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Abstract

Onshore advance of the North Sea lobe of the Late Devensian British Ice Sheet during
the last glaciation resulted in the deposition of thick multiple till sequences along the
coasts of east Yorkshire and north Lincolnshire. Despite an abundance of
sedimentological and stratigraphical data, the origin of these tills remains controversial,
and their correlation along the coast is poorly understood. These multiple till sequences
provide an excellent opportunity to test models of large-scale subglacial sediment
transport and deposition beneath soft-bed ice sheets using geochemistry. Such
geochemical analysis has been used extensively in other formerly glaciated areas,
notably Canada, to identify till characteristics and dispersal patterns. However, to date it
has not been applied in any detail to glacial sediments in the UK and its potential as a

tool for till correlation and understanding till genesis remains relatively undeveloped.

A detailed sampling method was employed at seven sites in eastern England; Filey,
Skipsea, Dimlington, South Ferriby, Kirmington, Welton-Le-Wold and Morston; to
investigate vertical and lateral changes in till geochemistry in this region. Particle size
analysis of the till matrix was used as an additional tool to provide extra
sedimentological data. Complete linkage and Ward’s method cluster analysis was used

to establish groups of geochemically similar diamicton samples.

Geochemical results suggest that there are vertical changes in till geochemistry, which
are likely to be related to a change in provenance from local to more distal sources.
Geochemistry and particle size results were also unable to precisely differentiate
between the Basement, Skipsea and Withernsea till types. Instead, the repeated nature
of the geochemical signature at larger sites, such as Dimlington, and the lateral
discontinuity of some geochemical groups suggests that the till sequences at Filey,
Dimlington, and Skipsea are comprised of a number of lithologically distinct rafts
which have been tectonically stacked or elevated to higher levels in the sediment pile.
At Dimlington the production of a glacitectonically folded and stacked moraine is
proposed as a mechanism to explain the remarkably thick sequence of Withernsea Till
and the repeated nature of the geochemical signature at this site. This research therefore
provides new evidence for our understanding of glacial stratigraphy and former ice
dynamics in eastern England, suggesting that till composition and the mechanics behind

its production are more complex than the traditional stratigraphic division allows.
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Chapter 1: Introduction

1.1 Rationale

Until the 1980s glacier beds were assumed to be made up of rigid substrata, over which
glaciers moved by ice flow or basal sliding. Since this time, it has been demonstrated
that where a glacier is underlain by soft, unlithified sediments, a substantial amount of
forward motion may be accounted for by the deformation of these sediments (Alley er
al., 1986; Boulton & Hindmarsh, 1987; Clarke, 1987; Alley et al., 1987a,b; Alley,
1989a,b; Humphrey et al., 1993). This coupling of the glacier and its bed has important
implications for ice flow dynamics, the distribution of tills and the production of large-
scale features such as drumlins (Boulton ef al., 2001). Understanding the patterns of
eroston and deposition beneath ice sheets is therefore vital for increasing our knowledge

of ice sheet dynamics as a whole.

Boulton (1996a,b) developed a theory to predict the pattern of sediment dispersal during
a glacial cycle for such a soft bed ice sheet. Coupling of the ice-bed system results in a
zonation where, in general, basal sediments are eroded in the proximal accumulation
zone due to net acceleration, and these sediments are often deposited in the distal
ablation area. As an ice sheet grows the zone of erosion also expands, causing the zone
of deposition to be displaced progressively outwards and an ‘advance-phase till’ to be
deposited. During retreat, a ‘retreat-phase till’ is deposited following the contraction of

the depositional zone.

Boulton divided this spatial pattern into four zones, with the ice divide in Zone 1 and
the most distal area, including the ice margin, as Zone 4. In Zone 3, towards the
maximum of the zone of erosion, the length of time of the erosional phase is insufficient
to completely remove the advance-phase till before a switch back to deposition during
retreat. Thus, after deglaciation, a thick till sequence remains, which contains both
advance- and retreat-phase tills separated by an erosional interface (Figures 1.1 & 1.3).
Towards the terminus in Zone 4, erosion does not occur, and deposition is continuous.
However, the rate of deposition varies, with the slowest during maximum ice sheet
extent. Therefore a continuous thick sediment sequence is deposited in this zone
(Boulton, 1996a). As a result, at an oscillating ice margin, this may result in the

stacking of a number of advance and retreat phase tills, producing a thick marginal

1



sequence (Figure 1.1). This model has since been modified by Evans and O’Cofaigh
(2003) who propose that till thickening may occur as a result of the stacking and folding
of existing sediments, therefore making the need for several readvances redundant. Both
processes result in a pattern of sediment dispersal in which the till thickens towards the

submarginal zone (Evans & Hiemstra, 2005).

DISTANCE

(a)

DISTANCE

DEPOSITIONAL

EROSIONAL
ZONE

ICE  DIVIDE

FLUCTUATION
OF THE
ICE SHEET
MARGIN

—
el

TIME TIME

V7/77] ADVANGE - PHASE TiLL RETREAT - PHASE TILL

Figure 1.1. Till sequences generated by complex patterns of ice sheet fluctuations. Advance-
phase tills are shaded, retreat-phase tills are dotted, and erosion surfaces are marked by a heavy
line. (a-b) represents an ice sheet with a prolonged standstill period during advance. (c-d)
represents stacked till sequences caused by a readvance. Boulton, 1996a, p.54.

Boulton (1996a) described the subglacial transport of sediment as the movement of
discreet debris packages along different time-distance trajectories, where each trajectory
is unique to a particular package. In the erosion zone, increasing sediment discharge
allows these debris packages to gain new material, at a rate dictated by the rate of
erosion, and therefore to continuously change composition. Consequently, a far
travelled sediment package is likely to contain a diverse assemblage of minerals from
various sources over which the glacier has travelled. In the depositional zone, material
is deposited and the debris package composition remains the same. Figure 1.2
illustrates how the bulk composition of retreat-phase till changes over distance from the

ice divide in relation to source lithologies. Retreat phase till deposited within 300km
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composition, the till being deposited will progressively change composition upwards.
Local material will be deposited first, and so the till sequence will show a progressive

increase in far travelled material upwards (see Figure 1.3).

Geochemistry provides a novel mechanism of testing Boulton’s theory through vertical
changes in till petrography up sequence. The wealth of drift compositional studies by
the Geological Survey of Canada (GSC) on the Laurentide Ice Sheet highlights the
potential use and implications of geochemical drift prospecting (e.g. Dilabio & Coker,
1989; Kettles & Shilts, 1989; Shilts & Smith, 1989; Klassen & Thompson, 1993; Shilts,
1993). Despite most of this research being based on surficial drift prospecting
investigations, a number of studies (e.g. Broster, 1986; Steele ef al., 1989) show the

applicability of geochemistry for till differentiation and correlation in vertical profiles.

In the U.K., there has been relatively little research that has utilized geochemistry for till
differentiation, correlation and provenancing (examples include Perrin et al., 1979;
Burek & Cubitt, 1979, 1991; Burek, 1991). Despite extensive research on
geomorphological mapping, sediment stratigraphy and lithostratigraphic correlation
during the last century, few reconstructions of the British Ice Sheet have been developed
(e.g. Boulton er al. 1977, 1985), and of the few that have, they have often been
compiled from a wide range of glacial research in Britain which varies greatly in terms
of quality and density (Evans ef al., 2005). Geochemistry provides a new mechanism
for the identification and correlation of till sequences. Furthermore, it cannot only be
used at a local scale to test theories of till differentiation and sediment dispersal, but
there is much potential for use at a regional scale for till provenancing and sediment

transport history (Shilts, 1993; Perrin et al., 1979).

The North Sea lobe was a Late Devensian ice lobe that advanced onshore from the
North Sea Basin during the last glaciation depositing a series of tills along the east coast
of England from County Durham southwards into Norfolk. Despite an abundance of
sedimentological and stratigraphical data on these tills over the last 150 years, their
lithostratigraphic origin remains controversial, and their correlation along the coast of
eastern England is poorly understood. Madgett and Catt (1978) argue, based upon
petrography, that there are only two Late Devensian tills in the region of east Yorkshire
and north Lincolnshire, which have traditionally been referred to as the Skipsea and

Withernsea tills. Although there appears to have been a general acceptance of this



nomenclature (e.g. Lewis 1999), Evans et al. (1995) highlight the complexity of the
Skipsea Till sequence due to the re-working and incorporation of pre-existing
sediments. In addition, there is some disagreement regarding the age of the Basement
Till, a till found beneath the Skipsea and Withernsea tills along the east coast of
Yorkshire. Catt and Penny (1966) argue that the Basement Till underlies the Ipswichian
interglacial raised beach at Sewerby, and so therefore assign the Basement Till to a
glacial episode earlier than the last interglacial. Amino acid ratios, however, suggest a

Late Devensian age for marine fossils within the till (Eyles et al., 1994).

Differences in the mineralogy and extent of the Skipsea and Withernsea tills, have led to
a number a models regarding their provenance and nature of deposition. Madgett and
Catt (1978) and subsequent papers (Edwards, 1981; Catt 1987, 1991, 2007), have
proposed that these tills were deposited by a ‘two-tiered’ ice sheet formed by the
superimposition of Stainmore ice from northern England, onto the coastal ice of the
North Sea lobe. In contrast, a surging model has been employed to explain the
occurrence of till in this region (Boulton et al., 1977; Eyles et al., 1994), and Boulton
(1996b) suggests that a shift in a northerly ice-divide to the south-west can explain the
changes in till composition. In addition, Evans et al. (1995) propose that the Skipsea
Till was deposited beneath active ice by a deforming till layer, where intervening beds
of silts, sands and gravels represent cavity and pipe fills from a migrating drainage

system.

Eastern England is an ideal location in which to test Boulton’s (1996a,b) model since it
is located in a former ice-marginal location, equivalent to Zones 3 and 4 of his sediment
dispersal model. Vertical cliff sections can be used to test whether there is a progressive
change in till provenance upwards from local to far travelled material as predicted.
Whilst it is not the aim of this thesis to directly provenance the tills found in eastern
England, it is possible to infer a local versus far travelled component from the suites of
elements found. For example, those derived directly from local bedrock are likely
contain a higher proportion of elements from chalk (see Figures 1.5 and 1.6) i.e. Ca and
Sr, whilst far travelled material is likely to contain a richer assemblage of elements.
Furthermore, the comparison of till composition along the east coast can be used to
investigate lateral changes in till composition. In addition, as described above, several
studies of till stratigraphy and sedimentology in the region indicate that the till

sequences along eastern England are more complex than the work by Madgett and Catt



(1978) suggests (e.g. Madgett & Catt, 1981; Evans et al., 1995). Therefore changes in

geochemistry will also be used to investigate this regional complexity.

1.2 Aims

1.

To investigate the model proposed by Boulton (1996a,b), where till composition
progressively changes upwards in a till sequence from locally sourced sediment

at the base to more distally sourced material towards the top.

To examine the complexity of the till sequences in eastern England, and to test
the traditional stratigraphical sub-division of the tills into the Basement, Skipsea

and Withernsea tills.

1.3 Research Questions

. What are the sedimentological characteristics of each till facies, and what can be

inferred about the origin of these tills?

What are the geochemical properties of the tills within the same
exposure/location?

Are there geochemical differences between the same till at different sites along
the east coast?

Can differences in the geochemical properties of the tills be used to differentiate
and correlate between them, both spatially and temporally?

Are geochemical differences in the lateral composition of tills related to

differing depositional environments or to a change in till provenance?

These aims and research questions will be answered by studying the geochemical

composition of glacial sediments deposited by the Late Devensian North Sea lobe in

eastern England, using a detailed sampling strategy at sites within this region. Changes

in particle size distribution will be used to provide additional sedimentological data and

support the geochemistry. A multivariate analytical strategy will be employed to

analyse the geochemical data and to group samples by their geochemical composition.

This will enable the examination of sediment dispersal patterns in this region, and will

ultimately enhance understanding of the glacial dynamics of the North Sea Lobe of the

Late Devensian British Ice Sheet.



1.4 Study Area

The study will focus on four sites along the east coast of England; Filey Brigg (TA
125816), Skipsea (TA 182552 - 179559), Dimlington (TA 398208 - 386223) and
Morston (TF 986440); and three inland sites; South Ferriby (SE 998225), Kirmington
(TA 103117) and Welton-Le-Wold (TF 284882). Their locations are shown in Figure
1.4. These sites have been chosen since they have all been previously recognised as
being ice-marginal locations during the Late Devensian Glacial Maximum (Clark ef al.,
2004). Key sites in the study will be Filey Brigg, Skipsea and Dimlington, since these
locations provide the thickest sediment sections, and therefore a much more complex

sedimentary succession.

The research will focus on sampling Devensian tills at these locations. At Filey Brigg
investigation will centre on the two till units previously correlated to the Skipsea and
Withernsea tills (Edwards, 1981). At Dimlington the Basement Till will be studied
alongside the Skipsea and Withernsea tills, due to the uncertainty surrounding its age,
and to provide a more complete picture of the differences in geochemical composition
of tills in Holderness. At the remaining five sites research will be focused on the
Skipsea Till or its equivalent (i.e. Marsh Till in Lincolnshire, Hunstanton Till in north
Norfolk).

Figure 1.5 shows the bedrock geology for eastern England, whilst Figure 1.6 illustrates
the bedrock geology of the whole of the British Isles for a broader perspective. All the
sites in the study are located on Cretaceous Chalk bedrock, apart from at Filey Brigg,
where the peninsula is formed by an outcrop of Corallian Limestone from the Jurassic
period. The chalk extends substantially offshore to the west, whilst to the north bedrock

consists of Lower Jurassic shales sandstones and limestones (Kent, 1980).















Chapter 2: Devensian Glacial History of Eastern England

2.1 Introduction

Extensive stratigraphical work has been undertaken in east Yorkshire since the late
nineteenth century. Early work by Lamplugh (1879, 1882, 1891) and Bisat (1939,
1940) on the coastal stratigraphy in Holderness, east Yorkshire, was subsequently
refined by Catt and Penny (1966), Madgett and Catt (1978), and more recently Lewis
(1999). Radiocarbon dates from the site at Dimlington led Rose (1985) to designate this
area as the UK type site for the Late Devensian Chronozone or ‘Dimlington’ Stadial.
Elsewhere, equivalent deposits in Lincolnshire, north Norfolk and Filey Bay have been
studied by Straw (1960, 1969, 1979a) and Edwards (1981), respectively. Table 2.2
summarises the nomenclature used by various authors for deposits in Yorkshire,
Lincolnshire and Norfolk, and their correlation with one another. Greater detail on this
earlier work is now provided. The chapter is organised firstly according to specific tills
described and defined in the literature for eastern England, and subsequently by regional

descriptions of previous work on the Devensian glacial history of eastern England.

2.2 The Basement Till

Boreholes at Kilnsea (Lamplugh, 1919) and Easington (Catt & Digby, 1988) show that
the Basement Till (Wood & Rome, 1868) rests on the chalk bedrock surface at -30 to -
35m OD (Berridge & Pattison, 1994), rendering it the oldest known till in Holderness.
The till is clay-rich (see Table 2.1), dark grey in colour (Munsell Colours range between
5Y 3/1,2.5Y 4/2 & 2.5Y 3/2), and contains a wide range of erratics from NE England,
Scotland and Scandinavia (Madgett & Catt, 1978; Catt, 2007). The till is exposed in
outcrops above beach level between Kilnsea Beacon and Holmpton and again in the
Bridlington area (Figure 2.1), although the extent of its exposure at any one time is
controlled by cliff retreat and the migration of beach ridges (Berridge & Pattison, 1994).
Additionally, Basement Till has been recorded further north at Flamborough Head and
in exposures at Filey Bay (Lamplugh, 1879, 1881b, 1882, 1890b, 1891, 1892; Catt &
Penny, 1966; Catt & Madgett, 1981). Elsewhere along the Holderness coast, the till is
believed to continue below sea-level, and boreholes suggest that it extends inland for

some distance (Thomson, 2003; Evans et al., 2001).

12









2.2). However, amino acid ratio analysis of marine bivalves, collected from within the
Basement Till, indicate a Late Devensian age (Eyles et al., 1994). This supports an
earlier observation by Lamplugh (1890a, 1888, 1891) that the Basement Till in fact
overlies the Sewerby Cliff Bed and thus post dates the last interglacial. Eyles et al.
(1994) suggest that the D-alle/L-Ile ratios show the Basement Till to have been
deposited not long before the radiocarbon dated silts and sands, and therefore assign its
deposition to the Late Devensian. During a revision of the correlation and nomenclature
of Quaternary deposits (Bowen 1999), Lewis (1999) followed this new stratigraphical
order, placing the Basement Till within the Late Devensian. However, Catt (2007)
argues that the dated shells in the Basement Till may have been mixed into the upper
layers during deposition of the Skipsea Till.

2.3 The Skipsea Till

The Skipsea Till (Madgett & Catt, 1978) overlies the Basement Till and is separated by
a discontinuous hiatus of Dimlington Silts and Sands. As discussed above, radiocarbon
dates in the Dimlington Silts and Sands provide a maximum age for the deposition of
the Skipsea Till and the onset of the Dimlington Stadial. It is predominantly a silty
(Table 2.1), dark greyish-brown, till (Munsell Colour 10YR 3/2) and has been
differentiated from the Basement Till by not only colour and texture, but also heavy-
mineral and erratic content (Madgett & Catt, 1978). Chalk, flint and shale content is
much greater in the Skipsea Till and increases southwards. The presence of other
erratics such as rhomb porphyries, larvikite, cheviot porphyries, dolerite (Whin Sill),
Juassic limestones and shales, and greywackes have led it to be traditionally assumed
that the till was deposited by ice arriving from Scotland, Northumberland and the
Cheviots (Catt, 2007). Stone orientations suggest deposition by ice flowing from the
north-east (Penny & Catt, 1967).

Variation in the colour and erratic suites within the Skipsea Till, due to the
incorporation and incomplete mixing of rafts, led Bisat to subdivide the unit. In north
Holderness, he was able to make four main divisions, whilst at Dimlington he found
five (Table 2.2) (Catt & Madgett, 1981). Although several possible means of
correlation between the northern and southern units were suggested, Biast was unable to
reach any firm conclusion, perhaps highlighting the very local, short-distance variations

within the till. Evans et al. (1995) question the validity of these earlier complex

15



subdivisions of the Skipsea Till, suggesting the complexity is simply a consequence of

local reworking and incomplete mixing of rafts of pre-existing sediments.

In Holderness, the Skipsea Till extends substantially inland reaching a height of up to
60m at the foot of the Yorkshire Wolds escarpment, and denotes the maximum extent of
Dimlington Stadial ice in this area (Evans et al., 1995; Catt, 2007). Along the coast,
Skipsea Till is exposed continuously, except between Holmpton and Tunstall (Figure
2.1) where it dips below beach level following the submergence of the Basement Till in
this area (Catt & Madgett, 1981). Offshore the Skipsea Till is believed to be less
extensive than the overlying Withernsea Till (Donovan, 1973; Cameron et al. 1987).
However, studies have found a small outcrop, close to the coast near Easington
(Donovan, 1973), and offshore in the North Sea, Carr (1999) concluded that the
Boulders Bank Formation consisted predominantly of Skipsea Till.

Correlation of the Skipsea Till north and south of Holderness has been widespread.
Following petrographic studies in Lincolnshire and Norfolk, the only Devensian tills in
these regions, the Marsh Till (Straw, 1969) and the Hunstanton Till (Suggate & West,
1959), have both been correlated with the Skipsea (Madgett & Catt, 1978). In Filey Bay
the Lower Till Series has also been correlated with the Skipsea Till based upon particle
size distribution and erratic content (Edwards, 1981). Further north the lower tills of
Upgang, Saltburn, and the Blackhall Till in County Durham have been correlated to the
Skipsea Till (Agar, 1954; Francis, 1970; Madgett & Catt, 1981) (Table 2.2).

2.4 The Withernsea Till

The Withernsea Till (Madgett & Catt, 1978) outcrops over a small area of Holderness
(see Figure 1.3) and can be seen in coastal exposures between Easington and Cowden
(Figure 2.1), where it reaches a maximum thickness of 24m at Dimlington High Land
(Catt, 2007). Investigations by Donovan (1973) suggest that the Withernsea Till is
much more extensive offshore and constitutes a significant part of the sea floor surface.
In unweathered form, the Withernsea Till is dark brown (7.5YR 3/2) and contains less
sand than the Skipsea and more silt than the Basement Till. Weathering in the upper 4-
5Sm due to pedogenesis, decalcification and the loss of some heavy-minerals has caused
a reddening of the matrix to a reddish brown (5YR 3/4 — 5YR 4/4). Differences
between the lower and upper units led Bisat (1939, 1940) to name these the Lower
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Purple and Upper Purple tills, whilst Catt & Penny (1966) named the upper unit the
Hessle Till and correlated it with a weathered unit above the Skipsea Till. However,
subsequent petrographic work by Madgett & Catt (1978) showed that the Hessle Till

was a weathered version of either the Skipsea or Withernsea Tills.

Colour, texture, heavy-mineral content and erratic suite are again used to differentiate
the Withernsea Till from the Skipsea. Chalk and flint content increases northwards in
the Withernsea Till, whilst erratics such as Shap granite from the southern Lake District
indicate a more westerly origin with ice moving through the Stainmore Gap.
Macrofabric analysis again indicates a NNE-SSW flow in Holderness (Penny & Catt,
1967). North of Holderness, the Withernsea Till has been correlated with the Upper Till
Series in Filey Bay (Edwards, 1981), and tentatively with the upper till at Upgang and
Saltburn and two intermediate tills exposed on the south bank of the Tees (Agar, 1954;
Madgett & Catt, 1981) (Table 2.2).

Organic deposits found within kettle holes on the surface of the Withernsea Till near
Roos provide a minimum date for deglaciation, and have been dated at 13,045 + 270 e
yrs BP (Becket, 1981). Additional dates on similar deposits overlying the Skipsea Till
at Routh (12,595 + 80 "*C yrs BP (Gearey & Lille, 2001) and at Gransmoor (12,845 +
45 '*C yrs BP (Walker ef al., 1993) indicate little difference between the ages of the
Withernsea and Skipsea tills. Alongside radiocarbon dates from Dimlington, these
deglacial dates provide a time span of about 5,500 radiocarbon years for the deposition
of both tills. However, some authors (Rose, 1985; Wintle & Catt; 1985) have
questioned the accuracy of these dates due to hard water errors. More recent research
has suggested alternative interpretations of their age. From evidence of ice free
conditions in the North Sea during the Dimlington Stadial (18,000 — 16,000 "*C yrs BP;
Rose, 1985) (Sejrup et al., 1994), Peacock (1997) proposed that the deposition of both
the Skipsea and Withernsea tills occurred after 15,000 '*C yrs BP. This agrees with
thermoluminescence dates from Dimlington (Wintle & Catt, 1985). Subsequently,
McCabe et al. (1998) suggested that the deposition of both tills was even later, and
associated with the Killard Point Stadial (13,785 + 115 — 13,955 + 105 '*C yrs BP).
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2.5 North East England: County Durham to North Yorkshire

Along the coast of north Cleveland, County Durham, and Tyne and Wear, three main
tills are found (Catt, 1991). The oldest of these is a grey-brown till, generally known as
the Lower Boulder Clay (Smith, 1981), which has been subdivided into the Wear and
Blackhall tills based upon their Carboniferous and Permian erratic content (Francis,
1970). The Lower Boulder Clay (or Blackhall Till subdivision) has been correlated
with the Skipsea Till in Holderness and the lowest till at Rockliffe Scar on the bank of
the River Tees (Francis, 1970; Catt, 1991) (Table 2.2). A bed of sands known as the
Peterlee Sands (Francis, 1970) or Ryhope Sands (Smith, 1981) separates this till from
the Upper Boulder Clay, which has been subsequently named the Horden Till (Francis,
1970). This till is a reddish brown and contains cheviot erratics, demonstrating
lithological similarity with the upper till in Northumberland (Catt, 1991). Despite its
similarity in terms of colour to the Withernsea Till, the Horden Till lacks Lake District
erratics, which are a distinctive characteristic of the Withernsea Till (Table 2.2). Catt
(1991) suggests that these lithological differences between the Horden and Withernsea
tills imply that ice that deposited the Horden Till did not reach as far south as
Holderness. Intermediate tills at Rockcliffe Scar are more lithologically similar to the
Withernsea Till, suggesting deposition of both tills by the Stainmore Ice Stream (Catt,
1991). The upper-most till is a reddish-brown silty clay which is known as the Pelaw
Till (Francis, 1970) or the Pelaw / Prismatic Clay (Smith, 1981) in County Durham and
the Teeside Till (Francis, 1970) in Cleveland, and has been correlated with the
uppermost till at Rockliffe Scar (Francis, 1970).

In north Yorkshire, the cliffs around Filey Bay expose a thick sequence of deposits
which vary significantly within the bay. At Filey Brigg, the cliffs expose 30-40m of
deposits, where two till units rest upon Corallian Limestone and are separated from each
other by a sequence of gravels, sands and clays (Evans et al., 1995). To the south,
Edwards (1987) identified a series of five ‘narrow-band’ till units within the Lower Till
Series and overlying the Speeton Shell Bed at New Close’s Cliff. During a period of
about thirty years, G.W. Lamplugh recorded the stratigraphy of exposures, (Lamplugh,
1879, 1881b, 1881c, 1891). His division of the sediments is shown in Table 2.2. As in
Holderness, there has been much debate about the origin of the sands and gravels, which
separate the two till units and interpretations of their deposition. Fluvial (Harrison,

1895), marine (Wood, 1871) and englacial (Carruthers, 1939) environments have all
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been proposed, although an englacial mode of deposition has been most generally

accepted.

Despite a wealth of studies by these early workers, in comparison to Holderness there
has been little recent research in Filey Bay especially regarding the site’s overall glacial
history. Edwards (1981) redefined the two upper tills as the Lower Till Series and
Upper Till Series (Table 2.2), finding a sandy lower till and clay-rich upper till.
Although Edwards correlated the two tills to the Skipsea and Withernsea tills, he
concluded that there was greater textural and lithological variability in the tills in Filey
Bay than at Holderness. Greater variations in lithology and topography of the
surrounding area, including numerous topographic barriers, were suggested to have
caused this inter-till variability, and Edwards (1981) suggested that the tills were
composed of local material. Edwards (1981) also proposed that these texturally and
lithologically distinct rafts became incorporated into the till through a mechanism of

englacial shearing.

Evidence for shearing was also found by Evans et al. (1995) who concluded that the tills
were deposited through the accretion of a subglacial deforming till layer with a drainage
network of interconnected cavities and pipes. These authors however, did not find
evidence to support the division of the succession into two distinct upper and lower
units. Instead, they differentiated between a massive and a laminated diamicton, where
units of each were found to be repeated upwards in the sequence. Correlation of the
sequence with the Skipsea Till at Holderness was only made tentatively by these

authors.

The Basement Till has also been noted at Reighton and found to overlie the Speeton
Shell Bed (cf. Austin & Evans, 1999) (Lamplugh, 1879, 1881c). Dates obtained from
amino acid ratios and the pollen assemblage in this bed are conflicting, suggesting both
MIS 7 and MIS 5 (West, 1969; Knudsen & Sejrup, 1988; Bowen & Sykes, 1991;
Wilson, 1991). Additionally, the stratigraphic value of this bed has been questioned by
Edwards (1987) who suggests that the shell bed and Basement Till are not in situ here.
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2.6 East Yorkshire: Holderness

A significant proportion of research in eastern England has been undertaken in
Holderness, particularly regarding till stratigraphy and petrography. Most regional
models of ice sheet dynamics are based upon findings from the study of till sequences
along the east Yorkshire coastline, but as yet, there is little agreement on the mode by
which these tills were deposited (i.e. Madgett & Catt, 1978; Boulton & Dobbie, 1993;
Eyles et al., 1994; Evans et al., 1995).

Following the glacial undermelt theory of Carruthers (1953), Madgett and Catt (1978)
and subsequent workers (Catt, 1987, 1991, 2001, 2007; Edwards, 1981), have proposed
that the Skipsea and Withernsea tills, and their equivalents in Filey Bay, were deposited
by a single two-tiered ice sheet. Evidence for their simultaneous deposition is wide
ranging and includes: 1) the lack of a weathered zone at the top of the Skipsea Till
where Withernsea Till overlies it, or indigenous fossils between the two tills; 2) the lack
of folding or faulted structures at the top of the Skipsea Till or in the sediments directly
between them; 3) "C dates suggest little difference in the time of deposition of the two
tills; 4) stratified sediments between the two tills appear to be englacially or subglacially
derived which implies that ice deposited both tills simultaneously; 5) rafts of the Lower
Till have been incorporated into the Upper Till at Filey Bay, and the continuation of
shear planes from the Lower to Upper Till Series again suggests that the ice depositing
both tills was present at the same time; 6) where kettle holes exist on the surface of the
Withernsea Till, a matching depression occurs in the surface of the Skipsea Till,
suggesting that the two tills acted as a single unit; 7) in order for Lake Humber to have
been created, ice must have simultancously been present in the Vale of York and in the
Humber Gap. Tills in the Vale of York are believed to have a similar origin to that of
the Withernsea Till, whilst ice in the Humber Gap deposited only the Skipsea Till. This
implies that the two ice streams were present in Yorkshire at the same time (Catt, 2001,
2007).

Madgett and Catt (1978) envisaged that the two-tiered ice stream formed when westerly
ice from Stainmore encountered east coast ice flowing from the north. The higher land
of the North York Moors prevented the Stainmore glacier from flowing alongside the
much larger ice sheet in the North Sea, and as a result, as it expanded it was forced to

override the North Sea Ice Sheet, forming a two-tiered ice sheet. Other authors have
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suggested that the differences between the Skipsea and Withernsea tills can be
explained by a shift in the ice divide causing a lateral shift in ice flow (Boulton et al.,
1977, Foster, 1987) and associated with the deposition of advance and retreat phase tills
(Boulton, 1996b).

In contrast to Madgett and Catt’s (1978) argument for simultaneous deposition of Late
Devensian tills in Holderness, Eyles ef al. (1994) (who interpret the Basement Till as
Late Devensian in age (Section 2.1)) suggested that each till sheet in the region
represents an onshore surge of the North Sea ice lobe. Boulton et al. (1977) in their
model of the Late Devensian ice sheet in Britain recognised that steady-state
assumptions could not be used to model the movement of ice down the east coast of
England and therefore suggested a surging mechanism in order to explain the till limits.
Additionally, Straw (1979a) suggested surging to explain the extensive southerly
movement of ice with such a low profile. Eyles er al. (1994) believed this model for
surging agreed with geomorphological and sedimentological evidence in the region.
They argued that the hummocky topography overlying the arcuate belt of Withernsea
Till displays a series of ridges associated with either minor readvances during retreat, or
subglacial squeezing. Both mechanisms and the corresponding topography bear great
resemblance to those observed at the margins of surging glaciers (e.g. Boulton & Paul,
1976; Paul, 1983; Clayton et al., 1985; Drozdowski, 1987).

Discontinuous, intra- and inter-till bodies of sand, silt, clay and gravel have been
observed within both the Skipsea and Withernsea tills (e.g. Wood & Rome, 1868; Catt
& Madgett, 1981; Eyles ef al. 1994; Evans et al. 1995). At Dimlington large bodies of
laminated sand and clay can be seen to extend laterally for about 1km reaching a
maximum thickness of 4m (Catt, 2007). Accounts of their exact location within the till
sequence have varied through time. CIiff section logs by Bisat (Catt & Madgett, 1981)
show these deposits lying within the Skipsea Till, whilst Catt and Penny (1966) found
them to crop out between the Skipsea and Withernsea tills. Berridge and Pattison
(1994) show the southern end of the sands and clays lying within the Skipsea Till,
descending towards the Basement Till, whilst the most northern section divides the

Skipsea and Withernsea tills.

Eyles et al. (1994) suggested that where the gravel, sand and clay units are found

between the till sheets, they provide evidence for ice free periods between surges and
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correlated those outwash deposits at Dimlington with gravel deposits at Mill Hill near
Keyingham (Figure 2.1). These gravel facies, deposited between the Skipsea and
Withernsea tills, contain marine microfauna and invertebrate remains, which they
argued represented the foreshore of a marine beach. Eyles ef al. (1994) used this
evidence from Mill Hill to argue that the clay and sand sequences at Dimlington were
deposited in a shallow water setting of either an ice dammed lake or protected marine
embayment. However, there is general agreement that during this time the southern
North Sea was well above sea level (Eisma ef al., 1981; Lambeck, 1995; Funnel, 1995),

rendering a marine beach in this location unlikely.

Furthermore, the non-fossiliferous nature of most of the inter- and intra-till deposits in
the region has led many workers to conclude that they were deposited in a sub- or
englacial environment (Reid, 1885). At Skipsea, Evans et al. (1995) noted that these
features are often folded and faulted, have flat tops and convex lower contacts, and
stratified diamicton is often present within them. They associated these deposits with
subglacial cavity or pipe fills (Boulton & Hindmarsh, 1987; Clark & Walder, 1994),
preserved after the migration of subglacial drainage channels. These ‘mini-eskers’
(Alley, 1991) would have opened up during the summer, but closed during the winter,
causing the stratified sediments within them to became incorporated in the deforming
till. Deposition of the Skipsea Till through the accretion of a deforming till layer was
supported by the existence of clay-rich sediment offshore which provided a constant
supply of sediment to the margin allowing till thickening caused by compressive flow

(Evans et al. 1995; Evans & Heimstra, 2005).

Catt (2001) however, disagrees with the reliance on marine mud from the North Sea in
Evans er al.’s deforming till model and other models for glacial surging in the region
(Bouiton et al., 1977; Derbyshire et al., 1984; Eyles et al., 1994). He argues that the
majority of fine material in the Skipsea Till is derived from Mesozoic and Palacozoic
mudstones, rather than Pleistocene marine sediments based upon a pollen assemblage
from the Skipsea Till (¢f Hunt ef al., 1984). Catt (2001) also argues that the similarity
of the tills in Holderness with till to the north of the region suggests that the Holderness
tills are derived from source areas of these mudstones much further north and therefore

are not locally sourced.
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2.7 Lincolnshire and North Norfolk

The glacial tills in Lincolnshire play a pivotal role in the correlation of tills to the north
in Yorkshire and to the south in East Anglia, and have consequently been the subject of
intense study, and debate (Straw, 1958, 1969, 1979a,b, 1983, 1991; Alabaster & Straw,
1976, Perrin et al., 1979, Catt, 1979, 1981). Most of this debate surrounds the pre-
Devensian tills, the Welton, Calcethorpe and Wragby Tills, concerning their age, the
direction of ice flow across the region during their formation, and their correlation with
the Basement Till in Holderness and the pre-Devensian tills in East Anglia (Perrin ef al.,
1979; Straw, 1983). For example, at Kirmington, Stather (1905) correlated the lower
unit of till, which underlies Hoxnian interglacial deposits, to the Basement Till,
therefore also assigning the Basement Till to a pre-Hoxnian stage. The till has,
however, also been correlated to the Wragby Till in Lincolnshire and the Chalky
Boulder Clay in Norfolk (Straw, 1969; Perrin et al; 1979), which allows
reconstructions in Holderness to assign the Basement Till to a younger stage (e.g. Eyles

et al. 1994; Lewis, 1999).

The uppermost till, known as the Marsh Till (Straw, 1969), has been less controversially
assigned to the Devensian glaciation (Straw, 1960, 1961) where it was first correlated to
the Hessle Till (Suggate & West, 1959; Catt & Penny, 1966). However, whilst Catt and
Penny (1966) and Madgett and Catt (1978) assigned all Devensian deposits in
Holderness and their equivalents in Lincolnshire and Norfolk to the Late Devensian
(Dimlington Stadial), Straw (1979b, 1980) argued that there was evidence for two
advances during the Devensian, and that the earlier of the two advances may have
occurred during the Early Devensian. This argument was based upon the evidence for
two lake levels in Lake Humber. Straw (1991) suggested that the higher lake level must
have been contemporaneous with a proglacial lake in the Fen basin, and therefore the
ice which blocked the Humber at this stage, must have extended as far as north Norfolk.
This ice deposited the more extensive Lower Marsh Till in South Ferriby, Kirmington,
Welton-Le-Wold and Morston, which Straw (1969) correlated to the Drab Till (now
Skipsea Till, Madgett & Catt, 1978) (Table 2.2). In a second advance, a less extensive
ice sheet blocked the Humber again, creating a much smaller lake, and till was only
deposited in Lincolnshire to the west of the Hogsthorpe- Killingholme line (see Figure
2.1). Straw (1969) correlated this advance with the advance in Holderness, which
deposited the Purple Till (=Withernsea Till, Madgett & Catt, 1978), thus correlating the
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Upper Marsh Till with the Withernsea Till (Table 2.2). The proposal for two Devensian
advances in Lincolnshire is supported by Bowen et al. (2002) who suggested a much
more extensive Early Devensian glaciation in Britain. Madgett (1975), however, found
no difference in the mineralogy of the Upper and Lower Marsh Tills and accordingly

correlated both of them with the Skipsea Till in Holderness.

The cliffs at Red Cliff and South Ferriby (north and south of the River Humber) provide
the best record of the glacial history in the Humber Gap. The sites mark what is
believed to be the furthest extent of Devensian ice in the Humber Gap where ice moved
into and blocked the Humber Gap from the east (Evans ef al., 2001; Frederick et al.,
2001; Clark et al, 2004). Although Straw (1969, 1991) argues that Lake Humber
formed on two separate occasions during the Devensian, Gaunt (1976, 1981) suggests
that following ice retreat, the initial 33m OD lake level was reduced to a much
shallower lake, impounded by a moraine situated between North Ferriby and South
Ferriby.

The cliffs on the south bank are located about 1km northeast of the village of South
Ferriby and the glacial succession rests upon brecciated chalk bedrock (Frederick et al.,
2001). Examination of previous work at this location by Stather (1896) and Penny et al.
(1972) indicates that despite coastal erosion the sequence of deposits here has remained
fairly similar in the last 100 years. Stather (1896) concluded that there were two tills in
this succession separated by a laminated unit, but subsequent authors have argued that
differences in the two units are merely a product of Holocene weathering (Madgett,
1975; Frederick et al., 2001). Straw (1969) included the till at South Ferriby in the
Lower Marsh Till division and therefore correlated it to the Skipsea Till in Holderness,
a correlation which has been accepted by later authors (Madgett & Catt, 1978; Frederick
etal,2001).

The origin of the laminated sediments between the two till units and its relationship with
proglacial Lake Humber is still unclear. Ripples are well preserved within the sand
laminations and the unit thins and eventually disappears to the west. Stather (1896)
suggested that the sediments were associated with a linear pool which formed between
the ice margin and the higher topography to the west. In accordance with this,
Frederick et al. (2001) suggested deposition by water flowing into a still body of water,

but were reluctant to assign it to a proglacial or englacial origin.
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The Hunstanton Till unit (Suggate & West, 1959) in North Norfolk records the
southern-most limit of the Devensian ice sheet on the east coast of England (Suggate &
West, 1959; Straw, 1960; Gale et al., 1988). Several authors have envisaged that the ice
which deposited this till would have had been constrained from further forward
movement by the higher ground to the south (Solomon, 1932; Gale er al., 1988). A
small site overlying marshes to the west of the village of Morston is of great
significance to the Quaternary record since the raised beach found there not only
underlies glacial till, but is underlain by a second unit of till which Gale et al. (1988)
correlate with the Marly Drift in East Anglia.

Original work at Morston (Solomon, 1931, 1932) correlated the upper diamicton with
the Hessle Till of Yorkshire and Lincolnshire. Since subsequent work has revealed that
the Hessle Till is a weathered version of the Skipsea and Withernsea tills (¢f Madgett &
Catt, 1978), the Hunstanton Till is now correlated to the Skipsea Till in Holderness
(Madgett, 1975). Soloman (1932) found that this diamicton contained very little chalk,
and included erratics of dolerite, dark-blue greywacke and porphrites from the Cheviots.
Additional erratics of flint, sandstone, quartzite, granite and other igneous clasts have
since been found by more recent studies (Gale et al., 1986, 1988). Gale et al., (1988)
suggested that the absence of chalk and marine fossils within the till indicated that the
unit had been subject to intense weathering during the Holocene. Particle size analysis
found a biomodal distribution suggesting that the diamicton may have been reworked
and therefore may not be in situ (Gale et al., 1986). However, further work by these
authors (Gale et al., 1988) found that only the upper units had been reworked from the
underlying till.

2.8 Summary

The three main tills found within Eastern England and central to this study are the
Basement, Skipsea and Withernsea tills. The Basement Till is the oldest known till in
Holderness, is dark grey (5Y 3/1, 2.5Y 4/2, 2.5Y 3/2) and contains a wide range of
erratics form NE England, Scotland and Scandinavia. There is a prolonged debate
surrounding the age of the Basement Till. Whilst a pre-Devensian age has generally
been accepted (Penny ef al. 1969), amino acid ratio analysis places the Basement within
the Devensian period (Eyles et al. 1994, Bowen, 1999). Most correlations of the

Basement Till with other tills north and south correlate it to other pre-Devensian tills
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e.g. the Welton Till in Lincolnshire (Catt & Madgett in Alabaster & Straw, 1976) and
the Warren House Till in County Durham (Trenchman, 1915; Catt & Penny, 1966).

The Skipsea Till (Madgett & Catt, 1978) overlies the Basement Till and is separated by
a discontinuous hiatus of Dimlington Silts and Sands. Radiocarbon dates on these
sediments provide a maximum age (c.18,500 '4C yrs) for the deposition of the Skipsea
Till and the onset of the Dimlington Stadial. The till is dark greyish-brown (10YR 3/2)
and contains a suite of erratics that have led it to be traditionally believed that the till
was deposited by ice originating in Scotland, Northumberland and the Cheviots. The
Skipsea Till, previously known as the Drab Till (Catt & Penny, 1966) has been
correlated with the Lower Marsh Till in Lincolnshire (Straw, 1969), the Lower Till
Series in Filey Bay (Edwards, 1981), the lower tills of Upgang and Saltburn and the
Blackhall Till in County Durham (Agar, 1954; Francis, 1970) (see Table 2.2).

The Withernsea Till is confined to a much smaller area of Holderness than the Skipsea
Till. In unweathered form the till is dark brown (7.5YR 3/2), but weathering in the
upper 4-5m has caused a reddening of the matrix (5YR 3/4 — 5YR 4/4). The weathered
section has previously been assigned to a separate unit known as the Upper Purple Till
(Bisat, 1939, 1940) or Hessle Till (Catt & Penny, 1966), but Madgett and Catt (1978)
have subsequently shown that the Hessle Till is a weathered version of the Skipsea or
Withernsea tills. North of Holderness, the Withernsea Till has been correlated with the
Upper Till Series in Filey Bay (Edwards, 1981) and tentatively with the upper till at
Upgang and Saltburn (Agar, 1954). To the South, Straw (1969) correlated the
Withernsea Till with the Upper Marsh Till of Lincolnshire, however, Madgett (1975)
found no difference in the mineralogy of the two Marsh tills and correlated both of them
with the Skipsea Till (Table 2.2).

Most regional models of Late Devensian ice sheet dynamics in the east of England are
based upon research in east Yorkshire, but as yet there is little agreement on the mode
of till deposition. Madgett and Catt (1978) proposed that the Skipsea and Withernsea
tills were deposited by a single two-tiered ice sheet, due to evidence for their
simultaneous deposition. It was envisaged that this occurred when ice flowing from the
west through the Stainmore gap met and overrode ice flowing from the north down the
east coast. However, other authors have suggested that differences in the provenance of

the Skipsea and Withernsea tills can be explained by a shift in the ice divide causing a
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lateral shift in ice flow (Boulton et al., 1977; Foster, 1987) and associated it with the
deposition of advance and retreat phase tills (Boulton, 1996b). Alternatively, Eyles et
al. (1994) suggested that each till sheet represents an onshore surge of the North Sea ice
lobe, after finding geomorphological and sedimentological evidence for surging.
Surging has also been suggested by Boulton et al. (1977) in their model of the Late

Devensian British Ice Sheet.

Further south, Straw (1979b, 1980) argued that the tills in Lincolnshire are the product
of two advances during the Devensian. The first advance, argued to have occurred
during the Early Devensian, deposited the Lower Marsh Till, which is correlated to the
Skipsea Till, whilst the second advance deposited the Upper Marsh and Withernsea tills.
This proposal is supported by Bowen et al. (2002) who suggested a much more

extensive Early Devensian glaciation in Britain.

The origin of discontinuous, intra- and inter-till bodies of stratified sediments has also
been contested, where accounts of their exact location between and within the Skipsea
and Withernsea tills have changed over time (¢f Bisat in Catt & Madgett, 1981; Catt &
Penny, 1966; Berridge & Pattison, 1994). Eyles er al. (1994) suggested that where
these sediments lie between till sheets, they provide evidence for ice-free periods
between surges and correlated those outwash deposits at Dimlington with gravel
deposits at Mill Hill near Keyingham. However, the non-fossiliferous nature of most of
the sediments has led many workers to conclude that they were deposited en- or
subglacially. Accordingly, Evans et al. (1995) associated the deposits with subglacial
cavity of pipe fills (Boulton & Hindmarsh, 1987; Clark & Walder, 1994), where they

were deposited through the accretion of a deforming till layer.
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Wood & Rome (1868 Bisat (1939. 1940 Catt & Penny (1966) | Madgett & Catt (1978 Lewis (1999) Francis (1970) Lamplugh (1879) Edwards (1981) Straw (1969)
Holderness County Durham Filev Bav Northeast Yorkshire | Lincolnshire
Pelaw Till
Horden Till
Hessle (boulder) Clay | Upper Purple Clays (2 beds) Hessle Till Hessle Till
Hessle sand (or gravel) Gravels Withernsea Till Flamborough Member Patches of aravel Upper Till Series | Upper Marsh Till
Hornsea Member
Purple Clay Lower Purple Clays (3 beds) Purple Till Withermnsea Member Brown Till
Siit. Sand & Gravel Mill Hill Member Peterlee Sands Gravel Gravel
Upper Drab Clay
Middle Drab Clay
Purple Clay Chalk rafts Drab Till Skipsea Till Skipsea Member Blackhall Till | Greenish-Purple Till Lower Till Series | Lower Marsh Till
& Bridlington Crag Lower Drab Clay
Sub Drab Clay

Basement Drab Clay

Sands & Gravel (+ clay)

Dimlington Interstadial
Beds

Dimlington Silts

Dimlington Bed

Gravels, sands & silts
(Laminated beds)

Bridlington Crag in Basement Clay Basement Series Basement Till Bridlington Member Basement Till Chalk rubble

Basement Till Sub Basement Clay Chalk rubble Basement Till

Basement clays of Chalk rubble
Holderness Sneeton Shell Bed

Table 2.2. Summary of nomenclature used to describe Devensian glacial deposits in eastern England. Adapted from Straw, 1979; Madgett & Catt, 1981;

Evans et al. 2001.
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Chapter 3: Methods

3.1 Introduction

This chapter reviews the methods used during sample collection and analysis for the
geochemistry and particle size analysis. A background into previous geochemical
research in the literature is provided, which includes justification for the methods used
in this thesis. Evaluation of the errors associated with the sampling and laboratory

methods used is presented towards the end of this chapter.

3.2 Field Methods

3.2.1 Section logging

Exposures of diamictons, sands, clays and gravels were logged in detail using sketches,
vertical lithofacies logs and photographs. The sections were examined in detail with
regard to structural characteristics, sediment architecture, sorting and texture, bed
contacts, unit geometry, and colour using a Munsell Colour Chart, to provide a
sedimentological context for the geochemical data. This data was logged using
lithofacies codes adapted from Benn and Evans (1998), Eyles et al. (1983) and Kriiger
and Kjaer (2000), which are listed on p52. The results were used to identify facies

associations at each site for more detailed analysis and interpretation.

3.2.2 Sampling Strategy

In locations such as Skipsea and Dimlington, the extensive cliff exposures, displayed
lateral and vertical changes in sedimentology and stratigraphy. For example,
intervening laminated sand or clay units were found at some sections, but disappeared
laterally along the cliffs. The relative thickness of these units also changed laterally.
Therefore, at each site, samples were taken from more than one section in order to
obtain a broader picture of the sediment assemblages found. This also facilitated inter-
site comparison and inter-section comparison at the same site. The location of each
section was chosen carefully in order obtain a collection of samples representative of
the location as a whole. However, in practice, the choice was often determined by the

availability of suitable sections. Slumping was widespread along the coastal cliff
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sections of east Yorkshire, and many of the sections that were not slumped were too

vertical to sample safely.

Where possible, sampling was carried out along a continuous vertical transect, but due
to the availability of suitable sections at some locations (Skipsea, Dimlington and Filey)
this was often impossible. Therefore some sections are based upon two or more sub-
sections that are in close proximity and can be correlated up the cliff. Sampling was
systematic where possible and taken at 0.5m intervals. However, at some sections more
detailed sampling was carried out in order to include all the changes in sediment type or
composition. The height of each sample was recorded, and its location logged on a field

sketch or lithofacies log.

3.3 Geochemical Analysis

3.3.1 Background

Geochemical exploration has been fundamental to Quaternary glacial geological
research in Canada since the 1960s. Originating in Fennoscandinavia, the technique of
glacial indicator tracing was developed through a need for better methods of mineral
exploration in glaciated terrain. Rapid advances in Canada since this time have
revolutionised the mineral industry through focussing on the provenance of glacial
sediments, which can indicate the source of a particular ore (Shilts, 1993). The
increased use of drift geochemistry in particular, has led to the detection of a large
number of dispersal trains, which have not only led to the discovery of several new ore
deposits, but have also provided new data on the flow directions of past ice sheets
(Saarnisto, 1990). For example, based upon increasing support from drift compositional
studies around Hudson Bay the concept of a single-domed Laurentide Ice Sheet was
replaced by that of a multi-dome model (Shilts et al., 1979; Dyke et al., 1982; Shilts,
1993).

The distribution of particular elements within glacial deposits is influenced by the
presence of certain minerals. Minerals are released from rocks through weathering
processes and mechanically through glacial erosion. Glaciers initially erode fragments
of bedrock which are subsequently ground into smaller grains by abrasion and thus the

geochemistry of glacial sediments is directly associated with the geology of the bedrock
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over which a glacier flows. Therefore, in general, it is only the finer fractions of the
matrix that will contain a rich assemblage of elements and glacial sediments that have
been deposited close to their source area are likely to be geochemically immature
(Burek & Cubitt, 1991). Glaciers disperse material in a way that the peak of a particular
mineral concentration occurs at or soon after its source, and then decreases in the form
of an exponential curve. Reconnaissance scale sampling in Canada aims to find the
dispersal ‘tail’ of this pattern (Shilts, 1976). In areas of cross-cutting ice flow, the
signal may be much more complicated, where this pattern is affected by the underlying
older flow units (Veillette, 1986; Bouchard & Marcotte, 1986; Klassen & Thompson,
1989). Prior glacial knowledge of the area is therefore vital in recognising the effects of

contrasting stratigraphic units (Saarnisto, 1990; Shilts & Kettles, 1990).

Post-depositional weathering has a significant effect on the composition of tills and it is
also important to understand the vertical changes that this may cause (Shilts & Kettles,
1990). This importance is highlighted in Holderness, where Madgett and Catt (1978)
showed that the differences between un-weathered and weathered till from the same unit
had led to its division into two stratigraphic units believed to have different
provenances. Burek and Cubitt (1991) stress the importance of rock type and climate in
influencing weathering. Differences in the degree of processes such as leaching and
oxidation in tills are likely to be a function of their geochemical composition. For
example, calcium compounds such as CaO and CaCOs are soluble in acidic conditions
and so are easily leached in a wet temperate climate, whilst silica remains stable in most
conditions (Burek & Cubitt, 1991). Several authors therefore suggest that direct
sampling of weathered drift for prospecting purposes is likely to yield uninterpretable
results due to the over-representation of stable minerals (Shilts & Smith, 1989; Shilts &
Kettles, 1990). However, in this research samples were collected from weathered till in
order to assess changes in matrix geochemistry between weathered and unweathered

samples.

It has also been proposed that the range of grain sizes used for geochemical
investigations can also affect the suites of elements found. Whilst Burek and Cubitt
(1991) suggest that it is only the finer grain-size fractions that will yield a rich
assemblage of elements, studies have shown that these finer fractions may be biased
towards the dominance of less-resistant minerals (Dreimanis & Vagners, 1969, 1971a,b;

Broster, 1986). Other studies have also shown differences in weathering effects
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depending on the grain size fraction (Shilts & Kettles, 1990). In this research
geochemical samples were taken from a grain size range of less than 2mm, in order to
provide a wider range of grain sizes, therefore reducing bias towards less-resistant

minerals and not isolating particular weathering effects.

In Canada, although most studies have used geochemical analysis to map concentration
patterns of elements over a whole region, some used geochemistry to differentiate
stratigraphic units within a vertical section (May & Dreimanis, 1976; Broster, 1986;
Steele et al., 1989). Although several studies have suggested that till composition
transitionally changes upwards from locally to more distally derived sources (Moran,
1971; Shilts, 1978), most geochemical studies of vertical sequences have used the
technique to focus on differentiating between stratigraphic units (e.g. May & Dreimanis,
1976; Steele et al., 1989). The current research presented in this thesis differs from
these studies since it uses a more objective approach to geochemical differentiation.
Geochemical groups will be decided based upon the results of cluster analysis (cf
Section 3.3.3), rather than comparing the geochemical differences between pre-defined

till units. This it is hoped will provide a more objective approach.

In the U.K., the use of geochemistry has been limited and has not occurred on such a
large scale. A number of studies have investigated changes in heavy mineral and
calcium carbonate composition (e.g. Madgett & Catt, 1978; Perrin ef al., 1979; Lee et
al., 2004), but very few have utilised trace elements. The most extensive use of
geochemistry has been undertaken by Burek (1985a,b; Burek & Cubitt, 1979, 1991) in
relation to the mid-Pleistocene tills in Derbyshire. Multivariate statistical analysis
showed that the British tills in Burek and Cubitts’s (1991) study could be divided into
three groups. A major division between most British tills was caused by the amount of
CaO and it associated trace element Sr within each till. Tills from the western side of
the Pennines grouped together with low CaO percentages (less than 10%), whilst
calcium-rich tills in eastern England were also grouped together, demonstrating the
importance of local bedrock geology in till geochemistry. Tills from Derbyshire formed
the third group being too calcareous to be assigned to the western till group, but too
different in general element suite to be similar to the eastern tills, again inferring a local
origin for tills deposited in this area and supporting an argument that the influence of
the North Sea and Irish Sea ice was limited in the production of tills in North
Derbyshire.
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More detailed principle component and cluster analysis was able to subdivide the
Derbyshire tills further. Principal components analysis found that the main component
represented the influence of shale and dolerite on the tills, the second component
represented the clays versus non-clays and the third component represented a carbonate
versus non-carbonate association. Results of the cluster analysis divided the tills into
seven cluster groups, which predominantly corresponded to their location, again
demonstrating the importance of local geology in the composition of tills. This research
therefore highlights the applicability of multivariate statistical analysis for examining
this kind of data and a similar approach will be used to analyse the data set in the

current research (cf. Section 3.3.3).

3.3.2 Laboratory Methods

Sample Preparation

All samples taken in the field were analysed for geochemistry. Approximately 3g of
each bulk sample matrix (< 2mm) was taken and placed in a -80°C freezer overnight.
After a subsequent 24 hours of freeze drying, the samples were crushed in a planetary
ball mill (Fritsch Pulverisette 6) and stored at 20°C in a desiccator. An extraction
program based on EPA method 3052 was used. 250mg of each sample was weighed
into an HF resistant microwave extraction vessel. The internal wall of each vessel was
rinsed with 5Sml of deionised water to remove any sample from the sides, 2ml of
concentrated hydrogen peroxide (100 volumes = >30% w/v) was added to dissolve any
organic material, and the samples left to react overnight. 9ml of HNO;, 3ml of HCL,
and 2ml HF were then added (EPA method 3052) to dissolve the sample. The vessels
were then capped and placed in a MARS pressurised microwave extraction system
(reaching 180 + 5°C in less than 5 minutes and remaining at this temperature for 9.5
minutes). The samples were left to cool to 40°C before being removed, and were
subsequently filtered into Class A 100ml plastic volumetric flasks through pre-washed
Whatman 542 filter paper, and made up to the mark with deionised water. An
appropriate aliquot of this solution was taken and made up to 90ml with 2% v/v nitric
acid in a 100ml plastic volumetric flask. 1ml of the appropriate internal standard
solution was then added to the flask and the solution made up to the mark with more 2%

v/v nitric acid.
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ICP-MS Total Metals Extraction (HF-HCL-HNQO;)

Initial investigation of suitable elements for the study was undertaken using the ICP-MS
Total Quant method, which uses a semi-quantitative technique to estimate element
abundances. This method was carried out on twelve selected samples from Skipsea.
Elements were selected which had substantial abundances in all or most samples, or
elements that showed significant changes between samples. The suite of elements
requested was: high abundance — Al, Ca, Fe, K, Mg, Na, P, Si, Ti; low abundance — Ag,
As, B, Ba, Be, Bi, Cd, Ce, Co, Cr, Cu, Ga, Li, Mn, Mo, Nb, Nd, Ni, Pb, Rb, Sb, Se, Sn,
Sr, Th, TI, U, V, Y, Zn, Zr (see Appendix i for full element names).

The ICP-MS settings and internal standards for the Total Metals Extraction were based
on EPA method 200.8 r5.4, and the internal standards included Rhyg3, Tbyse, Rejgs and
Inys. The internal standards gave a final concentration of 50ppb in both standards and
samples, and the suite was split into two runs, for high abundance and low abundance

elements.

3.3.3 Statistical Methods: Cluster Analysis

Hierarchical cluster analysis was used in this research as a means of assembling the
samples into groups containing similar suites of elements. The technique was used as
an exploratory data analysis tool (StatSoft, 2007), rather than a tool for data reduction
(Rogerson, 2001). For this purpose, a number of clustering methods were used to assess
the geochemical similarity of samples independently from the method of clustering
used. Due to the quantity of data, cluster analysis was initially performed for each
location separately and groups of geochemically similar samples were established at
each location. The dissimilarity level at which cluster groups were selected was guided
by the level of similarity shown by repeat samples (c¢f/ Section 3.5.1). The ‘cut-off’
level was also chosen based on a dissimilarity that would produce meaningful
groupings. Once the cluster groups had been decided, the abundances of each element
within a group were averaged, and cluster analysis was performed on these group
averages to determine which groups and locations were similar. All the methods were

performed using the statistical program Stata.
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Cluster analysis was first performed using the complete linkage method. Initially,
individual samples represent their own cluster, and the distance between the samples is
determined by the chosen distance, in this case the Euclidean distance. The Euclidean
distance measures the geometric distance in multidimensional space (StatSoft, 2007),
where the larger the distance the higher the dissimilarity between groups (Davis, 2002).
Once clusters of samples have been formed, the complete linkage method determines
the distance between cluster groups using the maximum distance of any two samples in
the two clusters (Rogerson, 2001; StatSoft, 2007). The method was chosen since it
produces good cluster groupings when the samples fall naturally into distinct groups
(StatSoft, 2007).

However, it soon became apparent after producing some preliminary clusters that
although most samples formed groups, some formed “chain” type clusters. The use of
the complete linkage method is less appropriate for chain-type data (StatSoft, 2007), and
therefore Ward’s method was used as an alternative method of cluster analysis. This
method merges clusters that result in the smallest increase in the sum of the squares of
the new cluster, and as a result minimises the within-group variability (Rogerson, 2001).
For this method, the squared Euclidean distance was used to measure the dissimilarity.
By squaring the standard Euclidean distance greater weight is placed on samples that
are further apart, creating more defined clusters (StatSoft, 2007).

Euclidean distances can be significantly affected by the differences in scale, and the
distance is most affected by variables with large magnitudes (Davis, 2002; StatSoft,
2007). To avoid this bias, the data was transformed into z-scores in order to standardise

the data, where a z-score is defined as:

where: x = sample

X = sample mean

s= J sample variance = sample standard deviation

A z-score can be interpreted as “the number of standard deviations an observation is

away from the mean” (Rogerson, 2001, p.7). Initially, z-scores were calculated for each
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element using all of the data. This meant that the mean used in the calculation was a
mean for all the abundances for that element. Since over one hundred samples were
taken at Dimlington compared to only two at Morston, it became apparent that locations
where a large number of samples had been taken were likely to bias the z-scores, and
therefore influence the cluster analysis. Since variation within locations was
investigated first, before comparison with other locations, z-scores were also calculated
for individual locations, to remove any bias. The results shown in Section 4.3, do show
significant changes in the cluster groups at each location using combined z-scores and
individual z-scores, although the most significant differences occur at the larger sites,
perhaps due to the larger number of samples and clustering possibilities. However,
although using individual z-scores removes the influence of other locations, it hinders
comparison between locations, since the Euclidean distances are no longer comparable.
The advantage of using combined z-scores is that the same dissimilarity level for
clusters at each location can be used to produce overall geochemical groups in the
study. Consequently the complete linkage and Ward’s methods for cluster analysis
were both carried out using combined and individual z-scores, creating four different

cluster dendrograms and geochemical groups.

3.4 Particle Size Analysis (< 2mm)

Samples used for less than 2mm matrix particle size analysis were selected at roughly
Im intervals from the vertical log. This interval was again increased or decreased
depending upon the complexity of the section. For samples at most locations, an
appropriate mass of < 2mm matrix was removed at random from the selected bulk
samples (for clays ~ 0.2g, diamictons ~ 0.6g, sands > 1g) and placed in a 50ml test tube.
However, due to initial experimentation with the sampling and sieving strategies for
particle size, the method used for Skipsea samples varies from the rest of the study.
Bulk samples were wet-sieved by hand through a 2mm sieve, and sediment below 2mm
was retained with the intention that once dry a small sample of this matrix would be
selected using a riffle box for particle size analysis in the coulter granulometer.
Problems with sample aggregation while drying meant that this method was unfeasible
and very time-consuming. In order to shorten the length of time required, samples were
taken from a thoroughly mixed wet sample of the < 2mm matrix. Errors associated with

this method are discussed in Section 3.5.2.
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An excess of 20ml of 20% hydrogen peroxide was added to each sample, and then
placed in a boiling water bath until all the organic material had been dissolved (at least
overnight). The samples were then topped up to equal levels with distilled water and
centrifuged at 4000rpm for 4 minutes. The supernatant water was decanted off and the
process repeated to ensure all remaining hydrogen peroxide was removed as this can
affect the coulter results. 20ml of distilled water was then added to each tube along

with 2ml of sodium hexametaphosphate solution as a deflocculant.

Samples were analysed for particle size using the Beckman Coulter LS 13 320 Laser
Diffraction Particle Size Analyser. Two runs were carried out for each sample and an
average taken provided that the results graphs were similar. Personal judgment was
used to determine this. If the results were too dissimilar two more runs were undertaken
and compared. If, after six runs, none of the two runs were similar, an average of all six

was taken.

3.5 Errors

3.5.1 Geochemical Analysis
Sampling Error

In order to assess the error in sub-sampling a particular bulk sample, five sub-samples
were taken from sample D5.12 using the method described in Section 3.3.2. Standard
deviations for the abundances of each element are shown in Table 3.1. Variation
between the repeated samples appears relatively high, which means that there may be
some variation within the matrix geochemistry within a relatively small volume of

diamicton.

Cluster analysis using both the complete linkage and Ward’s methods (¢f Section
3.3.3.) was performed on the repeated samples. First the repeated samples were added
to the data from all the sites instead of the average for D5.12 used in the main analysis,
and z-scores were calculated. Figure 3.1 shows the cluster dendrogram for the repeated
samples. Although the z-scores used in this cluster analysis are not identical to those
used for the combined z-score cluster analysis, they are similar enough that they can be

used to identify a level of similarity from which cluster groups in the main analysis can
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be classified. All five repeated samples cluster together at a Euclidean distance of just
above 5, and a squared Euclidean distance of 31. Therefore samples in the study that
cluster below 6 or 40, respectively, are assumed to be similar. The repeated samples
were also added to just the Dimlington samples, and z-scores calculated. The repeated
samples were again clustered using these z-scores (Figure 3.2) and identified a level of
dissimilarity of just over 5 (Euclidean distance) and 30 (squared Euclidean distance) for

clustering the Dimlington samples based on individual z-scores.

Cluster analysis was also performed on all the Dimlington samples, including the
repeated samples. Using the complete linkage method, cluster dendrograms from
combined and individual z-scores show four out of the five repeated samples clustering
together, where only sample D5.12¢ clusters in a very different cluster group to the rest.
Both Ward’s method cluster dendrograms cluster three of the repeated samples together,

and the remaining two cluster with these three at a very low dissimilarity level.

Therefore although the standard deviations for the repeated samples are high and
indicate variation between the repeated samples, the variation between them is not as
great as between other samples. Consequently, the sampling technique used for the
geochemical analysis produces results that can be assumed to be representative of the
bulk sample, and that can be used to reliably distinguish groups of similar samples using

cluster analysis.

Sample ID Na Mg Al Si K Ca Ti Fe P
D5.12a 4519.54] 4313.89) 30665.10| 215111.73| 17022.86] 30052.55] 3335.89] 30020.60] 654.44
D5.12b 3735.98| 3697.29] 28490.06] 191130.31] 16179.07| 29342.01] 3245.86] 28991.02] 917.84
D5.12¢c 3848.33| 5093.24| 36392.71] 211335.68] 16588.77| 27825.55] 3374.06] 28589.66] 1344.78
D5.12d 3286.47| 3493.72| 28164.68] 192330.83] 15482.71| 28759.79] 3227.12] 28536.02] 1943.68
D5.12¢ 4848.31] 4530.05] 31754.99] 216238.04] 18863.37| 34257.21] 3641.41] 32041.19] 1035.74

SD 628.49] 645.77] 3318.83] 12462.89] 1271.70] 2490.72] 166.23| 1470.85] 493.99

Li Be B \' Cr Mn Co Ni Cu Zn As Se Zr Nb Mo
65.28] 1.96] 77.66] 83.43] 87.04] 456.29] 11.72{ 36.37| 19.44| 73.34] 11.84] 2.37| 127.89| 11.64| 1.24
57.25] 1.53| 57.29| 70.93] 72.00] 435.04] 10.16] 30.40| 15.91| 89.48] 10.35] 1.41] 106.62] 9.71] 0.98
56.91] 1.59| 61.55| 69.89] 74.75] 346.91] 9.91] 29.36] 17.54] 66.74] 12.25| 0.88] 111.24] 9.95] 1.02
62.30] 1.73] 66.38] 77.91] 82.96] 404.91] 10.72] 32.33] 19.562| 58.73] 9.57] 0.23] 117.60] 10.59| 1.24
78.87] 2.06{ 84.51] 97.20f 98.08] 541.33] 13.53| 40.88] 25.34} 83.67] 10.19| 1.95] 149.89| 13.41] 1.39

8.96] 0.23{ 11.34] 11.14] 10.40 71.43] 1.47] 4.75] 3.56] 12.44] 1.15] 0.85] 17.19] 1.51] 0.17

Al Cd | Sn | Sb | Ga Rb Sr Y Ce Nd Pb Bi Tl | Th U Ba

0.38] 6.36] 2.67| 0.66] 24.45| 55.97) 223.84] 7.83| 39.31] 12.59] 16.54| 0.07f 0.50] 4.02| 2.21| 284.21
0.31] 6.79] 1.46] 0.51| 20.82| 54.15| 195.76] 6.50] 34.04] 11.13] 13.98| 0.09| 0.44| 3.31] 1.81] 248.77
0.29] 6.81] 1.31] 053] 21.25] 38.30| 176.24| 7.81| 34.66] 10.73] 14.08] 0.05] 0.42] 4.01] 1.78] 256.75
0.78] 6.24] 1.70] 0.57| 23.24| 50.64| 204.87| 7.15] 35.61] 11.22] 16.28]| 0.39| 0.44| 3.64] 2.02] 275.13
0.54] 0.63] 3.26] 0.75] 27.13] 57.05| 249.79| 7.98f 42.38| 13.89] 18.98] 0.17] 0.56| 4.05] 2.42| 310.66

0.20] 266] 085 0.10] 2.56| 7.20] 28.03] 0.62| 3.55| 1.31] 206/ 0.14] 006] 032] 0.27] 2438

Table 3.1. Standard deviations associated with element abundances for the repeated sample
D5.12.
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Laboratory Error

Table 3.2 shows the minimum and maximum errors associated with the ICP-MS Total
Metals Extraction method. All high abundance elements, except phosphorus (P) show
reasonable percentage errors; maximum errors are around 7% or lower and the medians
are no more then 2.2%. Phosphorous is unreliable due to molecular interferences. EPA
Method 200.8r5.4 uses nitric acid (cf Section 3.2.2), and ions such as NOH*, NNH" and
NO" may have interfered with the detection of phosphorus ions. A number of low
abundance elements also show very high percentage errors. These errors mainly occur
for elements where the abundance drops below 1ppm in particular samples. The higher
uncertainty at low abundances is due to the insensitivity of the ICP-MS machine at these

low levels.

The elements with high errors due to very low abundances are Be, As, Se, Mo, Ag, Cd,
Sn, Sb, Y, Ce, Nd, Bi, Tl, Th, U. Most of these elements, apart from thallium (T1), also
have higher abundances in other samples, which produce much smaller percentage
errors. This is shown by the much smaller median percentage errors for these elements,
some of which are below 10%. To not include these elements in the cluster analysis due
to the large percentage errors in a relatively small number of results could potentially
bias the cluster analysis results in favour of the more abundant elements. This may lead
to the omission of critical trace elements. For example, abundances for Se and Ce range
from 0 to 40 or 60 ppm, therefore even when errors of around 0.2 ppm for low
abundances are taken into account, the change in abundance between the low and high
abundance samples is still significant. Therefore it may be unhelpful to remove
elements like these based on their high percentage errors. However, elements such as
T1, have much smaller ranges and therefore changes in abundance between samples may
not be as much as the error associated with them. The abundances are, however, so low
that they are unlikely to significantly affect the results of the cluster analysis. However
samples or groups of samples will not be compared in terms of their abundances of
these high error elements, nor will they be used in comparisons between abundances of

one element and another.
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Element| Min % Error|Max % Error| Median
Na 0.20 4.13 1.57
Mg 0.12 7.56 2.11
Al 0.04 7.08 1.14
Si 0.02 2.01 0.70
K 0.05 2.75 1.14
Ca 0.02 5.78 1.72
Ti 0.15 7.80 1.76
Fe 0.04 5.50 1.51
P 0.40 200.41 15.96
Li 0.33 5.57 1.77
Be 6.69 990.33 14.97
B 0.32 12.38 2.94
\4 0.29 448 1.68
Cr 0.22 5.44 1.83
Mn 0.06 3.53 0.86
Co 1.36 11.91 3.34
Ni 0.63 9.53 2.96
Cu 0.95 6.84 2.86
Zn 0.23 11.26 2.33
As 1.78 93.44 7.61
Se 1.56 3462.73 50.48
Zr 0.22 11.90 1.58
Nb 1.13 15.21 3.10
Mo 8.99 67.55 21.76
Ag 9.81 315.98 40.37
Cd 2.20 381.41 10.53
Sn 5.14 37.71 14.00
Sb 3.07 134.86 33.68
Ga 0.73 7.83 2.43
Rb 0.43 9.30 2.14
Sr 0.07 3.01 1.01
Y 1.64 1603.81 7.10
Ce 0.52 310.94 1.86
Nd 1.47 5014.06 7.92
Pb 0.29 6.74 2.23
Bi 9.77 536.42) 101.43
Tl 25.46 2879.88 49.09
Th 2.50 1154.70 10.05
U 6.36 29.20 10.50
Ba 0.09 3.44 0.94

Table 3.2. Laboratory errors associated with ICP-MS Total Metals Extraction technique.
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At the time of sampling, the accuracy of the method of sampling used for the Skipsea
diamicton and gravel samples was uncertain, and therefore three repeated samples were
carried out for ten samples. Results are also shown in Figure 3.3. Although some
repeated samples appear very similar, there is a large amount of variation between
others. For this reason, particle size results for Skipsea will be treated more cautiously
in subsequent discussions. However, the results are still valuable. Figure 3.4 shows
particle size distributions for diamicton units at Skipsea with and without the repeated
samples. Although there are some differences, overall there is little change to the
clustering pattern of samples from each unit, especially in comparison to particle size

distributions from other sites.
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Figure 3.4. Particle size distributions of Skipsea diamictons and repeated samples by
facies, A) without repeated samples, B) with repeated samples.
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Laboratory Error
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Figure 3.5. Standard deviations associated with repeated coulter runs, A) by location, B) by
sediment type at Skipsea, C) by site at Skipsea.

As discussed in Section 3.4, particle size results from the coulter granulometer are the
average of two or more runs. Standard deviations were calculated for % volume of each
particle diameter interval produced by the coulter. Figure 3.5 shows the range of
standard deviations for all samples at each site. In general standard deviations for most
sites are below 0.5 % volume and most are very close to zero, indicating that the coulter
granulometer was able to precisely replicate results. However, some results for Skipsea
produced much larger errors of up to 3.2 % volume. Most diameter intervals have %
volumes of 3 or less, and therefore this is a significant error. Further investigation
shows that these high standard deviations occurred within the diamicton samples and

across Sites 1 to 3 (Figure 3.5). They also mainly occurred in the grain size range 36.24
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— 110.99um where in fact % volumes are generally higher (up to 7% of total volume),
thus decreasing the significance of this error slightly. Nonetheless, there are still large
differences between individual runs within the Skipsea data. This is highlighted by the
fact that Skipsea was the only location where an average of six runs needed to be taken
for some samples due to none of the paired runs being similar enough. Dimlington
samples also contained some larger differences, where often the third and fourth runs
were averaged, compared to smaller standard deviations at locations where the first and
second runs were very similar. Coulter precision problems may be due to a number of
factors, but significantly, all the Skipsea and some of the Dimlington samples were
analysed when the water temperature going into the machine was very low, due to
winter temperatures outside. This is likely to have had a significant effect on the
machine. However, it is unclear why it would affect diamicton samples only, perhaps
due to the larger range of grain sizes present. In general the largest differences between
the two coulter runs did tend to occur in the larger grain size range (see Figure 3.6), and
standard deviations were overall higher in this area. This indicates that the coulter

granulometer may become less precise (and potentially inaccurate) as particle diameter
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Figure 3.6. Particle size distribution of sample SF1.2 including limits (in orange) to 1 S.D. The
distribution curve and its limits are typical of a large proportion of particle size distributions in
this study.
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3.6 Summary

Field Methods: Sections were logged and lithofacies identified according to structural
characteristics. Sampling took place along vertical transects at 0.5m intervals for

geochemical analysis and every 1m for particle size analysis.

Geochemical Analysis: The strategy used for the selection, preparation and analysis of
the geochemical samples was chosen according to previous geochemical research and
four key points were identified. Firstly, whilst the majority of studies in Canada
recommend avoiding direct sampling from weathered till, since post-depositional
weathering has a significant effect on the composition of tills, the current research
collected samples from weathered till in order to assess changes in the composition of
the weathered and unweathered samples (e.g. within the Withernsea Till). Secondly, the
range of grain sizes used for geochemical investigation has also been argued to have an
effect on the range of elements found and therefore, this research chose a broad particle
size range of 2mm and under, to avoid biasing the sample towards particular groups of
elements. Thirdly, although most geochemical research has investigated regional
geochemical patterns, several show the applicability of the technique for investigating
changes in till composition upwards in a sequence. Although this research uses this
approach, its method differs, as it aims to differentiate stratigraphic groups based upon
their geochemical signature rather than comparing pre-defined units. Finally, research
in Britain by Burek (198a,b; Burek & Cubitt, 1979, 1991) highlights the applicability of

multivariate statistical analysis for analysing geochemical data.

Laboratory and Analytical Methods: Geochemical analysis was undertaken using
ICP-MS Total Metals Extraction using EPA method 200.8 r5.4. Results were analysed
by hierarchical cluster analysis using both complete linkage and Ward’s methods.
Samples of grain size less than 2mm were also analysed for particle size using the
Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyser.

Errors: Geochemical: Standard deviations of geochemical results for repeated samples
appeared high indicating some variations between samples. Cluster analysis, however,
demonstrated that compared to other samples, the variation between the repeated

samples is less significant. Therefore it can be assumed that the sampling technique
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used produces results that are representative of the bulk sample and that can be reliably
used to differentiate groups of geochemically similar samples. Investigation of
laboratory errors shows that there are large errors associated with elements with very
low abundances. Particle size: The assessment of sampling error in particle size
analysis demonstrates that most repeated samples produced similar results. However,
some differences may have been caused by the accuracy of the sampling method for
Skipsea. Investigation of laboratory errors reveals that although most standard
deviations are very low, there are some precision problems in the Skipsea and

Dimlington data sets and in samples containing a higher proportion of larger grain sizes.
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Chapter 4: Resuits

4.1 Introduction

This chapter is divided into three parts. Section 4.2 ‘Section Descriptions’ provides
vertical lithofacies logs, séction sketches, annotated photographs and sample locations
for the sections investigated at Dimlington, Skipsea, Filey Brigg, South Ferriby,
Kirmington, Welton-Le-Wold and Morston and establishes facies associations for the
diamicton units found. Lithofacies codes, adapted from Benn and Evans (1998), Eyles
et al. (1983) and Kriiger and Kjaer (2000), were used to describe the physical properties
of the sediments found at each site. A key to lithofacies codes used is provided below
in Figure 4.1. Lithofacies descriptions were then used to identify facies associations
based upon sediment characteristics such as structural characteristics, sediment
architecture, sorting, texture and colour. Summaries of each facies association are

provided at the end of each site description.

Section 4.3 ‘Geochemical Analysis’ displays and discusses the geochemistry results and
uses cluster analysis to determine geochemical groups of similar diamictons, initially at
each site, and then compares geochemical signatures between sites (see Appendix ii for
graphs of element abundances by site). Section 4.4 ‘Particle Size Analysis’ provides the
results of particle size analysis on the fraction of the diamicton matrix below 2mm.
These results are discussed in terms of their comparison to lithofacies established in

Section 4.2, and geochemical groups established in Section 4.3.
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Diamictons

Dmm Matrix-supported, massive

Dml  Matrix-supported, laminated
Dmh Matrix-supported, heterogeneous
Dcm  Clast-supported, massive

Granules

GRh Horizontally bedded
GRms Matrix-supported, massive
GRp Cross-bedded

---(1) Clast poor Sands
-«(2) Moderat ,
___23; c1(;ste Ir-?cﬁ Sh  Horizontally/plane bedded or
low angle cross-lamination
Gravels S1 Horizontal and draped
lamination

Gms  Matrix-supported, massive
Gm  Clast-supported, massive
Gh Horizontally bedded

Glg  Gravel lag

Sm Massive

Silts and Clays

Fl Laminated
Fm Massive

Figure 4.1. Lithofacies codes. Adapted from Benn and Evans (1998), Eyles et al. (1983) and
Kriiger and Kjaer (2000).

4.2 Section Descriptions

4.2.1 Dimlington (TA 398208 — 386223)

The Dimlington cliffs are situated a couple of miles north of the village of Easington,
and can be accessed immediately after the Dimlington gas terminal on the coastal road
to Holmpton. The coastal sections at Dimlington provide some of the most complex
stratigraphy on the east coast of England, where the Basement, Skipsea and Withernsea
Tills are all present, as well as inter-beds of sands, silts, clays and gravels.
Consequently, eleven sites were studied at this location (Figure 4.2). Sampling took
place at Sites 1 to 6 and Site 10, whilst sketches and logs have been produced for Sites
7, 8,9 and 11, to provide additional information which may be helpful in the analysis of

this location.

Site 1 is located at the top of the Dimlington cliffs south of Dimlington High Land
(Figures 4.2 & 4.3). The section is 3.5m deep, and the upper 0.5m shows extensive
pedogenesis. The diamicton is orange brown (7.5YR 4/2 — 7.5YR 3/4) and extensively
weathered with grey streaks providing evidence of gleying. The diamicton is clast rich,
although the majority of clasts are less than 8mm in size. Samples D1.1 to D1.5 were

taken in this section between depths of 3.5 and 1.5m before the diamicton became too
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Figure 4.2. Site log, Dimlington, including site locations. Compiled from visits to Dimlington in Nov 2006 and May 2007. Key provided on next page (p.54).
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weathered to be of any analytical value (Figure 4.3). Clasts are predominantly shale and
sandstone, as well as a great quantity of red marl and yellow sandstone. Limestone,
porphyry and quartz are also present, whilst chalk is only found in the lower, least

weathered part of the section.

Site 2 provides an interesting sequence of diamictons below a thick laminated sand unit
beneath Dimlington High Land (Figures 4.2, 4.4 & 4.5). Samples were mainly taken
upwards along a vertical transect, although some samples were also taken laterally in
order to capture all the changes in sediment composition that occurred in this section
(Figure 4.6). The lowest unit in this section (Facies 1) is a dark grey (10YR 4/1)
massive diamicton, and is predominantly rich in chalk clasts, although the lowest layers
contain much less chalk. It is unclear at what depth the unit descends to below the
beach, but from beach level upwards, the unit is 1.5m high, and a conformable boundary

separates it from a laminated diamicton above (Facies 2).

Facies 2 consists of a number of bands of diamicton, which are differentiated by
differences in colour and clast content. Initially, the diamicton in Facies 2 contains less
clasts than the Facies 1 diamicton, where the clasts are predominantly shale and
sandstone, with some chalk and limestone. The diamicton is also lighter in colour
(10YR 4/2). Laminations in Facies 2 are caused by changes in grain size and are
accentuated by differential weathering of the coarser material. They are laterally
discontinuous, and have concave bases. The first diamicton band is 1m thick and is
separated by a conformable boundary with a darker diamicton band (10YR 3/2), which
contains more limestone and chalk clasts. A thin, structurally massive, sand lamination
runs horizontally midway through this diamicton. In general, it is only a few
millimetres thick, but towards the centre of the section it thickens to about 1cm. A lens
of massive sand, also about 1cm thick, intrudes into the diamicton below from the sand
lamination in the centre of the section. A massive to heterogeneous diamicton (Facies

3) above Facies 2 is significantly lighter (10YR 4/2) and is rich in chalk clasts.

0.7m above the lower boundary of Facies 3, a thin discontinuous grey-black (Gley N/4)
diamicton band, 2-3cm thick, containing predominantly shale clasts and virtually no
chalk, is followed by a thin band of red diamicton, less than 1cm thick. Above the black
band, the diamictons are generally massive in structure, but vary dramatically in colour
from very light (10YR 4/2 and 10YR 5/2) to very red (7.5YR 3/2 and 5YR 4/4). The
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red diamictons occur as near vertical lenses within the more extensive lighter diamicton,
where they are separated by sharp boundaries. The lens of very red diamicton (5YR
4/4) is full of clasts and contains a significantly larger proportion of clasts over 16mm
(which are predominantly sandstone) than any of the other diamictons. In addition,
there is a small pod of very white (5Y 7/1) clay, pinched at either end situated within the
light diamicton. Colour varies gradually within the light diamicton body, and clasts

within it are mainly shale and sandstone with some chalk.

A discontinuous layer of matrix supported gravels/granules, of mainly shale, rests on
top of Facies 3, but also descends within the unit as lenses and pendant structures. The
seaward side of Facies 3 is particularly dominated by gravels, where lenses are
intermixed with lenses of sandy clay. Where the layer of gravels is not present along
the upper boundary, the light coloured diamicton grades into a 1.2m thick unit of
horizontally laminated clays (Facies 4). These clays then grade into horizontally
bedded sands, where layers of sand occurring in between the clay become progressively
denser upwards, until the clay laminations stop entirely. The laminated sand unit
continues upwards for at least a 1.5m, after which slumping causes the upper boundary

of the sand to be unobservable.

Site 3 is 30m north of Site 2 and contains a similar, yet less complex sequence (Figures
4.2 & 4.7). Facies 1 (dark grey (10YR 3/2), massive diamicton) is visible up to 0.8m
above beach level. The diamicton is again clast rich, especially in chalk, and includes a
body of massive, lighter (10YR 4/2) diamicton, which is even richer in chalk and
limestone than the surrounding diamicton. Above Facies 1, a laminated clast-poor
diamicton occurs (Facies 2), containing predominantly shale and sandstone clasts. Here
the laminations occur as thick layers of diamicton, 10 — 20cm thick, which fine upwards
and are denoted by the erosion of coarser lamina between them. Two diamicton bands
occur within Facies 2 at this site, one after 1m and the other after 1.5m. The first is rich
in fine small clasts, whilst the second is distinguished by a change in colour to blue-grey
(2.5Y 3/2). A thin continuous dark (10YR 3/1) diamicton band separates Facies 2 from
a light brown (10YR 4/2) massive diamicton above it (Facies 3). This diamicton is
clast-rich, especially in chalk clasts and contains a stringer of chalk, which runs roughly
horizontally for about 1m half way up the 1.2m thick section. Unit 3 progressively
grades into horizontally laminated clays (Facies 4) of the same colour. These clays

reach a maximum thickness of just under 1m before they grade into horizontally
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laminated sands in the same way as those at Site 2. Samples were taken from the three

diamicton units and from the laminated clay unit above (Figure 4.7).

Due to a large slump at the base of Site 4, the visible section begins at 5.4m above the
beach (Figures 4.9 & 4.10). The lowest unit visible is a dark grey-brown (10YR 3/2)
clast-rich diamicton (Facies 2), containing mainly shale and sandstone clasts with very
little chalk. This diamicton is discontinuously stratified, where 5-10cm thick diamicton
layers are separated by a similar thickness of sandy clay of the same colour. These
layers are weakly folded upwards. The visible section of Facies 2 is only 0.3-0.5m thick
above which Facies 3 occurs. The lowest band of diamicton in Facies 3 is lighter than
Facies 2 (10YR 3/3), much richer in chalk and massively bedded for 0.3m. Between 6.2
and 6.6m above beach level, an area of mixed diamictons occurs, where patches of a
light purple (10YR 4/3) diamicton are intermixed with patches of a dark purple-brown
(7.5YR 3/2) diamicton. Chalk is present in both diamictons, although there is a slightly
higher proportion in the lighter diamicton. At the southern end of the section, it reaches
a maximum thickness of 0.55m, whilst it thins northwards towards the underlying
diamicton. When it reaches a thickness of 0.15m, it merges into a layer of white chalky
diamicton, which contains very few other clasts, and continues thinning to a thickness
of lcm, before swelling out again and stopping abruptly. At this side of the section,
laterally discontinuous bands of white and red diamicton lie beneath the white chalk-
diamicton layer. The northern end of this layer also intrudes into a layer of light brown
(10YR 4/2) clast-rich massive diamicton, containing chalk, shale, sandstone, limestone
and quartz, which grades upwards into Facies 4 (laminated clays) at a height of 6.3-
6.5m. Laterally discontinuous 4cm thick lenses of sand occur 0.2m above the
diamicton/clay boundary. The horizontally-bedded clay laminations begin to grade into
horizontally-bedded sand laminations further up the sequence as at Sites 2 and 3, but the

actual sand unit is obscured by further slumping above.

Site 5 is the most northerly study site at Dimlington (Figure 4.2), where it was possible
to study 21m of vertical cliff section from the beach up to the cliff top. The section is
divided into four sub-sections, 5A, 5B, 5C and 5D, which combine to produce a
composite log (Figures 4.11-4.14). Samples taken at this site are shown in Figure 4.14.
At Site SA (Figure 4.12), the lowest unit (Facies 5) is a dark grey-brown, laminated
diamicton which extends 3m upwards from beach level. Laminations are caused by

discontinuous stringers of coarser sediment which have subsequently been preferentially
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weathered. It is sub-divided into two sub-units based on a change in colour from 10YR
3/2 to 10YR 4/2. The lower section is within the range of high tide level, and it is
therefore possible that the colour change simply represents a difference in moisture
content within the unit. However, the upper section is also slightly more clast-rich than
the lower section. A sharp boundary divides Facies 5 from the overlying diamicton unit
(Facies 6). The laminated diamicton within Facies 6 is distinctly browner (10YR 4/3)
than the lower unit. Laminations within this unit occur as subtle changes in matrix
colour and possibly also by changes in grain size, although further investigation is
required to clarify this. The initial 0.1-0.2m of this diamicton is clast-poor, but the clast
concentration rapidly increases upwards and the rest of the 1.6m thick unit is clast-rich.
A 0.1-0.15m thick band containing a very high concentration of clasts lies halfway up

this diamicton.

Above Facies 6, a 0.2-0.3m unit of gravels occurs, which is supported by a sand matrix,
and also divided in half by a thin layer of horizontally laminated sand. Horizontally
laminated clays (0.1-0.2m thick) of a darker brown than the under- and overlying
diamicton units occurs above the gravels. Immediately above the clays, within Facies 7
lies a 0.2m unit of heavily horizontally laminated diamicton. The diamicton contains
few clasts where those present are very small (<4mm). The matrix is very different
from the underlying clay, as it is made up of coarser grains and is much more
consolidated, resembling that of the overlying diamicton. It is separated from this
diamicton by a gradational, yet distinct boundary, where the diamicton becomes clast-
rich again. The two diamictons are the same colour (10YR 4/3), but laminations in the
upper diamicton become much more diffuse and the unit eventually grades into a
massive structure Laminations are again differentiated by subtle changes in colour,
although changes in grain size may also be possible. Study of Facies 7 continues at Site
5B (Figure 4.11) where the diamicton becomes lighter from 10YR 4/3 to 10YR 6/3,
again due to changes in moisture content within the diamicton. All the diamictons
within Facies 5, 6 and 7 contain predominantly shale and sandstone, with some chalk,

limestone, flint, porphyry and quartz.

At Site 5C (Figure 4.13), between 12 and 14m above beach level, bands of lighter
(10YR 5/3) and darker (10YR 4/3) diamicton occur. Changes in clast concentration
also occur within the bands, where the lighter bands contain an increase in clasts

especially chalk and limestone. Weathering of the diamicton first begins at around 16m
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Slumping at Site 7 reveals a vertical face of massive diamicton within which lie
discontinuous lenses of chalk, sand and silt (Figure 4.16). Laminations within the silt
and sand lens are also discontinuous lenses and display evidence of folding and
attenuation. Small lenses of chalk within the diamicton also exhibit folding. Further
evidence of folding occurs below the massive diamicton at the base of the sequence,
where the diamicton is heavily foliated and laminated. Just above beach level thick
horizontally-bedded laminations are revealed through the removal of coarser grained
laminations through wave action, demonstrating changes in grain size as the cause of
the laminations. Further up the sequence, the laminations become finer and display

some folding.

Another slump located in the southern section below Dimlington High Land, reveals a
complex sequence of diamicton sand and gravel units in the vertical face behind it at
Site 8 (Figure 4.16). Unfortunately, the section was too steep and high to enable
samples to be taken. A 3.5m thick unit of laminated, clast-rich dark brown diamicton
grades into horizontal to low angle laminated clay, where laminations in the diamicton
are caused by thin partings of a coarser grain size to the main diamicton matrix. The
laminated clay unit progressively coarsens into a dipping laminated sand unit. Between
5 and 5.5m above the beach, a sharp boundary separates a massive diamicton from the
sand below. At around 5.8m, a thin light band followed by a band of red diamicton
occurs continuously across the section. Immediately above them structures of smeared
chalk occur in the diamicton. This diamicton appears slightly lighter and browner than
the diamicton below the two bands. A sharp to gradational boundary divides the
diamicton from horizontally laminated sands and silts above. Planar cross-bedded
gravels rest above these fines, followed by a further unit of horizontally-bedded gravels.
The upper boundary of these gravels is undulating, above which lies a thick unit of
diamicton. The lowest 0.5m of this unit displays very fine, continuous, horizontal

laminations, which grade into a massive clast-poor diamicton.

Site 9 is situated between, and in close proximity to, Sites 8 and 2 (Figures 4.2 & 4.18).
The base of the section displays a dark grey-brown laminated diamicton, which contains
a lens of gravel at the lowest visible point. Laminations are caused by subtle changes in
matrix colour and possible thin (few grains thick) sand partings. The diamicton is
replaced by thin bands of white and then black diamicton followed by a thicker band of
red diamicton. Although the red band maintains a constant thickness through most of
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the section, it thickens at one end to present an area of mixing with a light grey
diamicton. A unit of horizontally bedded gravels, 0.2-0.4m thick, rests above the
diamicton bands, above which a unit of horizontally laminated clays grades into
horizontally laminated sands. A sharp boundary is observed between the sands and an

overlying diamicton unit.

Site 10 is located north of Site 4 below Dimlington High Land (Figure 4.2), where a
large slump near the base has exposed a clean section of sand and diamicton about Sm
above beach level (Figure 4.19). Despite most of the lower section being heavily
obscured and re-worked by the slump, a small outcrop reveals a similar sequence of
diamictons to those at Site 2 and 3. The lower diamicton (Facies 2) is clast-rich, dark
grey-brown (10YR 4/3 dry), and is diffusely laminated by subtle changes in till matrix
colour. A thin (5cm) black and then red band run through the diamicton at a height 2m,
above which the diamicton continues but is slightly lighter (10YR 5/3 dry) (Facies 3).
Facies 3 reaches a thickness of 1.2m above the black and red bands, before grading into
horizontally-bedded, laminated clays (Facies 4). As at Site 2 and 3 no colour change is
evident between the diamicton and clay units. Continuous, horizontally-bedded sand
laminations begin to appear within the clay around 3.8m from beach level and after a
clay thickness of 0.4m, where the unit rapidly grades into the overlying horizontally-
bedded sand unit.

Slumping then prevails over the outcrop and the sequence is obscured until just below
6m, where the sharp upper boundary of the sand is shown at the base of the vertical
face. It is evident from the slumped material that only sand is present between the two
viewable sections. A further unit of massive diamicton (Facies 11), containing mainly
shale, sandstone and chalk clasts, rests above the sand and is divided in two by a
laterally discontinuous, 0.4m thick, lens of gravels and laminated silts and clays, where
the internal structure of the sand and silts contains a series of discontinuous sand and silt
lenses. 0.1m below these gravels, a continuous band of red diamicton can be found
which pinches and swells along its length. The boundary between this red band and the
rest of the diamicton is faint and unclear in many places as it gradually merges into the
main diamicton body. Facies 11 is clast-poor and browner (10YR 3/2 moist, 10YR5/3
dry) than Facies 2 and 3, and remains the same directly above the gravel and silt unit.
Further up the sequence at 8m above beach level the diamicton and becomes much
redder in colour (7.5 YR 5/4 dry). Samples D10.1 to D10.5 were taken from the section
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