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ABSTRACT

This project focuses on reconstructing the glacial dynamics of the Tweed Valley
and surrounding area in the Scottish Borders and northeast Northumberland from
the glacial geomorphological record. Previous investigations in the region are
heavily descriptive and there has been little focus on reconstructing the regional
ice configuration, dynamics and style of retreat of this sector of the British Ice
Sheet. Geomorphological mapping from digital elevation models conducted in this
study has identified three main landform assemblages. Landform Assemblage A is
comprised of highly attenuated longitudinal subglacial bedforms, situated in an
arc to the north of the Cheviot Massif. Landform Assemblage B consists of
glaciofluvial and glaciolacustrine complexes found at the northeast edge of the
Cheviot Massif and on the North Northumberland Coastal Plain. Landform
Assemblage C is comprised of meltwater channels cut into the lower flanks of the
Cheviot and Lammermuir Hills. The geoamorphological data was supplemented by

sedimentological surveys at selected sites.

From the geomorphological and sedimentological characteristics of these
landforms, and also their spatial relationship with each other, inferences have
been made on regional glacial dynamics. The organisation of meltwater channels,
streamlined bedforms and eskers have been used to reconstruct regional ice flow
trajectories. It has been shown that a polythermal ice sheet existed, formed of a
warm-based, fast-flowing Tweed Ice Stream that was coalescent with the cold-
based Cheviot Ice Cap. It is proposed that the Tweed Ice Stream was diverted
southwards along the North Sea coast by the North Sea Lobe during the Late
Devensian. During deglaciation, which is inferred to have been relatively rapid,
the Bradford Interlobate Complex formed in the suture zone between these two
ice masses. Following ice streaming, the Cornihill-Wooler Glaciofluvial Complex
formed and meltwater channels were cut as the Tweed Ice Stream and Cheviot Ice
Cap separated along the ice stream lateral shear margin. This study hés revealed
that this sector of the British Ice Sheet was more dynamic than originally thought
and has highlighted the importance of the geomorphological record for ice sheet

reconstructions.
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1

INTRODUCTION

This thesis aims to reconstruct the glacial history and regional ice dynamics of the Tweed
Valley and surrounding area from the glacial geomorphological record. Through combining
geomorphological mapping and sedimentological surveys, the glacial landform assemblages of
this sector of the British Ice Sheet have been identified. The rationale for undertaking this

research is outlined in this chapter.

1.1 Background: The importance of the geomorphologic record to ice sheet research

Large ice sheets have the capacity to dramatically alter (and be altered by) climatic,
atmospheric and oceanic systems (Siegert, 2001), as well as extensively and intensively
modifying the land over which they flow. The growth and decay of the vast ice sheets over
Europe, North America, Greenland and Antarctica during the Quaternary brought changes in
global sea levels (c.f. Bell et al., 1998; Dyke et al., 2002), oceanic chemistry and circulation
(c.f. Clark et al., 2000; Alley et al., 2005), atmospheric circulation and regional and global
climates (c.f. Bigg et al., 2003). It is therefore essential to understand processes occurring
within ice sheets and the mechanisms controlling ice sheet dynamics and stability. It is,
however, remarkably difficult and hazardous to directly observe contemporary ice sheets
(Schoof 2004), and consequently, little is understood about their internal organisation
(De Angelis and Kleman 2007). In particular, little is understood about contemporary subglacial
environments owing to the difficulty in accessing the bed (Stokes and Clark, 2001;
Schoof, 2004). Much of what is understood about both contemporary and palaeo-ice sheets is
obtained from the geomorphological record, which is invaluable to glaciology. Information that
is unattainable at contemporary glaciers {for example, data on subglacial processes) can be
provided through the study of the geomorphological imprint left by palaec-ice sheets
(Hubbard and Glasser, 2005). The distribution and organisation of landforms in formerly
glaciated areas provides information on ice sheet dimensions, internal configuration, flow
directions and velocities, basal conditions and glacial histories (Glasser and Bennett, 2004). The

geomorphological imprint left by Pleistocene ice sheets is therefore invaluable to glaciology, as



information on glacial processes that is unattainable at modern glaciers, can be provided
(Hubbard and Glasser, 2005). Geomorphological criteria used in the identification of palaeo-
ice sheet limits include moraines, drift limits, trimlines (e.g. McCarroll and Ballantyne, 2000;
Ballantyne et al., 2006) and glaciolacustrine and glaciofluvial deposits (e.g. Clark et al, 2004).
Flow trajectories can be reconstructed from erratics (e.g. Sissons, 1967) streamlined bedforms
(e.g. Stokes and Clark, 2001; Briner, 2007; Stokes et al, 2006), striae and megagrooves (e.g.
Bradwell et a/, 2008a) and clast macrofabrics (e.g. Benn, 1995; Hart and Rose, 2001). Features
such as meltwater channels and differential zones of erosion allow inferences to be made on
ice thicknesses and the thermal regime of an ice sheet (e.g. Knight 2002; Hall and Glasser,
2003; Kleman and Glasser, 2007). Sedimentological data provides information on glacigenic
depositional environments (e.g. Brodzikowski and van Loon, 1991; Davis et al., 2006), glacial

thermal regime, and subglacial processes (e.g. Mokhtari Fard and Gruszka, 2007).

An example of the value of the geomorphological record for ice sheét reconstructions has
been the identification of palaeo-ice stream tracks. The identification of palaeo-ice streams
within formerly glaciated regions yields information on the configuration and thermal regime
of past ice sheets (Stokes et al, 2006) and can have far=reaching implications for not only
palaeo-environmental reconstructions, but also for our understanding of contemporary ice
streams. Ice streams currently drain large sectors of the Greenland and Antarctic lce Sheets;
flow from ice streams (Jacobel et al., 1996). It is argued the most important controls on ice
sheet mass balance and stability are the configuration and dynamics of its ice streams (Stokes
and Clark, 2001; Stokes et al.,, 2006; Stokes et al., 2007). A collapse of the WAIS ice sheet
would equate approximately to a sea leve! rise of 6 m (Bell et al., 1998). For these reasons,
there has recently been increasing scientific interest in ice streams and palaeo-ice stream

reconstructions.

Palaeo-ice streams of the Laurentide Ice Sheet (LIS) have been hypothesised at several
locations, such as around the Hudson Strait (Andrews et ol,, 1985; Boulton and Clark 1990;
Laymon, 1992), at Victoria Island and the Amundsen Gulf (Hodgson, 1994; Stokes et al., 2006)
and Cumberland Sound {Kaplan et al., 1999). In these regions, ice streaming has been inferred
from several lines of geomorphological evidence, including attenuated streamlined bedforms
and megascale-glacial lineations {MSGL) and the presence of ice-stream lateral shear margin
moraines (e.g. Dyke and Morris, 1988; Stokes and Clark, 2002). Key to the reconstruction of
former ice streams has been the detection of ‘flow-sets’ within the geomorphological record
(c.f. Clark, 1999). Ice flow indicators are grouped into flow-sets an the basis of their orientation
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and parallel concordance, proximity to surrounding features and morphology
(Stokes et al, 2006). The identification of cross-cutting landforms and superimposed flow-sets
has been used to reconstruct the temporal changes in the internal configuration of ice sheets
(e.g. Stokes et al., 2006; Evans et al., 2009). Ice streams have also been hypothesised in
several locations relating to the British Ice Sheet (BIS) and have been u-sed to suggest that the
BIS was more dynamic than had previously been thought (e.g. Golledge and Stoker,‘
2006; Everest et al., 2005) (see below in section 1.2). However, despite these recent advances,
our understanding of the controls on ice streaming, ice stream configuration and the processes
occurring at the ice stream bed and lateral margins remains limited. Consequently, there are

still large gaps in our knowledge of the configuration and behaviour of palaeo-ice sheets.

1.2 The British Ice Sheet (BIS)

Various lines.of evidence have been used to reconstruct the BIS. Models of the BIS vary greatly
in terms of their inputs and outputs and consequently, there is little agreement on the
maximum extent, configuration and thickness of ice cover and the occurrence and timing of
advance.and retreat.phases (Fretwell et al., 2008). In terms of ice thickness, Boulton et al.
(1977) proposed thaf the BIS was at its greatest height over central Scotland, where it reached
1800 m. In this model, the BIS is inferred to have been composed of several coalescing ice
domes over the Grampians, central Ireland and the Southern Uplands, the Lake District, the
Pennines and Wales (Boulton et al., 1977). Alt_ernat_ively, Denton and Hughes (1981) suggested
that a single dome of ice existed over central Scotland, with ice no thicker than 1750 m thick.
More recently, geomorphological evidence in the form of trimlines and nunataks in Wales,
southern Ireland and the Lake District (e.g. McCarroll and Ballantyne, 2000; Ballantyne et al.,
2006) have been used to infer ice thickness. The results suggest that the ice was thinner than is
inferred in models that use solely theoretical models of ice dynamics, which do not often take
into account the u_nderI\/ing topography (Fretwell et al. 2008). Since many of these models
have been used to estimate ice volumes, glacio-isostatic. adjustment rates and relative sea-
level change, the inclusion of a topographic parameter within ice sheet models is essential.
Indeed, Fretwell et al. {2008: 241) state that where topography has been ignored, such models
“seriously overestimate ice volume”. As with ice thicknesses, there has been little agreement
on the lateral extent and timing of the BIS, in large part due to a lack of dateable deposits in
lowland areas (Evans et al. 2005). Geomorphological evidence used to infer the ice limits
include offshore glaciomarine deposits and tills (Sejrup et al. 1994; Hall et al. 2003) and

onshore glaciolacustrine deposits and proglacial lake levels (Gaunt 1981). The BRITICE









glacial sedimentary and geomorphic evidence throughout this region is highly fragmented
(Lunn, 1980, 1995) and consequently, the Quaternary record in the north-east remains
relatively incomplete. Compared to other upland regions of Britain, the Cheviots to the south
of the Tweed Valley have remained relatively neglected in terms of glaciological research.
Whilst detailed geomorphological and sedimentological studies have been carried at sites in
this region (e.g. Gunn and Clough, 1895; Carruthers, et al., 1932; Price, 1960; Clapperton,
1968, 1970, 1971a, 1971b), there has been little emphasis on reconstructing the regional ice
dynamics from these records. It has been proposed that on at least two occasions during the
Quaternary ice completely co.vered north-east England (Teasdale and Hughes, 1999); during
the Anglian {MIS 12) and the Devensian (MIS2-4d) (Lunn, 1995). Little is known about the pre-
late Devensian; much of the sedimentary evidence was eroded and modified by late-Devensian
glaciations (Lunn, 1980; Huddart, 2002a). Whilst more is known about the late-Devensian than
earlier glacials and interglacials, there are still large gaps in both the record and our knowledge
of the glacial history of this region. What is known about the Devensian glacial history of

northeast Northumberland and the Tweed Valley is outlined in section 2.1 (page 11).

1.3 Aims and Objectives

The main aim of this project is to investigate the glacial geomorphology of the Tweed Valley
and surrounding area with a view to reconstructing the glacial history of the region. As
mentioned above, detailed investigations of individual landform groups have previously been
carried out {c.f. Gunn and Clough, 1895; Carruthers, et al., 1932; Clapperton, 1968), however,
there has been little emphasis oh reconstructing the regional ice dynamics. In orderto address

the aim, four broad objectives have been set:

(1) Review the current literature on the field site (see chapter 2, page 11);

(2) Map and describe in detail the geomorphology of the Tweed Valley and surrounding
areas;

(3) Conduct sedimentological surveys at all available exposures to supplement the
geomorphological data;

(4) Reconstruct the ice dynamics of the region through the interpretation of the

geomorphological and sedimentological evidence.

It is proposed that by combining the geomorphological record of this sector of the BIS with
information on glacial processes observed in contemporary glacial settings, accurate

interpretations of this little-studied region can be made (c.f. Evans and Twigg, 2002). This will












1.5 Thesis Structure

The:second chapter jprovides: ani overview of what'is undérstood aboutithe ice dynamics of the
region: together-with. a review of the: existing literature on the landforms and sediments of the

field site. The third! chapter:describes the 'key methods utilised in the project. This is followed

by the results and interpretation chapter, in which the data'is presented and analysediin the-
context of existingiknowledge on: glacial processes. The fifth chapter discusses‘the:implications.

of the results for the. reconstructions. of the: regional ice sheet dynamics. The: final chapter

summarises the key-findings and conclusions, along with suggéstions. for further stidies:
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2

LITERATURE REVIEW: GLACIAL HISTORY OF FIELD SITE

As mentioned in section 1.2, the Quaternary record of hortheast England is relatively
incomplete and is based on morphostratigraphic correlations with upland sites elsewhere in
Britain. What little is understood of the glacial dynamics is based on the presence of erratics,
striae, till fabrics, glaciofluvial deposits, drumlins and glacial drainage channels throughout the
region (Lunn, 1980). In this chapter, the inferred glacial dynamics of north east England are
presented. This is followed by a review of the current literature on the glacial geomorphology

and sedimentology of the Tweed Valley and the Cheviots.

2.1 Quaternary Glacial History

The Devensian began around 115 ka BP. During the Middle Devensian cooling intensified and
by 30 ka BP tundra conditions existed across the British Isles (Huddart, 2002a). Temperatures
continued to drop and by 30-26 ka BP, polar conditions marked the start of the Late
Devensian. From 26—13 ka BP, ice cover in north-east England was at its greatest extent,
although there is much debate over the maximum areal extent of the ice sheet and the timing
of the LGM across the region (Huddart, 2002a). In Northumberland, ice was thought to have
been at its maximum extent around 18 ka BP (Lunn, 1995}. Ice flowed ifto the region from the
Southern Uplands, the Solway basin and the Scottish Highlands. Flow directions have been
inferred from onshore and offshore evidence, including erratics, streamlined bedforms, striae
and till fabric analysis. It is also thought prior to 24 ka BP, the FIS and BIIS were confluent in the
central northern sector of the North Sea basin (Nygard et a/, 2007; Bradwell et al., 2008b). The
generally accepted relative chronology of ice flow events in Northumberland and the Scottish
Borders is as follows. Around the LGM (~18 ka BP), flow was predominantly from the west,
with ice flowing from accumulation areas around the Solway Firth and in the Southern Uplands
(Lunn, 1980; 1995) (see Fig. 6, page 12). Flow of this westerly ice was diverted around the
Cheviots in Northumberiand, with the Tweed Ice Stream (TIS) flowing around the northern

margins and Solway Ice (flowing through the Tyne Gap) around the south (Fig. 6).
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At the LGM, ice flow -in northern England was, as mentioned above, predominantly from west
to eést (Lunn, 1995). Following the LGM, the dominance of ice flow from the Lake District and
tHe Solway Firth areé' was reduced. From the distribution of erratics along the NNCP it has
been proposed that Tweed, Cheviot and Solway ice were diverted southwards to flow along
. the east coast (Sissons, 1964; Huddart and Glasser,' 2002). This diversion is understood to be
the result of the growth of the North Sea Ldbe (NSL) that roWed southwards from the Scottish
‘Highlands into the Neorth Sea Bain- {NSB) (Huddart and Glasser, 2002). More recently, a
complex multi-lobate late-Devensian ice sheet has been invoked along the east coast of
Britain, with ice lobes flowing from dispersal centres in southern and northeast Scotland,
followed by ice flowing from the Scottish Highlands along the east coast (Davies et al., 2009).
Several reasons h-a\)e been suggested for the southerly flow direction of the NSL, including the
geology of the glacier bed inﬂuenci.ng meltwater and ice flow; the growth of the
~ Fennoscandian Ice Sheet in the North-Sea Basin (e.g. Boulton et al., 2001); and glacio-isostatic
depression of the east coast of England creating a topographic low that channelled flow south

(Teasdale and Hughes, 1999).

Following the retreat of the NSL around 18 ka BP {c.f. Lambeck, 1993), glacial lakes formed
between the NSL andl the western ice masses (Teasdale and Hughes,'1999). Lakes that have
been hypothesised here include Glacial Lake Humber {e.g. Bateman et al., 2008), Glacial Lake
Pickering (e.g. Day, 1995) and Glacial Lake Wear (e.g. Raistrick, 1931). By 15 ka BP, the onshore
margin of the BIS is inferred to have been north of the Scottish border, with only small areas of
ice existing in the Lake Districf (Huddart, 2002a). It is estimated from correlation with Scottish
glaciations that the region was fully deglaciated around 13 ka BP and that deglaciation was an
"uninterrupted process (Lunn, 1980, 1995). More recently, it has been suggested that the BIS
re-advanced ihto the NSB after 18 ka BP (e.g. McCabe et al., 2005; Nygard et al., 2007),
however, the -timing and extent of these readvance episodes remains highly contested
(Fretwell et al., 2008). McCabe et al. (1998; 2005) proposed that a significant readva.nce
occurred around 14,7 — 14 “Cka BP (~15 ka BP). This readvance of the NSL has been linked to
Hei‘nrich Event 1 and the associated cooling in the North Atlantic brought about by the collapse
of the LIS {McCabe et al., 1998,: 2005). Nygard et al. (2007) proposed that the margin of the
NSL oscillated at least twice between 17 — 15.5.ka BP.

During the Younger Dryas (Loch Lomond Stadial), around 10,800 **C BP (~13 to 11 ka BP), ice
readvanced in the Scottish Highlands, the Lake bistrict and thé Southern Uplands {Lowe and
Walker, 1997). It has been proposed that periglacial conditions existed at this time, apart from

in the Bizzle just north of The Cheviot, where a small cirque gl'acier developed (Harrison et al.,
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2006). Following the Younger Dryas, temperatures increased into the Holocene. Around 10 ka
BP,‘ sea levels began to rise and by 6 ka. BP much of the characteristic coastline of

Northumberland was formed {Horton et al., 1999).

- 2.2 Glacial Geomorphological and Sedimentological Evi&ence

Reconstructions of the extent, dynamics and configuration of the Devensian ice sheet in the
Cheviots and Tweed Valley are based on, as mentioned above, a limited body of
sedimentol'ogic_al and geomorphological evidence. Dating back to the late 19" century, glacial
studies have focussed heavily on detailed landform description and classification, with little
consideration given to reconstructing regional ice dynamics and the relationships between
landform groups. Landforrﬁs identified and attributed to glacial activity include moraines,
kames, eskers, lake plains, orientated and streamlined bedforms, streamlined tors, glacial
striations and meltwater channels. In this section, the existing literature on the

geomorphology and sedimentology of the Cheviots and Tweed Valley is summarised.

2.2.1 Meltwater channels.

Arguably the most 'frequently'described of the landforms in and around the Cheviots are
meltwater channels (Fig. 7, pége 15). These feétures are distributed unevenly thfoughout the
area, with the vast majority carved into fhe north-eastern and south-eastern slopes of the
Cheviots. Channels have also been identified in the upper reaches of the Tweed Valley (c.f.
Clough, 1888; C_arruthers et al., 1932; Common, 1957; Price, 1960; Derbyshire, 1961,
Clapperton, 1968; 1970a; 1970b; 1971a; 1971b; Huddart, 2002c). Channevls vary in form from
small, metre-wide depressions to large, complex anastomosing systems with deeply incised v-
- shaped pr'ofiles, multiple inlets and multiple outlets {Lunn, 1980; 1995). The largest channels ’
are found. in cols and Vallely heads, are frequently steep-sided with occasionally undulating
long-profiles {Lunn, 1995). In many instances, channels are cut across spurs (Common 1957).

Most channels are currently dry or are occupied by small streams and marshy ground.

it is widely agreed that these meltwater channels were cut by meltwater during deglaciation és
ice began to downwaste and extensive méltwater systems developed within the ice (Clough,
1888; Carruthers et al., 1932; Common, 1957; Price, 1960; Derbyshire, 1961; Clapperton, 1968;
1970a; 1970b; 1971a; 1971b; Huddart, 2002c). The orientation of these channels, which is in
'Ia’rg:e parts controlled by ice flow (Clapperton, 1971a; 1971b; Lunn, 1995), has permitted
reconstructions of local ice flow t‘rajectoriés. Around the northeast margin of the Cheviots the

Tweed ice flowed in a south-easterly direction, approximately at right angles to-the valleys and
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. spurs (Clapperton 1968; 1971a). Despite the agreement that these channels were eroded by
glacial meltwater, the ;eXact mechanism by which these channels were cut varies greatly
between authors. Theories include erosion by over-spilling lake water, ice-marginal and sub-

glacial erosion and superimposition of englacial conduits.

e  meltwater channel ' @ moraine N (oned bedrock
<@

fluvioglacial outwash
“YVYV glacially -eroded valley .

-
.
.

limit of granite
NHimit of andesle

River Wige - A
4% ‘.
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Figu}e 7: Meltwater Channels of the northeast Cheviots, as mapped by Clapperton (1970). Map taken
from Clapperton (1970, page 120). , ' :

Initially, Clough (1888) attributed such channels in the Cheviots to erosion by glacial meltwater
streams, although the position of these streams in relation to the ice was not expanded upon.
A few decades later, theories emerged that erosional channels (e.g. in Cleveland Hils,
‘Yorkshire) were cut as water overspilling from glacial ‘lakelets’ (Kendall, 1902). This theory
proposed that where small, glacially-impounded lakes drained over a.col or $pur, channels
were cut (Kendall, 1902). A lack of evidence supporting the existencevof such Iakes.in the
‘Cheviots led to the widespread rejection of this theory (c.f. Carruthers et al., 1932; Common,
1957; Derbyshire, 1961). Furthermore, several ghar_mels identified in col gullies exhibit up-and-
down long profilés, double intakes, double outlets and are frequently occupied by glacial tills,
which together have been interpreted as evidence of subglacial erosion (Derbyshire, 1961).
The up-and-down long profiles of many channels is also uséd to reject the lake:=overflow

theory, as there is “no reason to suppose that outflowing glacial waters should erode their
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channels of the lake-ward side of the point of overspill to such a marked degree” (Derbyshire,

1961:38).

Carruthers et ol. (1930, 1932) suggested that channels cut across spurs and along valley sides
in the Cheviots were the product 6f ice-marginal meltwater. erosion. This theory was
supported by Common (1957), who proposed that channels at progressively lower heights,
sijch as those in the Hedgeley Basin, were cut by retreating ice, with each channel recording a
progressive lowering in the ice surface. Like Common (1957), Price (1960) attributed ice-
-marginal meltwaters with channel formation in the upper reaches of the Tweed Valley (Price
1960). Price {1960:487) interpreted that channels running down the hillsides at “considerable
angles to the contour lines” were subglacial chutes, formed by water plunging down slopes
and underneath the ice (Clapperton, 1968). Common (1957) suggested that channel form was
heavily influenced by the rate of ice retreat, which varie_d in different localities. Their resulting
form was understood to be a reflection of the length of time the ¢hannéls were occupied by
meItWafer and the source and routing of the meltwater (Commdn, 1957). The bedrock
geology is alsé proposed to.have had an influence on the form of thése channels; Derbyshire
(1961) proposed that interrupted sections along the longitudinal profiles-of subglacial-channels
were a result of changing rock types along the channel length, and also structural weaknesses

such as rock joints, dykes and sills.

Price (1960) interpreted a small number 6f severed spur channels in the Twéed Valley as
evidence of érosio'n by supraglacial or englacial channels. When these channels came into
contact with thé hillside, erosion occurred and channels were cuf. Price {1960) concludes that
only a relatively smaI.I number of channels in the upper Tweed VaIIey_ were formed by this
‘superimposition’ mechaniém. This.theory was éxpanded by Clapperton to explain the
occurrence of meltwater channels in the Cheviots, Ciappert_on (1968) proposed superimposed .
channels are most likely to'be englacial in origin, rather than supraglaciall‘ (Fig.8, page 17).
Supraglécial meltwater systems tend to be ephemeral and.in, most instances, find the easiest
course down through crevasses. He points out that rarely is an entire conduit superimposed;
sections ma;/ remain englacial whilst others are subglacial. This may lend an explanation to the
interruptions along the long profiles of certain éhannels (c.f. Common, 1957; Derbyshire,
1961).

Clapperton (1968) also states that the properties of the ice mass govern the depth to which
meltwaters can penetrate, suggésting that water within the BIS could penetrate only arcund
300400 ft (~122 m) and that channels only formed when the ice was this th-ickne_sé.
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documented in the Iitel;ature. The complex can be traced for approximately 20 km from
Belford in the north, to the Aln Valley near Alnwick in the south (Carruthers et al., 1930, see
Figure 9, page 1919). Elongate mdlmds and sinuous ridges along this distance are composed
p'rim-arily of sand, silt and gravel (Huddart, 2002b). Carruthers et al., (1930) also identified
moﬁnas of heterogeneous assemblages of matrix-supported boulders. An early theory
suggested a pro-glacial ‘glacieluvial’ (glaciofluvial) origin associated with ice flowing from the
west (Gregory, 1922). Carruthers et al. (1930) réjected a western ice origin, and instead
proposed the deposits represent a moraine formed at the sout'hern. mérgin of the lobe of the
Tweed glacier. More recently, it has béen suggested that the complex represents a'SungaciaI
esker that supplied meltwater and sedim(_ent into a series of open crevasses (Parsons, 1966,
cited in Huddart, 2002). Hudda"rt,(ZVOOZb') interprets the systém as a combination of subglacial
eskers, pro-glacial and glaciolacustrine deltas, glaciofluvial fans and supraglacial kamés, formed
during active ice retreat. However, due to the lack of sedimentary exposures along the length
of the Bradford Kame tomplex, many of the inferences made on the processes of formation

and the pattern of ice retreat remain purely speculative.

Gunn and Clough (1895) described in detail the deposits south of Cornhill, to the north of the
Cheviot Massif. The mounds, banks and ‘ridges (frequently referred to as ‘kaims’) are in places
composed of coarse, ‘sharp’ gravel and in others composed of weII-r_i)unded coarse gravel with
pockets of dirfy sand and clay. Porphyrite, which is found in the nearby Cheviots (shown in red -
in Fig‘v. 5, page 9), makes up a large proportion of the deposits {(Gunn and Clough, 1895).
Fréquently; hollows occupied by small ponds or peat bogs (Gunn and Clough, 1895) are found .
between these mounds." Thé_ presence of these pits ‘within the sands and grévels led
Carruthérs et'al. (1932) to refer to thlis system as a moraine of pitted and kettled sands, that
formed on the ice surface at the southern Iatera.l margin of Tweed Glacier. This system is
believed to extend to Wooler and further south to the Breamish and Hedé_eley Basin (Fig. 10,
page 20), where accumulations of poorly-sorted sands and gravels have also been associated.
with hill-washed sands and gravels and stagnating ice (Carruthers et agl., 1930). They argue
that the large proportion of ‘hill-washed’ gravels within this systerh is evidence that the
Cheviots did not support an independeéiit icé cap, as these gra\xel_s must have come from “ice-
free ground fully exposed to denudation” (Carruthers ét al. 1932). The charact.eris,tic )
yhummocks and 'pits are interpreted to have formed as ice .buried by supraglacial deposits
slowly stagnated during fhe rétreat phase of the Tweed glacier (Carruihe_rs et al., 1932). The
theories proposed by Carruthérs et al. (1930) and Carfuthers et a/-. (1932) were latef rejected

by subsequent researchers as was the use of the word ‘moraine* to describe these featiires.
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betWeen erosion and'deposition (Eyles et al., 1982) and post-glacial _wéathéring' (Eyles and
Sladen, 1981; Eyles et al., 1982). More recent work on the Devensian tills along the North East -
coast fulrther'to th-e .;c,outh in County Durham has suggested that the upper and lower tills are
sub'glacial tracti‘oﬁ tills (Davies et al., 2009). The lower till has been associated with ice from
the Midland Valley and western Southern Uplands and the upper witﬁ ice an ice lobe flowing

from the eastern Grampian Highlands (Davies et al., 2009).

Within the valleys of the Cheviot Hills, glacial till is distributed unevenly. Till is found up to an
altitude of 455 m (Clapperton, 1970b) predominantly on lee slopes facing down-glacier {(Lunn,
1995). Directly south.of the River 'i-'weec_iv, just to the north of the Cheviots, only one till has
been identified (Gunn and Clough, 1895). The till is red and sandy, with few boulders and is
thicker towards the west (Gunn and Clough, 1895). Around Wark Common (NT 820 367), bore
holes indicate that the drift thickness is over 100 ft ('30 m). Gunn and Clough (1895) also
obsérved in many.loc.atio,ns around Coldstream that the till formed ‘Iong.'parallel ridges,
interpreted to be drumlins. From the long axes of these, ice flow dire‘éfion is inferred to rénge
from north-east to east (Gunn and Clough, 1895; Carruthers et al., 1932).- Drumlins and glacial
striations throughout the Tweed'Valley and along the NNCP have béén mapped by Clapperton
(1970) (Fig. 12, page 23). The till composing the drumlins were found to have a higher
proportion of stones than the surrounding Io‘Wer ground {Gunn :and Clough, 1895). ‘Around
Ford (NT 946 375) and Etal (NT 925 395), a high proportion of porphyritic boulders (i.e.
erratics) aré found. Clapperton (1971a) suggested that a few drumlins around Kelso (for
location see Fig. 3, page 7) composed of re-worked glaciofluvial deposits, although
. ackhowledged that the majority are composed of till. It was also considered possible that
some drumlins are rock cored (Carruthers et al., 1932). Sissons (1964, 1967) s’ug’gést‘e’d the
d_rur'nlins were formed during the Aberdeen-Lammermuir readvance at fhe same time as the
Cornhill esker and kame complex. This was Iargély rejected by Clabperton (1971a), who stated -
that the drumlins must pre-date the Co_rvnhill comblex as the glaciofluvial deposits overlie the
drumlins in many situations {(as obsewed by Gunn and Clough, 1895; Carruthers et al. 1932). _
Fu_i"the'nmo,re, the deposits around Co‘rnh_ill are as ‘fresh’ as those around Wooler, further

evidence that the former were not deposited by a late-stage readvance (Clapperton, 1971a).

Clapperton (1971a} asserted that tﬁe highly elongate form of these drumlins indicate that the
flow of the Tweed glacier was fairly rapid. This led Everest et al (2005) to propose that the
~ Tweed Ice Stream (TiS) flowed betweeri the Cheviot and Lammeriuir Hills towards the North
Sea from its onset zone in the 'uppe‘r Tweed Valley. Fast ice flow here has been associated

with high pore-water pressures facilitating basal sliding (Everest et al., 2005), which
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str’eaml'inéd the underlying highly deformable red sandy till. Everest et al. (2005) inferred ice
flow directions in the Tweed VaI»Ie.y from the megaflutes, streamlined terrain and drumlins
mapped by Clark et al., (2004) in the Glacial Map of Britain. The closely-spaced, highly parallel
‘nature of the dfui’nlins, megadrumlins and megaflutes were interpfeted as evidence that only
one flow event occuired (Everest et al., 2005). The TIS is thought to have flowed during a late
stage 6f deglaciation, and may have even initiated deglaciation across the wider region
(Evere'St et al., 2005), although the exact timing is unknown. Whilst it has previously been
acknowledged that fweed and Solway ice were diverted southwards by growth of the NSL (e.g.
Sissons, 1964; Huddairt and Glasser, 2002), this is not considered ‘by Everest et al (2005).
Indeed, there has been little detailed work undertaken on the TIS; its flow dynamics, timing

and intéractions_With the surrounding ice and topography are not fully'understood.
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Figure 12: Glacial Striae. and Drumlins of the Tweed Valley and NNCP mapped by Clapperton (1970). Map
taken from Clapperton (1970, p.116). ) ’
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3

METHODOLOGY

3.1. Introduction

To describe, understand and explain'the' impact of the last ice sheet in the Tweed Valley and
the _surrounding area, it was necessary to conduct“a detailed investigation of the glacial
geomorphology and sedimentolbg’y. It is possible to establish the processes responsible for
the formation of landforms (and therefore ice dynamics) through combining a detailed analysis
of thei;' morphological and sedimentary characteristics (Vitek 1996} with "empirical and
theoretical studies” of the processes assaciated with landform develo‘pm'ent (Napieralski ‘et al.,
2007; 1). The latter has been achieved by undertaking a thorough study of the literature
surrounding the field site and Pleistocené ice histories at local, regional e_md continent:wide
scales{see previous two chapters).rThe' main techniques employed in this study to classify-and. '
understand the landforms of the field site were geomorphological mapping and sedimentary

analysis.

3.2 Geomorphoiogical Mapping

The technique of mapping is integral to glacial geomorphology and Quaternary studies, and
"has long been utilised by researchers to display spatial data. Geomorphological maps are
generated by identifying and grouping landforms on the basis of theif age, origin.and common
morphologic characteristics and are used to display the “spatial -distribution of phénomena”.
(Vitek et al., 1996; 234). Until recently, the majority of geOrﬁdr'pholo'gical maps were produced
in the field by mapping features onto topographic base maps (Smith et al., 2006). With regards
to this study, it was deemed impracticable to carry this out over the entire study area. The
field site covers an area of around 3800 km?; such a large (and relatively inaccessible) area
could not be ma-pped effectively at the scale required due to time constraints and lack of
manpower. In order to map the area effectively, it therefore was- necessary to id'entify an

alternative technique.
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3.2.1 Remote Sensing and GIS techhologies

Remote sensing of the Eahh's surface produces data that that has been “generated without
d“i-re‘ct human measurement” (Richards, 1981; 41) and includes aeri-al photography, sa’tell'i'te.
imagery (e.g. Landsat Thematic Mapper, SPOT) and digital elevation models (DEMs) (Smith et -
al., 2006)'. The spatial and elevation dat_a acquired by remote sensing can be explored using a
geographical information system (G!S). The developmgnt of GIS technologies since the 1960’s |
hé‘s ied to neW and efficient ways of dealing with geographical data (Vitek et al., 1996).
Geographically reférenced objects can be stored, referenced, manipulated, analysed and
visualised easily (Smith et al., 2006). Napieralski et al. (2007) emphasise the importance of GIS
to palaeo-ice sheet reconstructions, as vast.volumes of data requiring a variety of ahalytical
approaches can be stored and worked on with great ease. Although GIS software is often
relatively expengive (aé opposed .to the mateérials required for ‘pen and ink’ mapping), it is
becoming chéaper, is easily acces'sib.le and ‘user friéndly’, and allows Iargé éréas- to be studied
and mapped by feWe'r peoplé in shorter time periods (Smith and Clark, 20_05),_ In many
7 geomorphological studies, mabping remotel'y has replaced field mapping as the method of
choice (Smith and Clark, 2005}. For this study thérefore, mapping from remotely acquired data

was considered to be the most appropriate method.

Aerial photographs were not used due mainly to the inherent complexities surrounding image
variability and processing, which r_esults in highly variable mapping results (Smith et al., 2006),
high cosfs, and the difficulty of obtaining them for the chosen study area. In many studies it
has proved near impossible to map from aerial photographs (c.f. Smith et al., 2006). Satellite
imagery (e.g. Landsat Thematic Mapper) often has a much greater spatial coverage than aeérial
photography and is relatively cheaper. The resolution and accuracy of the data however allows
only moderate detail to be. identi.ﬁed, and is not appropriate for detéiled mapping in palaeo-
glaciological terrain (Smith et al.", 2006). This study required a high resolution dataset, in order
to identify glacial landforms and perform the appropriate morphometric analysis. Mapping
from a DEM in a GIS was therefore considered to be the most appropriate method as pixel
resolutions can be arotind 10 m and height accuracies around 1.0 m {Smith and Clark, 2005). A
DEM is define as a ”régular gridded matrix representation of the continuous varia-tiOn of relief
over space” (Gilgen and G‘bkgéz; 2004:2). DEMs hold data on the absolute elevation of a

landscape and can therefore be usedto “visualise landscapes” (Smith et al.', 2006; 149).
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3.2.2 The NEXTmdp' Britain Database

The DEM chosen for this study was generated by the NEXTmap® Britain mapping programme
(Intermap Technologies™, 2008), which uses airborne single-pass Interferometric Synthetlc
_ Aperture Radar. (IfSAR) technology to rer_notely survey the landscape. Two radar antennae
fixed to an aircraft- emit and receive radar signals reflected by the earth’s surface. DEMs are

~ created by laying the recorded elevation measurements over a grid (Intermap Technologies™

www.intermap.com, 2008). The main reason for using NEXTmap~ (as opposed to DEM’s
derived from other sources) was the access to the data. It is also widéely ackhowledged that
airborne surveys generate higher detail than spaceborne sensors (such as Satelite Radar
Topography Mission (SRTM) and Landmap) due to a higher level of sensitivity (Smith et al.,
2006). Resolution and accuracy values of SRTM DEM’s are around 90 m and 6 m respectively,
whereas the NEXTmap® DEM has a vertical resolution of 1 m and a horizontal resolution of 2 m
(Bradwell et al., 2008). Only LiIDAR (light detection and ranging) derived data is of a higher
resolution and accuracy. This however was not available for the chosen field site. Furthermore,
when mapping glacial terrain, N‘E,XTmap” DEMs have been shown to provide a better estimate

of-ground truth than DEMs derived from other sources (Sr'nith et al;, 2006).

3.2.3 Map Generation

Two _geospatia,l databases were used in which to generate the map — Erdas Imagine 9.1 and
“ESRI ArcMap. Erdas was used to mOsaic DEM tiles and map landforms and ArcMap was used to
generate the end-result map. Two DEMs were used in'this study (Fig. 13, page 27); a digital
surface model (DSIVI), which-is a geometrically-correct base map and a digital terrain model
(DTM), which is digitally ‘smoothed’ to remeve artefacts such as buildings, végetation and
roads. Both these visualisations were used to reduce error in the landform identification
proc_ess. The mosaiced images were visualised using muIithe—azimuth relief-shading to
highlight variations in the topography of the field site {Smith and Clark, 2005). The _Iim_itations
of these visualisation methods are examined in the next section. Te generate the map, vector
layers were generated, each including one landform assemblage for example ‘hummocks
‘elongate features’. Care was taken to ldentnfy and group landforms solely on the basis of thenr
morphology. Landforins that were ldentlfled by previous authors (see chapter 2) were also
included as were those in existing GIS databases (e.g. the Glacial Map of Britain, Clark et al.,
2004). The boundariés of the features were delimited through creating polygon, point and line
shapefiles. From the map, certain areas of interest were chosen to map in detail at scale of
1:25,000. This increased the number of features that could be mapped in detail (Hubbard and

Glasser, 2005). These large-scale -maps were generated in ‘much' the same.way as the
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‘settlements and roa'ds appear as hummocks and ridges. The likelihood of identifying these as
landforms was reduced by mapping onto the DTM.'and DSM at the same time using two
monitors. ‘Secondly, IfSAR technology often performs poorly in forested areas, due to its large
radar footprint (Smith et al., 2006). To overcome the possibility of identifying these as glacial
landforms, the vector layers were lain over 1:25,000'-scale digital OS map tiles.

(www.edina.ac.uk/digimap).

3.3 Sediment Analysis

it has been suggested that sedimentary evidence from formerly glaciated regions is often more
important than the geomorphic record in palaeo-environmental reconstructions (Lowe and
Walker, 1998). Through the description and classification of glacigenic deposits, fnferentes can
. bée made on the glacial processes and climatic conditions at the time of deposition (Krumbein
and Sloss, 1951; Evans and Beﬁn, 2004). Information can be gained on the typés of ice sheets,
their limits, dynamics and flow directions, the source of sediments and the modes of sediment
tranéport and deposition. In view of this it was decided that sedir‘ﬁentafy surveys would be
carried out to supplement the mapping results, as this reinforces the validity. of any palaeé-
environmental infefehces (Lowe and Walker, 1997). All available sites ‘within the study area
were selected for sedimentary investigations from the landform compifation map and from
1:25,000-scale OS maps. Effort was made to find sites within each landform group that would
cause minimal disruption tb the site and wildlife, for-example river cuttings, quarries.and pits.
At each site the same method was employed; sediments were logged in the field and samples

were taken for laboratory analysis.

3.3.1 Field Logging

Once the appropriate sections were identified, field logging was carried out. Firsfly, notes'were
made on the _genéral characteristics of the site, _such as the aspect, dimensions and
surroundings of the section. This permits an assessment of- the contemporafy processes
affecting the section (e.g: fluvial and biological activity) and highlights any health and safety
issues (Hubbard and Glasser, 2005). GPS readings were taken in order to accurately locate the
site on the geomorphic mab and make the site easy for subsequent researchers to locate.
Secondly, slumped or disturbed material was removed from the section and loose debris was
gently cleaned away usi'ng a trowel. A scaled detailed field sketch of the éxposure was then
drawn and sites were chosen at which to log. Every attempt was made to space these sites at
equal distances along the exposure, although this depended greatly on the stability of the face

and access to it. A tape measure was attached to the exposed face and detailed notés were
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made on the charaéteristi¢s shown in table 1. Lithofacies codeé from Evans and Benn (2004)
were used to record lithofacies properties when logging (see Appendix A). Facies analysis was
undertaken through using informal lithofacies codes (see Appendix 1a), which permitted the
description of the identified facies in a descriptive and objective manner (Evans and Benn,

1998). Through utilising lithofacies analysis, bias at the interpretation stage was reduced.

Table 1: Recorded characteristics of logged sediments (modified from Boggs, 1995; Lowe and Walker,

1998; Evans-and Benn, 2004; Hubbard and Glasser, 2005).

Characteriﬁtic

Features recorded

BEDDING

Internal
structures

Sorting and

Grading .

Palaeocurrent
data

DEFORMATION
STRUCTURES

'CLAST TEXTURE
AND
LITHOLOGY

Beds (>1 cm think) were distinguished from each another by distinct vertical
changes in clast characteristics. Their dimensions were measured and recorded,
along with their shape (Ientlcular tabular wedge or trough). The nature of the
contacts between beds (e.g. erosional, deformed or gradational) were recorded
{Evans and Benn, 2004).

The presence of structures such as laminae (<1 cm thick), ripples, cross-strata,
cross-laminae and foresets (Boggs, 1995; Evans and Benn, 2004) was recorded, as.
these are-important indicators of varying flow velocities.

‘The degree of sorting is established using a stahdardised scale that ranges from

very well sorted to very.poorly sorted (Appendix 1d). Sorting is @ measure of “the
range of grain sizes present and the magnitude of the spread or scatter of these
sizes around the mean size” (Boggs 1995; 87). Grading (inverse, normal or massive)
refers to the veftical.change in grain size and reflects temporal changes in flow
velocities and sediment supply.

Palaeocurrent data was generated using a cbmpass-clinometer to measure the
orientation of imbricated elongate clasts and the orientation of ripple crests. This
allows former currents and flow directions to be inferred.

The presence of folding, thrusting, faulting and de-watering structures reveal post-
or syndépositional reworking of deposits, and can reflect fluctuations in ice

‘margins, melting of stagnating ice or changes in flow regimes (Evans and Benn,

2004).

The size, shape and Iithology of clasts within each bed were recorded to provide
information on clast provenance and mode of transport. The a- b- and c- axes of at
least 50 randomly selected clasts from each bed were measured using callipers. In
order to remain objective, Wentworth’s (1922) particle size chart (Appendix 1b)
was used to aid the description of clast size and Powers’ (1953) roundness index
(Appendix ic) was used to record the angularity of clasts. It was ensured that only
one person carfied this out. It is particularly important to record the shape of
clasts, as this data can be used to infer transport pathways and depositional

settings (Lowe and Walker, 1998).
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3.3.2 Laboratory Analysis

Samples were taken from beds for laboratory particle-size analysis. By combining these results
with clast morphology data (obtained through sedimentary logging), information on the source
material, transport processes and the environment of deposition can be inferred (McCave et
al., 1991; Evans and Benn, 2004). Samples were first air-dried, weighed and then dry-sieved.
The fraction below 2mm (-1 on the phi () scale) was subjected to analysis by a laser
diffraction particle size analyser. The material was first riffled to obtain a >0.5 g representative
sample and 20 ml of 20% hydrogen peroxide was added to destroy ofganic material. The
samples were placed in a 40°C water bath for several hours, then were centrifuged and the
acid decanted off. They were then rinsed twice before adding 20 ml of the deflocculent sodium
hexametaphosphate. The samples were then analysed by a multi-wavelength Beckman-Coulter
granulometer. As the laser beam passes through the sediment suspension it diffracts. The
degree of scatter is recorded by a multielement ring detector (McCave et al., 1991) and the

flux pattern produced allows the distribution of particle sizes to be inferred.

30



4

DATA DESCRIPTION AND INTERPRETATION

Three distinct sediment-landform assemblages have been identified in the Tweed Valley and
surrounding area. These are, (A) a track of numeroué, elongate asymmetric ridges; (B)
hummocks and si"nuous ridgeé of varying shape and size found at the margins of-this track; and
(C) channels cut into thé hillsides of the Cheviot and Lammermuir Hills. The spatial distribution
of these Iandformé is shown in figure 14 (page 32). Features have been identified and
differentiated from one énother on the basis_ of their morphology and also their

sedimentology.

4.1 Assemblage A: Elongate Ridges

4.1.1 Descriptioh

Elongate, closeiy spaced, s'ub-parallel ridges are identified in the Tweeg Valley énd across the:
North Northumberiand Céastal Plain {NNCP) south of Berwick-upon-Tweed (Fig. 15, page 33).
Thése ridges form a sharply delineated arcuate track that is bordered in the Tweed Valley by
the higher ground of the Cheviots to the south and the Lammermuir Hills to the north. The
frack is converggnt from‘ west to east, narrowing from 35 km wide in the 'upper Tweed Valley,
to around 15 km between the Cheviots and Lammermuir Hills. South of Berwick-upon-Tweed,
_the track extends to the south along the NNCP.‘ In plan, the elongate ridges are ovoid to oval
in shape ar;d display an almost symmetric axis along their length (Fig. 16, page 33). Along the
track, ridges are distributed suB-paraII‘el to oné.another and are orientated along their long
axis. Occasionally, ridges are connected, forming multiple-¢rested features (Fig. 17, page 33).
In cross section, the majority of elongate ridges are asymmetric with a relatively steep-sided
high point at one end and a gently sloping tapered tail at the other (see Fig. 16, page 33). The
vast majority of features are orientated with their tapered ends pointing in the same direction:
N around Kalemouth (NT 709 274), NE around Kelso (NT 725 345), ESE to the south of
Berwick- upon-Tweed (NT 995 524) and SSE south of Bambufgh. Southwest of Berwick-upon-
Tweed several features are orientated NE, which differs. fr.om the majority of the surrounding

features (Fig. 18, page 34). Between the elongate_.ridges, subtle, parallel-sided linear and
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su'bglacial origin for these landforms (e.g. Gunn and Clough, 1895; Sissons, 1964; Clapperton,
1971a; Eyles et-al., 1982; Everest et al., 2005).

Dueé to a lack of sedimentary exposures throughout the region, the exact mode of formation of
these subglacial bedforms is speculative and is therefore based on their mapbed morphology'
and mo'rphometry (and to a lesser extent, their inferred sedimentology, see Figures 22 and 23,
page 37). The theories on drumlin and flute formation are varied, although it is agreed th‘atv
longitudinal, 'stfe‘a_mlined Bedforms are a reflection of the dyr_1am,ic conditions at the ice-bed
interface (Rose, 1987). The most widely accepted theory is that. of subglacial deformation,
where sediment deforms a-round obstructions and protrusions at the ice-bed interface
(Boulton, 1987; Boulton et al., 2001). Rock drumlins are proposed to be the result of focussed
glacial abrasion on the stoss side of bedrock protrusions. Reduced abrasion on the lee-side of
these bedforms, resulting in their tépered form, is ‘likely to have occurréd where cavity
formation was inhibited or whel;e Iee-éide guarrying was inhibited by stable water. pressures
(Dionne; 1987; B'enri and Evans, 1998). Rock-cored drumlins mantled by till (as identified by
Carruthers.et al., 1932) are inferred to have peen formed in a similar manner as rock drumlins,
with till being deposited over the top of the streamlined bedrock protuberance (e.g. Hill,
1971). When considering the Iikely gehesis of these rock drumlins and bgdrock-cored drumlins,
the bedrock structure must be considered. Rock drumlin orientation in the New York Drﬁmlin
Field has been associated with the strike of the underlying bédrock, which has resulted in
drumlins whose orientaﬁon is independent of glacial erosion.and ice flow {e.g. Kerr and Eyles,
2007).. Faults runhing through the sandstone, limestone. and argillaceous rocks of northeast
Northumberland trend E-W (see Figure 5, page 9), trending approximately perpendicular to the
orientation of the bedrock drumlins. it is therefore considered unlikely. that bedrock structure -
has played a significant role in bedform genésis,. inétead selective glacial erosion of bedrock

protuberances is attributed with the genesis of these features.

Clapperton (1971a) identified drumlins formed primarily of reworked glacioquQiaI material in.
the Tweed Vailey. Whilst this has not been verified in this study, their inferred structure can
_ be explained in terms of subglacial deformation. As ice flowed over the Tweed till, which has a
high proportion of clay and sand (Carruthers et al., 1932), pockets of coarser glaciofluvial sands
and gravels would have acted as an obstruction to ice flow, around which the weaker, finer
grained t,.ill deformé‘d (Boulton, 1987). Twin crested drumlins mapped around Kel.so (see Fig.
17, page 33) are suggested to have formed where a crescentic pocket of coarser sediment was

streamlined, forming two tapered downstream ends (Fig. 24, page 39). Local changes in basal
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conditions or sediment supply may have prevented lee-side infilling of the crescentic ridge (c.f.

Boulton, 1987), leading to the formation of the observed twin-crested drumlins.

]

Figure 24: Twin-crested drumlin formation. Picture A: coarse-grained sediment (shown in dark grey) is
deposited, over which the glacier advances (picture B), streamlining the bed. Picture C: the coarse
grained material an obstacle to ice flow, resulting in deposition in the lee-side. Twin-crested drumlins are
proposed to have formed where lee-side filling did not occur (Adapted from Boulton, 1987).

The shape, elongation, dimensions and organisation of the drumlins, flutings and streamlined
hills provide information on flow trajectories and ice-flow dynamics. As drumlins and flutings
form with their long axes orientated parallel to ice flow, with their tapered end on the lee
(downstream) side (Jauhiainen, 1975; Martini et al., 2001), flow trajectories can be
reconstructed. In the central section of the Tweed Valley, between the Cheviots and
Lammermuir Hills, ice flow was broadly from southwest to northeast, as has been recognised
by previous researchers (e.g. Lunn, 1995: Everest et al., 2005). In the lower reaches of the
Tweed Valley, southwest of Berwick-upon-Tweed, bedforms have been identified orientated
towards the NE, out of trend with the overall orientation of the bedforms in arcuate loop
around the Cheviots (see Fig. 18, page 34). The orientation of the bedforms in this area and
their proximity to neighbouring longitudinal landforms has led to the identification of two
flow-sets (c.f. Clark, 1999) (Fig. 25, page 40). These flow-sets were differentiated from each
other by the parallel concordance and close spatial association of the bedforms with adjacent
bedforms (Clark, 1994, 1999). Those drumlins orientated towards the northeast (shown in blue
in Fig. 18, page 34) indicate ice flowed directly into the North Sea Basin (indicated by blue
arrows in Fig. 25, page 40). Streamlined bedforms orientated towards the southeast along the
NNCP (shown in red in Fig. 18, page 34) indicate that ice flowed around the Cheviots and
southwards along the NNCP, parallel to the present-day coastline (indicated by red arrows in

Fig. 25, page 40).

The elongation ratios of the bedforms provide an insight into the spatial variations in flow
vélocities across and along the bedform track, as with increased ice velocities, it is proposed
that the length and elongation of bedforms increases (Rose, 1987; Stokes and Clark, 2002a;
Briner, 2007). It is therefore suggested that ice velocities were highest along the centre'of the

subglacial bedform track; the longest bedforms are identified here (> 1000 m in length), with
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- Table 2: Geomorphologic criteria for the identification of palaeo-ice streams with evidence for a Tweed
Ice Stream (from Stokes and Clark, 1999; Stokes and Clark, 2001; Clark and Stokes, 2001).

Contemporary ice
stream characteristics

Proposed Geomorphological signature.

| Observed features in the Tweed

Valley and surrounding area

Characteristic shape and dimensions
(>20 km wide, 150 km long} of distinct
flow pattern :

Drumlin track 35 km wide in
places

Distinct velocity field

Variation in streamlined bedform sixe

Characteristic shape
and dimension Highly convergent flow patterns | Convergent flow pattern in upper
leading into a trunk Tweed Valley, trunk visible
between Cheviot Massif and
Lammermuir Hills '
Highly attenuated features with | Elongation ratios <1:12
i . elongation ratios >1:10 :
Rapid velocity 2NE3 )
Boothia-type erratic dispersal train Not seen
Features shorter and smaller
towards. the lateral margins,

larger, longer and more’ elongate

towards the centre of the track

Spatially focussed
sediment delivery

Submarine till delta or sediment fan

Deformable bed Glaciotectonic and geotechnical _
.- . . Not seen
conditions evidence of deformed till
) , Abrupt margins . visible,
Sharply delineated Abrupt lateral margins (<2 km) particularly well-define between
shear margin ) Ice stream shear margin moraines the Cheviot _ Massif and
Lammermuir Hills
Ice stream terminus not

identified - inferred to be
offshore (e.g. Everest et al., 2005)
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ponds or marshy ground, such as at ROddam and Lilburh Pond. There appears td be little
arrangement or pattern to the distribution of the mounds, although the sinuous ridges do
exhibit some degree of alignment locally; 1.5 km south of Wooler a series of sinuous ridges
trend approximately N-S, as do those around Lilburn Pond. These ridges, the crests of which
frequently u'ndulate, show little alignment with the topography. A site 1 km southwest of

Roddam at Roddam Bog provides an insight into the internal stratigraphy and sedlmentology
| of these mounds. At this site, three gently- sloplng broad ridges enclose two small ponds (mset
box in Fig. 27, page 43). The northernmost ridge has been excavated and forms a 55 m long,
3.5 m high southeast.facing exposure (Fig. 28, page 45 and Fig. 29, ‘page 46). From west to east
across section, the first 31 m are characterrised by interbedded coarée sands and gravels, with
sharp erosional contacts. At the base of the exposure, beige/brown laminated, horizontally-
bedded and massive ‘sénds are identified (SI, Sh, Sm). These beds are trough-shaped and ate
overlain by a laterally extensive bed of poorly-sorted, mat,rix-su,ppor.ted b‘eige/grey gravel
(Gms), ,identifiaple along this entire stretch of the exposure. In places, this bed is overlain by
pockets of coarse brown sand with outsize weII-.rou.nded pe‘bbles (Sm). At 31 m along the

expdsure, Log 1 was drawn (VFig. 30, page 47).

The lowest bed (Bed 1) is 40 cm thick and consists of poorly-sorted, steeply-dipping planar
cross-bedded coarse sands (Sc) interbedded by laminated, poorly-sorted coarse sands (S).
Bed 2 is 10 cm thick and is formed of up-fining gravels (Gfu). Bed 3 (10 cm thick) is formed of
massive granules with isolated outsize clasts (GRmc). This is overlain by Bed 4, which is
comprised c;f 12 cm of up-fining gravels (Gfu).. Bed 5 is composed of up-fining gravels (Gfu) in a
coarse yellow/grey silty-sand matrix. Measurements of 50 clasts from here (Fig. 30b, page 47)
indicaté clasts are predominantly blade Shaped-an(_:l around 35 % of the total sample are sub-
_angular (SA). Clasts were not separated‘o'n the basis of their lithologies. The C; value, which
measures the percentage of clasts in a samble that exhijbit c:a axis measurements

and Benn, 1998), is 44.4. The uppermost bed (Bed 6) is the matrix-supported beige/grey gravel
bed (Gms), visible for around. 30 m along the exposure. Laboratory particle-size analysis
(Appendix E) reveals the matrix is composed of poorly sorted medium silty coarse sand with a

high proportion of fines (fine skéWed). The contacts between all 6 beds are sharp (erosional).
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Figure 28: Scaled sketch of the Roddam Bog Exposure.

For key to lithofacies codes see Appendix A.













4.2.1.2 Interpretation

'r'he close spatial association and morphology of the sinuous ridges, hummocks, flat-topped
mounds and small depressions south of Wooler has led to the interpretation that these sand
and gravel features are 'part of the same landform assemblage. Sinuous ridges are interpreted
as eskers. This interpretation is.based on their sinuous long-profiles and apparent lack of
alignment with thé underlying topography, which is indicative of deposition within pressurised
conduits (Bennett and Glassér, 1996). Those eskers showing little alignment to the underlying
topography (e.g. south of Wooler}) may be the.result of the superimposition of englacial
conduits, or may reflect deposition in subglacial tunnels (Warren and Ashiey, 1994; Martini et
:a/., 2001). It is proposed that these eskers formed within active ice, as esker formation is
inferred to be limited in areas of stagnating, slow—flowfng ice (Punkari, 1997). Furthermore, in
order to maintain the cryostatic pressure required to keep the conduits open, actively flowing
ice (i.e. not stagnating) would have been required (Warren and Ashley, 1997). Shorter, closely-
spécéd ridges that a_rer'rien,tat_el_d at oblique angles to the main N-S trend of the eske:rs, such as
those south of Wooler and east of Roddam, may represent bifurcated eskers (¢.f. Evans and
Twigg, 2002) that have been incised by post—glaciél streams. The inferred sedimentology of
these sinuous rldges supports the morphological mterpretatron that they are eskers;
. Clapperton (1971b) identified sinuous ridges composed of well- sorted stratified, sands and
gravels within the Wooler Complex and associated them with subglacial deposition, or
englacial channel superimposition (see section 2.2.1). The undisturbed nature of the bedding
implies in situ deposition and as such, earlier interpretations of these features as the product
of melt-out and ice stagnation (c. f. Carruthers et al., 1930, 1932) are rejected. Irregular
mouhds and small, near-circular mounds throughout the Wooler' Complex are tentatively
interpreted as supraglacial kames and hummocky moraine. The overall appearance of these
landforms is 'relativeiy chaotic; there appears to be no accordance with the underlying
topography. Kames and hummocky terrain have been differentiated on the basis of their
morphology; kames .e,x,hibit smoother sides and are more gently sloping than hummocky
moraine (Benn and Evans, 1998). This interpretation is somewhat tentative, as the mounds are
_Iikely‘to have been affected by slumping and post-glacial reworking. The lack of sedimentary
exposures has also hindered their interpretation. However, through a comparison with

morphologically similar features elsewhere, their mode of formation can be speculated upon. »

Flat-topped mounds niapped in close association with the kames and eskers are interpreted as
ice- contact fans and ice- proxrmal outwash deposits. Regarding the internal structure of these,

the sedrmentologlcal survey conducted at Roddam (see Flgs 30-32, pages 47-48) has revealed
much on the environment of deposition. The vertical and horizontal variations in the
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melts (Bennett and Glasser, 1996; Evans and-Twigg, 2002). It is therefore suggested that the
occurrence of kettle holes.with_in the Wooler Complex implies that stagnating ice wa-s present
throughout the.comblex and that proglacial drainage was limited or that meltwater channels
shifted their courses prior to ice stagnation. Where this happened, the melt-out of buried ice
has resulted in inversion of the relief (c.f. Bitinas et al, 2004). Postglacially, these have been
water-filled, such as at Roddam Bog and Lilburn Pond (see Figs. 21 & 22, pages 38 & 39). Itis
suggested here that the Wooler Glaciofluvial Complex formed during deglaciation when the ice
was undergoing active retreat. The large spati:al‘ coverage of glaciofluvial sediments and
landforms (eskers, braided channel systems, hummocky moraines, fans and kames) indicate
that vas'g‘ volumes of water were present, a condition known to exist during deglaciation.
During the final stages of deglaciation, reduced mehwater flow and stagnating ice led to the
forma_tjdn of kettle holes. Thé association of the Wooler Complex with deglaciation is in
- agreement with Clapperton, 1971b, who proposed that the glaciofluvial phenomena in the
area around Wooler were deposited during the first phase of deglaci:ation; This was followed
by Separation ofithe ice masses a'nd‘ the formation of glacial lakes and sand and gravel deita
deposition (Clapperton, 1971b). The broader implications of this compléex.are considered in the

next chapter (section 5.3).

4.2.2 The Cornhill-on-Tweed Complex -

4.2.2.1 Descripfion

The second extensive region of hummocky terrain is located to the south of Cornhill dﬁ Tweed
at the sbuther'n margin of the Tweed drumilin field. The complex stretches from Pressen Hill to
Etal, 10 km to the northeast (Fig. 34, page 52). The topography is characterised by smoothly
undulating mounds (Fig. 35, page 52). Similar features to those identified i__n the Wooler
Complex are found here, i.e. sinljous ridges, irregular;mounds, near-circular mounds, plateau-
topped mounds (Fig. 36, page 53). The features south of Corhrh'il,l are, ho'wev'er,v less chaotically
spread t_han'around Wooler. Sinuous ridges are found mainly towards the centre _of the
compléx, between Cornhill and EaSt,Lea'rmouth,.and range in length from 125 to 500 m. The
long axes _of-these; features are orientated predominantly E-W and NE-SW. To the east,
between East LearmoutH and Wark, and to thé west between East Learmouth and Branxton
are groups of irregular mounds (15 to 24 m high} and small near-circular mouﬁds (5-15 m
high). To the west of East Moneylaws are two elongate, gently-stoping plateau-topped mounds
running along the lower flanks. of Moneylaws Hill. Around‘Crookham,- similar plateau-topped
mounds are found. The largest of these is 25 m high, over 1 km long and 1 km wide. As in the
Woole_r complex, small. depressions and ponds are found between the hummocks. It has been

possible to infér the internal composition of the Cornhill features in the main complex by
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unlike the other three logs, the beds of it do not dip and are instead plane bedded. The lower
bed is comprised of 35 cm of ma,trix—supported. grave‘lé, o-'verlain‘by 50 cm of massive and
.horizontally-bedded sand, trou.gh cross-bedded sand and massive sand (Beds 2, 3, 4 and 5
respectively). These are overlain by 4 beds of matrix-supported gravels, displaying an overall
up-coarsening (beds 6-9). The matrix of these upper four beds is medium to coarse sand

(Appendix E).

4.2.2.2 Interpretation _ _ _

In terms of morphology, the landforms of the Cornhill Complex are very similar to those
identified at Wooler (see section 4.2.1). Based on their comparable morphologies, it is
interpreted that this complex formed in much the same way. Sinuous ridges are, like at
Wooler, intefpreted as eskers. To the southwest of the Cornhill Complex, these are orientated
parallel to flow of f‘he TIS, as fs inferred frbm their relationship with the adjacent NE-orientated
‘streamlined bedforms. These eskers are suggested to be 'thé remnants of superimposed
englécial'conduits, as they are found draped over the drumlins mapped in this area. Siruous
ridges identified. just south of Cornhill-on-Tweed are also interpreted as eskers. However, their
shorter lengths, bifurcating nature and near-parallel orientation to adjacent eskers suggest
that fhe conduits in which they were_deposited shifted over time (c.f. Shreve, 1985) or that
deposition was not continuous (Brennand, 1994). Water-filled debressiohs mapped between
the eskers are interpreted as k'et,tle holes, which indicate stagnating ice was preseht within this
complex (c.f. Evans and Twigg, 2002; Everest and Bradwell, 2003). Irregular and neavr-cir,c,ular'
shaped mounds -mapped west of East Learmouth and west of Branxfon vare interpreted as
’slup'ragllacial kames. This interpretation is based on their morpho_logy »Iand inferred
sedimentology; these mounds exhibit hbighly' disturbed bedding (Carruthers et al., 1932) which.
" is a diagnostic criteria of supraglacial ka}mes. as bgd_di_ng structures are disturbed by the melt-

out of the surrounding supporting ice.

Flat-topped mounds on the lowest flanks of Moneylaws in the Cornhill—on-Tweed Complex are
interpreted as ice-contact kame ‘terraces. This interpretation is based primarily of the
morphology and location of fhese mounds. Kame terraces form through glaéioﬂuvial
deposition in 'ice-ma'rginall-|akes (Bitiln,as' et al., 2004). The terraces at Cornhill are therefore
inferred to have formed between the TIS and Moneylaws Hill as the TIS retreated (Fig. 40, page
57). Their poorly defined form suggests the ice margin was relatively shallow, resulting in a

large area of ice being covered glaciofluvial and glaciolacustrine sediments' (Bennett and
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and Ashley, 1994). Further evidéncé to support the presence of a proglacial lake at the
terminus of these two ice masses is the fan-shaped mound at Hoppen Hill. From its close
spatjall association with the .subglacial esker to thg north, fhis feature is inte'r_preted as a
subaquedus fan delta, formed as the esker discharged into a' lake. This is supported by
morphblogical similarities with fan-shaped, flat-topped mounds of the Carstairs Esker system
in Scotland (Thdmas_ and Montague, 1997) and the eskers of central Ireland (Warren and
Ashley, 1994; Delaney, 2001), which are interpreted as having formed in proglacial water
bodies as water discharged from sgbglacial tunnels. This interpretation is supported by the
sedimentology of Hoppen Hill; inferbedded laminated clays and silts (as identified by

Carruthers et al., 1927) are evidence of deposition in a relatively quiescent water body.

Highly linear, elongate ridges at oblique angles to the main N-S trend of the Bradford Complex
are identified to the east and west of the northernmost esker, south of Newham and west of
Doxford Farm towards the south of the complex (see Fig. 43, page 60). The genesis of these
features is difficult to infer without sedimentological surveys, however, on the basis of their
morph'oIOgy,Ait is considered likely that they are esker’s. As mentioned above, ice flow is
broadly parallel to the Bradford Complex, although their does appéar to be a degree of flow
convergence {explored further in section 5.2.1). As eskers form subparallel to ice-flow, it is not
implausible that these are eskers. An alternative theory is that these oblique:trending ridges
are supraglacial crevasse fills, deposited during ice stagnation. However, given the low
. preservation potential of Su'p‘raglécial crevasse fills (c~.f. Evans et al., 1999), a subglacial e§ker

originis.preferred.

As at Wooler and Cornhill, the presence of water-filled depressions and irregular sand and
gravel hummocks in closé association with the e'skers are indicative of stagnating ice, which
reinforces the notion that these glaciofluvial complexes formed during deglaciation. The
above interpretation of the landforms of the Bradford Complex is in agreement with that of
Huddart (2002b), who proposed fhe complex was formed as a series of subglacial eskers,
glaciolacustrine deltas and supraglacial kames. The implic.ation of the a‘blove interpretation for

the local and regional glacial dynamics is discussed in the next chapter (see section 5.2)

4.3 Assemblage C: Meltwater Channels

“Erosional channels have been mappéd between 50 and 450 m OD in the Cheviots (Fig. 46, page
64) and 50 and 250 m OD in the Lammermuir Hills (Fig. 47, page 65). Channels range from
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4.3.2 Type B Channels: proglacial channels and submarginal chutes

4.3.2.1 Description

Channels in this group run straight down the hillsides, approximately at right angles to the
contours and are cut 'through bedrock, till and glaciofluvial deposits that mantle the lowest
slopes of the Cheviot massif. They are often short (< 300 m long) and start and end abruptly. In
a few cases, these channels have short sections that are undulating in long profile. Several
channels terminate in larger channel systems, changing direction and running obliquely
downhill. In cross-section, a few channels have more deeply incised upper sections than lower.
In the Cheviots, such channels are observed at Middleton Hall, at the Earl Hill system and at
Pennylaws. Type B channels are infrequently identified in the Lammermuir Hills, although a

few are found between Berwick and Chirnside.

4.3.2.2 Interpretation

These channels are interpreted as proglacial channels and/or submarginal chutes (e.g.
Mannerfelt, 1949). The morphologic criteria used to identify these channels are primarily their
position on the hillside and also their relationship with other channel systems. These channels
may be proglacial channels, formed by meltwater flowing downhill from the Cheviot Ice Cap
(Clapperton, 1970b) over the ice-free land between the Tweed and Cheviot ice (Fig. 49). As
these ice masses separated during deglaciation, meltwater would have been focussed at the
margins of the TIS and in the proglacial zone of the Cheviots. Alternatively, these channels may
be submarginal chutes, formed where submarginal and subaerial waters plunged beneath the

TIS margin (Fig. 49). It is considered likely that both these situations could have occurred.

Tweed Ice

LS

Figure 49: Model of Type B Channel formation. (a) Channels formed in a proglacial setting by runoff from
the Cheviot Ice Cap, (b) Channels Formed as submarginal and subaerial water (and possibly Cheviot ice
cap runoff) plunge directly beneath the TIS margin.

Submarginal chutes frequently exhibit steep gradients, changes in directions as they join
marginal channels and abrupt inlets and ‘hanging’ outlets (Menzies and Shilts, 1996; Clark et
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al., 2006). Several of the channels mapped in the Cheviots do exhibit seed points than appear
to start out of ngwhere on the hillside. Such channels are visible southwest of South Middleton
(see Fig. 46, page 63). These- channels have been previously interpreted as subglacial chutes
{(e.g. Clapperton, 1968; L_unn, 1995), a theory proposed to explain morphologically similar
channels elsewhere. The lengths of submarginal chutes in the Cheviots and Lammermuiir Hills
allow inferences to be made on ice thickness. The distance that these channels were able to
penetrate through Tweed and Cheviot ice is likely to be determined by the englacial
piezometric water level (water tab|e). Glenn (1954, cited in Clapperton 1970) proposed that
such channels should only bé ablé te penetrate through ice that was 600 ft (182 m) thick.
Given that several of these channels run down hillsides for distances up to 300 m, it is
suggested' that mevltwaters penetrated through greater thicknesses of ice. As the ice retreated
from the Cheviots, it is envisaged that ice-marginal meltwaters plunged. rapidly beneath the
stagnating ice (c.f. Glasser et al., 1999). However, Glasser et al. (2004) argue that a subglacial
origin for such channels is tenuous as there are limited  recorded modern ‘processes of
subglacial chute formation. Instead, they invoke a subaerial fluvial origin, with channels incised
during eustatic lowstands. Despite this, a submarginal chute origin is favoured here. Subaérial
todification of these channels is considered-to have ‘been limited, as all-observed -channels

were dry.

4.3.3 Type C Channels: Superirhposed englacial channels

4.3.3.1 Description »

Channels.in this group are characterized by their short (~250-600 m long), shallow and podr'ly
defined form. They appear to have no apparent orientation to the underlying topography,
instead c'utting'across contour lines, spurs and hill summits. They are frequently short and
poorly defined. The vast majority of such channels are car-ved into bedrock. Such channels are
found south of Akeld and also on the higher sloped between Ingram énd Penfylaws, where
they are found parallel to one ahother (see Fig. 46, page 63. Northwest of Duns, these.
channels cut directly across the Langton Edge spur separating Wellrig Burn from Mill Burn (see

Fig. 47, page 64).

4.3.3.2 Interpreta_tion

These channels cutting across spurs, with ‘no apparent alighment with the relief, are
interpreted as superimposed englacial channels. Ciapperton (1968) propbsed that where ice
downwastes, supra- and englacial channéls are brought to successively lower elevations until

they become subglacial and erode through the highest points of the landscape (Fig. 50,
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page 68). These channels have been referred to as severed spur channels. It is unlikely that
severed spur channels represent superimposition of supraglacial channels, as by nature, these
_channels are ephemeral and frequently drain through crevasses and moulins into en- and
subglacial channels (Benn and Evans, 1998). The distribution of these channels throughout the
Cheviots can be explained in terms of ice flow direction. Clapperton (1968) proposed that the
orientation of spurs .and valleys at right angles to ice flow (and therefore meltwater flow)
resulted in the superimposition of channels directly across these topographic high points. The
majority of these channels south of Roddam are orientated towards the southwest, which
differs from subglacial (Type D) and ice-marginal (Type A) channels, the orientation of which is
towards the southeast north of Roddam (TIS) and northeast south of Roddam (SIS). This
implies that ice flow was from the northwest, i.e. from the central regions of the Cheviots,
which adds weight to the argument that the Cheviots were occupied by ice, although it is
difficuit to say whether it was an independent ice cap or an overriding ice mass. Lunn (1980;
‘ 1995) highlights that, in glaciers at pressure melting point, meltwater will descend to the
glacier bed and flow subglacially and that to explain superimposed channels, a thermally

layered ice sheet is invoked.

o

.

Figure 50: Model of englacial channel superimposition. Englacial conduit is lowered onto a spur or hilltop
as the ice downwastes (left). The result.is a ‘severed spur channel’ (right)

4.3.4 Type D Channels: Subglacial channels

4.3.4.1 Description

These channels mainly follow present day valleys. These channels are largest of the four types

and most deeply incised (Fig. 51b, page 69), although some exhibit more shallow cross-
_sections (Fig. 51a, page 69). Cross sections are V- to U-shaped and predominantly symmetrical,

although several exhibit sections that are asymmetric. They have anastomosing, undulating

long profiles (Fig.52, page 69) and are up 5 km to in length. Channels are, in places, occupied
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by peat and till. Multipié inlets, frequently in cols, and multiple outlets are identified south of
Pennylaws, in The Trows (Fig. 53, page 70) and the Earl /Whin’ system south. of Wooler. In
several cases, channel tributaries are type B channels (see above). In the Lammermuir Hills,
these channels are less well defined, with no muitiple inlets nor outlets, nor bifurcating
sections. These channels are However longer than those in fhe Cheviots, are highly sinuous

and exhibit undulating long profiles.

(a) . (b)

200 200
N . ) NNW SSE
oD~ _— | tmop \/W
- 100 -
1005 200 300 m 0 200 400m
. .
2502

WANW : ESE

100 — - T
0 250 500 750 1000 1250 1500 m

Figure 51: Type D Channel cross sections in the Cheviots. (a) cross-section of Kingston Dean
Channel (channel number 6, Fig.46, page 63); (b) cross-section of Roddam Dean Channel
(channel no. 7, Fig.46, page 63); (c) cross section of the Harden Burn channel (channel no.
8, Fig.46, page 63) and the Alnham Channel (channel no. 9, Fig.46, page 63} to the south of
Pennylaws.
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Figure 52: Channel long profiles. (a) Buxley Channel in the Lammermuir Hills (channel no. 2
in Fig.47, page 64); (b) Kings Chair Channel in the Cheviots (channel no.3 in Fig. 46, page
63). Note undulating sections. :
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DISCUSSION

Geomorphological mapping of the Tweed Valley and surrounding area has identified three
distinct glacial landform assemblages; subglacial streamlined bedforms, meltwater channels
and humm-ocky glaciofluvial deposits. The identification of similar landforms in other formerly
glaciated regions has facilitated the re_co_nstn{uction of the giacial processes, subglacial thermél
conditions, configuration and dynamics of pélaeo-ice sheets (e.g. Warren an_d Ashley, 1994;
Punkari, 1997; Kleman and Glasser, 2007). 'I.n this chapter, the implications of the data
generated in this study for the palaeo-ice sheet d'yné_m‘ics of the Tweed-Valley and surrounding

area will be discussed.

5.1 The case for a Tweed Ice Stream

Tracks of numerous, closely-spaced Highly attenuated bedforms have been attributed with ice
streaming in a number of formerly glaciated and_contemporary settings (e.g. Laymon, 1992;
Hodgsoﬁ, 1994; Everest et dl., 2005; Golledge and Stoker, 2006; Stokes et al., 2006). Previous
researchers have invoked fast ice flow to explain the highly attenuated bedforms in the Tweed
Valley (e.g. Clapperton, 1971a; Clark et al., 2004). This led Everest et al. (2005) to propose tha;c
these bedforms are the clear signature of a palaeo-ice stream. In this section, the evidence to
support the presence of the Tweed Ice St,ream will. be discussed. Stokes and Clark (1999)
constructed a set of criteria for the identification of palaeo-icé streams from the
geomorphological record (Table 2, pa-ge.37). Based o_h these criteria, the existence of the TIS is.

strongly supported by the following five criteria:

(1) The shape and dimensions of the TIS pathway are characteristic of both palaeo-ice stream
tracks and contemporary active ice streams. The TIS track is, at its widest, 35 km across.
. Contemporary ice streams are'frequently' wider than 20 km {Stokes and Clark, 1999). The
- Amundsen Gulf 'balaeo+ice stream track is very large, at over 150 km wide and 1000 km long
(c.f. Stokes et al., 2006). The onshore section of the TIS is approximately 65 km long in the
Tweed Valley and .40 km Iong' along the. NNCP, however its total length is unknown as the

terminus is inferred to have been offshore (Everest et dl., 2005). The shape of the TIS track is
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also characteristic of ice streams; ice streams of the Antarctic and Greenland ice sheets
characteristically have funnel-shaped upstream onset zone that lead into a main trunk (Jezek,

11999).

(2) The arrangement of streamlined subglacial bedforms reveals converging ice flow in the-
upper Tweed Valley, leading into a narrower trunk between the Cheviot and Lamm_ermui'r Hiils.
"It is inferred that yelocities increased through the zone of convergent flow into the cehtral :
trunk of the TIS. This is based on a comparison with the WAIS ice streams; from which
geophysical data reveal zones of flow convergence are characterised by increasing flow
velocities (c.f. Jacobel et al., 1996; Rignot, 2006; Joughin et al., 2006). It is inferred that this
.convergent bedform pattern in the upper Tweed Valley represents the onset zone of the TIS.
Modern ice stream onset zones are identified by .convergént surface flow patterns and high
velocity gradien_ts' from areas of featureless ice to zones of heavily crevassed ice (Bell et al,,

1998]).

(3) The highly attehuated, closely-spaced streamlined bedfo}ms with elongation ratios <1:12
are indicative of rapid ice flow (Stokes and Clark, 2002; 'Briner, 2007). 1t was thought initially
that consfancy of-flow controls bedform elongation (Boyce and Eyles, 1991). Howéver; the link
between fast velocities and bedform elongation is now recognisea; geomorpholdgiCaI
evidence (dr’um'lins and MSGL) from the Antarctic Continental Shelf has been associated with
ice streams that retreated during the Holocene (c.f. Shipp et'rd/.,_1999; O’Cofaigh et al., 2008).

Flow velocities of these ice streams are observed to exceed 0.8 km yr™ (Bennett, 2003).

(4) The spatial variation in streamlined bedform size and elongation ratios is a product 6f the
distinct velocity field of ice streams (Stokes and Clark, 2002). The most elongate bedforms are
identified in the centre c;f drumlin fields; in the New York drumlin field, elongation ratios
increase alon'g a central flowline (Bfiner, 2007). In contemporary ice streams, flow velocities
alqng the central regions of ice streams have been observed to exceed 800 m yr'v1 {(Paterson,
1994). At the lateral margins, drag is exerted by the slower-flowing ice (< 10 m yrl)
(Anandakrishnan et al., 1998; Bennett, 2003). These spati’;I velocity variations are reﬂected at
the ice surface as crevasses and longitudinal ridges and troﬁghs (Whillans and Merry, 2001). It
has been proposed that the presence of a subglacial deforming layer permits rapid flow under
the low driving stresses cﬁaract'eristic of ice streams (Blankenship et al., 2001; Tulaczyk et al.,
‘ 2001). It i§ therefore inferred that flow velocities were greatest towards the centre of TIS .
track, as the most elongate bedforms (>1:10) have been identified here. Flow was slowest
towards the ice‘ margins, where shorter, less elongate bedforms have been mapped.
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(5) The lateral margins through the main trunk of the TIS track are abrupt and are delineated
By the higher ground of the Lammermuir Hills to thé nofth and the Chéviots‘ to the south. This
sha'rp boundary between streamlined terrain and non-streamlined terrain represents the
transition zone between twd zones of icé with differing t'hérm'al and dyhamic regimes
(Raymond et al., 2001; Hall and Glasser,. 2003; Golledge and Stoker, 2006). Contemporary ice
stream lateral margins are visibie at the ice surface as zones of intensely crévassed icé up to 2
km wide (Bell et al., 1998; Stokes and Clark, 1999). In'contemporévry ice streams, icé stream
lateral margins are visible as a sharp boundary bétwéen crevassed ice exhibiting flow=parallel
banding and ‘featureless’ ice (Bell et a/., 1998). Across this boundary, high velocity gradients
are observed, with velocit'ies‘oftén several degrees of mag'ﬁitudé higher within the ice stream
than outside it. This explains the presence of streamlined bedforms inside but not outside this

boundary.

5.1.1 Tweed Ice Stream Dynamics

Based on above geomorphological criteria, the existence of the TIS is strongly supported.
Previou§ researchers have proposed that fast ice flow was responsible for the formation of the
northeast trending drumlins in the fweed Valley (e.g. Clapperton, 19713; Clark et al., 2004;
Everest et al., 2005). However, new data presented in this study suggest that the TIS was more
dynamic than previously thought. Cross-cutting bedforms southweét of Berwick-upon-Tweed
(see Fig. 18, page 34) have led to the identification of two superimposed flow-sets (see Fig.25,
page 40). Both flow-sets fulfil 5 of the 8 geomorphological criteria for ice stream activity (see
" table 2, page 41). The first fIQW'-Sét, situated in a broad arc around the Cheviot massif (shown
in red in Fig. 25, page 40), shows a stronger signature in the landscape than the second flow-
set, which trends towards the northeast in the IoWer Tweed Valley (see section 4.1, shown in
blue in Fig. 25, page 40). Highly complex, croés-c’utting flow-sets associated with ice streaming
in the Canad'ién Arctic A_rchipel'ago and mainlan_d Canada represent a reorganisation.of the ice
margin or a shift in the ice divide during retreat growth and retreat phases (-Stokeé et al.,
l2_006). The presence of two row-set-s in the Tweed Valley and surrounding area are interpreted
to repres'ent a shift in the axis of flow of the TIS. Owing to the subtle nature of the NE trending
flow-set, it is proposed that localised cross-cutting or flow-switching occurred, po;sib_ly during
deglaciation. The southwards diversion of the Tweed, Solway and Cheviot ice is understood to
have occurred as ice'ad'vanced into the North Sea Basiﬁ (NSB) from the Scottish Highlands
during the Devensian (Sissons, 1964; Lunn, _1980; Huddart and Glasser, 2002). Occupation of
the‘ NSB was episodic, with advance and retreat phases 6ccurring throughout the Devensian
~ (Sejrup et al., 1994; Carr et al., 2006; Nygard et al., 2007). The NE oriehtated bedforms

southwest of Berwick-upon-Tweed suggest ice flow was dir-ectlynoffshore and therefore must
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5.1.3 Duration of ice streaming

From the morphology and spatial characteristics of the subglacial streamlined bedforms of the
TIS, and their relationsh»ipvs_with otheér landforms, it is 'pvoss.ib,le to infer whether they were
formed time tran_sgressivgly or isochronously (Clafk, 1999). Establishing this is impdrtant,for
" determining the history and dynamics of the ice stream (Stokes and Clark, 2001). The
éynchroheity of bedforms within flow-sets reveals information on when and over what _
timescale they formed (Clark, 1999). Time transgressive ice st'reém imprints are ideritified' by
overprinted aﬁd modified bedforms and reflect format-ion over successive glaciations during
advance and retreat phases (S.tokes and Clark, 2001). The bedforms of both flow-sets of the TIS
are more chara.cteristi’c of an isochronous ice stream imprint, in that bedforms s_h(_)w little sign
of reworking or overprinting (c.f. Clark, 1999; Stokes and Clark, 2001). Similar, isochronous ice
stream imprints are observed in the A:mundsen Gulf in the Canadian Arctic Archibe_lago, where
systematic h-ighly parallel bedforms within individual flow-sets are interpreted as evidence of.
rap.idv flow during a single flow event (Stokes et al., 2006). Subglacial bedforms along the TIS
path are highly parallel, highly -attenuated and are therefore interpreted to have formed
relatively fast (Stpkes and Clark, 2002). As with other isocchronous pé'laeé-ice’ streams, it is
suggested here that the observed bedforms represent the imprint of the ice stream
immediatély prior to ice stream shut-down (c.f. Stokes'and Clark, 2003).

~

5.1.4 Retreat of the TIS

From the geomorphology of the TIS track, it is inferred that-ice stream retreat was continuous
and relatively rapid. This is based on a comparison with the geomorphological imprint of
palaeo-ice streams in northern Canada (c.f. Stokes et a/., 2006) and the imprint of ice streams
that retreated from the Antarcti¢ Continental shelf post-LGM (c.f. Shipp et al, Lowe and
Anderson, 2002; O Cofaigh, 2005)'. Landforms superimposed transverse to flow over
streamlined bedforms, such as terminal moraines and grounding zone wedges are evidénce of
-still_s'@_nds of the rr"uargin during-slow or episodic retreat.(Lowe and Anderson, 2002; O Cofaigh
et al., 2008). Stokeé et al (2006) speculated that a stillstand in the margin'of the Amundsen
Gulf Ice Stream in the Canadian Arctic .Archipelago was recorded by a morainal bank. Rapid,’
continuous ice stream retreat, such as that recorded across Marguerite Bay of the Antarctic
Peninsula, is characterised by consistently parallel bedforms and an absence of transverse
moraines and cross-cutting lineations (O Cofaigh et al., 2008). The glacial geomorphology of
the Tweed Valley and NNCP show similarities-to this, in that bedforms are consistently paralléel
and display a low degree of modification. There is also no _geomorbhological evidence to

support episodic retreat; no terminal moraines or transverse features are idéntified at any
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distance along the TIS track. There is h_gwever,. as méntioned above, evidence of localised
éross-cutting, implying flow switching during deglaciation. O Cofaigh et al. (2008) suggest this
is indicative of slower retreat. Despite this, it is proposed that retreat pf the TIS 'was relatively
fast, as the streamlined subglacial bedforms show Iittlé sign of modification, which is expeetéd
‘ durfng slower retre-at‘. Full retreat of the TIS is 'consid_ere;j likely to have occurred by 15 ka BP,

as the onshore margin is recorded north of the Scottish Border-at this time (Huddart, 2002a).

5.2 The Bradford Interlobate Complex

The Bradférd cdmplex on the NNCP .is comprised- of eskers, crevasse  fills, kames and
subaquedus fans, which together form an eIon'gaté complex of sand.and gravel over 10 km-
long (see section 4.2.3). The complex is located approximétely parallel to regional_icé flow
indicators, as is inferred from the streamlined bedforms to the west and east. To the west,
streamlined bedforms reveal that ice flow was oblique to. the main N-S trend -of the co‘mplex,
_wheréas to the east it was more paral|el,.implying ice flow was broadly convergent here: Itis
argued here that this relationship between these Iandformasserﬁblages; which not previously
been-recognized, is key >in determining the origin-of-the Bradford-Complex. In t'hi,s section, the
implications of the geomorpholoéical data for the mode of genesis of this complex and the

style of deglaciation will be discussed.

5.2.1 Genesis of the Bradford Complex

In terms of the orig_in-of the Br_adford Complex, it is proposed that deposition occurred in a

series of subglacial feeder conduits and pr.oglacial lakes. that formed during ice retreat (see
| section 4.2.3.25. During deglaciation, .kame and kettle topography was formed amongst the
eskefs and subaqueous fans, resulting in the distinct hummocky appearah'ce of the comp;lex.
Similar palaeo-environmental settings have been. invoked at the Bradford Complex by .other
researchers (c.f. Parsons, 1966, cited in:Huddart, 2002b). Parsons (1966) concluded that the
series of eskers formed in closéd conduits as ice retreated towards the nofth. This was
developed by Huddart (2002b), who proposed that esker formation was initiated in subglacial
conduits discharging into ice-dammed proglacial lakes. Whilst the broad palaéo-ehvironmental
setting i$ agreéd on in this studY. (i.e. proglacial lakes and subglacial feeder conduits), the
| glacial configuration and dynamics are suggésted to have differed. Both Huddart (2002b) and
Parsons {1966) proposed that the Bradford Complex formed 'during stillstands of the ice
margin as ‘_ice retreated to the north through the Warren 'Gap. However, eviderce presented
in this study show fha‘t retreat of the TIS anng the ANNCP was coﬁtinuous; there is no evidence

that retreat was punctuated by stillstands (see section 5.1.4). As mentioned above, the
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Bradford Cc')m'plex is fouhd in close association with adjacent streamlined bedforms, thé
orientation of which suggeét flow on th_e complex was'conAverg_ent. It is-proposed‘i,n this study .
that the TIS and -NSL were convergent and that the growth of the NSL diverted the TIS
southwards along the NNCP (see section 5.1.1). Given the suggestion that thé NSL flowed for a
short distance onshore in Northumberland and further south in County Durhamv(Teasdale and
Hughes, 1999, Davies et al., 2009), it is proposed here that the Bradford Complex Was formed

in the convergence zone between these two ice streams.

Morphologically similar elongate glaciofluvial complexes have been identified in  the
cdnvergénce zones of. palaeo-ice streams of the Fennosca‘ndian Ice Sheet (c.f; Punkari, 1908,
1997; Mikinen, 2003), the Cordilleran and Lauréntide Ice Sheets (c.f. Fraser, 1993; B,refn’n‘and
and Shaw, 1996; Brennand et al., 1996; Hicock and Fuller, 1996) and the British-Irish Ice Sheet
(c.f. Warren and Ashley, 1994, 1997; Thomas and Montague, 1997; Huddart and- Bennett,
1997; Delaney, 2001, 2002). These cohplexes, known as interlobate corﬁpiexes or interlobate
moraines (é.f. Punkari, 1980), are the product of focussed glacial drainage and glaciofluvial ice-
“contact d'eposition between two converging ice masses within polycentric ice sheets
(Brennand and Shaw, '1996; Punkari, "1997; Huddart and Bennett, 1997; Thomas and
Montague, 1997). In terms of morphology, these complexes are similar to the Bradford
Complex. For example, ‘the Tampere. interlobate zone in southern Finland :is an elongate
complex formed of a central esker ridge flanked by kettle holes, gIaCioquviéI hummocks and
deltas (f’u‘nkafi, 1997). Flow indicators also converge on this complex (Punkari, 1997). Based
on a comparison with these'complexes, ihsights into the genesis of the Bradford Complex are

provided.

It is proposed that glacial drainage and glaciofluvial deposition '-were focussed in the zone of
convergence between the TIS and NSL on the basis that with convergent ﬂQlW, ice surface '
profiles are approximately concave (Hughes, 1981). As glacial drainage within ice sheets is in
large parts controlled by-the ice surface slobe (Shreve, 1972), meltwater flow within the TIS
a-nd‘ NSL would have been ‘towards the confluence zone. Meltwater would also have been
focussed towards thé bed thréugh surface crevasses. The high velocity gradients that exist
across interlobate zone§ would also have pr,omoted_melting in the shear-heated converging ice
(Punka;i, 1997), leading t0 a well-established subglacial drainage network {Warren and Ashley,
1994) (Fig. 58, page 81). As the TIS and NSL separated along their confluence zone, it is
proposed that deposition was initiated in thes’e subglacial conduits as lakes formed proglacially

(Fig. 58, page 81).
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discontinuous, beaded eskers in central Ireland, the length of which was limited by rab‘id
marginal retreat (Warren and Ash-ley, 1994).'Thé la‘é:k of ice-transverse features here, as albng
| the TIS track, are evidence of continuous retreat (c.f. O Cofaigh et al., 2008). It is noted,
however, that the degree of post-depositional erosion of the Bradford esI:ers is unknown, and
their discontinuous form may be a result of subaerial stream erosion, slumping or human:
activity. Aé it is proposed that eskers form within active ice (Wa‘rréh and Ashley, 1994; Punkari,
1997), and based on the above, it is likely that the Bradford complex formed within relatively
rapid, continuously northwards retreating active i'cé; The presence of kames and kettle holes
in close association with the eskers are eVidence that stagnat’ing,lse-diment laden ice was vleft

as the margin retreated.

There is strong evidénce to suggest that the Bradford Complex was formed in the interlobate
zone between the TIS and NSL. Based on the above, the formation of this glaciofluvial and

glaciolacustrine complex is inferred to be as follows:

(1) Iﬁ the convergencé zone of the TIS and NSL, glacial flow and meltwater drainage
converged, leading to the formation of an subglacial drainage. system. |

(2) Asthe TIS and NSL separated during deglaciation, lakes ponded in the interlobate zone
between these two ice .masses into which the subglacial conduits | discharged.
Deposition was initiated within _the conduits and subaqueous fans developed (c.f.
Warren and Ashley, 1994). This complex formed time transgressively (c.f. Brénnand
and Shaw, 1996), with d_éposition occurring from south to north as the ice margin
retreated. Retreat was continuous and relatively rapid, as is inferred from é lack of
flow-transverse fe.at't_;res along the TIS track (c.f. O Cofaigh et al., 2008) and the ‘
discontinuous eskers at the northern end of the ¢omplex. - 4

(3) Asthe ice retreated to the north, sediment-covered stagnating ice melted, formiﬁg the

kettle holes and hummocky moraine.

5.3 Geomorphology and Sedimentology of the TS lateral margins

Extensive zones of hummocky terrain 'havel been mapped around Cornhill and Wooler (see -
sections 4.2.1, 4.2.2). These two complexes exhibit stark similarities; both are comprised of
subglacial eskers, cf_evass,e fills, .s'upra‘glacial kames, kame terraceé, ice-contact deltas and
subéqueous fans and are found on the lower flanks of the Cheviots in close association with
the mapped meltwater channels. Morphologically, these landforms are similar tlo those of the
Bradford Interlobate Complex, however, they differ markedly from the latter with respect to

their location situated along the lateral margins of the TIS track. The location of these
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glaciofluvial complexes and-their relationship with the surrounding landforms is key for

determining their origin.

The Wooler and Coernhill compléxes are interpreted to have formed during deglaciation. This is
-base_d on several lines of evidence. Firstly, the Cornhill sands and gravels are supgrimbosed
over drumlins towards the southwest pf the complex (as.observed by Gunn and Clough, 1895
and Carruthers et al., 1932}, which is evidelnce the Cdr.nhill Complex formed afterice streaming
and drumlin forimation. This is'in agreement with Clapperton (1971a). As the TIS is proposed to

have flowed during a late stage of deglaciation (Everest et Aal.v, 2005),' this supborts the
| deglacial origin of the Cornhill Complex. Secondly, the extensive spreads of glacioﬂﬁvial
deposits and landforms suggests high volumes of meltwater were present (Sissons, '1973;).
Thirdly, the abundance of meltwater éhan‘_n‘els in the Cheviots is also evidence that a well-
organised subglacial drainage system existed here (Golledge and Stoker, .2006). The association
of these complexes with deglaciation is. i_h agreement with previous researchers, who have
linked the glacioflux)iai complexes to ice-directed meltwater drainage from the Cheviots and
'depos'ition in a stagnating ice body (c.f. Carruthers etal ., 1927, 1932; Clapperton, 1968, 1970,
1971a,1971b). '

Also fn agreement with previous researchers is the assertion that the Wooler and Cornhill
Complexes are part of the same glaciofluvial system (c.f. Carruthers et al., 1932). This is based
on their com_p'arativ'e morphology, sedimentology and location. The complexes are separated '
frqm each other by the Milfield Plain, which was occupied by Glacial Lake Ewart that formed

durin'g deglaciation as the Tweed ice had retreated from the Cheviots (Clapperton, 1971; Evans
| et al., 2005). The former presence of this lake is recorded by glaciolacustrine 'sed’iments, lake.
shorelines and glaciolacustrine deltas (Butcher, 1967). Based on the distribution of glaciofluvia'l-r
deposits through the Glenn Valley and at the southernmiost limit of the Milfield Plain, it is
- speculated that the Wooler and Cornhill complexes were conhect_ed prior to the developmént
of que Ewart.-lf indeed thgse Cornhill-WOoler Complex (as.it shall be called) was initially more
extensive than at present, it implies that a major'drainége system was in operation in this area
during deglaciation. -
Based on thellocation of the Co-rnh‘iII-WooI'er Complex at the lateral margins of the TIS,‘ it is
proposed that this drainage system developed in the lateral shear zone at the margin of the
TIS. A shear zone would have'forméd. between the differentially. flowing —TIS and the cold-
based Cheviot Ice Cap, the Iattér‘of which is inferred to flowed radially from the highest
suhmits to coalesce with Tweed icé (Clapperton, 1970). This interpretation is based on
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analogy with the lateral margins 6f many -modern ice streams which are characterised by
_heavy en-échelon creva'ssing (LeB. Hooke, 2005). The shear margins 6fJakc;bshavn isbrae South
Iée Stream in western Greenland are characterised by open, extensionél crevasses with
rounded edges and highly degraded surfaces (Mayer and Herzfeld, 2000). Meltwater will
penetrate to the bed through these crevasses, which, together with high_ basal melt rates,
_leads to the development of extensive sﬁbglacial drainage networks (Pate'rsoﬁ, 1994). It is
considered likely that such a situation would have occurred between ‘the TIS and the Cheviot
Ice Cap. The association of this drainage system with the TIS is supported by ihe'orientatﬁon of
the eskers of the Cornhill-Wooler Complex. As flow of water within subglacial conduits is
controlled by the -‘ice surface slope and the pressure 'grad’ient 'within the .ice, (Warren and
‘Ashley, 1994; Johansson, 2003) the orientation of eskers can be used to reconstruct ice flow
directions. The orientation df eskers Within these two complexes indicatée tha’t ice flow was E-
W in the Cornhill Complex and N-S in the Wooler Complex. This is in broad agreement with
. regional icé flow indicators, which suggest flow of the. Tlé was around the Cheviots in a broad

arc (seé section 4.1.2, also Clapperton, 1970).

It is proposed .that the Cornhill-Wooler Complex formed time-transgressively. As esker
déposition is o‘h|y likely within éctive ice (Warren and Ashley, 1994; Punkari, 1997), and the
eskers mapped here are ‘predominantly orientated parallel to flow of tlhe TIS, deposition of
these eskers must have been initiated prior to ice separation.and stagnation (‘Fig. 593, page
85). As the TIS and the Cheviot ice cap separated, the suture zone wdu_ld have qeted as a focus
for glacial and subaerial drainage. The well-established subglacial drainage network, as évident
from the eékers at bbth Cornhill and Waooler, woﬁld likely have discharged into this ice-free
area, further focussing glaciofluvial drainagé. At this time, the Cornhill kame terraces at
- Moneylaws Hill are proposed to have formed (Fig. 59b, page 85), along with the.ice-contact
fans at Roddam and the ice-contact delta at Kilham. The latter of these, as it is formed in a
proglacial water body, is only likely to have formedb once Cheviot ice had retreated from the
Glenn Valley. Hummocky maoraine and supraglacial kames would have been deposited as the
ice downwasted (Fig. 59¢, page 85), with kettle holes forming as debris-covered ice stagngted

(Fig. 59d, page 85).

It is proposed that the majority of Cheviot meltwater channels also formed during deglaciation
as the TIS retréated and the Cheviot Ice Cap doWnWasted. Clark et al. (2006) proposed that
meltwater channels must develop in the ablation zones of ice sheets dljring retreat phases.as

large volumes of meltwater are required for their formation. The abundance of meltwater
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proglacial or submarginal chutes, superihpos’ed en'gIaCiaI channels and subglacial channels
(see section 4.3). The distribution of these and the relationship-between them provide
information on their formation and also the style of deglaciation. As meltwater flow within ice
will broadly ﬂbw pa.rall,el to the steepest ice surface profilé (Shreve, 1972; Clark et al., 2006),
subglacial and superimposed channels can be used to reconstruct ice flow directions. In the
) nortﬁ of the Cheviots, superimposed channels are predominantly orientated towards the
southeast, which is broadly parallel with flow of the‘TIS. it ns therefore spéculated that these

ice-directed channels were formed by the superimposition of englacial conduits that had
formed in the strain-softened regjoln between the TIS and Cheviot Ice Cap. Subglacial channel
systems indicate close ice control (Lunn, 1980) and, together with proglacial channelé form a
radial flow pattern, indicating flow was directly off the Cheviots. It is possible that the largest,
mosf_ well developed subglaﬁial channel systems, such as The Trows, formed during several
episodes of downwasting and were enlarged by subaérial waters during interglacials. As t_‘he
ice-marginal and proglacial channels would have required an ice-free slope on which to form,
these channels most likely represent the most recent stage of channel formation during

deglaciation when an ice-free zone existed between the TIS and Cheviot Ice Cap.

5.4 Regional Glaciological Implications

Geon‘iorphological mapping of the Tweed Valley and the surrounding area has shown that
three‘ landform assemblages dominéte the glacial geomorphological record; streamlined
sub"glacial bedforms, meltwater channels and glaciofluvial complexes (see chapter 4). The
i‘dentificationv of these has led to the proposition that an ice stream flowed along the Tweed
Valley and coalesced with the North Seé Lobe along .t_he North Northumberland Coastal ‘Pla?n.
In the interlobate zone between these two ice masses, the Bradford Complex was formed .
during deglaciation. At the southern Iéte,ral margin of t‘he TiS, the Cornhill-Wooler Complex
formed as the TIS retreated from the lower flanks of the Cheviots. In this section, the
implications of these data for the regional ice dynamics, the dynamics of the BIS and the wider

glaciological implications will be discussed.

Regarding the Devensian ice configuration of the région, there is debate as to whether the
Cheviots supported an indebende_nt‘ iée cap. Early theories suggested foreign ice had
overridden the summits (Geikie, 1876, cited in Clapperton, 1970), whereas Clapperton (1970)
proposed the existéﬁce of an independent ice cap based on glacial erratics, tills and s_tria"cions
throughout the Cheviots. More recent work by Harrison et al. (2006) argued that periglacial

landforms (e.g. solifluction sheets, tors and scree-slopes) in the Cheviots were evidence that
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th_e‘ >Cheviots were not covered by. an ice cap du'ring the Devensian. This latter view is rejected
on the basis that geomorphological data presented in this study provide strong evidence that
the Cheviots were 'occupie_d, by a radially-flowing ice cap that coalesced with the TIS on its
northern flanks. The strongest evidence to support this ice configuration pattern comes from
the organisation of meltwater channels (see section 4.3) and thé sedimentological data from
Roddam in the‘WooIér Corﬁplex (section 4.2.1.2). As meéntioned in section 5.3, the organisation
of subglacial and proglacial meltwater channels »suggesf ice flow was radial from the summits
of the Cheviots. Palaeocurrent data from the ice-contact fan at Roddam also support this
theory, as ripple and clast orientation sﬁggests meltwater flow was from the NW, i.e. directly
off the Cheviots (see section 4.2.1.2). The complex ihtérbedded sand and gravel troughs and
prograded channel fills are indicative of abundant meltwater and sediment flow from the
Cheviots. The lack of extensive glacial erdsion in the Cheviots was suggested 'by Clapperton
(1970) to .indicate that the Cheviot ice cap was cold-based (Clap'perjton, 1970). Whilst the
presence of subglacial meltwater channels in the Cheviots would appear to con_tl_'adict this, the
subglacial channels here are interpreted to have formed during a late stage of glaciation (see
section 4.3.4.2, page 70). Furthermore, the majority of channels in the Cheviots are associated
with flow of the TIS around the Cheviot Massif (see sections 4.3.1., page 64 and 4.3.2, page
66).

Streamlined bedforms along the Tweed Valley and NNCP implies fast-flowing, warnl't. based ice
(see section 5.1). These spatially varying zonés of élacial activity are evidence that the BIS in
this region was polythermal, with a thawed-bed (warm-based) corridor of ice in the Tweed
Valley- bordered by slower-flowing, frozen-bed (cold-based) ice over the Cheviots. Similar,
spatially varyiné_zqnés of glacial activity (erosion). have  been observed in the Cairngorm
Mountains in Scotland (Hali and Glasser, 2003), in NW Canada (Kleman and Glasser, 2007) and
in Greenland (Sugden, 1974). In these- regions, the distribution of frozen and thawed bed zones
appears to be tdpographically controlled, with the majority of frezen-bed patches found on
topographic highs (Hall and Glasser, 2003; Kleman and Glasser, 2007). It has been proposed in
section 5.1.2 that the TIS was topographically controlled, with the lateral rhargins of the ice
stream controlled by the topographic jump where the Tweed Valley meets the Cheviots and
Lammermuir Hills. Across-these thermal boundaries between the TIS and the slower-flowing
Cheviot ice, the predicted higﬁ velocity gradients are inferred to have resulted in strain heating
and thé devélopmeént of extenisive subglacial drainage networks (see section 5.3). The Cornhill-
Wooler Complex formed during deglaciation in this zone. The interpretation of this complex as
t_he‘ TIS lateral- margin suture-zone signature has implications for the interpretation of
glaciofluvfal complexes found at palaeo-ice stream lateral margins. The interpret‘at'ion of thé
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Bradford Kame as ah interlobate complex formed the convergence zone between the TIS and
NSL (see section 5.2) has highlighted the importance of a Iandform.assemblage' approach; the
‘close spatial association of the streamlined bedforms and glaciofluvial and glaciolacustrine

deposits of the Bradford complex has not previously been ac¢ounted for.

This study has provided a new insight into the late Devensian history of the Tweed Valley and
north-east Northumberland. The highly attenuated streamlined bedforms along the NNCP and
crpss-cuttihg flow-sets So_uthwést of BenNick-upon-Tw,eed have been inter‘p.re,te_d, as evidence
of the diversion of the TIS by thé NSL. This diversion of Tweed ice along the North Sea coast
has been previously suggested at-(c.f. Lunn, 1980; Teasdale and Hughes, 1999), although
évidencé to support it Was Iim’ited; flow trajectories were Iargely based on erratic distribution
along the NNCP. The distribution and orientation of bedforms mapped in this st_ﬁdy proviﬁe
evidence of the interaction of two competing ice masses along the coast — the TIS and the NSL.
The 'Bradford Interlobate Complex is intefpreted as thé onshore signature of their conflueﬁce

and subsequent separation during deglaciation.

Dates generated from studies into the dynamits of the NSL suggest that'ice advanced into the
NSB around 15 ka BP (and‘ possibly garli'er) (e.g. Nygard et al., 2007; McCabe et al., 2005) in
response to widespread cooling in the Northern Atlantic brought about by Heinrich 1 (e.‘.g.
McCabe et al., 1998; 2005). It is therefore pro_bosed that the Bradford Interlobate Complex
formed after 15 ka BP and prior to 13 ka BP, when thée southerly limit of the BIS is inferred to
have been north of thé Scottish Border (Lunn, 1980; 1995). The interaction between the NSL
and ice flowing from the Cheviots, Southern 'Uplands and the -Scottish Highlands has been
observed in County Durham, where lodgement tills areAinterpreted as evidence of a highly
dynamic, multi-lobate ice sheet {Davies.et al., 2009). Combined with the findings of this study,
which has provided substantial evidence of the diversion of the TIS in northeast
Northumberland, our knowledge of the interactions of the NSL and ice flowing from onshore

accumulation centres in the northeast of England is greatly improved.

Following the retreat of the NSL, the TIS is suggested to have flown directly oﬁshbre forhé‘short
period of time, as is inferred from the ofiéentation of bedforms southwest of Berwick-updn—
Tweed. Through éQmparison of the. geomorphological imprint of the TIS with otﬁer palaeo-ice
streams (e.g. Stokes and Clark,,2003; Stokes et al., 2006), it is suggested that the mechahism
that led to ice-stream shut down was relatively rapid. This is based on a lack of
geomofpho|ogical evidence to support a 'nar-ro'wing and a _decrezjse in velocity of thé’ TIS, which
has been similarly observed at palaeo-ice stream locations in eastern Canada (e.g. Stokes and
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Clark, 2003). Everest et al. (2005) proposed that the TIS may have propagated deglaciation of
this région through the draw-down of ice from the higher ground in-the upper reaches of the
Tweed Valley. If this situation had occurred, it is 'envisaged that the TIS would have switched
off once the volume of ice ubstream was greatly reduced, i.e. when the ice stream had ‘run
out’ of'iée (c.f. Stokes and Clark, 2003). Everest et al. (2005) also estimated that the TIS drained '
approximately 3500 km? of the BIS. The data presented in this stu&y, however, show the TIS
was more spatially éxtensiye than initially thought (c.f. Everest et al., 2005), and therefore, it is
assumed the TIS drained a larger érea .of this sector of the BIS. This is somewhat speculative
and there are still many questions surrouhding the timing and dynamics of the TIS, particularly
the mechanisms triggering ice streaming and subsequent shut dowﬁ. Furthermore, few dates
exist to constrain these events in the Tweed Valley and northeast Northumberland. This study
has, however, improved our knowledgé on a region that has been relatively néglected in terms
of glaciological research;, ‘and opens thg'way for more detailed investigation of this sectorr of

the.British—Irish Ice Sheet.
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6

‘CONCLUSION

6.1 Summary

The aim of this project was to ihvestigate the glacial' geomorphology.of the Tweed Valley and
.surrounding area with a view to reconstructing the regional glacial history. To achieve this
.aim the four objectives set in section 1.3 were met. A review of the éxisting literature on the
field site (objectlve 1) showed a heavy focus on the descrlptlon of the glacial geomorphology
and sedimentology of selected sites throughout the region, with little empbhasis on
reconstructing the reg’iohal ice dynamics. In order to reconstruct the regional glacial history
(objective 4), ge'omorphological r‘happing of the Tweed Valleyand the surrounding area from
NEXTMap DEMs {objective 2) and-sedimentological surveys at selected-sites (objective 3} were
carried out. -The results of these revealed the dominance of three glacial landform

assemblages:

(1) Highly attenuoted, closely-spaced subglacial streamlined bedforms  in a- broad track
around the Cheviot massif; | | -

(2) Glaci_oflovial complexes at Wooler, _Corhhill and Bradford comprised of eskers, ice-
contact (kame) terraces, subaqueous deltas and ice-contact fans and su_praglacial kames.

(3) Subglacial, superimposed, ice-marginal, proglacial and submafginél meltwater channels

in the eastern Cheviot massif and Lammermuir Hills.

The spatial relationships and distribution of these landforms has enabled several inferences to

be made on the glacial history of the Tweed Valley and surrounding area.

6.2 Conclusions

On the basis of the glacial geomorphological record of the Tweed Valley and surrounding area,

the following conclusions are reached regarding the regional ice dynamics.

(1) ‘Streamlined subglacial bedforms -along the Tweed Valley and NNCP have been
associated with fast ice flow. ‘Suppo'rtive evidence of a Tweed Ice Stream from the

geomorphological record include highly convergent flow patterns, highly attenua'ted,‘
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(2)

(3)

- {4)

(5)

cloisely-spa,ce‘d streamlined bedforms, sharp lateral margins and characterisfic shape and
diménsi_oné. The high parallel ¢conformity of the mapped ‘bedforms within each of the
two flow-sets and lack of reworking of bedforms are indicative of isochronéus (rapid)
formation. The crdss—cutting flow-sets southwest ofﬂBerwick-i_Jpon-Tweed has led to
suggestion that the TIS was diverted along the NNCP by the growth of the NSL in the |
North Sea Basin during the Late Dévensian. Following retreat of the NSL, the TIS flowed

directly offshore in the lower Tweed Valley.

The onshore signature of the .qonfluence zone ‘between.the NSL and the TIS is recorded
by the Bradford Interlobate Complex. Ice flow at this elongate sand and gravel c'omplex
was broadly’ convergent, as is implied by the orientation of adjacent st’réa,ﬁilined
bedforms. FocusSed glacial drainage at this zone resulted in the development of an
interlobate Sljblglacial drainage network. Deposition of the Bradford eskers was time-

transgressive as the ice masses separated along their zone of confluence and was most

likely initiated in subglacial conduits discharging into proglacial lakes.

The TIS is interpreted to have been largely topographically-controlled. This is evident
from the location of the TIS lateral margins in the Tweed Valley, which coincide with the

higher grouhd of the Cheviots and Lammermuir Hills. Retreat of the TIS i‘s believed to

"have been continuous and relatively rapid, as is evident from the lack of flow-transverse

features along the TIS and NNCP.

At the TIS lateral margins, high rates of shear between the streaming ice and cold-based
ice of the Cheviots resulted in high rates of strain heating aid the dev'elopmeht. of an
exte'nsive subglécia| drainagé system. During deglaciation, as these ice masses
separated, g]acioﬂuvial deposition occurred ti'rne-transgress'iv,ély in the newly ice-free
region betwéen the TIS and the_viot Ice Cap, leading to the formation of the Cornhil'l-l

Wooler Complex.

During deglaciation, meltwéter channels formed as the TIS and Cheviot Ice Cap

dbwhwasted/retreated and a we.,ll-organised subglacial drainage system developed. The
radial organisation of subglacial and proglacial fneltwate"r channels in the Cheviots have
been used to support the existence of a Cheviot Ice Cap. This interpretation is in

agreem'ent with previous researchers who pf'opc)sed the Cheviots were covered by a

‘cold-based ice cap that coalésced with faster-fl'owing.ice on its lower flanks (e.g.
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Clapberton, 1970). Channels orientated parallel to flow of the TIS are evidence of

englacial channel superimposition in a down-wasting ice sheet.

(6) Spatial varying zones of glacial activity in the Tweed Valley, -NNCP and Cheviot massif
suggest that a polythermal ice sheet existéd during the Late Devensian in northeast
Eng|énd, with a warm-based, fast flowing ice stream in the Tweed Valley and NNCP and
a cold-based ice cap over the Cheviots. This is évident from _the.sha'rp boundary between
streamlined terrain in the Tweed Valley and NNCP (indicative of warm-based, fast-

-flowing ice) and the non—streémlined terrain of the Cheviot massif and Lammermuir

Hills.

(7) Geomorphological mapping from NEXTMap Britain DEMs has proved.an invaluable tool
for the reconstruction of the ice ’dy'hamicsj of the Devensian Ice Sheet in the Tweed
Valley and surroundihg areas. It has been shown that this sector of the BIS was far more

_ dynamic than originally thought, which has wider implications for the entire BIS.

6.3 Recommendations for further research

One of the maih limitations of th?s Sthdy was the lack of sedimentary exposures throughout
- the region. Although this has not prevented inferences being made on the genesis of landform
Iassemblages nor the regional ice dynamics, fuﬁher sedimentological invéstigations would
improve the robustness of these reconstructions. As several Iéndforms of the Bradford
Interlobate Complex and the Cornhill-Wooler Complex are listed as SSSI’s (e.g. the Bradford
Kames, Campfield Kettle Holes, The T.rows, Rbddam Dene), non-invasive rhethods are required
“ to establish the internal structure (stratigraphy and sedimentqlogy) of these landform
assemblages. The use of Ground Penetrating_ Radar (GPR) is recommended, as radar reflection.
préfiles can be used to identify bedding structures and deposits of varying densities. (Ne‘al,
2004). GPR surveys of the streamlined Eedforms of ;the TIS track would also be invaluable tb
future reconstructions, as the results from this may shed light on whether the drumlins and

flutings are rock-cored or show evidence of subglacial sediment deformation.

The‘TIS is-inferre_d tb have terminated an unknown distance offshore’in the North Sea Basin
(see section 5.1). Geophysical surveys of bathymetric troughs of_the ‘Antarectic C'on"cinental
Shelf have provided information on the submarine imprints of ice streams that retreated
during the Holocene (O Cofaigh ét dl., ’2'008). It is suggested that similar geophysical surveys of
the N_orth Sea Basin offshore of Berwick-upon-Tweed would provide important inforhation on
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the confighratipn of the TIS (i.e. its offshore extent énd' location of its terminus) and the style
of retreat, strengthening the recbnstrUcfions-of this sector of the-BIS. It is also proposed that
in order to fully understand the regional.ice dynamics, the signature ‘of the Solwayll Ice Stream,
which:is infefred to have been confluent with the Cheviot Ice Cap towards the south of the
‘Cheviot massif (Clapperton, 1970b; Lunn, 1995), should be investigated. It has been proposed
that Soilway ice was diverted. by ihe North Sea Lobe (c.f: Sissons, 1964, Huddart and Gla“sser,

2002) as in the case of the TIS. Given the .value of the glacial geomorphological recor'd for the

reconstruction of the TIS, an assessment .of the glacial ,geomorphb!ogy of the Solway Ice. -

Stream would undoubtedly strengthen reconstructions of the configuration and dynamics of

the BIS in‘northeast England.
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APPENDICES

Appendix A: Lithofacies Codes (from Evans and Benn, 2004)

Code

Diamictons

Dmm

Gm
Gsi
Gmi
Gfo
Gh
Gt
Gp
Giu
Geu
Go
Gd
Gig

Granules
GRel
GReh
GRh
GRm
GRmb
GRme
GRmi
GRmp
GRo
GRruc
GRruf
GRt
GReu
GRfu
GRp
GRfo

Description

Very poorly sorted admixture of wide grain-size
range

Matrix-supported, massive
{last-supported, massive
Clast-supported, stratified -
Matrix-supported, massive
Matrix-supported, [aminated
Evidence of current reworking
Evidence of re-sedimentation
Sheared

Includes clast pavement(s)

Particles > 256mm (b-axis)
Matrix-supported, massive
Matrix-supported, graded
Clast-supported, massive
Ciast-supported, graded
Deltaic foresets

Boulder fag or pavement

Particles of 8-256mm
Matrix-supported, massive
Clast-supported, massive
Matrix-supported, imbricated
Clast-supported, massive {imbricated)
Deitaic foresets

Horizontally bedded

Trough cross-bedded

Planar cross-bedded

Upward-fining (normal grading)
Upward-coarsening (inverse grading)
Openwork gravels

Deformed bedding

Palimpsest (marine) or bedload lag

Particles of 2-8mm

Massive with clay laminae

Massive and infilling channels
Horizontally bedded

Massive and homogeneous

Massive and pseudo-bedded
Massive with isolated outsize clasts
Massive with isolated, imbricated clasts
Massive with pebble stringers
Open-work structure

Repeating upward-coarsening cycles
Repeating upward-fining cycles
Trough cross-bedded

Upward coarsening

Upward fining

Cross-bedded

Deitaic foresets

Code

Sands
St

St(A)
Sr (B)
Sr(S)
Ser
Ssr
Sh

Si

Sfo
st
Se

Su

Sm
Sc

Sd

Suc

Suf

Srg

S8

Scps
---(d
--- (W

Silts & clays

Description

Particles of 0.063-2mm

Medium to very coarse and trough cross-
bedded

Medium to very coarse and planar cross-
bedded

Ripple cross-laminated (type A)

Ripple cross-laminated (type B)

Ripple cross-laminated (type S}

Climbing ripples

Starved ripples

Very fine to very coarse and horizontally/plane
bedded or low angle cross-lamination
horizontal and draped Jamination

Deitaic foresets

Flasar bedded

Erosional scours with intraclasts and crudely
cross-bedded

Fine to coarse with broad shallow scours and
cross-stratification

Massive

Steeply dipping planar cross-bedding (non
deltaic foresets)

Deformed bedding

Upward coarsening

Upward fining

Graded cross-laminations

Bouma sequence

Cyclopsams

With dropstones

Wtih dewatering structures

Particles of <0.063mm

Fine famination often with minor fine sand and
very small ripples

Fine lamination with rhythmites or varves
Massive

Graded and climbing ripple cross-laminations
Cyclopels

Intraciast or lens

With dropstones

Wtih dewatering structures
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Appendix C: Powers’ Roundness Index (after Powers, 1953, in Evans and Benn, 2004)
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Appendix D: Sorting Chart (from Evans and Benn, 2004)
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RB3.5

ANALYST AND DATE:
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SEDIMENT NAME: ] _ = - | vary Costse Sy Very Cosrsa. Tlodersialy Saned very Loarse ) = Wigdersiely Soried Coame Moderataly. Sorec hedum |
[ et Medium Sity Cosrse Send San . nd Poorly Sorted Coarse Sand Sand Sand
WMETHOD OF:
) MEAN 2333 ' 635.3 1295 . | _ 7473 £10.3 473.6
MOMENTS SORTING 375.4 _ 574.5 156.9 1532 . 4597 342.4
Adthmetic flum) | SKEWNESS Tise .0.655 _ £.643 0rsr 0.521 _ _ . _2.508
- KURTOSIS 3.275 2221 2.085 2.587 2.356 19.43
METHODCF | MEAN 52.42 269.5 1015.0 £06.0 557.9 360
MOMENTS SCRTING . __3.738 5954 1543 __1.953 .1.946 1.786
Geomens jumy | SKEWNESS 0.341 a.212 . £.591 0227 -0.586 . 0.380. -
KURTOSIS 1.775 3.900 3,576 2.303 2.737 " 3ser
METHOD OF MEAN 4,002 _ 1.892 _ 0.023 0.723 0582  __ 1343
MOMENTS SORTING 3284 2574 2715 9970 0.950 0.837
Logsrithmic &y | SKEWNESS 0.341 L 1.212 2.931 0227 ' 0.586- 2380
_ | KURToSIs 1.775 - 3.800 L 3.576 2303 17 T 3,547
FOLKAND MEAN _ §3.85_ 300.3 1048.0 . 624 ___ 630.5 288.1
‘v'.;??}?oo SCRTING ‘ 10.01 - 5.539 1.630_ 2.008. 1.355 1.753
{um SKEWNESS 2.271 04719 0.297 0056 0176, 0o
KURTOSIS 2.670 i T am L _ 1024 0.818 0.876 1114
FOLKAND . MEAN 3839 173 0.068 "0.680 ’ . 0554 1.362
VETHoD SORTING 3338 2.470 0708 _ 1.002 - 0.367 - 0812
@ SKEWNESS 8271 _ 0.475 0.297 0056 . 0.176 0,071
KURTOSIS 0.670 1.030 . 1028 0.818 0.376 1414 }
FOLKAND MEAN: Vary Fine Ssnd ______ tedium Sand Vary Cosrsz Send Coarse Sand_____ |_. __ _Ceoarse Sand Medium Sand }
WARD SORTING: T . —
METRCD _ Very Poorly Sorted Very Poorly Sorted Moderaiely, Soried Poary Sarted Moderately Sortad Moderaiety Sored
(D-:_s'cﬁmion)v SKEWN—E;SS; Fmna Skawed Very Finé Skawed Fine vS;énwéc{ Symmatrest Fine Skewed Symmeatrnical
KURTOSIS: Masokusic Pl§ry'»:unic Platykuric Lepiakuiic

Vary Platykuitic

Mesokuric
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RB3da. .. _ RB2.4b RB3.5a RB3.5p
ANALYSTAND DATE; ' ’
SIEVING ERROR: ) )
‘Si‘“‘ip ETFY;{ Ungmogsl.srkaizratery et Unimodal Modzrately Sarted ___Trimadsl, Euany Soned. ) \}nimodsl. Pgordy Sortad
TEXTURAL GROLP: e éend e Muddy Sand S San;j-y-kﬂud l-:'luddy Sand.. _ .
SEDIMENT RAME: Moseriel ;i’:ﬁsmgd Fne Very Coarse Sitty Fing SERd veyFn SMS?: Ve Came, Very Coarse Sﬁ:y‘iFin’e Ssn-c;
METHOD OF .
' MEAN 143.9 _ 1328 35.65 118:8
MOMENTS SORTING 6220 _ 56.58 3523 5201
Arthmetic (um) | SXKEWNESS o283 0.204 o _1m32 £.105
KURTOSIS 2.880_ i 2.872 B 6813 2.378
METHOD OF MEAN 1257 185.0 15.67 §3.49.
MOMENTS SCRTING 1881 2491 2687 ] ) ) —— -
Geomerrc (um) | SKEWNE -3.089 2763 0.767 2.485
HURTOSIS 20.83 12.38 3.115 9.853
_METHODOF MEAN  ass 3.25% 5743 L 3.582
WMCMENTS SORTING 0.812 4317 _ 1882 1722
Logerinmic {3} | SKEWNESS 3.058 _ o762 0.757 2485
. KURTOSIS | ] 20.83 12.83 3.115 _ §.853 i
FOLKAND _MEAN ] 1325 113.4 _ 1966 98.59
' ‘ri(??r?on SORTING 1.623 1558 _ } 3579 2.435
fum) SKEWNESS 0.248 0337 ) 0298 - 0.568
KURTOSIS 1.957 1.473 1087 . 1923
FOLKAND MEAN 2.915 3.078 . 589 3349
T«’é‘ffco SOATING 0.695 _0.969 1,879 1318
@ SHEWNESS ,_ 0.248 " past 0.298. - _ 0568 _
o KURTCSIS 1.057 1473 _ 1.057 1823
7 FOL-K‘AN-b MEAN: Fine Sand.‘ _Verryil'-'m;;nnd- Caarse Sit Very Fina Sand
WARD SORTING: s . -
METHCD _Moderately Well Sorted oderately Sorted Poody Sortad Poorty Sored
{Deseription) SK%WEE?S: o Fine Skewed Very Fine Skawad Fine Skewed _|.._ . VeryFine Skewed
_KURTO&S: Mesokurtic Leptokurtic Mesokurtic Very Leptorurtic
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Kilham 4.9 Kilham 4.8 Kilham 4.7 S K]Iham 1.6 Kilham 4.5 g
ANALYST AND DATE; 0 ' o o -
SIEVING ERROR: ] 53.1% 59.3% Cesex | svow 99.1% ®
SAMFLETYPE: Tampdsl Vary Roody Soned Polymodal, Puoﬁyg;ded Bimodal, Very Poary Sored Unirnof!?!L\{?ry Poary Sartad Unimadsi, Poorty Soded z
TEXTURAL GROLP: : ) Mudc;y Sang : ' Sand Muddy Send . | " _ Muddy Sand . Sand 3
SEDIMENT NAME: iR i WVedum Sﬂs?y;\l{!?y Toerse Poory San;iw\;f? farse Kedum Sls.h;;/dery Coamse Very WB&SSEWY Doars_e Booty Sored Medium Sand E
N P _ _ 2 = o
METHOD GF ,_ . . . ' v
MEAN ‘ 7314 985.7 845.1 . 8028 448.9 ®
MOMENTS SORTING  e255 5937 _ . | . 504.3  sa0s ] 315.9 P
Arthmetic (um) | SKEWNESS 5485 ___ _ __ 0.024 a1 0.280. e 1.298 e
KURTCSIS _ _1745'47 1.848 1,826 _1.738 5.413 _ @
METHOD OF MEAN o s ) " 2818 586.9 4125 _ | 356.5 ) 309.2
MOMENTS SORTING o 7.522 4872 _ 5038 C . sa2h 3240,
Geometris (i) | SKEWNESS 1387 I T ' .781 -1.435 2.560
KURTOSIS i 3.539 - . 8.796 ... 5436 __ . . 4234 . 2o
METHOD OF MEAN ‘ 1827 0.769 S 1277 1.488 1.693
MONMENTS | SORTING 2.930 2 2,584 2,643 1.696
Logatthmic{) | SKEVWNESS | 1287 a5 1781 L tams 2560
| kurTosts : 3983 ' Ceres. sazs | s23s o 12.01 . ,
FOLK AND MEAN 3111 Y " . 528.4 . " 3855 | . asoz
Kfé\*?:oc SORTING 7.126 ] ] 3.630 4,675 ' 5834 _ _ 2.407
furm SKEWNESS | 2581 ‘ 0.553 ‘ 0611 B D615 0.277
KURTOSIS - ] ] 1.272 L2008 1.566 /.»_._ 120 - 1.415 .
FOLK AND | MEAN 1688 _ ;_4;.3;2 0.520 1.352 ' 1,473
WETRoD SORTING . _.2.833 ) 1,803 5 2.225 ) 2884 . 1.267
[ @ ]S T 9611 0.615 ) 0.277 -
KURTOSIS 1.272 _2.01 1,566 1.208 1.415. _
FOLKAND | MEAN: Madium Sand ‘Cos;;e Sand Cosrse Sand Madium Sand Medium Ssnd
K:;?;EOD SORTING: Very Fasdy Soned 5 - F_‘ao;y Sorted © Vary Poorty Sonisd Vary Poody Sorted ?’onny Soned
(Description) SKEWNESS: Very Fine Skewed _ Véfy Fine Skawed Very Fine Skewed Very Fine Skewed Find Skwed
| KURTOSIS: Lépiokunic Very Leptokuftic Very Leptakuriic Leptokurtic Leptokuric




601

Lepiokurtic

_ . , Kitham 4.4a Kilham 4.4b Kilham 4.3 Kilham 4.2
ANALYSTAND DATE: S
 SIEVING ERROR: N . 89.4% T -93.3% -
. SAMPLE TYPE: Trimodal, Modersately Sored Unim:-ds‘l. Vh;l.n;e-r;tety Sortad Unimodsl, Paordy Sonied Unimodsl, Mode rately Wal Soried
TEXTURAL GROLF: Sand | _ Sand ' B Muddy Sand . Ssnd _
T SEDIMENT NAME. Wmﬁgﬁw Tosrsa Verycaam;asrzy Very Fine 0dars ueus;:lr:’g Biy COaTSE
METHOD OF .
- MEAR 52,7 1120.3 98.57 3 1262.4
MOMENTS SORTING 330.3 489.8 1103, Cari.
Arthmaticlump | SKEWNESS T s 0.033 . 7243 0.293
KURTCSIS 4.901 1 868 T1a2 1.932
METHCD OF MEA 367 9926 66.05 1151.6
MOMENTS SORTING ~ 1 877 1.594 _ B 2,950 1533
Geomatric (umy | SKEWNESS 2050 0801 2016 2354
KURTOSIS 3.010 3.008 9.656 3027 _
METHODOF —"{‘5_'-’\[“_ ] 1.4585 ,o.m-{_, 3.920. 0.204 )
MCMENTS SORTING 0.883 0.760 1.580 0.663 ]
Logsrithmic () | SKEWNESS 0.059 0 0801 2.015 _0.854 _
KURTOSIS 3.010 o 3.008 9.656 B B "3,02?
FOLK AND MEAN 3690 1019.9 75.15 11742
VenbD SORTING 1882 _ 1.595 2.339 1.588
fumy SKEWNESS 0.068 5272 £.235 0.408
KURTOSIS L 1058 0.881 1445 8.853
FOLK AND MEAN 1482 2.028 2734 -0.233
‘P’V:QPIEOQ SORTING 0.987 0.762 1.226 . 0.657
@ SKEWNESS 2,068 0.272 _ 0235 _ g.408
KURTOSIS 1.069. ) 0.881 1.445 0.963
FOLKANRD MEAN: Medium Sand Very Cosrse Sgnd Very Fine Sand. _ Very Coarse Sand
- WARD SORTING: , = -
METHOD E NModarataly Sorted Modarstely Sanad Poorty Sorizd_ _ _. . _ Kodersiely Wall Sornted
[f)escr}ph'on)r SKEWNESS: ’ Symmetrica! Finé Skewed Fine Skewed Very Fina Skawed
KURTCEIS: Masokurtic Pistvkisnic ; ~ Mesokurtic




