

Examination of the unweathered Lias has shown the majority of
the material to be turbostratic with a high degree of overall
orientation. In the coarser material there are larger muscovitic
flakes (silt size) between which is the turbostratic structure

(Plates 6:7, 6:8, 6:9).

Again the highly orientated nature of the clay is easily secen

iﬁ the photographs, the larger silt size flakes emphasising the

parallelism. Plates 6:7, 6:8, 6:9 are sections at right angles to

the bedding, Plate 6:10 is a stereoscopic palr parallel to the
5

bedding.

A slightly rore random structure, although still with some

139




Ll
2o
jums
-
(8]
jums
faed
ju—
(%2
(85
—
~C
az
—
%)
O
o
o
pu ]
.

LOCKED TURBCSTRATIC

(85
ju—
-
o
—
w
O
fab]
[
jan’
ju—
ot
~L
o
[&2]

: 9

¢

FIG




k4

degree of orientati :
g tation can be seen in certain specimens (Plate 6:11

stereoscopic pair). In this structure it appears that the domains
wrap round silt sized particles of randomly orientated clay flocules.
This type of structure does no% appear to be very common.

The larger clay particles with irregular shape and ragged
outlines are possibly illitic in nature. Smaller particles are

present that appear to be relatively well crystallized (Plates 6:12,

6:13). These small crystals with an almost hexagonal dutline are

probably kaolinite,  these types of crystals being characteristic of
kaolinite,

Authigenic magnetite crystals (Plate 6:14) can be found but

they are rare; the importance of these and the conditions under which
they formed will be discussed later.

Crystals (Piate 6:15) which appear to be similar to the selenite

crystals reported by Barden (1972) in the Ardleigh Clay are also
found. Iy the Ardleiéh Clay the oxidation of irén pyrite had led
to the formatlion of selenite crystals in layers. The sample of
Lias clay in which these were found appeared to be unweathered with

pyrite still present. However,only a small amount of pyrite need

weather for these to form. Another possibility is that they formed
when the sample wss being air dried. Tt has been noticed that larger
samples when they dry out do form selenite crystals in the form of

spherulites on the joint surfaces or just beneath.
Further growths were noted on the surfaces of the larger

irregular shaped clay particles (Plates 6:16, 6:17, 6:18). They were

irregular raised portions of the clay particles with a dendritic

pattern on their surface. They occurred in a random fashion both

¥ Kaolinite often exhibits pseudohexagonal crystals.
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'
in numbers and shape, and their size is in the region 1 —'10};m.
Using an energy dispersive X-ray system connected up to a Cambridge
Stereoscan 600 a qualitative analysis of the whole sample was
obtained. The main elements were Al, Si,Fe, Ca P, Ti with a trace
of scandium, using a beam with a diameter of 120A° the individual
growths themselves were analysed and they gave almost identical
results. The only major'difference was the lowver amount of Ca in
the growths than thé overall sample. This analysis was one of the
main reasons for assuming these to Be growths, the deficiency of
calcium is explained if the majority of calcium is contained in
calcite which is present mainly as micrite or in the shell remains.
These new growths of clay on the surfaces of the clay flakes
probably formed soon after deposition in early diagenesis, this

will be discussed in more detail in the section on geochemistry,
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PLATE 6:7
TURBOSTRATIC FABRIC
SAMPLE S40/1
Ior\m 4

PLATE 6:8

- LOCKED TURBOST?ATIC FABRIC
SAMPLE S40/1

143




5pm
PLATE 6:9
GRAIN TURBOSTRATIC FABRIC
BOREHOLE DAMPLE, DEPTH 13.3m
i
[ =4
i Ium

PLATE 6:12

KAOLINITE FLAKES
BOREHOLE SAMPLE, DEPTH 11.7m
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PLATE 6:13
" KAOLINITE FLAKES
SAMPLE S16/1
—_— (
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PLATE 6:14

AUTHIGENIC MAGNETITE
BOREHOLE SAMPLE, DEPTH 11.7m




PLATE 6:15

SELENITE CRYSTALS
SAMPLE $40/1

PLATE 6:16

CLAY GROWTHS
BOREHOLE SAMPLE, DEPTH 13.3m
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PLATE 6:17
CLAY GROWTHS :
BOREHOLE SAMPLE, DEPTH 13.3m :
o
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PLATE 6:18

CLAY GROWTHS
BOREHOLE SAMPLL, DEPTH 13.3m




CHAPTER 7

MINERALOGY

7:1  INTRODUCTION

It has already been shown in the previous chapter that the
Lower Lias clay consists of domains of clay minerals ferming a
turbostratic structure. The non ciay minerals of guartz, calcite
and pyrite can be studied by the petrological microscope, the clay
minerals howvever must be identified by X-ray diffraction. Although
the {urbostratic domeins and the large silt sized mica particles can
be seen by the petrological microscope it is however almost
impossible to identify the clay minerals.

The muin constituents observed in thin sections are:

a) Clay Minerals:- including the

large muscoviteflakes

b) Quartz
¢) Iron Pyrites
d) Calcite

e) Organic Material

A quantitative analysis (using the Glagolev-Chayes 1933

1 Y117, A canta r
point counting method) was carried ou® on the thin sections. The

\ T 5 se : +he ster A1
i the 1 ecta 78S sed and the step movcement oh
hole area ol ‘L hln sec 10N Was u }

. . . L n N sa Tr: '1 SiZe_ L"l. 1":]1(3 cege Of the
the point counter adjusted Tor the grain ‘

unweathered clay sections the results are the average from ten thin

sections.

It can be seen from Table 7:1 that clays are the major

i i h 1 wweathered ard weathered material and as
constituent 1n both the unwvea

y of the weathercd profile is

shown in Chapter 4 the mineralog




Table 7:1

Sample D?p‘th Clay | Quartz | Calcite Pyrite | Voids Organic
m) % % % % % %
0.15 78 11.8 -~ - 1.82 8.2
S1/1
+
0.6 | - 2.0 - - ~1.0 0.6
0.27 86.4 2.7 - - 6.0 4.9
S3/1
+ .
o6l T1.0 - - 1.0 | fo.e
0.6 91.2 4.18 - - 3.12 1.57
S6/1
+
ol tos - - 0.5 ~0.5
0.9 86.5 2.32 - - 6.5 4.65
S11/1
¥ + + ‘
1.0 | Y08 - - ~0.5 | =0.5
1.25 91.0 3.18 - -~ 1.59 4.23
516/1
' + +
+ + T A o=
10 | To.8 - - 0.5 0.5 i
2.75 86.0 4.25 <1 7.5 <1 2.7




TABLE 7:1 (continuted)

S :
ample | Depth | Clay | Quartz | Calcite Pyrite | Voids | Organic
(m) | # % % % % %
3.56 82.36f 9.0 < 1 5.5 - 1.34
S32/1%
_|..
2.0 | f2.3 i - To.8
- 83.8 | 6.74 1.82 6.64 - 1.09
verage
Unwea-
thered

*  Sample S
clay was pror

of quartz.

32/1 was taken at an horizon vhere layering of silt and

ounced, the silt layers containing a higher proportion

This results in wider confidence limits for both clay

and quartz fractions.

Below 2.75m in depth material unweathered.




dependant P .
pendant on the pareﬁb material, climate, time and biological factors.

Therefore, it i
' s S necessar ; 1 . . .
. ary to examine the unweathered material in

detail in order to determine the exact changes.

7:2 CLAY MINERALS

7:2:1 CLASSIFICATION

Clay minerals are extremely difficult to classify due to
their variability. lays have a fine particle size and this fraction
may contain tiny fragments of non clay minerals but in the main,
consists of distinctive clay mineralsﬂwith some amerrhous colloidal
material.

The common sedimentary clay minerals can be subdivided into

five groups; the kaolinite group, the mantmorillonoids cr smectites,
the micas, the chlorites, and the vermiculites. A detailed discussicn
of crystal structure and variental species is not given here and cne
is referred to the works of Grim (1968), Brown (1961), Deer, Howvie
and Zussman (1966). The present discussion is concerned mainly with

identifying the chief compositional and structural differences between

each group.

One feature that the five classes have in common is that they

.

are all layer-type aluminosilicstes and each unit cell consists of

. , . — 2.
layers of aluminium ions octahedrally co-ordinated by OH or 0

(octahedral 1ayer) and layers of silica tetrahedra (tetrahedral layer),

: . o s
combined in various proportions with some separated by cations

(hydrated or otherwise). lonic substitution occurs in both the

octahedral and tetrahedral layers. A summary of the structure from

Grim (1968) is shown in Table 7:2.

Kaolinite Group (Kandites).

he 1:1 c¢lay minerals consisting of onc

Thege are essentially t
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octahedral layer and one tetrahedral layer forming a unit cell.
These individual sheets are firmly linked by H bonding of the OH™
ions in the octahedral layer to the 0%~ ions of the tetrahedral
layer. This basic unit cell has a thicknesé of approximately 78
and hence a characteristic basal spacing. Kaolinite is the most
important and commonest mineral of this group, although dickite
and nacrite are chemically identical, they are monocliric in form
and rare compared to the triclinic kaolinite.

Halloysite has a single layer of water mclecules between
the basic units, consequently stacking is disordered and the
inter layer distance is increased to 10&. The inter layer water
of halloysite may be replaced by glycol causing the spacing to
increase to about 11% other kandites show no swelling properties.
There is iittle ionic‘;ubstitution for Al or Si resulting in a low

ion—exchange capcaity.

Electron micrographs show halloysite to be tubular, kaolinite

when well crystalline has a hexagonal sheet appearance, Halloysite

. . o o ) . : . . . REINR L . .,__I“
however,is very rare 1n rocks of sedimentary origin and it 1s usually

associated with hydrothermal deposits (Millot 1964) .

Smectites

. . - . N
In this group the basic unit consists of one aluminous

. . E o ST o P . cr f -
octahedral layer sandwviched between two tetrahedral layvers. Therve

‘ + 4+
is limited substitution of Al3 for 814 in the tetrahedral layers

Il

. 2+ ; " 34
and extensive substiitution of Mg (and to a lesser extent Fe and

in the octahedral layers. This gives rise to a large

2+ >+
Fe ) for Al

. . 1 ahl at1 3 ~ mi ate
net negative charge. To balance this, exchangeable cations accumula

in the interlayer positions between each unit cell and hence the

n exchange capacity (Tabie 7:2). The cations

minerals have a high 10




are hydrated and as a result variable guantities of Watér accumulate
in the interlayer POSitions. Variable hydration gives rise to an
expandable structure and a variable thickness for the unit cell.
This variable amount of water between the unit layers causes the
stacking periodicity to vary although in many cases it is close to
142. With glycolation the basal spacing reaches 17.83 and
collapses to 108 with heat treatment. Hence the permutation of
exchangeahle ions, heat treatment and the action of polyalcohols
can cause this periodicity to vary-beiween 108 - 203.

Due to ionic substitution the number of species known is
Jarge, montmorillonite being one of these with a set compositicn
(Ross and Hendricks (1945)).

This term covers a broad class of 2:1 minerals, having a
similar structure to montmorillonite, i.e. the basic unit consists
of one aluminous layer sandwiched between two tetrahedral layers.

+ L
Two of these units are then held together by K cations so giving a

repeat basal spacing of 103. Mica can vdry from detrital muscovite

to well crystallized sericite and neoformed micas. Biotite mica

can be recognised from muscovite in the XRD trace. However, it 1s

usually weathered to some other clay mineral and therefore the

majority of micas in sediments are of the muscovite variety.

In "ideal" muscovite there is no substitution in the octahedral

layer and in the tetrahedral layer one out of four silicons 1s

replaced by an aluminium. The resulting net negative charge 1is

balanced by non-hydrated, non-exchangeable Kt ions in the interlayer

position and because the k" ions are firmly bound and not Lhydrated,

ble.

muscovite 1s non-expanda




14

For several years the term illite was used to cover this
group. Illite was'proposed and defined by Grim, Bray and Bradley
(1937) and used to designate the whole group of clay minerals with
a structure similar to that of micas. TIllites on analysis have a
deficit of potassium ions and are replaced by water molecules,
thergfore illite is basically a compositional variant of thre
mineral muscovite and usually very fine grained.

In muscovites and to a slightly greater extent in illites
there is some octahedral substitufion; a 1ésser amount of aluminium
substitution in the tetrahedral layer (consequently lower K" in the
interlayer), and some replacement of Kt by exchangeable cations.

The micas, muscovite and illite are the commonest in sediments
yet pyrophyllite, talc and glauconite alsc belonging to the mica

group can be found 1n sediments formed under specific conditions.

Chlorite Groun
Chlorite,an aluminosilicate of magnesium and iron has a

unit cell consisting of a o_teirahedral-plus—1-octahedral unit combined

with an additional octahedral laycr which is often termed the brucite

layer. The principal ion of both octahedral layers is magnesium.

Substitution of A13+ for Si4+ in the tetrahedral layers is balanced
by substitution of Al3+ for Mg2+ in ihe octahedral layers; thus there
are no interlayer ions.. Pelt iron does substitute for Mg2+, and it

*

is due 1o this characteristic that Werner originally used the term

chlorite to designate green foliated minerals rich in ferrous ions.
sigy

. [¢] .
Chlorite has a basal spacing of 144 that does not collapse

on heating or expand with polyalcohols.

A swelling chlorite with a basal spacing of 14.22 that

expands to 17.8K with glycerol and yet is stable on heating has been

* Deer ot al. 1966
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described from the English Keuper Marls by Honeyborne (1951) and
Davis (1968). This chlorite only forms under certain conditions
and is not common in many sedimentary rocks.

Vermiculites

Vermiculite could be placed in the chlorite group on the
basis of its 148 basal spacing;however,it does have several
different properties.

Macroscopic crystals have been known for many years and are
probably of secondary origin, i.e. the alteration of mica, pyroxene,
chlorite or other similar minerals by natural weathering. Weaver
(1958) with regard to clay minerals considers that vermiculites
can form frommica, chlorite, serpentine, talc, volcanic ash,
hornblende and feldspar.

Vermiculites have a basal reflection of 14% which collapses
to 102 when heated to ZOOOC; however, care must be taken to ensure
rehydration does naf\éccur. For this reason all samples after

heating should be kept in a desiccator prior to being examined on

the X-ray diffractometer.
Although it appears straightforwvard to identify the clay

minerals, only basal spacings were mentioned in thé preceeding

section. Kaolinite for example has a basal spacing of 72, but

non-—expanding chlorite has a strong 7X second order peak.

Montmorillonite and sometimes Vermiculite can interfere with the

.102 peak of the micas, as well as the 143 peak of the chlorites

and so far no mention has been made of the Mixed layer clays.

Veaver (1956) showed that ravdomly interstratified 2:1 clays are

abundant in sedimentary rocks and demonstrated that their ratios

could be estimated from the X-ray diffraction pattern. One

158




must s :
St use mot only the first order peals but also the second, third,

etc. With multicomponent mixtures this can become extremely complex
in some cases, and this is best done with clay minerals only
after some careful separation process.

The main criteria used in the identificstion of the clay
minerals is summarised in Table 7:3, and this together with further
information from Brown (1961), Millot (1964) ard the A.S.T.M.
powder files was used for the final determinations.

-

T:2:2 SAMPLLE PRIEEPARATION

The identification of clays by X-ray diffraction is almost
a standard techninue, although it is still very specialised with
many difficulties. The difficulties arise mainly from the size of
the clay minerals themselves and their variability in both mineralogy
and chemistry. The methods of sample preparation and equipment used
are described ig\éppendix C.

Samples froﬁ both the detailed profiles were examined in the
air dried state at a scan rate of 2,28/min thus enabling a rough:
identification and comparison. Comparjsdn of the diffractometer
traces revealed that there was little or no difference between the
profiles and so fifteen specimens from Section One &ere taken for
detailed ;nalysis,both qualitative (air dried, glycolation, heated,
acid treatment) and semi;quantitative (Anpendix C).

7:2:3 PREVIOUS WORK

Prior lo analysing the results obtained‘a short time should

.. . co e le T : P
be devoted to examining previous woIw. In actual fact there is scant

: i "~ the Lic sinc he
data on the mineralogy or geochemistry of the as, s e t

he fat in res bt
majority of the work has been on the launa 1n respect to the

ammonilte zoncs and subzones.
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Hallam (1961) when working on the Blue Lias of Dorset and
Glamorgan did publish a chemical analysis and the results of an
A-ray analysis of the insoluble residues of the calcareous
mudstones. He reported that the residue con%isted of 90 - 100%
illite and up to 10% kaolinite with traces of vermiéulite. The
major criticism concerning these results is that the clays were
treated with HC1 to remove the carbonates which may also destroy
any chlorite and vermiculite present. This can be seen in Fig 7:3
when samples from Blockley were treated with acid, thus causing the
14X peak fo be reduced and could in cases disappear altogether.

Wobber (1967) working on the Lower Lias of South VWales
concentrated on the limestones and carbonate geochemistry.

Le Riche (1959) produced detailed geochemical analyses from the
Stowell Park Borehole, Northleach and the Dorset coast but again

the mineralogy was not investigated since trace elements were his

major concern.

The recent publication by R.M. Perrin (1972) on the Clay

Minerals of British Sediments gives further results which up to the

present time have not been published. He quotes results by Holdrige

and Keeling (1953) of the British Ceramics Research Association

(Stoke~on»Trent). Their results produced by plastic limit analysis

and ignition loss/moisture absorption method only indicates a high

mica material for the clay minerals, but they do state that quartz,

i i ideri non-clay minerals. Perrin also
pyrite, calclum and siderite are the no N a

qQotes results by Brown and Du Feu (1956) of Rothamsted Experimental
t Robin Wood Hill near Gloucester

A\ -
Station (Harpenden) who worked a

hey found:

in the davoei Zone where t




Kaolin Mi Sm

15% 30% 55% with feldsparsz quartz and goethite

It was also noticeable that Freemaq (1964) left out the Lias
c¢lay when he ekamined the minéralogv of certain British brick clays,
since the Lias has been used and still is, extensively used for the
manufacture of bricks, this fact is surprising.

Chandler (1972) on his engineering work on the Lias clay
did produce some chemical data which will be discussed in another
chapter, but here again no attempt was made to define the mineralogy.

7:2:4 CLAY MINERALOGY OF THE LIAS AT BLOCKLEY

As already stated in Chapter 2 the Blockley site is close
to the London-iArdennes Island therefore one would expect a clay
containing a relatively high percentage of kaolinite, though
there has been no detailed study of the Lias mineralogy with respect
to shore lines at the present time.

The results ffom Blockley are shown in Figs 7:1, 7:2, 7:3
and Table T7:4 (representing a summary of the work),

- Kaolinite and the micas were relatively easy to identify from
)

the XRD-diffraction trace. Minerals in the 14A region were however

more difficult. The peak could have peen due to either; chlorite,

vermiculite or a smectite. Glycolation caused some broadening of

the 148 peak in many samples but net to any great extent, therefore

there is the possgibility that there is a trace of a smectite present

in most of the samples. On treatment with 50% HG1, in unweathered

samples the 14K peaks were reduced by almost half and the very

ved altogether, chlorites/vermiculites

weathered samples they were T€mo

luble in acid. The use of acid ireatment in the identification
are soluble ? .

esent 1n the same

. - N
of hlorite when a aolin and chlorite are pI

o
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sample was examined in detail by Vivaldi and Gallego (1§61). ?

Their work proved that although thermal treatment is useful in

confirming the presence of chlorite, it could not give definite i

information on the presence of kaolinite, acid treatment howvever k
is conclusive in this respect.

On heating to 200°¢ the 14X peak in all but the unweathered
samples was displaced to the 108 position. I£ was on this fact

that ﬁhe 148 mineral was identified as vermiculite, although in

the unweathered material chlorite is also present but in smaller
quantities  (Fig 7:2, 7:3).

The results show that there is a change of mineralogy with

weathering. The chlorite:vermiculite ratio tends %o decrease generally
o v
with increase in weathering, although the increase is very small.
The actual percentages of chlorite and vermiculite are impossibie
to estimate but relative “proportions could be judged from the
. . - ° . Py - ~ N
intensity of the 3.54A peal of chlorite. This 1s almost :
unobservable on the traces produced from weathered material, but &
could clearly be seen in traces from the unweathered clay. %
i
Bradley (1953) described and demonstrated that expandable 3
layers in the mica structure result in asymmetlry of the CC1 peaks i
i
| !
toward the low-angle side, broadening of the 002 peal, and asymmetry 4
. A i
. N . . ] i
of the 003 peal: towards the high angled side. Harrison & Murray i
(1959) when examining clay mineral stability during weathering confirmed i
i
this viewv. .
g

This effect is also noticeable in the highly weathered Lias

indicating the presence of some mixed layerclays probably

mica/smectite.




The broadening of the 14X peak in the weathered material
could also indicate a vermicul te/chlorite mixed layer clay
althoﬁgh evidence for this is scanty.

As can be seen from Fig 7:1 samples down to a depth of
0.6 — 0.7 (S6/1 - S7/1) metres have very small 102 peaks. This
zone represents the most intense zone of weathering. The mica loses
its potassium both to the plants and the percolating water thus
reducing its basal spacing. This together with the oxidation of
iron (Murray & Leininger 1956) are the main mechanisms for the
disintegration and degradation of the micas and the chlorites.

This zone of weathefing is generally acidic in nature and therefore
an unlimited supply of hydronium ions is available. The radii of
hydronium (1.4 - 1.52) and potassiﬁm (1.33&) ions are similar and so
once the oxidation of the iron has begun the net negative charge is
reduced and so an exchange of hydronjum and potsssium ions often
occurs. The mechanism of the iron oxidation will be examined in
detail in the discussion on the ferrous/ferric ratio.

This reduction in the amount of mica with weathering is also
seen in the quantitative analysis (Table T:4). Thq percentage of
kaolinite appears to be constant through the profile with a very small
increase towards the upper soil layers. The higher content of
kaolinite in sample S5/1 is protably due to the preferential elluviation
of this mineral from bigher horizons but the »nrofile is
relatively young and therefore the increase is not excessive. The

micas on the other hand decrease noticeably and there is a

definite decrease in the Chlorite/vermiculite ratio as the surface

is approached.
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TABLE 7:4

PERCENTAGES Off MAJOR CLAY MINERALS

Percentage * 4%

Sample No. Depth

Section (m)

One Mica | Kaolinite Chlorite/Vermiculite
Dominant
mineral

S1/1 0.14 42 42 16 v
S3/1 0.27 36 49 15 v
S4/1 0.35 | 44 42 14 v
$5/1 0.44 35 52 13 v
S6/1 0.57 45 47 8 v
S7/1 0.66 57 32 11 v
S8/1 0.74 57 33 10 v
S10/1 0.83 48 40 12 v
S13/1 1.05 55 26 19 v
S17/1 1.34 58 32 10 v
$20/1 1.87 59 33 8 v
S23/1 2.15 60 32 8 v/c
$27/1 2.5 63 29 8 v/c
S28/1 2.77 63.5 22 13.7 v/e
S29/1 2.9 51 26 23 c
S30/1 3.04 62.4 30 7.6 v/e
S31/1 3.14 65.0 21 13.7 v/c
$36/1 4.1 57 40 3 c
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Brown (1953) and Millot (1964) have outlined the degradation

transformation of micas and chlorites under acidic/(especially in

podzolic soils) weathering (see below)

illite —» illite — vermiculite

N

vermiculite ——, Vermiculite
montmorillonite

chlorite—schlorite—-vermiculite montmorillonite

The degradation of the two-layered aolin is less well known.
Millot (1964) suggests that this alters to halloysitle or disordered
kaolinites and gibbsite. .The transition of illite — kaolin cculd
also take place and this necessitates a restructuring, and, in the

" terms used by Millot, this would be a neoformation.

Fig 7:5

ALTERATIONS OF CLAY MINERALS
Kaoclin ———— Disordered Kaclin : 3

I1lite —> I1lite/Vermiculite
"Vermiculite

/

Chlorite -——> Chlorite/Vermiculite . :

Vermiculite - > Vermiculite

o

As a summary, the possible alterations that take place are

shown in Fig 7:5. Only a small percentage of the clays have

undergone any transformation in the short time available, since

een increases in chlorite and reductions

there 1s no correlation betw

in micas.




7:3 NON CLAY MINERALS

Quartz,pyrite and calcite constitute the major non-clay
minerals. At one horizon euhedral feldspar pseudomorphs were
associated with a higher quartz content and coarser grain size.

A small amount of organic matter is ubiquitous.
7:3:1 QUARTZ

The quart? fragments on the whole are of coarsevsilt size
to very fine sand in size (0.02 mm - 0.10 mm}, although coarse sand
size fragments were noticeable in the'surface material S1/1
(Plate 7:1).

Although the sand appears to be randomly distributed in th
more homogenous clay, it tends to be concentrated in layers and lenses
in silty horizons, which aid the definition of any shear zones present
(Plate 7:2) and their displacement (Chapter 6). The percentage of
quartz increases towards tﬁe surface due to the processes of

weathering.
.7:3:2 CALCITE
The calcite content on average wés low, in the region of 2%
(point counting) and carbonate analysis of sub-samples weighing 1 gm
(taken from a larger 10 gm sample) gave a carbonaté percentage of

3% - 10%

The calcite is only present in samples below the C2 or Zone

II of weathering (Chapter 3). Above this the calcite has been

leached out by the acidic percolating water.

Calcite is present principally in three forms, each form
having a specific associaticn:

(i) Micrite

Tends to be rare but can be scen round the edges of larger

d within the clay matrix remote from

clusters of sparry calcite an










such aggregates.

(ii) Sparry Calcite

s

This is closely associated with pyrite when the pyrite is in
its spheroidal form (see below). The sparry calcite rarely reaches
Imm in size and it is almost impossible to determine whether the

sparry calcite is recrystallized micrite or otherwise since

pre—-existing textures and structures have been obliterated.

[¢p!
ot

(1ii) Skeletal Calcite

Well crystallized calcite of shells and shell fragments
with the complicated structural layering of molluscan shells are still
evident. Only the foram tests appear to be infilled with calcite,

the molluscs being infilled with clay and occasional pyrite. .

7:3:3 TRON MINERALS

Examination of the slides of the unweathered material
indicates that iron is present in several phases, The major phase

appcaring to be that of iron sulphide igyrite) although one must also

remember that the iron oxide hematite,is also present,attached to

clay minerals. This iron oxide is in a finely disseminated form

and can only be seen by its colour. It is probably safe to assume that the

iron attached to the clays is in fact the major phase, the iron in

the pyrite being concentrations due to local conditions.

Both in thin sections and the hand specimen, irvon pyrites

is easily recognisable in one of two forms.

7:3:3:1 SPHERES

Only visible in thin section and found in various assoclations

and overall form. . The pyrite 1s opaque and the individual spheres

vary in size up to 0.01mm. The pyrite does not appear to surround

a centre of formation (Plate 7:3).




These spheres can be clustered togetﬁer to give one of three

forms.
(i) Spheroidal Masses

Pyrite spheres, aggregated, with many contacts to form a
spheroidal mass, in some cases almost perfectly spherical.
In the majority of cases calcite is the main mineral associated
with the pyrite. The calcite fills the pore space between the
individual spheres and in two cases examined, calcite also surrounded
the spheroidal mass. The calcite in both these cases had crystallised
radially thus producing a stationary polarization cross under crossed
nicols.

On Slide BM/1 (borehole sample) a spheroidal mass was found
with the foliations (bedding) of the clay material being pushed round

the mass (Fig 7:6), there are two possible explanations for its
formation.
(i) Pyrite precipitated at centres and pushed
the sediment layer apart.
(ii) The Pyrite spheres formed when the void
ratio was in the order of 70 to 80% and
during the consolidation phase, the clay
was moulded round the spheroidal mass of
pyrite which was more resistant to compression.
(ii) Strings
Pyrite spheres occur in a string usually

never more than two layers of spheres in thickness but up to several

mm in length.

In certain slides e.g- BH/2 a- perculiar parallel arrangement

se association with calcite.

of the strings can be observed in clo

parallbl to the bedding,
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SPHEROIDAL MASS OF PYRITE SPHERES

FIG 7:6 .

A STRING OF PYRITE SPHERES. |
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The strings are often in parallel rows consiéting of 5 to 10 spheres
in each string, each string being separated by a distance of
0.02 to 0.04mm. This arrangement may be associated with some

organic material. However, no conclusions could be reached from the

slides examined.
(iii) Irregular Masses

A mass of pyrite that shows no structure but could be a
coalesced mass of pyriteé spheres. In the majority of these cases

the pyrite is surrounded by sparry calcite.

7:3:3:2 IRREGULAR VEINS ?}'
Seen in hand specimens of unweathered Lias clay as an |

Irregular vein varying in length from 20 to 60mm (1mm and less

in thickness). They are found with no apparent relationship to

bedding or discentinuities which suggests they formed scme time

after deposition.

The percentage of pyrite by the point counting method 1is
rather high. This may be due to the fact that the pyrite spheres
are in fact hollow, thus giving an error ip counting.

Magnetite is also thought to be present from the evidence

shown in (Plate 6:14). This crystal is assumed to be a magnetite

crystal which formed soon after depesition of the sediment just below

the sediment/fluid interface when there was sufficient room for the ;

crystal to form without any restrictions.

7:3:4 ORGANIC MATERIAL

reddish brown material constituting roughly 1%

Dark brown,




of the Lias clay. A separation process was carried outl but on

examination nothing definitely could be identified since the
material consisted of an assortment of spore fragments and organic
debris.
7:3:5 FELDSPARS

In SamplesS39/1 and S29/1 what appear'to be feldspars have
been found in the thin sections from these samples. (Plates T7:5 ,
7:6).  Hand specimens show the clay to be highly conterted, more
so in sample S39/1 than S29/1 (Chaptef 6).

They are euhedral, the form similar in several cases to that
of a 001 cross section of plagioclase. They occur in narrow defined
bands across the thin section, the bands being parallel to the
bedding. The identification of the type of feldSpar is impossible since
they are now pseudomorphed by a fibrous mineral. The fibrous
mineral has low order coloﬁrs, birefringence 0.008 to 0.015, straight
extinction and length slow, suggesting kaolinitic material.

Their origin is a problem, it seems unlikely that the féldspar
formed in situ and therefore they must bé transported from the
adjacent landmass. Transportation and deposition must have been
relatively fast allowing little time for weatheriné (flood material).
These samples also show a higher quartz content compared ﬁo material

above and below. This sudden local influx of large quantities of ﬁ

coarser material would then be sufficient to act as the trigger

mechanism for spontaneous density deformation (Chapter 6). Did the

feldspars originate from an igneous body, or from deposits of the

previous age {Triassic) is a matter for speculation. However,1t can

safely be assumed that they were pseudomorphed in situ.







It should be pointed out that of all the investigations of
the Lias only one, that of Brown and Du Feu (1956) reported feldspars
present in the Lias. These workers were examining the Lias of the

davoei Zone (Rotum Hills Brick Pit, 50km south-west of Blockley) .

At the Blockley Clay Pit the division between the davoei and the ibex
Zone has not been identified. Without further evidence a suggestion

that these feldspars could mark a boundary would be unjustified.




CHAPTER 8

GEOCHEMICAL ANALYSIS

8:1 INTRODUCTION

The visual examination'of most materials which have been
subjected to weathering reveals that a colour change has taken
place. Strength tests also show that in general the material has
suffered an overall reduction in strength. Since weathering is the
result of a number of mechanical and chemical processes then in
particulate systems it is to be expected that the system will undergo
both mechanical and chemical changes.

It has already been shown (Chapter 6) that the structure of
the Lias clay undergoes marked changes during weathering, and it was
thus decided to investigate the nature of the geochemical changes
which had also occurred. No attempt was made to establish in full, the
geochemical variation throughout the weathered profile but an
examination wae carried out of those aspects which were anticipated as
being of value in the correlation of the structure, chemistry and:
physical (engineering) properties of the Lias clay.

The mineralogy of the clays provides an insight into the
basic chemistry of the system from which it can be suggested that the
following parameters contribute to the bonding of the clay particles
and hence the engineering properties of the material:-

(a) Physical attraction of the clay particles
) dependant in part on overburden

(ionic forces

pressue.
(b) Growth of new clay minerals (see p.142) during

diagenesis that tend to bind the clay particles.

(¢c) Interstitial cementing agents bonding the




particles of,which‘two cements are
dominant.

(i) Carbonates

(ii) Iron oxides.

The overall ionic attraction will be reduced as the ground
surface is approached due mainly to the influx of water as
overburden becomes 1es$. This influx of water will alter the
chemical environmént within the pores and hence chemical interaction
between pore water and soil constifuehts can take place. This will
result in the degradation of the clays ( Chapter 7) and exchange of
clay cations, However,changes in clay cation concentration throughout

the profile were not investigated.

The growth of new clay minerals was seen in the unweathered

clay and as they appear absent in the weathered profile it is assumed

that such growths are repidly destroyed by weathering. It would in

any event be extremely difficult to assess the importance of the

new clay minerals on a chemical basis.

Any interstitial cementing agents are expected to play an L

important role in the strength of the clay and their breakdown under

weathering deserves attention. The proportion of carbonate present

can be estimated by chemical techniques and the colour changes secn

in the weathered profilé are obviously associated with chemical

changes involving the iron minerals. The distribution of carbonate

and iron in the profile were therefore investigated and the oxidation

was also investigated using Mossbauer Spectroscopy

state of the iron

and this aspect is considered in the foliowing chapter.

8:2 CARBONATE ANALYSIS

gation was restricted to &

ce the mineralogical investi

Sin
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specific number of thin sections, it was decided to carry out a
more rigorous analysis to cover the majority of the samples. The
method used was based on a rapid method by Bush (19%8), modified to
a more standard method of anaiysis (Appendix D). Although soda

asbestos was used to trap the carbon dioxide, barium hydroxide

Ba(OH)2O.1N can also be used and after titration with 0.2N HCI
(Bush 1970) the percentage carbon dioxide by weight of the sample
can be found. Both barium hydroxide and soda asbestos were used
but as the former can absorb carbon dioxide from the air it was
decided to utilize soda asbestos as a means of measuring the carbon
dioxide.

‘Two types of carbonate occur in the Lias clay; calcite, CaCO3
and siderite, FeCOB, the siderite occurring mainly in the nodules.
L4 was therefore assumed that the carbon dioxide was evolved from
calcite and calculations are based on this assumption.

8:2:1 RESULTS AND NISCUSSION

A representative selection of samples taken from Section One

were used for carbonate determination, the samples being taken as 4

characteristic of the weathering zones encountered. At the same

time as the initial carbonate determinations another set of samples

were subjected to qualitative analysis by Infra-Red Spectroscopy

(Appendix E). These results together with the selected samples

showed that calcite was contained primarily in the unweathered

material. The veathered clay gave no indication of calcite being

present, thus all samples from g25/1 - S40/1 were analysed

(Fig 11:1, Chapter 11).

(Appendix D) was designed to provide a

Sample preparation




+
homogenous dri i |
ried s 1€ Whilst ¢ jori
specimen. Whilst the majority of samples gave

feT; ol a4 +
reproduceable results (~2%), the mean CaC0, content for the

3
T aroed . s . .

unveathered material was less than six percent. However the

specimen of unweathered clay 840/1 showed considerable variation

in calcium carbonate content between sub-samples which could not

be attributed to experimental error. (Table 8:1).

TABLE 8:1

SECTION ONE (BLOCKLEY)

SAMPLE S40/1 SAMPLE $38/1
RUN NUMBER % CaCO, RUN NUMBER 7#CaCO,
¥
1 0.68 1 3.32
2 7.4 2 3.3
3 9.5
4 6.4
5 10.5
6 9.5
7 12.7

# guspected leakage in apparatus.
It is thought in this case that the calcite derived from
fossii shell fragments has remained as a distinctly coarser fraction

within the sub 120 pm particle size sample (Appendix D). Splitting

the sam

ple using the Glen Creston Rotary Splitter (Model P.T.) demands

+the uniform flow of a homogenous sample with respect to size distribution.

In a sample such as this composed dominantly of clay aggregates

(10 - 20 pm in size) plus calcite fragments which may well be of the
order of 100 umj it is unlikely that such a splitter will perform

satisfactorily thus a large variation between samples is possible.

Field sampling could also affect the amount of calcite
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present since the fossil remains themselves were in pockets
separated by areas relatively free of fossil remains. This was
most noticeable when dissecting the block samples during the fissure
analysis, thus reproducibility between specimens of the same horizon
will inevitably be poor.

An average result for the calcite content in the

unvealhered material is in the range 3% - 10%

%; which agrees weli

with the results obtained by Le Riphe {1959), Although he was
working on the Stowell Park Bore hole; figures for the ibex Zone
range from 3.9% ncar the upper boundary, to 53.7%, 16m below the
previous specimen. The majority of the samples taken in this study
were close to the upper boundary of the ibex Zone, this upper
boundary at Blockley being undefined although it is thought to be
close to the 1imit of weathering or within the weathered profile. It
should be pointed out that‘carbonate percentages obtained for the

davoie Zone {zone above the ihgﬁ) are quite low Le Riche {1959)

quoting values of 1.7% and less.

Close to the weathering boundary the calcite averaged 3%.
However, there was only one samnle (826/1) of weathered clay that gave
any indication of calcite (< 1%). The sample S26/{ came from Zone II

(Fookes & Horswill 1969) where weathering 1is restricted to the surfaces

of fissures and therefore some shell remains could still bé present
within the lithorelicts.

The calcite in the weathered clay will have been removed
by the action of oxygen rich groundwater on pyrite. The ground-

water will react with pyrite producing ferrous sulphate and

sulphuric acid. The latter can react with calcite and,




2

under certain conditions produce gypsum which crystallizes out

as selenite. Selenite was not observed in the profiles examined.
It is considered that calcite is present as

shell fragments preserved as fossils and that no general

redistribution of the carbonate has occurred during diagenesis.

The possibility of calcite cementation contributing to the strength

of the clay is thus unlikely and as the mineral is absent in the

weathered zone such cementation cannot account for the gradual

strength reduction with increased weathering.

8:3 IRON ANALYRIS

Iron analyses were carried out to determine not only the
percentage of iron present in the samples, but also the oxidation
state of the iron and the position of the iron within the minerals.

The iron content can readily be determined by a chemical
analysis, the only problem in this respect is the treatment of
the samples in order to obtain accurate results. An Atomic
Absorption spectrometer was available and this was used for iron
determinations in preference to titration or colormetric methods.
(Appendix F).

The oxidation state and position of the iron is rather more
difficult since chemical pretreatment can alter both, prior to any
quantitative determinations being carried out. Chemical
he state and position of the iron have been

determinations of t

successful but the pretreatments are complex and tedious. It was

therefore decided to use Mossbauer Spectroscopy for the oxidation

siate and position of iron (Chapter 9).

8:3:1 TRON CONTENT DETERMINATION AND SAMPLE PREPARATION

Tt has already been shown that iron (Fe) is present in the

s g




clay in several phases (Chapter 7).
(a) Iron pyrite
(b) Tron oxides (attached to the clays or
as discrete particles).
(¢c) Within the clay mineral Ja ttice.

The percentage in each phase being dependant on the state of

weathering.

8:3:2  REMOVAL OF‘FREE TRON OXIDES

In general iron can be reéafdéd as being fixed in a crystal
lattice {iron pyrite , clay minerals, magnetite etc.) or it can be
in the form of an oxide coating the clay minerals. This coating can
be either held strongly by the unsatisfied broken bonds on the : ?

)

planes parallel to the c-axis of the layer clay minerals or as weak i
attachment by electrostatic forces (Van der Waal's forces) .

Appreciable amounts of free iron oxides during X-ray
diffraction can (due to flouresence) raise the level of background
radiation, and their presence may even prevent complete indentification ‘f
of the clay minerals present by the submérgence of weak peals below

the level of background radiation. The removal of this free iron

Rl

oxide is only necessary for detailed examination of subtle variations

of clay species. It is however useful to determine the quantity of

free iron oxides.

A technique for the removal of the free iron oxide without

any damage to the clay minerals was demonstrated by Mehra and

Jackson (1958). The use of a citrate chelating agent helps in the

removal of amorphous coatings and crystals of free iron oxides

particularly haematite and goethite (Anderson & Jenne 1970). Mehra

and Jackson (1958) clearly demonstrated that clay minerals are
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unaffected by this technique. A compariscn of several methods was
made to measure their destructive effect on other iron silicates
in the soils, and they shoved by means of cation exchange capacity
studies on fhe scil before and after treatmént that the citrate
method provided the cleanest clay surface with least structural
damage.

A series of samples were tfeated with both the citrate
system and an extraction solution of the following preparation:
50 ml of 1NHCl + 25 ml of 1NH2504 made up to 1 litre with H,0.
The sclutions were then analysed for iron content, the results
showing that both systems extracted similar amounts of iron. Sodium
citrate may cause interference with the absorption. Pawluk (1967)
showed for his extractions that for the detection of iron cnly,

sulphur and dithionate gave no apparent interference with atomic

v

absorption analysis.

1+ was felt that since the normal extraction solution gave
similar results and an analyses for copper and nicxel were also to
be carried out then this solution would be'satisfactory.

A sample size of approximately 2 - 3 gm was taken for all

analyses therefore the sample has to be representative and all

material was ground down to at least fine silt size (<20 pm).

Normally this 1is relatively easy by using a Tema mill,

but %
. o
Fitton and Gill (1970) have shown that during mechanical grinding

ferrous iron is oxidised to ferric. The samples prepared at this

time were also used to provide sub-samples for X-ray, Mossbauer,

chemical ctc., analysis and were therefore carefully ground by hand

in a pestle and mortar ensuring minimum destruction of the clay




mineral. This was considered to provide a homogenous and

representative sample for each of the various analyses to
be undertaken.
8:3:2:1 PROCEDURE

The sample was placed in a polypropylene bottle and 12ml
of extraétion solution added and shaken for 15 minutes. The
reaction was stopped by centrifuging in a high speed centrifuge.
The liquid was then poured into a grade A, 100ml volumetric flask
and the sample was washed with double distilled water and
centrifuged, the washings being placed in the volumetric flask and
the volume being made up to 100ml with water.

This extraction was analysed for iron content using the
Atomic Absorption technique.

8:3:3 TOTAL TRON DETERMINATIONS

Since the majority of iron will be strongly attached to the
clays and within the clay mineral lattice, total ircon determinations
necessitate the total dissolution of the samples.

Clays are some of the most resistant materials to chemical

attack and therefore complete dissolution requires extreme measures.

To obtain a solution the simplest solvent is the best as this will
eliminate interferences, thus the order of preference is as
follows:—
(a) Fusion.
(b) Concentrated acids or acid mixtures
with prolonged digestion under

pressure if necessary.

8:3:3:1 FUSION

This requires that the clay sample is fused with sodium
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carbonate i : . ‘
te 1n a platinum crucible at temperature of the order of

1,000°C - 0 . ,
s 1,2007°C. Platinum is used because of its high melting

point 1,770°C and its resistance 4o chemical attack. Platinum
crucibles are very expensive and should be treated with care since
the heating of platinum in unburned gas or sooty flames leads to

the formation of a carbide of platinum rendering the metal brittle
(Easton 1972). There is also the problem of violent reactions and
loss by boiling over. Once fusion is complete the fusion cake has to
be removed and then dissolved. Although this was tried with Lias
clay the time required, and the problems involved were greater than
the method employing concentrated acids, and this method was
abandoned.

8:3:3:2 CONCENTRATED ACIDS

The initial problem with clays and shales is the presence of
organic material. This can.be difficult to digest using the normal
acids and carbon is often left after digestion. The undisgolved
carbon should be avoided if possible since metal ions can attach
themselves to the carbon, and if it is just filtered off erronecus
results can occur (especially in the case Qf irace elements). This
carbon problem is most common in metamorphosed shales and clays where

the organic material has already been changed to carbon.

Organic material can be removed by either ignition or hydrogen

peroxide (HzOO). Due to the small size of sample being used for total

iron determination (0.5g) it was decided that the Hydrogen peroxide

method would be more suitable.

: i cati arried out to bermis | b
An investigation was then carrie ’ determine the optimum

. . i . . - >
digestion time using a concentrated acid. “*or this investigation a

sample weight of 0.5 gm was weighed into a polypropylene bottle.
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T S ur . . .
o this was added 5 ml of concentrated (Analar) hydrochloric acid,

the bottle then being mechanically shaken. The sample used for the
investigation was 540/7 which had a percentage of iron in the range
2.3 - 2.8 percent. The extraction was terminated by centrifuging
and decanting the extraction and washings into a 100 ml volumetric
flask (Grade A) and making up to volume. This was then sampled by
an auto-diluter and iron content determined by Atomic Absocrption,
the whole extraction being carried out at room temperature (25°C) .
This procedure waé repeated at a ﬁempératuro of 100°C, the bottles
being heated in a water bath instead of being shaken mechanically.
The results are shown in (Fig 8:5).

It can be seen from the graph that at room temperature it
would take almost 24 hours to reach complete extraction, whereas
at the‘elevated temperature of 100°C +the operation could be carried
out in two hours thus speeding up the analyses.

1t should be pointed out that the removal of iron (Fe) by
HC1 is not 100% complete since the clays themselves will not be .
entirely broken down. Only surface coatings of iron oxide
disseminated iron pyrite together with iron from partially broken
down illites and chlorites will be removed. However, this initial
attack on the clays and on any carbonates or sulphates present wili
ensure an easier digestion using hydrofluoric acid (HF).

The remaining residue was then treated with HF to obtain

complete dissolution and determination of total iron.

8:3:3:3 PROCEDURE FORE TOTAL IRON DETERMINATION

1) Weigh ou

ated Analar hydrochloric acid and shake.

2) Add 5 ml of concentr

t 0.5 gm of material into a 25 ml polypropylene bottle.
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HC1 EXTRACTED IRON WITH DEPTH
(SECTION ONE AND TVWO)
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3) Heat the bottle in an oven of 100°C for > hoirs, aftér which

remove and allow to cool for half an hour.

4) Wash the samplé into a centrifuge and terminate the reaction
by centrifuging. Decant off the liquid into a 100 ml (Grade A)
volumetric flask. The sample should then be washed twice with
approximately 20 ml of double distilled water, the washings being

=

placed in the volumetric flask.

5) Thé volume is then ﬁade up to 100 ml and the solution sampled by

an auto-diluter for atomic absorption'analysis.

6) The residue is washed into a Teflon crucible and heated to

almost dryness. To this is added 10 ml of concentrated hydrochloric

acid and 10 ml of hydrofluoric acid and evaporated tc almosi dryness.
(Hydrofluoric acid is extremely dangerous and this evapo?ation

should be carried out in an efficient fume cupboard)

This procedure should be repeated twice.

7) The residue is taken up into solution using either concentrated

hydrochloric acid or aqua regia.

8) The solution is then centrifuged to ensure that 1% is particle

free, and the solution is then decanted into a 250 ml volumetric

flask. Ideally there should be no particles presemt. If a residue

is found it should be thoroughly washed and the process continued

he analysis should be agandoned and started again.

or 1t

9) The volume is made up to 250 ml and analysed for iron by Atomic
/

Absorption.

10) Total iron is therefore the sum of procedures5 and 9.

8:3:4 RESULTS AND DISCUSSION

8:3:4:1 TOTAL IRON *

A plot of total iron against depth is given in Figs 8:1 8:2

* see p.201
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e ] .
and 8:3 It can clearly be seen that the percentage of iron

increases sharply to 5.7% at a depth of 0.4 m with an equally sharp
drop to 4.6% at a depth of 1 m. This defth interval/corresponds to the
Zone V (Weathering Scheme - Chapter 4) or Btg(fe) layer (0.46m -
0.92m).

A similar peak can be observed between depths of 1.6 - 1.2m
in both sections, below which there is a general reduction vo a value
of approximately 4.2% There is a general trend showing a small
decrease until the unweathered material is reached which has an average
iron content of 4.0%.

In both Sections examined a subsidiary peak indicating an
increase in iron content was observed at a depth of 1.0m to 1.2m.
This increase in iron content exceeds the previous maximum to
5.9% and was restricted to a very narrow zone Q.1m to 0.15m in depth.
Tt has been noted in Chapter 3 that open fissures were seen to extend
to a depth of 1.2m to 1.4m. It is therefore possible that this peak

may define the base of a fissured zcne caused by wetting anddrying

of the clay.

When determining total iron content of the clay, the
analysis is carried out in two parts.
(a) HC1 extraction (concentrated acid).
(b) HF digestion.
The first process was found to be guite efficient since

it was possible to extract 85% +~8% of the total iron present.
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8:3:4:2 EXTRACTABLE IRON

A plot of percentage iron extracted by the extraction
solution against depth is given in Fig 8:2, 8:4 . 1In both Sections
there is a decrease in the percentage of iron in the region of
Zone V, the very region which shows the highest iron concentration
present in the soil profile. Why should this be soj; 1s the iron
in a different state or a different environment?

It is most probable that the iron deposited in this zone as
a result of leaching forms a larger percentage of discrete iron
oxide particles in comparison to the surface coating of iron oxide
on the clays. It is also possible that at this level the majority
of clays already have an extensive coating of oxides and therefore
further input of iron will accumulate in small voids to form discrete
iron oxide particles. Anderson and Jenne (1970) have shown that
two such phases have distinct dissolution rates, and Coffin (1963)
when he investigated free iron oxides in soils and clays demonstrated
a similar result. The rapid dissolution rate reflects the more
easily dissolved material i.e. the micrecrystalline oijde coatings,
the less soluble material being the macrocrystalline coatings and
discrete particles. In Zone V, due to the conditiens existing, there
is a greater possibility of the macrocrystalline coating gnd discrete
particles forming due to the excess iron.

How the iron is brought down is still preblem&tical, and

s .,
there are several opinions as to the reasons for deposition in Zone

V. The iron is probably brought down by chelation with humus and

organic acids thus rendering it mobile, yet once robile why should

it stop at a specific level? It is probable that deposition is due

t }ySiC?l reasons i.e. the low permeability of the (:]_ay_ Closer
o0 P L ea , .

to the surface the weathered material will have a higher permeability
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due t retti , . )
h © Mettlng ard drying cycles causing the formation of a fissured

material., It will only be during very dry periods that fissures

will open to a depth of 1.4m. The lower permeability will therefore

increase the time for the watér to flow through the clay thus
allowing the iron-humus bonds to break down bybeither bacterial
attack or ageing. This in turn would result in a pH change as 1is
observed at this level (Fig 11:1, Chapter 11) and the formation
of the oxides. Once formed the oxides would be only rendered
mobile if the groundwater became very acidic.

The subsidiary peak signifying the base of the fissures open
to a depth of 1.4m, would only develop after several dry periods
where water would then be able to reach this level. It was noticed
that the water content increased at this level ecven after a dry
period. In normal or wet conditions the water flow appeared to be
more horizontal than vertical, indicating a greater horizontal than

vertical permeability at this level (due to interconnecting

fissures).




CHAPTER 9

OXIDATION STATE AND POSITION OF TRON

9:1 MOSSBAURR SPECTROSCOPY ANALYSIS

Mossbauer Spectroscopy is a technique which utilises
gamma-ray nuclear fluorescence to obtain structural information
on chemical compounds. Tt has primarily been used by physicists
and chemists although its appliaction in other fields is becoming

more comnon.

Nuclear resonance fluorescence depends on the phenomenon
known as the Mossbauer effect (Appendix H). Gamma-radiation from
a radioactive source falls on a sample (the absorber) and the
resultant absorption measured.

9:2 SQURCE

Since iron (Fe) is the element under investigation the source

7

chosen is cobalt 57 (C057). Radioactive C05‘ has a half life of

270 days and decays by electron capture to an excited state of

Fe”! with a spin of Y 5/2. From this Stéte there are three

possible transitions (Fig 9:1), each with the emission of a gamma-ray.
Tt is the decay from the ¥ 3/2 stéte ( Xm) ﬁhat emitts the

gamma-ray having an energy of 14.39 eV above the ground state, that

leads to a very sharp resonance absorption peal that can be used for

Mossbauer Speciroscopy.

The radioactive nucleld 0057 is diffused into a suitable

metal base such as steel, platinum, copper or palladium to increase

the Mossbauer fraction of recoilless cmissions.

57

The source used during the experiments was Co in

nitial activity of 25 mC (obtained from the

palladium with an i




Radiochemical Centre, Amersham) .,
9:3  APPARATUS

The arrangement of the apparatus is shown diagrammatically
in Fig 9:2,

The source is mounted on a dual-voice coil loudspeaker,
which is driven by the waveform generator. The waveform provides
constant acceleration and therefore a varying velocity for the
Doppler Shift. One voice coil carries the drive signal, the other
coll being used as a motion sensor. The absorber is stationary,
and the radiation passes through the absorber to the detector.

The source radiation energy liesbetween 10 - 100 keV. For
iron detection only the lower end of this range is used and
a xenon filled proportional counter is used as a detector, a high
tension supply being necessary. This signal is then amplified by
the head amplifier and theﬁ passed on to the single-channel

analyser.

Since we are only interested in the 14.4 keV radiation then
all other radiation (including the 7 keV X—ray) must be excluded by
a single-channel analyser that delimits the pulse height window.
Information from this is then stored in the multich;nnel analyser
which 1is synchronized with the signal emitted from the wavgform
generator. Thus the velbcity range is scanned and placed over 400
channels so that the absorption is shown as a plot of intensity of
the gamma-rays transmitted by the sample at each instant as the
relative velocity varies.

The spectrum can be displayed on the oscilloscope of the

multichannel analyser and a photograph taken, or the information

can be extracted in the form of counts by a typewriter. This




57

Co 270 days
+;2 EXCITED STATE
{ ¥,
xS/Z EXCITED STATE
¥m ,
0 A v tl,  GROUNED STATE
57
Fe
¥, = 122°0keV Y, = 136 4kev
-7
K, = 14:39keV t}z(xm)ﬂ.oxlo .
FIG 6:1 L ‘
DECAY SCHEME FOR Co” ' i

MAGNITUDE
(7]
’_
=
D
o =
o o
=
§ FIG 9:3
= TYPICAL MOSSBAUER SPECTRUM
-
‘I
I

VELOCITY  mm/s




i e e

WHISKS HANVASSON HL 0 IA0OEVT DILVAWVHOVIQ

z:6 914
$LInS3Y
4 SQ¥YD
YILIUM TdAL o o o QIHINNG WILNdHOD
4
4 YISATYNY
CTANNYHO | LI0N TYNIIS SNONOWHONAS

' r~
<
- o

Y3 SATYNY .

TINNYHO JT9NIS ¥ovd Q334 )

W3940SaY 304005
. EIETRAT]
‘ v D ﬁ%l 431 417dWY
. SAVY YWHY9 0AM3S )
¥ILNNOS TYNOILYOJ0Yd YINVI4SAN0T HOLVdINID

@374 NONIX 7109 3210A IVNd WYO0d 3AVH



?

information was used for the computer program (Appendix T) that

was developed during this research to analyse the spectrum. A

paper tape punch device was not available, therefore the data
had to be punched onto computer cards from the typewriter
printout.

A typical Mossbauer spectrum consisting of a single peak
is shown in Fig 9:3. Each peak is characterised by a magnitude,
a line position and a line width (the iine width shown is normally
twice the natural line width). The shape of a single peak is
assumed to be Lorentzian (Appeﬁdix I), the computer program
thus iterates to find the values of magnitude, position and line
width that best fits the data. The number of peaks however, must
be assumea and constraints such as paired peaks may be imposed.

9:4 APPLTCATION OF SPECTRAL DATA

The spectrum produced may provide information on the
isomer shift, quadrupole splitting and hyperfine magnetic
interactions. These are discussed below. Other characteristics,
mainly of interest to chemists and physicists will only be
mentioned briefly.

9:4:1 ISOMER SHIFT (I.S.)

The iromer shift or chemical shift arises from the fact that

a nucleus has a finite radius, i.e. it is not a point source, and

can therefore interact as a region of charged space within

electrostatic environment. T the radii of the nuclear excited

state and the ground state are different, the extent of interaction

with the environment will be different. The isomer shift is actually

related to the difference in the square of the excited state radius

rtheim 1964) (equation 1).

and the ground state radius (We




3 - 2
LS. = (&x2 5 <r2gr>) ........ Lo

where r ox = radius in the excited state
and r = radius in the ground state
< > = mean value.

Equation 1 can be rewritten in the following

form (equation 2).

I.S &

5. = Cdr §]ys (0 e 2
r

C = constant

Equation 2 which defines the isomer shift has a nuclear
term (dr/r) that is always non zero hence the isomer shift will
always have scme finite value. The second term is an atomic term

C . 2

that indicates changes in the s electron density ( & \%@ (03\ ).
Changes in s electron density at the nucleus will result in differing
values of isomer shift, and depending cn whether the excited state
radius is larger or smaller than the ground state, the isomer shift
will have either a negative or positive value. The s electron
density will be affected by the chemical environment, thus by the
use of isomer shift the co-ordination and site can be elucidated

for the element under investigation on an empirical basis.

9:4:2 OQUADRUPOLE SPLITTING (0.5.)

All nuclei are characterised not only by their energy but

also by a spin quantum number. For nuclei with an even number of

nucleons (protons and neutrons) the spin quantum number is either

. + + P . 3
zero or some integral number (f1, T2, I3, ..... ). Nuclei with

N . . . S A .
an odd number the spin quantum number 1s an integral multiple of

Fe57 has an odd number of nucleons and a nuclear ground

The first excited state has a spin

state with a spin of 1%,
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of ¥3/2 ¢ it i
3/2, can be split into two sub~levels, identified as t% and

+ .
-3/2 (Fig 9:4) when the nucleus is in a non-spherical charge field.
(i.e. octahedral or tetrahedral sites). Distortion of the site
from true octahedral or tetrahedral symmetry by adjacent nuclei
will modify the Valge of the quadrupole splitting.
The difference in energy between these two sub-levels is
known as the quadrupole splitting, and the Mossbauer spectram
will show two resonance lines rather than one. The quadrupole
splitting energy (AE or 0.S.) is dependant on oxidation state and
co—ordination number (i.e. symmetry of environment). Burns (1968,
1969).
It is imfortant to emphasiseat this stage that isomer shift
(1.S.) and quadrupole splitting (Q.S.) are sensative to the
following factors.
a) Oxidation state.
b) Covalence of the metal-ligand bond
¢) Co-ordination number.
d) Site symmetry of the atom.
Thus for 6 co-ordinated (octahedral site) Fe2+, the isomer
shift and quadrupole splitting decrease with increésing distortion

from octahedral symmetry. On the other hand for 6 co-ordinated

Fe +, the splitting becomes larger and the shift smaller with

increasing distortion of the nearby atoms from octahedral symmetry.

9:4:3 HYPERFINE MAGNETIC INTERACTIONS

It has been shown previously (Quadrupole Splitting) that

in Fe57 ihe f3/2 level of the ground state is split into the f3/2

and T1 Jevels in the excited state. Each excited state has a set
=3 s 1

of sub levels which are normally degenerate. However, the degeneracy
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f th “lev ;
0 e sub-levels can be removed by an internal or external magnetic

field. Thus on the removal of degeneracy 1t is possible to observe
six absorption peaks.

In certain minerals a natural internal magnetic field can
occur (ferromagnetic exchange interaction in metallic iron and
antiferromagnetic interactions in Fe203) and therefore a six line
split can be observed. Normally a large applied external magnetic
field is required to remove the degeneracy., Thus with an internal
magnetic field certain minerals can be recognised by their six line

pattern.

9:4:4 RELATIVE INTENSITES

The area under a Mossbauer absorption line is related to
the number of absorbing nuclei per unit volume in the absorber. The
shape of a single Mossbauer absorpticn curve is governed by the
Lorentzian equation (Appendix I). The relationship between the
intensity (or area A of an absorption line) and the number n of
absorbing nuclei per unit area of the'sample is given by the following

equation.

A = .%Tfllfngﬂ (Hafemeister & Shera 1966)
T = 1line width

maximum (resonant) absorption cross section.

o =
n = number of absorbing nucleil

A = Area of absorption line

f = fraction of ab;orbing nuclei that absorb

without recoil.

As the iron content increases pr if the experiment proceeds

too long), the relative intensity saturates,and the line shape is no
&/ }

longer Lorentzian. Hence, since the computer program assumes a
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Lorentzian shape and statistical accuracy of the fitted curve is
given by the chi-squared test, departure from the Lorentzian shape
will result in a chi—squared value outside the statistically
accepted range. A Chi—squared value outside this range (Appendix
I) could also be the result of an error in the assumption of the
number of peaks,‘but this can be corrected by a new computer fit.
For a given absorber containing more than one distinguishable
site fo? iron, the relative intensities of the Mossbhbauer peaks will
give relative site populations provided the sample is thin. This %
has been used effectively by Bancroft, Maddock and Burns (1967a, b) and
Bowen et al. (1969), Bancroft (1970).

Bowen et _al. (1969) have also shown that knowing the total

iron present in a sample, the determination of the amount of ferrous

iron byAthe non destructive Mossbauer analysis is comparable with ol
results from chemical metho&s. They suggest that Mossbauer Spectroscopy |

is more accurate and is improved by lengthening counting times, or by

increasing the activity of the source. Lengthening counting times

produce problems and is therefore not recommended for increasing

precision.

9:5 SAMPLE PREPARATION

There appears to be no uniform method of sample prepara®ion.

Sprenkel-Segal and Hanna (1964) mixed their samples with an equal amount

of lucite powder and the mixture was thermally set under pressure into

absorber discs 30mm in diameter and approximately Tmm thick.

Other workers have mixed the samples with Vaseline and sandwiched

the mixture between fpil sheets. vKuipment tc produce thermally

set discs was not available so in order to obtain a sample of

uniform thickness and size, & perspex holder was designed to
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fit ¢ . .
11 the Mossbauer equipment. The recess was designed to hold one

to two grams of sample and to have a thickness of app;oximately
Tmm (Fig 9:5).

The size of 31mm for the diameter of the recess was
determined by the cone of radiation emitted from the source
and the position of the abéorber. The recess diameter is 8mm less
than the cone of radiation produced at the position of the absorber.

9:6 CALIBRATION OF EQUIPMENT

A Problem with Mossbauer Spectroscopy is the determination
of the position of zero relative velocity and the situation is not
helped by the confusion that exists in the . literature
as te a standard for the fixing of the zero relative velocity
position. If the equipment uses a constant velocity drive the true
zero velocity point can be determined by positioning the source st
a reasonable intermediate point and determining the transmission rate
at zero velocity. The majority cf present day equipment uses the
dual voice coil loudspeaker which is a constant acceleration dri%e
unit Thus,the use of a Mossbauer spectrum for the determination of
the zero relative velocity position is necessary.

For iron using the gamma-rays emittéd during the decay of
0057, the radioactive nucleid is diffused into a suitable metal base
such as steel, platinum, copper or palladium. A zero position can
then be found using aﬁ absorber that i1s identical to the source
base, 1.e. Co57 in stainless steel with a stainless steel absorber,
then the absorbtion peak obtained on the spectrum could be taken

as zero relative velocity, (the position being obtained precisely‘

by computer fitting).

, . . . . 1
There 1s at present no standard source or absorber, to which all

measurements can be related. Attempts to obtain a standard
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were made by Spijkerman §§~E£- (1965) where they sugneQ£od

sodium nitroprussid '
prussi ? N&Z(Fe(CN)SNO). 2H,0.

The reason being that
this substance produces a spectrum with large quadrupole splitting

the energy of which is known and therefore the equipment

can be calibrated. Natural iron has six absorption peaks

(due to Hyperfine magnetic interaction), the split between which

is known therefore it can be used for calibration and the centre of
the spectrum can be'taken as the zero relative velocity position.
More recently workers have used stainiess steel (which has a single
peak) as lhe zero relative velocity position using either natural

iron or sodium nitroprusside to calibrate the multichannel analyser.

The equipment used was a 20th Century Electronics voice

coil and waveform generator, a xenon filled proportional counter

coupled fo a Laben multichannel analyser. It was set to produce
approximately 0.03mm/sec per channel and was calibrated using
natural iron, the zero relative velocity being the position of
stainless steel peak.

Other workers have used differing sources and standards.

Therefore the results must be adjusted, the data for which are given in

Tuble 9:1

TABLE 9:1
Source (0057) Abéorber Standard - I.S.
in ‘
Pt Stainless Steel w.r.t Sodium ~-0.607
Nitroprusside
Cu " " LI " " -0.483
- " " " " " ~0.442
Fo n n " ' " " -0.348
Pd n " " Natural iron -0.18
Pa Natural Iron ! Stainless Steel 0.18
Pa " " i Sodium -0.262

Nitroprusside
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9:7 PREVIOUS WORK

Although Mossbauer Spectroscopy has been used extensively in

chemistry its application in pther fields has been neglected to a
certain extent. The majority of research has been carried out on
pure compounds or minerals, Bancroft et al. (1966, 1967a, b, c) have
done extensive work on the iron silicates regarding site population,
co-ordination number and the effects on Q.S. and I.S. At the present
time no one has used Mossbauer spectroscopy on bulk sediments or .

solls.

.

Sprenkel-Segal and Hanna (1964) carried out Mossbauer
measurements to identify the iron phases and the relative proportion
in stoney meteorites. From this work has stemmed the study of the

Apollo moon samples to provide similar information.

e

Clays and associated minerals have heen investigated initially
by Weaver gj"gi,(1967) who demonstrated the advantages of
Mossbauer spectroscopy over conventional analytical or X-ray methods
for analysis of iron in clay minerals. This was enlarged by the
work of Bowen 32.31'(1969) and Hogg and Meads (1970). Both sets of

workers stated that Mossbauer Spectroscopy tended to show more

ferrous iron (Fe2+) than chemical analysis and is just as accurate

as the chemical methods. They also suggested that the mephod is

much simpler and is able to give more information cn the positioning
of the iron ions.

Malathi et al. (1969) studied iron in illite and

montmorillonite with a view to finding the oxidation state,

co-ordination symmetry and site distortion of the iron ion. It is

interesting to note that the illite vsed by Malathi et al. (1969)

(Morris - Illinois:- Reference Clay mMineral A.P.I. Research project
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49, Columbia University 1951) giq not contain any ferrous iron,

whereas illitesused by all other workers have shown ,both ferrous Bt

and ferric iron present. They did however, show that the main

exchange locations are the broken edges of clay minerals and that

3+ .
Fe™  ions adsorbed on the broken edges form a complex having a

cubic symmetry.
Malden and Meads (1967) working with kaolinite have also
shown that substitution by iron (Fe)+) does occur and that Tl

a small amount of iron (Fe2+) is also present. ’ |

The isomer shift and the quadrupole split obtained by i
these workers are given in (Table 9:2).
9:8 RESULTS

A representative selection of samples taken from Section One

were used, each sample being taken as characteristic feor the
weathering zone encountered in the profile. It was felt that any
major variations would be likely to occur in the weathering zones
VI, V, (Chapter 4) and therefore all samples in this region except
one (S4/1) were analysed.
The spectra obtained werc then analysed by computer program
(Appendix I) to obtain the best fit curve for the assumed peaks,

the isomer shift and quadrupole splitting being calculated from the

data oblained (Table 9:3)

Typical spectra of the standards stainless steel (single
feak) and patural iron (six line split) are shown in (Fig 9:6).
A selection of the spectra obtained are shown in Appendix J.

It jis important to emphasiseat this stage that work carried

n ! T Te Mgl e e
out by previous workers has tended to be on single minerals, often

after purifying {the specimens. Malathi et al. {(1969) for example
removed the impurities, pyrite, sericite, limonite etc., by treating
220




TABLE 9:3

Fe2+ Fe3+
SAMPLE I.8. .S. I.s. 0.S.
: £0.015) | (Z0.03)| *0.015 | ¥0.03 Pe T /pet
* * ¥ *
S1/1 1.357 2.65 0.55825 | 0.6061 | 7.2
S2/1 1.2919 2.7115 | 0.5423 0.5742 | 5.52
S3/1 1.37 2.74 0.5104 0.574 15.51
S5/1 1.32 2.839 0.59015 | 0.5423 2.86
S6/1 1.24 2.74 0.5104 0.5742 | 11.48
S10/1 1.355 2.71 0.5742 0.5742 8.14
S17/1 1.2919 2.7115 | 0.52635 | 0.6061 9.08
S18/1 1.5153 2.3925 | 0.5264 0.6699 6.85
S25/1 1.355 2.7115 | 0.5742 0.5742 2.24
S26/1 1.3398 2.6796 | 0.55825 | 0.5423 2.66
S36/1 1.292 2.6477 | 0.52635 | 0.6061 0.965
S40/1 1.3398 2.6796 | 0.52635 | 0.6061 1.173
S32/1 1.34 2.615 0.556 0.5061
$32/1/ 1 | J308 | 2.6158 | 0.55825 | 0.6061 | 0.762
NAC _ , :
$32/1/ 1 | 37170 | 2.8072 | 0.52635 | 0.6061 | 2.98
HC1
* mm/sec
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the illite with HC1 (10%) ang dilute HNO3 for three days. This
removal of impurities rendered the absorption peaks sharper,

The samples in this present investigation have already been
shown to contain a wide selection of minerals that contain iron,
therefore the spectra obtained (depending on conditions) will be

a combination of several spectra.

9:9 ANALYSIS OF RESULTS

9:9:1  SPECTRA AT ROOM TEMPERATURE

Of all the minerals present in the sarple, the clays are in
sufficient quantity with a suitable iron content to produce specira.
Al room temperature,one would therefore expect a spectrum that
S . 2+ 3+ . .
indicates the positions of Fe  and Fe in the clay lattice. Any
pyrite or iron oxide (FeDOB) would be in insufficient quantity to
produce a spectrumat room temperature (both minerals less than 10%

0 .
of total sample). (See Spectra at 77 K, Appendix J).

Examination of the spectra (Table 9:3, Appendix J) indicate

2+ 3+ .
{that two oxidation states of iren are present, re and Fe” . The

values of isomer shift and quadrupole splitting indicate that both ions

are present in an octahedral environment probably due to substitution

in the aluminium octahedral layer of the clay]atticé (isomer shift

and quadrupole splitting values corresponding to values obtained for

iron in octahedral environments, Bancroft et al. 1968 ). This
conclusion is further endorsed from the similarity in spectra thatl have

heen obtained by Weaver et al. (1967) and Bowen et al. (1969).

The actual values for the isomer shifts are slightly different

from those quoted by other workers but it must be remembered that
‘ror e quot ’

').h@ 1. (VARG { ) weld ca ¥ !(3] outrl an a LK (l Ci 1 £ ¥ - -
' I 1 "]] se me o .hus Jh(l las
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ining b wanlinite and illite in varying proportions
clay containing both kaolin
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3

. Ot . :
shows an Fe absorption peak but will in fact have two FeBT

absorption peaks (qne for kaolinite and one for illite). The

1 2} ] 2 3+ .
isomer shift for Fe”  will have slightly different values (Table
9:3) therefore the position of each peak will vary and the overlap

would show up by overbroadening of the peaks themselves. *

9:9:1:1 VARIATION WITH DEPTH

e

Examination of I.S. and Q.S. for Fe3+ (Table 9:3) show very
little variation with changes of weathering, the values being very
similar to those obtained by Weaver et al. (1967) for illite.

Fez+

The average values of I1,S. and Q.S. for the unweathered
material is 1.316 mm/sec and 2.66 mm/sec. Very little change is
observed in 1.8, as weathering increases except with sample
S18/1 which has both a higﬁ 1.8, (1.5153 mm/sec) and a low 0Q.S.
(2.3925 mm/sec). There appears to be no explanation for this as
there are no other indications of change at this level.

With regard to the Q.S. of Fe2+ there is an overall trend
towards an increase in value with increasing weathering. The

highest value being shown by sample S5/1 which reaches 2.839 mm/sec,
this being almost as high as the value obtained by Ma}den_and Meads
(1967) for muscovite mica.

Eve

24
splitting of Fe

% This would have no effect on the cur
.+.
Fe3 abs

for the peaks to be treated as one single peak.

223

n allowing for experimental error the results for guadrupole

" show an increase in value with increasing weathering.

ve fitting procedure since the

orption peaks for kaolinite and illite are sufficiently close
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Burns (1969) considered the crystal field splitting and
stabilization energies for transition metal lons in silicate
2

crystal structures, and their preference for different sitbes.
He has shown that Fe2+ ions afe more stable in tetragonally
distorted octahedral sites. Burns (1968) has also shown that
increasing distortion lowers the quadrupole splitting of the F92+
octahedral dcublet.

Weathering results in progressing from a higher energy
state to a low energy state, therefore unweathered clay (high energy
state) should show more distortion of octahedral sites than
weathered material. Hence there should be an increase of
quadrupole splitting with weathering. This is observed from the results
on Table 9:3.

It is well known that partial replacement of the aluminium

2+
(A13+) octahedral ions by Mg , Pe® 3+

" and Fe ions takes place.
However,it is notl known to what degree these substitutions are
. 3+ .. . i 2 ) . o
possible. Al has an ionic radius of 0.52 A, comparison with the
-4
ions that can substitute for AlB' show that they have greater ionic

radii (Table 9:4).

TABLE 9:4

Element ‘ Ionic Radius (X)
At 0.52
Mg® T 0.65
Fe >t 0.64
Pe’t 0.75

Although the principle of radius ratio is only strictly

i 1 ioni and silicates are partially
applicable to 1onic compounds, a

ate guide to the degree of

covalent,it can be used as an approxim
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substitution. The limiting radius ratio for an octahedral environment
is 0.414 (i.e. where all the co~ordinating ions are tbuching) The
radius ratio for oxides are given in Table 9:5.

TABLE 9:5

RADIUS RATIO OF AN OCTAHEDRAL SITE

Oxide Radius Ratio
NEs 0.42
Mg 0.59
e " 0.58
F82+ 0.68

3+ . . ,
has a radius ratio close to the limit

It can be seen that Al
and substitution by other ions would result in a distortion of the
site.

Mg2+ and Fe3+ having similar ionic radii are more likely
initially to substitute in the octahedral layer since they would cause
jess disturbance. However, having entered the structure distortion
of adjacent sites becomes more important. Burns (1969) has showh
that for a tetragonally distorted site,Fe2+ possesses a greater
crystal field stabilization energy than F93+, thus the Fez+ ion has a
greater probability of being found in the distorteé sites. Therefore

the Fe2+ ijon will be found principally in the distorted sites but

also in the normal sites.

2+

Duriﬁg weathering K+, Mg~ , Fe can be removed from the

clays and since the crystal lattices of weathered minerals must

ity at all times, the following

maintain electric neutral

conditions must be met:




Cha o T . <
nges in the internal charges = Changes in the external

charges

OR

Changes in the octahedral charges = Changes in the surface

charges.
i.e.

o 2+
- [ di L 2+
e (OXIdléed)"(Le + Mg2+) released = K+ (released).

24

L2+ . , s :
Fe (oxidized) = kFe2’ + Mg®' o+ K+) released.

Once potassium is removed the electrical neutrality is
preserved by the adsorvtion of other cations in particular H30+
2+
and Ca between the basic structural units. The hydroxonium ion
Yyt 2+ '
(hBO ) and Ca”™ are much larger than the potassium ion and
therefore expansion of the crystal lattice takes place altering
the mineral illite towards a vermiculite type mineral. (This is
. + .
noticed in the profile; see Chapter 7). This interchange of K with
+ .‘
HO is a diffusion reaction.
The chemistry of hydroxonium ions show thatl they tend to
react with layer lattice silicates to liberate octahedral cations.
. , 3+ 2+ .
I{ is probable that Fe and Mg~ would be therefore susceptible to
interchange reactions (i.e. diffusion of H ') and because of the
2+
stabilization encrgy imparted by Fe to the site i1 occupies, there

would be preferential removal of Fe3+ and Mg during weathering.

Since water itself is weakly ionized then the hydroxonium

ion is present 1in water;
+ -
=H O + OH
ZHZO 3 .
ion is written as ut (hydrogen ion) and

+
For convenlence HBO

the concentration of the hydrogen ion is given in terms of pH.

226
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. . ; 3'*’ 2-}— +
On replacing Te or Mg by H +the adjacent sites would be distorted

o s 2+
less and therefore the Fe ion would now be less table. This

could then be replaced by H+, the F62+ becoming oxidized, or as
suggested by Ismail (1969), the H' ions could act as acceptors
for the elctrons released from £he ferrous iron during the
oxidation process.

Once the Mg2+ and Fe3+ is removed there would be an increase
in the quadrupole splitting particularly as more ions are removed.
Jt should be emphasised that as the Mg2+ and Fe3+ is removed to
form their respective oxides that the Fe2+ is also becoming oxidized
and therefore although the quadrupole splitting increases the
intensity of the Fe2+ doublet also decreases. This change
of quadrupole splitting is observed from the results (Table 9:3).

A simple "weathering" test was carried out on an unweathered
sample of Lias clay S32/1 by treating it with hydrochloric acid.

A spectrum of both the unweathered and treated samples was obtained
and analysed (Table 9:3). Again it showed this increase of quadrupole

splitting from 2.615 mm/sec (unweathered) to 2.807 mm/sec (treated). |

9:9:1:2 INTENSITY OF PEAKS

The most noticeable difference due to weathering can be seen
in the intensity changes of the peaks which in turn provide the
Fe3+/Fe2+ ratio. This ratio can be regarded as an indicator of the

‘state of weathering of the clay (Chandler 1972), and to some extent

is used in a visual manner in the engineering and pedological schemes

of weathering.

Altbough samples throughout the complete profile were not

examined, a broad picture is obtained that could be further investigated.
)

The unweathered samples $36/1 and $40/1 show similar values for the

F63+/Fe2+ ratio (0.96, 1.17), the samples being




far enough apart to assume this to be g reasonable value for

unweathe rer Li i i
thered Lower Liag clay. As soon as weathering proceeds, i.e.

one IT then a small amount of the ferrous ion is changed into ferric
and is liable to be removed from the clay lattice, here the Fe3+/Fe2+
ratio is approximately 2.45. There is then a gap in the data
missing out part of Zone III (Sample S23/1 in this zone was analysed;
see Spectra at 77OK).However,the change in value of the iron ratio is
quite 'startling, jumping up to values ranging frem 7.0 - 9.0
(Zone Iv).

Above this level of weathering samples S6/1, S5/1, S3/1 are
in the zone vhere we have iron enrichment and major variations in total
and extractable iron. Again we have a similar variation, samples
S3/1 and S6/1 show iron ratios of 15.5 and 11.48 respectively, but
.sample $5/1 has a ratio of only 2:86; a remarkable change over such

a small distance where there are no other visual indications that

|
4
anything is so radically different. |
E

9:9:2 SPECTRA AT 77°K i
Certain minerals due to thermal factors,will not produce

spectra at room temperature. However, by gooling thg specimen the

Mossbauer fraction is increased and a svnectrum obtained. Since

the equipment available‘did;not have a cryostat, several selected

samples were analysed by the Physicochemical Measurements Unit at

Harwell. The spectra obtained are shown in Appendix J (computer

evaluation of the spectra was not obtained). (All spectra are

produced with respect to natural iron).

It can be seen by visual examination that many of these

spectra are more -complex than those at room temperature. Spectra




?

of samples S36/1 and S40/1 closely resemble the spectra produced

at room temperature, each having Fe2+ and Fe3+ doublets in similar

positions.

Pyrite is present in the unweathered clays (Chapter 7) in
small quantities, either in concentrations or disseminated through
the samples. Absorption by pyrite would result in a Fe2+ doublet
in the regionof the zero velocity position (Table 9:6) thus
broadening the peak in this region and causing an inflexion point
on the sides of the Fe?' doublet from.iron in an octahedral
environment. No broadening is apparent and any distortion of the
spectra by pyrite can be ignored. Iron oxide in the form of
magnetite again can be ruled out since even appreciable amounts of
disseminated magnetite would result: in a substantial six-line
component due to magnetic hyperfine interaction.

Thus the F62+ and fe3+ doublets observed at room temperature
and 77OK can be regarded as due almost entiretly 1o Fe3+ and Fe2+
substitution the lattice of both kaolin and illite. From the
evidence presented by Malden and Meads (i967) on their investigation
into iron substitution in kaolin it is probable that the majority
of Fe2+ lies in the octahedral sites of il1lite (miéa), the Fe3+
being found in both i1lite and to a lesser extent kaolinite.

Sample S27/1 which was the least weathered Lias clay shows
ap increase in the number of peaks, compared to the spectra of
S26/1 and $25/1 taken at room temperature. Neglecting the F92+,
F83+,doublets due to irén in the cléy lattice, it can be seen that

there are six peaks (their approximate positions being given in

Table 9:6). Since magnetite is not present in appreciable amounts

it is safe to assume that the six peaks are due to the formation of
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TABLE 9:6 *

Reference

Sample Energy I1.S. mm/sec| 0Q.S. mm/sec
(mm/sec)
Sprenkel- -8.27
Segel FeAO% -4.63
and six line’ -+ +
Hanna pattern -1.09 +0.37 =0.07 | -0.09 ~0.04
(1964) +1.50
+5.03
+8.31
Sprenkel-
Segel Pyrite -0.26 +0.33 0.30
and :
Hanna FeS2 +0.34
(1964)
-7.5
S17/1 -4.0
Present six level| -1.1 0.4
work split +1.5
+4.8
+7.4
~7..5
-3.9
S27/1 -0.8 0.5
+1.6
+4.7
+7.7
¥ Measurements with respect to natural iron.
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3> internal magnetic interactions causing the six

line split.

The possibility that the Fe3+ doublet obtained at room
temperature for all the weathered samples arises from small
grains of o ~ Fe203 is rejecfed. At room temperature the
spectrum of d:~Fe203 particles large enough to give an observed
quadrupole split should also contain the six—line component due
to hyperfine magnetic interactions.

9:9:2:1 INTENSITIES OF PEAKS

Again as with the spectrum observed at room temperature

24

the intensities of the Fe™ and Fe3+ peaks vary with weathering.

The Fe2+ peaks decreasing rapidly with increased weathering.
9:10 CONCLUSIONS

The following conclusions can be drawn from the discussion
of the spectra:
i} In the unweathered clay of>a11 the minerals present that contain
iron, the resultant spectra obtained are due entirely to Fegﬁ& Fe2+
substitution the octahedral sites of the clay lattice.
ii) In the weathered clay the spectra at 77°K show FeBﬁ% Fe2+
substitution in the clay and the formation of o¢- 11‘6203 resulting
in the six-line split.

iii) Spectra of the weathered clay at room temperature show only

24 : . . . -
the Fe3+, Fe” Goublet as a result of substitution within the clay

lattice.

iv) F93+ substitution in the octahedral layer of the clays will take

24
place in both illite and kaolinite, but Fe™ substitution will be

ve octahedral layer of illite.

. . . 1
primarily be 1n ti




v) The octahedral site for Fe2+ substitution is distorted by

neighbouring ions, this distortion decreasing with increased

weathering.

vi) There is a relationship between the Fe3+/Fe2+

ratio and

weathering (Chapter 10).




CHAPTER 10

ENGINEERING PROPERTIES

450%

10:1  INTRODUCTION

The engineering properties of soils depend essentially
on the mineralogical composition, shape and size distribution of
their particulate minerals, the fabric of the soil and the soil
moisture. The way in which these factors interact is determined
initially by the mode of origin of the soil but subsequent
geological and pedological processes can modify a scil. Thus
the geological history and subsequent weathering will alter the
chemical, mineralogical and structural features of a soil causing its
engineering properties to change.

The Lias clay samples oblained from the site at Blockley
(Appendix A) were subjected to the normal engineering index tests.
The unweathered cores and blocks (with the excepwion of those used
for the fissure analyéis; Cnapter 5) were used for strength and
compressibility tests (Thomas 1974). A series of in situ shear:
tests using a hand vane were also taken for the Sections examined
in the Lias clay.

10:2 ENGINEERING TESTS

10:2:1 MOISTURE CONTENTS

In situ moisture contents were determined to a depth of

15m. however no determinations were made immediately above or below
S 3

vthe calcareous beds (Pecten Bed and Mudstone band, Fig 3:4; Chapter 2.

The variation of moisture content with depth for both Sections and

the boreholes are shown in Fig 4:5, 4:6 and Fig 10:1 . It can
be seen that there is a gradual reduction of moisture content with

depth (as is expected); though,this reduction is not very marked.
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In the weathered material the in situ moisture content is close
to the plastic limit of the soil (moisture content, 27% — 34%;
plastic limit, 28% ; 34%). With increasing depth (9m - 15m)
the moisture content decreases to the range (16% - 22%), these
values now being close to the shrinkage 1imit of unweathered Lias
clay (shrinkage limit, average value 17%).

The in situ moisﬁure contents of Section One were taken
one day‘after a wet'period and a very high moisture content was
obtained at a depth of 1.2m below the ground surface. It was noticed
subsequently that after heavy rain, water would issue from the
fissures atl this depth. This depth was classified as the upper section
of the C1(g) pedological weathering zone, where gleying is
predominant and produces the mottling effect common to gleyed
soills. Examination of the fissures showed a coating of pale grey
argillaceous material (characteristic of gleyed zones) which was
also apparent in thin sections (Chapter 6).

The pedological Zone C1(g) was equated with en%ineering
zones 1V and IIT of Fookes and Horswill (1969) in Chapter 4. It
can therefore be suggested that Zone IV corresponds to the more
intensely gleyed C1(g} Zone, where fissures are more extensive and
tend to be open. ‘If Zone LIT corresponds tc gleyed material where
fissures are closed then the effective permeability will be reduced.
Thus water will tend to collect in Zone iV resulting in the
characteristic horizontal flow of water thrcugh the interconnecting
fissures. The increase in moisture content therefore defines the base
of a fissured zone, probably being caused by cyclic wetting
and drying of the clay. It isimportaﬁt to note that even after
a relatively dry period the base of Zone IV can still be identified

from in situ moisture contents as determined for Section Two (N.B.
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this Zone is at a Slighﬁly greater depth in this section due +o

variability of weathering).

10:2:2 LIQUID AND PLASTIC LIMIT DETERMINATIONS

The mechanical properties of cohesive soils depend on their

water content, particle size distribution (i.e. percentage of clay),

the mineralogical composition of the clay fraction and the type of
adsorbed cations. The last two factors alsc govern the amount of
water adsorbed by the soil thus controlling the consistency limits
(plastic and liquid limits) of the éoil. Variations in mineralogy
and chemistry should therefore be reflected in the plastic and liauid
limits. Since the liquid limit is the boundary between a
fluid {negligible shearing resistance) and a vlastic state, the liquid
1imit will be more sensitive to any such changes than the plastic
limiv.

The B.S. 1377 (1967) procedure for liquid and plastic limit tests
was carried out on a representative portion of air dried soil that
had previously passed through a B.S. No. 36 sieve (440 Pm), ensuring
that only discrete particles remained on the sieve. It is significant
that with the samples of Lias clay (weathered and unweathered) no more

than 3% was ever retained on this sieve, the majority of material

could be broken down to pass through the sieve. After sieving, the

soil is mixed with distilled water on a glass plate by working with

palette knives. This working should be continued for at least ten

minutes in order to break down the aggregations of clays if any are

present. Sherwood and Hollis (1966) investigated the effect of

working on the liguid limit of Keuper Marl samples by means of a

grease-worker (1000 pumps in the greaée—worker being equivalent to

approximately &0 minutes of woring with palette Jnives). They

showed that 10 minutes working with palette knives and 1000 pumps in

C s g . . .
the grease-worker gave no significant differences in the results forx
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TABLE 10:1

SAMPLE DEPTH (m) L.L. P.L. Ip | Activity
el > —r

81/1 0.15 56 33 23 59

s2/1 0.20 59 33 26

S3/1 0.27 61 34 o7 65

S4/1 0.35 60 33 o7

S5/1 0.44 67 34 13

56/1 0.57 75 33 42 95

ST/ 0.66 68 29 39

S8/1 0.75 71 30 41

S12/1 0.96 . 63 28 35 85

S16/1 1.25 62 28 34 97

S17/1 1.34 61 29 32

S18/1 1.64 58 29 29

$19/1 1.75 59 27 32 86

S21/1 1.95 61 27 34

$25/1 2.40 60 28 32 120

S27/1 2.60 56 26 30 270

S32/1 3.56 57 25 32

S35/1 4.00 ' 56 25 31

BOREHOLE

SAMPLES DEPTH(m) L.L. P.L. Ip. ACTIVITY(%) Gs

B2A 9.13 58 26 32 79 2.717

B2B 10.05 56 25 31 80 2.695

B2C 11.27 60 28 32 66 2.666

B2D 12.19 53 25 28 T 72 2.705

B2E | 13.38 63 28 35 89 2.726

B2F 14.17 58 25 33 67 2.732

B2G 14.47 62 26 26 80 2.719

B3A 9.13 58 28 30 78 2.656

BBB. 9.75 60 29 31 - 2.747

B3C 10.66 61 26 35 79 2.727

B3D 11.72 61 27 34 86 2.721

B3E 12.41 57 27 30 70 2.713

B3F 13.41 60 28 32 73 2.745

B3G 14.32 58 27 31 65 2.718
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the liquid limit of the Keuper Marl. There was however a

signigicant difference if mixing was carried out for less than
‘ten minutes such that the value of the liquid limit was found to
decrease by as much as 10 percent of the ultimate lincuid limit value.
The values of liquid and plastic limit are given in Table
10:1 and Fig 4:6, 10:1
On examining the liquid and plastic limit results for Section
One, three divisions can be identified. These divisions are
confirmed when plasticity index is plotted against linuid limit,

(Fig 10:2, Table 10:2).

TABLE 10:2
DEPTH RANGE DIVISION ENGINEERING
ZONE

0 - 0.35 L.L. 56 — 60 1. VI
P.L. 30

0.35 - 0.75 L.L. 66 - 75 2 v
P.L. 30

0.75 —~ 2.60 L.L. 53 - 65 3. v, 111, 11, 1
P.L. 25 - 29

Division three corresponds to the engineering Zones IV, III,
11, and I, and variations connected with changing mingralogy and
weatherihg cannot be detected since these changes are so subtle as to
have little or no effect on the liquid or plastic limit valueés.

Division two correéponds to Zone V where there 1s an

inerease in iron content and where the alteration of the clay minerals due

to  weathering is most intense, thus resulting in higher plasticity,

(Fig 10:2).

For any particular type of soil a linear relationship usually

tween the percentage clay content and the liquid and plastic

exists be
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limits, (Fig 10:34 after Skempton 1953). Sherwood and Hollis

(1966) when studying the Keuper Marl proved that aggregations of clay
minerals reduced the clay content as obtained by the Brg;ish Standard
procedure by up to 60%. When they plotted the plasticity index (Ip),
or liquid limit against clay content (B.S. 1377 procedure) no

linear relationship was observed. Clay content as obtained by X-ray
analysis did show this linear relationship. A plot of the clay content
.(B.S. 1377 procedure) against the plasticity index for the Lias clay
(Fig 10:3B) does not show a definite linear trend. In fact, some
samples have shown very low clay fraction contents, indicating
aggregations of clay minerals possibly of coarse silt size. The
liquid limits for the samples are indicative of soils with a fairly
high clay content thus indicating that the aggregations were-being
broken down to some extent by working with palette knives.

It was previously stated that the liquid limit is very
sensitive to clay mineralogy changes and therefore this test should
respond to changes in the soil due to weathering. Changes in clay
mineralogy are too small to be determined with any accuracy, but as
the iron content can be used as a weathering indicator it is

possible that a relationship exists between iron content and plasticity

of a soil. Fig 10:4 shows a plot of liquid limit against iron content

and it can be. observed that there exigts a good positive straight line

correlation. A tentative linear correlation was also obtained from

data for the Keuper Marl obtained by Sherwood and Hollis (1966). It

should be pointed oult that the samples of Keuper Marl came from a much

wider are and clay mineralogy varied considerably. This suggests that

not only clay mineralogy will affect liguid limit values, but also that
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¢

changes in iron content themselves might influence the results. The
liquid limit will thus be sensitive to overall changes in mineralogy

and chemistry.

10:2:3 PARTICLE SIZE DIS”RIBUTfON

The particle size distribution was carried out according to
the B.S. 1277 G967) procedure, the soil being treated to remove possible
cementing agents. Organic matter being removed by oxidation with
hydrogen peroxide (H2O2) and carbonates by dilute hydrochloric acid.
After pretreatment and dispersion of the soil in distilled water,
sodium hexametaphosphate solution was added. This chemical is an
excellent chelating agent and will remove any cations of any polyvalent
metals such as calcium or iron which remain after acidification.
Thus any iron oxides adhering to the clays should be effectively
removed. Finally the soil suspension is further dispersed by a high
speed stirrer.

Sherwood and Holiis (1966) and Davis (1967) working on the
Keuper Marl proved that the c¢clay content determined by the B.S. 1377
(1967) procedure, produced on average, clay content values that were
50% lower than those obtained by X-ray diffraction methods. An
attempt was made to reduce this error by using ultra~$onic vibration
on the éamples for a period of ten minutes. AAvisual
examination of the remaining coarse to medium silt size particles

showed that they were in fact aggregations of smaller particles which

coﬁld be broken down by cyclic wetting and drying.
The results of the particle size distribution analysis are

shown in Table 10:3 and as it can be secern the percentage of clay

. A - ;' - : d ) } L
sized material is much smaller than that obtained from thin section

analysis Coarse silt sized particles can be seen by the aid of a
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TABLE 10:3

HAND SAMPLES

SIZE TFRACTION

COARSE SILT MEDIUM SILT FINE SILT CLAY

51/1 30 21 10 39
53/1 26 23 11 40
S6/1 17 27 12 44
$9/1 19 26 12 43
S12/1 19 27 13 41
S16/1 23 © 30 12 35
S19/1. 13 35 15 37
S22/1 13 33 13 41
S25/1 30 30 14 26
S26/1 24 37 16 23
$27/1 32 43 15 10
S37/1 73 17 5 5
$38/1 21 37 21 21
S40/1 28 31 33 8

BOREHOLE

SAMPLE
B2A 11 33 15 41
B2B 10 29 21 40
B2C 5 32 15 48"

1 B2D 17 20 14 40
B2E 8 28 24 40
BOT 7 31 12 50
B2G 10 29 16 45
B3A 10 31 20 39
B3C 13 . 28 15 . 44
B3D 20 28 13 39
B3E 17 27 13 43
B3F 11 31 14 44
B3G 7 27 18 48
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hand lens and plates of mica were identified in the unweathered and
weathered clay. Thus some clay minerals are of silt size but the
percentage is indeterminable due to the presence of aggregates.

10:2:4  SOIL pH |

The measurements of soil pH were taken according to +the

B.S. 1377 (1967 procedure on a soil suspension of a standard concentration
.(Soil/Water:— 1/2.5). The suspension was then left for a minimum of

two hours for equilibrium to be established and the measurements taken

on a Pye Unicam Model291 pH meter using a Pye Ingold EO7 electrode with
automatic tehperature compensation (accuracy Y0.02 pli}. The vresults

are shown in Table 10:4

TABLE 10:4

SOIL pH

SAMPLE DEPTH pH (%0.02)
S1/1 0.14 4.95
52/1 ' 0.20 5.25
S4/1 0.35 5.45
S5/1 ©0.43 5.69
S6/1 0.58 5.71
S9/1 0.79 6.41
S14/1 1.13 7.62
S20/1 1.88 ‘ 8.03
S24/1 2.29 8.39
S26/1 2.50 Co8.M
s32/1 3.58 : 7.51
S37/1 ' 4.25 7.54
Refined Kaolinite (St. Austell) 7.35

The results show that the hydrogen ion concentration increases

1 i ' i »s acidic in Zone V and VI and any
with weathering. The soil become

arbonates or pyrite would be removed from the soil. It is interesting
c .

t te that samples from Zone IV, IIT and II give alkaline rceadings
0o note : n
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yet measurable quantities of calcite could only be obtained from one

sample $26/1. (Infra-red analysis of sample $19/1 from Zone IIT,

/
-
v

also did not indicate the presence of calcite)l Consideration of the

oxidation-reduction potentials of Fe2+ and Fe3+ predict that the
oxidation reaction would take place much more readily in an alkaline
environment than in an acid environment. Thus although the oxidation
of pyrite produces ferrous sulphate and sulphuric acid, the sulphuric
acid‘reactj with the calcite to produce gypsum. This is either
leached out or, if sufficient calcite is present it may crystallize out
as selenite and thus the soil maintains an alkaline pH.

The change from acid to alkaline at sample S14/1 corresponds
well with the base of Zone V and to the sudden drop in amount of
kaolinite between samples S10/1 and S13/1. An overall increase in
the proportion of three layer minerals tends to move the pH towards
acidity.

10:2:5 STRENGTH

10:2:5:1 OVERBURDEN IN THE BLOCKLEY AREA

Since the time of deposition of the Lower Lias clay some

190 million years ago, the clay has been subjected to high

preconsolidation pressures. From examination of the local geology and

from consideration of the statigraphy of the British Isles it is

considered that both the Middle and Upper Jurassic rocks were

deposited on top of the Lias in this area. Localized intra—-Jurrassic

movéments occurred causing broad folds to develop with local erosion,

but the overburden present at the end of the Jurassic period

is thought to have been of the order of 700m.

At the close of the Jurassic period the majority
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of the Jurassic sediments in Britain were elevated above sea level

‘and eroded. During the e retace : : L
g arly Cretaceous period,removal of material
o~ s
reached 300m in specific areas. Towards the end of the Lower
Cretaceous period, there was again subsidence of a large area of the

British Isles below seca level. A shallow sea existed and chalk was

deposited to an unknown thickness. At the close of the

Cretaceous period there was again ﬁplift of this area above sea level

followed by erosion. There is no evidence that any further material

wvas deposited during the Tertiary. It can therefore be assumed that

the area has been subjected to erosion since the end of the Cretaceous

period. Glaciation did extend to the south of Blockley although it

is unlikely that this had any effect on the precqnsolidation pressure.
It can therefore be assumed that the Lower Lias clay in the area

has been subjected to an overburden in excess of 700m and may even have

reached 1,000m in places. The Lover Lias clay is therefore a heavily

overconsolidated clay wilh a stress history of loading and unloading.

Consequently in its unweathered state the clay will have a natural water

content well below its plastic limit, which has already been shown.

10:2:5:2 IN SITU STRENGTH TESTS

In order to investigate the change of strength with weathering
it was decided that initially in situ strength tests would bg made

on the profiles using a pocket shear vane (Torvane, Soil Test Ltd.).

The shear strenglh of a soil 1s the maximum resistance of the

s0il to shear stress at a point within the soil, thus when this

resistance is reached continuous shear displacement takes place between

two parts of the soil body. Shear displacements within a soil can

take place across a well defined single rupture plane or across a

wide shear zone (Morgenstern and Tchalenko; 1967¢). Once sliding
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ontinu s _ .
(c ous shear displacement) occurs, the availahle resistance to

shear (Shear strength) has been mobilized by the acting shear stress:

|7 |

i

T

vhere \ \’f\
i

The magnitude of the resistance %o shear is calculated from

absolute value of shear stress

I

shear strength of the soil.

Coulomb's equation:
’f} =C + On tan.}f

2
where q} = shear strength of soil (kN/m")

O, = normal stress componentq(perpendicular to
the shear plane). kN/m=.

;5 = angle of internal friction in degrees
c = cohesive resistance in kN/m2
This equation is therefore used in modified forms for the
determination of strength parameters in terms of effective stress
(Skempton 1960) and the determination of true cohesion (ce) and true
angle of friction (;é ). Detailed discussion of the terms used in the

various equatlilons can be found in Lambe & Whitman (1969), Skempton (19605

and Hvorslev (1936).

Since a pocket shear vane was used to determine shear strength

n . B S o -l 3 -
( 7? ) it is assumed that for soft cohesive soils sheared 1n an

0
¥ . ) . B U
undrained manner the angle of internal friction g& =0 . Therefore

The vane test is 2 rapid test and therefore 1in material of low

permeability drainage does not take place, i.e. the vane test can be
B o

considered to be an undrained test.
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the shearing resistance is only due to cohesion ¢ which is

u

.independent of the normal stress. On assuming that the soil shears
«/’,

along the surface of a cylinder whose diameter and height is equal

to that of the vane and that shear resistance varies linearly across

the ends of the cylinder, the following expression is obtained

Cu: ,‘z;( = T
2Trr2(h + 2r/3)
where T = maximum measured torque.

r = radius of vane.
h = height of wvane.

Although the so0il is not fully saturated and negative pore
pressures were known to exist (Thomas 1974) it was thought that variation
in capillary effects would be negligible over the major part of the
profile. It is therefore possible? that part of the strength measured

was due to capillary effects. Since it was probable that this was

small the capillary effect was neglected.
10:2:5 :2:1 SHEAR VANE
The pocket shear vane used, a Torvane was obtained from Soil

Test Ltd., U.S.A.is designed for the rapid determination of shear

strength of cohesive soils. It is made of a standard vane with

vane adaptors for use when working with extremely soft or very stiff

sediments. The handle is attached to the vane through a precision

helical spring. The calibrated dial on the handle converts the torque

2 ) :
directly to tons/ftZ, which was then converted to kN/m“. The Torvane

2 [~ L4
adaptor for measured strengths from O - 268 kN/m”~ (0 - 2.5 tons/ft")

was used during this investigations.

The surface of the clay was carefully prepared in situ with a
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TABLE 10:6

Shear Strength at failure

Depth{m) kN/m2
0.178 202.85
0.254 201.41
0.305 172.64
0.356 160.65
0.406 162,24
0.457 140.60
0.533 119.29
0.609 v 124.09
0.686 95.91
; 0.762 89.92
§ 0.838 89.32
é 0.914 79.13
2 0.991 62.94
1.067 78.53
1.079 103.70
1.117 71.33
1.168 64.74
1.219 75.93
1.270 73.48
1.320 87.85
1.371 77.53
1.422 68.34
1472 80.72
| 1.523 83.92
é’ 1.575 87.85
| 1.626 87.66
1.676 83.32
1.727 74.93

Depth(m)

1

—_

[T T ST T (O R TR O TR O T ST ST (SR SR V)

[ S N S  \S R\

w W W
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RESULTS (Section Two)

778
.828
.879
.931
. 981
.032
108
159
.040
.080
.133
.184
.235
.285
336
412
.488
.565
.641
ek
793
.896
.997
.048
.098
.200
.301

kN/m2

77.
95.
91,
106.
94,
74.
74.
73.
100.
104.
110.
110.
104.3
2.
131.
120.
.29
96.
99.
.10
.89
83.
86.
.09

142

105
107

115

103.
.09
146.

68

70
10

32

10




palette knife. The Torvane blades were then carefully pressed into

the sediment to their full depth. A slight vertical pressure was

maintained on the handle which was then turned at a rate of rotation

i - PN .
such that failure occurred in about 15 - 20 seconds The maximum value

attained by the pointer on the dial is the shear strength in tons/ft2
subsequently converted to kN/mZ.

Since the outside diameter of the vane was 20mm the volume of
Lias clay ﬁested was quite small and the vane was positioned away
from any obvious fractures.Therefore,the strength of the clay is the
intact strength. At gach horizon four to five tests were taken and
an average result calculated.
10:2:5:3 RESULTS

The results of Section Two are shown in Table 10:6

10:2:5:4 STRENGTH PARAMETERS FOR UNWEATHERED LOWER LIAS CLAY

From the borehole samples and the block samples a series of
tests was carried out by Thomas (1974) and Nasseri (1972) as a
general investigatioh of the Lias clay. The investigation included
the standard triaxial (compression and extension tests) and shear box
tests on both overconsolidated and normally consolidated Lower Lias
clay. Residual strength parameters were also determined for the

normally consolidated clay. A summary of the results are shown in

Table 10:5.

TABLE 10:5

STRENGTH PARAMETERS FOR UNWEATHERED LOWER LTIAS CLAY

TEST MATERIAL PARAMETERS
Trigxial Undisturbed overconsolidated 7% = 300_3202
Lower Lias clay cq = 20 kN/m
Triaxial Normally consolidated Lower ) .
Lias clay — consolidated yﬁ - 24 ,
from a slurry in a tall “ ¢ =5 kN/m

oedometer.
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TABLE 10:5 (cont)

TEST MATERTAL ' PARAMETERS
Shear Box Normally consolidated in ¢/ = 24.7
the shear box < =5.68
Shear Box Normally consolidated clay }5; = 18°
(Residual sheared along preformed e =0
Tests) slip planes.

10:2:5:5 MOISTURE CONTENT AND TORVANE TESTS

At regular intervals below thg surface, moisture contents were
determined at the positions where the Torvane tests were carried
out. At deeper depths of 10.35m, Block éB was taken which gave a
moisture content on the front face of 17.2%4. This block was returned
to the laboratory and after a period of eight months the moisture
content determined again on the front face was 16.5% a difference
of only 0777.

As Block 2B was being dissected for fissure aralysis, moisture
content samples and Torvane tésts were carried out simultaneously on
both prepared surfaces and joint surfaces. The average moisture
content of eighteen samples was 15.2% (£1.4%) a lower value than tﬁat
which was revealed on the front face. This marked variation of moisture
content within small distances was also notéd by Thomas (1974) in the
block samples used for hand carved triaxial and shear box samples.
A series of six combined Torvane tests with moisture. contents

were taken from Block 2B and the results shown in Table 10:7.

TABLE 10:7

STRENGTH AND MOISTURE CONTENT OF VALUES FOR BLOCK 2B

Moisture Content (%) kN/m2
15.2 2}0.18 Prepared Surface
17.1 201 .41 Prepared Surface
16.2 215.80 Side face (D)
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TABLE 10:7 (cont)

Moisture Content (%) kN/m2
15.8 : 194.22 Joint surface
13.4 232.10 Side face (E)
16.5 177.43 Front face (B)
Average 15.7 Average 201.85

A = Top surface

B = Front surface

10:3 DISCUSSION OI" RESULTS

The results of the Torvane tests are presented in Figs 10:7
and 11:1 where strength variation with depth is plotted and in
Figs 10:5 and 10:6 where strength variation with moisture content

is shown.

10:3:1 STRENGTH/WATER CONTENT RELATTONSHIP

10:3:1:1 INTRODUCTION

A clay, soon after deposition is subjected to increasing
overburden by further sedimentation and therefore undergoes diagenetic

changes. As soon as a sediment layer at the depositional interface is

covered by a younger layer the physicochemical conditions in the

. + . )
interstitial water change, in particular the H concentration and the

'Redox' potential. Compaction of {the material 1is therefore accompanied

by changes in the electrolyte concentration of the pore fluid and

porosity decrease, with the overall effect of reorganising the clay

mineral structure. The bringing together of clay particles depends

on the attractive and repulsive forces that exist between clay

particles (Table 10:8).
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FIG 10:8
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TABLE 10:8

FORCES BETWERN CLAY PARTICLES y,

Attractive force . Van.der Waals' force, an electrosbabic

force independent of pore fluid
characteristics but dependant on the
chemical composition of the clay mineral.
Repulsive force i~ The Coulombic electrical force between the
particles that push like charges apart
and is caused by the double layer of
water surrounding the particles. Increase
in the electrolyte concentration reduces
this repulsive force thus allowing
attraction of the particles to increase
(Fig 10:8).
The void ratio at the time of deposition may exceed 70% but
the majority of the trapped water is easily removed in the initial
stages of compaction. As compaction takes place the ;oid ratio and
permeability is further reduced, thus water movement becomes restricted
and chemical reactions between the pore fluid and the clay minerals can
take place. This has the effect of increasing the eleétrolyte
concentration in the pore fluid thus allowing the attractive
forces (diagenetic bonding) to form. Hence diagenetic bonding is a
function of time. Cemeﬁtation by precipitation of a mineral during
diaéenesis is ruled out from the geochemical study (Chapters 7, 8, 9)

ager

and therefore bonding between the clay particles is primarily diagenetic
g (=]

' } sul ti rowth of clay materi:
with possibly some bonding resuiving from the growth of clay material

on the surface of existing clays (Chapter 6).
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Bjerrum (1967) pointed out the effects of weathering on the

"swelling" curves exhibited by clays and clay-shales, as the
- b

overburden 1is removea by erosion. He suggested that weathering
processes were responsible for the destruction of diagenetic bonds
that had developed during the geological history of the deposit. Thus
progressive breakdown of these bonds would result in the deposit
~having a range of water contents under the same effective overburden
pressure, the elements with a high water content being those that are
most weathered. This relationship is shown in Fig 10:9.

Removal of overburden will allow the clay to swell and
increase its water: content (Fig 10:9A). However, it will fake more
than swelling to destroy the diagenetic bonding altogether. Weathering
will have an important effect on these bonds as weathering will bring
into the éystem a new supply of ions in differing concentrations.
Percolation of rain water alohg fissures that have been produced by
overburden removal will enter the clay changing the pH of the yore
water and lowering the electrolyte concentration, thus the reverse:
of diagenesis takes place. The effect of weathering therefore
increases the water content and tends to increase the repulsive force
between particles. This leads to a breakdoun of the original
fabric with remoulding of the material, rotating of lithorelicts and

the formation of flame structures and shear planes within the

weathered material.

It can be seen from Fig 10:%4,B that at a given water content

it is possible for there to exist ar unweathered overconsolidated

clay and a weathered overconsolidated clay at different effective

overburden pressures, with the weathered clay exhibiting the greater

strength. This increase in strength being associated with the

reorganisation of the original fabric and the change between the net
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Y 1A . .
attractive and repulsive forces. Thus as weathering increases, water

content should increase ‘ i
and strength decrease to give a uniform strength:

water content relationship.

A plot of water content against strength for Section Two
is shown in Fig 10:6, it can be seen that basically there are two
linear correlations. The results have been plotted according to the
- weathering zones. For weathering Zones I — V there is an approximate
linear rglationship between strength and water content but show very
little differentiation between zones. Zone VI the most oxidised of
all zones, and the most weathered is differentiated from the other
zones by having a higher strength for a gi&en water content when
compared with the other zones, again there is an approximate linear

correlation with strength to water content.

In Fig 10:5 additional strength and water content data are included

from a depth of 10.35m {unweathered clay). The clay here is under

a greater effective overburden pressure and has not been subjected
to the weathering agencies.Hence the different line of correlation.
This difference in correlation is expected since the increase in
water content that is a direct consequence of swelling under reduced

effective stress will be much smaller than if weathering were to take

place simultaneously. Since it is only water content that is

changing for this unweathered material, then to produce the same degree

of strength change as 1is observed in the weathered clay it would

necessitate greater increases in water content (swelling) than is

possible under the existing effective overburden pressure.

Chandler (1972) has shown similar correlations in the Upper

Lias clay at Wothorpe, yet at the Rockingham and Gretton site, he
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investigated he was able to show a definite strength/water content
correlation for eachvzoné. Chandler (1972) suggests that permafrost
disturbance at the Wothorpe site has overwhelmed the effects of
weathering. This may indeed be so since there is a layer of
solifluction material on the surface down to a depth of 3m but

the Rockingham and Gretton siteshave a capping of boulder clay or
~slipped Lias. We can infer from this that weathering at these sites
must have been restricted to the capping material from at least the
end of the last ice-age. The depth of %eathering at these sites

is much greater than at Blockley and there is no evidence that any
covering has existed at Blockley. It can therefore be assumed that
the weathering profile at Blockley has developed since the last

ice-age. This is supported by the depth of weathering (3 - 3.5m at

the Blockley site) and by the Fe3+/Fe2+ ratios.

10:3:2 STRENGTH: DEPTH RELATIONSHIP

A strength-depth plot for London Clay at Hendon, North London,
by Marsland (1971) based on four sets of well spaced results indicates
a break at the junction of the weathered brown clay ard the unweathered

blue clay. The bend or kick back’inferred from the gradients of the

¥  The correlation between the weathering zones of Chandler .and Fookes

& Horswill is given belaow:

Chandler (1972) Fookes & Horswill (1969)
Z T I
0 Iia IT
- N I1b I1T
E I1I ' ) v
v V& VI
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strength/depth curve covering both the brown and blue clay

Chandler (1972) suggested that where there is an abrupt

change of the dégree of weathering in a vertical profile then there
may be a break or 'kick back) in the strength/depth curve. Such a
break 1s sugpested from consideration of Figs 10:7 and 11:1 with
higher strengths at the base of the more weathered material than in the
- top of the underlying less weathered clay. A break of this type
was suggested by Chandler (1972) at the junction between the
solifluction material and the in situ Lias at the Gretton site.

The fesults of the strength/depth investigation are shown in
Fig 10:7, ¥ig 11:1, with Fig 10:10 showing the full set of results
obtained (N.B. each point represents an average of four to five tests
at that level with an average standard deviation of iTOkN/mz). It
can be seen that a distinct kick back does exist af the hase of the
weathered material indicating a lower strength in the top of the unweathered
clay than in the overlying weathered clay. A comparison of the
depths of the weathered zones suggests that each zone can be related
to a different portion of the strength/depth and this is indicated
in Fig 10:10.

STRENGTH

FIG 10:10
Z0NE 1V& 1

DEPTH

26%




It can be seen that the "kick back" occurs in Zone 1I, alone

?
where weathering is in its initial stages. This correlation between

the Zones and the strength/depth curve may be coincidental and the

generalizations in Fig 10:10 should await further evidence to

establish this relationship.
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CHAPTER 11

CONCLUSIONS

11:1  INTRODUCTION

Throughout this investigation several topics have been explored
and a variety of techniques used to provide a broad view of the Lower
Lias clay at Blockley. In view of the object of the study as
outlined in Chapter 1 it would be advantageous.to outline the results
and to emphasisespecific points.

A summary of the results are given in Tig 11:{ (Profile Charts)
Table 11:1.v
11:2 STRUCTURE

11:2:1 MESOSTRUCTURAL CHANGES

As outlined in Chapter 5 the major  mesostructural features

are the fissures which when analysed resulted in the identification of

five uniplanar sets; J1, (J2,J ), (J4,J5)'

The uniplanar set J1 is almost horizontal, paralleling the
ground surface and the bedding planes. S%atistically, it is
significant and probably developed as a result of stress feleasg
parallel to the ground surface, but, will have been enhanced by the

subhorizontal preferred orientation of the clay minerals (bedding).

The uniplanar sets J2 and J, are a set of vertical conjugate
- .

fissures (Strikes 042° and 127° respectively). This system appears

0 bear no relationship with the ground surface or the exposure face.

0 - . -
The acute dihedral angle of 85  between J2 and J3 has a bisectrix

aligned almost E - W (bisectrix 084.5° ). This conjugate set of

ncock (1968}, working on the

joinfs is similar to one found by Ha

joints in the Middle Jurassic south of Blockley. He considered

the regicn had suffered a single phase of subsidence, compression and

uplift. This may be correct for the Middle Jurassic, but‘it is
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