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The Thegis set out to fulfil two purposes:
1) To further the development of a muthodolory for the
study of displaced shorelines,

2) To arply the mcthodolo;y to the lower Tees Baain,

1) tethodaloy

An oxarination of previ.us werk surrested that a methiodolory
should encoumpass as many facets of 4 marine environ»nt as ro.-
sible to obt:in best results, Threo such facets wora selected
for detailed study, morphology, sedimuntolorv, and foussil
9videncs, and the valua of each was assessed on both theoretical
and practicsl prcunds,

It was concluded that the dezree of differential warping
exhibited by a terrice could inilcate the origin of the feature,
Similarly the particle size snd .aineralosy of a sand sized
pediment may indlcate iis depositicnal environment, Although
both of the &#iove techniques were partially successful it was
concluded ihat "in situ" fossil ovidence provided tha best means
of identiiying a dieplaced marine environment.

2) %ha io-er T.-es :asin

The above methodolo~y was aprlisd to both the onshore aud




offc:ore envircanenis of the Tves %asgin, and It sppeared that
Lthere was no evidence for @ izte or post yrlacial sea lavel zbove
Uobe Kewlyn, In contrzst, there wvas evidence for ce:levels
lower Lhan present,
Sunmary
One may conclude that thers wore three areas in nced of
furthzr ctudy. All three could te arplied to the metholological and
re;ional aspscts of the present study.
Firstly there wns a definite need for improverents in the
{i21d of sedimentolosy. It was felt thot a dotailed survay of
particle size, shape, and density sroups within sand sized sodiments
would provide the best msasure of environmental cenditions,
Secondly, thore was a very great need for furthar detailed
studies cf the cifshore cnvironment, vhilst thirdly, therv was a

pressing need for &n absolute chronology.
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PitEFACE

The author has alvays raintained an active interest in
the sca and this thesis represents a desire to enhance man's
understanding of this natural phenomenon,

Following graduation in 1966, two specific events
combined to influence the choice of thesis topic. The Institute
of British Seographers published a special number on "The Vertical
Displacerment of Shorelines in the British Isles," and the British
Geomorphological Research Group held a stormy but stimulating
seminar on this same topie., This publication, the seminar, and
the rermaining British works on the subject of sea level changre all
served to emphasise a econcentration on the study of raised features
and morphological evidence at the expense of sutmerged features and
sedimentological evidence., Further perusal of previous work
confirmed a basic need for a reliable methodology enabling all
forms of displaced shorelines to be recognised and the thesis is
dedicated primarily to fulfilling this need.

The enormity of this task became more apparent as
research progressed and the selection of the Lower Tees Basin as
the test region for the proposed methodology placed the necessary
limitations on the scope of the thesis,

The Lower Teecs was almost certainly glaclated during the




Wurm Ice advance, (EBeaumont, 1967), and although earlier events
are discussed, the nced to examine unmodified features and
sediments effectively restricted the study to the period following
the retreat of this ice sheet,

It was also acknowledged that factors other than sea
level change had played significant roles in the morphological
evolution of the Tees Basin and the inclusion of the words "lake
formation and assoclated glacial events" in the thesis titls not
only reflected this recognition but further allowed for comparisons
to be rade between morphologically similar marine, lacustrine and
ice stagnation features. Finally, the sheltered nature of the
Tees Basin led to a greater emphasis being placed upon depositional
features than might otherwlse have been the case.

In concluding this preface, one must reiterate that every
care was taken to avoid the possible pitfall of excessive regionalism,
This would have obscured the prime aim of the thesis which is to
promote a greater understanding of the mechanisms and consequent

results of changes in sea level,
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SECTION 1

INTRODUCTION




CHAPTER 1

INTRODUCTION

"The edge of the sea is a strange and beautiful place,
A1l through the long history of the earth it has been an area of
unrest where waves have broken heavily against the land, where the
tides have pressed forward over the continents, receded and
returned. For no two successive days is the shoreline precisely
the same. Not only do the tides advance and retreat in their
eternal rhythms but the level of the sea itself is never at rest,
It rises or falls as the glaciers melt or grow, as the floor of
the deep ocean basins shifts under its increasing load of sediments,
or as the earth's crust along the continental margins warps up or
down in adjustment to strain and tension. Today a little more land
may belong to the sea, tomorrow a little less, Always the edge of
the sea remains an elusive and indefinable boundary,"

~Rachel Carson, from "The Sea" (MacGibbon and Kee Ltd, )

This chapter is composed of two sections, The first
explains the form of the thesis, whilst the second examines the
causes of sea level change since the retreat of the last ice sheet,

with special reference to Highland Britain,




PART 1

The Form of the Thesgis

The aim of the thesis is twofold. In the first place,
an attempt is made to develop a methodology for the recognition
of displaced shorelines, and secondly, to apply the methodology

to the Lower Tees Basin, The text may be separated into four

parts:
(1) Introduction
(2) Methods and results
(3) Interpretation of results
(4) Cconclusion
Introduction

The introductory section examines the causes of late
and post=glacial sea level change in Highland Britain with a view
to determining the nature of displaced shorelines and the
likelihood of their occurrence in the Lower Tees Basin, This
chapter is followed by an examination of previous work in an
attempt to sumarise the existing methodologies and their
application to the present study. In this examination a distinction
is made between raised and submerged shorelines because of the
environmental problems associated with underwater study, Further,

Justification is given for the choice of the Lower Tees as the




test area for the proposed methodology. The area is described
and previous work examined in order to assess the particular

problems of study.

Methods and Results

This section likewise falls into three parts, examining
in turn the morphological, sedimentological, and fossil faunal
evidence which accunulated from field and laboratory investigations.
Where applicable a distinction is again made between raised and

submerged features,

Interpretation of Results

The concluding section discusses the significance of the

thesis findings from both a regional and systematic viewpoint.

PART IX

The Causes of Sea Level Change

One hopes that an understanding of the causes of sea
level change will provide some guide as to the evidence one may

expect to find in the research area, the Lower Tees Basine

Isostasy
This term was first used by Dulton in 1889 to explain

the theory of "crustal equilibrium," This theory relates to the

balance which exists between the world'!s continental and oceanic




crust, Any change in this balance, as a result of weight
redistribution, such as the transference by erosion of sediment
from an upland mass to a deltaic complex is matched by a crustal
readjustment effected by the lateral flowage of sub-crustal magma
(Bott, personal communication, 1968), By this process, therefore,
coastal regions may be uplifted or downwarped and a relative
change of sea level ensue,

Glacio=isostasy relates to the specific case of crustal
equilibrium being disturbed by the retention of precipitation on
land masses as snow and ice. For example, it was suggested by
Lawson (1940) that ice one kilometre thick of density 0,917
added to the surface would be compensated by the removal in depth
of 0,278 kilometres of rock of density 3.3. King (1966) summarised
this process, stating that ice depressed the land surface by one
quarter to one third of its own thickness. Although depression
1s greatest where the ice attains maximum thickness (normally the
zone of ice accumulation) there is a critical threshold value which
must be reached prior to any crustal deformation taking place.
There appears to be little agreement concerning this value and
estimates vary from an ice cap 200 miles in diameter to one ten
times that value (Charlesworth, 1957). Nye (1969 personal
communication) is of the opinion that ice thickness rather than
area is critical but gives no precise figure, whilst Broeker (1966)

supports the view that a 200-mile diameter ice cap would result in

ot



crustal deformation,

Crustal rebound takes place following the melting of
this ice and consequent removal of its weight, It is generally
agreed that the speed at which isostatic rebound takes place
gradually diminishes as crustal equilibrium is reached such that
adjustment may continue long after initial commencement (Fig, 1).
One cannot determine without detailed geophysical measurements
whether the rate of uplift decreases as smoothly as Fig. 1 would
suggest, One should, however, note that some recent workers
(Broeker, 1966; and Andrews, 1968) have recorded deviations in
the curve of uplift coincident with variations in the rate of ice

retreat (Fige. 2).

The Extent of Glacio=Isostatic Rebound in Britain

All existing diagrams of the limits of isostatic rebound
are based on the elevation of raised shoreline features (Fig. 3).
The zone encircled by the zero isobase does not delimit the total
extent of uplift but rather the extent of uplift with reference to
present Ordnance Datum, One can observe from Fig, 3 that the
Lower Tees Basin lies in each case to the south of the zefo isobase,
The occurrence or non=occurrence of raised shorelines in the region

could provide further evidence on the position of this isobase.




The Nature of Isostatically Displaced Shorelines

This section is included in an attempt to ascertain the
morphological character of displaced shorelines and thus provide
a guide to the ways in which one might determine their origin,

It is restricted to the effect of isostatic rebound and does not
include the influence of tidal range and the nature of the
environment, both of which are examined in Chapter 4.

It is generally supposed that glacio=isostatic uplift
will distort a once horizontal shoreline so that it will rise
towards the centre of uplift, The degree of this tilt will
usually increase towards the centre of uplift and with the length
of time the shoreline is exposed to isostatic rebound. Thus, one
may surmise that under similar conditlons two synchronous shorelines
could possess a similar degree of warping provided:

(1) they lie between the same isobases

(2) they possess a similar orientation with respect to the

centre of uplift

It follows that shorelines which vary in distance and orientation
from the centre of uplift could possess similar tilting but a very
different date of origin., In concluding this section it is
interesting to note that Sissons and Smith (1965) record a
maximum tilt for a late glacial shoreline feature in the Firth of
Forth of 6.93!' per mile, This degree of differential uplift would
be unlikely to occur in the Lower Tees which is some 100 miles

further from the centre of uplift,




Eustasy

Eustatic theory recognises that world sea level change
can result solely from changes in water level as opposed to land
level, A detailed history of eustasy was provided by Smith (1966)
and again, to avoid repetition the early development of the
subject is omitted,

It is generally agreed that eustatic changes in sea level
may arise as a result of the following processes acting alone or
in'unison.

(1) A change in the configuration of the oceanic basins as
a result of tectonic forces.

(2) A change in water volume effected by salinity or
temperature changes. (It is generally accepted that a
world-wide rise in oceanic temperature of +1°C, would
raise the water surface by 2 metres.)

(3) Glacio-eustasy,

Glacio-eustasy was first developed in 1842 by McClaren and relates
to the initial lowering of sea level at the onset of glaciation
as a result of the retention of runoff on the land masses as snow
and ice, and the gradual rise of sea level as the major ice sheets
retreated under the influence of the post-glacial climate. The
particular aspects of glacio=-eustatic theory which affect this
study are:

(1) the amount of sea level lowering during the Wirm

glaciation




(2) the rate and amount of the late and post-glacial rise
in sea level

(3) the interrelationships of eustasy and isostasy

The Amount of Sea level Lowering During the Virm Glaciation

Most workers have recognised a pre-Wurm sea level
coincident or near coincident with that of the present day
(Charlesworth, 1957).

The use of this basic assumption, together with formulae
for the calculation of ice thicknesses (Donn, Farrand, and Ewing,
1962) has resulted in a variety of figures for the maximum amount
of sea level lowering, Estimates vary between 328! and 525!
(Donn et al) but a recent concensus of opinion by workers using
Cli dating methods on sea bed materials, favours 375' (Curray,
1961; Shepard, 1963).

Despite the greater accuracy obtained by the use of Cl4
dating, one is forced to conclude that no positive agreement has
yet been reached on the precke amount by which sea level was

lowered during the Wurm glaciation.

The Rate and Amount of Late and Post-Glacial Rise in Sea Level

Figs, 4 and 5 have been included to illustrate the wide
range of opinion which exists in regard to the eustatic rise of
sea level since the last ice age. A comparison of curves based

on Cl4 dating does, however, clearly portray those areas in the
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time scale where disagreement exists,

Most investigations recognise a rapid rise in sea level
during the late glacial period, interrupted by two falls consequent
upon two readvances, and a less rapid rise in the post-glacial
period levelling off after 5000 B.P. For convenient discussion,
two periods can be distinguished (Fisk, 1955): 17000 to 6000 B.P.,
and 6000 B.P, to the present day.

17000 to 6000 B.P.

During this period sea level rose at an average rate of
25! per 1000 years (Shepard, 1963) and this general rise, with the
possibility of occasional reversalé, is supported by all those

investigators using Cl4i dating,.

6000 B.P. to Present

In contrast to the preceding period, a considerable
degree of disagreement exists amongst workers for this time
section, Fairbridge, 1961, following the lead of Daly, 1920, 1934,
supported the existence of high stands of post-glacial sea level,
He considered these to occur at approximately 1000, 2200, 2400,
3700, 4900 and 5700 B.P., with heights up to 12! above present,
Leblanc and Bernard, 1954, Fisk, 1959, Curray, 1960, 1961,
Shepard, 1963, Bloom, 1963, Jelgersma, 1961, 1966, and Andrews, 1968,

who worked in widely separated areas, all supported a constant sea
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level at the present height, during the past 5000 to 6000 years,
Jelgersma (1961), in particular, who studied in the Netherlands,
produced clear evidence that present sea level had not been
exceeded in this zone of crustal submergence, as continuous
growth has been experienced in coastal peat marshes,

Whilst the author agrees with workers in the Northern
Hemisphere that no evidence exists for late and post-glacial
eustatic sea levels above that of the present, there is some case
for further study in the Southern Hemisphere where Fairbridge's:
conclusions are supported by Schofield, 1960, 1961, 1962, 1963,
1964,

The Interrelationships of Eustasy and Isostasy and the Likelihood

of Late and Post=Glacial Shorelines Occurring in the Lower Tees Basin

It is the relationship between eustasy and isostasy that
creates the major problems in Scandinavia, Britain, and the Lower
Tees, specifically with reg;rd to shoreline displacement,

Following the maximum extent of the Wurm glaciation,
there is evidence to suggest that a series of readvances interrupted
the gradual retreat of the ice (Fig. 6); namely, the Scottish
readvance, Lammermuir-Stranraer, Perth-Aberdeen, and Highland
readvance (West, 1968), with each consecutive readvance encompassing
a lesser area, The immediate effect of ice melt is the provision

of meltwater for a eustatic rise in sea level, followed at a later



date by the gradual commencement of crustal rebound,

It has been argued that the variabllity of the eustatic
sea level rise and the rate of isostatic crustal rebound resulted
in the numerous raised shorelines of the Firth of Forth (Sissons,
1962, 1963, 1964, 1965, 1966; Smith, 1965, 1966, 1968; Cullingford,
1966), North-West Scotland (McCann, 1962, 1963, 196L; Kirk, Rice,
Synge, 1966), and North=East Ireland (Stephens, Synge, 1963, 1964,
1965, 1966). |

It is possible that peripheral areas of the major ice
sheets, not overrun by later readvances; underwent isostatie
rebound whilst regions closer to the centre of the ice sheets
remained ice covered, (providing the period of relaxation between
initial deglaciation and the commencement of rebound is exceeded
by the period between initial and total deglaciation)., An absolute
chronology for Wurm retreat stages in Britain is far from ?omplete
owing to the absence of datable deposits, However, workers
throughout the world all support a marked change in climate between
17000 to 15000 B.P., which is further supported by the evidence for
a eustatic rise in sea level commencing at this time (Shepard, 1963;
Curray, 1961; Fairbridge, 1961). The Perth readvance, which appears
to have close relationships with the late glacial shorelines of
the Firth of Forth (Sissons and Smith, 1965) is dated at not

younger than 12000 B.P, Whilst this chronology is very tenuous
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indeed, it can be argued that isostatic uplift could take place
during the intervening period of 3000 to 5000 years, between
deglaciation of the peripheral and more central zones of the ice
sheet, The critical factor is the amount of isostatic rebound
which would take place, No Cl4 dates exist in the Lower Tees

for periods prior to the Allersd (10851% 500 B.P., Blackburn, 1952)
but it 1s almost certain that the area was ice free throughout all
four late Wurm readvances (West, 1968)

Between 17000 B.P. and 12000 B.P., Shepard (1963)
records a eustatic rise in sea level of 180! and thus one can
argue in favour of any isostatically uplifted shorelines either
being later submerged by the continuing eustatic rise, or non-
existent as a result of the eustatic rate being in excess of the
isostatic rate at this time,

Proof of this hypothesis would necessitate the precise
dates and maxinum extents for each of the four major Wurm
readvances, plus an accurate date for deglaciation of the Lower
Tees area. In addition, it requires a precise estimate of ice
thickness in the Tees area and consequent isostatic rebound plus
a definite figure for the relaxation period between deglaciation
and commencement of uplift, This proof cannot be obtained within
the economic and temporal bounds of this thesis but the absence of
any evidence to suggest raised shorelines above present ordnance

datum could support this hypothesis,

13



14

Tectonlc Forces

Tectonic earth movements refer to endogenic crustal
movements, all of which may influence sea level on a regional
rather than a world scale. Ixcluding isostasy, which has already
been discussed, only the tectonic downwarping of the southern
North Sea basin can influence the present study.

Eight major works on this phenomenon by Dutch workers
illustrate the considerable significance attached to negative
~ changes of level along the low-lying coasts which form the southern
boundary of the North Sea,

The amount of tectonic subsidence in the Netherlands
has been approximated by the depth of marine pleistocene deposits,
tide gauge readinzs and precision levelling (Jelgersma, 1961),

Variations in results suggest from 2 cm., per century
(Benema, 1954) to as much as 12 cm, per century (Umbgrove, 1950),
This maximum estimate by Umbgrove of 12 cm, per century compares
favourably with that of Godwin (1941) who estimates a local down=
warping of approximately 9 metres since 8000 B.P.

Whilst highly significant in the Netherlands and those
sectors of East Anglia where coastal erosion is severe (Godwin,
1945; Green, 1961), it must be realised that the above tectonic
movements have very little significance, if any, in the areas of
Britain which underwent, or are undergoing, crustal rebound

following the retreat of the last ice age,
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In summary, one must, however, point out that tectonic
forces are not as easily discounted in the major deltalc regions
of the world as Fisk (1939, 1940, 1944) demonstrated for the
Mississippi, or in the world's "mobile belts" such as Japan
(Kaizuka, 1958, 1959) where there has been tectonic upwarping in

the order of 300 metres,

Compaction
Again, Dutch investigations dominate the literature

" because of the close proximity of their country to sea level,
the considerable thickness of sedimentary structures and the long
term risks concerning their reclamation prospects,

Sediment compaction is caused by load consolidation as
a function of time, and by changes in hydrological condition
(Jelgersma, 1961), Wiggers (1954) examined the susceptibility of
different rock types to compaction, concluding that the following
factors were significant.

(1) Grain dengity=— i.e., the density of constituent

pariicles

(ii) Bulk density=--the density of the dry rock; that is,

the rock plus pore space free of liquids

(i1i) Natural density——the density of the rock with pore

space water filled
(iv) Porousity--the percentage of total rock volume
occupied by pores,

% pore space = 100 (1 = bulk density )
grain density
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(v) Void ratio--the ratio of voids to volume of solid
particles in a rock. If porousity is p and the void

ratio is £, then

= _ D and p w 100 &
100 - p l=-¢

Compaction, therefore, expressed as the # reduction of rock volume

may be represented by the following equations:

€= & or by Py =P,
1l = & 100-p2

where 51 = initial void ratio

€, = final void ratio
P; = initial porousity

Py = final porousity

Wiggers notes that sand exhibits less susceptibility to
compaction than clays, but it is especially significant to note
that Van Veen, Van Straaten, and Pannekoek (1954) are in agreement
that peat can undergo compaction to the order of 65% to 95% of its
original volume. The significance of this situation is immediately
apparent when one realises the lmportance attached to the relative
levels of coastal peat bands with regard to the chronological
reconstruction of the post-glacial eustatic sea level rise, Reid
(1913), Godwin (1943), Godwin, Suggate, and Willis (1958), Curray
(1961), and Churchill (1965) all make use of submerged coastal

peats in their relative or absolute chronologies of sea level
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change, Jelgersma (1961) was first to minimise this complication
by sampling only at the base of peat beds,

In summary, whilst one may accept the base level of the
lowest peat bed in a submerged sequence as reasonably accurate,
any significance attached to the depth of subsequent submerged
peat beds higher up the stratigraphical column must allow for
compaction. The presence of two submerged peat layers in the
research area and their significance with regard to compaction

and sea level change is discussed in Chapter 3,

Sumnary
It would appear from the foregoing discussion that the

respective amounts of crustal rebound and eustatic sea level rise
control the likelihood of late and post=-glacial raised shorelines
occurring in the Lower Tees Basin,

There 1s a general concensus of opinion that the eustatic
rise of sea level totalled 375 feet. Kendall (1902), Raistrick
(1931), and Agar (1954), all support an ice thickness in the Tees
of approximately 1000! (based on erratics found on the north face
of the Clevelands).

If one accepts that crustal depression equals 1/ to 1/3
of the total ice thiclkness then it is probable that displaced
shorelines will only occur below present sea level in the Lower
Tees Basin. Certainly, the existing isobase diagrams (Fig, 3) which
show the extent of crustal rebound above present Ordnance Datum,

confirm that the Lower Tees lies south of the zero isobase,
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CHAPTER 2

PREVIOUS WORK

An Appraisal of Techniques for the Initial Recognition and Chronology of

Displaced Shorelines

In order to assess the validity of the conclusions drawn in
Chapter 1 it is essential that there should be no mistaken identification
of shoreline remnants., This chapter, therefore, sets out to examine and

assess the methodologies of earlier investigations.

RAISED SHORELINES

World Studies Based Primarily on Mbrphologicai Evidence

In all, 264 works were examined in this section and one was
able to distingulsh between those using a descriptive, and an analytical

approach,

Descriptive Studies

Fleld ldentification of terrace features was used as a major
technique in the third century B.C. when the existence of terraces
parallel to existing sea level suggested to Aristotle the likely
hypothesis that they were of marine origin. This association of coastal
terraces with past sea levels has dominated the literature well into the
twentieth century, However, the following examples have been selected

from widely separated areas, in order to avoid needless repetition,



Cooke, in a series of articles (1951, 1952, 1958),
recognised the existence of a series of terraces on the Maryland
coast (Atlantic seaboard, U. S. A.), between 215 and 6 feet above
present sea level, On the basis of their heights above sea level
they were correlated with other shoreline features, notably in
Florida (Cooke, 1945) and automatically presumed to be marine,
Hack (1955) later proved that the three terraces above 100 feet
were non-marine,

Wengert (1951), working in Frobisher Bay, Baffin Island
(Eastern Arctic Canada), recognised elevated strand lines definitely
to a height of 900* and possibly to 1400!, Particularly with
regard to the higher terraces (above 500!') his evidence was solely
morphological and out of harmony with the conclusions of later
works (Lgken, 1962, 1965; Andrews, 1968),

Only a.limited selection of Soviet work was available
for study, but Federov (1943, 1948) exhibited similar faults as
investigators elsewhere in the world when he used only the
position of terraces bordering the Caspian to support a marine
hypothesis, He did, however, introduce supporting stratigraphical
evidence for his hypothesis in 1952,

In the above investigations the methodology amounted to
field observation and consequent deductions based very largely on
the premise that the most obvious hypothesis, with regard to

origin, is the correct hypothesis. A terrace remnant may develop
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in one of the following ways:

(1) Fluvial origin

(2) Structurally controlled erosion or bedding plane surfaces

(3) Marginal drainage channels peripheral to an ice sheet

(4) Lacustrinal terraces

(5) Man-made terraces

(6) Marine origin

In summary, whilst some of the alternate hypotheses could

be ruled out almost immediately, as irrelevant to a particular
environment, one must acknowledge, from this preliminary survey,
that a composite approach incorporating morphological, stratigraphical,
and faunal evidence could eliminate some of the errors exhibited by
previous works., A descriptive morphological approach has the very
real advant;ge of leading the researcher to those features worthy of
further investigétion. It is questionable whether the morphological
character of a displaced shoreline is sufficiently distinctive to

allow genetic speculation,

Analytical Studies

The term "analytical" is used here to indicate some form
of measurement over and above the allocation of spot heights,
Methodologies may be divided into those using surveying techniques,
those using quasi=-statistical or morphometric techniques, and those

employing sophisticated statistical and/or computer methods,



Surveying Techniques

It would appear from the literature that surveying as a
technique for the study of raised marine features was largely
developed in Fennoscandia and has not been as widely used elsewhere,
The advantages of precise surveying techniques may be tabulated as
follows:

(1) It allows for the accurate measurement of shoreline
heights,

(2) It enables a more detailed appraisal of the nature of
uplift in cases where differential isostatic or tectonic
forces are suspected,

(3) It enables, in some cases, the differentiation of shorelines
from fluvial terraces on the degree of tilting,

Outside Fennoscandia, Leverett and Taylor (1915)
recognised the nﬁmerous raised shorelines of the Great Lakes by
completing levelled profiles along the terraces, so determining the
existence of warping upwards toward the centre of ice accumulation,
Jonson (1946) completed a similar survey of the shorelines of
Glacial Lake Agassiz (Manitoba, Canada) and both investigations
recognised irregularities in the warped profile of the shorelines,

In Fennoscandia, Witting had already produced a detailed
contour map of the extent and amount of post-glacial uplift by
1918, and the frequency with which precise levellings were completed

enabled continuing rates of uplift to be estimated by the variation
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in height of fundamental bench marks between successive levellings
(Bergsten, 1930; Gutenberg, 1941; Heiskanen, 1964),

Gillsberg (1952) and Sauramo (1939, 1955) completed
detailed levellings along terraces and concluded, as did Leverett,
Taylor, and Johnson (op. cit.), that uplift was not a simple
updoming but incorporated anti-clinal and "hinge" line flexures,

From the above work one learns that the use of precise
levelling, hand levels, or aneroid barometers, to determine
whether terraces exhibit variations from the horizontal, was not
used in the "initial identification® of shorelines but did enable
the nature of isostatlic rebound to be determined after identification.

The introduction of morphometric techniques (hypsometric
curve, area height analysis) assists identification only as a
preliminary analysis to suggest areas where field work might prove
profitable, Phoﬁogrammetrical techniques, with an error of
* 10 inches may be similarly classified, whilst computer studies,
notably trend surface analysis, are best utilized after precise
levels have been completed to assess significant trends in uplift
(Andrews, 1968),

In conclusion, morphological study, whether descriptive
or analytical, has the obvious advantage that it leads the
investigator to a feature which could be of marine origin, But,

genetic conclusions cannot be drawn solely from this evidence,
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World Studies Based Primarily on Sedimentological Studies

A total of two hundred and fourteen investigations have
been reviewed to provide the statistics for this section. A similar

distinction is made between descriptive and analytical studies,

Descriptive Studies

The majority of sedimentological work on raised shorelines
falls into this category. The degree of description varies from
cursory reference to "terrace deposits" (Jahns, 1954) to detailed
stratigraphical examinations (Oaks and Coch, 1963; Jahn, 1959),

The following examples, however, have been selected to illustrate
the very varied nature of the deposits described as raised marine,

Coarse Sediments

Lipps (1964), Coats (1956), Crawford (1963), Schlanger
and Brookhart (1955) all recognised raised marine boulder deposits
on the Californian, West Alaskan, Southern Australian, and West
Caroline Islands coasts respectively,

Fine Deposits

At the other end of the sedimentological size scale,
Upson (1954) described a raised marine clay in coastal Maine, whilst
Gadd (1960) recognised a similar highly fossiliferous deposit from
the brackish Champlain Sea. Hickox (1962) describes an estuarine
clay 65! above sea level around the Bay of Fundy and a similar

deposit is recognised by Lee (1957) in New Brunswick. The




dominance of these fine grained deposits in land-sheltered ice
protected low energy environments and estuarine conditions, is
further supported by the joint work of Mackay, Matthews and MacNeish
(1961) in the Yukon, Sjors (1959) in the Hudson Bay, Miller and
Drobrovolnye (1959) in Alaska, Cadilla (1960) in Puerto Rico,
Derjatora (1960) in the White Sea, Dyvyetov and losyev (1964) in
the Caspian, and Wyllie (1957) in North-East Greenland, The

latter worker, emphasising the inadequacy of sedimentological
evidence alone, recognised that the N.E, Greenland terraces could

be of marine or lacustrine origin.

Sands and Gravels

The extremes of the sedimentological size scale include
only 10% of the recognised raised marine deposits incorporated in
this survey, The remaining 90% is subdivided as follows:

50%~=sand |

25%-=gravel

25%==sand <+ gravel
It is also worthy of note that 72% of these works citing marine
deposits as evidence of raised shorelines support their conclusions
with faunal evidence,

It is perhaps significant that gravel terraces predominate
on exposed coasts and sand terraces on more sheltered coasts, where
the local rock breaks down to sand size particles, and close to a

large river where excess sediment is available,
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However, despite these conclusions, one must emphasise
that sedimentological evidence alone is insufficient to justify a
marine hypothesis as fluvial, fluvio=glacial, lacustrine, and
marine deposits are frequently indistinguishable from one another

on visual and often on analytical grounds only,

Analytical Studies

During the twentieth century sedimentological work has
become increasingly analytical in the fields of mineral identification,
particle size, shape, density and recognition of depositional
environments, This work has, however, concentrated primarily on
present day sediments and environments such that detailed analytical
studies on "fossil" environments are by comparison exceedingly rare,
The following investigations are examined as representative of
studies which assist the recognition of raised marine sediments,

Cayeux (1941) recognised the link between past and present
sedimentary environments and Laursen (1950) in Western Greenland
carried out a detailed petrographic study of highly fossiliferous
raised marine deposits in an attempt to provide a list of character-
istics by which such a deposit may be recognised,

Shukeri and Phillip (1956), investigating raised features
in the Egyptian Mediterranean coast, attempted to correlate the
raised fossiliferous deposits with the Nile River terraces on the
basis of heavy mineral similarities. In so doing the authors:

provided one example of the heavy mineral content of raised marine

r



deposits,

McKee (1957), using a slightly different approach,
attempted to provide a key to the recognition of depositional
environments by listing the structural characteristics of sediments,
For example, beach sediments exhibited low bedding angles and long
even surfaces of foreshore laminae, whilst dune sediments exhibited
more steeply dipping cross-bedded strata. The problem with this
approach is the subjective nature of the assessment and the
occurrence of gimilar structures in different environments, as
with lacustrine and marine, |

Claridge (1961) returned to mineralogical éonsiderations
when providing a detailed mineralogy of wind-=blown raised sands in
New Zealand. Neiheisel (1962), working in Georgia, provided a
further guide tq the heavy mineral content of some Recent and
Pleistocene sands,

Colquohoun (1962), in South Carolina, described in detail
the sea cliff, beach, lagoon, bar and shelf deposits in an attempt
to find diagnostic properties, It was not until 1964, however,
that Shepard, produced the first co-ordinated attempt to enlist all
the possible characteristics of depositional environments recognised
in present day deposits, which might assist in the identification
of 'fossil! marine deposits,

Shepard gave the following list of diagnostic properties

of depositional environments. Dune sands are distinguished by a
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greater percentage of heavy minerals, a greater rounding of
particles, a total absence of mica, and a high silt content.
Fluvial sands particularly contain a high percentage of mica;
beach sands, a greater abundance of shell fragments; whilst near
shore sediments characteristically contain an appreciable amount of
sllt and very fine sand, sorting is rather worse than on beaches,
In addition, the sediments of the near shore zone are more
negatively skewed because of the abundance of relatively large
shell fragments and less erosion of the large foraminifera,
Shepard further suggested that clay minerals in the finer grained
sediments gave some indication of environment, but proved
inconsistent, whilst the orientation of grains proved helpful in
some environments,

Cne must point out that the above properties are by no
means wholly reliable and are dependant upon the consistency of
several variables (Chapter 5),

Supplementing Shepard's work, Middleton (1965) further
developed the ideas of McKce (op. cit.) and Colquohoun (op. cit.),
in his work on primary sedimentary structures and their hydrodynamic
interpretation.

Sames (1966) applied the stﬁdy of roundness and shape of
pebbles to both present and ancient deposits and was partially able
to distinguish between environments., However, despite all these

works on various depositional environments it was not until 1967
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that an attempt met with any success.

Chappell (1967) was able to identify raised Pleistocene
beach and dune sediments by a comparison of the sediments with
those of the present day. The results of particle size analyses
were subjected to Friedman's (1961) formulae for the calculation
of moment measures and a 95% separation between beach and dune
environments achieved when skewness values were plotted against
grain size frequency.

Most recently in these studies King and Buckley (1968)
succeeded in procuring a meaningful environmental classification
from roundness and shape measurements of pebbles in Baffin Island,
Mean size alone differentiated between deltas, eskers, and ice
contact features, whilst roundness proved most distinctive of the
three aspects of stone shape.

So far only sand and gravel deposits have been considered
in any detail, although Shepard (op. cit.) did mention that in
some instances clay minerals are environmentally diagnostic,

Pratt (1963) (unpublished Ph.D, thesis, University of California),
in his detailed investigation into the origins and nature of
glauconite confirmed the earlier views of Gallagher (1935), Cloud
(1955), and Keith and Degens (1959), that the presence of this
mineral was indicative of a marine origin or at very least
indicative of post genetic subjection of the sediment to marine

conditions as would result from land being inundated by the




eustatic rise of sea level prior to isostatic recovery,

In summary, despite a wealth of descriptive stratigraphies,
there have been very few applications of detailed sedimentological
analyses to the study of possible raised marine deposits, Techniques
are available, as the above works testify, to allow a detailed
environmental assessment of the complete sediment size range and
one of the major aims of this thesis must be to carry out such
analyses,

World Studies Based Primarily on Fossil, Faunal and Floral Evidence

with Additional Reference to Absolute and Relative Chronologies

Over six hundred investigations were examined from the
literature citing fossil, faunal, or floral evidence as proof of
high sea levels., This greatly increased number of works, over and
above both morphological and stratigraphical evidence, is indication
in itself of the greater reliability of such evidence. It is true
to say that only fossil, faunal, or floral evidence can be accepted
as indication of a higher sea level, without support. The evidence
may be grouped as follows:

Percentage of Total Works Examined

(1) Mammals and fish 0,02%
(2) Shell and coral % %
(3) Diatoms, ostracoda, radiolaria, foraminifera 23,98%

and in the forthcoming section, each of the above three sections is
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examined with regard to acceptability and problems,

Mammals and Fish

The rare discovery of semi-=fossilised fish in Littorina
clay approximately 6,000 years old and in late glacial clay
approximately 13,500 years old, by Nybelin (1946) on the East
Swedish coast is accepted proof of a higher sea level than present,
Similarly the occurrence of whale bones on the west coast of
Sweden, 104 meters above present sea level, embedded in a gravel
deposit, is quoted by Bjorsjo (1953) as clear evidence of a marine
level. The finding of similar bones in Spitzbergen (Birkenmayer,
1958) at 5 to 8 meters above sea level, must be regarded as suspect
owing to their association with artifacts of the 17th century
whaling community. It is likely that carcasses would be dragged
some height above mean sea level by this community,.

It is then the rapid decomposition of fish and the rarity
of whale bone finds which provides the major restriction to their
use as marine indicators,

Shells and Corals

Several hundred occurrences of fossil molluscs and corals
are recorded in the literature. In most cases they may be accepted
as being in situ and, therefore, representative of higher sea
levels, Exceptions to this rule may be recorded when only isolated
shells are found, when the distribution of shells is irregular, or

in a river terrace such that an archaeological origin might be



suspected, or when the deposit in which they occur is not in situ;
glacial till or fluvio-glacial deposits, for example, One must
further accept that sea birds transport shells inland as does man
when fertilising coastal areas with seaweed, Emerson (1960),
working in Baja, California, clearly illustrates these problems
when a series of shell deposits gave a Cl4 date of 100 £ 80 B.P.
A closer inspection revealed that the deposits were shell mounds
from human inhabitation, In addition, an experiment was carried
out by the present author on the north-west coast of Scotland
where numerous small bivalves coated in red paint were placed at
HWM in an onshore gale with wind speed gusting to 68 mph, These
bivalves travelled up the beach to heights 20! to 30! above mean
sea level, If this experiment is to be accepted, in some instances
wind transport may give rise to incorrect conclusions,

These problems apart, the occurrence of a mollusc or
coral assemblage in raised deposits, can indicate, in addition to
marine conditions, the temperature, clarity, salinity, and depth
of the water, For example, Addicott (1963, 1964), working in
Californlia and south=west Oregon, discovered a molluscan fauna on
a wave cut terrace 22 feet above present sea level. The assemblage
suggested moderately shallow water and near shore conditions with
a slightly cooler average water temperature than present,

Valentine (1956) exhibited even greater precision when
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stating that Californian marine terraces contain fauna indicative
of shallow water conditions (not exceeding 5 fathoms) within

1/2 mile of the shore, and a greater seasonal temperature change
than at present.

Thomas (1963) described a 150=-foot terrace with fresh
water fauna, supporting the existence of an ancient high level
delta of the Colorado River when sea level was at least 100 feet
above present,

It must be remembered, however, that such precise
environmental classifications are dependant upon the assumption
that molluscs have not adapted to different environments since the
Pleistocene. Valentine (1955) argues that such adaptations have

taken place, thus lessening the validity of environmental zoning.

The evidence for this conclusion is based primarily on the occurrence,

in present faunal assemblages, of species not found together in the
Pleistocene. It is possible, however, that this situation reflects
a transitional stage in climate amelioration and Valentine's
conclusions must, therefore, be regarded as only tentative,

Marine Micro Fossils

Molluscs occur most frequently in sand deposits and to
some extent in gravels, whilst more delicate micro fossils are best
preserved in less abrasive clay sediments, although still occurring
to a lesser extent in sands. As with corals and molluscs, it is

possible for transported fossils to mislead the investigator,
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Stainforth (1952) produced evidence suggesting that
turbidity currents were responsible for the occurrence of shallow
water arenaceous foraminifera at considerable depths., A similar
problem was experienced by Emery and Terry (1956) off the southern
Californian coast when coral algae were discovered in a cofe at
2,670! velow present sea level, 2,170! below what is considered its
normal living depth,

Despite such hazards, valuable insight into Pleistocene
conditions has been gained from diatom and foraminiferal studies,
Numnerous works exist on foraminiferal zonation, notably McGill and
Loranger (1961), Phleger (1960), Stainforth (1952), and Ladd (editer)
(1957), and the following investigations illustrate their application,

Gadd (1960), working in Quebec, was able to recognise the
existence of Brackish water conditions in the Champlain Sea, thus
confirming eariier conjectural writings on its marine nature,

Bandy (1953) recognised the existence of cool, shallow water
conditions during the formation of some Californian raised

terraces, whilst Kincaird (1957) recognised shallow water bay or
estuarine conditions near Seattle, Tinoco (1958) suggested shallow,
clear, warm water at Rio de Janeiro during the formation of raised
terraces, whilst Feyling-Hanssen (1964), in south-east Norway, was
able to discern the slow change from Arctic to Boreal conditions

from changing foraminiferal assemblages.,
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Summary

These three types of faunal evidence are of great
significance in the initial recognition of raised marine features,
In each case the technique for collection demands field researches,
with only microfossils demanding laboratory methods in addition.

In this latter case, the techniques for the concentration of micro-
fossils from a sediment sample are amply discussed in works by
Kornicker, Phleger, and Brady (op. cit.) and involve simple
flotation in alcohol or carbon tetrachloride., It may be concluded
that without faunal evidence great difficulty in proving a suspected
marine origin, for either a deposit or terrace feature, will result,
A detailed search for such fossil remains must be included within
the scope of this thesis,

Chronology

Absolute Pleistocene dating relies heavily on the radio=
active isotope dating techniques, especially Cl4, The reliance of
Cl4 on the occurrence of organic remains has led to the inclusion
of this section alongside faunal studies,

The incorporation of shell, bone, or wood in a sediment
permits the allocation of a ClL date and it is by this means that
detailed graphs of the eustatic rise of sea level during the last
25,000 years have been constructed (Jelgersma, 1961; Fairbridge,
1961; Shepard, 1963; Schofield, 1964).

The introduction of absolute dating has in fact made three




important contributions to the study of sea level change:

(1) It has enabled the course of mean sea level to be
accurately plotted during the late and post glacial
period.

(2) In any one locality it has confirmed that the highest
raised shoreline is frequently the oldest,

(3) 1In several different localities it has proved that
similarities in height are of no significance in
correlative studies if differential uplift has taken
place.

The specific example of "Tephrochronology! or dating by
means of a widely occurring easily recognisable volcanic ash or
tuff layer is worthy of mention as a highly successful technique in
the few areas of the world where glaciation and vulcanicity occurred
in unison (Auer, 1950, 1959, South America; and Thorarinsson, 1955,
Iceland),

The relative and absolute chronologies and associated
environmental discoveries, developed from palynological studies
are also recognised but discussed in greater detail in the later
section on submerged features, where these studies have provided
highly significant data,

It is concluded that chronological data has greatly

assisted the clarification of the history of sea level change,
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World Studies on Submerged Shorelines

The majority of investigations of disgplaced shorelines
have been instigated by the occurrence above sea level of clearly
distinguishable terrace and faunal remains, This factor is a
reflection of the obvious difficulties of environmental access
encountered by "Man™ in his attempts to study submerged shorelines,
The following section examines those investigations carried out to
date in an attempt to assess the problems and significant conclusions
which have come to light. A subdivision of investigations on the
basis of morphology, sedimentology, and faunal and floral evidence

is again used,

Morphological Studies

Initial morphological studies on submerged shorelines owe
their origin to the hydrographic surveys completed to safeguard
shipping during the nineteenth and twentieth centuries, but more
detailed oceanographic surveys in the twentieth century have added
considerably to the documentation of submerged terrace features,

In this brief review, the greater majority of available works have
been examined, not only in an attempt to determine dominant shoreline
patterns but also to assess the nature and validity of the
methodology,

Whilst there is a general agreement of views regarding
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morphological evidence for the maximum lowering of the Pleistocene
sea level as being between 300! and 450' (Emery, 1962; Coats et al,
1961; Cooke, 1952; Fray and Emery, 1962; Richards and Craig, 1963;
Vedder and Norris, 1961) it is noticeable from the literature that
investigations off Soviet coastlines and off the Norwegian coast
record terrace features at considerable depths:

Soviet Conclusions

(1) Ganeshin and Chemekov (1960) ~1,500' terrace, Soviet Far East
(2) Kulikov and Martinov (1961) =1,500! Kara Sea
(3) Lakukov (1954) ‘ -1,500° Soviet Arctic Basin
Kulikov and Martinov (op. sit.) support their conclusions
with evidence of submerged river valleys continuing from present
sea level to this great depth, and further suggest that it dates
from the maximum Riss glacliation 110,C00 B.P,

Norwegian Evidence

(1) Evers in 1962 recognised a =600! terrace

(2) Wnilst Holtedahl (1955) recognised a terrace at =710t 0,D,
It seems difficult to reconcile these conflicting results with
regard to maximum levels of sea level lowering., One can only
suggest that the continuing development of precise dating techniques
will enable the distinction to be made between Riss and Wiirm

associated features,
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Despite the world wide distribution of terrace features,
no attempt is made to correlate levels owing to the facts brought
to light in the previous section on "Chronology." In fact the
effects of differential uplift and tilting of submerged terraces
is recognised by Rikhter et al (1961) in the Caspian, Dannstedt
(1948) in the Baltic, and Baczyk (1963) in Polish waters.

In almost all cases, investigations made use of echo
sounding equipment. The investigations of Federov and Leontin
(1953) in the Caspian using self=-contained underwater breathing
apparatus and the work of Ewing, Le Pichon and Ewing (1963), using
a sparker sub=bottom survey to prove the existence of Pleistocene
terrace features buried beneath recent littoral facies, provide
two alternative approaches, whilst several workers, notably on
the Atlantic coast of the U, S. A. use the grade of buried river
valleys to predict the level of lower sea levels,

One must, in summary, criticise, not the method, but the
accuracy of later interpretations. Goreau (1961), investigating
the continental shelf, provides one alternative hypothesis when
suggesting that of the five terraces observed, the lowest at 200t
is not a submerged shoreline but rather a fault scarp feature,
The occurrence of submerged terrace features has a similar value
as raised terraces in that it leads the worker to an area where

further investigations might bear fruit,



Sedimentological Studies

Compared with morphological investigations which
constitute 58% of the studies which were examined, sedimentological
investigations make up only 18%., A two=fold division may be made
between those investigations which recognise the existence of
terrestrial deposits below sea level, and those which recognise
shallow water marine deposits at depths well below their zone of
formation.

Terrestrial Sediments Below Sea level

Caldenius and Linnman (1949), in a borehole sample from
gouthern Sweden, recognise a late glacial lacustrine clay overlain
by marine deposits at =38 feet 0.D. whilst Blanc, Segre, and
Tonglorgi (1953) record terrestrial sediments to 310 feet below
present sea level in the Mediterranean., Harrison (1962) recognised
in Chesapeake Bay, Virginia, the occurrence of a subwaerial erosion
surface of Pleistocene age corresponding with the base of buried
channels extending to depths in excess of 300 feet, Bloom (1963),
working in coastal Maine, recognised the occurrence of glacio=-
fluvial deposits covered by marine clay to depths of 70 feet below
present sea level whilst Boillot (1964) is unique in his description
of periglacially frost shattered pebbles, on the bed of the English
Channel, as evidence of a lower sea level in immediate post glacial

time, Finally, Doeglas (1950) recognised, partly on the basis of
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submarine morphology and partly on the evidence of particle size
curves, the existence of river and dune sands at =15 meters and
=25 to =30 meters below present sea level in the Mediterranean.

Marine Sediments of a Character Inconsistent with Their

Present Environment

Suggate (1958) recognised a sequence of marine estuarine
and fluviatile deposits extending dovm to =200! O,D, off Christ
Church, New Zealand, whilst Emery and Niino (1963) recognised relict
beach deposits on the continental shelf off'Thailand. Fray and
Ewing (1963), working on the Argentinian shelf, discovered in bore
hold cores, remnants of beach sediments at -«390!' O,D, Some years
previously Clements and Dana (1944) had used similar evidence to
support the occurrence of a shoreline at =150 fathoms on the
Californian shelf. Wimberley (1955) recognised a similar coarse
grained deposit at =40 fathoms in Scripps Canyon off la Jolla,
California, Completing this sequence, Shepard (1956) and Shepard
and Moore (1965) recognised the occurrence of "bay" deposits at
=801 off the central Texas coast,

In view of the considerable difficulties experienced by
sedimentologists, trying to define characteristics of present-day
beach deposits (Folk, review article, 1966), hypotheses based on the
recognition of submerged beach deposits must be regarded with
scepticism if no other supporting evidence is available. Turbidity

offshore and tidal currents are all documented as carrying large




amounts of sediment seawards (Stainforth, 1952, op. cit,) and
transportation should be acknowledged as an alternate hypothesis,

Fossil, Faunal, and Floral Evidence in Support of Sea

Levels lower than Present

As in the above section, one can distinguish between
out=of=-character marine fossils and terrestrial species below
present sea level,

Terrestrial Species Below Present Sea Level

One of the earliest evidences cited in support of sea
level change was the "submerged forest" and peat which frequently
occurs intertidally or just below low water mark, Such deposits
have been observed in many localities on world coasts and Cl4 dates
vary from 3,000 B.P, to 8,000 B.P, with a marked concentration
between 6,000 and 7,000 B.P. The following works include examples
of such findings together with remains from greater depths.

Bradley (1953) in coastal Maine records the existence of
tree stumps 3 to 5 feet below ordnance datum and dated at 4000 B.P.

whilst Harrison (1962) in Virginia records two peat beds at 42 and

93 feet below sea level together with a further bed at =30 feet 0.D,

at Churchland, west of Norfolk (U. S. A.). Kaye and Barghoorn
(1964) similarly record peat beds at =70 feet (10,000 B.P.) and
~2 feet (3000 B,P.) off Boston (Massachusetts) whilst Dutch workers
record numerous peats along the north European coast (summarised

and dated by Jelgersma, 1961, op. cit.), Churchill (1959), in the
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Swan River district, Perth, Western Australia, recognised peat beds
at ~68' 0,D, dated at 9850 B.P,, whilst Te Punga (1954) discovered
wood remains in a bore hole core at =150 feet and dated at 9900 B.P,
near Palmerston North, New Zealand, Avnimelech (1950) discovered
"elephas" bones at =36 meters on the Israelian shelf near Yawneh,

but perhaps the most significant discovery was that made by Brodie
(1955) off South Island, New Zealand, of a peat bed at =450 feet O.D.
and considered by him to be of Pleistocene age,

These submerged organic deposits are of considerable value
in the assessment of sea level change providing two precautions are
observed., Firstly, the problem of compaction in peat (Wiggers, 195.4,
op. cit.) can lead to false levels, and secondly, care must be
taken to determine whether the peat was formed at or near sea
level, With regard ﬁo this second case, Dutch workers (Geol, en Mijnb,
1954, symposium) record the gradual transition from peat to estuarine
fossiliferous muds and argue in favour of peat formation in these
cases being a function of the rising water table accompanying the
rise in sea level,

Marine Species of a Character Inconsistent with Their

Present. Invironment

It is important to note that the conclusions drawn from
the evidence presented in this section relied upon the basic
assumption that faunas have maintained similar environmental limits

during the last 50,000 years.,



McKee (1956) records truncated shallow water coral reefs
at 10 to 12 fathoms, 14 to 17 fathoms, and 25 to 27 fathoms in the
Caroline Islands Oceania, arguing that their truncation results:-
from the increasing rate of sea level rise out=pacing their growth
rate. Fairbridge and Stewart (1960) in Melanesia recognise a
similar relict coral reef at 10 to 15 fathoms; and Keble in the
r Bass Strait (1947), one at =276 feet 0.D,

Richards and Craig (1963) support the earlier mentioned
conclusions of Fray and Ewing (1963) in their recognition of a
=390 shoreline by the discovery of a cold shallow water mollusc
assemblage in a core at that depth, Shepard (1960) recognised at
=40! O.D, relict near shore and shallow bay micro=-organisms in the
north~western sector of the Gulf of Mexico; whilst Parker and
Curray (1956), Gould and Stewart (1955), and Jordan (1952)
similarly recognised the occurrence of both submerged relict corals:
and a preponderance of Pleistocene shallow water foraminifera at
depths between 50 and 20 fathoms,

In summary it is worthy of note that all the information
included in this section was the result of dredge and core sampling
from a surface vessel, There follows a brief summary of conclusions
regarding world studies of displaced shorelines,

Sumsry

The following conclusions may be drawn as a result of

this survey of previous work:
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(1) Morphological studies constitute the initial stage of
research and guide investigations to areas where further
studies are Jjustified.

(2) Descriptive sedimentological studies emphasise the wide
range of sediments making up beach deposits, but it is
felt that fluvial, fluvio-glacial, lacustrine and marine
deposits are frequently visually indistinguishable from
one another, thus questioning the validity of marine
hypotheses based solely on such evidence.

(3) Analytical sedimentological studies on raised marine
sediments have not made maximum use of existing techniques
developed on present day sediments, Techniques are
avajlable to allow a detailed environmental assessment
of the complete sediment size range and should be
attempted in shoreline studies,

(4) The value of fossil, faunal, and floral evidence is
paramount when supporting a marine hypothesis and as
such a detailed search for evidence must be undertaken,

(5) A brief section on chronology lists three contributions
of absolute dating to shoreline studies.,

With regard to submerged studies similar conclusions are
drawn with the exception of sediment studies when doubt is cast on
the accuracy of environmental studies on submerged deposits because
of sampling problems and the possibility of post depositional

reworking,
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In general terms a two=fold criticism is levied on
previous literature:
(1) There is a strong tendency towards descriptive studies
as opposed to sounder analytical approaches.
(2) Marine hypotheses are too frequently postulated when
evidence is only circumstantial.
The following brief summary examines British literature
primarily to determine whether there are methodological differences

or weaknesses.

Previous Work in the British Isles

Raised Shorelines

Studies Based Primarily on Morphological Evidence

Descriptive Studies

From Smith's (1965) examination of early British work it
is clear that morphology was not a major factor in the initial
recognition of raised marine features, An article in "The Scotsman®
(1834) discussed the significance of raised shell beds near
Barrowstowness (Grangemouth) and Murchison (1837), similarly
described shell beds in south-west England, as suggestive of
higher sea levels than present. Nor do early descriptions of
terrace features rely solely upon morphological evidence when

suggesting a marine hypothesis as Geikie (1861) and Jamieson
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(1865, 1882) demonstrated. Jamieson, in the latter of the above
articles, recognised correctly that raised marine terraces in
glaciated areas were frequently warped as a result of glacio=-
isostatic crustal rebound, Despite this early arrival at a correct
and logical conclusion in the study of Quaternary shorelines, the
only work between that date and 1962, which recognised this uneven
uplift and furthered its comprehension, was that of Wright (1914)
whose "igokinetic theory" explained the interrelationship of
crustal rebound and the eustatic rise of sea level. There was
instead a series of works frequently supporting a marine hypothesis
for raised terraces and erosion surfaces,

Green (1946) describes ten terraces in the region of
Bournemouth, ranging between 330 feet and 33 feet above sea level,
and in a later article (1949) recognises eleven terraces between
1,150 feet and 12 feet above sea level in the Dart Valley (Devon)
and correlates these with post oligocene high sea levels, Brown
(1952) discusses the morphological evidence in favour of a
600-foot shoreline in Wales, whilst Burnaby (1950) recognised a
raised platform 10 to 15 feet above sea level on the north Norfolk
coast. Davies (1958, 1960, 1963) recognised sixteen terraces
between 20 feet and 1,000 feet above sea level in Ireland but does

acknowledge that there is no evidence to confirm a marine origin,
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Analytical Studies

A major criticism, voiced by Sissons (1962) and later by
Smith (1965) was the lack of precise levels for these terraces.’
Authors were criticised for the use of aneroid barometers with a
4 to 5 foot working error (Domner, 1959, 1963; King and Wheeler,
1963); for employing the elevation of non-significant parts of
terraces (Donner, 1963) and subsequent use of this measure to
calculate the height and tilt of shorelines; and thirdly, the use
of O.D. Liverpool, high water mark, and the upper limit of Balanus
Balanoids as opposed to O.D. Newlyn (McCann, 1961, 1963),

This highly significant article by Sissons (op. cit.)
supporting Jamieson's original conclusions of 1882, met with criticism
from Earp, Read, and Francis (1963) of the Scottish Geological
Survey, who supported the well established 100! 50! 25! horizontal
classification but Sissons (1963) produced precisely levelled profiles
of recognised raised shorelines to confirm his 1962 conclusions,

The result of this brief interchange stimulated renewed
interest in raised shorelines and was followed first by a series of
articles=—-Sissons and Smith (1965), Stephens (1963), Synge and
Stephens (1965), Jardine (1963, 1964), concentrating on the shorelines
of upland Britain; secondly, by the publication of a "Special number
on the Vertical Displacement of Shorelines in Highland Britain®
(1966)(Inst. Brit. Geog.); and more recently still, by further

articles by individual workers, Jardine (1967), Smith (1968), and

-
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Smith, Sissons, and Cullingford (1969).

The result of this spate of publication with regard to
the advancement of morphological studies was the recognition by
Smith, Cullingford, and Sissons of a series of shorelines far
greater in number than was previously suspected along the north and
gsouth sides of the Firth of Forth, each distinguished on the basis
of its different height above sea level,

This marks a significant development in morphological
studies. The original work by Sissons (op. cit.) involved recognised
shoreline features containing marine faunal evidence. In the more
recent work, terrace features formed in a variety of deposits were
levelled and on the basis of this evidence alone identified as
shorelines or fluvio-glaclial terraces, Fluvio-glacial features
possessed gradients 30 to 4O feet per mile whilst tilted shorelines
did not exceed 10 feet per mile, Sissons and Smith (1965) do
qualify the above evidence stating that fluvio=glacial terraces
are predominantly of gravel, and raised beaches predominantly sand,
silt, and clay,

The question arises as to whether one can distinguish
between shorelines and fluvio=-glacial terraces solely on the degree
of warping. Sissons and Smith together with Cullingford clearly
support such a conclusion and Sissons and Smith (1965)(page 155),
observe a "raised shoreline terrace" merging imperceptibly with a

fluvio=glacial terrace as the sediments gradually become coarser



and the angle of warping steeper., Similar terraces, however,
described by Gresswell (1952) in the Mersey Valley at 8, 15, 20,
and 35 feet above normal river level, are considered by Simpson
(1958), to represent changes in load to volume ratio in the river
and not variations in sea level,

Whilst the evolution of morphological studies centred on
this work in the Firth of Forth, other investigations, by Stephens,
Synge, Jardine, McCann, Kirk, Rice, Walton, Ritchie, Orme, Smith,
Jo Se, King, and Wheeler (1966), made reference to morphological
features in highland Britain recognising in most cases evidence of
warping,

It is concluded that morphological evidence for the
recognition of raised shoreline features has been used as genetic
proof of a marine hypothesis in Britain; a method not attempted
elsewhere. An examination and assessment of this technique is

incorporated in Chapter 4.

Studies Based Primarily on Sedimentological Evidence

Descriptive Studies

The literature emphasises only one significant difference
between world and British studies using sedimentary evidence, This
is the very rare use of sedimentary evidence alone as an indication

of a raised shoreline. The majority of investigations incorporate




morphological, sedimentary and faunal evidence: attention frequently

being first drawn to the deposit by its environmentally displaced
faunal content and terrace location. Of the exceptions, the
following are particularly significant,.

Sparks (1953), working in the Weymouth lowlands,
recognised the existence of post Pliocene terraces overlain by
gravels. These gravels, however, did not contain a marine fauna
and their character suggested a solifluction deposit., Sissons
(1966), with the aid of numerous shallow boreholes, recognised
buried shorelines beneath the coarse clay deposits of the Firth of
Forth, His evidence, in support of a marine hypothesis for these
terraces, includes a gravel layer of supposed marine origin, and
making up the surface deposit of the buried steps, overlain by a
thin peat layer which Newey (1966) records as representative of
salt marsh conditions in their lower parts. The investigation
contained sufficient accurately levelled borehole sitings to enable
the tilt of these buried terraces to be calculated (1.3 feet and
O.L4 feet per mile)s This tilting, as with the sub-aerial shoreline
features in the Firth of Forth, is considered to result from post
glacial crustal rebound. Downing (1959), however, in a note on
the Crag deposits in Norfolk, describes lower Pleistocene
estuarine clays, on top of the Crag, as dipping east from +20! O,D.
at Norwich to =20 feet O.D. at South Burlingham and =60 feet 0.D.

near Sea Palling (an eastward dip of approximately 2 feet per mile),
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This dip must be presumed to reflect either the estuarine gradient
at the time of deposition, or post depositional subsidence in the
southern North Sea basin, the latter possibly being more likely-
(West, 1963),

In sumary, as with world studies, shoreline features
may include deposits representative of the whole sedimentary size
range although more recent raised shorelines tend to be composed
of finer sediments (Sands, silts, and clays).

Analytical Studies

Analytical studies of raised marine deposits have
rarely been attempted in Britain although D, Kemp (University of
Edinburgh) is at present engaged in such work,

McCann (1961) examined supposed raised beach gravels at
Corran, Loch Linnhe, and Loch Etwe and was able to prove by
orientation analyses on long axes of pebbles that a fluvio=glacial
origin in a late glacial ice dammed lake was in fact correct. This
technique may be added to those used in world studies, by King and

Wheeler (1966, op. cite), as a significant test of gravel genesis.

Studies Based Primarily on Faunal and Floral Evidence

Because of the composite nature of most evidence supporting
marine hypotheses mention has already been made of faunal and
floral supporting evidence, Again, as in world studies, fossil
organic evidence, in support of a marine hypotheses, carries more

weight than morphological and sedimentological data,




Whale and seal skeletons, molluscs, ostracods, foraminifera,
and saltmarsh peat deposits are all cited as evidence of raised
marine shorelines. The works included in this section, however,
relate only to those investigations interpreting conditions from
the organic remnants,

Anderson (1947) recognised cold water ostracoda and
mollusc species in the "100 foot" beach clays of Scotland, whilst
MacGregor and MacGregor (1948) supported this view and further
stated that the "25 foot" beach was dominated by temperate species,
Similarly, Van de Vlerk (1950) recognised in the foraminifera of
the Crag deposits of Norfolk an increase in Arctic species, when

compared with present day assemblages,

Submerged Shorelines

Morphological Studies

Heezen, Tharp, and Ewing (1959), in their detailed study
of the North Atlantic, recognised at 70 to 100 fathoms, persistent
bench features, too continuous to be explained as structural benches
or as a result of faulting, which it was suggested were formed by
Pleistocene eustatic sea levels,

On a more local scale Cooper (1948) recognised a distinct
submerged ancient cliff near Plymouth, its foot at 22 fathoms 0.D.
Flinn (1964) used detailed echo soundings in a survey of the near

shore shelf off the Shetlands on which a series of benches were




recognised, the most distinct being at 4O to 45 fathoms, Hawkins
(1962) recognised submerged benches associated with the Bristol
Avon at =23 feet and =50 feet,

Several investigations cite the grade of buried river
channels as evidence of lower sea levels, McFarlane (1955)
recognised the drowned channels of the Erne, Tawe, and Torridge in
Devon and suggested a sea level of ~150! O,D, at the time of their
formation, Robinson, 1952, described in detail the character and
channels of the North Sea bed, and suggested a sea level 140! to
160! below present, Stephens (1958) recognised similar buried
channel features in Belfast and Strangford Loughs.

Sedimentological Studies

The identification of marine sediments at depths greater
than that of their formation does not appear to have been used by
British workers but several records exist of terrestrially formed
sediments below present sea level,

Mitchell (1963) interpreted four ridges on the floor of
the Irish Sea, as moraines, Stride (1959) describes the Dogger
Bank (North Sea) as a large moraine on the basis of seismic and
core sample evidence and in an article with Bowers (1961) suggests
two hollows in the floor of the Irish Sea were fresh water lakes

during deglaciation,




Fossil, Faunal, and Floral Evidence

Reid (1913) produced a book listing known levels and
gites of submerged peat and forest beds, These were later dated
by Godwin, Willis, and Suggate (1945, 1958, 1961) and more
recently by Churchill (1965).

This latter work concentrating solely on those deposits
occurring just below present sea level and all dated between 6000
and 7000 B.P., thus supporting the evidence in favour of a slowly
continuing eustatic rise of sea level since that date,

Flinn (op. cit.) recognised peat below sea level in the
Shetlands down to =38 feet O.D., whilst Ritchie (1966) in the
Uists discovered submerged peat beds down to =6 feet 0.D,
Stephens (1958) similarly recognised peat deposits off the Ards
Peninsula, N, E. Ireland, whilst a most interesting and significant
discovery of peat beds in the Dogger Bank is discussed in some
detail by Stride (op. cite)e

Summary

Should further information on British shorelines be
required, the reader is referred to two relevant publications:

(1) stephens and Synge, 1966, "Pleistocene Shorelines," in

Dury, G., Editor, Essays in Geomorphology.

(2) Inst, Brit. Geog., Special No, 39, 1966, Vertical

Displacement of British Shorelines,



From this section on Britain it is suggested that the
following techniques are worthy of inclusion in any attenpt to
finalise a methodology for the initial recognition of displaced
shorelines:

(1) Detailed morphological levelling may have genetic
properties (Sissons, personal commnication),
(2) Orientation analyses may distinguish between beach and

deltaic deposits (McCann, 1961).

(3) A search for buried terraces beneath marine transgressive

deposits (Sissons, personal communication),



CHAPTIR 3
THE LOWER TEES BASIN

In the previous two chapters the problems assoclated with
the causes of sea level change and those associated with methodologies
for the initial recognition of displaced shorelines, have been
examined and discussed. The Lower Tees has been chosen as the area
in which to test the various hypotheses and methodologies put forward,
The chapter will discuss the reasons for this choice, the general
physiography and stratigraphy of the Tees, arnd the nature of previous
worke In addition to sea level change the glacial history of the
region is discussed in some detail in view of the close intere

relationships of the two phenomena,

The Cholce of Area

In addition to its proximity to the University of Durham,

and consequent ease of access, the Lower Tees (Fig. 7 ) was particularly

suitable for this study,.

Firstly, an examination of Fige3 which shows the gzero
isobages of late and post glacial uplift, as demonstrated by the tilt
of existing raised shorelines, suggests that the Tees basin 1s close
to this position, The occurrence or non-occurrence of raised

shorelines in the area could, therefore, considerably assist the

v
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accurate positioning of this isobase, In relation to the above
gtatement there is evidence in previous work (Agar, 1954) for the
existence of sea levels both above and below that of present, in the
Tees area, ranging from ¢ 82' 0.D. to «160! 0.D. Should the
occurrence of raised shorelines be proven the following subjects
should be examined:

(1) The amount, timing, and nature of post glacial crustal
rebound as discussed in Chapter 1 must be re-examined,

(2) The relative influence of the various ice sheets, Lake
District, Scottish, and Scandinavian, which converged on
the Tees (Raistrick, 1931) might be assessed from the
direction of tilt of such features,

(3) Dateable shoreline features cut into sw-face deposits could
determine more accurately the deglaciation chronology of

the area.

Physiography and Stratlgraphy

Physiography (Fig. 8a, 8b)
The Lower Tees Basin, especially below the 100-foot contour,

is almost devoid of relief, a characteristic which contrasts strongly
with the steep, scarp slope of the Cleveland liills to the south and
the hummocky, glacial topography to the north and west,



This low=lying plain cxtends 16 miles :Lnla.nd; gradually
diminighing in width from 14 miles at the coast to 4 miles at
Egglescliffe, and is partially dissected by the ineised tributaries
of the Teesy on the northern side, by the Billingham Beck, and on
the south, by the River Leven, Ormesby, and liiddlebecks, Apart
from these easily distinguished breaks, this lack of relief is important
in the study of sea level change as it permits the easy recognition
of any widely occurring break of slope, such as might indicate a
potential marine limit. With reference to Fig. 19 it becomes clear
that any advantage to be gained from this morphoiogr ic very largely
obliterated by the combined effects of industrial and urban expansion
together with 18th and 19th century coastal reclamation. Rapid
urban development continued apace throughout the periocd of research
and it was against this background of rapid destruction of the
landscape that morphological study was pursued.

Stratigraphy

This section deals only with a deseription of the deposi-
tional sequence in the research areaj interpretations are not attempted
~at this stage.

The protective form of the Tees estuary, itself a reflection
of solid geology, ensured a depositional environment on an otherwise
erosional coastline (Agar, 1960), and has resulted in the preservation
of a suite of detrital and organic deposits bearing evidence to past

environments. Thils natural aid to stratigraphical study, together




with the provision of innumerable borehole and excavation records
from urban and industrial developments, clearly demonstrates the
parti_ular value of such study in the Teces basin.

This wealth of information has, howevar, rather than
simplified comprehension of the stratigraphical sequencs, confirmed
and emphasised its complexity, and resulted in several different
interpretations of the stratigraphical history.

Barrow (1888), of the geological survey, was first to study
the area in any detail but the resulting map was not accompanied by
& menmoir and the recognition of two boulder clays separated by sands
and gravels was thus without interpretation,

Carruthers (1939, 1946, 1953) introduced the "undermelt
hypothesis." This hypothesis supported a single ice gheut melting
from the base and resulting in a complex serics of shear clays,
laminated clays, sands, gravels, and boulder clays.

More recently Smith and Francis (1967 ); of the geological
survey, resurveyed part of the northern sector of the research area
and recognised the following stratigraphys

Prismatic clay
Tees Laminated clay
Forainie drift and upper gravels
ldddle sandse=upper
==lower
Lower boulder clay

Lower gravels

o9
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Loess
Scandinavian drift
! issure deposits
Their work related primerily tc the area immediately north
of the Tees Basin and the only detailed study of the Lover Tees was
rade by Agar (1954), whose years in the region es a civil engineer
allowed him access to a wealth of constructicnal information and

enabled him to produce the following stratigraphy:
/ Blovn sand
!\| Hayrine warp

Brovm alluvium

larine sard of raised beaches

Peat and forest ved of estuary
k(}rey alluvium

Late ( Marginal sand
Glacial <
\Laminated clay

/Red boulder clay
Dark boulder clay
Glacial Sand
Drab boulder clay
Gravel
Agar also recognised the occwrrence of buried peat in several of

the Teeos tritutary streams dating from Zone VIIb of the palynological
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sequence, and occasionally coutaining fresh water shells, It may
prove significant to note tliet these peat oceds are restricted to
the tributaries of the Billinsham beck arxl the beek itself on the
north gide of the Tees.

Swamary

From this brief swrvey of stratigraphics there would appear
to be little general apgreeient between the Tecs basin and surrounding
areas., lany deposits are aerially discontinuous and several
laminated clays, red Tces clay, and coastal pects occur oniy in the
Tees Basin (Fige 1), Seoveral investigations have attempied to
interpret the complex sequence of deposits, particularly with regard
to glacial history and sea level change and the coming cection is

devoted to further examination of these two topica.

Glacial listory and Chronelogy

Beaumont (unpublished Ph.D,)(1967) provided a detailed
sumary of glacial research in Northern IEngland and in County Durham
in particular, Part of this work has since been published (1968)
and in order to avoid unmnecessary repetition the following account
deals primarily with works related to the Lower Tees Basin, but does
make reference to surrounding regions where necessary.

The Tees Basin has, to some extent, been avoided by workers
becauss of the complexity of the stratigraphical sequence and the
early realization (Goodchild, 1875) that the areds history was
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camplicated Ly the confluence of three major ice sheetu {Lake
District, Scobtish, and Ceandinavian). Kendall (1902) discussed in
detail tho glacial history of the Northern Cleveliard ilills, and
recognised cvidence in favour oi Uoodchild's earlier conclusion that
the first ice to reach the Tevs Basin had originated ln the lake
District, entered the Teos vie the Staimiore lass, and flowed out to
coa beyond the present coast line, Kendall further discussed the
posoibility of the Scandinavian ice shuet reaching the Bfitiah coast
but concluded that this was unlikely owlng to the intervention of a
third ice sheet travelling down the coast frum the Cheriots.

This early recognition of three lce shests which influenced
the glacial history of the Tces provides the basis upon which a
greator wnderstanding of the chronology of events must be established.

Whilst Woolacott (1905) further supported Kendall's assertion
that evidence for three distinet ice shvets existed in the Tees Basin,
it was not until 1915 that Trechmann brouzht to light proof of the
close proxizity cf the Scandinavian ice sheel by the discovery of a
pure Scandinavian suite of erratics in till at Warren House G111l on
the Durham coastes Deaumont (op. eit.) points out that both T:echmann
and Lamplugh (19C7), the latter working in Holderness, were in
agreement that the Scandinavian ice not only reached Britain but did
80 before local ice reached the east coast and in addition that it

represented a separate ecrlior period of glaciation, Trechmann (1919)




deseribed in detsll a "looss" lliie deposit overlying the Scandinavian
drif't vhdch he folt confirmed a periud of cifmatic amelioration
followed by Jts deposition, Trechmann further econtributed to the
understanding of glacial history Zn iorthelast “nglani when on the
basis of erratic distributicn he emphasised his view that tho
Scottish ilce had not extended far inland because of the influence
of the Pennine and Lake istrict ice sheets, “oolacott (1921)
swrmardsed the state of nowledge of zlacial history in County Durham
supporting a four~fold glacial sequence, notably differeni! from
earlior work in his separation of Cheviot from Seotticsh ice:

(4) Cheviot

(3) Lake District

(2) Scottish Ice

(1) Scandinavian
A further difference is his placement of the Scottish Ice at an
earlier date than the Lake District advance. Raistrick (1931)
corracted this statemont in favour of the following setquence of
events in agrzerent with the conclusions of Kendall and Goodchild:

(3) Cheriot~Scottish

(2) Lake nDistrict

(1) Scandinavian
Hle noted that the Cheviot ice wan sandwiched between the other two

1ce sheets but was able to force its way south at a lator stage




enciveling the Cleveland 111ls (#ig. 13).

What is not clear in Raistrick's zccount is whethier he
accepts Trochmann's theory on tie existence of an inter-glacial
period between the deposition of the Scundinaviin drift and the loecal
drifiss Certainly his owm theory detrands the precence cf the
Scandinaviaa ice sheet clese cffshore in onler to divert the Cheviot
ice scuthe

Carruthers (1939, 1946, 1953), in muvied contrast to
earlicr investigalionu, stated thet there was no evidence to support
more than one glacietion in County Durhan, i1l the deposits were,
he stated, the result of tasal melting of stagnant ice, Agar (1954),
working solely in the Luwer Tees, recognised three boulder clays
which he ccrreiates with the lessle, Purple, anxi Drab of Holderncsse
No Scandinavian deposits are recorded, whilst most recently Guith,
in Emith and Francis (1967) came to the conclucion that eastern
Durham showved clear evidence of three glacictions, whilast westerm
Durham shored evidence for cnly one,

It may be swmarised that elthough three deposits exist,
containing different erratic sulte§y there is no faunal, floral, or
depositionzl evidenrce evailable to allow an absolute chronology of
events to be vstehliched,

DEvidence Lt fovour of on inter-gleocial pericd beticen thae
depogition of the Scondinavien drift and lecel drifts; 15 sedirentary

in nature and by no means conclusive, whilst a recent find of an

64



intereglacial peat erratic in till at Hutton llenry, County Durham
(Beaumont., Turner, and Ward, 1969) demonstratee only that the
inter=3lacial existed prilor to its inclusion in the till shest.

Catt and Penny (1968) recently dated the Dimlington mossa,
which underlics the Holdernoss soquence, at 18,500'!- 400 B.P., thus
clearly supporting a late Wirm origin for all deposits above the
Basement till and posgibly eupporting Carruthers' contention that
evidence for only one glaciation exists in much of County Durhan,

In summary, although agreersnt is reached on a relative
chronology based on the law of puperimposition, the absolute
chrenology in County Durham 1s far from complete.

Deglaciation in the Toos

Although Agar (1954) provides for a comparison of events
with thoeo of County Durham, his investigation does not emphasise
the details of deglaciation in the Tees, The following works are
oxamined with a view to rectifyin: tl.hiz: eghorteoming,

Klgee (1908) recognised the existence of an ice stream
from the north holding up small lakes along its margin during its
retreat across the Stokesley plain imrediately south and west of
the Tees Basin.

Fawcett (1916), in a study of the Tees and its tributarics,
recognised that the landnated clay of the lower Tees Dasin (Fige 14)
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was of lacustrine origin, The clay deposit extonded to 250 fest
abové sea lovel and was related to a supposed 400=fcot water level,

These two investigations by Elgee and Fawcett suggested
a pattern of events resembling closely the stages of deglaciation
suggested by Raistrick (1931)(Fiz.12). It may also be significant to
note that the ice sheet occuping the Tees Basin retreated down slope
and would be capable of blocking the natural drainage to glve rise
to these lacustrine features. The situation might be paralleled
by conditions in Central Canada (Elson, 1956) which gave rise to the
enormoud glacial lake Agassiz, again as a result of a down slops
ice dam,

The econclusions of this pioneer work in the Tees were
supported and added to by Gayner and lMelmore (1934) and Radge (1939).
Both investigations supported the existence of a late glacial lake
but Radge made a further distinction between the marginal lakes
recognised by Elgee up to 4LOO feet O.D., and the lowland basin lake
which was assoclated with the deposition of the laminated elay beds,.

Best (1954), in support of Radge (op. eit.) noted that the
basin lake in the Tees was clearly delimited by the laminated clay
doposit and more particularly by a fringing beach at approximately
75 feet 0.D.

Summary,

On the above evidence the deglaciation of the Tees basin
was dominated by lacustrine conditions, in twrn a reflection of the
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down slope direction of ice retreat. Alternative proposals have been
made notably by Agar who suggested that a marine or.gin for the
laminated clay could not be overlooked, and by Carruthers, who,

in keeping with his undermelt hypothesls, supported a subglacial
origin as a "shear clay.," A shear c¢lay is similar to a laminated
clay in appearance, but the laminae result from supersaturated clay
particles becoming aligned parallel to one another as a result of

ice pressures,

Sea Level Change

Prior to an examination of evidence supporting changes of
level in the Lower Tees Baain; 1t is necossary to note the work of
Harrison (1921). Harriscn, in a detailed study of the Tees marshes,
records the chronology of estuarine reclamation practised between
17,0 and the twentieth century. His reproduction of a chart by
Hewitt (1832) gives a clear.indication of the original position of
the coastline (Fig. 18) and of the zone in which any evidence for
higher sea levels must be doubly checked, |

Tute (1883) was first to notice the occurrence of marine
deposits above present sea level in the Tees basin, He deseribed
the occurrence of a bed of sandy clay containing many shells of
Rissoca ulva with broken mussel and cockle shells and the vertebrae

of fishes at VWarrenby, a new village near Coatham on the eastern




outsidrts of Redcar, The land surface was 14 feet above High later
Mark and he concluded that the coast had been raised some 20 to 25
feet since the deposition of these faunal remains. Tute described
the upper layers of the deposit extending into a peaty materlal
overlain in turn by brown clay. There is little doubt that the
deposit was in situ, but an examination of Harfison's study confirmed
that it lay within the reclaimed zone, and that its present height
above mean sea level reflects this reclamation.

Veitch (1883) discussed the significance of several
indicators of displaced sea levels notably on the south side of the
Tees Basin. He recognised the buried channel of the Tees to a
depth of 98! below O.D. and the implication that it was giaded to a
sea level well below =100 feet O.D. His description of the submerged
peat beds on both northern and southern sides of the estuary simllarly
supports the existence of a sea level below present, It was noted
that the maximum depth at which peat is recognised was =30! 0.D.
Veitch!s most significant contribution, however, was the recognition,
at Saltburn, of a band of alluvial sand containing innumerable shell
fragments (Purpura, Litorina litoraea, Trochus cinerarius, liatica

globosa, Lachesis minima, and Cypraea Turopaea)s The deposit

unconformably overlies glacial drift and is 35 feet above High !‘ater
Mark, thus supporting a mean sea level 41 to 46 feet above present O.D,

Veitch did acknowledge the presence of an ancient kltchen midden
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associated with the deposit containing the shell fragments but did
not consider the possibility that the two occurrences were related.

Fox (1886) recorded a submerged deposit 30 feet below O.D.
at Whitby 18 miles south of the Twes, but containing similar organic
renains as the Tees icubmerged peats, and further supporting the
continuing rise of sea level since 8000 B.P. (The Tees peat was
dated using Cli at between 8100 and 8700‘-': 180 B,P, (Smith and
Franeis, 1967).

Barrow (1888) re-examined the Saltburn beach discussed by
Veitehe It was noted that although all the shells found in the
raised deposit occurred on the present beach, a number of shells on
the present beach did not occur in the raised deposit. On this
evidence, Barrow suggested the existence of different conditions
during the deposition of the present beach and the raised deposit,

Barrow further described the occurrence of shells (Tellina
balthica) in sands and gravels near Guisborough 400 to 600 feet above
sea level, but did not suggest a raised marine origin.

Some ywars passed before further reference to displaced
shorelines occurred in the literature,

Woolacott (1920) discovered a gravel bed in the cliffs
at Easington, 10 miles north of lartlepool, rich in marine fauna and
approximately 80 feet above 0.D. Woolacott originally considered a
late or post glacial origin but Trechmann (1947) demonstrated that
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the fauna was from a warm temperate environment and a Cl4 date of
greater than 38000 B.P. by Smith (Geological Swurvey) sconfirmed his
view that 1t represented an inter=glacial or interestadial high
sea level,

Anderson (1939, 1940) deseribed a series of meltwater
channels and fluvio glacial deposits graded to a height of 190 feet
0.D. and noted bench features at 140! and 100! 0.D. in northemn
Durham and southern Northumberland., He postulated that there was
congiderable evidence to support late glacial sea levels at these
heights but the lack of marine faunal remains would appear to testify
against a marine origin (Beausont, 1967).

Radge (1939), although not greatly concerned with sea
level change, noted that the buried Tees Valley was graded to a
depth of 160 fect below 0.D. supporting a sea level at that depth.

Hore recently Agar (1954) recognised in the Lower Tees two
raised sea levels, one at 41 feet O.De and the other at 82! 0,D.

The upper level is distinguished by yellow sande marginal to the
laminated clay, on both northern and southern sides of the Teces,

and yet overlying it. No organic or chell remains are found nor
does the shoreline form & well defined surface feature, The 4l=foot
level, similar in elevation to £lmt at Saltburn, 1s recognised on
the couth side of the Tees in the form of a buried notch in the
underlying depesits of the lMiddle beck bed, infilled with a yellow
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sand, containing randemly distributed shells (lytilis edulis,

Cardium edule), Agar considered that it was related to the Scottish

251 beach and noted notches at a similar height (20' to 45') on
the sides of the Billingham beck north of the Tees.

Since the :-ublication of this work by Azar tho geolozieal
survey re-mapped the northern area and Smdth and Francis (1967) in
the accompanying mewolr devote a small section to a discussion of
evidence for sea level change,

liost significant 1s their recognition of ground interpreted
as a "Terrace of Marine Warp" (Fige 1) uron which liartlepool is |
situateds The feature is essentlially ercsional, cut in lagnesian
Limestone which is overlain by Upper Boulder Clay with marine deposits
occurring only in emall patches and consisting of hrown to grey clay
plus amall rounded stones, This so=ocalled marine deposit eonsisted
of reworked material from the underlying drift and graded imperceptibly
Into it. The terrace consists of a series of 11l defined subeterraces
distinguished by slight changes of slope. MNorth of Hartlepool it is
between 500 and 6CO yards wide but it extends southwards into the
Tess where it reaches two miles in width and grades at its seaward
end into recent alluvial flats at 12 feet 0.D.

Smith and Gaunt (op. cit.) define this terrace as the
northvard extension of Agar's 82efoot shoreline but note further

that Agar's 4l=foot shoreline does not exist in the arca mapped,




Also identifiocd are the older "marine" planations at 14,0
and 95 fect 0.0, Redictributed drift ie recognised on their swrface
but no murine remnants are in evidence. Sinilar features are
recognised near Hartlepool between 80 feet and 110 feet,

Geunt (in Lxith and Francis, 1967) deseribed a sand und
gravel ridge 300 to 400 yards wide trending northescuth betveen
Threston and Greatham, cwrving westescuth~west at its southerm end
(Fige 1f)s The ridge lies at the inland edge of the earlier described
terrace of marine warp and is interpreted by Gaunt as a raised
gtor: beach, In detall the ridge Zs cumposed primarily of sand and
"hea' gruvel but contains mediuwn-sized gravel also. Yorphologically,
it is steeper sloped on the western inland side in the north',
becoming syrmetrical further south, Bedding is deseribed as dipping
eastwards or horizontal with graded bedding at several localities.
Very few shell frugments occwr and the ridge 1s observed to drop in
altitude in a southerly and southeesterly direction. This latter
characteristic leads Caunt to suggest that the ridge gradually
changes from a storm beach in the nerth to an offshore bar in the
south,

Finally, in the memoir Gaunt and Smith precisely locate
the submerged peat at Hartlepool as occurring betveen =35' 0,D.
and ¥ 12' 0,D.



Summary
It would appear from the above account that there is

abundant evidence in support of displaced shorelines in the Lower

Tees,

(1)

(2)

(1)

(2)

(3)

()

(5)

Submerged Shorelines
The buried valley of the Tees is graded to minus 160 feet

0.D., supporting a shoreline at or below that level in
immediate post glacial timo,

Terrestrial peat beds datcd 8100 to 8700 & 180 B.P.,
ocowrring up to 35 feet below 0.D., support a level at
least 4O feet below O.D. (Smith and Francis; 1967).
Ralsed Shorelineg

A marine deposit containing contemporary fauna is
described at 20! 0.D. néar Redear,

A marine deposit containing shells is described at 41!
0.De near Saltburn.

A marine sand with shell fragments is similarly recorded
at 41' 0.Ds in the !Middle Beck valley,

A marginal sand deposit is recognised at 82' 0.D, (no
faunal remains) north and south of the Tees,

A terrace of marine warp backed by a raised storm beach
is recognised at 80! near liartlepool, It is observed to
lose height in a southerly and southewesterly direction,
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(6) Planation surfaces, considerod marine, are recognised at
95" 1!00" and 190* O.D. .
All the above mentioned features are considered to be

late or post glacial in age. One example only of a boach of intere

glacial age is recognised at Lasington and is Cl, dated as older
than 38000 years B.P.

In general terms, both raised and submerged features
are recognised in the lLower Tees all of which are considered to
post date the last glaciation. Despito the occurrence of the
Eagington Neach, thorefore, it seems likely that imwestigation
will be confined primarily to the posteglacial pericd. With
regard to the conclusions drawn in Chapter 2 it is sigmificant to
note that a wide variety of evidence is used to support marine
hypothegos,
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CHAPTER 4

TERRESTRIAL MORPHOLOGY AND THE RZCOGNITION OF RAISED SHORELINES

This chapter sets out to examine and test the validity
of morphological evidence as a means of identifying raised
shorelines, Two general observations were made in the previous
section:

(1) That morphological evidence constitutes the initial
stage of research and locates features which are worthy
of additional study. |

(2) That terraces in the Firth of Forth were identified as
either marine or fluvio-glacial, on their deviation from

the horizontal., Precise levelling proved that fluvio=-

glacial terraces possessed a steeper gradient.

These two observations explain the division of the chapter
into two parts; the first, a preliminary morphological survey, and
the second, a more detailed look at previse levelling to ascertain
whether it can be applied to the Lower Tees as a means of identifying

raised shorelines.

Preliminary Morphological Survey

The object of this preliminary investigation was to
determine those areas where more detailed morphological studies

might prove the existence of a shoreline terrace remnant., The




investigation was approached in three ways:
(1) Morphometric studies
(2) Aerial photography

(3) Field observation

Morphometric Studies and lMorphological Considerations

A detailed bench mark cover was essential before
levelling could commence. The Ordnance Survey provide bench mark
lists at 10/- per kilometre square or the alternative of personal
extraction from their offices at £10,10s, per day. In both cases
cost was exhorbitant and use was conseqﬁently made of 6" and 25"
maps. These were checked and added to by extraction from
Stockton, Billingham, Middlesbrough, and Hartlepool Borough
Engineers' offices. A comprehensive cover was thus amassed
although further problems were encountered in the field as a
result of bench mark eradication through road widening, decay of
objects upon which the bench mark was imprinted and other
developments, In cases where several bench marks were missing a
circular net of levelled heights was completed from the nearest
knovn bench mark to a suitable point on which to carve a temporary
bench mark, These bench marks, together with spot heights, were
used to construct a base map of the area with a 10' contour
interval on a scale 6" to 1 mile. Thirty profiles at right angles
to the contours were constructed (Fig, 13). Fig. 1% shows some

of the profiles and clear terrace features are indicated., Field



observations, however, demonstrated the inadequacy of form line
maps based on the above data as the terrace features were non=-
existent, It is thus felt that work based on form line analysis,
short of photogrammetric standards, would be valueless in the
recognition of terrace remnants, or minor erosion surfaces in
areas of gentle relief, This conclusion agrees with Clarke and
Orrell (1961) who comment on the high level of subjectivity in
morphometric analyses,

Aerial Photography

The Lower Tees ls covered by several aerial surveys;
the most recent and best in quality was completed in 1966 for the
Tees~side development board. Using a stereoscopic viewer, some
isolated breaks of slope were recognised but frequently the breaks
of slope were tco gradual to stand out clearly,

Field Observation

The need for permission from the farming populace for
access to their land allowed a thorough, field-by=field survey to
be completed, Even where the farmer refused to allow access to his
land it was possible to recognise breaks of slope whilst in the
process of asking.

Thus, it was by this time-consuming and yet invaluable
field survey alone that terrace remnants were first noted, Fig. 1%

shows the location of these features which were later levelled.



Precise Levelling

The purpose of precise levelling is to determine the
exact height of a terrace remnant above 0O.D. and at the same time
to determine the degree of warping if the area has been subject to
differential wuplift.

Sissons (1962, op. cit.) demonstrated in the Firth of
Forth that raised shorelines dipped away from the centre of
uplift., This dip was normally between 2 and 3 feet per mile,
although Sissons and Smith (1965, op. cit.) did record one
feature with a gradient of 6,93' per mile. This relatively gentle
dip was contrasted with a gradient of 15 feet to 4O feet per mile
for fluvio-glacial terraces.

Differentiation appears relatively simple at first, but
to apply the technique to the Lower Tees necessitates allowances
for a whole range of variables and differences between the two
areas.

As was explained in Chapter 1, the Lower Tees lies
closer to the periphery of the area subjected to isostatic uplift
and any deformation of shorelines would be minimal when compared
with those of the Firth of Forth.

Secondly, the predominantly east-west orientation of
terraces in the lower Tees results in a different alignment to
those of the Firth of Forth with respect to the centre of uplift,

Thirdly, the lLower Tees was deglaciated at an earlier

date than the Firth of Forth and consequently features are not as
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fresh,

Fourthly, it seems probable from the evidence in
Chapter 3 that the Tees was deglaciated from west to east in a
down slope direction, The consequent blockage of natural drainage
would almost certainly have led to the formation of proglacial
lakes which in turm would leave relict shorelines indistinguishable
from marine shorelines on morphological evidence alone,

Also, there is the added problem of confusion between
estuarine river terraces and a raised shoreline. The present
Lovier Tees flood plain dips eastwards during its last 20 miles at
an average gradient of 1l.25' per mile, The influence of tidal
range on a raised shoreline would similarly result in a gentle
easterly dip,

Thus, of the two aims of precise levelling, it appears
that any dip obtained would be meaningless,

The height above sea level of the terrace remnants shown
in Fig. 12 could indicate a common level or alternatively a series
of apparently unrelated levels. Lven in this field, the value of
morphological data may be suspect. Sediment compaction may have
resulted in differential subsidence, later erosion may have removed
a variable amount of sediment, or alternatively flufial deposition
may have shrouded the original morphology of a terrace.

In two examples, Middle Burn Toft (NZ 457279) and

Middleton St, George (NZ 355140), fourteen feet of alluvial
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deposition and up to 30 feet of channel erosion have respectively
influenced and modifiéd the original terrace form,

Thus, although a detailed list of levelled heights is
provided in the appendices the only value the survey possesses is
to demonstrate the approximate height of terraces and to determine
whether there does appear to be a marked level at any height, or
in particular at the heights referred to by Agar (1954, op. cit.)
as raised marine levels, No genetic classification is possible,
The various terraces are plotted on graphs (Figs. ", 16, 17, 18)19,)
and the data, along with the sediments on which the terraces are

formed, is summarised in tabular form (Table 83 ),

Interpretation and Summary

The survey located L3 terrace remnants in the Lower Tees
Basin. From Table 83 the only common characteristic appears to
be the discontinuity and short length of the terraces. No general
terrace levels were noted throughout the Tees Basin, although on
the south side of the present river there does appear to be a
consistent level between 76! and 84! O.D., the approximate height
of Agar's (1954, op. cit.) late glacial marine shoreline, and
coincident with the margin of the laminated clay deposit which
occupies the lower portion of the research area,

All one can suggest at this stage is that four hypotheses

may explain the origin of the terraces.

N.B, All Tables are recorded by Page numbers,
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(1) Late and post glacial run-off
(2) sub=glacial meltwater

(3) Lacustrine shorelines

(4) Marine shorelines

Further explanation depends upon the inclusion of
sedimentary and fossil faunal evidence.

It should be mentioned, as a postscript, that a sequence
of sub-surface contour maps were constructed using the multitude of
borehole records available in the Lower Tees. In all, three weeks
were spent collecting and collating this evidence and it was noted
that no clearly distinguishable terraces existed beneath the
laminated clay. These maps have not been included in the thesis,
partly because of the negative results, but more especially
because the Geological Survey did not wish to have its work
duplicated, The maps will, however, appear in the memoir which

is being prepared by the Geological Survey.
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TABLE SHOWING MORPHOLOGICAL DATA RESULTING FROM

FIELD SURVEYS

AND PRECISE LEVELLING

Location

Saltburn N2667215

Windy Hill Farm NZ652218
Cliff Top, Saltburn to Marske
Ox Close Farm NZ651211

Fell Briggs NZ613210
Turners House NZ601210

Black'!s Bridge NZ621215

Kirkleatham Farm NZ595207
Broadway Farm NZ560205
Town Farm N2582207
Lackenby Hall NZ565195
Normanby High Farm NZ535195
Spencer Beck Farm NZ540180

Coulby Manor NZ49615L4
Sandy Flat Farm NZ493158
Stainsby Hall Farm NZ471152
High Leven NZ450123

Barwick Farm NZ432146
Leven Mouth Farm NZ,j35122
Howe Hill Cottages NZ355110
Hill House NZ354102

Girsby Grange NZ385086

0ld School NZ35809L

Low Entercommon NZ335060
Low Hail Farm NZ309097
Garden House NZ303106
Hurworth Moor NZ315121
Middleton St. George NZ355140
Long Newton NZ380162 -
Elton NZLO1174 ’
Coatham Stob NZ405162
Coatham Stob NZ405162

N. Edge Stockton NZLL5225
Howden Hall NZA15225
Warren House Farm NZ,37254
Woodside NZL36273
Wolviston NZ,L51,258

Marsh House NZ,61256
Middle Burn Toft NZ457279
Middle Burn Toft NZL57279
Claxton N2Z476287

Cowpen Bewley NZL83247
Throston Grange NZ492341

(Feet 0.D.)
Height Length
161 1,758
1331 400°
131" to 95! 1,950!
141 to 170" 3,3401
1561 1,300!
8)1 10,cC00!
L7 2,630!
551 870!
807 3,1001
93¢ 2,410!
761 1,130¢
501 1,3901
1001 1,260
106! 8901
991 3,8001
YiA 1,6401
1221 2,9201
761 1201
118! 4,2401
781 2,050
1221 2,2101
14t 2,910!
133! 1, 060!
1748 1,050!
1349 1,250¢
119 950!
131! 01
1321 10,6001
1151 10,4001
1061 3,750!
94! 6,01
801 1,200t
591 3501
132! 1,130!
111 2,150
176! 1, 750!
1091t 10,000
591 1,385
53¢t 5801
731 600¢
61! 1,200!
30! 150!
601 3,150

Sediment

Alluvium (floodplain)

Red Stony Boulder clay

Red Stony Boulder clay

Red clay, some stones, some
evidence of water sorting

Red clay, sand and silt lenses

Patchy occurrence, sand
interbedded with clay

Laminated clay with five sand
layers

Laminated clay

Coarse dirty sand

Reddish=brown washed till

Red~browvn stony clay

Laminated clay

Sandy deposit, clay rich with
depth

Red stony clay plus sand lenses

Clean yellow sand

Clean, and mediumw-grained sand
Silty sand

Pockets of sand on laminated clay

Unbedded sand

Red stony clay plus some gravel
Sand

Sand interbedded with laminated
silty clay

Fine silty clay

Sand and silt

Laminated clay

Red=brown stony clay

Red=brown stony clay

Reworked, washed, red-brovm till
Red=brown stony clay (washed)
Red clay, upper layers washed
Sand

Sand

Sand

Resorted till

Red stony clay

Red=brown stony clay

Washed red stony clay
Laminated clay

Alluviun

Brown alluvium

Brown alluvium

Laminated clay

Washed boulder clay



CHAPTER 5
SUB=AQUEOUS @ORPHOLOGY

Purpose of the Study

So many of the problems of British Guaternary history stem
from the inability to envisage Dritain as anything but an Island.

In view of the accepted lowering of sea level during the Wurm
glaciation (Shepard, 1963) it is almost certain that Britain was
then part of the Furopean continent, It is also probablp that many
of the answers to unsolved problems of east coast glaciation, such
as the westward extont of the Scandinavian ice sheet, and the
chronology of Wirm events, lie buried beneath the waters of the
Horth Sea.

Apart from these general considerations Sissons (1967,
personal communication) considers that the tilting of the late and
post glacial shorelines recognised on the east coast of Scotland, is
sufficient to place them below present ord#nance datum well to the
north of the Tees Basin, Certainly there is definite evidence of
terrestrial‘.\depo‘sits and shallow water shell bands at depth off the
Tees coastline, If, therefore, the topic of Quaternary sea level
change 1s to be fully understood, the sube=aqueous environment must
be explored, This is especially true in the peripheral areas of

glaciation, where the eustatic rise of sea level is offset by only



a limited amount of crustal rebound. Thus, there is an obvious
need for an underwater survey and the cholce of area and detailed

aims are discussed in the coming section.

Aims of Survey and Choice of Area

The prime aim of the sub=aquatiec survey was to determine
the degree to which the submerged glacial landscape had been modified
by post glacial marine processes ard to discover whether offshore
terraces exist, which represent sea levels lower than present,

In Chapter 2, reference wns made to several articles
(G111, D. Ga, 1960, Australiaj Fairbridge, 1948, 1953; Uchupi, E.,
1961, Pacific Coast, U. S. A.; Cuerda, 1960, Spain), acknowledging
the existence of terraces below present sea level and which date
from the post glacial eustatic rise of sea level,

Unlike the terrestrial survey outlined in the previous
chapter, which was largely restricted to the Lower Tees, the
sub=aquatic survey was extended north of the Tees Bay into Scotland,
The reason for the extension reflected the author's belief that any
terraces found may rise northward towards the centre of rebound, A
terrace which was only recognised in the Tees Bay could have t¢averal
origins, but if it were recognised over an extended distance, one
could poasibly determine the degree of warping. It was also hoped
that the shorelines of the Firth of Forth might be traced after they



dipped beneath 0.D. Hewlyn,

For economic reasons the survey was limited to a zone
extending three miles offshore and to a depth of 180t%, This depth
of 180! was chosen for three reasons:

(1) It was the maximum depth to which the author was prepared
to dive to check the validity of soundings.
(2) The buried valley of the Toes extends to this depth

(Radge, 1939).

(3) It marks the maximum calibration of the most accurate
echo=gounding equipment which could be afforded.

The choice of methodas, and problems which emerged, are

discussed in the light of these controls,

Methods Chosen and Problems Encountered

Several echo=-sounding devices were tested and the
ferrograph "Inghore Graphic" sounder proved superior in both accuracy
and quality of result. The major problems with regard to the survey
are discussed below.

(1) survey errors: (a) Instrumental and Operator
(b) Surface water conditions
(¢) state of the tide

(2) Navigation errcrs



Deserintion of the Instrument

The "Inshore Graphic" sounder operates on the prineciple

cormon to all echo soundors, that the velocity of sound waves in

water is sensibly constant, A pulsge of sound enorgy is triggered

by a rotating amm, carrying a pen, at the moment it passes the gero

position on the recording paper. This sound wave takes approximately

1/40th of a second to make the two=way trip from sounder to sea bed

and back in 60 feet of water. (See Fig. 29)

(1)

(2)

Instrumental Yrrors

Reference Plane

All readings are related to the position of the transducer
below the water surface. This depth, which is a constant,
must be allowed for when calculating the absolute depth

at any given location.

Variation in Velocity of Sound

The velocity of sound in water is not constant, It ecan
vary as a function of two factors, temperature and salinity.
For any fixed velocity, depth will appear greatest in cold
fresh water and least in very warm, salty water. The
theoretical difference between these two extremes could
conceivably exceed 5% but in the Tees estuary and Firth
of Forth salinity and temperature differences account for

only a 2% error. Even so0, a sudden change in salinity as
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occurs under estuarine conditions could glve the
impression of a small step in the sea bed. ‘here visibility
permitted scuba divers investizated any recorded changes
in sea bed topography.

(3) Speed of Stylus Rotation
This third error is a function of the constancy of speed
of the rotating stylus. The most frequent variation
resulted from water getting in the drive mechanism causing
the drive belt to slip, A second possible variation could
be failing hattery wvoltage. To prevent this latter,
frequent hydrometer checks were taken to determine the
battery charge and a replacement tattery used s necessary.
The problem of drive belt slippage was also solved quite
easily by sealing the face of the sounder with waterproof
adhesive tape.

Surface later Conditions

In excessive pwell and heavy seas the oscillations of the
ocean surface are transferred to the chart making interpretation
difficult, Providing a swell was uniform in terms of wave height
~and length, charts were easily interpreted. Soundings were not,
hovever, attempted in choppy seas with variable wave height and
length,

State of the Tide

To obtain the absolute depth relative to 0.D. Newlyn, it
was necessary to determine the state of the tide, The elapsed time

of the cruise was noted and the state of the tide computed from the
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nearest tide gaupge recordg.
The following table swrurises the effect of the errors

discussed:

TABLE OF ERRORS

State of Surface Reference Sound Speed of Stylus

the Tide Conditions Plain Velocity Rotation
2z 0,5 Ta $ 0,51 2% 0.05¢
Total error in 20f water pa 346!
60! water ¥ 2t
1001 water : 5 ¢
160* water £ 6.20

Navigat.ion Frrors

To determine the precise iocation of a traverse and the
position of any change in bottom gradient, a sextant was used in
preference to a navigation compass because of the much greater
accuracy which can be obtained, Horizontal angulation was checked
for accuracy azainst an aerial photograph of known scale, and the

maximum error recorded,
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B. Air Photo on Same Scale,

Seventeen tests using the air photo comparison showed positions up

to 30! in error at one mile distunce from the shore and 120 feet in

error at three miles distance from the shore,

Sumary
Ore may conclude that in terms of horizontal and vertical

accuracy the aquatic survey cannot compare favourably with terrestrial

levelling of visible featurcs.

There 1s, however, no doubt that

significant changes in gradient and depth are visible on recordings
and it wac found that 20% of the recorded changes were valid when

checked by divers,
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Method of Approach

After determining the feasibility and accuracy of the

survey methods, use was made of a Royal Navy inshore rescue craft to

complete numerous traverses at right angles to the sea bed contours.

In all, 71 days were spent at sea, 45 of which were devoted solely

to echo=sounding., A detailed map showing one=foot contour intervals

was constructed for the Tees Bay, but elsewhere the time involvement

and the detail necessary made this task impossible., Fig, 21 shows

the location of all traverses but detailed profiles from each area

are only shown if there is evidence of a change in bottom gradient.,

In all cases uese was made of Admiralty and commercial soundings to

supplement the coverage., (Fig. Zi7)

Repulta

(1)
(2)
3)
)
(5)

A five=fold division of the area was used, for ease of

Tees Bay (Fig. 23) |

Tees Bay to Tynemouth (Fig, 23)
Tynemouth to Berwick (Fig. 24%)

Berwick and the Firth of Forth (Fig. 2%)
Firth of Forth to Stonehaven (Fig. 26)



(1) Tees

The results of detalled soundings in the Tees Bay are
portrayed in Fig. 2% using a one=foot contowr interval. One can
immedlately observe that no significant change of gradient exlists
between O.D. Hewlyn and a depth of 108 feet., The exlistence of both
valleys and spurs transverse to the coastline was noted but the
cause of these features was not apparent, At a depth of 70 feet
several mounds were identified, their position coineciding with the
area of "rough around" identified by fishermen and in which were
found sharp granite "erratics." Perusal of documentary records,
coupled with diver investigation, confirmed that many of these
features represented ‘ballast. dumpa.

Fig, 39, whilst i1llustrating a typical sounding in the Tees
Bay, also indicates a slight lessening of the bottom gradient at
=70 0.D. westenorth=west of Hartlepool, This feature was recognised
to the north of Hartlepool but not to the aoﬁth which suggests that
the depositional enviromment prevailing in the bay had successfully
obliterated any evidence which may have existed. LEvidence from the
chammel of the Tees and from probes by scuba divers indicated at
least 8' to 9! and in one instance 37! of recent sandy deposits
overlying boulder clay.

In Fig. 28 profiles transverse to the coastline indicate

92



that two changes of gradient exist within the Tees Bay, at =70!
and =180% respectively (latter recognised from Admiralty soundings).
It is sufficient to note, at this stage, that these features exist.
The degree of accuracy of the soundings is inadequate to determine
whether the gradient change maintains a constant depth,

(2) Tees Bay to Tynemouth

Many of the detailed soundings in this area were derived

from commercial swrveys completed by Wimpey and by Land and Farine
Contractors Ltd. Soms use was also made of detailed Admiralty
soundings in the area immediately offshore from Tynemouth, For
convenlence the resulta of soundings in this area are examined in
three groups:

(1) Sunderland-Seaham

(11) Souter Point

(111) Tynemouth

(1) Sunderland=-Seaham
/Eig. 29 shows a detailed contour map of the sea bed
completed by "Wimpey" whilst surveying the sea bed in search of
cormercially exploitable gravsl deposits, Two levels were of
interest at =90' and «135! respectively. In both instances divers
noted coarse sand on the sea bed,

(44) Souter Point

Solid rock which crops out at the coast was noted to a



depth of =85! by divers. At that depth it was covered with a veneer
of mediun to fins sand. Soundings showed a gradual drop to «18!¢
where a distinet wave cut platform exists. A second platform was
noted at =110' and a third, at =170, It was possible to determine
that the shallowest platform was cut in solid rock, but in the latter
two cases sand and silt made up the bottom deposits,
(111) Tynemouth

Two very detalled surveys completed by Land and Marine
Contractors Ltd., were avallable for examinationj one, to the north
of the navigable channel, and one, to the south (see Figs. 31, 30).
It is perhaps significant to note that the southern area has a
more uniform gradient. This in turn is a reflection of excessive
sedimentary deposition from the River Tyns, In the northern section
the contours of the sea bed are not masked by recent deposition and
a change of gradient in the sea bed was noted at «50' 0.D, with
others at «70!' ard «80' O.D. Divers noted a wide variety of deposits
on the sea bed in this area and it was concluded that the sea bed
surface resembled the late glacial landscape more closely than in
other areas,

Admiralty Soundinss

In the areas between these detalled surveys Admiralty
charts recorded the followlng features of interestt

(1) A change in bottom gradient at =68' to =721

between Hartlepool and Sunderland,
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(11) A similar feature at approximately =701 north

of Sunderland.

Admiralty, conmeroial, and the surrent soundings cuzgaest
that a widely occurring terrace feature axists at a depth of
approximately =70t¢ In the Tecs Bay its abszence may be explained
by the strong deponitional envirormont which could have led to its
obliteration,

(3) Zynemouth to Borwick

The evidence complled for this region comes predominantly
from Admiralty gources, supplemented by work completed during the
presont study and by the Dovae Marine Laboratory {Newcastle University).
(Fig. 22 depicts the precise location of traverses., )

In addition, two terrace levels were noted from Admiralty
soundinge at -l80! and «276', The latter marks the existence of a
very extenpive level, Soundings from the Dove iarine laboratory
(Fig. 32) do not, however, confirm the existence of these two
levels east of Blyth.

Detailed inshore sounding of the Farne Ilslands and Derwick

recognised two lovels at «58' O.D, and «84' O.0., and it is particularly

interesting to note that these two levels can be traced northward
to St. Abbg liead where "t.)hoy occur at «44' and «80! O,D,

It would seem likely that these two levels are wave cut
platforns, lo ovidenco existe to



suggest that they are of pleistocene age, particularly as thoy are
etched into solid rock at Ct. Abbs, not glacial deposits. Also at
Ste Abbs two deeper levels vere recognised at «1206!' and =180 O.L,
(4) Derwick and the Firth of Forth

This ares was of particular significance in view of the
many ralsed shoreline fcatures along the shores of the Firth. A48
in the case in the Tees, however, excessive deposition from the
estuary has successfully obliterated any evidence of submerged levels
in shallow water, ‘Two levels were noted at depth, at «126' and -186!

respactively, along the southern shore of the Firth batwecn St. Abbs
Head and lHorth Derwicke Again, there was no evidence that they
were etched into glacial depoaitg.
(5) Firth of Forth to Stonshaven

It was originally intended to terminate the offshore
survey at the Flzrth c¢f Forth, but the singular lack of success in
finding subnerged shallow wuter terraces led to the completion of a
series of traverses 1n St, Andrews Bay.

In the bay only one level was noted between =42' and 54!
O«De This ievel was obviously of post pleistocens origin since it
wag cut in beculder clay and Jcovered with a discontinuous layer of
recent sandy deposits., TFurthor north, idmlralty soundings recorded
a very distinct terrace at -162! 0,D. although in this instance it

wag not possible to determine the nature of the deposit.,




pumary and Interpretation (rig 33)
In sumary, these results have been fairly satisfactory

insofar ap they did give Indications of several submerged terraces.
The major onoe wore found at =20' O.D., =40' 0.D,, «70!, =101,
wl26? 0.De, =1E0Y, and «276! 0.D,, but wers too discontinuous to
allow cast coast correlations.

Sorse occurred quite widely whilst others were recoznised
in only one or two treverses. A major problem was the inability te
detormine the existence of any terrace remnants in the areas of
recent deposition., One would expect terracas to ba preserved more
readily in these depositional environments and both the Teas Bay and
the Firth of Forth were in this category. In order to combat thie
situation attempts were made to obtain seismic soundings in these
two areas, The following section outlines the problems encountered
in thig attempt and discusses tho siznificance of the roesults.

Seimic Soundinga
(1) Yethod and eost
(2) FExisting surveys

(3) Jeo Ds &nd D, M. VWatson
J



Fquipment,

The "gparker" gystem for obtaining underwater geological
information is a modified selsmic reflection technique, In essence,
the main differences between the Ferrograph sounder, used in the
previous section, and the "sparker" are incrcased sensitivity and
power (see Fig. 32). It is possible, using this method, to distinguish
between sand, gravel, boulder c¢lay, and solid rock, Thus, any

terrace cut in glacial clays and later obliterated by recent
deposition will show up on the chart recorder,

The complexity of the equipment, ites size, and the
necessity of a large power genorator, make its use impossible in
any ship smaller than a 30-foot fishing vessel., The Natural
Environment Research Council does possess such a vessel equipped
with sparker equipment. The author was unfortunately unable to
obtain its use, The reason given (a just one) was that the vessel
wag deaigneq for deep sea oceanography and was in great demamd for
such work which was carried out by research teams studying many
aspects of the ocean environment, Had the author'!s own work been
part of a team project it would have been possible to make use of
the vessel; as it was, the :&eturn from a single project did not
Justify the time or cost involved.

A second possibility, the "Alexander lMeek," a converted




fishinz vessel cnerated by the Nove Marine leboratory, wus available
at a nominal ¢ost of #50 per day. Permission was obtained to use
this vessel in conjunction with the Spark=r belonzing o Lhe
Geophysics Nepartment at Durhame, Both the vessel and the eruipment
wers in almost constant uso and although careful arrangemsents were
made, technical faults prevented thelr use as the vassel and the
equipment were not available simultaneously,

Two sources havinz proved nepgative, tha major oil companies
and consultant engincers were contuctod to debermine if thay would
allow the perusal of their records pertaining te the res=arch area.
Despite some detailed negobtiations with Georgs Wimey and Cos Lide,
and the Shkell 0il Company, neither would agree, for security reasons,
to allow examination of their records,

A fourth possibility, that of hiring a commercial company
to coanlete the survey, wag investigated but rejected in vwiew of the
cost (E200 per day).

Following thess failures the author learnt in December
1967 of a proposed sparker survey to he carried out in the Tees Bay,
at the request of a committee representins the five Tecside Local

Authorities by J, Ds amd D, M, Watson Ltd,, Chartered Civil Ingineers,

\

The nature of thelr work was to present a report regarding the

feagibility anl economics of a sewame system for Teesmouth and
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entailed a considarable wmownt of vork on flow reasurenent, offshore
currents, and their effects on effluent distribution,

An zqualung sampline survay of existing sedinentary
environments in the Tees Bay had already heen cowpleted as part of
thioc theolins, and after discusgsion with a repressntative of the
company, thin data on suh-surfaco currenta and cediment distribution
was exchangad for the Sparker recorda, The following section
examines the results of four "Sparker" traverses in the Tees Bay
(eeo Mg, 22), For convenience oach traverse is considerad

separataly,

PRCFILE 1  Trordine PagteHortheFast from the Coast DBetween

tarske and PRednar

Extending approximately three miles out to sea and to a
depth of «106! O.D., this southernmost profile is unique amongot
the four as the chart shows no evidence of glacial deposits between
the bedrock and a thin, discontinuous veneer of recent sand deposits
(Fig. 35)e The surface of the bedrock is seen to be most irregular
and contains no evidence of any marine planation.

.
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PROFILE 2  East-North-East from the Coast Midway Between West

Scar Rocks and the South Gare Lighthouse (Fige 36)

The profile shows two minor terraces at «25f and =35t O,D,
cut into the sandy deposits on the sea bed, Whilst these have, in
themselves, very little sipgnificance, it would appeay from the
profile that they might be related to a similar pair of terraces
in the underlying boulder clay, This relaticnship is not easy to
determine as the features in the sand do not correspond precisely
in either location or depth to the underlying boulder clay terraces
which oceur at 28! and «38! 0.D. respectively. (A further terrace
is noted at =49' 0.D. etched in bedrock.)

The following laboratory experiment was set up to determine
whether the two sand terraces might be relat_ed to the two features
etched in the underlying boulder clay. (Fig. 37)

A clay deposit was moulded into the shape of two terraces,
in a glass tank 2'x3'x10", roughly proportional in size and relative
location to those cut in the Tees Bay boulder clay. The tank was
filled with water to a depth of 8" and at 12«hour intervals a 50-gram
sample of defloculated clay was added to the water and allowed to
settle, Care was taken to use alternative red and grey clay samples
and it is most interesting to note the result., The gradual
sedimentation of the clay resulted in a layer of uniform thickness




paralleling the moulded clay surface, The position of the break of
slope was displaced towards the deeper water. One may, therefore,
suggest that the sand terraces are reflections of the underlying
boulder clay topographys No further conclusions can be drawn from
this profile other than to note that the terrace notched in the
bedrock could be of preglaclial origin, whilst those notched in
boulder clay must date to late or post glacial time. Geneais can
not be determined from morphological evidences alone,

PROFILE 3 Eastelorth-Fast from a Point One Mile South of the

South Gare Lighthouse gFgg, 282

The most significant occurrence in this profils was the
recognition of a large buried valley, presumably that of the Tees,
cut into the boulder clay beneath the sand layer., The presence of
this valley Indicates that sea level must have been lower than at
present during the lifespan of the valley. Two valleyside terraces
are noted and may indicate other baselevels during the eustatic rise
of sea level., The valley is located 1% miles offshore in 35! of
water, whilst its bed and terraces are recorded at =87! 0.D.,
w66' 0,D.y, and =45t 0.D. respectivel)y.

In addition to the val].e);, the surface of this upper layer

of boulder clay also shows evidence of planation when compared with
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the more irregular surface of the lower boulder olay which is
similarly recorded in the profile, Bedrock in this profile is
notably deeper than in the previous profiles and shows no evidence
of planation,

In surmary, the most significant evidence provided by this
profile is the confirmatlon of the existence of a low sea level
indicated by the presence of a river valley cut into the boulder
clay swrface to a depth of «87' O.De It is probably that this
valley extends beyond the point where it crosses the profile but
this extent cannot be determined from the above evidence,

PROFI.E 4 lNorth-North=East from the North Gare Lighthouse (Fig. 39)

This profile indicated a sandy sea bed with almost perfect
grading interrupted only by a small break at «29,5' 0.D. It 1s
possible that this break reflects some irregularity in the underlying
glacial deposits not portrayed by the record, The most interesting
evidence shown by this profile, hovever, relates to glaclation and
the presence of three distinct layers of boulder ¢lay. Iven more
interosting, each layer exhibits several valley forms some of which
show evidence of terracing. It may be possible that each boulder
clay layer was separatei.by a period of suti-aerinl weathering and

erosicn, Deaumont (personal commmication) recognised evidence for
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a marked weathering profile on a boulder clay found approxirately
36! benoath sea level, near Seaton Carew (NZ 536272),

Although few in mumber, the following valuable pieces of
evidence have cmerged from the eeismic profiles.

(1) A river valley extending beyond the existing coastline
indicative of a lowor sea level than presgent,

(2) Terraces on the side slopes of this and ot.her-valley
forms, pocsibly indicating the existence of several bace
levels during the eustatic risc of sea level.

(3) The recognition of terraces cut 4n the buried boulder
elay surface, possidbly indicating a lowor gea level at
=28¢ O.Ds and «33% O,D,

(4) Confirmation of hore hole records, indicating the presence
of geveral layers of boulder clay beneath the sea bed.

(5) Acceptance of the possibility that irregularities in the
sandy sea bed deposits may reflect oimilar irregularities
in the underlying deposits. N~

General Surr Pelating to the Sea Hed Surmy

One concludes that both selsomic and sea bed profiles are



valuzble means of locating terrace forms, The accuracy of the
sounding equipment dves not match the onshore survey and nor does
the method of execution (at right angles to the gontours) match the
afficiency of lovelling along the contours parallsl to the break of

slopes This problem, with the offshore survey, of constantly searchirg

for a sea bed break of slope, invisible from the surface, was to
some extent alleviuted by the continued use of divers to confirm
suspected changes of gradient,

The major interpretational problem is, however, common to
both the terrestrial and marine gurvey. In neilther case is it
possible to determine the origin of the terrace without supporting
evidence. HMany hypotheses can be entertained with equal merits and
few, if any, can be discounted on morphological grounds alone, Ons
should re-iterate, therefore, the conelusion drawn in Chapter 4,
that morphological surveys of this nature cannot be described as
morphogenetic, Supporting evidence, in the case of the sea bed
survey may take the form of shallow water faunal evidence or "beach
sorted" sediments,

A further eriticism of both surveys is that no absolute
chronological evidence emerges from morphological studies, The most
significant conclusion to emanate from this section on terrestrial

and auatic morphological surveys, is to emphasise the importance




100

and relevance to the thesnis of the fortheoming sections on

sedirentology and fossil, faunal chronology evidence,



CHAPTER 6

DEPOSITIONAL ENVIROWMENTS: PREVIOUS WORK AND METHODS OF RECOGNIT ICN

This chapter examines the different characteristics of a
sediment which have been used to determine its depositional
environment. Some attempt is made to assess the weaknesses of
each characteristic and technique to determine its value to the

present study.

Introductory Statement

With notable exceptions, the majority of work on the
recognition of a depositional environment has been completed by
geologists working outside the British Isles. These workers have
assumed that a sorting agent (wind, wave action, running water,
gravity settling) is capable of depositing sedimentary particles
of different sizes, shapes, and densities, in such a way that the
dominance of these respective agents will be reflected in the
nature and structure of a deposit. The fact that no universal
characteristics have been identified testifies to the complexity
of the problem and as an introduction to the topic the work of
F. P. Shepard is reviewed.

Shepard (1964) made the only attempt to examine the

criteria in modern sediments useful in recognising ancient

sedimentary environments. Much depends on the basic assumption
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that the present is the key to the past and diagenic processes
have in many localities successfully prevented environmental
recognition, The following table of envirommentally significant
characteristics summarises Shepard'!'s work:
A, Dune sand may be distinguished from a beach sand by:
(1) Greater roundness

(2) Greater number of heavy minerals

(3) Higher silt content
(4) Smaller shell content
(5) Aeolian cross bedding
B. Beach sands are distinguished from shallow water deposits by:
(1) Lower silt content
(2) Better sorting
(3) Greater rounding
C. Lagoon and estuarine deposits are distinguished from shallow
shelf deposits by:
(1) Scarcity or absence of glauconite
(2) Presence of sandy clays, low in silt
D. Marine delta facies are identified by:
(1) Abundant laminations
E,_ Glacial marginal deposits can be differentiated from marine
deposits of the same depth range by the presence of numerous

scattered stones, mostly angular, anrd often striated.
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F. Deep water sands differ from shallow water sands as they contain:
(1) More numerous alternations between sand and mud
(2) A sharp lower boundary of the sand layers
(3) The graded nature of the sand beds
(4) The differences between shallow and deep water ripple

marks

The above classification was adopted for the study of the
following characteristics in this thesis:
(1) Particle size and sorting
(2) Particle shape
(3) Particle density
(4) Particle composition
(5) sSurface texture of particles
(6) Sedimentary structures
Four vital problems are common to all six topics, and these
must be discussed before attempting any work in this field., They are:
(1) sample collection
(2) NMethods of analysis
(3) Presentation of results
(4) Interpretation of results
Only the latter three are discussed in this chapter as the first

is sufficiently important to warrant a separate chapter,
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Particle Size Analysis

Methods

Methods of analysis in particle size studies vary with
the nature of the sample and in particular with the range of grain
gize it exhibits. The standard method for gravel and sand sized
fractions involves dry or wet sieving through a nest of sieves of
successively finer mesh, The weight of sample retained on each
sleve is weighed and recorded after fifteen minutes on an automatic
gieve shaker,

There are several errors involved in this technique, the
solution of which provide for improved analysis. The Institute of
Chemical Engineers (1947) noted that experimental error is related
to three factors:

(1) The accuracy of the sieve mesh
(2) vVariations in the shape of grains
(3) vVariations in the time the sample is sieved

The accuracy of the sieve mesh can be checked under the
microscope against a micrometer but the shape of the grains cannot
be accounted for. Of the three, the latter is most easily controlled
and several workers have suggested a time period which allows an
accurate result,

Another error which has only recently been acknowledged
(Folk, 1966) relates to the size range between the sieves; that is,

if ten sieves are used, then the size range is divided into ten
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GRAIN SIZE SCALES FOR SEDIMENTS

The grade scale most commonly used. for sediments 1s the Wentworth
(1922) scale which is a logarithmic scale in that each grade limit is
twice as large as the next smaller grade limit. The scale starting at
lmm and changing by a fixed ratio of 2 was introduced by J.A. Udden (1898),
who also named the cand grades we use today. However, Udden drew the
gravel/sand bounnaqy at 1mm and used differentterms in the gravel and mud
divisions. For more detailed work, sieves have been constructed at in-
tervals 2/2 and 4/2. The & (phi) scale, devised by Krumbein, is a much
more convenlent way of presenting data than if the values are expressed
in millimeters, and is uded almost entirely in recent work.

U.S. Standard Millimeters Microns Phi (¢) Wentworth Size Class
Sieve Mesh #

4096 -l2 -
1024 =10 Boulder (-8 to -12
Use 256 -8 ___ Cobble (-6 to =~ 8
wire 64 -6
squares 16 -4 Pebble (-2 to = &¢)
5 L -2
6 3036 - 1075
7 2.83 - 1.5 Granule
8 2,38 - 1,25
10 2.00 - 1.0 _
12 1068 - 0.75
14 1.41 ' - 0.5 Very coarse sand
16 1.19 - 0.25
— 18 1.00 - 0-0
20 0.84 0 0.25
25 0.71 0.5 Coarse send
30 0.59 : 0.75
— 25 —1/2 ___  0.50 500 1.0
0 0.42 420 1.25
s 0.35 350 1.5 Medium sand
50 0.30 300 1.%5
— 60 ___Y/4 ___ 0.25 250 ____ 2,0
70 0,210 210 2e¢25
80 0.177 177 2.5 Fine sand
100 0.149 149 2.75
- 120 ___1/8 0.125 125 3.0
140 0.105 105 3.25
170 0.088 88 3.5 Very fine sand
200 0.074 L 3.75
270 0.05 53 L,25
325 0.04 L 4,5 Coarse silt
1% __ 0.9 4 N
1/64 0.0156 15.3 6.0 Medium silt
Analyzed 1/128 0.0078 7.8 7.0 Fine silt
by 1/256 ___ 0.0039 ___ 3.9 8.0 Very fine silt
0.0020 2.0 9.0
0.00049 0.49 11.0 Clay
or 0.00024 0.24 12.0
0.00012 0,12 13.0
Hydrometer 0.00006 0.06 14.0
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classes, Any increase in the number of sieves within the extreme
range of the sample size will obviously improve the accuracy of
the technique. Folk (1966) stated that the gap between sieves
should not exceed 0.25¢ units® if the results are required for
genetic predictions, although Moiola and Weiser (1968) were
successful with a 0,54 sieve separation.

Two methods of analysis are available for finer sediments,
the Andreasan pipette and hydrometer analysis. The methods are
similar insofar as both involve the gradual settling in water ;f a
sample suspension maintained at a constant temperature. In the
hydroneter method the density of the suspension is recorded at
specific time intervals, whilst in the pipette method a sample of
the suspension is siphoned off and the weight of sediment 1s
recorded by evaporating the water. Of the two, the pipette method
is subject to fewer experimental errors; © 1.58% as compared with
t 1,752 for the hydrometer technique (Reineck, 1967).

Although the pipette method was available during the

latter months of research the present study used the hydrometer

method throughout for comparative consistency.2

1 A ¢ (phi) unit is the negative logarithm to the base 2 of the
mean diameter, of grain size, in millimeters,

2 Detailed outlines of the methods of analysis are included in
the Appendices.



Prasentation of Results

A variety of graphical and statistical techniques have
been applied to the results of particle size analyses in order to
display the differences between sample populations. Although
the most recent trend has been towards the increased use of
computers and consequently more complex statistical analyses,
there are still different schools of thought concerning the
merits of graphical and statistical presentations. This section
compares these methods and progresses from the least to the
greatest level of sophistication,

Graphical Analysis

Fig, 49 portrays the most common graphical presentation,
(1) The histogram and arithmetic graph.

These two methods were amongst the first to bte used

(Udden, 1898, 1914) and allow for the easy recognition

ofs

(1) The modal grain size

(ii) The presence of a bimodal distribution

(1ii) Negative or positive skew

(iv) The concentration of grain sizes into a central

group (peakedness)

(v) The range of grain sizes present
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One must remember that visual appralsal can only be
relative and where differences between samples are slight
the visual method rapidly becomes ineffective, Doeglas
(1946, 1955, 1962), ons of the pioneers of recent advances
in sedimentology, argues, with some success, that if the
difference bstween two particle size graphs is not readilly
visible in a graph, then statistics which are based on
percentile readings from the graph will be lneffective.
Certainly during the current work one could frequently
recognise a depositional environment from the shape of the
graph, -

The Triangular Graph,

In many ways the triangular graph is less sengitive than
the simple bar graph., Its prime use 1s to indicate the
ratio of sand, silt, and clay,. gne can Quickly demonstirate
this by referring back to page 112 and Folk's (op. cit.)
statement that 0.25¢ should be the maximum gap between
gieves, All that is required for the triangular graph are
three sleves.

Plunley and Davis (1950) adapted the triangular diagram
to estimate the median, mean, standard deviation and
skewness of sediments, from a thres=component plot of eand,
s8ilt, and clay percentages, The msthod is not suitabls for
detailed environmental study as it lacks the necessary

degree of precision.
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(3) The Three~ or Four-Cycle Semi=Logarithmic Gravh and the
Arithmetlc Probability Graph.
It 1s commonly acknowledged that the grain silze
distribution of a sediment approximates to the log=normal,
Udden (1914, op. cit.) was first to recognise this property

end made extensive use of this graph. Horever, the semi-

logarithmic graph was largely superceded in the 1930's by

the use of the arithmetic probability graph.

Krumbein and Pettijohn (1933, p. 223) ontline tho
value of the probabllity scale:
(1) The normal distribution plots as a straight line.

(1i) Drawing errors are thus reduced.

(111) Any deviation from a normal distribution is immediately
regognised,

(iv) The end members of the size distribution are
exagegerated, As they/;éprenent the extreme range of
the sorting agent they frequently provide the most
sensitive environmental indicators.

(v) The probability scale should not be used for analysing
samples which cannot include the end members, For
example, boulder clay slze analyses cannot be plotted
on this papcr. A cumulative plot would present a
false picture if the coarsest 10% and finest 5% were
onitted from the analysis.
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The use of the probability scale evolved in conjunction with
phi (¢) units. The phi unit was in turn developed specifically
as a statistical device to permit the direct application of
conventional statistics to sedimentary da.t.a.l

One may conclude this brief synopsis by referring to
the close relationships between graphical and statistical
stulles. In particular, the ¢ probability plot allows one
to observe, himodality, peakedness, and skevmess. Folk
(1966, op. cit,) further mentions the value of graphical

presentations in detecting experimental weighing errors and

faulty sieves. - Even more important, it is often possible to

detect genetic relationships which are not readily .obaerved

from statistics,

Statistical Analysis of Grain Size DNata

Statistical analyses emerged ,rr.om the desire to test the
significance of differences between sediment size populations, Before
discussing the different procedures one should note that statistical
tests rely on a representative sample and an accurate method of
processing to ensure valid results. The statistical method inherits
all sampling and processing errors involved in obtalning the data,
as well as its own level of significance (7f to 99% as the case may be),

l ¢z~ 1032%’ where i = diameter of the grain in millimeters.




For convenlence the methods, used to date, can be reviewed

under three headings:

(1)
(2)
(3)

(1)

(2)

Intercept statistics
Moment measures

Comput.er analyses

Intercept Statistics, |
The mean, median, mode, and standard deviation were first
used by Udden (1898) and were of little or no value for
distinguishing between environments of deposition. It
was primarily to improve the situation that led Krumbein
(1937) to make use of moment measures,
Moment Measures.
These statistics, which relate to the arithmetic mean,
standard deviation, skevmess ,ﬁ.ﬁd kurtosis of a frequency
curve were later elaborated upon in a series of articles by
Inman (1952), Folk and Ward (1957), Friedman (1961, 1967);
McCammon (1962), Chappell (1967), and lioiola and Weiser
(1968). Some of these articles test the parameters whilst
others attempt to improve upon them, and it 1s the latter
which merits discussion in this scction,

Inman (1952, op. cit.) used percentiles to compute
his results and the main wealkmess lay in the selection of

too few percentile values,
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Folk and ‘ard (1957) improved upon Inman's work by
using the following formulae:

Aritimetie Mean M, = 016 4 ¢50 & ¢84
3

Standard Deviation o) = ¢8 l: ¢16 ¢ ﬂz_-_ggi

Skewness Skl s 9016 = 2650 = ¢5 % 995 - 2%50
2(Q8l = ¢I5§ 2(¢95 = ¢5
Kurtosisa G = ¢ =¢5
2L4(¢75 ~ ¢25

These formlae have been used by many workers with varying
degrees of success, The best means of differentiating
between enviromments was achieved when skewness was plotted
against kurtosis or mean size againet standard deviation,
The students "t" test was used as a probabllity check and
values greater than 0.05 were not accepted,

Friedman (1961, 1967) developed the following formulae

in preference to the grarhical approach:
Mean % =z 1 & fmd
100 2'

£ = frequency of different grain size grades present
m¢ z mid=point of each grain size grade in ¢ values
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———————

Standard Deviation o¢ G/E fgmg - J'EQE

100
Skevness 849 = e 04.3 éf (m¢ = J?¢)3
100
-y
Kurtosis a¢=1 o éf(m" - §¢)“'
L =555 ¢

Chappell (1967) noted that a separation betwsen beach

and dune sands was 70% successful using Folk and Ward!s

forrulae for skewness and 957 successful using Friedman's, (Fig 44)
McCammon (1962) also noticed limitations in the work

of Folk and Ward and suggested the following improvements

for the calculation of the mean and standard deviation:

97% officlent M, = ¢5 4 625 + ¢35 4 9L5 + @55 + 465 b ¢75 b ¢85 4 ¢t
10

87% efficient St.Deve. = $70 + ¢80 ¢ 690 ¢ ¢97 = ¢3 = ¢10 = ¢20 = ¢30
%ol

McCarmon's 978 and 87% efficiency levels may be
compared with 88% and 79% 1evels4or Folk and Ward's
formulae, It has been argued that the low improvement did
not warrant the extra calculation (Folk, 1966) but the
present writer would strongly maintain that any iLmprovement
is worthwhile, especially when one considers the pre-existing
sampling and processing errors which are inherited by the
statistical data.
The most recent improvement was introduced by Kane

and Hubert (1963) who used a computer to eliminate errors
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which result from using only sore parts of the size
frequency curve, The present study makes use of this
prograrme not only because it eliminates this error, but
also because it is considerably quicker and allows a much
greater mumber of samples to be analysed,

In swmary, one should remember that many statistical
tests are used %o compare populations (Chi square,
Kolmogorov=arirnov, students? 't' test, and analysis of
variance). This section has been concernsd only with
those statistics which provide the data for the above tests,
Computer Analyses.

In the previous section the computer enabled moment
measures to bo calculated with greater accuracy and much
greater efficlency than other methods, The same 1s true
of more refined and more c?mplex statistical studies,

The following section outlines the major coamputer
techniques which have been adapted to sedimentology, and,
in particular, appraises the programmes selected for use
in the thesis,

(1) Factor and Vector Analysis,
Factor analysis was used by Spearman (1904),
but only began to resemble modern factor analysis
in the nineteen~thirties, Thurstone (1947) was

responsible for popularising multiple factor analysis,
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which hes since proved sultable for zeolozical data,.
The principle concern of factor analysis is to
simplify a group of variables to deternine the
underlying causes or factors responsible for the
co-efficients observed in a similarity matrix (Imbrie
and Van Andel, 1964). Two types of factor analysis

are currently in favour, "R" mode, and "Q" modes

"R!' Mode "Qn Mode
(1) rematrix (1) Cos 6 matrix
(2) Initial factor matrix (2) . Initial factor matrix
(3) Rotated factor matrix (3) Rotated factor matrix

(4) Oblique vector resolution (4) Oblique vector resolutic

Most published studies involve only steps (1) to (3);
once the fourth step is included, the programme
ceases to be factor analysis and becomes vector
analysis. With specific reference to grain size
data, Visher (1965) and Klovan (1966) use "Q" mode
factor analysis to determine the primary variables
controlll g derosition.

Briefly, the rationale behind the technique
is as follows, A sample of glastic sediment may be
considered as a vector in N dimensional space, where
N is the number of size grades into which the sample

has been divided. The position of the sample in




i gpece is deterriined Ly the arownt of sedirent in
each of these size fractions (Solohub, 1967).

One measure of similarity between any two
samples 1s the cosins of the angle botween the two
sample vectors, Inbrie and Purdy (1962) defined
this similarity co-efficient and noted that its
value ronges from 0,0 indicating complete dissimilarity
to 1.0 indicating perfect similarity between samples,
Q" riode factor analysis specifically evaluates
relationships betwoen sauple vectors based un N
variables, Klovan (op. cit.) applied 2" mode
analysis to 69 samples from Dorataria Bay (Krumbein
and Aberdeoen, 1937) ard recognised three differing
typos of energy responsible for their characteristics,
Tlese were wind-wave energy, current energy, and
gravitational energy. It was [elt that the relative
dmportance of these three factors determines the
characteristics of a sedinment.

idovan (ope cit,) further ascribed the following
advantages to the technique.

(1) It makes use of the entire spectrum of the

grain size distribution.

(2) Arbitrary statistical deseriptions are not
required and hence analytical methods can be

more objective,
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(3) MNo "a nriori" knowledme is required of the
environrental and geographical location of the
pamplo,

One must acknowledpe that facter analysis is
superior to the deseriptive gtatistical methods
already discussed, A possible weakness may be its

reliance only on particle size data, The present

study v11l encompass shape, density, composition, and

surface texture, as well as pize cnalysis and by
incorporating all these variables into the eanalysis
one may achieve a greater degree of environmental
separation.

Discriminant Function Analysis,

Discriminant function analysis 1s desimed to
determine a series of lines along which previously
established groups of samples cen be azeparated
(Sevon, 1966), Fach sulte of similar samples may
be thought of as forming a eluster of sample points
in multi-dimensional space (Solohub, 1967). The
raximum mmber of discriminant functions for a
particular problem is the luasser of the two nunbers
G~l and N (whore G is the number of groups and N is

the number of variables measured for each sampla),
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The scorcs for a sample are the co-ordinates
of the sample point along tre discriminant functions,
After results have been computed "unknown™ samplés
may be assigned to the group to which they show the
most similarity. This degree of similarity depends on:
(1) The dispersion of the group in discriminant.

space
(2) The distance, in discriminant. space, between

the sample and the group.

The results of factor analysis may be subjected

to this analysis to determine the level of separation
between factor loadings (Klovan and Billings, 1967).
In this way, a more refined solution is obtained, and
one to which degrees of probability can be assigned.
If Chi square is used a value of 0,00 indicatcs that
an "unknown" sample conforms precisely with a group
whilst larger values indicate that the sample is
less similar to the group.

(iii) - Trend Surface Analysis.

It is perfectly feasible to map values from
sediment analyses. The use of trend surface analysis,
however, will reduce the level of subjectivity and
may improve the level of interpretation.

The statistical base of trend surface analysis




is discussed in detail by Whitten (1959, 1961)
and Peikert (1963). 1In essence, it is a form
of generalised three-dimensional mapping (two
map co-ordinates plus a third dimension which
represents the values of the variable) which
effectively eliminates local variations or
"noise." In this way a trend can be determined
which might otherwise have remained unnoticed.
Apart from general trends the recognition
of residuals may be highly significant.
Andrews' (1968) demonstrated the value of
residuals when explaining the pattern of
glacio=isostatic rebound in Northern Canada.
In fact, trend surface analysis may be applied
to any mappable data and it is used on a
variety of sedimentary results in an effort to

discover meaningful trends.

Interpretation

Two schools of thought have emerged in the interpretation
of particle size analyses. In the first, source material and
natural breakdown supposedly control the size frequency range,
and in the second, sorting agents are considered responsible for

size characteristicsa



Although there is strong evidence in favour of source
material controlling the basic character of sediments (Geer and
Yancey, 1938; Aleva, 1956; Tanner, 1958) this does not prevent
sorting agents from modifying the basic curve and producing
environmental characteristics. The influence of source materi;l
is, nevertheless, critical to the success of the present study.
It is the author's belief that one of the reasons for a lack of
success in the search for a universal characteristic of a
particular environment has been the failure to realise that
source material is not a constant. It is much more likely that
environmental differences will emerge when the source of sediment
is restricted. This would explain why local studies have achieved
a successful environmental classification when studies incorporating
a wider sample area have failed (Mason and Folk, 1958; Moiola
ard Weiser, 1968).

One must, in conclusion, support Sevon (1965) in his
belief that no single textural parameter can be successful and
state further that it is doubtful if a single sediment character-
istic~=e.g., particle size--can possibly differentiate between
environments formed essentially of similar source material. The
same composite methodology which is being applied to disp}aced

shorelines is equally necessary in the study of sediments,
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Particle Shape and Roundness

No sedimentary characteristics have been stuiied as much as
particle slze analysis but particle shape has warranted considerable
attention as an environmental indicator. It is certainly more
difficult and tedious to obtain satisfactory particle shape measurements
and previous works fall into two groups=--objective and subjective,
Each approach will be discussed in turn to indicate its relative
merits,

Objective

Krumbein (1941) determined the sphericity of particles by
using the formula 31/ ht:/.a,2 where "a" is the length of the long axis,
and "b" and Ye" the length of the intermediate and short axes. The
result gives the cube root of the ratio of the stone volume to that of
a circumscribed sphere, Zingg (1935) defined shape by setting up
four distinet classes. FEach class was determined by the ratio of the
b/a and ¢/b stone axes.

TABLE SHOWING ZINGG'S CLASSIFICATION OF PARTICLE SHAPE

L, ba > 2/ e < dise
I, ba > 2/3 c/b > sphere
, ba £ 2/ o < blade
v /a << 2/3 e > rud
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King and Buckley (1968) note that a graphic representation
of sphericity is obtained by plotting b/a on the "y" axis and c¢/b on
the "x" axis., The relative position of any point on the graph
determines its Zingg class.

Cailleux (1945) produced a method for determining roundness
which provides a better means of recognising envirommental differences.
Roundness is caleulated from the formula 2 R/a x 1000, where R is the
minimum radius of curvature in the principle plane and "a" is the long
axis. .In a sphers 2R is equal to "a" go that the roundness value is
1000, Cailleux further suggosted a flatness formulas a ¢ b x 100/2c.

The result increases with flatness and may exceed 1000 in rock with a

slaty olearage.

Cailleux's formulae were used, in the present study, on
particles greater than sand size, This choice was partially influenced
by the recent study of arctic pebble assemblages completed by King and
Buckley (op. eit.), which uses Cailleux's approach.

Subjective

Subjective techniques for analysing particle roundness arose
as a result of the tedious, time consuming nature of precise measurement.
Krumbein (1941, op. cit.) developed a rapid technique for the analysis
of roundness where particles wera compared with a chart showing ten
grades of increasing roundness. Rapidity 1s a major advantage vhen
it allows the measurement of very much larger, more numarous, and hence

more representative samples,




Thus, an objective technique is used for shape measurements

and a subjective approach is chosen for roundness. The loss of
accuracy in the latter choice is compensated for by the larger
number of samples, In both instances, highly significant results
were obtained by separating the sample into size grades and
comparing shape and roundness with size, In the current work
the data is presented in tabular form, in preference to a
graphical approach, and differences between samples are tested
statistically.

Interpretation

Cleavage, matrix structure, joint pattern and
composition have always been recognised as the major factors
influencing rock breakdown and resultant shape. In this way,
shale, grey wacke, schist, and slate may be equated with disc-
shaped pebbles, and the more granular species, sandstone, granite,
with a shape approximating to an oblate spheroid,

Thus, a similar problem arises to that of particle size—
the relative influence of source material and sorting agent. An
appraisal of previous work would suggest that roundness studies
which reflected the rate of abrasion had greater environmental
application than shape. One can also determine that both

characteristics are most effective in a limited lithology.

143




123

surfeco Texture of rForticles,

Very littlo previous vork hus used surface texture zs a suide
to proveninco clthouph some electron microscecpe work wes becn conpleted
(Porter,1262; Bird :nd Friencinyldid.) in tho curront vorlk iwo more pri.itive
methods were lested :s it wos not pousible to use cn electron microscope,
For pricticzl reusons =znelysis vias restricted to the send size fruction,
Firstily,the degree of polish emitted by greins under direct light
vies subjectively evaluated, This proved to be exceedingly incceurate if all
seuwples were not compered simoultaneously. The following technique is
suggested to introduce objectivity,
(1) I'inereal grains from occh size fraction were placed on black, cprque
plestic,

(2) The dezree of reflected light vwas recorded with a weston Mark IV

light metor,
(3) Before each poriod of work the light meter wuas czlibrected by recorcin
the degree of reflected light from a plain derk surtoce.
(4) This process was sided by the use of a rheostet controlled lomp,
(5) The light meter was clamped ct 45, two inches above the grains,
The meter recordsed light variantion at ASA 100 from 1,6 to 25.0 on
the light scele with maximum polish giving the hi_shest reading. One preczuti
token wes to eliwanste &ll minersls but quartz to prevent the percentsge
of mnfic minercls trom influencing the result,
All results viere presented in tabuler torm end simileraties

tested wath coimperative statistics,




Particle Density

It has been proved in laboratory tests, amd later
confirmed in the field, that sorting agents are sensitive to
grain density differences (Leliansky, 1955; Bagnold, 1954, 1956;
King, 1954). This fact has led to speculation that particle
density differences should occur in various depositional
environments., Studies have been completed which differentiate
between environments on this basis, notably by Bradley (1957),
White and Williams (1967), and Hand (1967). Several methods °
are available for the separation of light from heavy minerals
and their relative merits are discussed in the following section,

Methods of Separation

(1) Flotation.

Rogers and Powell (1958) explain, in detail, the

flotation technique:

(1) A 15-gram sample is crushed with a mortar and
pestle.

(ii) Dispersal is achieved by boiling in NaOH for
20 minutes,

(iii) Clay is removed by allowing the sediment to
settle in water for 2.5 minutes,

(iv) 'The sample is dried, then boiled for 20 minutes
in a 20 ml., solution of concentrated HCl
containing 10 grams of Stannous Chloride to

remove calcite and iron oxide. Both of these



(2)

minerals hinder bromoform separation,
(v) The remaining residue is floated in bromoform
to separate the light from the heavy minerals,

This approach is unsatisfactory for three reasons
if the aim is to differentiate between environments.
Firstly, the destruction of some light minerals prevents
later mineralogical studies of the light fraction.
Secondly, the time period involved makes quantity
sampling impossible and, thirdly, a fifteen=gram
sample is too small to be representative of the true
population,

A modified approach (Rogers and Adams, 1959) uses
a 50=-gram sample and involves sieving into size
fractions. Each size fraction is separately centrifuged
in bromoform for 5 minutes at 2500 rpm. This technique
is more rapid and more representative in its sample size.
Bradley (1957) emphasised the necessity for a 5-hour
flotation period to obtain accurate separation. Although
this time is a maximum, it does emphasise the problems
of a multi-sample approach.
Electro=Magnetice.

An alternative separation technique for sand size
particles is provided by the S. G. Frantz Isodynamic

separator, This unit is primarily a large electro magnet.,
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Minerals which respond to the magnetic attraction are

drawn to one side and separatiocn is effected in a

matter of seconds, It should be noted that by varying

the angle of the side slope one can separate a greater

number of minerals. One should also note that not all

heavy minerals are magnetic.

(i1)

(iii)

(iv)

(v)

(vi)

The experimental procedure is as follows:

A 100=gram sample is sieved into size fractions.
The 72, 100, 150, and 200 mesh fractions are
washed to remove dust.

A hand magnet is used to remove magnetite and
pyrotite, as both could block the electro-magnet.
The size fractions are each passed through the
magnetic field twice to ensure a perfect
separation,

The finer size grades took longer to run but did
not exceed 200 seconds, On the other hand, a
coarse sample may only take 7 seconds,
Variations in the ¥ magnetic minerals can be
recorded between samples from different
environments and also between the different

size fractions of a single sample,
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The Isodynamic separator is used primarily to
separate specific minerals. It has not been adopted
for the precise purpose of environmental determinism,
The results of the analysis are presented in tabular
form and the weight percentages recorded alongside such
key low density indicators as shell and coal fragments.
In brief, density studies are a form of abbreviated

mineralogy and the following section examines the value

of a more detailed mineral count,

Interpretation

Allen (1948) observed that it was invalid to compare
modern and ancient heavy mineral assemblages as the heavy minerals
are more susceptible to weathering than the more common light
minerals, This observation was supported by a 500% decrease in
heavy minerals towards the surface of a weathered profile in
Ilinois,

Bradley (1957), who worked on present-day coastal
environments, noted that it was possible to distinguish heavy
mineral zones on Mustang Island, Texas.

(1) Barner Island sediments 0.45% heavy minerals
(2) Gulf sediments 0.04% heavy minerals

(3) Beach sediments 0.34% heavy minerals




Sub=aerial sediments in the same locality contained
0.36% heavy minerals, Bradley's conclusions are, however, of only
local significance as the availability of heavy minerals partially
controls the ratio of heavy to light minerals., It is interesting
to note that he explains the greater concentration of heavy
minerals in sub=aerial deposits as a result of wind action. The
percentage of heavy minerals is always greater in wind blown
rather than water lain deposits, either as a result of the greater
roundness of heavy minerals, or by the selective removal of light
minerals.,

Carrol (1957) argued against the environmental control
of heavy mineral content, as he observed that the heavy mineral
content of river sands in different tributaries of the same basin
varied as a function of source material.

Poole (1958) compared heavy mineral suites statistically
and observed four distinct zonations in San Antonio and Mesquite
Bays on the Central Texas coast. Rogers and Adams (1959) further
recognised that local environmental conditions could create very
marked differences in the heavy mineral content of coastal sand
deposits,

In the same year Andel cast further doubts on the
environmental significance of heavy mineral counts by suggesting
that availability, weathering, abrasion, and post depositional

solution outweigh selective sorting in the control of heavy
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mineral concentration,

Martin and Long (1960) analysed numerous beach and dune
sands whilst prospecting for commercially exploitable concentrations
of heavy minerals. The results of their work, in South Island,
New Zealand, showed no discernable difference between the two
enviromments. De Graafe and Woensdregt (1963), who worked in
north-west Spain, similarly noted that the percentage of heavy
minerals in beach sands reflected the proximity of igneous rocks,
This conclusion casts further doubts on the value of heavy
minerals in the recognition of a depositional environment.

Imbre and Van Andel (1964) used vector analysis to
demonstrate that heavy mineral distribution in the Gulf of
California is explicable in terms of coastal currents and energy
zones. Bruckner and Morgan (1964) confirmed this conclusion on
the continental shelf off Accra, Ghana.

Hand (1967) demonstrated the value of settling
velocity experiments as a means of distinguishing between beach
and dune sands, A plot of the delta value1 indicated that the
heavy minerals in dune sands settled faster than those in beach
sands, White and Williams (1967) completed similar experiments
on fluvial sediments. They quote Ruhkin (1937): "differences

in the mean grain size of minerals of different densities in a

1 Delta value = log median settling velocity of a mineral
minus the log median velocity of associated
quartz against the log median quartz velocity.




sample is a more sensitive indicator of environmental processes
than the overall distribution." The reader should bear this
quotation in mind as it proved very true of sediments in the
Tees Basin.

In surmary, a similar situation exists, as with other
properties, whereby source material and sorting agent are
alternately favoured as the controlling agent in heavy mineral
concentration. It is perhaps significant to note the recent
success of settling velocitles as a means of distinguishing
between two environments. It is felt that this technique is
simply a refinement of héavy mineral content and in the present
study heavy mineral separations are completed from the different
size fractions to demonstrate and test_their value as a means of

recognising a depositional environment,

Particle Composition

A detailed mineralogy of a sample may indicate_
provenance but is more likely to reflect source material. Both
microscopic and macroscopic examinations were completed to
determine whether sorting agents could produce mineralogical
differences, given similar source material. Not all minerals
were identified, especially as the deposits were predominantly
sand size and contained a high percentage of rock fragments,

Thus, the following categories were used:
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Sandstone

Limestone

Quartz

Mica

Heavy minerals (as a group)

Coal

Igneous and metamorphic rock fragments

Shell fragments

Beaumont (1967) noticed that the ratio of rock

fragments to mineral grains frequently explained the shape of
boulder clay particle size curves. This same ratio may prove
useful as an environmental indicator. Results are presented in

gralns per thousand and comparisons made betveen known environments.,

Particle Orientation

Orientation studies may be applied to gravel, sand and
clay particles. In the current work only gravel orientation was
attempted as it was not necessary to discover the orientation of
clay particles and not possible to examine that of unconsolidated
sands. Potter and Pettijohn (1963) swmarise the technique for
gravel orientation,

(1) The long axes of at least 100 pebbles must be

analysed.

(2) These may be taken from a horizontal or vertical
section,

(3) The results may be presented on polar graph paper.




In previous work the choice of a vertical or horizontal
scction has not received a great deal of attention. Kirby (1967)
chose a horizontal section whilst Beaumont (op. cit.) chose a
vertical section. From the present study it was demonstrated
that the orientation fabric altered as successive layers were
deposited. This was particularly true of fluvio-glacial
deposits which were laid down in a braid ed, deltaic environment,

For this reason a horizontal section was preferred.

Sedimentary Structures

Sedimentary structures have been described in the
literature at considerable length., Recent works of note include
those of Middleton (1965), Bagnold (1954), and McKee (1966),

Van Straaten (1954, 1964), Krumbein (1956), and Potter and
Pettijohn (1963), These workers deal respectively with fluvial,
aeolian, deltaic, tidal mud flats, and beach environments,

Included under the general heading of structures are:
ripples, cross=bedding, laminations, and folds; and two approaches
to their identification may be recognised. In the first,
different structures are noted in recent sediments of known
origin, In the second, this classificatory approach is foresaken
in favour of a genetic one, which attempts to understand the
dynamics of structure formation. HMiddleton (1965, op. cit.)
summarised progress in these two fields as: "encouraging, but of
continual disappointment to geologists who seek clear cut answers

to the problems of environmental interpretation." The absence
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of flumes and back up facilities resulted in the first method
being used. Emphasis was placed on structural assemblages as
the possible key to environmental interpretation, rather than

individual structures,

Other Approaches

Other methods for recognising a depositional environment
have been attempted with varying success. Pratt (1962,
unpublished Ph,D, thesis, University of Southern California)
studied the origin and distribution of glauconite and confirmed
the belief that this mineral is formed only under marine
conditions and is very unstable once exposed to the air, If one
was to analyse the clay mineral content of a sediment and discover
non-detrital glauconite, a marine origin may be assumed.

Link (1967) recognised three depositional environments
--deltaic, mid-bay, and bay marginal=in northern Port Phillip
Bay, Victoria, Australia. The environments were recognised by
depth, sediment structures, carbonate and organic content, light
and heavy minerai content, geochemistry, and faunal content, For
example, the deltaic environment was characterised by 4% sand,

55% silt, A1% clay, thin laminations, abundance of plant
fragment.s, and very low carbonate content,

By comparison the mid-bay environment contained a much

higher carbonate and organic content and the bay marginal a much
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higher sand content. The essential value of the Link approach

is not its obvious success, but rather its composite nature, One
must draw on a wide variety of characteristics to support any
proposed environmental zonation. This work by Link (ibid,)
serves to emphasise not only the value of a composite approach
but also to stress the need for a similar approach in the present

study.

Summary

It is universally true that no technique for the
recognition of depositional environments has yet proved
sufficiently sensitive to succeed in this task. This lack of
success has arisen despite a sound understanding of hydrodynamic
principles and may be explained either by a lack of understanding
of the sorting agents, or by attempts to find a universally
acceptable approach rather than one which is regionally acceptable.

One may suggest that four critical factors control
the success of environmental determination. First and foremost
one mist recognise that the nature and availability of source
material is of far greater significance than any amount of
sorting. Secondly, the sample is the key to further analysis.
Thirdly, the processing methods must be as sensitive as possible,
and, fourthly, that only the most refined statistical and computer
analyses should be used on the processed data.

Of these four, processing and analysis have already

been discussed in detail, and sampling theory is discussed in the



next chapter,

This leaves source material as the possible key to an
understanding of environmental sorting,

The Lower Tees Basin provides an excellent study area
as source material is sensibly restricted to material available
within the watershed and in the immediate offshore environment,
Comparative surveys have been completed in areas of diverse
source material, to prove the need for a control on source
material., Thus, this survey of previous work has provided the
present study with the following aims, These in turn provide a
key to future chapters,

(1) The restriction of environmental comparisons to a
zone of common source material

(2) The need for representative samples

(3) The need for accurate processing techniques

(4) The need for highly sophisticated analytical techniques
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CHAPTER 7
A DISCUSSION OF SAMPLING PROCEDURES AND THEIR INTERPRETATION

Introduction

An exanmination of previous work in environmental sedimentology
demonstrates a lack of concern for representative sampling, It goes
without saying that, in any subject, analyses and resulting inter=-
pretations depend upon the original sample for thelr validity. Even
the most sensitive and sophisticated processing methods, or statistical
techniques, will inherit the shorteomings of an inadequate sample,
Thus, this present study examines the following aspects of sampling
theory in an attempt to obtain more meaningful results in the field
of envirommental sedimentology.

A, Previous work
B, (1) The number of samples required to obtain meaningful
results
(41) The positioning of these samples
(141) The size of the individual sample
(iv) The nature or shape of the individual sample; e.g.,
channel, or sedimentation unit
(v)  When the sample should be collected
C. The choice of sampling plans
De The particular problems of sampling offshore
E. The interpretation of results




Previous Work

This discussion is limited to works pertaining to sediment
sampling and concentrates on beach sampling because of its greater
relevance to the present study.

As early as 1937 Thoipson demonstrated that the grain size
distribution of a sample of beach sand which contained a mixture of
several laminae was distinctly different from the grain size
distribution when the laminae were sampled individually. DBoth Otto
(1938) and Api‘ol (1938) supported stratified sampling of layered
deposits; Apfel used the term "phase," Otto, the term "sedimentation
wit." Enery and Stevenson (1950) similarly provided evidence which
supported Thompsonts conclusions that individual laminae give results
which may be much coarser or finer than the median diameter for the
entire sand sample, or a spot sample from the same location.
Krumbein (1953, 1956) produced a series of works devoted to the
problems of sampling a geological population and the influence of
these works may be Jjudged from the following discussion.

Krumbein (1953) argued successfully that the sampling of
beach sand involved far more than the merits of a scoop sample versus
a sedimentation unit sample. It was demonstrated that the size,
depth of penetration, spacing, and time of year, would all critically
affect the eventual result. Work completed on the beaches of Lake
Michigan suggested that a beach may be divided into zones, which




parallel the shoreline, with each zone displaying certain population
characteristics, The results of this work are tabulated belowt
(1) Choice of sampling plan
Zone boundaries may be located by sample traverses at
right angles to the beach. Once delineated, a stratified random
design ensures equal coverage of the zones. Alternatively a
regimented grid network may be used. An entirely random approach
could result in a failure to sample all zones.
(2) sSample spacing
This should be controlled in part by the size of the beach
in question, and in part by the purpose of the survey. For example,
a study of mean particle size would involve samples from a wide area,
whilst a study of interezonal differences would demand a more rigid
control,
(3) size of sample
Once the sample location vwas chosen Krumbein (Ibid.)
proved that it was more efficient to collect four small samples from
each point rather than one larger sample,
(4) Depth of sample
Sample penetration is also controlled by the purpose of
the study., For example, an analysis of seasonal energy variations
would demarnd a series of single lamina samples from each location,

A study of present conditions would involve a surface skim sample,




and a study of mean particle size would require a sample of as many

layers as possible,

(b)

In brief, Krumbein's (Ibid,) work brings to light some of

the problems of sampling geological data and certainly makes the

complexity of the situation more apparent,

Krumbein and Sladg (1956) published a detailed study of

sampling efficiency on beaches. Their work was organised with one
or more of three objectives in mind:

(a) To estimate the mean particle size of the beach

To estimate the variability of deposits with locality amd

geason

(c) To estimate systematic changes from one locality to another

The second objective may be equated with the purpose of

this present study and the eight suggested sampling approaches are

assessed with this purpose in mind,

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

Simple random sampling
Stratified random sampling

Cluster sampling

Hulti level "nested" sampling
Systeamatic sampling

Random in cells

Purposive selection

Mixed designs
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Before comparing these plans one should remember that in
most instances one has to make a practical compromise between costs,
time, and the desired degree of reliability.

Of the eight approaches it was observed that stratified
random sampling was 80% more efficient than either random or purposive
selection with cluster sampling least efficient at 53% below purposive
selection, It was further observed that sampling for variability
estimates is commonly a function of sample spacing. The results
suggest that cluster or multi level samples are most effective on
this task, providing at least ten different clusters or sampling
units are involved., (See Figs. 44, 42, 43)

One may summarise that this work proved extremely valuable
when setting up a sampling design for the present study, although
some minor modifications were made after initial testing.

Although Krumbein (1953, op. cit.) was clearly aware of
the various sampling problems, he tended to concentrate on the
location of samples, rather than the character of the individual
sample, It is interesting to note that his individual samples weighed
approximately 500 grams, whilst those taken by MeIntyre (1959)
weighed only 15 grams. This vast difference in sample size has led
to much speculation and caused Griffiths (1967) to observe that ™o
satisfactory definition of the size and shape of the primary sampling

unit has yet been offerred." Kost recently, Gees (1969) attempted
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to overcome the practical probleoms of obtaining a large sample from
a single sand lamina. A special frame and pan was designed to
facilitate the collection of a 1,000=gram sample., One must conclude
that a larger sample will represent a population more effectively
than a lesser one (Cochran, Mosteller, Tukey, 1954). The following
1list incorporates some of the problems which prevent the acquisition
of a reliable sample,

(1) A etratified random sampling plan which uses cluster samples
at each point should provide the most efficient measure
of "within" environment variability.

(2) There 1s no satisfactory size for an individual sample
although a larger sample must naturally be more representative
than a leaser one, provided it is from the same population.

(3) The total number of samples is controlled bty cost, time,
and the slzo of the study area. Again, no definite ruling
has been formulated regarding the minimum number required
for the results to he statistically significant,

(4) The nature of the sample varies according to its purpose,
The most frequently used-types include the channel sample »
which incorporates several laminae to obtain an overall
plcture of the sediment character, and the sedimentation
unit which 15 restricted to single laminae to record
"inter=laminar® varlability.
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(5) In an active environrent seasonal differences in current
energies can influence the nature of a sample. Samples
should ba taken, therefore, frua laminae or units laid down
under similar conditions. If this is not done then comparisons
may be invalid,
Although these conclusions do provide some guidelines, it

1s interesting to note how the various workers, who studied environe

mental sedimentology, choce their samples.

Sevon (1965, ops cit.) selscted beach samples "from somewhere
near the mid-tide mark, dune sands from near the crests of dunes,
and river sands from convenient localities within the boumdaries of
the environment." This approach, to perhaps the most important aspeect
of envirommental stwly, is unlikely to produce significant results,
especielly in view of the conclusions drawn by Krumbein 1953,
ope. cit,), llarris (1959, op. cit.), and Viddleton (1965, op. cit.)
on the environmental zonations which ocour urder beach, dune, and
fluvial conditions respectively.

Chappell (1967, ope cite), in his study of New Zealand
deposits, does not refer to the sample locations, but does acknowladge
that each sample was gplit into four to reduce standard experimental
error. Similarly, Moiola and Weiser (1968, op. eit,) refrain from
describing their cholce of sanpling plan or nature of the sample,
Klovan and Solohub (1970, op. eit.), who are, at present, best
versed in the analysis of particle slze data, also fall to recognise
the importance of the original sample,
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The number of samples chosen also veries, Sewvon (1965,
ope cite) took 174 from three environments, beach, dune, and river,
whilst lloiola and Weiser (op. cit.) took 120, and Krumbein (op. cit.)
took 125, It would appear that the number of samples has been given
very little attention, One is faced, therefore, with a situation of
almost unparalleled seriousness. The key works on environmental
differentiation frequently fail to consider the most important aspect
of their study, the original sample. It is no wonder that results
to date have proved inconclusive,

Other specific cases include Hails (1967) whose 1,500
samples came largely from borehole samples (a borehole sample cuts
across several laminae and is unlikely to produce results which
represent the depositional environment as the population may be
polygenetic); and Solohub (1967) who completed what is probably the
most comprchensive survey of analytical techniques applicable to
the study of depositional environments, In the latter example very
few sampling controls were used. The samples were collected purposively
rather than randomly, and little or no attention was given to the
nature or size of the individual sample. Thus, many problems
renmain unsolved and before the present study was begun a series of

tests were run to determine the most suitable sampling approach.



Sampline Approaches Adapted for the Present Study

The purposes of the present study include:
(1) The analysis of present day sedimentary environments té
determine their characteristiecs.
(2) To identify late pleistocene and early holocene environments
on the premise that the present is the key to the past.
In the following disoussion it is demonstrated that no
simple formula could be used to sample all deposits,

Present Day Beach
A test area, 300! x the distance from High Water Mark to

low ater Mark, was randomly chosen in the Tees Bay, and analysed

to discover which sampling approach gave the best indication of
envirommental characteristics, It was unnecessary to repeat Krumbein
and Slack's (1956, op. cit.) detailed study of sampling plans and
thus a stratified random plan was used, with surface skim samples.
The latter were taken to ensure a result in close harmony with present
conditions, The major problem, therefore, centred on the number and
size of the individual samples (see Fig, 45). Sampling theory
demonstrates conclusively that a greater number of large samples is
considerably more efficient than fewer, small, samples (Cochran,
Mosteller, Tukey, 1954, op. cit.). The following samples were taken
primarily to determine what effect different numbers would have on
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the results and demonstrates that larger number of samples did not
necesearily provide the most accurate assessment of the population
extremes, '

Initially, fiftéen samples were taken, each weighing
approximately 500 grams. These samples were riffled down to 100
grams before sieving as the excessive amounts of fine sand in a

large sample frequently blocked the finer mesh sieves. For comparison,

cluster samples were take;x from each sampling point, with each sarmple
again riffled down to 100 grams before sieving.

TABLE SHOWING RESULTS OF SAMPLING TESTS ON REDCAR BEACH

£ mean & st dev, 4 skew g kurtosis
Max, Mean liine Max, Mean lin, Max, Mean Min, Max, Mean Min,
15 samples 2438 2429 2620 0463 0649 0,36 =051 =0,38 «0.25 3,04 2.42 1.80

30 cluster :
samples 249 2436 2,23 0,59 0.45 0,32 «=0,47 =0,33 «0,19 3,02 2,29 1,57

60 cluster 2.47 235 223 061 0,47 0433 =0,49 =0.33 -0918 3.04 2,37 1.7
120 cluster 2.53 2037 2.21 0062 00‘b7 0032 .0057 -0039 "0.21 30@ 2.29 1.56

Although a larger number of samples will give a closer
approximation to the mean (Krumbein, 1953), the above table suggests
that when variation from the mean valus is required the 30 samples
are almost as effective as the 120 sample plan., This result may

reflect the restricted sample area but does at least indicate that
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30 samples would appear to be reprecsentative of the population.
Similarly, Table J61 suzgests that 10O-gram samples are as
effective as 500=-gram samples and it would appear to be unnecessary

to take a sample larger than 100 grams for the present study.

TABLE TEST OF VARYING SAMPLE SIZE
Sample Size g mean g st. dev, # skew g kurtosis

Max, Kin, Max, Min, lMax, lin, Max. Jin,
12x 50 grams 2,51 2,30 0.72 0,41 =049 =0.21 3.04 2,01
12100 grams 2,48 225 0,63 0,34 =0,52 =0,24 3,01 1.5

12x500 grams 2,49 2,26 °o6l6 0.32 «0.,51 «0,20 3.01 1056

One should note that the original 500-gram sample wasg
riffled to 5x100 grams to prevent the finer sileves from becoming
chokeds In consequence, each 500=~gram sample was composed of five
goeparate sileve analyses; '

Present Day Dune Belt

The windward and leeward sides of the dune belt were
treated as separate environments, as a result of studies by Udden
(1898, op. cit.), Harris (1959, op. cit.), anl McKee (1966, op. cit.)
Only the windward side of the coastal dune belt could be analysed

as the leeward side was either modified bLy man or obscured as a




result of debris deposits. Tables 15Q and 152show that a large
number of samples again gives best results and one must conclude
that the minimum number of samples chosen should be decided by the
variability of the deposit. Once the variability between samples
becomes sensibly constant one has reached the optimm number,

Table 153 demonstrates that the size of a dune sample between the
extremes of 50 and 500 grams does not greatly influence the results.
This was only the case when surface skim samples wers taken in
preference to spot samples, and most probably reflects the more
consistent nature of wind energy. It was further noted that the
deposit was sufficiently consistent to enable 12 samples to give as
adequate results as 120,

TABLE RECORDING THE RESULTS OF SAMPLING TESTS ON DUNE SAND (CRIMDON)

¢ mean g st. dev, g skow ¢ kurtosis
Max, lean Min, Max, Mean Min, Max, Mean Min, lax, Yean Min,
12 Bampleﬂ 2.19 2.05 1089 0.36 0033 00315 0023 +0009 -000’0 0l98 0095 O.&

30 cluster
samples 2,21 2,09 1,91 0,34 0.33 0.31 0,24 40,09 $0,01 0,99 0,96 0.85

60 cluster
Balnplea 2018 2.03 1080 0.3’& 0033 0.31 0028 +0.12 +0.03 0.98 0095 0085

120 cluster
samples 2,22 2,04 1.82 0,33 0,31 0,27 0.21 40,08 =0,02 0,99 0,95 0.83

o
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TABLE RECORDING THE INFLUENCE OF VARYING SAMPLE SIZE

ON THE ANALYSIS OF DUNE SANDS

g mean g ot. dev, £ _skew g kurtosis
12x 50 grams 2,18 1.80 0,34 0.31 40,10 40.01 0.99 0.87
12¢100 grams 2,20 1,87 0,33 0,31 40,08 =0,02 0,985 0,85
12¢500 grams 2,22 1.81 0,34 0,31 40,09 0,00 0,99 0,85

From Table 153, one may observe that t;he dune sand proved
more consistent in its grain size distribution although the beach
sands gave higher kurtosis values,.

Samples of windeblown sand were collected from the surface
of the beach to confirm that differential sorting took place. The
sampling device consisted of a 10" high by 2" wide frame covered in
polythene on all sides, leaving a 29x10" aperture at the front. This
streamlined form minimised wind eddy and was used to collect suspended
material. A jar 2" in dlameter was sunk into the surface of the
beach and used to collect material which was rolled or jumped along
the surface. These two fractions were combined, analysed for particle
slze, and then compared with surface skim samples, which were taken
varying distances in front of the sampler,
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CRIMDON DUNE AND BEACH

Wind Blown Sample (One Sample) Beach Skim (Mean of 3 Samples)
g mean g st.dev, g skew o kurtosis g mean ¢ st.dev, & skew o kurtosis
2,14  0.34 0,02 0,92 1.6l  0.39 0.13 1.56

These results prove not only that wind does selectively
sort the beach sand, but also that windesorted deposits poseess a
finer mean, less skew and a lower kurtosis value, In surmary, it
would appear that windeblown deposits are sufficiently consistent
that twelve samples gave representative resultss

Present_Day River

This third of the major onshore environments created more
problems as samples should be taken aeross the width of the channel,
to be mlly effective, In shallow water it was fairly easy to obtain
surface skim samples from the river bed. In deeper water, particularly
where the current was fast flowing, it was necessary .o resort to
underwator diving, from a boat, and using the anchor rope to maintain
position whilst the sample was taken. Some extremely interesting
results were obtained and these are recorded in tablejss,Perhaps most
significant io the observed effect of changing current flow,

In flood conditions, the grain size frequency was coarser
but maintained a similar sorting pattern about the mean as did the
finer deposit associated with normal flow., In several instances in




155

the Tees and in the tributaries, samples exhibited identical sorting

but a very variable mean size depending on current exposure rather

than source material (see Chapter 8).

TABLE SHOWING RESULTS OF RIVER SAMPLINGY

g mean g st. dev, g skew g kurtosis
Max, Mean }in, Max, Mean Min, Max, Mean Min, Max, Mean Min,
l&o samples 2,12 1032 0085 1-‘&5 1.2 0073 -0017 =0,11 -0533 1053 103 1.15

These results support Krumbein's (1953, ope cit.) contention
that it is critical to sample the extrems range of environmental
conditions. River samples contained a wider range of grain sizes
than either bveach or dune environments, This fact is most probably
explained by the much greater range of current flow in the river
channel. In summary, a stratified random sampling plan proved most
successful provided that at each point samples were taken across the
full width of the channel (see Fig.63 )s (Chapter 8)

1 Only one set of samples was taken because of the sampling difficulties,



Lacustrine Shore and Nearshore

The possible presence of a late glacial lake in the Tees
Basin malkes it imperative that a presenteday water body should be
examined to determine the environmental characteristics of lake
shore and nearshore deposits. A major problem arose in this instance
as there is no large fresh water body in the Tees Basin. It was not
feasible to analyse samples from outside the Tees as thesre is no
guarantee that source material is similar, Work by Krumbein and
Slack (1956, op. cit.) suggested that marine and fresh water beach
and nearshore deposits possessed essentially similar sorting
characteristics with the exception of the surf zone on the oceanic

coast line,

TABLE SHOWING RESULTS OF LACUSTRINE-MARINE COMPARISON

g mean g st dev, g _skow ¢ kurtosis
Hax, Mean Min, lMax, lMean Min, Max, Mean !iin, Max, liean Nin,

12 marine

shore samples 1,87 1.63 148 0,66 0,53 0,49 =0, =0,05 40,03 1,24 1,11 1,01
12 marine

nearshore aamplea 1087 1.5‘} lo” 0067 0051 001&3 'ollbg .002 4'0.06 1067 1.32 1011
12 lacustrine

shore samples 2,34 2.2 1,91 0,73 0.51 0,29 «0,04 0,02 $0,07 1,24 1.13 1,07
12 lacustrine

nearshore samples 2,30 2.25 1,98 1,03 0,62 0,32 «0,09 0,01 $0,1 1l.22 1,12 1,06
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In an attemptito test this conclusion and to overcome the
problem in the Tees the sea coast and a loch shore sand were compared
on the north-west coast of Scotland. This region was selected as
the present author was familiar with the local source material and
hard rock geology. Table 156shows the results of the analyses and
it would appear that Krumlein and Slack (Ibid,, wop. eit,.) are
corrects The lake deposits show greater econsistency. This one would
expect as the sorting is controlled by wave action and would not
possess the fetch of the Atlantic winds. Perhaps more significant

is the positive skew of the fresh water deposits as compared with the
negative skew of the marine deposits, This difference is discussed
in the section on interpretation, which follows the discussion of
offshore sampling.

Offshore Deposits

The collection of offshore samples with similar precision
to those onshore caused some oonéern. A variety of samplers were
tested but none procured. an acceptable spample. The various grabs
collected spot sarples, which were leas likely to portray environmental
characteristics than a swrface siim sample. The dredges bounced
along the bottom if ingufficiently weighted and could not be lifted if
excessively weighted, Core samplers disturb an unconsolidated sand
and in the Tees Bay falled to obtain a single sample, The results
of these tests are recorded in Tablel58, The considerable degree of
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variation, and obvious sifting of fines from both dredge and grab
samples led to the author learning, first, to swim, and secondly,
to use an aqualung., The only problem experlenced using this
technique was the author?!s jonuine fear of water. In all, over

thirteen weeks of training ensued before any samples were collected,.

TABLE SHOWING THE RESULTS OF ANALYSES ON OFFSHORE SAMPLES

Grab, Dredpme, and Core Samples

©_mean o _st. dev, o_skew o kurtosis
5 samples GRAB 3,52 2,81 1.0 1493 1,29 0,91 =0,47 =0,23 «0.09 2,97 1,91 1,32
5 samples DREDGE 3.41 2,73 1,12 1.8, 1,12 0,87 =0,51 =0,26 «0,11 2,89 1.87 1,08
- CRRE &« © @ o« =« = - - - = @ =

140 samples SCUBA 3,2 2,08 1,06 1,55 0,65 0,30 =0,48 =0,16 «0,18 2.7 1.33 0,68

This time loss was compensated for by eliminating test samples and
using a stratified random plan with 20 to 30 cluster samples from
each point,

Table 158 shows the results of the aqualung samples.
Despite the greater number of samples ‘involved the mechanical samples
gave a much coarser mean size which was only explained when S.C.U.B.A.
divers observed the sifting which takes place whilst ths sample

is being hauled to the surface, The faults of the grabs and dredges




were particularly obvious when watched by S.C.U.B.A. divers, One
should, in fact, be extremely careful when interpreting samples
obtained by such means and the results obtained in this present study
must place in question the works of Udden (1914, op. cit.) and
Robinson (1968). Both workers used mechanical samples for
environmental studies,

Summary and Interpretation of Results

The efficiency of moment measures as a means of separating
depositional envirorments may be assessed from the following table

which shows the percentage overlap of values,

TABLE SHOWING PERCENTAGE OVERLAP OF STATISTICAL VALUES

g mean ¢ st, deve & skew g kurtosis

Beach over dune 5 L 0 0
Dune over beach 6 13 0 o}
Beach over river 0 0 0 0
River over beach 0 4] 0 0
Beach over offshore 15 25 L6 56
Of fshore over beach 100 100 Vil4 78
River over dune 98 0 100 (o}
Dune over river 24 0 L6 0
River over offshore 50 58 53 19
Offshore over river 8, 100 70 100
Dune over offshore 19 5 33 79

Of fshore over dune 100 66 68 100
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A low value indicates greater success as a means of
differentiating between two environments. It would appear that all
values may be successful in some instances, This would seem to
confirm that a uniform source material is needed before separa=-
tion becomes successful, However, in Chapter 8 the full survey
of the Tees present day environments does not achieve the high
level of separation obtained in this sample survey. One must
assume, therefore, that only in a very restricted area can moment
measures successfully differentiate between environments,

At this stage, one is able to consider the sipnificance
of these results in terms of the individual particle size curve,
Figs. 46 and 47 portray the mean and extreme curves for each
environment and one may observe that each has a distinctive shape.

In Chapter 6 it was suggested that moment measures are an inefficient
means of analysing the characteristics of these shapes and it would
appear that very little work has been completed on the explanation

of a curve,

Beaumont (1967, op. cit,) did notice a consistent break
in the particle size distribution of a boulder clay, This break
was equated with the transition from rock fragments to single mineral

grains. If one considers Ruhkin's statement (1937) that sorting
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agents respond to density differences more than size this can have
a major effect upon the resultant particle size curve. For example,
it is genecrally considered that beach sands are negatively skewed,
The current survey suggests that offshore sands are also negatively
skeweds In each case this negative skew 1s not so much reflection
of wave action, 1t is rather a measuie of the availability of shell
and organic fragments., In a similar way samples in any envirommnt;
which contain a high coal content, possess a negative skew,

This meansg that a river sand with a high coal cént.ent. nay
well display a particle size distribution similar to either a beach
or offshore or even a dune sand which has an equally high shell
content, This statement agrees with the contention proposed in
Chapter 6§, that it is the relative influence of source material and
sorting which control a particle size curve, Thus, it would appear
essential that one should remove heavy minerals, coal, shell fragments,
or any mineral of extreme density in order to truly determine
whether different depositional agents produce characteristically
sorted sands,

If the above hypothesis is correct thon the differentiation
between enviromments could be greatly simplified in a reglon of
glmilar source material, Certainly there is tentative evidence
avallable to suggest that particle size analysis may be a measure of

composition,
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(1)

(2)

(3)

()

(5)

(6)

(7

(8)

In brief, the conclusions drawn in this chapter are as

A stratified random sampling plan will provide the best
measure of "within environment!" wvariation.

A cluster of 1O00=gram samples is a more efficlent means
of eliminating sarple errors than a single 500=gram
sample,

Samples taken for environmental identification should be
restricted to single laminae as they would otherwise be
composed of a polygenetic population which may reflect
different current energles,

The number of samples needed to obtain a representative
sample of a population depends on the area and variability
of the deposit.

It would appear that source material may control the
particle size characteristics of a deposit,

Environmental comparisons may only be valid when sowrce
material is uniform throughout the sample region.

It i3 jnadvisable to compare samples deposited at differont
times of the year as current energles vary seasonally

(see Fig. 48),

All minerals and particles of different densitics may have
to be eliminated from a particle size analysis, if a true
reading of sorting energy 1s required,
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(9) The time factor seems more likely to limit the number of
samples from present day environments than any other single
factor. The results in this chapter involved 27 days of

laboratory work,
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CHAPTER -
THE APPLICATION OF SLDIMENTOLOGICAL TECHNIQUES TO

DEPOSIT IONAL ENVIRONIENTS OF KNOWN ORIGIN

Introduction

The section on sedimentology has involved some apparent
deviation from the central theme of sea level changs, However, if
one hopes to recognise a displaced marine environment by its
sedimentary characteristics it is essential to determins, precisely;
what these characteristics are, Equally important, one must determine
that the sedimentary charact'er of other environments 1s recognisably
different from a marine littoral deposit. This chapter; then', 1a‘
oritical to the thesis aim: if one cannot recognise different present
day environments there is littls hope of doing so for late pleistocene
environments which will have undergone some post depositional
alteration,

The chapter is organized into five sections, each dealing
with one of the maJor present day environments:

(1) Littoral

(2) Aeolian

3) Of'fehore; Nearshore
(4) Fluvial

(5) Laoustrine




aspectst
(1)
(2)
(3)
(%)
(5)
(6)
(7

In turn, each enviromment is examined from seven different

Particle size

4 Heavy minerals

Shell content (grains/1000)
Coal content (grains/1000)

% Rock fragments

Moa content (grains/1000)
Surface texture (light readings)

Iittoral larine Sediments in the Tees Basin

The beaches of the Tees Bay are composed primarily of samd

and cover an area from Hartlepool in the north to Saltburn in the

south,

Random number tables were used to select six sample areas

(Fig. 49 ), and the samples from each area are discussed in turn,

(1)

Crimion Beach (3 miles north of Hartlepool) NZ 495365
Twelve major sampling points were selected on a
stratified random basis within a zonr bounded by High Yater
Mark, Low Water lark, and 300 feet in length, At each of
these points twelve cluster samples were taken over an area
10 feet in radius, These cluster samples were used only
as a check, All were skim samples to ensure close harmony

with present cornditions and in total 156 samples were

165
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analysed, The results are based on the twelve major
sampling points but each of the twelve samples was in
fact a composite analysis of thirteen samples. (Fig.5Q-)

Particle Size, '

Textural parameters indicate that the dominant zoning
of the beach parallels the shore (Fig. 51 ).1 This agrees
with previous work by Krumbein (1953) and King (1965,
op. cit,).

Heavy linerals.

The heavy mineral content appeared to increase inversely
with grain elze. This trend may possibly be interpreted
as the effect of wave action carrying away all but the
denser fines.

Shell Content.

The effect of shell fragments on the distribution of
the mean is apparent from Fige 5% , where a belt of coarser
material is assoclated with a gons immediately se~ward of
High Water Mark,

Rock and Coal Fragments,

Nelther showed a trend which could be explained on
environmental principles,

Surface Texture.

Quartz particles displayed a falr degree of uniformity
using the technique described in Chapter 6. The high degree

1 Fige 51 and similar diagrams for other sites are essentially
schematic,
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of polish may be equated with the constant swash and
backwash of wave action (see Tablel73),*

Particle Shape.

Only mica and shell fragments possessed a distinctive
"platy" shape. In both cases transportation is easler,

Mica Content,

The mica content was minimal and no significant

conclusions could be drawn with reference to its distribution,
(2) Saltburn Beach (Fig. 52)

Particle Size.

The goning of textural parameters demonstrated the
influence of the Skelton becks. This was especially true of
skewness, and to a lesser extent, of kurtosis, where the
zones turned inland up the left bank of the beck,

Heavy Minerals.

The distribution of heavy minerals contrasts directly
with the above values. It varies inversely with 3ize, shell,
ard rock fragment content.

Rock Fragments and Shell Content,

Roock fragment and shell content were similarly influenced
by beach contours. Both were concentrated in the coarser
sediment imedlately seaward of High Water Mark.

Coal Content,

The source area for coal in the Tees Bay i1s the coastal

# Tables are listed by page numbers,
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colliery waste tips at Easington and Horden to the North,
Although some coal moves south with the longshore current,
very little reaches Saltburn.

Surface Texture,

The light sensitive technique, which was descrived in
Chapter é produced results consistent with those on Crimdon
Beach (Tablel173).

Mica Content,

Mica also ocowred infrequently and it was not possible
to discern any significant trende,

(3) Hartlepool Yacht Club Beach (Fig., 58)

This emall bay is sheltered by rocky promontaries to
both the north and south and may well prove significantly
different from the more exposed beaches in the Toes Bay,

Textural Paramoters.

Skewness provides the most interesting pattern of the
textural parameters, with maximum 1iegative skew coinciding
with a zone Just below High Water Mark,

Heavy Minerals,

The concentration of heavy minerals close to low tide
compared favourably with results from the previous two sites.

Shell Content,

The shell content, similarly, was highest in the gzone
immedlately below High YWater Mark,




(4)

Rock Fragments and Coal Content.

No meaninaful trend resulted from a plot of rock
fragments but coal content showed a concentration in the
same region as negative skew.

Surface Texture.

A similar light reading to Saltbmrn am Crimlon secms

to support a fairly constant polish on beach sands (Table 173).
Marske Beach (Fig., 52)

Marske lies betwoen Redear and Saltburn and possesses
one of the more exposed beaches south of the estuary. The
beach is backed by a low break of slope composed of boulder
clay. This deposit ':as been croded in places and may,
therefore, have contributed to the beach sediment,

Textural Paramsters.

The ¢ mean, standard deviation, skewness, and kurtosisa
all show zoning porallel with the shore, Thils trend is
especially noticeable with skewnes: which varies Trom
«0,39¢ near H.,W.M. to $0,05¢ close to L.W.M,

Shell Content and Heavy Minerals.

Values for shell content and skewness again appear to
be related with the highest shell content corresponding with
negative skew., Heavy minerals demonstrate an opposite

trend, and increase seawards,

169
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Reek Fragments, Coal and :dca.

All threo proved insignificant as a means of
environmental recognition (Tables 18) and 183).

Surface Texture,

The poligh exhibited by quarte grains was again
comparable with other beach sites (Table 17).
Redear Deach (Fig. 55)

170

The northern sector of this beach was created artificially

in the late 19th and early 20th centuries, by the construction

of the Scuth Gare Breakwater. Prior to that date the Tees
estuary extended to Redcar., The present beach is well
expoced in all but 1is southern extremity which is prctected
by a roclky outcrop which may be a wave cut pl=tform,

Textural Parameters,

All four paramcters show parallel zonations more
clearly than the other gites., This zonation is particularly
noticeable with skewness which varies from «0,45¢ to «0,2¢,
This trend may be correlated with an alnormelly high shell
content (for the Tees)==200 to 4L00/1000 particles.

Coal Content and Heavy linerals,

Coal content parallaels the distribution of shell
fragments whilst heavy minorals again provide the opposite

trend, with maxirum concentrations in the finer sediments
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closer to Low Water lark,

Rock Pragments and Mica.

Trese particles econstitute so small a fraction that,
like mica, they produce no significant trend,

Surface Textura,

The polish of quartz grains is 3o consistent that one
can suggest that surface texture may provide a key to
enviromaental character. Tables 173 and 17, demonstrate
that all five sites examined so far show little variation,

(6) Seaton Carew Boach (Fig. 56 )

The effect of Increasing pollution may be observed on
the beaches north of the presont estuary. 3Seaton Carow is
one such area and the shell contant of the beach zediment
is only 403 that of the »revious site,

Textural Paramaters,

Parallel zonatlion 1is pocrly defined on this teach,
Only kurtosls shows a gradation frim higher valucs abt H.il.Me
to lower values at L.¥.M,

Rock Fragments, Heavy l“inerals, Coal, and Mica,

Of the atove,heavy minerals and rock fragments fail
to exhibit any marked trend parallel to high and low water

rarks. Coal valucs, although low, do appear to be similar
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to the distribution of shell fragments.

Shell Fragmentse

In contrast to tho above propertles, shell content
clearly evphasises the parallel gonations observed in
previcus sites. A inarked concentration (150/1000) towards
HoWoMe is reduced to (90/1000) at LJ7M.

Surface Texture,

Azain a high degree of polish gave similar light

readin::s tc¢ the othar beach aites.

The Signiflcance and Inicrpretaticn of Beach Analyses

The value of the previously described analyses may be
assessed from the following tables, Their full impetus will not emerge,
howzver, until the results can be compared with ‘those from other

environments,



173

0°Y1 8°LY 0°6T 0°0 O°€ O0°0T 0°Z 8°0ET 0°CTL 0°0

0°9T 0°6T 0°T2 0°0 O°T O0°T 0°89 6°TTT 0°00% 8°T

0°9T 0°8T 0°0Z 0°0 O°T O0°T 0°7S $°LLT 0°2ls 2°1

0°9T 0°8T 0°0Z 0°0 0°L O0°0T 0°SY 6°T02 0°CTLL T°0

0°¥T 0°9T 0°8T 0°0 O0°% 0°8 0°C L°STT 0°0T9 6°0

0°9T 0°6T 0°0Z 0°0 O0°T O°T 0°€Z 2°L8 O0°E6T ¢°0

0°9T $°8T 0°6T 0°0 0°Z 0°C 0°6T §5°8S 0°0YT 0°0

SINIX3], 9deJans
(s8ugpesy WETI)

JJ

U uesy .Md; TUT{ Ues)] *Xe] UL UBSH Xej

8°8 €°LE 0°0 ¥°ST 0°0TT 0°0

8°TL 2°I€ 0°0 L°8 0°TCc 0°0
£€°8 0T°22 0°0 %7°T 0°0T 0°¢
0°6 9°82 0°0 £°S 0°T 0°0
7°€ 8°L 0°L L°6€ O°OTT 0°9
80°6 €°LE 0°0 S2°€L O°T' 0°C
0°TT 2°€€ 0°c T°7¢ 0°0TT O°T

(O00T/EureaD) ©redeuty AAesq @ ( mw ureas)
Tregs

SESATYNV LTI @S HOVAL J0 ATAVI XHVILIAS

0°8T 0°9¢

0°'1Z 0°LY
0°82 0°9¢
0°0T 0°02
0°0¢C 0°S¢
0°ST 0°c¢E

0°2T 0°S€

TUTH U9 'Xe| ‘UI{ Uvey *XEH CSUR{ Ueoy ‘Xef

sauTep puexy

umqiTes

qur) qudex ToodsTireH

RIJIB) UOJESS
uopIEI)




SUMMARY TABLE OF TEXTURAL PARAMETERS FROM BEACH ANALYSES

¢ lean ¢ _st.dev, ¢ Skew ¢ Kurtosis

Maxe llean Min, Max, Mean lMin, Max, Mean !dn, liax, lean Min,

Crimdon 1,69 1,63 1.57 043 0,40 0,36 «0,23 «0,11 =0,06 2,17 1,71 1,38

Seaton Carew 2.65 2.57 2.’&8 0.3 0029 0.26 .0016 -0001 -0.09 lol‘a 1.20 1.09
Hartlepool

Yacht Club 2,31 2,23 2,16 0.49 O.44 Ooly «0,24 «0,18 =0,11 1,07 0,98 0,90

Redcar 2.53 2.[41 2.21 0.63 00‘l5 0032 "0057 -0035 -O.M 3.0[4 2.% 1.57

Marske 2.28 20016 1.87 0069 0.52 0031. .0039 -0.25 .0005 1.23 1,01 0.71

Saltburn 2,16 2,06 1,98 0,49 Oolly 0438 =0.49 =0,18 0.0 1.26 0,93 0,76
Grand Values 2,65 2,16 1457 0,69 0,42 0,26 «0.57 0,1 =0,23 3,04 1,31 0,71

Textural Parameters.

Textural parameters denote a fair degree of uniformity
with the grand mean in excess of 2¢, a relatively consistent
standard deviation and a dominantly negative skew. Kurtosis
was least consistent, and varied from 3.04¢ to O,71¢. The
mean particle size curves were plotted for each environment
and show an excellent degree of uniformity in all cases but
Seaton Carew. At this latter site the particle aize range
compared more favourably with the windblown sands described
in Chapter 7. The reason for this was not immediately
apparent,

lleavy Minerals.

Some success was achieved with areal plots of heavy

mineral content. If one considers basic hydrodynamic
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principles it is probable that heavy minerals will terd to
dominate in those size fractions close to the threshold
value of a given current energy. This will be true of the
fines, where the energy available may be only sufficient to
remove the lighter density minerals on all but vory rare
ococasions, Consequently, separations were completed in the
finer sand range from 2.3¢ to 3.8¢ and Table 3 2 records the
regults.l |

One should note that most beach sands are truncated at
3.4¢. In only seven samples was there a residue on the

3,41 to 3.8¢ aleve. |
& Heavy Minerals (3.41 to 3.8¢)

(1) Seaton Carew 37 % 22,27
(11)  Redcar 23.9% 28,63
(111) Ssaltburn 27.5% 3L.2%
(iv) Marske 22,1%

Even so, the 1.66 to 2.3¢, 2,31 to 2,75¢, and 2,76 to
3.4¢ fractions provide sufficient evidence to confirm that
the percentage of heavy minerals does increase inversely
with size,

1 Detailed results in the appendices,
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SUMMARY TABLE OF PURCENTAGE HZAVY FINERAL CCMCERTRATIONS IN BEACH SANDS

Crimdon Hartlepool Seaton

1,66 231 2,76 3.4Y 1466 231 2,76 3.4 1.66 2,31 2,76 3.41
to to to to ¢to ¢to to to to to to to

2.1 ll»og 28.9 201 20’0 5.9- 009 1010 lhs 3703

2.l 5.7 22,9 @« 2,1 2,6 45 = 0,9 L2 7.3

l}.z 3.7 15.7 - 2.‘} 2.9 6.1 b 008 1.1 l&.6 .-
2.2 501 - - 2.2 2.7 hl9 - 1.2 1.3 10.5 -
108 906 bl - 301 ’4-1 8.7 L od 007 1.1 [005 -
2'5 ‘b.z 000 - 1.8 2-1 2.7 - 005 1085 708 -
h.B h.O 22.3 - 0.9 1.8 l&.l - 1.8 2.1 1.9 21.2
305 h.’& 18.1 - 2.8 3.2 lnB - 0.15 0.7 3.6 -
308 7.7 2903 - 3.2 3.0 l&os - 009 0.5 308 -
2.2 505 27-8 - 10‘5 109 303 - 102 1.8 lq..7 -
Lel 9.3 33.2 = 209 42 768 = 17 23 Ll =
223 hel 12:5 =2 L8 45 Sa2 = Q8 0.9 3.9 =

Mean 3.0 5.7 2he3 202 2,9 5.2 0.9 1,35 ka8

N
0
°

N

Redecar Marske Saltburn

1,66 2.3) 2,76 3441 1,66 2,31 276 3441 1,66 2,31 2,76 3.41
to to to to to to to to to to to to

105 008 2.5 - 107 103 802 1.8 2.3 9.6 2705
102 008 3.0 - 2.0 1.5 308 2010 2.2 17.!0 -

1.2 0.9 10.8 - 2.3 1.6 8.“ 2.0 109 21.7
1.3 49 hel, = 1.6 7.9 57 2,0 1.2 8.3
0.9 4e5 123 23.9 16 1.7 1lu4 2.6 5.1 18,5
1.10 20[0 001 as 1.5 1-8 30‘6 2.2 1.6 11.5
13 0.9 A4e8 = 2,1 1.5 9e3 22,1 2,3 1.8 4.9
1.6 207 5.3 - 1.8 10" 3.1 2.1 5.2 1.1.2

S |

2 I I o B B N B N

1.1 008 1001 - 1.7 8.2 9.6 - 2.5 A." 16.1 3 02

008 l&o3 1209 2806 202 107 50‘1- - 20‘+ 109 1008

1.0 hol 8.3 - 1.9 1.2 3-5 - 1-9 2.3 9.’&

1e2 o2 0,9 = 2,0 2,3 _Ta8 = 2.0 Aha) Lhe2 =
Mean 1.2 2,3 63 26,2 1,9 2.7 646 22,1 2,2 2,9 12.8 29.3

« = no size fraction
0,0 « no heavy minerals
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Conversely, therefore, one can envisage the availability
of heavy minerals effectively modifying the "fine tail"
of a frequency distribution.l

Shell Content,

Shell. fragments behave in a similar fashion to coal
when subjected to a current energy. Their lizhter density
ard "platy" shape both lend themselves to easy transportation,
It was observed that shell fragments tend to dominate the
coarser grades (Table 176 although they cover a wide range
of sizes. In the previous chapter on sampling it was noted
that negative skewness may be related to shell econtent.
Although this was not universally valid, it did occur in
samples from N, W. Scotland (Table 221), Both marine and
lacustrine samples were taken and the former were
characterised by a negative skew and high shell content.

The removal of shell fragments from the analyses resulted in
a particle size curve very similar to the lacustrine
environment and with a much reduced skewness valua,

This possibility was explored in an area of N.W. Scotland where
much of the country rock is metamorphic and granitic, The excess
of heavy minerals produced an abnormally well developed fine tail
and in fact made up 95% of the 4.1¢ fraction.
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Coal Content

The coal content of beach laminae varies considerably.
One may suggest that this is a function of availability, The
majority of coal un the Durham beiches is derived from coastal
waste tips at Easington and Horden, some miles north of the Tees
Bay, Table (181) indicates the general decrease in coal
content in a southerly direction. One should also note that coal
has a lower specific gravity than quartz and as a result can be
transported by a current which is unable to carry quartz grains of
a similar size., In this manner it is possible to envisage coul
grains being instrumental in controlling the excentricities of a
frequency distribution of particle size.

The surmury table ( 38Y) indicates that the distribution
of cotl is not controlled by particle size. The most likely
explanation for this difference belween coal and heavy mineral
distribution is thal hea&y rinerals may bte genetically smaller
than coal, which can occur throughout the whole size range. In
some atypical laminue the coal content exceeded 90% in the =l.14
and -o.4¢ size fractions. One must conclude that coal content can

modify the particle size curve considerably, if sufficient is

availables,

Percentage Rock Frupments

Figs. (50 to 56) demonstrate that little can be lesarnt

from an areal plot of rock fragment content. If, however, one
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LOCK ¥ BAGEENT COFPEIY ¢V ) EACT SHUTNENTS (Srr185/1000)
Crimdon Hartlenool Senton

1.06 2,31 2,76 3.41 1,66 2,31 2.76 3.01 1.€¢ 2.31 2.7€ 3.1
to to to to to to to to to to to to
2.3¢ 2.754 3.4 3.84 2.24 2.75¢ 3.4¢ 3.9¢ 2.34 2.7543. 0 3.9¢

2 1 1 - 15 10 c.0 - 15 2 2 0.0

5 2 2 - 22 12 3 - 11 l 3 0. 0

3 1 1 - (8 35 0.0 - 10 15 20

7 3 2 - 12 10 3 - 32 21 10 2

5 2 1 - 18 12 Iy - 30 25 14 c.0
1 35 2 - 9 7 0.0 - 9 17 21 -
35 24 29 - 7 7 0.0 - 21 14 2 -
19 11 2 - 14 9 2 - 18 9 L -
21 10 3 - 20 13 1 - 29 27 3 0.0
11 7 2 - 16 14 3 - 32 14 2 1
15 10 3 - 7 € 0.0 - 17 -3 7 0.0
7 2 1 - 17 6 0.0 - 20 15 L 0.0

Redcar Farske Salthurn

1.66 2.31. 2.76 3 u1 1.6€6 2.31 2.76 3 h1 1.66 2.31 2.7¢ 3.1
to to to to to to to to to to
2,34 2.754 3.4d lpd 2.3¢ 2.75¢4 3.44 3. F’¢ 2.36 2.75#3.4d 3.0
38 20 L 3 41 5 L - 28 19 11 0.0
17 8 5 - L7 29 21 - 32 31 20 -
16 7 0.0 - ’5 L 3 - 32 31 2F -
10 L 0.0 - 56é 5 3 - 18 19 2 -
20 g 0.0 - 32 21 13 - 20 11 0.0 -
31 12 2 - Y 20 L - 10 9 1 -
25 Q 0.0 - L 17 5 - 11 2 0.0 -
32 ! 3 - 2 3 3 - 30 19 9 -
17 16 1 - 33 14 L - L7 7 1 -
19 12 0.0 - 37 11 € - 29 13 10 -
21 3 0.0 - 28 L 3 - 32 17 L -
1k 7 2 - 3¢ 12 7 S 9 3 -
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examines the size fractions separately, the rock fragment content
is greatest in the range =1.1¢ to + 1,54 (Table 183). At
approximately 1.54 there is a break in most particle size curves
(fig. 51) and this may be equated with the change over from rock
fragments to 8 dominantly mineral grain composition.

A more careful investigation revealed that rock fragments
decrease in number, throughout the whole size frequency distribution,
from coarse to fine., It is the sudden increase in mineral grains
at 1,54 which creates the characteristic break.

Surface Texture

The surface texture of quartz particles in beach sediments
may be subjectively described as "highly polished". A quantitiQe,
objective reading of reflected light gave a reading of 18 on a
scale from 1.6 to 25 at A.S.A. 100. It is not yet known whether
this characteristic will prove useful as a means of diatinguishing
between onvironments. 1he consistency of values, at least, does
not eliminate the technique,

Mica Content (prains /1000)

Very little mica was present in the samples and it
could have no effect on the frequency curve. (Tablel73d) One can
only assume that its main value will be a negative one; i.e. its

complete absence from wind blown deposits. (Shepard 1964 op.cit.)

Summary

In brief, the main value of this exploratory survey has




been to define the variability of beach sand in the Tees Basin, and
to discover some of the factors which control its character. The
problem which must be solved in this chapter is, the influence of
source material composition over sorting agent,

If the latter dominites then it may well be possible to
identify all beach sands from the evidence amassed in this pre-
sent study. If, as is more likely, the former dominates then tho
present study will have only local significance. In the following
sections other sand environments are briefly examined to determine
their salient characteristics.

Aeolian Sands: Their significance and interpretation

The dune belt is not continuous along the present coastline
and thus only two sites are examined. The distinction between
windward and lesward sides was not made, as the leeward side had,
in both cases, been artificially modified by man. The first site
lies between Hartlepool and Crimdon, to the north of the Tees
estuary, whilst the second site is locited on an artificially
created peninsula., In this latter example the whole dun: belt
must have developed during the 20th century. The northern dune
belt has also formed quite recently, again, as a result of reclam-
ation in the estuary, In fact, a previous dune belt lies inland
of the sample site.(fig. 5B)

Particle Size (Textural Parameters)

Figs. 6Q and 59 demonstrate that parameters are zoned
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parallel to tho dune crest. <The mean noticeably increases in size
towards the dune crest, Possibly this may reflect the increased
exposure of the upper portion., The % etandard deviation increases
towards the foot and crest of the dune from a midway point. 7The
g skewness is greatest at this same midway point; whilst the ¢
kurtosis is most strongly developed at the crest and foot., The
sumnary tables provide a key to their interpretation and allow a
comparison with the adjoining beach sediments, (185, 187)

Beach and dune sands appear to have a similar mean size,
The standard deviation is greater for buach sands (0.42 § as com=
pared with 0,31 for dune sands). The nepgative skew of beach sands
may differentiate between the two environments, The kurtosis value
of dune sand similarly appears to be consistently lower than
corresponding beach samples. In general the figures for dune sand
indicate a less variable sorting agent with the positive skew,
possibly indicative of the reduced shell and coal content.
(fig. 63) .

Rercontace Heavy Minerals (1489)

The heavy mineral content increased in the finer size
fractions., FPresumably this distribution may have been caused by
the removal of similar sized, lighter density material, leaving the
"heavy" residual., The percentage values of 157 at Hartlepool und
3.3% at South Gare were much less than the 957 figure in Sutherland.

This would sugpest that the availability of heavy minerals was a




Sizu
Range

Mean

ALLE RIECORDING PHRRCENTAGE

HEAVY MINERALS JIN DUKE SAIDS

Hart).epool.-Crimdon

1,664 2318 2,768 3.4
tec ,0 to to
2.2é_ 2.2§é z.gﬁ 3.8é

South Gare
2.314 2.764 3.u1¢
to to to
2.3é 2,2§é z.gﬁ Q.Gé

1.5 3.0 13.9 - 0.8 0.7 3.7 =
102 5.6 33 = 1 L2 bbb -
1.3 LL 2.8 = 0.8 0.6 3,05 =
1l 2.2 95 = 1.7 133 L2 =
1.21. 2.3 103 = 12 1,00 302 -
148 2.1 1712 = 0.0 032 198 =
142 L8 . 295 = 0.78 12 3.83 =
1.7, 2.7% 8.6 - 091 0.6 3.09 =
1.29 632 36,29 = 1.52 133 478 =
0.93. 5.1 2747 = 1.2 LA 412 -
1.1 3.2 19 - 0.3h 0.4 20 =
0.98 4.02° 3.4 = 118 0.7 2.84 =
1.27 3.01 1513 = 0,98 0.88 3.5 =
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eritical factor and further augments the view that a common source
material is ossential if one hopes to differentiate between environ-
menta.,
ghell Content (grains /1000) (191)

The shell content varied between 6% and 12% although there
was a progressive change with size,

Coal Content (grains /1000) (192)

Coal occurred infrequently in the South Gare samples but
at the Hartlepool-Crimdon site; coal content increased inversely with
particle size. The amounts involved would not greatly influence the
particle size curve (1.6% in the 3.4 g fraction).

Percentage Rock Fragments (193)

A comparison of rock fragment values indicates little or
no significant difference betwsen the environments.

Surface Texture (186)

The surface texture was measurably less polished than beach

sands,
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Size

Fraction 2,3¢

Mean

1.66¢ L.31; 2,764 3a1¢

TALLE JGCORDING THY SHELL CONTENT

(6rATHS/1000) OF DUNE SAKDS

o0l -Cr

South Gare
1.664 2.218 2.764 3. alp‘

Lo to Lo to to
u'Dd 348, ..-.31‘.. 2.3 2.754 l.bd 2:_1‘_

3.0 39.0 k2.0 - 840 89.0 89.0 =
32.0 80.0 56,0 - 1550 1.0 152.0 -
1.0 70.3 A8.0 -  13L.0 10,0 9.0 -
71;.0 38.0 8.0 - 7€.0 109.0 130.0 =~
10,0 98.0 110.0 -  150.0 123.0 78.0 =
§5.0 77.0 50.0 =  171.0 19.0 9.0 -
78,0 33.0 49.0 -  138.0 1J2.0 103.0 =
140 710 420 -  LR0 103.0 121.0 -
91.0 10..0 63.0 -  109.0 121.0 87.0 =~
31.0 28.0 38,0 =  156.0 102.0 95,0 =
27,0 57.0 121,0 = 63.0 138.0 156.0 -
111.0 63.0 7O = 51,0 175.0 122.0 =
6.6 629 643 = 1157 101 1098 -
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Size
Range

}ean

TADLE

RIECORDIIG COAL CONTINT

(Crall5/1000) _OF DUNE SAND3

jiartlepool~Lrimdon

1.664 2,314 2.76;4 3.&1#

1.668 2314 2.768 s.hlyf

to to to to to
2:38 2,708 é_d‘.. 2-_8L 2.38 . 2.758 3.4f ML
0,0 11.0 200 = 0.0 1,0 0.0 =
0.0 3.0 150 = 0,0 00 0.0 =
0.0 2.0 25,0 = 0.0 40 00 =
2,0 150 2.0 = 0,0 2.0 0.0 =
00 12.0 200 = 0.0 0.0 00 =
0.0 10.0 30,0 = 1.0 5.0 10 -
4LO 3.0 110 = 0,0 0.0 00 =
1.0 .0 4O - 1.0 2.0 3.0 =
2,0 40 190 = 0.0 0.0 00 =
0.0 150 31.0 = Trace 1.6 G0 =
0,0 7.0 50 = -0, 3.0 20 =
1.0 6.0 9.0 = 0.0 0.0 0.0 =
0.83 7.4 1592 = 0.7 1.5 0.5 =
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Mica Content (grains /1000) (186)

The absence of Mica is typical of windblown deposits
(Shepard 1964 op cit) and in keeping with previous works (Bagnold
1954 op cit),
Summary

In brief, it would appear that textural parameters, X
heavy mineral contant; surface texture and mica content may prove
useful as aids to environmental recognition.

Fluvial Samples

Five sites were selected for study and once again samples
were collected using a stratified random approach. (Figs. 62;63}64-)
. Two of the snites wore tributaries of the Tees; one, the Skelton Beck,
was part of a small catchment basin on the Northern Slope of the
Cleveland Hills and two were from the Tees itself, (Fig.64:). Again
the summery tables may be used to discover any significant characteris-
tice. (195, 196) |
Particle Size (Textural Parameters) (Fige. 65 to 6®)

The § mean indicated that river sands are usually coarser
grained than either beach or dune sands., The standard deviation again
proved interesting as there was very little overlap between dune and
river sands. Skewness proved positive in all sites but the South
Gare e:tuary. The samples from this latter site suzgested that wave
action could be the dominant sorting agent, There was liittle overlap

between the kurtosis values of the river and dune samples but only

194
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skewness values appuar liksly to provide a means of separating river
+nd beach sedimunts, (Fig.70%),

Percentare Heavy Minerals (198)

The heavy mineral content of river sands showed little con=-
centration in the finer size grades. (with the exception of the South
Gare site). This ch&racieristic may well assist in the differentiation
of river sands from other environments.

Coal content (grains /1000) (200)

The coal content of river sands tended to increase inversely
with size but this trend was not consistent. It was not possible to
distinguish between environments on coal content; only location, with
respoct to the source of coal to the north,

Parcentace Rock Frapments (20R)

The percentage content of rock fragments in river sands
averaged 6007 more than either beach or duns sands. This major dif-
ference may partially be the result of wave action in the surf zone
which breaks down the rock rarticles more effectively than current
energy. Alternatively the coarser nature of the fluvial deposits may
account for the greater percentage of rock fragments., The South
Gare site conteined a similar number of rock fragments as beach
sanmples and serves to further emphasige the influence of wave action
in this site,

Surface Texture (196)

Quartz grains from rivor sands possessed a coarse matt
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finish which gave lipght readings in the range 7 to 8 with the South
Gare site ¢lvinz a recadings of 12, One may suggest that the higher
derree of rolish in beach sands does appear to separate it from other
environments,

Mica Content (erains /1000) (196)

The mica content was too small to be significant;

:

In surmary it would seem feasible to differentiate between
beach and river sands on the basis of surface texture, shell content,
heavy mineral distribution and some textural parameters.

Of fshore Samnles

Fig. 7l1 depicts the major collection sites for offshore
sumples; These were selected on a stratified random plan with con=-
trols of depth (160 feet) and distance from the shore (2 miles); In
all, 130 samrles were collectad from 4O siteg; One can deterrine
the characteristics of this environment from the summary tables and
also the characteristics which may prove significant as means of en-

vironmental determinism, (204, 205)
Particle Size (Textural Parameters) (Fig. 72)

The offshore samples tend to be finer grained than the

environments previously examined. (2.594 as compared with 2.165,

1l Loc. S.L.5. ,li. Have no significunce other than locational.
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2,065 and 1.734 for beach, dune and river sands respectively).
(Table204).

The standard deviation is greater than ihat of beach sands
but less than that of river sands.

Skewress ond kurtoais; unfortunatcly, are almost identical
with valuea obtained for beach sand. Textural parameters therefore,
can cnly be partislly successful as a means of distinguishing betwsen
beach and offshore environments. (Fig. T%).

Percentage Heavy Minerals (Fig. ) (207)

Heavy minerals were concentraied in the finer size grades
of both beach and dune sedimonts. This was noi trus of offshore
sarples where the contont did not show a specific trend with size,
This character compared favourably with the previously discussed
fluvial samplss,

Shell Content (arains /1000) (208)

Thore is no gsignificant difference batween the two environ-
ments, besach or offshore.

Coal Content (prains /1000) (209)

The coal content at Redcar averaged 1¥ of each sampla,
whilst at Hartlepool it was occasionally over 1C¥, Althouszh coal
was svailable from beulder cluy in the late pleistocens period, the
increase in mining activity in the 20th century has provided much
greater quaniitios, such that the coal content of present day and

plelstocene envircnments is not dircctly comparatls,

2006
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TABLE RECORDING SILT CONTEMT

OF OFFSHORE SEDIMENTS

31 SILT SITE SILT
8.L3. 1 6.5 LOC. & 13.48
S.L.3s 2 7.3 LOC. 4 14.28
S.LeSe 1 0.4 LOC. & 1458
SeLeSe 2 18.88 LOC. 4 12.82
SeLeS, 2 17.0 LOC. 4 14.77
‘ SeleSe 2 23.0 LOC. 4 6.65
S«LeSe 3 10.25 LOC. &4 .12
SeLeSe 3 12,12 LOC. 4 13.11
LS. 3 13.15 LOC. & 12.28
S.L.8. 6 2,19 LOC. 4 12.7
SLeSe 6 2,65 LOC. 4 12.2
SLeS. 6 2,02 1.0C. ‘b 1.‘0.25
SeleSe 7 1.98 LOC. 5 12.43
S.LeSe 7 2029 LOC. 5 10.‘63
SeLeSe 7 2.09 LOC. 5 10,76
S5.L.S. 8 0.52 LOC. 5 .l
S.LeS. 8 0.68 LoC. 5 13.21
S.LeSe 8 0.71 LOC. 5 10.0
S.Le3s 9 1.42 LOC. 5 14.28
S.LiS. 9 1.35 LOC. 5 13.41
S.LeSe 9 1.2l LOC, 5 no36
% S.LeSe lo 3.1 LOC, 5 11.8
" SleSe k 20'63 LOC. 5 10.52
SeLeSe 4 2.92 LOC. 8 0.9
S.L.S. 10 6.67 LOC, 8 0.6
S.L.S. 10 T.42 1LoC, 8 0.6
S.LeSe 10 10.13 LoC. 8 0.68
S.L.Se 11, 12 6.09 LOC. 9 0.93
S.LeSe 11, 12 .68 LOC. 9 1.0
S.LeSe 11, 12 7.38 LOC. 9 0.78
LoC. 16.7 LOC. 9 0.85
LOC, 1 20.5 LOC. 7 0.7
Loc. 1 18.5 LOC. M4 0.4
1LoC. 2 5. LOC. 15 0.1
LOC. 2 0.9 LOC. 15 1,22
Loc, 2 6.88 L0C. 15 7.98
LOC. 4 12.9 LOC. 15 1,05
LOC. 4 18.13 LoC. 17 1.7
Loc. & Upe2 Loc. 17 bhely

LOC. 17 0.4
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Percentage Rock Fragments (210)

Beach and offshore environments had a similar rock frage
ment content,
Mica Content

Mica content was not significantly different from beach
sediments, (Table 211),
Summary

None of the above characteristics proved particularly
successful in distinguishing between beach and offshore environments,
A greater success vas achieved by comparing the ¥ silt content
(finer than 4 @) (Table 212), This method was not suitable for the
zone within the influence of wave base (to a depth of 45 feet) as
silt was absent from the size range.
Synthesis

The following discussion considers the relative merits of
the various properties of sand-sized sediment to determine the most
successful means of environmental identifiecation,.

TEXTURAL PARAMETERS

SITE ¢§ Mean g ST.Dev, g_Skew g Kurtosis
Max., Mean Min, Max, Mean Min., Max, Mean Min, Max, Mean Min,

Beach 2,65 2,16 1.57 0.69 0.42 0,26 -0,57 -0.14 40,23 3.04 1,31 0,71
Dune 2,33 2,06 1.8 0.35 0.31 0,25 «0.28 +0.03 +0.35 1.09 0.96 0.8,
River 2,3 1,73 0.85 1.45 0.73 0,31 -0.18 +0,09 +0.33 1,78 1.2, 0.82

Off- 3,23 2.59 1.0 1.55 0.55 0.29 =0.,48 -=0,12 40,18 2,7 1l.54 0.9
Shore




Tables (239 and (@) make it quite clear that textural
parameters are an inefficicnt means of distinguishing between en-
vironments. This is particularly the case with displaced marine
environmenta; and only wind action is sufficiently inflexible to

provide a fairly distinctive sorting range.,

TEXTUit;\L PARAMETERS

£ Overlap
g Mean g st. Dev, £ Skew Kurtosis
Beach over Dune 100% 99% 81% 100%
Dune over Beach L9% 2% 63% 11%
Beach over River 50% 29% 81% 100%
River over Beach 68% 89% 526 L2%
Beach over Offshore L8g 3z 100% 100%
Offshore over Beach  100% 93% 83% 7%
Dune over River L5% L3 100% 26%
River over Dune 98% 40% 81% 100%
Dune over Offshore 2% 5% 70% 10%
Offshore over Dune 100% 60% 73% 76%
Offshore over River 90% 100% % 9%
River over Offshore 59% 90.5% 55% L9%

There may well be some aspects of sorting which moment

measures cannot pick out but if one was to aitempt an identification

<14
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of a raised marine sand using the above technique the result would be
as follows:
(4) Beach over dune - Skewness successful 19 times out of
100
(1i) Beach over river - Standard deviation successful 79
times out of 100
(111) Beach over river - kurtosis successful 89 times out
of 100
(iv) Beach over offshore - Mean successful 52 times out of
100
(v) Beach over offshore - Standard deviation successful

68 times out of 100

These five most successful separations will average 61% successfulj
& level which one cannot accept.
Percentage Heavy Minerals (Table 176 (189)(198)(207)

Heavy mineral content is msaningless until individual size
fractions are compared. One can observe from the respective tables
that wave action sand wind are more seclective than currenmt flow and
the concentration of heavy minerals in the fine fraction of these two
environments may prove to be a valuable means of identification,

Shell Content (grains /1000) (Table 178 (191)(208)

Three environments, littoral, nearshore and offshore, and

coastal dune contain ashell frarments. The most significant trend
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observed was the influence of shell content on skewness values. A
high negative skew could frequently be explained by the percentage
of shell fragmente in the coarser fraction.

Coal Content (prains /1000) (Table_181)_(192)(200)(20§)

The absolute coal content cannot be used on a comparative
basis because of the very real differences between past and present
availability. The relative distribution of coal within a size
distribution may, however, prove more valuable,

Percentage Rock Fragments  (Tables 183, 193, 202, 210)

The percentage rock fragment content would appear to
provide a sure means of identifying a fluvial deposit from the
three other basic environments., The fluvial sediments of the Tees
Basin contained up to 600% more rock fragments than occurred in
ohﬁar environments., One can hypothesise that the greater efficiency
of wave action, breaka down rock fragments into the mineral com=
pononts more rapldly than current flow, This is probably only irue
on a relative scale since the gentle gradient of the drainage not-
work in the lower Teces basin is unlikely to encourage rapid erosion.
A problem is also envisagéd with wind blown sediment in a deltaic
complex where the material which composes the deposit, will not have
undergone wave action like its coastal relation. Such a wind blown
deposit may contain a greater number of rock fragments than is

indicated hy the present survey.
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Surface Texture (Tables 173, 186, 196, 205)

There was little difference butween environments with Lhe
exception of beach. In this latter, a high polish appears to be im=-
parted by the continual swash and backwash of wave action. This high
polish was consistently present in all beach samples, Dune samples
showed an intermediate degree of polish, largely because their popula-
tion ie beach derived., The most distinctive environmental character-
istics of each environment are listed in the following sub-section,
1.) Beach

a) A high polish on the surface of quartz grains,
b) The character of the particle size curve is influenced by
coal; shell and heavy minerals.
¢) Heavy mineral content is concentrated in the finer size
grades.
2.) Dune
a) The only environment which can successfully be recognised
using moment measures.
b) Complete absence of mica.
¢) Heavy minerals concentrated in the finer size grades,
3.) River
a) A very high concentration of rock fragments,
b) A more variable and yet better balunced particle size curve
i.e, it is the only environment where the coarse and fine
tails are symmetrical when plotted on arithmetic probability
paper.
¢) Absence of shell fragments,
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4.) Offshore

a) No single puramster can be considered as unique to the
offshore environment.,

b) The above conclusion resulted in further study and it was
discovered that the ¥ silt content (finer than 4 ¢) was
uuch greater in offshore sediments than in comparable
river, dune or beach sediments,

Mica Content

The complete absence of mica from a wind blown sediment
provides useful negative evidence, if mica 1s fairly common in
other envircnments within the immediate vicinity. The tables (386,173,196,295{
demonstrate that very little mica is present in the sandy deposits et
of the lower Tces basin. This survey agrees with recognised studies
(shepard 1964) that mica usually settles in standing water and is

usually fairly common as a coarse fraction in lake muds,

Lacustrine Environment

At this stage one must consider the problem of the
lacustrine environment. In the previous chapter a comparative study
of marine and lacuabrine-ahorelinea was used to make up for the lack
of a suitable fresh water body in the lower Tees. The Sutherland
survay can have soms value providing one makes allowances for tLhe
source material differences (Figs. 75; 75). The most sipgnificant
result related to ths similarities between marine and lacustrine

particle size curves once the shell content was removed from the




former, The results may be assessed from the following tables and

graphs, (Tables 220, 221, 222, 223)

1.) The surface texture of marine sand grains is more nighly polished.

2.) The shell content of marine sande allows immediate recognition of
the sample,

3,) The gradual increase of ¥ heavy minerals with decreasing size is
more easily recognised in the marine samples.

Othsr Samples

So far, samples have been heavily concentrated in the
Tees basin and the question can be raised as to the representative
qualities of such a localised enviromment. In part; this problem was

acknowledged .in Chapter 3 when teach samples frumnlreland; the Firth
of Forth, and Durness (Sutherland) were graphically compared to
domonstrate the regional differences which arigce from exposure and
source material. (Fig. 7¢). A similar extension of sampling to con-
trasting areas produced the following results. (Figs. 78 to 83).

Ths particle size curves sugpest that sorting agents will
oreate uniformity within each enviromment unless there is an ab-
normally different source ﬁaterial. More specifically the Ireland
beach sample showsd an unusual degree of truncation, whilst the
Sutherland offshore sample possessed a wider range of grain sizes;
than those from the Tees. Mincral compariscns did not provide any
evidenco which contradicted the conclusione already drawn from the

Tees Samples. (Appendix 5 ).

219
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Other Salient Characteristics

The singular lack of success in discovering a charac-

teristic unique to offchore sands led to the examination of other

factora,

1)

Shapc of the particle siza curve

Figures 85 and 84 show that each environment possesses

a characteristic curve when plotted on arithmetic proba-
bility paper. This curve is more sensitive to slight
differences in particle size than moment measures and it
may well be that this could provide a msans of identifi-
cation. For exAmple; the iacuatrine and marine offshore
environments each have a distinctive "reverse L." shaped
curve, a dune curve is closest to the vertical; whilst a

a fluvial curve is generally much flatter and a beach curve
uesually exhibits a sudden levelling of the curve gradient
in the fine size grades., The main problem is to find a
technique capable of quantifying this data to determine the
statistical significance of such characteristics,

Percentame silt content (212)

Samples taken below L5 feet in the Tees Bay contained a
high degree of silt which was absent from beach sands, The
silt content varied from OF at A5!' depth to 4L2F at 120 feet
depth. Beach and surf zone sediments were usually truncated

at the 3.84 or 4,14 fraction.

&
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Conclusion

The problem which emerges from this survey relates to
the complex interrelationships of the many variables both "within®
and "between" the five major present day environments. The need iu
clearly for soms integrated approach where all variables from each
environment can be incorpor:ted into a single analysis with the
result proving or disproving the concept of sorting agents and
regimes. To this end, the author turned to trend surface analysis; ~
factor analysis and discriminant function analysis,
Results

Trend surface analysis produced several distinctive
trends, Coal content notably decreased in a southerly and westerly
direction, vhilst the silt content in offshore samples increased
to seaward. On the other hand, heavy mineral content; rock fragments,
and shell content did not appear to possess any trend.

It was concluded that trend surface analysis could not
be used in the Tees basin as an aid to environmental recognition.

Factor analysis has already been discussed in chapter
seven and was used to good effect by Klovan (1966 op.cit.) and
Solohub (1967 op.cit.) to define the major energies controlling the -
different despositionsl environments. One can see its irmediate
application to the current situation as it can include all the
variables which have hesen previously discussed and produce a factor

loading ratio to explain the variation between individusl samples,




Two separate analyses were performed; Tha first used
only particle size as Klovan {1bid) and Sclohub (ibid) and the
second incorporated the additional variahbles analysad in the present
study. The results obtained wore most encouraging and were more
succeasful than either of the two previously mentioned works. As
the factorial technique was identical this improvement must be
attributed to improved sampling, improved processing, or both,
Klovan used Krumbein's data from Barataria Bay (op.ait.Chapter %9,
whilst Solohub's data fror Lake Winnipeg may have bsen sampled
inadequately. Also, Solohub's samples were processed using only
34 sieve units. Ths author wrote to Solohub to enguire about hie
sampling methods but received no reply and wes later advised that
he was in Nigeria. Certainly; hiz thesie makes ro reference to
sarpling theory and as far as can be gathered his camples were
purposefully selected spot samples.

Klovan (1966 op.cit.) noted three dominant factors
which were designated: il) Wind-wave energy

2) Current energy
(3) Cravity settling

The present study sirilarly recognisee three deminont
factors but on the basis of the resuvlta would sepcrate wind from
wave action and accord gravity settling Lo e fourth factor, This
latter is common to all envircnments end ray doninate ary of the
£i¥e major environments,

In the majority of cases (Table 228 ) threce foctors

give a 90% level of explanation of the variation but in some
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instances a furthur factor was significant. The triangular graph
proved to be an adequate means of presenting the results of three
factor plots providing the three factors explained 90% of the vari-
ation, (Fig.86)
Interpretation of Results

Factor Analysis (1) Particle Size Data

The first factor analysis used only particle size data

(see table ). '

| Figs. (87) and (86) show the initial plot and zoning
of the present day.environments in the Tees. Immediately, one can
observe the separation of samples into environmental groups. In
addition, each environment may be further subdivided, For example,
Fig. (86) shows one offshore group, one dune group; but three beach
and two river. The three beach zones appear to be those parallel to
the H.W.M.; whilst the two separate river groups appear to represent
the respective influence of current flow and gravity settling. 7The
factor loadings also prove that the influence of wave action extends to
45 feet below low water mark. All offshore samples in this shallower
water fall within the beach plot. Those offshore samples which fall
between the two fluvial groups are the deep water samples taken below
100 feet. The silt content was omitted from the input data and con-
ssquently they gave a factor ratio similar to the river samples which
involved gravity settling as the major factor. Fig.(86) clearly demon-

strates the close affinities between marine and freshwater littoral

-
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TABLE RECORDING SAMPLE LOCATION, COMPUTER NUMBER AND FACTOR LOADINGS,
BASED ON PARTICLE SIZE DATA.

£

SAMPLE LOCATION COMPUTER NUMBER Fl F2 F3
Crimdon Dune 5' to 10'0D 1 DOl 0.76 3545 64,0
Crimdon Dune 5' to 10'0D 2 D02 5., 27.6  66.8
Crimdon Dune 5' to 100D > DO3 3.0 315 65,39
Crimdon Dune 33'0D 1 DOl 6.7  368.8  6C.L
Crimdon Dune 33'0D 2 DO5 6.7 359  62.26
Crimdon Dune 18'0D D06 6.7  57.16 36,08
Crimdon Dune 18'0D 2 Do7 6.8  57.7  35.6
Crimdon Dune base 1 Do8 6.0 50.9 L3.4
Crimdon Dune base = D09 0.0 50.5 L4,0
South Gare Dune 1 D10 1.5 35.25 63,2
South Gare Dune 2 D11 1.5 35.1 63.5
South Gare lune 3 D12 1.0 37.8 61.5
South Gare Dune 4 D13 0.7 33.2 61.1
Crimdon Beach 1 BOl 3.3 83,6 13.1
Crimdon Beach 2 BO2 3.3 82,3 .4
Crimdon Beach 3 BO3 2.7 78.1 19.5
Crimdon Beach &4 BOY 2.6 77.0 20,4
Crimdon Beach 2A BOS 3.7 7.1 25.1
Crimdon Beach 2A BO6 3.9 70.3 25.8
Crimdon Beach LA BO7 3.9 68,7 7.4
Crimdon Beach 4B BOS 3.8 65.4 30.8
Crimdon Beach 1A BO9 3.6 69.9 26.5
Crimdon Beach 1B B10 3.9 71.8 2L .0
Crimdon Beach 3 Bll - 3.1 72.0 24,9
Crimdon Beach 3 Bl12 3.5 69.3 27.2
Marske Beach 6 T B13 10.0 369  53.5
Marske Beach 6 2 Bl4, 10,7 32.9 56.4
Marske Beach 5 1 B15 9.6 33.7 56.7
Marske Beach 5 2 B16 7.5 43,0 49.5
Marske Beach 4 1 B17 6.7 L1.6 51.6

Marske Beach J 2 Bl8 9.8 32,2 58,0
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TABLE RECORDING SAMPLE LOCATION, COMPUTER NUMBER AND FACTOR LOADINGS,
BASED ON PARTICLE SIZE DATA. (Continued)

£

SAMPLE LOCATION COMPUTER NUMBER F1 F2 F3

Marske Beach 3 * B19 8.7 38 6l.6
Marske Besach 3 2 B20 13.8  23.0  63.2
Marske Boach 2 n21 2.6 43.8  53.6
Marske Beach 2 2 B22 1.6 48.6 49.7
Marske Beach 1 1 B23 .4 15.3 70.3
Marske Beach 1l 2 B2, 12,5 18,3 69.2
Redcar Beach 1 1 B25 26,4 6.2 67.4
Redcar Bsach 1 2 B26 27.1 5.1 67.8
Redcar Besach 2 T B27 214 5.6 67.1
Redcar Beach 2 2 B28 26,4 6.3 67.4
Redcar Beach 3 T B29 29.5 2.,  68.1
Redcar Beach 3 2 B30 3,5 0,07 67.8
Redcar Beach 4 t B3l 34,0 0.9  65.1
Redcar Beach I 2 B32 33.8 0.2 66.0
Redcar Beach 5 T B33 30,6 2.6  66.8
Redcar Beach 5 2 B34, 30.5 4.9  6h.6
Redcar Beach 6 * B35 27.3 T4 65.3
Redcar Beach 6 2 B36 29,1 L. 66.6
Hartlepool Yacht Club 1A B37 17.5 24,7 57.8
Hartlepool Yacht Club 1B B38 17.5 24,3 58.2
Hartlepool Yacht Club 2A B39 10.5 29.9 59.6
Hartlepool Yacht Club 2B BLO 12,4 27.1 60.5
Hartlepool Yacht Club 3A B4l 20,2 18.9 60,7
Hartlepool Yacht Club 3B By 16.4 22.8 60,8
Billingham Beck 2 * ROL 8.6 87.6 3.8
Billingham Beck 2 2 RO2 9.1 83.8 7.1
Billingham Beck 1 1 RO3 19.3 48,3  32.4
Billingham Beck 2 2 ROL 17.6 514 31,0
R Tees 1 RO5 18,6 80.9 0.6
R Tees 2 RO6 15.4 78.6 6.0
R Tees 3 RO7 18,7 .7 6.6
R Tees 4 RO8 17.2 72,5 10.3




TABLE RECORDING SAMPLE LOCATION, COMPUTER NUMBER AND FACTUIL LOADINGS,
BASED ON PARTICLE SIZE DATA.  (CONT'D)
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£

SAMPLE LOCATION COMPUTER NUMBER F1 F2 F3

Thorpe Thewles 1 RO9 12,6 80.3 7.1
Thorpe Thewles 2 R10 1,.8 73.7 11,5
Thorpe Thewles 3 R11 12,5 76.2 11.3
Thorpe Thewles 3 R12 10.3 85.4 5.0
Hartlepool Yacht Club 1 WOl 87.6 10.2 2.1
Hartlepool Yacht Club 1 * W02 87., 1.8 0.8
Hartlepool Yacht Club 2 w03 88,4 6.4 5.2
Hartlepool Yacht Club 2 2 Wol, 88., 6.5 5.1
Hartlepool Yacht Club 2 2 W05 76.7 2.9  20.4
Loc 2 Woé 63.9 1.2 34.9
Loc 2 WOT7 51.2 9.3 39.5
Loc 1 ' Wo8 73.1 13,1 13.8
Loc 14 Wo9 0.6 52.4 47.0
Loc 16 W10 6.8 40.0 53,2
Loc 1 WLl 82.2  12.6 5,2
Loc 1 W12 75.9  15.3 8.8
loc 12 : W13 6.3 36.5 57.3
SIS &4 ' Wl 53.3 17.7 29.0
SLS 4 W15 54,1 17.8 28,2
SLS 4 WL6 51,9 19.1  29.1
sks 1 W17 5840 7.56 Lok
sLs 1 wig R8.9 843 2,8
SLS 1 W19 63.2 6.9  29.9
SLS 2 W20 81.4 7.3 113
SLS 2 W21 77.0 6.2 16.8
SIS 2 w22 83.6 7.0 9.4
SLs 9 W23 80.6 Ll 15.3
SLS 9 w2l 81.5 4.5 14,0
SLS 9 W25 76.3 3.6 20,2
sLs 8 W26 76.7 3.3  20.0
SLS 8 W27 75.0 3.2 21,8
sis 8 w28 73.6 2.5  23.9




TABLE RECORDING SAMPLE LOCATION, COMPUTER NUMBER AND FACTOR LOADINGS,

BASED ON PARTICLE SIZE DATA.
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3
SAMPLE LOCATION COMPUTER NUMBER F1 F2 F3
R6 W29 22,6 1.4 66.0
R6 w30 26,8 8.4 64,8
R6 w3l 24,1 11,7 643
Ré6 W32 2,.9 10.9 6.2
SLS 10 w33 85.2 4.7 10,1
SLS 10 W3l 83.1 4.5 12,7
sis 10 w35 79.6 7.3 13.1
Loc 15 W36 0.5 7.2 28.3
LoC 15 w37 L.8 40,6 5445
LOC 15 w38 2.7 661 9.2
LoC 15 w39 9.8 45.0 4L5.2
RS W40 35,9 2.4 61,7
RS W41 34,1 2.2 63.7
RS5 W42 35.9 2.7 61.4
RS w43 32,1 2,8 65.1
R4 Wil 26,7 60.8 12.6
R4 W45 24,1 62,9 13,1
R4 W46 16.2 71.0 12.8
R 4 wy7 25,8 1.7 72.5
Loc 7 w8 31.0 24.3 L4.8
Loc 7 W49 344 20.9 L8
Loc 7 W50 33.8  17.4 48.7
LOC 7 W51 40.7 1l.4 L7.9
R 77 W52 38,3 2.8 58.8
R ?? W53 360, 1.5 62,0
R 77 W54 L0.6 2.8 56.6
R 77 W55 42,3 3.3 543
LOC 5 W56 63.6 6.0 30.5
LoC 5 w57 59.4, 8.8 31.8
SLS 11, 12, w58 8hah 5.9 9.7




TABLE RECORDING SAMPLE LOCATION, COMPUTER AND FACTOR LOADINGS,

Q32

BASED UN PARTICLE SIZE DATA. (CONT'D)
%
SAMPLE LOCATION COMPUTER NUMBER F1 F2 F3
SLS 11, 12, W59 8. 6.5 6.1
SLS 11, 12, W60 85.7 6.3 8.0
SLS 7 W6l 93.3 5.2 1.5
SLS 7 W62 92.8 5.3 1.9
SLS 7 W63 91.8 5.8 2.4
SLS 3 W6l LY.l  15.4 35.5
SLs 3 W65 50 17,2 32.4
SLS 3 W66 50.9 14.9 4.2
SIS 6 W67 67.7 1.3 21,0
SLS 6 wes 71.5 10.3 18,2
SLS 6 W69 69.4 10,7 19.9
LoC 5 W70 59.9 9.0 31,1
Loc 5 W7l 56.8 8.6 34,6
LOC 5 w72 59.3 8.8 31,9
LOC 5 W73 6l 8.5 30,2
LOC 5 W74 59.3 9.0 31.7
LOC 5 W75 57.6 9.5 32.9
LoC 5 W76 57.7 11.2 31.1
Loc 5 w77 61,7 8.7 29.6
LOC 5 w78 55.5 10.8 33.7
LOC 5 W79 56.8 8.8  3L.5
Lac 5 W80 60,6 8.1 31,3
Loc 8 W8l L6,2 15.1 38.7
Loc 8 W82 42,6 15.6 41.8
oc 8 w83 37.6 20.3 42,2
LoC 8 W8l LL.8 15,3 40.0
LOC 10 W85 6.0 42,5 51.4
LOC 10 W86 5.8 42,6 51.6
LOC 10 wav 5.3 43.2 51.6
1.oC 10 wss 7.9 38.8 53.3
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TABLE RECORDING SAMPLE LOCATION, COMPUTER AND FACTOR LOADINGS,
BASED ON PARTICLE SIZE DATA. (CONY'D)

4

SAMPLE LOCATION COMPUTER NUMBER Fl F2 F3

LoC 4 ) 76.6 15.1 8.4
10C 4 W90 65.8 21,3 12,9
10C 4 W9l 79.0 11.3 9.7
LOC 4 W92 78,5 9.2 12,3
LOC 4 w93 8l.6 8.0  10.4
LOC 4 W9L 80.7 7.3 1.9
LOC 4 W95 80.8 8., 10,8
LOC 4 W96 80.7 7.7 117
10C & W97 67.h, 5.5  27.1
LOC 4 w98 8L.3 7.1 1.5
LOC & W99 8l.5 6.2 12.4
LOC 4 W1L00 79.1 7.3 13.6
LOC 4 . W101 80.0 5.9 4.l
LOC 4 w102 80.4 5.0  14.6
LOC 4 W103 773 6.6 16.04
LOC 15 W10, 3.2 kL5 55.4
LOC 15 W105 L8 L0 5h.9

7.7 3646 55.7
5445 8.3 37.2
55.7 842 36.1
52.3 8,8 4L0.0
51.7 8.9 39.4
35.2 2.9 61.9
36.0 0.9 63.2
39.7 2.3 58,0
37.6 3.6 58.8
36.9 1.7 61.4
37.3 0.6 62,1
38.6 1.1 60.3
38.8 0.6 60,6

L 52,1 b345
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TABLE RECORDING SAMFLE LOCATION; COMPUTER AND FACTOR LOADINGS,
BASED ON PARTICLE SIZE DATA. (CONTI'D)

SAMPLE LOCATION COMPUTER NUMBER F1 F2 F3
LOC 6 . W120 3.8 594  36.8
LOC 6 w121 1.2 59.7  39.2
LoC 6 w122 1.4 640  34.6
Loc 17 W123 15.4 62.7 22.0
LOC 17 Wi2l 28.5 57,9 13.7
LOC 17 Wl25 10.6 80.6 8.9
1oC 17 Wl26 10.5 - 67.3 22.2
R 13 w127 1.7 43.4 549
R 15 w128 0.0 53.h  46.6
w129 31,2 1.0 67.8
W130 3.1 2.1 66.9
W13l 32,7 0.3  67.0
w132 29.5 2.3  68.2
w133 38,5 3.9  57.6
W13l M 2.2 56,7
W135 40.8 1.9  57.3
w136 43.9 1.5  54.6
w137 T2 0.4 25,4
w138 7.9 0.1 28,0
W139 72,7 0.2 27.1

W140 7L.6 0.2 23,3




deposits. This similarity creates a major problem which must be
solved 1f one i1s to draw positive conclusions concerning the late-
glacial history of the Tees Basin. The recognition of marine de-
posits from lacustrinul deposits laid down under similar conditions
may have to rely on the discovery of indicator fossils.

Discriminant Function Analysis (Particle Size Data only)
This technique is useful for a variety of problems

involving classification and is applied in this instance to the
results of the previously discussed factor analysis, The aim was to
determine the number of groups or facies into which one could classify
the samples,
The following table show the results which were obtained.
(Table 236). In all, 14 groups can be recognised but these may be
grouped into six "super-facies".
To explain the significance of the above results one
must first clarify exact nature of discriminant function analysis.
Discriminant functions may be described as lines which
best separate samples into groups. The maximum number of discrimi-
nant functions for a particular problem is the lesser of two numbers,
G-1, and N, (vwhere G is the number of groups and N is the number of
variables measured for each sample.) The similarity of a sample to a
group depends ons-
1) The dispersion of the group in discriminant space.
2) The distance in discriminant space betwsen the sample

and the posiﬂion of the mean of all samples forming the group.
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The technique may be applied to several classificatory
problems and in the present study is used for:-

(a) Distinguishing between establinhed sample categories.
(b) Placing "unknown" samples within the above categories.

A careful examination of (Table 236) supggests that the
technique is only partially successful, Possibly it is too sensitive
for the data, as it recognises several groups within each environ=-
mental zone which do not emerge from the three factor plot (Fig. & ).

However, the main test of the technique will bse in the
following chapter when the samples of unknown origin are fitted
into the previously categorised "known" samples.

Factor Analysis (2 All Sedimentary Characteristics

If one examines Table 238 and Fig. .8h one can see that
the results of this analysis have not proved successful. The only
exception is the river samples which have a consistently high loading
on factor 2. Whilst the other three environments are dominated by
factor 1,

Possibly one can explain this failure by the inclusion of
shell fragments in the analysis. The fluvial samples were the only
group which did not contain shell fgagments. Alternatively, the in-
clusion of the extra variables may have resulted in one variable can-
celling out a second one such that neither gave a high loading. One
possible solution could be to run each set of variables, eg, heavy
minerals, or rock fragments, separately. Most probably the sedimentary
date was inadequate and should have included the whole size range rather

than only the central values,
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‘FACTOR ANALYSIS 2 (All Sedimentary Data)

%4 Factor Loading

Sample Factor 1  Factor 2 Factor 3
BEACH Seaton Carew Beach 2 96 0 L
Saltburn Beach 82 9 10
Beach North of Saltburn 85 1 TN
Marske Beach 1 85 2 13
South Gare Seawardside 10 85 L 1l
Redcar Beach 3 87 2 11
(FIRTH OF Musselborough Beach 1 63 19 18
FORTH)  portlepool Yacht Club Beach 3 33 33 3,
Hartlepool Yacht Club Beach 1 98 1l 1
Crimdon Beach 1 85 5 10
Crimdon Beach 3 55 5 L5
SUTHERLAND, Droman Beach A 85 5 10
SHOTLﬁND Droman Beach B 85 5 10
DUNE South Gare dune D. 7 5 13
South Gare dune A a87 2 11
Cliff Slip hunt cliff 5L 32 1,
(FIRTH OF Musselborough sand dune 66 18 16
FORTH) Crimdon dune 2 65 31 L
Crimdon dune 18'0D 72 13 15
| Crimdon dune 33'0D 92 1 7
Crimdon dune 5'0D m 12 11
(SUTHERLAND, Droman dune 85 5 10
SCOTLAND) Droman dune ' 85 5 10
RIVER Saltburn River sand 72 19

9

Thorpe Thewles River sand 4 pVA 54 32

Saltburn flood sand 1967 6 68 26

Thorpe Thewles 1 6 71 23

Thorpe Thewles 2 18 81 1

Billingham Beck 1 12 68 20
9

(0 17

Billingham Beck 2
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FACTGR ANALYSIS 2 (All Sedimentary Data)

% Factor Loading

Sample Factor 1 Factor 2 Factor 3

OFFSHORE  S.L.S. 10 | 32 17 51
S.L.S. 4 65 17 18
LoC 2 ' 35 17 48
5.L.5. 3 8l 5 1
LOC 12 T4 13 13
R5 89 3 8
R1 920 3 7
LOC 16 9% L 2
S.L.S. 9 6ls 19 17
R 2 80 12 8
R 8 90 4 6
LoC 7 L9 28 23
LoC 1 27 22 51
S.L.S5. 6 64 19 17
LOC 10 g8 N 8
RY 86 2 12

DROMAN A Site 1 8l 2 1
B Site 1 75 10 15
A Site 2 85 L 1
B Site 2 87 2 11
C Site 2

Cumulative % of variability accounted for by siz ractors

Fl F2 F3 Fl F5 Fé6
L2 82k 928 958 974 99%
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In swmary, when the author first became interested
in factor enalysis the only programme available,was for 60 samples
and the present study involved several hundred samples and the
author is indebted to Dr, J. E. Klovan, who rewrote his existing
programme to encompass 200 samples and who also performed the dis-
criminant function analysis. One should point out that it is not
possible to compare two different factor analyses as the factor
loading ratios are the result of the interactions of all samples
included in'the analysis. Theoretically; the removal of one sample
céuld alter the factor loadings of all other samples. Although the
author is studying to master both factor and discriminant funotion
analysis, at the time of writing only 289 samples including unknowns
vere able to be analysed and this restriction effgctivaly curtailed
the efforts made to obtain representative samples, Even ao; the
results have proved fairly encouraging and are summarised along with
the remaindgr of thie'chapter in the following discussion.
Conclusions

This chapter set out to test the feasibility of iden-
tifying a known depositional environment from its sedimentary character.
If successful it will provide the key to an understanding of the late
and post-glacial history of the Tees Basin. Each variable is considered
in turn and its value carefully assessed.

1) Particle Size

Detailed analyses of several hundred samples from different

lnown environments demonstrated that each environment has a
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typical "curve' when plotted on arithmetic probability paper.
The "curve" may succeed in identifying two samples when moment
measures fail. The mineralogy of deposits indicated that pare
ticle size measuremsnts may; in part; reflect sample composition.
This was particularly noticeable in samples which contained
abnormally high percentages of light density shell and coal
fragments, _

2) Particle shape

A pilot survey indicated that the shape of sand size
quartz grains has no environmental significance 1n-the lower
Tees Basin., This conclusion disagreed with the work of
MacCarthy (1935) and Beal and Shepard (1956)s The shape of
shell fragments and mica, did however, result in differences
in the distribution of each, Both may occur as coarse frace
tions in a deposit composed predominantly of much finer material.
Surface Texture
The reflected light from qusrtz grains was measured using
a West@n Mark IV light meter. The degree of polish in the marine
littoral deposits exceeded all other environments, including lacustrine,
and would appear to be a valuable means of recognising a beach sand,
Percentage Heavy Minerals
It was not so much the total content, but the distribution
of heavy minerals within the sample size range which provides the key
to environmental identification. In both dune and beach sands selective

sorting results in a concentration of heavy minerals in the finer size
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fractions., This nelective sorting did not appear to ocour in
fluvial and offsiiore deposits. In Sutherland (N.W.Scotland) the
sandas are composed very largely of weathered granitic and meta=-
morphic "shield" rocks which contain a high percentage of heavy
minerals. The effect of this source material on both bsach and
dune sands, is nmost distinctive,

SUTHERLAND (N.Y. SCOTLAND)

Percontage_ lieavy Minerals

Dune Send Beach Sand
1.664 2,316 2,764 3.416 1.668 2308 2,766  3.114
to to to to to to to to
234 278 3.4 3.84 234 274 3.44 3.84
1.1 1&07 [b9olt 9500 009 2-5 703 -
0099 3019 50052 950'&5 002 005 300 -

Coal Content

Coal content showed a marked decrease in a southerly and ine

land directions. This reflected the location of source area (Coastal
waste to the north), Thus; coal content cannot be used for the
present study as the availability of coal was less in the late
Pleistocene and early Holocene, The distribution of coal fragments
within a sample may Le of valus independently of the total content.
For this latter reason coal content was calculated for the samples of
unknown origin which occur in the Tees.

Shell Content

Three environments, dune, offshore, and bsach contain shell

fragments, The most noticeable concentrition occura slong the H.i .M,
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of beaches and may be equated with an incre:used negative skew and more
extensive "coarse tail" in a sample, One should note, howsever, that
it is unlikely that shells will occur as extensively in late Pleistocene
and early Holocene time. The coastal tract will only recently have been
flooded by the eustatic rise of sea level und the water would be less
saline and probably very muddy as a result of the rapid influx of
glacial meltwater,
Mica Content |

Mica tends to concentrate in standing water bodies. It does
not occur frequently in sandy deposits but is present in the Tees in
small quantities in sll but windblown depoeits.‘
Rock Fragments

The rock fragment content appears to be related to two factors:

1) The ercsional efficiency of the environment.
2) The proximity of the sample to the rock source.

1.) The beach samples contained very few rock fragments probably
because wave action is the most efficient erosional agent in the Tees.
An exception to this occurred close to the Long Scar Rock (Seaton Carew)
where both beach and offshore samples contained a gr:ater percentage
of rock fragments,
2.) The fluvial deposits in the Tees basin contained 600% the
number of rock fragments that occurred in other environments, This
high content would appear to reflect the low rate of erosion in the
lower Tees drainage basin, which is in turn a function of the very

gentle gradient of the lower reaches. (Chapter §.)
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Concluding Statement

One should reiterate that despite the many, varied results
obtained from the analyses, two factors stand out in significance.
1) The strong evidence in favour of particle size analysis
being partly a measure of individual sample composition.
This fact would explain, along with the three factors of
sampling, proceesing and analysis, why previous works have
proved inconclusive, |
It would appear that current energy responds to density and
shape a8 well as size. This fact has been known for some time,
Ruhkin (1937 op.cit.) but does not appsar to have bsen given
the attention it deserves in studies of environmental sedi-
montology..'
2) The second important point refers to the success of factor
analysis as a means of distinguishing between environments.
This succese was achieved using only particle size and later
improved upon by the inclusion of other mineralogical variables,
It remains to observe whether these conclusions may be applied,
with similar success, to the late and post-glacial environment of the

lower Tees Basin,



CHAPTER 9
THE APPLICATION OF SEDIMENTCLOGICAL

TECHNIQUES TO THi DEPOSITS OF THiZ LOWiER TExS BASIN

Introductory Statement

The primary aim of this chapter is to determine whether

fa &)

displaced marine deposits occur in the Tees Basin; both above and below

present Ordnance Datum, by using the sedimentary techniques

outlined in Chapters 6 and 8. In the ideal situation positive

identification should be supported by both morphological and

fossil, faunal or floral evidence.,

(1)

(2)

(3)
(&)
(5)
(6)

The study can be divided into six basic sections:
General commentary on the "fossil" sedimentary
environments in the Tees Bay.

Specific sites which have been identified as marine
deposits by previous workers,

Sites which could possess marine terrace deposits.
Other sand and gravel deposits in the Tees Basin.
Buried sands below the present sea level..
Synthesis: Factor analysis, discriminant function

analysis; and conclusion,




Before proceeding one should note the following
changes in approach which heve been instigated as a result of the
findings in Chapter 8.

(1) Detailed discussions of individual sedimentary
characteristics have been avoided; unless they are of
particular significance.

(2) Homent meacure valuce have been omitted as they proved
to be an inefficient measure of the particle size

curve,

1) "Fossil" Sedimentary environments in the Tees Bay

The conclusione drawn in Chapter k suggest that two
related processes wers responsible for the surface deposits in the
lower Tees; the deglacietion pattern, and its effect on meltwater
drainage. It was suggested that some of the higher terraces
90' JU and above) were related to individual marginal lakes ponded
back by the easterly retreating ice tongue, whilst the lower
terraces could be related to a single water body which could have
been either marine or fresh water. It seemed more probably that the
latter was correct as the retreating ice tongue would certainly have
formed a drainage plug in the mouth of the Tees basin. Somse
preliminary investipgations were carried out to sse if it was

possible to positively identify the depositional environment of the
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landnated clay which occuples part of the lover Tees basin
(fig. 1@, Chatar 3).

The Lawminctad Tlay

Frevious workers have sugrested three origins for this
depocsit:

1) A lecustrine clay of late glaclial sge (Radge 1939 op. cit.)

2) A shear clay forwed vnder pressure beneath an active ice
shent and later nelted out under conditiore of stagnent
ice. (Carruthers 1953 op. cit.)

3) An estuarine or marina clay (Aggr 1954 op. cit.)

Any of thesn may ba correct, but certain characteristics may

nagata, 2 and ).

A shear ciay is usually deposited in satursted conditions
benauth a stagnant ice yass. bthen this occurs it is uvsval for
the laninae to be contorted and discontinucus with no size or
density gradient. (Jorgenson 1965) Tn contrast to the above
statoment tho lover Twes laminated c¢lgy has reasonsbly continu-
ous lepinae whizh poesess ripple marked surfaces. EBach laninae
e separnted from 1lts nelgihbour by & thin sandy layer which in
scao ceges contains up to ZUs mica. Althougn the laminee are
not neceescarily verves this density wmorting velvieen them would
eecn to faveur a water lain origin.

Agar 1954 (cp. ceit.) noted that the laminated cley wae
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interbedded with c£ili; =o2rnd towards its outer limdts. It is
lively that coarser particise would incresee townrds the shore-
line o a uater body and the {olloving exporiment was condﬁcted
to corfirr: this trend. Spot samples viere purposefully taken
from the larinated clay every two feet from vertical sections
in various cluy pits and temporary sections (see fig. .88 A.)
Each sample was analysed for its silt content and (Fig. 88 B)
indicates that thes silt content does increase t,owards the peri-
phery of the deposit.

This evidence, conbined with the earlier observations
confirms Lhat the devosit 1s almost certainly water lain.
Isolated bouldsrs also occur in the clay end one particular
specimen of Snap Graniie (Agar 1954 op. cit.) suggests very
strongly that {loating icebergs occupied the surface of the
water bedy. The boulders most provavly fell {rom berge as
they groduslly nelted, and the luminee sround the boulders
are contorted,

dne ieg still faced with the problem of a lacustrine ver-
sus marine origln und carplas vwere teuoted on ar "X" ray diff-
ractomoater to discover if noduler glavconite wee present. This
nineral has been racognised as & marine indicator Ly caveral
wvorkers, Lietz 1942, Towars 1557, Fratt 1962, and Jorgenson
1965. *ig. 189 shows the characteristics of glauconite and

Fig.9Q::. the similarities between glauconite and bLiotite, the
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mineral to vhich 1% rajddly elters under wme-narine condd tions,
(ig. 91, chowe the resulte »f analyses on the Tees luninated
clioy anad it would appear that blotite ls present but not giau-
conite. Although this is regative evidence, it dnes not
controdiet the umoct 1ikely hypotheesls to explain the origin

of the Tees laminated clay; that of an ice~lammed leke. Car-
tainly, salinity, tomperature, and turbidity requirements do
not eli:inate the Tees az an ares of glauconlte forﬁatinn.
Similariy it is unlikely that oxldation will have destroyed

any gleauconits which may have previously axiuted, as samples

wera taken from a freghly excavated sito,

Tabl's RUCURANG SANGITIONS REGUTRTED Foﬁ CLALCONITE
JOMNATION  (After Fratt 1962.)
1) Stratigraphic Renge - Fre~Cambrian to iresent.
2) Frezent arzal distrivution 65° 5 to 80° N off most
oceanic coasts and mainly on the continental shelvea

tway frox lerge streams,

2) Calinity. Known to originate only 3n marine waters of
normal salinity (33.8 to 34.4 parts per thousand)

L) Oxygenation. Formation requires slightly reducing
conditions.

formztion is foelliteted by the urasence of decaying
organic matter,

W
~.

6) Depth ~ mainly neritic - noderate to chellow (10 to
LNO futhomws is mret common oscurrence)

7) Tenperavurs - {de tolsranco bnt farmation not favourad
by markedly warm watars (11°C. to 2°C. most favoured)
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8) Turbulence. Evidence of turbulence 1s commonly found
in associated sedinents

9) Sedimentary influx - probably slight, preferably just
enough to supply needed elemente

One very interesting fact, which came to light during the
perusal of borehole records, was the occurrence of what ap-
peared to be a fairly continuous layer of laminated clay
extending beyond the present coastline to a maxirum depth of
116' 0.D, (Fig. 92). If this is genuinely the same dopouit,
or a derosit of similar age it would appear that sufficient
lsostatic uplift had taken place by the time the Tees wus
deglaciated such that tho late glaclial sea level was at least
116' below that of present. If this was the case then the
82' 0.D. late glacial raised shoreline would require some
rapld sea level movements. Hopefully the [ollowing chapter
on the chronology of events will clarify this situation.
Marginal Sands

Agar (1954 op. cit.), Smith (personal communication) and
Land (personal communication) all noted the occurrence o! tio
sand layers margiial to the laminated clay. One wes inter-
bedded with the clay, and the other overlay it unconformably.
Agar (ibid.) described this upper sand as a shoreline deposit
because it occupied a notch cut into the surface of the under-

lying boulder clay, and suggested that it marked the level of




an +82' 0.D. late glacial raised shoreline. The deposit was
noted to be discontinuous and waes not necessarily related to
the laminated clay. In additlion, the notch was only observed
on the south side of the present Tees, although sand deposits
were recognised at a similar height on the northern side. This
sand crops out near Fark End Farm (N7 520175) and Agar (perconal
commwnication) described the deposit as a distinct notch cut

in boulder clay at 75' 0.D. and 10' above the limit of the
laminated clay. This deposit warranted particular attention
a8 its character and rmineral content could give soms indication
of the depositional environment.

Agar (1954) further noted the occurrence of sand at the
folloving 1ocationsx-

1) West Hartlepool 80' 0.D.

2) Wolviston Grange 70' 0.D.

3) Roseberry Road Nortom 50' 0.D.

L) Stainsby tchool. Middlesbrough 55! 0.0.
5) Bowesfield Land 60' 0.D.

6) Acklam, Fiddlesborough 55' 0.D.
7) Berwick Hills, 30! 0.D.

8) Thorntree (Middlesbrough 60! 0.D.
9) Park End (Mdddlesbrough) 70' 0.D.
10) Eston Cemetary 70' to 85' 0.D.
11) &tarske 70! 0.D.

All were regsrded as marginal sands, possibly related to

the body of water in which the luminated clay was laid down.




These wide occurrences of sand cdeposits adjoining and over-
1l;ing the lardinated clay led Smith (personal communication)
to conclude that a sand bed probably overlay the laminated
clay. If one was to recreate thea conditions during deglacia-
tion one could envisasge an ice dammed lake being fed by
numerous meltwater streams gradually receding &s the ice
melted and the meltwater streams and runoff flowing over

the lamuinated clay bed of the lake leaving braided delta

deposits on its surface. lhilet this layer need not necessari-

ly be continuous it would certainly provide a very likely
explanation for the current bedded sand deposits which occur
intermittently over the lower reaches of the Tees basin,
Summary

These two depositional groups, the laminated clay and
the marginal sands largel&-dominate the lower reaches of the
Tees basin., Several isolated laminated clay beds occur else-
where in the Tees (Hurworth, Coatham Stob., low Hail) tut the
remainder of the surlace deposits are largely glaclal or
fluvio-glacial., iiome warrant specific comments in section
four of this study (chronology) but it would appear that the
laminated clay and its marginal sand deposiis riy hold the

key to the late and post glacial history of the Tees basin.
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2) SPECIFIC SITES RICOGNISED AS MARINE BY PREVICUS JORKERS

In all, there are seven records of marine deposits above
the influence of the present tidal range in the Tees basin.

1) Veitch 1883, A sandy deposit containing shells at Saltburn,
Later confirmed by Barrow 1888,

2) Tute 1883, A marine or estuarine shelly deposit northwest of
Redcar at Warrenby.

3) Marine or estuarine fill in the tributaries of the Tees,

(Agar, 1954)

L) A 75' to 8" sand notch on the south side of the Tees, (No
marine faunal remains.) (Agar, 1954)

5) A 41' notch containing a yellow sand with occasional shells.
(Agar, 1954)

6) A raised storm beach grading into an offshore bar on the north
side of the present basin, (Gaunt, 1967)

7) A terrace of marine warp at Hartlepool. (Gaunt, 1967)
Each of the above sites is examined in turn to assess
its validity. Sediment analyses are discussed and compared where

Po ssible,

1) The Saltburn deposit containing a distinet shell assemblage

The deposit was recognised near the mouth of the Skelton
Beck in the side of a conical mound of glacial deposits, named
Cat Nab (NZ667216). There are, in fact, two deposits; one a fine
clayey sand, and the other a medium sized gravel, Both deposits
contained some shells and shell fragments and certainly appeared
to suggest marine conditions,

However, a careful investigation of the precise stratigraphy

-
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and the surrounding area suggested that an alternative explanation
was possible. Fig. 93. denmonstrates that the gravel bed is not
on & wave cut notch but is an integral part of Cat Nab. The same
figure also shows the position of the sendy clay deposit which aleo
contained shell fragments.

Cat Nab was originally exposed to the influence of high
spring tides before the construction of the present coast road and
breakwater. Even at the present time its surface 1s covered with
a thin veneer of sand and shell fragments; which are probably wind-
blown. The surface sheet flow which is shown in Fig. - 9%. (Section
A-B) (photo in Appendices) has carried with it shells and shell
fragments and given the inmpression of un "in situ" occurreonce.
Sedimentary analyses on ths sand lens suggest that it could bLe a
washing limit of the Skelton beck. .(Table 2553) Not only is thers
evidence of current bedding (Fig. _93); the particle size curve
does not resemble that of a normal beach. (Fig. '94) An examina-
tion of sand deposits throughout the Durham region has led the
suthor to believe that shell fragnents wiil respond as sand grains
when subjJact to water sorting. In this way, fluvial or fluvio-
glacial sands and gravels may serve to concentrate shell {ragments
which occurred in the source material. The glacial clays of County
Durhamm frequently contain shell fragments which were probably ab-
sorbed by the ice as it passed over deposits laid down on the sea

bed during the preceding inter-~glacial period. Thus, it is possible




for shell fragments to occur in a non-marine-deposit.

Barrow (1888) noted that the Saltburn deposit contained
a wide range of shells, all of which occurred on the present beach,
Some of the present day shells were absent from the raised deposit,
and this led Barrow (ibid.) to suggest that envirommental conditions
were different when the raised deposit was formed. However, a collec=
tion of the shell fragments enabled one to demonstrate that all could
have been blown in a 30=-mile~an=~hour wind,

Thus, in summary, one must suggest that the close proximity
of this site to present sea level is an equally likely explanation
of the shell content as a raised shoreline. Rose (pers. comm, 1967)
also examined this site and similarly concluded that the supposed -
raised shoreline deposit was of questionable origin., One should
acknowledge, however, that road alterations and landscaping have
taken place since both Veitch and Barrow examined the site and it
may also be possible that the marine deposit was destroyed.

TABLE SHOWING SEDIMEMTARY CHARACTER OF
SUPPOSED MARINE DEPOSIT AT SALTBURN

Surface
2.3¢ to 4.1¢ 2.3¢ to L.1¢ 2.3¢ to 4L.1¢ 2.3¢ to 4.1¢ 2,3¢ to L.1¢ Texture
SITE % Heavy Minerals % Rock Fragments ¥ Coal 4 Shell % Mica
Sample 1 Lel 21 - 2 0.2 9
Sample 2 3.2 33 - L 0.8 11
Saanle 3 305 18 - 2.5 002 12
Sample 4 34 25 - 3.8 0.6 10




2) HMarine or Sstuarine mud with shells at llarrsnby, near Redcar.

Warrenby, (N7 581249) is situated west of Redcar on lund
which vas reclaimed from the estuary. The aresa was examined and it
is certain that Tute (1833) was describing a deposit which occurred
within the reclamation dyke. It is possible that the deposit wus
estuarine mud used as fill or alternatively that it was an "in
situ" deposit overlain by fill. 1In either case it was not felt

necessary to analyse the'deposit.

3) larine or Estuarine fill in the lower Tees and Tributary Valleys

This deposit wae described by Agar 1954 as a grey aliuvium
and was observed to occur to a maximum depth of -84 0.D. in the
procent estuary, rising to the base of a peat bed just below Ord-
nance batum. This same grey alluvium 1s recorded in the tributary
valleys as far inland as Wynyard Fark (N7 420250), 5 feet below
ground level, at 55' O.D. At this site and several others organic
debris was observed (tree debris and roots), but there is no
evidence of marine remains above present J0.D. The deposit would
appear to be associated with the gradual riss of sea level from
~84* 0.D. to present 0.D., where it grades into a fresh water peat

bed.

Some confusion has ocecurred with this deposit as it
appaars to be continuous from estuarine to alluvial environments.

All the organic re::ains are terrestial (ieaves, nuts, branches,

antlers, (hgar 1954) and the name estuarine alluvium relates to its

o



location at derth, not ite mode of origin. Almost cartainly this
deposit was laid down when the streams gradually silted up as sea
level rose from =34' O.D. to its present level.

L) A sand deposit notched in boulder clay at 75! to 80 0.D. on

the south side of the Tees

Agar (1954 op. cit.) is again responsible for the inter-
pretation of this deposit as a marine notch. It was suggested that
the sand could have been deposited in either a iacustrine or marine
environment. However, the rotch is incorporated in a graph of sea
Yevel change, despite the absence of any supporting evidence. Une
can only surmise that this decision reflected Ager's knowledge of
the original sequence of 25', 50, and 100' levels which were re-
corded in Highland Britain. Agar (pers. corm. 1967) did, in faat,
suggest that the 82' level was related to the supposed "100'" lavel
in Scotland. This nomenclature and height classification (25', 50!,
100') is no longer popular,

The following aﬁalyses were performed on those sites
listed on pege which Agar considers as marginal sands, and
vhich are still accesaible. (The majority of sites were exposed
in temporary excavations during urban and industrial exy.ansion
whilst Agar was euployed by Middlesbrough Corporation and are now

inaccessible.)
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(a) West Hartlepool 100' 0.D, (N: 477299) (Brierton)

This site consists of a large mound of sand containing
current bedding and some tilted gravel beds. In addition there
were distinet sones in the sequence where the laminae were
noticeably finer and more horizontal,

As a result of these variations a detailed stratified
random sampling plan was used to obtain 42 sedimentation unit
samples. (Fig. . 95.) Tables 259and 2éQdemonstrate that these
samples may be divided into groups, each of which may be re-
lated to a different depositional environment.

The inadequacy of textural parameters is emphasized when
the results are compared with that of factor analysis. Factor
analyses of thirty of the samples recognises three distinct
groups t=

1) Samples A and C
2) Sample B
3) Samples 1, 2, 3,

The three groups coincide with the site stratigraphy
(Fig. 95 .) and it would appear that "A" and "C" were deposited
under similar energy conditions. A comparison with (Fig. 85.)
(Chapter 8) would suggest that the three distinect zones, which
are recognised at Brierton, may be equated with present day
offshore, beach, and river conditions, on the basis of factor

loading ratios.




253

TABLE RECORDING TEXTURAL PARAMETERS OF SAMPLES

FROM BRIEHRTON (WEST HARTLEPOOL 477299)

Sample Number é Mean é Standard Dev, é Skewness é Kurtosis

3 2.35 1.46 ~0.1 1.01
1B 2.6 1.17 -0.21 1.0
2C 2.53 1.2 -0,18 1.04
la 2.56 1.22 -0,26 0.93
1b 2.25 1.4 -0,29 0.99
1A 2.59 1.16 -0.12 1.53
LC above 3C 2.37 0.68 ~0.0} 1.07
20) 2.55 1.37 ~0.25 0.97
LA 2.65 1.17 -0.18 1.03
2 2.57 1.33 -0.2 0.97
aal 0.87 0.85 ~0.27 0.94
2C 1.37 1.05 ~0,08 1.1
2B fg 1.2 1.13 ~0.08 1.1
2A2 1.11 0.89 ~0.24 1.23
a3l 1.78 0.99 0.16 - 1.54
A32 1.72 0.95 0.14 1.41
2B, 1.52 1.1 0.09 1.11
c3 1.97 0.54 0.23 1.03
c22 1,97 0.6 0.19 1.17
A2l 1.95 0.96 0.29 1.49
A22 1.88 0.96 0.21 1.56
Al 1.72 1.0 0.15 1.68
A12 1.63 1.0 0.0 1.6
Top 3A2 2.32 007‘0 0.22 1.01
Top 3A1 2.2 0072 0008 1012
4LC above 361 2.32 0.68 0.11 1.07
cst 2.03 0.51 0.17 0.93
€52 2.08 0.52 0.19 0.92
cul 2,02 0.57 0.22 1.03
ch? 2.13 0.5 0.2 1.04
cét 2,08 0.55 0.11 1.04
c6R 2,09 0.52 0.1, 0.95
c2l 2,04 0.63 0.23 1.22
c1l 2.34 0.7 0.19 1.28
C12 2.38 0.7 0.2} 1.37
3% 2.88 0.65 0.16 1.0
B2l 2.85 0.65 0.1 0.99
B22 2.57 0.68 0.09 1.02
Rl 2.67 0.62 0.12 1.11
B12 2.54 0.7 0.12 1.02
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TABLE RECORDING SEDIMENTARY CHARACTERISTICS OF
BRIERTON (WEST HARTLEPOOL NZ477299)

Mica (grains[lOOO) Coal (grains/1000
1.668 2.314 2.76¢4 3. z.l;f 1.664 2.314 2.764 3.1.1;6
Sample to to to to to to
Number 3é 2§é 3. &é 2.8é 2.3é Zﬁé 3. gé Q.Bé
cé 0 0 0 0 0 0 0 0
Cl b Trace Trace 1l 5 0 0 19
2B 1 8 1 1l 1l 12 Trace 1l
4C above 3C 1 2 1l Trace 28 10 8 8
A2 Trace 10 9 11 0 Trace 1l 2
' c5 0 0 b 5 Trace Trace Trace Trace
c2 10 (o} 3 5 10 11 8 3
20 "0 1l 7 5 11 12 10 10
2A 0 ) 3 3 12 12 39 5
Cc3 0 0 5 0 2 Trace 4 12
3C Bottom 0 4 9 8 27 30 20 10
LA (0] (o} 6 17 132 61 70 110
Top 3A 0 0o 2 5 3 15 9 12
Mi 53B 1l 20 8 1 40 21 11 6
£ Rock Fragments 4 Heavy Minerals

| 1.668 2314 2.764 3.4l  1.664 2.31¢ 2.764 3.1.1;!
Sample Surface to to to to

Nmbor Teture 2.98 20756 3od 388 238 208 38 2.8

cé 8 119 L2 38 17 2.6 2.6 2.4 2.1

| clb 6 20 13 9 39 2.2 IGOB 2.8 907
\ 2B 7 110 L7 21 28 5.7 3.1 10.4 13.4
LC above 3¢ 9 n 22 11 2 2,7 21 1.3 1.3

L A2 8 28 28 7 0 3.8 3.0 2.6 2.1
c5 7 62 54, 4] 13 3.0 3.5 4.0 2.2

c2 8 28 31 30 5 heli 3.9 4.5 5.b

2C 6 130 42 20 0 7.2 4.0 13.0 3.2

2A 9 37 18 15 17 23.0 16.6 6.4 9.0

c3 6 ‘A L7 38 17 2,5 3.3 3.8 32.7

3C Bottom 8 61 40 12 2 1.7 2.2 1.6 1.1

LA 8 160 50 AT 50 1.9 1., 1.8 11.0

Top 3A 7 165 L5 3 2 2.5 2.3 2.6 2.0

Mid 3B 10 52 30 19 3 2.5 2.2 2.6 1.5

No Shell Content.
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The absence of shell fragments, and the presence of a
veneer of red stony clay overlying the deposits would seem to
favour an origin marginal to an ice sheet. In this way one
can explain the wide variety of environmental conditions in
such a limited area. Kaistrick (1931 op. cit. Chapter 3)
described the deglaciation stages in the Tees (Fig. 1@.) and
Beaumont 1970 (in press) suggested that the ice margin may
have followed the contours quite closely on the northern side
of the Tees. The ice would, of course, ve thicker away [rom
t'e snout and the ice margin would probably rise in a N.N.E.
direction.

Certainly, a comparison of one group of Hrierton sarples
with the sand content of boulder clays from the Tees and
Northumberland suggests that an ice marginal origin is
possible. There would appear to be very litlle dirference
indeed. The particle size graphs of the two other
environmental groups appear to confirm an origin in standing
water (Fig., 99.) and running water (Fig. 96). This three-~
fold environmental complex could possibly be explained as an
ice contact Kame delta vhere the energy was sufficient to
separate the three size fractione of bouluer clay, gravel,
sand and clay. The height of the mound, which stands 20 faet
above the surrounding area is difficult to explain if one

discounts an ice contact origin. Only wind action could create
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such a feature, and the stratigraphy, rice content, and
sorting characteristics would seem to preclude the influence
of wind action.

(b) Park End Farm (lidddlesbrough. N.%. 520175) Eston

Cemetary (N7. 548138) (Table 263)

Both of the sbove sites are described by Agar (op.cit.)
as examples of marginal sand. In each case some difficulty
wag experienced in proeﬁring undisturbed samples, Thls was
particularly so at Eston Cemetary, Two samples were analysed
from each site and the results of particle size analyses alone
were sufficient to confirm that the sands moet probably
represented a washing limit of a low energy environment, over-
lain by a coarser sand which was possibly of deltaic origin,
(Fig. 9T.). The sorting pattern of either of these samples
could not possibly be confused with & marine beach similar to
the present day environment and it would seem nmore logical to
equate the lower sand with the washing limit of an jice dammed
lake and the upper sand with a meltwater current entering the
lake when it had receded to a lower level:

(See Table) Sedimentary analyses suggest that the two coarse
and two fine deposits are similar and may extend along an
axis parallel with the contours. This distribution rattern
agrees with findings by the lMiddlesbrough Corporation (Agar

Personal Comm. 1967) and augments Agar's conclusion that the
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deposits concerned were marginal to a water body which occupied
the lower reaches of the present drainage basin,

5) A 41! notch in the laminated clay, composed of yellow, clean

sand and which contains occasional shells

Agar (1954) recognised this deposit which occurred in the
Ormesby (NZ498188) and Middle Beck Valleys (NZ508186). There was no
evidence of the sand notch on the land between the two valleys, and
Agar (ibid.) based his marine hypothesis on the presence of isolated
shells, identified as Cardium edule. The deposit was discovered
during a sewer excavation and econsequently the present author was
only able to locate the layer in hand dug holes, Samples were
taken from three such holes in the Ormesby Beck Valley but the
deposit could not be found in the Middle Beck., The analyses of the
three samples suggest that the dominant energy was running water
(Table 265). Both the particle size curves (Fig. 98), and rock
fragment content seem to confirm this and again one could hypothesise
that the sand was laid down in a deltaic complex associated with
the ice-dammed lake which probably occupied the lower Tees. The presence
of shell fragments in sandy deposits is not unusual in the Tees as
some of the stony clays originated offshore. Fluvial and fluvio=-
glacial sand and gravel deposits, which are formed from these stony
clays, frequently contain several shell fragments, It would seem

that the shell fragments are concentrated in the sand and gravel
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fractions when the clay is broken down by current flow., This would
explain the occurrence of shell fragments in many sands and gravels
to heights of 200! 0.D, in North East England (Aﬁderson, 1939),

Sissons (personal communication, 1967) considered that the
sand at 41 O.D. was most likely to be of fluvial origin and that the
shell fragments may be derived from an archaeological site.

In summary, it would appear that there is some reason to
doubt that the 41' O.D. deposit is marine, There is no other
evidence to support a post-glacial sea level at this height, If
Agar's identification is valid then the notch must be of late glacial
age. Smith and Francis (1967, op. cit.) note that the 41! 0.D. sea
level is absent from the north side of the Tees and it would seem
that a similar conclusion should be drawn for the south side,

6) The Raised Storm Beach which grades into an offshore bar on

the North side of the River Tees, between Throston (N2490335)

and Greatham (NZ49228L)
Gaunt, (in Smith and Francis, 1967, op. cit.) described
the occurrence of a sand ridge, with some gravel, which was 300 to

LOO yards wide, and trended north to south for over 3% miles



between Throston and Crestham., It was widest (650 yanis) near
kift louse (NZ 495310) wharo it possessed an asynmetrical profile,
vith the steeper slope facing west. ilaewhere, Caunt (ibid) des-
cribed the ridges as rounded and roughly symmetrical.

The constituent sediments were described as clean sand
and pan gravel, both horizontal and current bedded. The gravel
was well rounded and occasional shell fragments (possibly a
Cardium species) were recognised. (Trechmann ha¢ previously
recoried shells in a currented bedded gravel at Throston (1915)).
The deposits Lecame noticeably finer in & southerly direction und
the ridge dipped south from 140' OD to 80' OD. (a gradient of
17.2 feet per mile). This relatively steep dip, for a shoreline
deposit led Caunt (ibid) to suggest that the storm beach
gradually became an .offshore bar towards its southern limit.

In the present study it was noted that the ridge did not
erd at Groatham as Gaunt (ibid) suggests, but continues inland
almost parallel with the A689. Wolviston to Hartlepool road and
consists of pea gravel, coarser gravel, sand, sili, and clay
lenses, all frequently overlain by a thin layer of reddish stony
clay. The ridge also continues to drop from 80' OD north of
Greatham to 7C' OD at Newton Bewley (N7465267) and to 65' QD
imrediately east of Wolviston (NZ460260). An excellent exposure

of the ridge occurs in a gravel and sand pit east ol Newton Hewley

2017



at the junction of the A689 and the road to Dalton I'iercy
(Nz482278). This excavation produced the following stratigraphy.
(ses Photographs Flate 3).

57" medium gravel

516" red stony clay

210" coarse gravel

510" pea gravel

246" current bedded sand

2'0"+medium gravel

This stratigraphy is not what one would expect to find in
a raised storm beach, or even an offshore bar. In both cases these
high energy environments are very well sorted.

In order to diécover the origin of these deposits it is
alrost unnecessary to complete detailed sedimentary analyses.
Both the morphology and location of the feature would suggest an
ice marginal or ice-contact feature, paralleling the north west
facing slope of the ice tongue as it retreated in a north easterly
direction. This explanation fits in with the aessumed pattern of
ice retreat in the Tees Basin (Raistrick 1931, DBeaumont 1970 in
press).

In further support of this alternative explanation are
two eimilar sand and pgravel ridges. These are especially dietinot
at Sadberge (NZ2342169) above 200! OD), and at Long Newton (NZ382164)

(120' OD). The three ridges most probably represent successive

<ud



still stands in the ice retreat with the lowermost being the
supposed raised storm beach near Hartlepool,

If one examines closely Gaunt's reasons for describing
the deposit as a raised storm beach one is forced to conclude that
they are both very tenuous indeed., The first was the presence of
shell fragments, and the second was the close proximity of the ridge
to a terrace of marine warp upon which Hartlepool was situated,
Gaunt (ibid.) felt that the terrace and the sand and gravel ridge
were genetically and chronologically related. On sedimentological
grounds alone, it is highly unlikely that a current energy capable
of creating a raised storm beach up to 650 yards wide would deposit
an @stuarine mud in the nearshore environment.

The accompanying table 442 of sedimentary analyses, particle
size curves (Fig. 99) and factor analyses (Fig.100) all suggest that
rumning water was the dominant sorting energy. The author was also
able to discuss the origin of the ridge with both Smith and Francis
og.the geological survey and Francis accompanied the author to the
Newton Bewley site, Both agreed with the author that the feature
was of fluvial or fluvio-glacial origin and discounted any marine
influence,

7) The Terrace of Marine ¥Warp

This deposit forms a continuous planation from the Crimdon
Beck (NZ485367) in the north and follows the contours of the present

Tees valley, in the south. Smith (in Smith and Francis,




<70

0 0  soea] edex] 80 2°¢ ¢T T
0 0 0 0 LT S0 T T¢
0 0 0 0 6°T 2T 6°T 8%
0 0 0 soey] T 40 81T ¢£°¢
03 03 03 03 03 03 o3 03
FTIEC FoL°T P12 #99°T PTrc gol e #1e°C 999°1
000T/SUt TR STeXeUTH AAeSH 3
0 € 1 L 0 r4 AR &
edel] € Y 8T S 86 00z s2¢
0 0 8d=xl O 8 oz 8 052
8d%®rd] 8d0vrl], 8d2BJa] 0 S 8T LE oYt
“¢9°C TFe LT FEe TPRE Pre ¥l g
01 o3 o1 0% (o] o9 (L.} 01
FINE #9Lz PTC°Z $99°T FTV € PoL 2 $1E°2 $99°1
0001/5t Teod sUsed] %00y P

4

L

Z 99rl]
4 c
T

T

Foe Pt
g€ P9le

000 L/sute

% T
2owll O
ooel] odorl]

29BJ] odux]

wwmwlm gt
o 03
FTE2 $99°T

TN

184 pues moTTeX
8 pues pey JomoT
9 pues pay JamMoT

8  PuES poy JomoT

8JINXa] e1aueS
edejang
TT pueg MOTT3X

8 pues pey JamoT
9 pueg pey JamoT
8 pues pey¥ JoMoT

sanixal a1dxes
edelang

XTIMIE NOLMAN LY dvd HHOHSAI0 ¥0 HOVAJ WHOLS QESIvH (450ddNnS @HL HOHA

SITS0dHd QilVS 40 SOTLSTYHIOVHVIO XHVINIHIAHES HHI OHITQUOOTH ¥IAvl




_71

1967 op. cit.) describes the feature as a distinct break of the
slope at about 80' OD (the base of the break of slops, in fact,
oceurs at 60' OD) and which was composed of a series of ill-
defined subterraces. It varled in width from 500 yards at Hart
Station (NZ480361) to 2 miles south of West Hartlepool. The
feature is considered to be largely erosionsl and the "marine"
derosits consist of isolated patches of brown to grey clay. This
clay rarely exceeds 3 feet in depth, is stoneless or contains a
few snall, well rounded stones and grades imperceptibly into the
underlying boulder clay. No marine shells have been found but
some small encrustations of calcium carbonate, thought to have been
produced by marine woims, ars preesent in cracks and on the upper
surface of the underlying limestone. Some patches of sand end
gravel were noted in temporary excavations at the northern end of
the terrace and interpreted'by Anderson (1947) as a raised beach
deposit.

One can suggest several poesible origins for this terracs,
and sssociated deposits, and the merits of each are critically
assessed in the following section.

(1) A terrace of marine warp.
(2) An embayment created by meliwate- dra‘nage flowing

from NNE to SSW alongside an ice plug in the lower Taes.
(3) A fluvial terrace related to the present river Tees.

(L) The ponding beds of meltwater by an ice plug to form

an ice dammed lake.
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1) A terrace of marine warp

Cne must discover a marine deposit to support this hypo-
thesis. The author feels that this has not been done. The so-
called rarine warp is described as reworked boulder clay without
any occurrence of marine fauna or flora: The limestone encrustations
are unlikely to be related to this planation as they ocour beneath
the "upper" boulder clay (. E. Durham Geological Survey kemoir
1967). Indorson (1947 op.cit.) was Lirst to describe a raised beach
deposit on the terrace and a4 recent housing development on the north
west outekirts of llurtlerool provided & eeries of temporzry exposures
of the stratigraphy: -

18" soil, subsoil, and ehells, shell fragments
victorian pottery, clay pipe stens

7'9" red boulder clay
Iimestone solid

The shell content which occurs only in the soil layers
most, probubly stoms from the comson habit of using seaweed as
{ertilizer. Further, if onae looks niore closely at the sedimeritology
of the supposed 'erosional! terrace it seems strange that a vradomi-
nantly erosional environment should produce 8 marine warp &nd not a
sand or gravel deposit.

In consequence, ona must conclude that the gasological

survey were largely influenced in their interpretation of this




deposit by the previous "marine" hypothesis proposed by Anderson
(1947, op. cit.), by the cl§se proximity of the terrace to the
present coastline, and by the similarity in height between this
terrace and the supposed late-glacial level on the south side of
the Tees, which was described by Agar (1954, op. cit.).

In both instances there was no positive evidence to
favour a marine origin and the author has already made known his
opinion that the 82* 0.D. level on the south side of the Tees is
more likely to be lacustrinal than marine. One must, in fairness
to the geological survey, acknowledge that the terrace is remarkably
uniform,

2) An embayment created by meltwater drainage flowine alongside

an ice plug in the lower Tees or an ice dammed lake

This hypothesis can be used to good effect to explain
many of the more undulating planations at higher levels in eastern
county Durham., The most likely sequence of events was one of an
almost stagnant ice mass preventing the seawards drainage and
enforcing meltwater to move along the ice margin,

There is no doubt that there was an excessive amount of
meltwater in the scuth Durham area, as the many spillways and melt=-
water channels testify (Ferryhill Gap NZ302320, Aycliffe NZ285225,
Hope House NZ333251). The presence of an eastward retreatins ice
sheet in the lower Tees must have prevented much of this meltwater

from reaching the sea. Thus it is possible for the supposed terrace




of marine warp to be formed partly by marginal meltwater drainage
and partly by meltwater ponded back to create a proglacial lake,
The terrace could possibly have formed contemporaneously with other
levels in the Tees either by a single large water body or by a
smaller marginal lake, The fourth hypothesis is preferred to the
second because of the very gentle gradient exhibited by the terrace,

3) A fluvial terrace related to the present drainage basin

It is possible that the terrace was formed by run off
during the early stages of the evolution of the present drainage
basin,

In sumnary, the Hartlepool terrace of marine warp typifies
the problem which was discussed in Chapter 2; that any terrace in
a coastal location is tqo frequently presumed to have originated

under marine conditions,




The previous discussion has shovmn that none of the seven
deposits can be regarded as definitely of marine origin. In fact,
those deposits which occur on the north side of the Tees can be
identified as fluvio-glacial or lacustrinal, with a fair degree
of certainty. On the south side of the Tees, Agar's 41' 0.D. and
82! 0.D., sand filled notches can both be more logically explained
as lacustrinal and deltaic features related to a late-glacial ice
dammed lake, which gradually receded as the ice melted. The
occurrence of shell frag ments in the lower of these notches is
not unusual for this region., It seems that the Cheviot ice which
occupled this region had been diverted down the coast by the
Scandinavian ice which was standing offshore, and in the process
had assimilated marine deposits.

The Saltburn deposit which contained a wide range of
shells was no longer visible, and was probably destroyed early in
the 20th century when the coast road was widened and re-routed.
Two deposits in the same locality were examined and neither was
considered to be marine,

Two factors were taken into consideration when discussing
this raised beach deposit,

(1) The site was sufficiently close to the present range of
sea level to have been well within the range of a high

spring tide assisted by an onshore wind. Even today,




(2)
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the spring tides break against the promenade and cause
sand and shells to be deposited on the surface of Cat Nab,
The deposit contained shells which occur on the present
beach and Veitch in his article expresses concern that
the Saltburn Improvement company had exposed the alluvial
sand which contained the shell fragments and at the same
time destroyed the evidences of ancient kitchen middens
which once existed., The present author examined this
alluvial sand, which still exists on Cat Nab, and is
convinced that it represents a washing limit of the Skelton
Beds. Only a few shell fragments were observed and the
author is equally convinced that the supposed raised

beach deposit at Saltburn is of archaeological origin,
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SPECIFIC SITES RECOGNISED AS POSSIBLY MARINE AFTiit THE MORPHOLOGICAL
SURVEY

Sand deposits, which could possibly be compared with the
present day shoreline, did not occur on all terraces and the
following section concentrates on these sites which:

(1) possessed a gradient which did not preclude a marine
origin
(2) contained a sand or gravel deposit which could have been

laid down under marine conditions

The following Table 451 divides the levelled terraces
into three sediment groups: sand, washed stony clay or laminated clay, -
and red stony clay. One can observe that the majority of terraces

were composed of washed boulder clay and laminated clay which is




far more likely to result from a low enecrgy environment

would exist in an ice dammed water body, or as & result

meltwater run-off.

TABLE KECORUING THE SEULUENTS OM TBHACES

IN THE TE&ES BASIN

#* The nunber is siiilar to that used in Chapter k.

A. SAND

6 Cat flat 84"

10 I.C.I. wilton 78', 80',
13 Spencer DBeck Farm 100!
15 Sandy Flat 99.63

16 ctainsby Hall 77', 93!
17 High Leven 122!, 116!
19 Spittal Flat 118

32 Coatham Stob 94!

33 Coatham Stob 79!

34 Stockton=lorton 599

L1 Claxton 45!

B. WASHED CLAY

L) up and down profile
5) Ox close to Pontac Farm

7
10
11
12
14
15
18
20

20b

23
2
25
26
29
30
31
35
38
39
40
L2
43

These water
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such as

of

RED LTONY CLAY

C.

2

3
27
28

36
37

Blacks' Bridge 47!

I.C.I. Wilton 93, 587
Lackenby Hall 75!

Normanby 50t

Coulby Manor 106', 103¢,
Sandy Flat 6!

Ingleby Barwick 76!

Howe Hill 77!

Howe Hill 108!

Cirsby 145¢

0ld School Girsty 130!

Low Entercommon 174', 166',
Low Hail 134!

Middleton St. George 134!
Long Newton 113!

Elton 106!

Howden Hall (33! per mile)
Wolviston 109!

Marsh House 59!

Middle Burn Toft 53',73',63!",
Cowpen Bewley(l7.64' per mile)
Throston 60!

Windy Hill

Marske Cliff
Garden House
Hurworth lMoor
Viarren Houss Farm
koodside

bodies need not necessarily have existed for

a great length of time as the author has observed quite distinct

shoreline terracettes and washed deposits, to a depth of 6", result

from temporary flood water on the Canadian Prairies.
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One should note that sedimentological studies cannot
provide a positive means of distinguishing a marine beach from a
lacustrine beach and one rmst, therefore, rely on the morphological
survey and foasil, faunal or floral evidence. (The validity of
negative evidence, the absence of shell fragments, and absence of
the surface polish which a marine beach sand possesses are discussed
later, )
The third group, which occur on unaltered stony clay,
all possess gradients which preclude a littoral origin, and it is
the first group which possess sand deposits that could possibly
be formed under marine conditions,
Sandy Flat (Fig. 102)
Three sgmples were taken at approximately 99' 0.D., from
a drainage trench. The sand deposit was structureless and no shell
fragments occurred, Table 280 records the sedimentary charactere
istics of the sand and together with the particle size curves
(Fig. 102) these characteristics suggest that running water was
responsible for its deposition:
(1) The symmetry of the coarse and fine
(2) The apparent absence of a distinguishable trend in the

heavy mineral content,

-
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TABLE Ri:,CORDING SEDIMENTARY CHARACTERISTICS

OF THAEE SAMPLES FROIH SANDY FLAT (NZ 493158)

Mica (Grains/1000) % Rock Fragments

1,666 2.31¢ 2,766 3.41¢ 1.66¢ 2.31¢ 2.76¢ 3.41¢

Sample Surface to to to to to to to to
Number Texture 2.3¢ 2.75¢ 3.4¢ 3.8¢ 2.3¢ 2.,75¢ 3.4 3.8¢

1 9 1 2 Trace O 75 57 34 6
2 1 Trace Trace 0 0 20 13 9 3
3 10 1 Trace 1l 0 A 2L 7 1l
| Coal (Grains/;OOO) _ ‘ % Heavy Minerals
1,666 2.31¢ 2.76¢ 3.41¢ 1,666 2.31¢ 2.76¢ 3.41¢
Sample Surface to to to to to to to to
Number Texture 2.3¢_  2.75¢ 3,406 3.88 2.3¢ 2.75¢ 3.4¢ 3.8¢
1 9 5 0 0 0 7.2 4,0 2.0 4.2
2 11 1 Trace 1 0 2.5 2.3 2,6 1.8
3 10 1 Trace 1 0] 5.0 3.5 3.3 6.0

Spittal Flat (Fig,190)

This terrace occurred at 118! O0.D. Two sand samples were
taken from separate hand dug holes. There was some evidence of
fine bedding but no distinct stratification. Table 281 records the
sedimentary characteristics and it is interesting to note that the
particle size curves (Fig., 102) appear similar to some offshore
samples. The most dominant characteristics of a marine beach sand
(a high polish on the grains, and shell content) are both absent
and the particle size curve indicates a finer grained deposit formed

under lower energy conditions than occur along the present coast,
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Cat Flat, Spencer Peck and Stainsoy Hall (Fig. 109 and Fig. 193)

Exastly the sume problem occurs with the above three sites
as did with Spittal Flat deposits. All four sites possess the
characteristics of a low energy wave deposited environment but do
not possess the high polish and shell content which characterises
the present day beach. The deposits therefore could be classified
as lacustrinal on this negative evidence. However, it would be
preferatle to have this classification supported by fossil faunal
or floral evidence as well as morphology.

High Leven, and Stockton-tiorton (Fig. 103)

Both of the above sites produced resuvlts which suggested
running water as the depositional agent. This was especislly true
of the Stockton site where the samples were taken from two trenches
excavated in current bedded sand and gravel. These trenches lay to
the north of a very short, but nevertheless very distinct break of
slope which occurred at 59' OD. It seems probably that the sample
site reprecents deltaic sediment entering the water body responsible
for etching the terrace.

The High Leven deposit was less easily recognised, but
the particle size curve 1s perhaps the most positive means of
identification.

The symmetrical coarse and fine talls ure typical of
deposits laid down in running water and the terrace was probably

formed by meltwater or runoff.




Coatham Stob

This site was examined separately because it was the only
levelled site, which could be a shoreline, where there was no problem
of sample collection. Primarily, two deposits were recognised;

a superficial sand deposit with increasing coarse material to the
north, and an underlying laminated clay which contained occasional
boulders, some of which were striated. The sand was observed to
change its texture from coarse sandy gravel in the north to a fine
sand in the south, and this transgression could possibly be
explained as the influence of a current energy which gradually
reduced in strength as it met with the influence of the standing
water in which the laminated clay was deposited, The laminated
clay was most probably a deep water deposit and the sand a shallow
water deposit which was laid down after the water body started to
recede, It seems probable that this laminated clay was of similar
age and origin to the largé deposit on the south side of the
present Tees and if so then the drift geology shovm in Fig. 1T
(Chapter 3) should be modified to show this continuation of the
laminated clay. A total of ten samples confirmed that the silt
content of the deposit increased towards the perphery of the clay

pit and this was taken to indicate a water lain origin,

<83
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Table chowing the € silt content of the lerdusted cley st

Coathan Stou,

Distance from the Foriphery & Silt
150" 0.8%
120! 0.7%

90? 1.2%
60! 2.4
50" 2, 6%
LOt L.2%
30 6.9%
20! 18.1%
10t 21.5%

1t 20.8%

Fig. (10%) shows the rrecise location of camples,
Fig. 105, the particle size curves, and tabled%% the results of

sediment analyses,

Site Description

The samples werz collected on a sirstified random plan

and each sanmple site is daescribad in the following section.

Sites 1, 2, 3, and 5

These four sites were dicsregarded as evidence of recent

tipping and reworking suggested that results would be meaningless.

Site L
Streatigraphy

1" laminated clay

14" sand

1'6" red fill + mg lmst erratics
2" angular gravel
1" sand
2" gravel
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The stratigraphy is complex and would seem to indicate a

very variable influence of water sorting such as one would expect in
a braided delta where channels are constantly changing. Running-
water is indicated, rather than wave action, by the presence of
turbulent flow structures in the deposits.

site 6

A thin bed of coarse sand and {ine gravel wes recorded

with several coal bands incorporated into the sand. These
segregated coal bands could possibly indicate the influence of
density upon gravity settling rates. The presence of these density
layers could possibly be interpreted as evidence of deltaic or
equllibrium conditions in the transporting agent.

Site 7

The upper 4 feet consisted of a stratified gravel

containing well rounded stonas. Several striated pebbles were
noticed and even riore interesting, several flints occurred. These
most. probably came from the offshore environment north of ihe Tees
and wers carried to their present location by the Cheviot. ice shest.
Aleso In this gravel were several "armoured mud balls'" which consist
of a nodule of boulder clay rolled along Ly running water or wave
action and which collects swall pebbles on its surface., Below the
gravel was a 6' to 8' thick bedded sand which gradually hecame

finer towards its base., An increase in sediment size towards the

top of & stratigraphic column is usually tuken as evidence of a




286

regressive sequence which indicates the gradual drying out of a
water body. This would certalnly appear to agree with the supposed
pattern of eyents aenvisaged for the Tees iBasin, of an ice dammued
lake, gradually receding as the climate ameliorated and the ice
- melted.
Size 8
A 8lx foot layer of orange sand occurred at this site,
interbedded with several fine coal bands.
Site 9
The sand bed in Site 8 was appreciably thicker (6' to 10')
and vas underlaid by a fine sandy clay, gradually merging into the
underlying laninated clay. A similar regressive sequence as occurred
at bite 7 further supports the hypothesis of a receding water body,
although the gravel layer is absent in this site.
Site 10, 11, 12, 13, 14
All the above sites possessed a similar stratigraphy of
6' to 10' of finely bedded sand overlying a transition layer of
laminated sandy silt, which in turn overlies true laminated clay.
The sand visibly becomes finer ac one moves south end it is interosting
to note the mineralogical changes which éccompany thie trenu. (Table 288)
The rost significant one is the increasing content of light density
coul fragments in a southerly direction which could rossibly Le

interpreted as avidence of a we:ker transporting energy.




Tabla showing the location of samples at

Coathan Stob

Site 4 Sample 1

Site 6 " 2

Site 7 " 3 1

Site 8 " same a8 3

Site 9 % gume as 3-

Site 10 " Yellow Sand 1l
Site 11 " Yellow Sand 2
Site 12 " Yellow Sand 3
Site 13 " b4y by, b2

Site 14 "5]_.52. 5} 5[.

One may observe that the high rolish and shell content of
marine beach sands are aguin absent but should noteo that shell
fragments do occur occasionally. The individual characterietics
are again of little signiticance on their own, although the
variable range of coal content 1s most easily explained by
differential settling in standing water or possibly deltaic
concditions.

The particle size curves possess the reverse L shape
of lacustrinal and some offshore sands and the former is considered
a more likely origin because of the close affiliution with the
adjoining laminsted clay.

Factor analyses were performed on sore of the Coathem
Stob sanplas, and with the exception of two sumples which vossessed
almost equal 30-30-30 factor loadings, suggested a lacustrine or
marine nearshore origin. The two camples with alucst equal factor

loadings may possibly have been resorted after their original
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deposition and the absence of a dominant factor could be indicative
of a polygenetic deposit, (Fig., 99)

Three other levelled terraces were factor analysed and
the results conforrmed with morphological evidence in supporting a
lacustrinal or offshore origin for Cat Flat and Spittal Flat, sdwich

e, and a fluvial origin for Sandy Flat gl

Sumary

This survey of the sediments associated with levelled
terraces has proved interesting, There still remains the problem
of lacustrine versus marine, although the absence of marine flora
and fauna and the predominance of poorly sorted, fine silty deposits
does seem to favour a much lower energy environment than one would

expect from late glacial marine conditions.

OTHER SANDY DEPOSITS IN THi: TEES

These samples include sediments which were discovered
during field work, and which were not associated with a terrace,
It is possible that these sands could provide further evidence of
envirommental conditions in the late and post-glacial periods.

(1) Iurworth NZ31511,
(2) Wynyard NzZ,L15246

Initially, each site is described and later its

230
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sedimentary characteristice discussed and compsred with earlier
analyses.,
Hurworth
This eite was located at 120' OD just north of the present
river Tees {loodplain. The site was very similar to Coatham Stob as
a8 sand deposit was assoclated with & laminated clay. As at Coatham
Stob the extraction of clay for brick making allowed easy access to

the deposits, and the following stratigraphy was recorded :—

13" Soil
219n contorted laminated clay
510 fine sand, current bedded in part

100" + laminated clay
The sund deposit was sampled in two groups, one from the
current bedded sand laminae, and one [{rom the unbedded sand
(prerixed "H.") The sand lay unconforniably on the clay deposit

and therefore nced not be chronologically related Lo the underlying

deposit.
Analyses

Table 292 recorde the sedimentary characteristics and one
can observe that the unbedded samples possess & greater surface
polish, an exceptionally high mica concentration, and an equally
high content of rock fragments and coal when coupared with other
sample locations.

Shepard (1964 op. cit.) suggested that a high mica content

occurs in low energy deltaic environments and in standing water. The
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high cosl content could sirdlsarly be explained as the influence of a
weaker current energy giving way to gravity settling.

However, the particle size curves (ig. JO4) show quite
clearly a consistent difference between the boddedJand unbedded
deposits. Doth are extremely fine prained and also cover a restricted
range of grain sizes. Thic almost certainly reflects a consistent
current energy rather than restricted source material. The unbedded
deposits show the reverse L shape of lacustrine or marine nearshore
and offshore depoeits whilst the bedded derosits show thie coarse
tail to a much lesser extent. One can tentatively suggest that the
environment of depositions could be a deltaic complex with near
equilibrium conditions hetween erosion and deposition such that only
a very restricted range of grain sizes would be transported.

In this way, one could envisage the mica rich deposit
being laid down in standing water and the associated current bedded
sands being deposited in a braided deslta. Certainly the dip of the
current bedding varied considerably from E.N.E. to W.N.W. ( «s one
would expect in a braided delta).

Fig.108:, which shows the factor loadings of the two
deposits clearly separates the mica rich offshore or near shore
deposit from the current bedded deposit. This latter is difficult
to interpret as it falls within the range of marine beach,
lacustrine beach, and some offshore samples. (See Fig. 8§ chapter

aigt). The absonce of any present day alluvial fan or deltaio
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deposite in the Toes makes it difficult to predict where its deposite
should fall on the triangular graph, but a logical position would be
between littoral and fluvial deposits.

One must conclude thet this fine, current bedded deposit
from Hurworth does not resemble any of the known environments,
previously encountered in the Tees and thus cannot be identified on
the premise that the present is the key to the past.

Wynyard Sand Pit (NZL15246)

This sand pit is exposed on the south facing bluff making
the northern 1limit of the iillingham beck flood plain approximately
one mile north east of Thorpe Thewles (N7402234). The pit has been
filled in during the past few years but the following stratigraphy
was observed

16 to 20¢ red stony clay (stristed stones)
Lon current bedded sand and gravel
1m2n hard almost cons»lidated eand with
occasional clay nodules towurde the base
3n clayey sand
8om ~ coal and sand interbedded (2" sand 1"
coal at regular intervales
L6 + basal layer of large boulders, some
striated
Samples were taken frox the two main sand beds with a third

sample unit from the thin layer of {ine zand which marked the basal



layer of the stratigraphy in most parts of the pit. Table ,69
records the scdimentary characteristics and the most destructive
characterietic 1s the very high rock fragment content which was
found to ocour in present day fluvial environments in the Tees.

In this case, it is possible that the rock fragment reflects the
close proximity of the sand to the boulder clay from which it
probably originated. Beaumont (pers. comm. 1967) suggested that the
sediments were probably deposited in an ice contact zone as this
would explain the large boulder layer.

The particly size curves show the two main sand beds with
vory similar sirze distributions, whilst the clayey sand stands apart
(Fig. 107). Pactor analysis, (Fig.l09)) similarly shows this
difference and it is noteworthy that éhe two main layers possess the
same faotor loading ratio as present day fluvial sands, but seems
also to overlap with littoral sands, One must return to the particle
size curves for further explanation, and the asymmetrical fine and
ccarse talls are a noted characteristic of fluvial sands.

Surmary

These two sites, Hurworth and Wynyard, were easily
accassible and enabled one to complete a full sampling program, In
this way it was jossible to test the validity of identifying fossil
environments by comparing their factor loading ratio with those of
known environments. One must conclude that the technique is not

fully satisfactory as the current bedded sand at Hurworth defied

25
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positive laentification. One explanation for this failure could be
the absence of alluvial fans and deltaic sedimsnts from the present

day environments in the Teea,




Data Processing

Factor analysis 1. (Particle Size Data)

Fig. 88 (Chapter eight) shows the three factor ratio's of
known and unknown environments and Table 299 recorcds the londing ratios
for unknown environments.

In this chapter the factor loadings of each sample site have
been plotted individually to aid interpretation, (Fig. 100) and it was
only partly successful. The main problem was to distinguish betwien
sands of marine and of lacustrinal origin. This problem had ariaen
because there was no large freshwater body in the Lower Tees, and
partly because there was no positive means of distiiiguishing betwaen
the two environments. The absence of a high polish on the grains, anc
the absence of shell in the terrace samples can only be regarded as
negative evidence.

A second similar problem was the recognition of deltaic
sediments which ocour frequently in the fosail sands and which are
absent from the present daysands in the Tees basin,

Discriminant Funetion Analysis

A discriminant function analysis was performed on the
results of factor analyels to determine which groups of known samples
. the unknown samples resembled, Table 303 records the results of the
analysis and it is immediately apparent that the unknowns tall into
four major facies (Group 3, Group 7, Group 13, and Group 14). The

majority of unknowns are concentrated in groups 13 and 14, which are

LY
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Table Recording Sample Location, Computer Number and Factor
Loadings of "Unknown" Samples From the Tees

(Based on iarticle Size Data)

Sample Location

Wynyard Sand C )
Wynyard Sand C 2
Wynyard Sand A (1)
Wynyard sand A (%)
Wynyard Sand B (1)
Wynyard Sand B (2)
Wynyard Basal Ssnd (L)
Wynyard DBasal Sand (2)
Coatham Stob (2) (1)
Coatham Stob (2) (2)
Coatham Stob (1) (&)
Coatham Stob (1) (?)
Coatham Stob )
Coatham Stob 4 (2)
Coatham Stob 3 1)
Coatham Stob 3 (2)
Wynyard (1)

Wynyard 1A

Wynyard 2

Wynyard 24

Wynyard 3

Wynyard 3A

Wynyard 4

Wynyard

Brierton AL (1)
Brierton Al (?)

Computer Number
voL

U02
vo3
uoL,
U0o5
Uob

U20
v2a
v22
v23
U2
U25
U26

2z

FL__F2 P}
3.1 85.2 11.7
43  80. 15.3
2.0 82,8 15.2
1.2 BL.2 1k
11 79.0 19.9
0.8 78.7 20.5
77.5 3.4 19.2
76.0 3.  20.9
62.3 0.9 36.8
7.7 0. 28.2
5L.9 7. 37.7
52,9 9.0 38,2
42,1 12,0 46.9
40,7 13.2 k6.
34,0 30.4 35.6
34.8 29.6 35.6
6.b  87.7 5k
6.6 86.0 7.4
L4 82,6 13,0
3.7 861 0.2
k.5 80.9 14.6
2.9 874 9.7
1.8 89.7 8.5
1 924 6.2
11.0 63.5 25.
12,7 59.6 27.6

99



(Based on Particle Size Data)

Sample location
Brierton A2
Brierton a2 (2)
Brierton A3 (1)
Brierton A3 (2)
Brierton Hl (1)
Brierton Bl (2)
Brierton B2 )
Brierton B2 (2)
Brierton B3 1)
Brierton B3 (2)
Brierton Cl 1)
Brierton Cl (2)
Brierton C2 (1)
Brierton C2 (2)
Brierton C6 (1)
Brierton C6 (2)
Brierton C3 ()
Brierton C3 (2)
Brierton Cl (1)
Brierton Ci (2)
Brierton C5 ()
Brierton C5 (2)
Hurworth 1
Hurworth 1A
Hurworth 2
Hurworth 2A
Hurworth 3
Hurworth 3A
Hurvorth 4

Computor Number

(1)

u27
U28
U29
u30
31
u32
U3
U3k
u35
u3e
u37
u3s
u39
U40
Ukl

UL3
Ukk
UL5
U6
uL?

uL9
u50
U2
us2
U53
Us4
US55

Z
FL__F2 P
4.3  55.8 29,9
15.2 54,6 30.23
4.8 58.4 26.8
15.2 57.4 27.4
h3.5 1147 L4he8
35.0 20.1 A44.9
k3.l 13.2 437
36.3 19.3  4h.5
53.1 8.7 38.2
52¢5 10,2 37.3
20,9 27.3 5.8
20,2 28.7 51.1
6.9 L4L7.1 46,0
6.8 L46.8 Lb.4
9.2 40,3 50.44
7.5 U43.6 L8.9
6.9 47.4  W5.7
61 49,0 U448
Tes 432 49,1
7.6 U84  5lob
7.9 4l.3 50.8
7.2 42,7 50,1
Le7T 38,1 57.2
6.2 37,1 56,7
6.9 35.1 58,0
k.3 38,3 57.5
8.7 30.9 60,5
59 34,0 60.1
13.1  25.4 61.5

300



(Based on Particle Size Data)

Sample Location
Hurworth LA
Hurworth 5

Hurworth 5A
Hurworth 6
Hurworth 6A
Hurworth H1lA
Hurworth H1A ()
Hurworth H2A
Hurworth H2a (1)
Hurworth I3A
Hurworth H3A (1)
Hurworth HLA
Hurvorth Hua (L)
Hurworth H5A
Hurworth H5a (1)
Hurworth H6A
Hurworth H6A (1)
Brierton 2A 1
Brierton 2A (2)
Brierton 2B ()
Brierton 2B (2)
Brierton 2C (1)
Brierton 2C (2)

Newton Bewley Gravel Pit

Computer Number

Us6
us?7
us8
us9
U6o
UbL
ué2
ué3
uébL
ué5
U66
u67
ués
ub9
u70
un
72
s
U74
u75
u76
u?7
u7s8

Red Sand 79

Newton Bewley Gravel Pit
Red Sand

uso

Newton Bewley Gravel Pit
Red Sand us1

Newton Bewley Gravel Pit

Yellow Sand

us2

Z
F1___ p2 5]
12,2 26,1 61.7
9.9 29.2 60.9
7.1 32,7 60.3
5.6 37.2 57,2
5.7 36,0 538.3
89.9 3.7 6.4
89.9 3.8 6.3
8h.4 2,5 13.2
87.1 3.8 9.1
90.5 4.0 5.6
91.9 4.5 3.7
89.6 3.5 6.9
91..0 4.0 5.1
%7 5.0 0.3
94.0 L3 1.7
92.4 4.2 3.4
90.9 3.7 5.4
6.3 91.0 2.7
7.7 88.3 4.0
6 7.3 1.1
17.8 61.3 20.9
11..7 85.5 2.8
15.9 68.5 15.6
32,8 54,0 13.3
29,6 55.8 1h.6
3¢.5 53.0 16.4
6.6 55,2 38,2
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(Based on Farticle Size Data)

Sanple Location

Sandy Flat
Sandy Flat
Sandy Flat
Spittal Flat
Spittal Flat
Cat Flat

Cat Flat

Computer Number

ua3
ugs
uas
Usé
us?
Uss
us9

2
Fl F2 F3
31,2 55.8 13.0
34.5 513  14.2
28,9 540 13.1
64.1 8.1 27.8
1.2 9.2 29,6
53.7 11,1 33.2
7.8  39.7

52,5
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composed entirely of offshore samples, T!is result emphasises the
problem which has boen reiterated on several occasions that there is
no positive sedimentological means of identifying a freshwater frum
a merine deposit laid down under similar conditions,

Group 3 consists primarily of present day beach sands and
it is interesting to note that the following unknowns occur in this
group -

1) three Wynyard samples

2) four Brierton samples

3) one Newton Bewley sample
This relationship cannot bs readily explained as the respective
particle size curves of the beach samples and the unkriowns dn not
appsar similar.

Group 7 ie predominantly composed of river samples and the
four bLrierton samples which correlate with this group do possess tha
characteristic particle size curve of a fluvial sard.

In summary, discriminant function analysis has not succeeded
in eimplifying the classification of 'unknowns", despite the main con-
cent.rations of samples into groups 13 and 14 which arv composed of
offshore samples. It is hoped that multiple factor analysis
incorporating all sedimentary values may prove succecaful.

Factor analyeis 2. (All Sedimentary Data) (See Table 306).

The results of this analysis show all samples except for




ice inteigizciel raised beach frow Irelznd, with & high loading
on lecuor 2. Thie was what ono coulu cxpect after the resultes of
a similsr analyses on known samples. (Fip. :81) Alrost ceriainly,
the cause of this failure was the cghell fragment contont wiilch wes
high in all the known samples but fluvil and low or absent in all
the unknown samples but for the Ireland interglacial raised beach.
In consequence one must conclude that it would be Letter
to complete a separate factor analysis for oach variable and then
assess ite vslue inderendently. In the ideal case one should
extend the study over the whole elze sund range so that there would
te ten variai:les for each mineral group rather than four as was

the case 1n the present study.

TABLE RECOHUING THE REEULTS OF FACTOL AMALYSIL ON

SAMPLES OF UNKNO:M ORIGIN (All sedimentary Data),

% Loading

Sauple Factor 1 Factor 2 _Factor 3
Coetham Stob Yellow Sand 1 2 92 6

" " " " 3 2 9 2
Coatham Stob 1 1 96 3
Coatham Stob 4 4 66 30
Coatham Stob 4, b 86 10
Coatham Stob hl 2 96 2
Coatham Stob 52 2 94 L
Coatham Stob Hane as 3 3 96 1
Coatham Stob 3 6 73 21
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phrd Las JF UNKNOWL 01101 (232 vedimentary Date). (CONTD.)

bample

Factor )

tirilerton Top 3A
Brierton 2C
Brierton Mid 3B
Brierton 3C Bottom
Brierton C4
Brierton 4C above 3C
Brierton A2
Brierton C2
Briasrton C5
Wynyard Basal Sand
Wynyard C

Wynyard A

Wynyard 3

Wynyard 2

Hurworth 3
Hurworth H3
Hurworth 1
Hurworth 5
Hurworth H6

Newton Bewley
Girsby Flat
Baglescliffe 3
Eaglescliffe 4
liadclifte 1
Stockton-Norton 1

Ireland - supposed inter%}gf%?l

Madn Raised marine sand eac

Fluvo Glacial tand Carron Valley
Edinburgh
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Chapter m

The results of this charnter have proved tairly satisfactory.

It would appear that the particle size curve, and the fsactor
analyses based upon it provide tha most successful mewns of
identifying fossil environments. One must conclude vhat the idesl
sampiing conditions which were experienced with present cay
environments could not be applied to fossil environments for the
following reasons.

1) Access

2) Time [actor

3) Limitations to the number which cculd Le
factor analyesed.

Access

Saveral of the fossil send deposits in the Tees had been
destroyed by urban and industrial development. Also, farming
preeticaes frequently prevented the necessary oxcavation to guther
rarresentative samples from accessible sites.

The Time Factor

Tho time factor not only limited the number of sauples,
tut also the number of analyses which could be performed on each

sample. [recuently, All samples vere analysed for rarticle rize

and thon grouped by factor analysis. OSamples were thun purposefully
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selected from the different groups for further sedimentary analyses.,
In this way the emphasis on sampling moved away from the number of
samples to the nature of the individual sample (e.g., channel,

spot, skims, sedimentation unit, size).

Factor Analysis

As was previously mentioned there were severe restrictions
on the number of samples which could be analysed. These restric-
tions were partly a reflection of the size of the computer and
partly the availability of programmes. At the time of writing the
author was able to run over 200 samples on one programme at
Edmonton (Alberta, Canada) with ten variables. It is hoped that
a programme to handle SQO samples with 15 variables will be available
in the very near future.

Despite these limitations it would appear that sedimentary
analyses of terrace deposits tend to confirm the results of the
norphological survey. The majority of terraces in the lower Tees
would appear to have been formed partly by ice marginal drainasze
and partly by the washing limit of ice darmed or moraine darmed
lakes. There would appear to be little evidence for raised shore-
lines, despite the seven sites which previous workers had classified
as marine,

The absence of marine shells and the poorer sorting of

deposits does surgest that a less powerful energy was responsible for




the sandy deposits which occur on some of the terraces. Hopefully

the following chapter on fossil launal or floral evidence will

provide more conclusive information on the origin of the terraces.
Sedimentology tection

This section on sedimentology wae largely experimentsal
and in retrocupect the author recognises many limitations in the
conpleted work. It wes difficult to foresee those limitations
until af'ter the samples had been analysed and it is at least
gratifying that more recent work completed in Canaaa has beneflited
from this present study.

The limitations referred to relate prinmarily to the
minernulogical identifications which were restricted to the medium
to fine sand fractions. Thie restriction wae imposed partly by
the time ractor, but mainly to ensure that all samples could be
compared with one another. During the couree of the study it was
realised that particle slze analyses of environmental deposits have

proved inconcluveive partly because of sampling inadequacies but

mainly because workers failed to realise that p:article size analysis

was in part a measure of sample composition. The current study went

part way to solving that problem by examining the distribution of
rinerals of different shapes and densities e.g. mica, coal, heavy
ninerals and shell {ragments.

The success of factor analyses on the particle eize data

was nost encouruging for the study of proesent day environment, and
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was partly successi:l in a study of "foooil" environments. This

success has led the author to stuggest the following apyproach to

future work in the [ield of environmental sedimentology.

1) Tarticle size analysis should be aprlied to

minerals of different deneities and shapes,

within e¢ach sample,

For example:-

34 Particle size
&4 rarticle size
#4 Particle size
44 Particle size
14 Particle size
14 Particle size

analyeis
analyeis
analyels
analysis
analysis
analysis

of quartz grains
of coal grains

of shell fragments
of heavy minerale
of rock fregments
of mica

Once sufficient samples have been analysed {rom both

known and unknown environments a 10 variable factor analysis should

be completed on all samples. (10 variables for each mineral group

1 variable = 1 size fraction)

In this way one is more likely to achieve perfect

environmental separation, than has been achieved to date. In

conclusion one may list the important results which have umerged

from this sedimentological study:

A, _Systematic

1) Homent measures have recently been usoud to

descrive particle size distributions., The present study

woula suggest thet they are an inoff{icient rieans of




describing these curves. The author muet support

Doepglas (1962 op. cit.) in his belief that the particle

elze curve is a uore discerning means of saniple

description, when plotted on arithmetic probability
paper.

What is required is some means of computerizing the curve
to produce & descriptive mathematical equation. Thie would eliminate
the present situation where one has to rely on subjective comparison.

2) Farticle size analysis should take into account
compositional differencee. Current energles respond
to density and shape as well as size (Ruhkin 1937 op. cit.)
It is the distridbution of each mineral within a
sample which provides the environmental character,
not the total amount.

The failure of previous workers to recognice the
importance of this factor is considered to be a major weaknesse and
although it haes not been fully exploited in this thesls, a
frequency curve of each density group should provide a far riore
sensitive measure of environmental sorting.

3) Multivariate factor analyeis of all data proved to be
& far more valuable and efficlent means of comparing
samples than attempting to compare individual sample

prorert.ies.

4) Discriminant functisn analysis proved to be a sensitive
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claseificatory technique which eubdivided known
environments into sub groups. It was employed as
a means of collscting the unknown samples with the

known vamples and the results were only purtly

successful,
B. Hegional

1) A study and analysis of previously described marine
deposits in the Tees led to the author queetioning
their authenticity.

2) Sedimentary characteristice succeeded in differentiating
fluvially formed terraces from lacustrine or marine
terraces, with a similar degree of success as was
experiencad with precise levelling. The major
problem waé how to distinguish between the essentially
simdlar deposits which can occur under identical
conditions in both marine and freshwater conditions.
It was concluded that only fossil faunal or floral
evidence could positively distinguish between the
two environments, although theoreticel considerations,
circumstantial and negative evidence appeared to
favour a lacustrinal origin.

3) Uffshore
The author was unable to obtain equipment to collect

core samples {rom depth beneath the sea bed and must
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therofore rely solely on the descriptive analyses
of commeroial borsholes. These are discussad in
the following section which deals with fossil faunal

or floral evidence and chronology.
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SECTION 4

FOSSIL FAUNAL AND FLORAL EVIDENCE
AND

CHRONOLOGICAL CONSIDERATIONS
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CHAPTER 10

FOSSIL FAUNAL AND FLORAL EVIDENCE, AND THE

CHRONOLOGY OF EVENTS IN THE LOWER TEES BASIN

Introductory Statement

In this chapter fossil evidence and chronology have been
combined as the latter is based very largely on the former in the
Lower Tees. The aim of the study was to find further evidence which
might prove or disprove the existence of raised and submerged shore-

lines in the research area,

Fossil Faunal and Floral Evidence

The fossil evidence is considered under five headings:-

1) Marine fossil evidence onshore

2) Freshwater fossil evidence onsho§e‘ !

3) Freshwater fossil evidence below present 0.D.

L) Shallow water marine fossils offshore at depth

5) Conclusion

The most important aim of this study was to determine
whether marine or lacustrinal conditions dominated the late and post-
glacial evolution of the lower Tees basin.,

Hopefully, one may be able to assess the validity of the
theoretical cgnsiderations in chapter one, the morphological analyses

in chapter fouwr, and the sedimentological studies in chapter nine,
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1) Marine fossil evidence onshore

A search for marine macro-fossils was carried out
during both the morphologicul and sedimentological surveys. The
results of this search have already been described, and took the
form of isolated occurences of shell fragments in both coastal
wind blown deposits and in some superficial sand and gravel
deposits.

Shell fragments in coastal wind blown locations

(a) Hartlepool
An example of this sediment occured at Hartlepool

where the boulder clay cliffs were frequently coated with a thin
veneer of sand, which contained numerous amall shell fragments.

(b) 8altburn and Hunteldiff

The ground surface was strewn with sand, shells,
and shell fragments at both these sites, which occur in the
gouthernmost porticn of the reosearch area, Polyethylene bags were
used to capture samples of sediment in suspension during a wind
gusting to 45 mph., The samples contained between 2% and 7.5% shell
fragments.

The main value of the above sites is to demon=-
strate the carrylng capacity of wind snergy and this confirms that
the shell fragrents on Cat Nab could easily have been wind blown

and not necessarlly washed out of a raised beach deposit..



Shell fragrents in sands and gravels

Several of the sand and gravel depoeits in the
lovwsr Tees basin cont.ained isolated shell fragments,

1) Throston (Trechmann 1915 op.cit.)

2) Coathan Stob (present study)

3) Newton Bewley (presert study)

L) lidddle Beck, Ormesby Beck (Agar 1954 op.cit.)

5) Saltburn (Veitch 1883 op.cit., Barrow

1336 op.cit.)

All were discussed during the relevent sedimentolo-
glcal studies, and it was felt that one could postulate two origins.

1) Glacial origir

2) Archeological origin

The likelihood of thelr being "in situ" marine
deposits was coneidéred and rejected for several raasons (chapter
nine). The most difficult site to examine was the supposed raised
beach at Saltburn, which was described by Veitch 1883 op.ct.,
and Barrow 1888, The "beach" contained a wide variety of identi-
fiable shell fragments, &ll of which were common on the present day
beach, and was adjacent to t wo anclent kitchen iiiddens. Both this
site, and the middens have since been destroyed LYy road improve-
ments. The sedimentology of a continuation of this "beach" which
was described by Veitch (op.cit.) suggest.d running water rather

than wave action was responsible for its doposition.
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The Tlamini:ted Clay deposit

This deposit occuples much of the lower Tees and it
has alreusdy been suggested Lhat it was formed in an ice danmed
lake (lFadge 1939 op. cit.). HMany isolated torrace frogments sure
round this deposit, are superimposed on, or cut into, its surface.
Very few indeed contain any marine shell fragmenta and this led
the author to consider whether shells would be present in a late
glaalal raised beach, Cert#inly the occurrence of shells in inter-
glacial sands &nd gravels suggests that they would vasily have
survived the ravages of weathering., One should also ncte that the
Firth of Forth coﬁcaina a low lying clay of post glacial origin
(the Carse clay) and although it does contain shells, the suppused
late glacial shorelines which surround it are non-fossiliferous
(Sissons pers coom 1967). If one consicders the probable se-
quence of events in the late-placial history of the two regions,
the Firth of Forth and the lowor Tees, it is possible that shells
would not occur in late=glacial deposits. The imrediate coastal
environment would have only recently been inundated by the eustiatic
rise of seva level and the less mobile murine speciec would take
some time to colonise the newly acquired territory. <This time may
be greater than the time for isostatic crustal rebound to commence
and thus the higher shorelines would not possess any shell content.
This situation almost certainly occured in the Champlain Sea,
(St. Lawrence Valley, Guebec, Canada) where ithe clay deposits were

the subject of much conjecture until foraminiforal micro fossils
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were found., ‘these fossils confirmed that the Champlain Uea was
in fact an ctrm of the sea und not a freshwster lake., (Godd 1964).

On sirilar grounds one would ex:.ect the Tees
laminat.ed clay to cont.ain evidence of these highly mobile micro-
foszils if it was laid down during a marine incursion, Twenty
fresh samples of the clay were analysed using the f1lo tation
techniques described in chapter seven (alcohol, or carbon tetra-
chloride). Coal was the main constituvent of the light density
flotation, whilst a microscopic examinastion of the rd:dure
revaaled only pollen spores, which were identificd as of carbon-
foerous origin (Beaumont 1947). The abaencs of foraminifera from
this deposit aﬁd from sands associated with it does lend weight
to the lacustrinal ﬁypothesis which the present author favours,
aspeclally in view of their presence in the Champlain Sea deposits.

Sumhagy

No further marine foussil remains were disgcovered in
the Tees and one may conclude that it is more likely that Lhe late
and post glaciel history of the lower Teus was dominasted by
lacustrinal conditions than b successive l:ite and post-glacial
marine incursions as sugrested b Apgar (1954 op. cit.).

2) Freshwaler fossil eviden:c onshore

The purpose of this section is to determine whether
meltwater lukes left any record in the form of peat depvails,

Throughout this thesis Lho emphasis has alwzys been on



finding displaced marine deposits. 7The inability to find any

"in situ" marine fossils has resulted in the sugrestion of an
alternstive hypothesis to explain the surfuce fe:ntures and deposits,
This hypothegsis c¢2llas for the rradual retrest of an ice tongue in
a coastward direction, which would prevent the nstural drainage of
the =eltwater, This meltwstor would drain zround the margin of
this ice tongue and collect in hollows to form small, proglscial
lukes, In the latter stapges of degluciation it was possible that
a8 large water body occupied the lower reaches of Lhe prasent
drainage busin and the laminsted clay was most probably laid down
in this lake,

One would expect some of the smaller marpginal luakes,
which occured in hollows on the higher land (above 90'0D), to have
taken longer to dry out than a solely ice darmed lake, and it is
possible that some of these may contain orpganic mud or peat
deposits., It is similarly possible that some of Lhe lower basins
may also contain organic deposits,

It is possible that the discovery of such deposits
could provide positive evidence of former lacustrinal conditions in
the Tees, and ma2y also provide some indications of lote and post
glacial environmental conditions.

Previous literiture

Pravious workers reccrd Lhe occurrence of two buried

peat deposits, both on Lhe north side of ths Teas, in the valley of
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the Billintham Beck (NZ430236) (Azar, op. cit.) and North Burn
(N2460272) (Smith, personal cormunication, 1967). In addition to
the above sites Blackburn (1952, op. cit.) recognised zone II
deposits near Neasham (NZ332112), whilst there is evidence of

larger lakes at Bradbury Carrs (NZ313256) and Morden Carrs
(NZ321260), where peat is close to 4O' thick. Agar, (1954, op. cit,)
also recorded buried peat beds at a similar height above sea level
as the North Burn and Billingham Beck valleys (54' O.D.) in the
valleys of the lMiddle and Ormesby Becks on the south side of the
Tees,

The Present Study

Two further peat deposits were discovered during
field work, One was an extension of the bed which is exposed in the
North Burn, and the other a kettle hole at Dinsdale (NZ327105),
not far from where Blackburn (op. cit,) discovered the elk skeleton
in zone II peat., Each of the above-mentioned sites is examined in
the following section. The stratigraphy is described and the pollen
zone determined,

Billingham Beck Valley

Agar (1954, op. cit.) describes the stratigraphy of
this site as:
1'0" Brown alluvium

410" Black peat




3'0" Crey silty clay - some sand lenses
The peat contained tree debris and fresh water

shells, whilst the grey silty clay contained in situ tree roots,

Both deposits occured over the whole of the flood plain of the becks,

betwaen Wolviston MA1l (N7 42923%) and the tributary which flows
through Wynyard PFark: (N2 414213),

A pollen sample from the base of the peat recorded
a4 reed dominated vegotation with few trees. The presence of sone
domestic.ted grass pollen su;sested that the site rost dated the
development of agriculture in the local area, Dr. J. Turner of the
Durham Botany Dept. placed the basal layer in gone VI end the upper
most, layer in zone VIIb, This would suggest that the lake was on
a reed swamp which existed from 7000 37 to 3000 BP and silted up
duwring subboreal conditions. This silting was possibly hastened by
deforestation which accompunied the expansion of agriculture.

In conclusion; this site serves only to indicate
that lacustrinal or swampy conditions occupied this beck valley,
until 3000 BP, with a shoreline at 54' * 2.53',

North Burn

b silty peat bed, rich in fresh water shells occurs
in this back vallsy near Stobh liouze farm (NHZ /,58272)., The bed was
12 feet thick and was overlein by 7 feet of brown alluvium inter-
bedded with sand and gravel., 'The site was particulsrly interesting

as it occured cuilo close to a mejor break of slope near Middle Burn
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Toft (MZ 457279). The assaciated terrace had been modified by the
dzposition of 14 fect of alluvium and thus could not be levelled,
However, ihe occurrence of a nszrby peat bed could mean that ths
break of slope had been marginal to a frashwater lake,

This possibility was furthor strongthened when the
peat ted was found to oxtend over the whols of the tLurrace flat;
beneath the brown alluvium. Howsver, the pollen assemblage shows
that Lhe deposit wus laid down in zZona VIIb and not in the late
glaclal period when meltwater was.at its peak, However, it is
posaible that conditions wero too muddy for peat to form until the
lake was beginning to silt up (the peat is up to 257 silt).

The following hypothesis nmay explain both the
axlstenca of a lake in this locality and the formation of the
savoral terrace remnanis which surround it.

Tha fidge which Caunt (1967 op. cit,) described
as a ralsed storm bench.runa from 5.1, to N.Z. between Volviston
(N7 454,7°58) and Creatham (NZ h91278).l This ridge provides an
effective barrier which could casil: have hcld back meltwater, The

sequence of terraces which were recorded near Middle Burn Toft

(chaptor four) could 2ll be rcluted to a water body in this enclave,

The highor ‘erracs occurs at ‘74" and is very short and i1l defined.
Possibly it reachoed the hirhest lim~it of the water before it broke
through the ridge at the present location of the North Burn. The

successively lower levels down to the main one at 52' could all
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reflect the different stares in the pradual siltinz of the lake,

Middle and Ormesby Pecks

Agar (1954 op. cit.) recorded the occurrence of
organic remains and & peat bed in theze two beck valley's, wﬁere he
a}so degcrived a rzised bteech sand containing shells., The presence
of several artifacts, the peat bed, and a prehistoric hearth all
point to the likelihood of the supposed marine notch being a
lacustrinal feature and the prehistoric hearth may well support
Sissoﬁ's (pers comm 1967) view that the shells ere of archaeological
origin, 'he present authcr was unable to loczte the bed, despite
agsistance from Apsr regarding ite location, es uvrben development
had obhliterated the natural features.

Mredale

The discovery of this site could mark the most
eignificent find of orgenic material in the lower tqes. The site
was leoceted quite by chance when the author stepped onto the sure
face of the still zciively prowine besin peat 2nd necticed the nearby
birch trees swaying with the irpact of his shovel. An initial
boring ettained a Jdepth of 32 feet “elow pround level ond the
following detai}ed stratiprophy was later recorded when it we2o
realised that the basin poussessed o ccntinuoue pollen requence
frcm ezone I to the present day (including the possibility of zone I
oscillations)., The site is at present beins studied in detoil by

a momber of the Cambpridre Potnny Dert. who hasz taken namples for
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Stratipraphy of the Peat in the Dinsdale Kettle Hole

Centiratres
0 - 10 groy pleyed organic clay, dovnwashed from {ield and ruotlets
10 - 20 mainly peat - a little clay
20 - 25 more clayey
26 - 46 poat (36 = 38 ~ wood iragments and scme clay)
L6 - L8 cley layer
48% - 513 peat
51% - 56 some clay bands in peat
56 - (0 peat
6 - 80 Fen pest with leaf fragrients and seeds
80 -« 90 transition = highly humose peat. Nig. 3, Humo. 3,
90 - 119 Detritus mud -« Limus Detrituosus ~ leaf fragments
100 = 119 = more plant fragments
119 -~ 162 peat with abundant leaves
168 - 226 as 90 ~ 119, with less fragments towards the bottom
26 ~ 317 tritus mud (Limus DCetrituosus)
317 - 337 more compact =~ greenish-brown - Limus humuosus
337 - 338% mid-khaki organic mud
3384 - 342 light khaki organic mud
342 -~ 313 trangition
343 -~ 370 pink clay (prey after exposuro to air)
398 - darker pink with buff coloured bands at
L, - 417
430 = 432
450
b1 - 473 ‘
491 -~ L9, '
530 - 532
545 = 547
57, = 578 trensition
578 == 596 organic layer (black)
586 - 594 transition
594 - 611 pink clay with some organic bands (Argilla steatodes)
611 -~ (183 organic layer
618% - 700 pink clar with a lot of orfanic bands
700 - 765 pink clay with several minor organic bands
765 -~ 815 pink-grey clay - possible svidence of orzanic bands

815 - 850 pink clay, amorphous
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Cl4 dating, (at the time of writing no results are available). The
present author did complete some basic studies on the lower pollen
zones and Dr, Turner of the Durham Botany Department was able to
confirm a late glacial assemblage.

The ground level of the kettle hole is 125' O.D. and the
pollen sequence provides evidence of the site being permanently
deglaciated before 12000 B.P. It is also possible that the many
organic layers in the pink clay could provide valuable information
regarding the late glacial micro environment, (There is fully 230
centimetres of sediment below the qrganic band which was thought to

represent the B¢lling interstadial.

Sumary

The full significance of this site will not be known until

it has been fully analysed. Nevertheless, it would appear that the
Tees may have been free of ice at a relatively early stage in the
retreat of the “eichselian ice,

Surmary of-f0ssil, faunal and floral evidence above

present Ordnance Datum

It would appear that there is more fossil evidence for

lacustrinal conditions in the Tees than marine, Therefore, one c¢an

suggest that the alternate hypothesis of a late-glacial lake complex
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is more feasible than a marine incursicn to 82' 0D, This lake complex
would probably have consisted initinlly of a series of smaller indi-
vidual marginal lakes in the early stazges of deglaciation (in the
levelled zone 170' to 90') with a gradual amalgamation cf the
meltwater into one water body as tho ice retreated east into the
vicinity of the present estuury (levelled terraces 25' to 35'),

3) Freshwater foasil svidence helow present Ordnance Dutum

Mrevious work

Cameron (1878) first discussed the scientific impli-
cationes of the occurrence of a sulmorged peat bed at Yest Eartlepool.
Je noted B8' of poat and cobserved tree remaina up to 12 feet in
circumference and 18! « 20' inlength.

Ingram (1909) further described this peat bed which had
been recognised in 1833 during dock excuvations. The area which
had besn excavaled was known &s the "Slake" und wae described as a
shallow stretch of witer which became an urm of the sea at high tide.
The peal bad appeared to be interbedded with estuarine muds in ils
upper layers and would appear to have lain very close to sea level
during its formation. Ingram described sizwable tree debris and
noted that the peat occurred Lo a depth 20' below Low Water Mark,

Meanwhile, Simpson (1904) described a similar deposit at
liedcar on the southern side of the Tees mouth., Simpson (ibid) notes
that the Redcar deposits ure moro extensive than the Hartlepool

deposits and are covered by a varisble thickness of beach sand,




Simpson (ibid) did not record the depth of peat but noted that on
very rare occasions it was exposed at low tide.

Trechmann 1947 examined the flora, fauna and
archaelogical remains in the Hartlepool peat and placed its age
between 8000 and 9000 BP, Smith (in Smith and Francis 1967 op.cit.)
obtained a C.lL dete on an antler from the deposit and the results
ranged from 8100 1 180 HP to 8700 % 180 BP. This date agrees well
with Trechmann's {igure.

Smith and Gaunt (in Smith and Francis op.cit. 1967) note
thet the deposit occurs at e maximum depth of =35!' OD and thus
sea level must have been at least LO' below ordnance datum 9000 years
ago. If one oxamines the graphs of the eustatic rite of sea level
(fipgs. 1y ané 15( it would appear that sea levsl wae Letween 90! and
120! below present 0.D. at 9000 BP.

Jelgersma.(196l) sugrested 65' below O.li. for the Duteh
coast but even this figure is deeper than the Hartlepool peat. It
would seem, therefore that the peat deposit did not occur precisely
at sea level but at least 25' if not 80' ahove mean sea level.

The present author was unable éo locate the d eposit at
Redcar but was able to s tudy the many boreholes. and excavation records
at the offices of the Tees and Hartlepool Port Authorities, One

such record provided the following stratigraphy.
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Grourd Level 11,79 fuet (3.0, 11,99' below ©,L,)

Depth bolow G,L.

¥ade Cround 15¢
Grey sandy silt 33!
Lark tlue silt L
Soft light brown peat 501
Soft dark brown peat 55164
Soft light grey silty

(organic contant) Ea1gn
Brown sandy stony olay 64'0n
Boulder clay €€

The organic layers occur to a depth of -48.60 Q,D. and thus

would supgest that sea level must have been bslow that level 9000
years sgo. Also, th: deposit rests on Soulder clay, not marine
deposits, and is not interbedded with msrine deposits, 7This would
suggsst that the seashore was soms distance away, It seems prohable
that the eustatic rise of sea laevel exceeded the rate of peat growth
as isostatic rebound lessened., This would explain the estusrine mud
and shells which are interbedded with the upper layers of the peat,
in nearly borehole records,

Sunmary

All one can mnclude from this evidence is that sea level
was at least 55' to 0! below present Ordnance Datum Circa 9000 B.P,

L) Shallow Water Marine Deposits at Devth

The author was unable to obtain samples of this or any

other sub boltom sedimente below ordnance datum. Agar (1954) does

record the existence of a sandy shell bed buriod beneath the pre-
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sent estuary at =24' O.D. which may have been a beach or which may

simply have been a shell bed covered by fluvial deposition.

Chronology of events in the Tees

The evidence presented in this thesis does suggest that
no raised shorelines occur in the Tees. If one refers back to
Figs. 4, 5, one can see that at 9000 B.P. only 85! of eustatic sea
level rise remained and sea level was probably close to =90!' at
that time (average figure based on radio carbon graphs by workers
listed on Figs. 4§, 5s). Thus, there is no likelihood at all of
a post-glacial high sea level in the Tees Basin. The pollen
sequence at Dinsdale suggests that the deglaciation of the
research area was probably complete before 12000 B.P. The only
raised shorelines which could exist in the Tees would, therefore,

be late glacial and would occur close to present sea level. This

being the case, one can eliminate the supposed Saltburn raised beach

as its fauna is not late glacial. It is known that the Holderness
region was still glaciated after 18500 f'AOO B.P. (Penny and Coope,
Catt., 1969) and this would imply a fairl; rapid rate of ice melt,
Possibly the present near shore zone was still occupied by Cheviot

ice for some
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time after the area between the 250' contour and the coast was ice
free. 1The inland ice tongue would certainly have been much
thinner and thus melt more rapidly.

Despite the above hypothesas, the deglacial chronology
of the Tees basin is still far from complete, The author searchad
every site for liate-glacial floral and faunal evidence which
could have provided a radio carbon date,

At Coatham Stob u tree root layer was discovered in
the upper layers of the laminated clay. However a close
examination of the overlyinr sand showed evidence of heavily
oxidised "in situ" roots extending down to the laminated clay
where they spread out laterally. A sample was sent to Kew Garden
and 4t turned out to be Alder. Probably the reducing conditiouns
in the laminated clay led to better preservation than in the
overlying sand. In addition, the various sites where shell
fragments were discovered did not yield sufficient asmounts to
enable one to attempt a radio carbon d:te.

Summa

In this brief but valuable chapter, further evidence
was rained in support of lacustrinal conditions in the lower
Tees Busin during iute and post-glacial time, This is certainly
what ono would expect in a basin which saw the confluence of the
Lake District and Cheviat ice and would consecguently be subjected

to meltwater inundation when the Cheviot ice retrested down slops
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and effectively blocked the natural drainage. It is probable
that many of the terraces.in the Tees, the laminated clay, and
associated sands and gravels all resulted from these conditions,
The evidence for raised shorelines in the Tees is very
tenuous indeed and on theoretical grounds alone,_could only ocecur
close to present O.D. and be of late-glacial age,
In conclusion, the need is for radio-carbon dates to

clarify the chronology of events,



CHAPTTR 11

CUL.CLUGION

Introductory Statement

Each chapter and section of the thesis was provided with
an individual conclusion. The aim of this last chapter, therefors,
is to draw overall conclusions regarding the respective successes
and failures of the various techniques., Ono must remember that the
aims of the thesis vore twofold:

1) To further the development of a methodology for the
study of displaced shorelines.
2) To test the methodology on & selected region, tho lower

Tces basin, _

Consequently, this conclusion is subdivided into two sections;

systematic and regional..

A, Systematic B« Regional
(I) Intraiuction (I) Introduction
(1X) Morphology (II) Morphology
(I11) Sedimentolopy (III) Sedimentology
(Iv) Fossil Faunal, Floral, (Iv) Trossil evidenco,
Chronoloyy Chronology

(v) Future Vork (V) Future Vork
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Systematic

It was realised at an early stage of the thesis that an
integrated approach, which involved morphological, sedimentological,
and fossil evidence, was essential if one wished to obtain reliable

results,

Morphology

(a) Onshore

Sissons (1963) demonstrated that one could distinguish
fluvio=glacial terraces and raised marine shorelines in the
Firth of Forth, on their deviation from the horizontal, It was
suggested that a raised shoreline would be warped by isostatic
crustal rebound anq would dip coastward with a maximum tilt of
6,28 feet per mile, In contrast a fluvio-glacial terrace
possessed a much steeper dip (e.g., 30 feet per mile),
Obviously the technique was limited to areas which had been
subjected to isostatic rebound sufficient to exceed the late
and post~glacial eustatic rise of sea level,

In the present study, the results of a test survey
suggested that certain factors had to be determined before one
could obtain meaningful results.

(1) Tt was most important that one should Qetermine the

precise nature of the isostatic uplift, The technique

could not be used for inter-regional comparisons
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unless the two regions had the following factors in

comrnon:

(a) Identical time of deglaciation.

(b) Uniform amount of uplift,

(¢) A1) shorelines compared fell between the same
isobases and were identically orientated with
reference to the centre of uplift.

The techniqﬁe has validity once the above conditions are
fulfilled, It will not, however, allow one to determine the chemical
content of the water, Thus, whilst one may be able to distinguish
between a fluvio-glacial terrace and a raised shoreline, it is not
possible to determine whether the raised shoreline was formed by a
marine or fresh water body.

(b) Offshore

Very little work had been completed on the offshore
environmrent and in the present study an attempt was made to
locate bottom and sub-bottom terraces,

One could not emulate the accuracy of the land survey,
but nevertheless it was possible to recognise submerged terraces
to depths of 1#0t, The seismic survey proved costly but the
limited number of sounding runs did reveal the presence of

terraces éut in the surface of the boulder clay.



Sed :Lmentoloq

This aspect of the thesis involved by far the most work and

yot produced tho lcast conclusive results,
(a) Known Environments

A variety of mineralogicul tests were completed following
a study of methods and approaches. The emphasie was placed on the
recognition of the depositional environments of sand deposits, It
was sug;ested that a depositional agent responded to the size,
density, a=nd shape of particles, One could thorefore fault previous
studies of particle aize analysis for failing to place sufficient
anphaslis upen the composition of each sample. Imphasis was also
placed en the nature of the individual sample. In a finely bedded
sediment it was eassential that each lamina should be regarded as a
sampling unit. It was easier to obtain a surface skim from present
environments than to obtaln a mono-;enetic sample from a fossil
sand .

Tho results of particle size analysis were processed
using factor analysis. This multivariate technique classifies
sediments according to the dominant factors responsible for their
deposition. It was first applied to particle size analysis by
Klovan (1966) with encouraging but only partial success, One must
attribute the greater success of the present study to the nature of
the individual sumple and the restriction of samples to a locality

with uniform source material,
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An attempt was made to achleve even better separation by

including othor mineralopgical data met with fallure, largely because

shell frasments dominated all but one environment (fluvial). The

following table records the most valuable indicator characteristics

of known sands fram the Tees basin,

h)

River
1)
2)
3)

TABLE RICORDING INDICATOR CHARACTSRISTICS OF

KNOWN SANDS FRQM TI0S TEES BASIN

High polish on the aurfaco of quartz grains,

Concentration of heavy minerals in the fine sand fraction.
Concentration of shell fragments in.the coarse sand fraction.
Distinctive cut off of part.icleﬁ in 1';110 range 2.75¢ to 3.4¢

Complete absence of mica.

Vory restricted grain size distribution (Leptokurtic).
Distinctive particle size curve on Arithmetic Probability
paper (almost vertical).

Harked concentration of heavy minerals in the fine sand
fraction.

Very high rock fragaent content.
Symetrical coarse and fine tails on the particle oize curve.

Wider range of grain sizes than eithor beach or dune.
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1) luch higher 8ilt content than beach which it otherwise
resarbles in all facets but the high polish on the
surface of quortz grains,
Lacustrine
1) Identical sorting pattern to a marine beach without shells.,
2) Finer grain size than beach.
3) Resembles offshore samples in particle size distribution.

Fossil ¥nvironments

The many fogsll sands which occur in the Tees were sube
jocted to similar analyees as the known enviromments. Factor
analysis of particle size data agaln proved valuable, but failed
when other data was included. One must conclude that factor
enalysls 1s a more eofficient means of describing a particle size dis-
tributlon than moment measures which were found to be inadequate,

The shape of the particle size curve was alson sensitive to environ-
mental differences and one could frequently identify a deposit on
this characteristic alone,

The survey ran into some difficully with samples which fell
between the fluvial and littoral environmemts when factor loadings
were plotted on a triangular graph. It was felt that these were most
probably deltaic sands., One would cert.ainl'y expect deltaic eonditions

to occur {requently around the shorelines of a lacustrinal basin,
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Future Vork
It was concluded that factor analysis probably held the

key to environmental studies and tho following approach was sug=
gested as a result of the present study.
1) Analysis of the mineral content of the full sand
slze fraction,.
2) Factor analysis of the distribution of each mineral
group within the sample. ‘
Again one should stress that sedimentological evidence alone would
be inadequate. However, when combined with morphological and fossil
evidence it provided a very valuable additinnal source of information
in the study of displaced shorelines,

Of fshore studies

The present study was unable to extond its sedimontological
techniques to anything but the surface sediments on the pea bed. It
was demonstrated that mechanical samplers were less efficient than
a8 S.CelUeBele diver who was able to observe the nature of the deposit
before taking a sample.

Fosgil Pvidence :nd Chronology

Foassil Ividence

The main factor to emerge from the study was the very
great care which was nocessary to determine whether a displaced
marine fauna was truly indicotive of a chango in sea level. It wus

also considered important to examine possible marine deposits for
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microfossil content as well as for the more obvious macro-fossils,
Microfossils are more mobile and would inundate a newly submerged
area more rapidly. Similarly one must also examine sites for
evidence of fresh water peat or organic beds which would provide
positive evidence of freshwater conditions. This positive approach
is far sounder than using the absence of marine fauna or flora to
prove a displaced marine environment did not exist.

There is no doubt that fossil evidence is still the most
conclusive means of determining the existence of a displaced marine
environment, above sea level, and a displaced terrestrial deposit
below sea level,

Chronology

It was proved that one could only correlate displaced
shorelines in different areas by the use of absolute dates,

Similar height above present sea level or a similar degree of
isostatic warping were not necessarily indications of a similar
age. One cannot overemphasise the need for absolute dates in any

study of the Quaternary, not only sea level change,

REGIONAL

Morphology
The topography of the lower Tees contains little relief,

A field survey located several short terrace remnants which all

approximated to the horizontal, It was felt that they represented



the shoreline terraces of a series of ice dammed proglacial lakes
(90! to 170! Q.D.) probably combining in the later stages of deglacia-
tion to form a single water body (80! to 35' 0.D.).

Sedimentology

It was felt that the key to the late and post-glacial
history of the lower Tees lay with the origin of the laminated clay
which occupied much of the lower reaches of the present drainage
basin. The sedimentological evidence tended to confirm that this
deposit was laid down in an ice-dammed lake which was formed by
meltwater trapped in front of an eastward retreating ice tongue,
The majority of terraces which occur around this deposit were most
probably formed during its maximum extent whilst the lower terraces
and deltaic deposits were laid down during the latter stages of
deglaciation. Above 85! 0.D. the height of some terraces suggested
that they were not related to this single water body, but to
lesser individual lakes which had dried out independently of the

larger body.
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Possil evidence and Chronology

The study of the Lower Toes led to a refutal of provious
workers hypotheses concernlng the exiateonce of a late~glacial and a
later POst=glacial marine incursion. HNone of the seven supposed
narine sites contained satisfactory marine evidence, in fact,
several contained virtually irrefutable evidence of a non-marine
origin.

Several freshwater peat deposits suggested that much of
the area which was occupled by meltwator drainage had remained as
low lying marshy ground, suitable for peat formation until the end
of Zone VIIb in the pollen zcne ssquence. Peat depnsits also cone
firmsd the existence of a low sea lavel, at least =60! OD 9000 years
a50s
Summgz. of Sea-level Chanpge in the lower Toes flasin

It would appear from this study that no sea levels, above
that of present, have occwrred in the Lower Tees basin since the
retreat of the last ice sheet. There le evidance to suggest that
the buried post ;laclal valley of Teces is graded to a scalevel of
«160* 0D and it could bLe interpreted that this level marked the
froeing of the natural drainage from the restrictions imposed upon
it by the ice retreat. This is however unlikely as there would have
been a crmsiderable tine lay betwesn the onset of normal drainage

and the erosion of the buried vialley. At the present time it is



impossible to detormine history of the late glaclal sea level but
after the ycar 9000 BP to present one could obtain the dates to
graph the j ost glaclal rise. OCne could possibly determine the rate
of isostatic uplift and hence the total amount of uplift and there-
fore the ice thiclness in the Tees if one compared this rise with
the known rate of the eustatlc rise of soa level.

One is forced tn conclude that the major disappointment,
turncd out to Le the abaence of raised shorelines in the Tees. The
area had been chosen specifically because there was evidence of
high sea loveols., This discovery meant, that it was not possible to
tast the methodolo;y which was devised for the recognition of a
raised marine deposit. However, it was equally as valuable to
disprove the existence of raised sliorelines in the Tces as it would
have been to confirm them. An area which rust now he examined is
the strip of coastland between Tyne mouth and &.Abbs Head whore
soveral persons (Sissons, pers, corm. G.A.M. King pers. comm.) have

noted marked coastal terraces,

344



