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Abstract

The Bar Hill-Whitchurch-Wrexham Morainic Complex is a large-scale glacial landform
thought to represent either the maximum extent or the readvance of the British-Irish Ice
Sheet during the Late Devensian. The origin of the moraine remains uncertain as its key
characteristics have not been studied in detail due to a lack of exposures from which its
large-scale structure can be determined. The development of new technologies has enabled
detailed examination of the topography and internal structure of such large-scale landforms.
This paper describes a multi-disciplinary approach involving digital geomorphological
mapping using enhanced resolution NextMAP™ digital surface models, geophysical imaging
(electrical resistivity tomography) and conventional sedimentological analyses. This
combination of techniques is useful for elucidating the origin of a large glacial landform in a
region of poor exposure. Digital elevation models such as NextMAP™ offer an efficient and
accurate method for landform-mapping, whilst electrical resistivity tomography was able to
map the major constituent sediments of the moraine, which had in turn been identified in the
single exposure available. Additional geophysical techniques should however be applied to
provide further structural data and thereby enable a more detailed interpretation of the
moraine’s internal structure. Preliminary findings indicate that the moraine is a
glaciotectonic landform composed of diamicton and glaciofluvial sediments, an origin
consistent with recent suggestions that the Cheshire Plain contained an active ice lobe during
the last glacial maximum.

1. Introduction

The Bar Hill-Whitchurch-Wrexham Morainic Complex (BHWWMC; Boulton and Worsley,
1965) forms a discontinuous double-arcuate loop across the Cheshire plain, from the
southern Pennine margins, westwards to the Welsh Borderland. The moraine was first
described by Lewis (1894) who suggested that the BHWWMC represents a nationally-
significant landform. Comparison with other terminal moraine complexes within the U.K.
such as the Escrick (Cooper and Gibson, 2003); Cromer (Hart, 1990) and Bride (Thomas,
1984) have shown that it is one of the largest. A series of conflicting models have been
proposed for the origin of the BHWWMC including: 1) ice stagnation during retreat (Jowett
and Charlesworth, 1929; Worsley, 1970); 2) formation during a re-advance (Boulton and
Worsley, 1965; Shotton, 1966; Yates and Moseley, 1967); 3) overriding of a pre-existing
moraine ridge (Poole and Whiteman, 1961) and, 4) draping of glacial material over a bedrock
ridge (McQuillin, 1964). However the mode of origin has remained uncertain, as the
moraine’s key characteristics have not been examined in detail, due to a lack of significant
exposures from which the moraine’s internal structure can be constrained. Consequently,
conventional techniques used to examine the origin of the well-exposed, coastally-eroded
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landforms such as the Bride (Thomas, 1984) and Cromer moraines (Hart, 1990) are of little
help in determining the origin of inland moraines like the BHWWMC.

Recent technological advances in remote sensing and geophysics have enhanced our ability
to determine the geomorphology and internal structure of a variety of glacial landforms.
Progress in the use of remote sensing to map landforms left by former ice sheets has been
well documented by authors including Boulton and Clark (1990); Clark (1997); Smith and
Clark (2005); Smith et al., (2006). Probably the most significant advance within the field of
remote mapping has been the development of Digital Elevation Models (DEMs; Smith et al.,
2006). In particular, the availability of enhanced resolution data sets (e.g. NextMAP™) has
led to the increasing use of DEMs for the mapping of glacial landforms (Smith et al., 2006;
Clark et al., 2009) as they represent a direct quantification of landform morphology (Clark
and Meehan, 2001). The integration, manipulation and analysis of DEM data has also been
enabled by the development of Geographical Information Systems (GIS) (Napieralski et al.,
2007).

Advances in geophysics including the development of new techniques for survey
optimisation, new instruments and improved software for data processing and
interpretation (Reynolds, 1997), have enabled imaging of the internal structure of landforms
that lack exposures. However, in spite of these recent advances, the application of
geophysical techniques within formerly glaciated terrestrial environments remains limited.
Consequently, the application of geophysical techniques to investigate the internal structure
of glacial landforms remains a relatively new field of research (Kulessa et al., 2007).

The aim of this paper is to demonstrate how geomorphological, geological and geophysical
techniques can be combined to identify the key characteristics of a major glacial landform
lacking significant exposures in order to determine its origin and glaciological significance.
This is achieved through: 1) mapping of the surface geomorphology and the delineation of
distinctive landform assemblages from enhanced resolution NextMAP™ digital surface
models, 2) geophysical investigation of the internal structure using electrical resistivity
tomography and 3) sedimentological and structural analysis of exposed sediments.

2. Study Area

The BHWWMC is a major landform associated with ice advance from the north into the
Cheshire / Shropshire Plain (Yates and Moseley, 1958). This feature extends across the entire
width of the plain as a discontinuous double-arcuate loop, the centre of which impinges
upon the mid-Cheshire ridge (figure 1). This landform separates two distinct terrains; the
‘fresh’ glacial landforms to the north (Paul, 1983) from more subdued morphology to the
south (Boulton and Worsley, 1965; Worsley, 1970). Boulton and Worsley (1965) suggested
that these terrains are of different age and therefore that the moraine represents the limit
of an advance around 20,000 years B.P. Although disputed by Shotton (1967) and Morgan
(1973), a recent study by Bowen et al. (2002) argued that the moraine represents the
maximum extent of the British-Irish ice-sheet during the Last Glacial Maximum.

This paper focuses upon the easternmost ridge of the BHWWMC at Woore, Shropshire
(figure 1), referred to hereafter as the Woore Moraine. The Woore Moraine is located close
to the eastern margin of the down-faulted Permo-Triassic rocks of the Cheshire basin and
west of the Carboniferous rocks of southern Pennine margins. The moraine is associated
with a range of ice-marginal landforms, including an area of hummocky moraine to the



north-east (Paul, 1983; Goudie, 1990) and an ice-dammed lake to the east (Yates and
Moseley, 1958; Rees and Wilson, 1998). The escarpment marking the Pennine margin has
been incised by meltwater, producing a series of isolated sandstone ridges. One such ridge is
located at Bar Hill, which represents the easternmost point of the Woore Moraine. From this
locality the moraine extends west-south-west as a prominent ridge approximately 50m
above the surrounding plain (Boulton and Worsley, 1965). It has an asymmetric profile, with
the southern distal slope generally having a more gentle gradient than the northern
proximal slope (Rees and Wilson, 1998).

3. Methodology

3.1. Digital Geomorphological Mapping

High resolution NextMAP™ Great Britain digital surface models (DSM; 5m nominal accuracy
and 0.5-1m vertical accuracy; Smith et al., 2006) were used to map the geomorphology of
the Woore moraine in detail within ArcGIS v9.2. Its perimeter was defined on the basis of
significant breaks of slope, identified using topographic profiles generated within ArcGIS.
Three profiles orientated transverse to the long-axis of the moraine ridge are displayed in
figure 3.

Mapping of a series of smaller-scale landforms on the moraine surface was performed via
on-screen digitising (e.g. Clark and Meehan 2001; Hughes et al., 2007; Clark et al., 2009).
Following the methodology of Clark et al., (2009), three relief-shaded (hillshade) models
were produced. Two models were artificially iluminated from the northwest (315°; figure 2)
and the northeast (045°) at an inclination of 45° to highlight landforms orientated
orthogonal to the illumination direction. These models have inherent azimuth-bias (Clark
and Meehan 2001) and therefore an additional relief-shade model with a solar illumination
inclination of 90° was generated (e.g. Clark and Meehan 2001). Break of slope was used to
delineate the perimeter of individual hummaocks, which were then mapped as polygons
(Hughes et al., 2007). For the purpose of this study the term hummock is used to describe a
positive-relief landform fully bounded by a break of slope. The hummocks were then divided
into distinct landform-assemblages based on morphometric data (table 1), calculated using
Easy Calculate software (Tchoukanski, 2008). Additional slope angles were derived from a
slope model generated from the DSM data (figure 2). An area from each landform-
assemblage was then geophysically surveyed in order to contrast elements of the moraine’s
internal structure, ultimately enabling interpretation of the dominant geomorphic
processes. Finally, the accuracy of the remote mapping was verified through field
observations and comparison with overlain, semi-transparent Ordnance Survey maps.

3.2. Geophysical Imaging - Electrical Resistivity Tomography

The necessity for geophysical investigation of the BHWWMC was recognised over 30 years
ago by Worsley (1970), who noted the lack of any major exposures from which large-scale
internal structures could be examined. However, with the exception of borehole resistivity
analyses of seismic shot holes (McQuillin, 1964), no detailed geophysical investigations of
the moraine have been undertaken prior to this study. An extensive electrical resistivity
tomography (ERT; Reynolds, 1997) survey was designed as part of this investigation. ERT has
previously been used to determine apparent resistivity values for glacial materials (e.g.
Palacky, 1987; Kilner et al., 2005) and more recently to investigate the internal structure of
glacial landforms, identifying interfaces between constituent materials with differing bulk



resistivity (e.g. Kulessa et al., 2007; Hiemstra et al., 2008). Similarly, ERT has been employed
in this study to distinguish between distinctive glacial facies.

ERT data was acquired using an array of up to 64 electrodes connected via multi-core cable
to a Campus Tigre resistivity meter. ImagerPro2000 software was used to manage the survey
and record the data. The main survey traversed the moraine from north to south in order to
provide data for several landform-assemblages and was oriented approximately
perpendicular to the moraine’s crest-line (figure 3). Farm-field size determined the length of
individual surveys, limiting the maximum number of electrodes that could be employed and
consequently the depth of imaging potential. In order for the individual surveys to be
comparable, a standard Wenner array electrode configuration, with constant 5m electrode
spacing intervals was used for all surveys. This separation was chosen on the basis of; 1)
other ERT surveys conducted over similar deposits (e.g. Kulessa et al., 2007), 2) the need to
cover two kilometres of terrain in a reasonable time and 3) in order to penetrate to a
reasonable depth to test for bedrock (e.g. McQuillin, 1964). Elevation data was collected for
each electrode using a Leica 1200 RTK differential GPS base-station and rover-unit system
with a relative vertical accuracy of ~2mm.

Data was processed using the Res2Dinv computer programme (Loke, 2004), using a least-
squares algorithm for the inversion of acquired data. The inversion results were
topographically corrected and displayed with a user-defined resistivity contour scale. This
scale was determined by identifying a major resistivity change between clay and sand-rich
sediments prior to scaling and then assigning a significant colour transition to this boundary.

3.3. Geological and Structural Investigation

A single excavation located near to the moraine crest (SJ 722, 423; figure 3) described
previously by Rees and Wilson (1998) was revisited. Lithofacies were identified in the field
using the terminology of Eyles et al. (1983). Interpretations of the primary sedimentary and
tectonic structures within the exposure were made using line drawings (e.g. Williams et al,,
2001; Phillips et al., 2002). Particle size analyses on the key lithofacies were conducted on
riffled bulk samples of c. 200 g using wet sieving. Samples were initially soaked in a solution
of 30ml 0.16 molar Calgon and 200ml distilled water for a minimum 24 hour period before
being sieved on a stack ranging from -4@ (16mm; pebble) to +5@ (31.3um; coarse-medium
silt). It was assumed that any deficit in mass was associated with loss of material <+5@ (i.e.
fine silt-clay). GRADISTAT software (Blott and Pye, 2001), was utilised to provide summary
statistics of sorting, textural group and median grain size.

4. Results

4.1. Digital Geomorphological Mapping

Delineation of the Woore Moraine based on break of slope (figure 3) shows that it is
approximately 9km in length, 3-4km in width and up to 50-60m in height, with an aspect
ratio (topographic profile height:width) of 1:60-1:80. The crest of the moraine trends east-
north-east.

Three profiles illustrate the varied cross-sectional topography of the moraine (figure 3).
Profile 1, which is characteristic of the western sector of the moraine, displays proximal (b)
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and distal slopes (a) of similar gradients, with more pronounced undulations on the proximal
slope (b). Profile 2, which crosses the highest central part of the moraine (relative relief of
~60 m), displays a relatively steep and undulating proximal slope (z), a sharp crest (y) and a
comparatively shallow-angled, concave distal slope (x). Profile 3, characteristic of the
eastern sector of the moraine, which features a series of elongate north-south trending
hummocks, displays undulating proximal (y) and distal slopes (a) and an ill-defined moraine
crest (B).

Mapping of the moraine revealed a complex surface morphology comprising over 140
hummocks superimposed on the moraine ridge that range in size from approximately 70-
480 m in length, 50-230 m in width and 2-35 m in height (figure 3). The elongation ratio
(Clark et al., 2009) and amplitude of the hummocks were used to discriminate three
landform-assemblages (LA1, LA2 and LA3). LA1 was further subdivided in to 3 zones (LA1.1,
1.2 and 1.3; figure 3). The morphometric data for these assemblages is shown in table 1. LA3
is omitted from the table as it lacks hummocks. These landform-assemblages are discussed
below:

Landform-Assemblage 1 (LA1)

This zone represents the most extensive landform assemblage and comprises densely-
packed hummocks located on both the northern flank and the moraine crest. The hummocks
display great variety in both form and size, ranging from sub-conical forms to multi-limbed,
sinuous ridges but all form prominent positive relief landforms superimposed on the
moraine ridge. The assemblage can be further subdivided into three zones; 1) a western
zone of relatively large hummocks (1.1, table 1), 2) a central zone of closely-spaced, smaller
hummocks, with dispersed larger hummocks (1.2, table 1) and 3) an eastern zone of large
hummocks, similar to the western zone (1.3, table 1).

Landform-Assemblage 2 (LA2)

This assemblage is characterised by a series of elongated, sinuous ridges and valleys that
trend in an approximately north-south direction. The individual ridges display some of the
longest lengths and elongation ratios (1:3.6) values of all the hummocks observed. This
assemblage also features smaller, less elongate hummocks located in between the ridges.

Landform-Assemblage 3 (LA3)
This assemblage forms the most distal part of the moraine and is characterised by a distinct
lack of hummocks. The assemblage has a relatively gentle topography with associated slope

angles as low as 2-3°.

4.2. Geophysical Imaging - Electrical Resistivity Tomography

Six individual ERT surveys have been combined to produce a cross-sectional model of
resistivity that extends for 1.7 km north-south across the moraine and covers the first and
third landform assemblages (LA1 & LA3, figure 4). The measured resistitivies have been
compared with published resistivity data to identify the likely facies present (table 2).

Landform-Assemblage 1:



Survey panels 3-6 (figure 4) are representative of LA1, with panel 3 providing information on
the distal slope, panel 4 the hill-crest, and panels 5-6 the proximal flank of the moraine. The
distal part of panel 3 displays relatively low apparent resistivity values (typically <100Qm)
that are heterogeneous near the ground surface. This is similar to data collected for LA3 and
discussed below. However, the proximal end of panel 3, which represents the crest of the
moraine, reveals a large body with high resistivity values (2300Qm) that outcrops at the
surface and dips northwards. Panel 4 shows that the body of resistant material is laterally
continuous and underlain by an area of low resistivity at approximately 20m depth.
Comparison with published resistivity data (Reynolds, 1997) suggests that the high
resistance values represent coarse-grained facies, whilst the distal region of low resistance
values represents fine-grained materials. Panels 5 and 6 both show lower resistivity values
(£1000m) than seen at the crest of the moraine, though the values are generally slightly
higher than those seen in distal regions of the moraine. Heterogeneity in the upper 5m of
the recorded data is present in panel 5, but much reduced in panel 6. However, panel 6
shows a small region of resistivity ~100Qm near the surface, which dips to the north
approximately 20m beneath the surface.

Landform-Assemblage 3:

Panel 1 of figure 4 is representative of the distal flank (LA3) of the Woore Moraine, whilst
panel 2 covers the transition from LA 1-3. Both panels 1 & 2 show two key features: 1)
heterogeneity in the upper 5m of the profile with resistivity values ranging from ~10Qm to
~3000Qm; 2) more homogeneous material at depth with resistivity values generally <100Qm.
The low resistivity at depth indicates conductive, fine-grained materials, whilst the near-
surface layer is probably composed of a mixture of both fine and coarser-grained materials.

4.3. Geological and Structural Investigation

There is only one significant exposure in the moraine. It is located within LA1 between
panels 4 and 5 of the ERT survey (figure 4), close to the crest of the moraine near Woore Hall
Farm (figure 3). The exposure is approximately 25 m in length and 5 m in height and is
orientated approximately north-south, perpendicular to the moraine crest. The following
sections describe the constituent facies and the structural features present (figure 5).

4.3.1Sedimentary facies
i. Fine Sand (Sh) — Most of the exposure is composed of fine sand, typically a very pale

yellow colour when viewed as a fresh surface. The sand shows very fine, millimetre-
scale laminar bedding, with occasional graded units indicating way up. Bedding
where seen within the sand unit is generally sub-vertical and indicates local
overturning. The bedding is also truncated in parts by other facies. Particle size
analysis of a bulk sample taken from this layer indicates a median grain size (Dsg) of
0.15mm, a moderately-sorted character and contains 3.35% fines by weight (<+5@).
Secondary precipitation fronts, visible as a network of slightly cemented red-pink
bands, criss-cross the surface of the sand. Some of these precipitation fronts have
exploited pre-existing structures within the sand and highlight a series of linear
faults (section 4.3.2, figure 6). Occasional bodies of red-brown clay cross-cut the
sand units. These bodies are usually clast poor and elongated (figure 7).
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ii. Gravel-Rich Sand (Gfu) — Dispersed within the sand are lenses of gravel-rich
sediments, consisting of granule to pebble-sized clasts within a sandy matrix. Rees
and Wilson (1998) report that the pebbles consist predominantly of coarse-
sandstone, quartz and igneous materials. The units show overturned, sub-vertical
laminar bedding and grading (figure 8). Particle size analysis of a bulk sample
indicates a median grain size (Dso) of 0.53mm, a very poorly sorted character and
1.14% fines by weight (<+5@).

iii. Matrix-supported diamicton (Dmm) — A stiff diamicton overlies the lower sand unit
within the central and northern parts of the exposure. The unit is red-brown in
colour, massive and characterised by a fine-grained matrix containing occasional
pebble-sized clasts. It also is found as isolated lenses and layers varying in thickness
from ~1.5m to 30cm amongst the sand facies (figure 5). Particle analysis of a bulk
sample characterised the material as a slightly gravely sandy mud. The diamicton
displays a median grain size (Dso) of 0.03mm, is poorly sorted and contains 49.6% by
weight of fines <+5@.

4.3.2. Structural Features
The section contains two types of structures:
i.  Thrust faults — A series of thrusts have been identified from offset bedding and the

juxtaposition of constituent facies. The thrusts (figure 5) have smeared diamicton
along the fault plane. The sub-vertical to overturned bedding below the thrust plane
suggests that the tilting was a consequence of fault propagation folding forming a
footwall syncline below the thrust. The direction of movement along the faults is
from the south to the north based on the curvature and truncation of bedding.

ii. High-angle normal (extensional) faults — A series of high-angle normal faults occur
principally within the sand unit (see figures 5 and 6). The apparent dip of the faults
relative to the section is approximately 35-75° toward the north (northern & central
parts of the section) and south (southern end of the section). These faults have been
exploited by secondary iron precipitation fronts, which highlight the fault locations
and associated drag of sediments adjacent to the fault plane. These faults offset the
reverse faults present within the exposure and consequently are demonstrably
younger in age. A fault in the northern end of the exposure is associated with
smeared diamicton along the fault, which suggests it may have originated as a
reverse fault, before being re-activated as a normal fault.

5. Interpretation
5.1. Woore Moraine Geomorphology

The Woore moraine is clearly larger than many common moraine types such as seasonal
push moraines (Bennett, 2001) and dump moraines (Eyles, 1979; Kriiger et al., 2002;



Benediktsson et al., 2008). Based on its size, geometry and aspect-ratio the Woore Moraine
is similar to wide, multi-crested push moraines as described by Bennett (2001) or composite
ridges as described by Benn and Evans (1997). These types of moraines are related to large-
scale glaciotectonism (e.g. Boulton et al., 1999) and have been widely documented within
the U.K. (Thomas, 1984; Hart, 1990), continental Europe (van der Wateren, 1981, 1985;
Pedersen et al., 1988; Kluiving, 1994) and North America (Oldale and O’Hara, 1984; Sadura
et al., 2006).

The topographic profiles also highlight features described at other large push moraines
(figure 3). In cross-section, the Woore moraine is characterised by three zones; 1) a
relatively-smooth distal flank, 2) a hummocky proximal flank and 3) a generally prominent
hill-crest. Similar topographic elements have been described at other glaciotectonic
moraines, such as the Bride Moraine (Thomas, 1984) and the Paris Moraine (Sadura et al.,
2006). Thomas (1984) relates the relatively smooth distal flank of the Bride Moraine to the
resedimentation of material from the former crest, whilst Sadura et al., (2006) suggest the
presence of an end-moraine fan for the distal flank of the Paris Moraine. The complex
proximal flank of the Paris Moraine is thought to reflect an ice-contact slope with ice-
stagnation and differential melting generating the hummocks (Sadura et al., 2006). Finally,
the presence of a prominent hill-crest is thought to represent the former position of the ice-
margin (Sadura et al., 2006). The lack of a prominent hill-crest (profile 1; figure 3) and a
change in gross-geomorphology in the western-region of the Woore Moraine may reflect the
moraine being over-ridden and reworked (Knight et al., 2007). Consequently, the scale and
cross-sectional morphology of the Woore Moraine are consistent with its interpretation as a
composite ridge.

The three delineated landform-assemblages provided key localities for both geological and
geophysical investigation. The interpretations of each assemblage are discussed below:

5.2. Landform-Assemblage 1
5.2.1. Geomorphology

The hummocks of LA1 are too large to represent seasonal push (e.g. Bennett, 2001; Ham and
Attig, 2001; Sarala et al., in press) or dump features. However, both the processes of; 1) ice-
stagnation (e.g. Andersson, 1997; Evans and Rea, 2005) and 2) thrusting (e.g. Hambrey and
Huddart, 1995; Bennett et al., 1998) produce landforms that display similar geometries and
forms to those mapped on the Woore Moraine. Rees and Wilson (1998) state that many of
the proximal ridges display crestlines orientated parallel with that of the moraine, which is
suggestive of a morphological grain (Oldale and O’Hara, 1984). This is consistent with a
glaciotectonic origin as individual ridges reflect thrust slices (Kupsch, 1962), whilst
hummocks generated through ice-stagnation typically display random crest-line orientations
(Andersson, 1997; Ciner et al., 1999). In addition, Rees and Wilson (1998) comment that
many ridges display proximal slope angles up to 20°, which are similar to those cited for
ridges associated with thrusting (e.g. Bennett et al., 1998), although this is not supported for
the majority of ridges on the Woore Moraine by DSM-derived slope angle maps.
Consequently, the hummocky proximal flank of the moraine is believed to consist of a
combination of ice-stagnation and thrust-generated hummocks.

5.2.2. Internal Structure

The exposure at Woore Hall farm is located within LA1 and is composed of heavily-deformed
glacial sediments consisting of fine-grained sand, sand and gravel and a clast-poor
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diamicton. The sand facies and sand and gravel facies show laminar bedding, which has been
tilted sub-vertically during deformation. The inclusion of granule to pebble-sized gravel
within the sands (figures 5 and 8) suggests that these units are glaciofluvial in origin. The
overlying diamicton is considered subglacial in origin due to: 1) its massive structure (Evans
et al., 2006), 2) the consolidated nature of the matrix (Evans et al., 2006) and 3) the poor
sorting of the matrix (e.g. Boulton, 1978).

It is apparent that the sediments have undergone polyphase deformation (e.g. Phillips et al.,
2002). An initial phase of thrusting and the associated folding was generated during ice-
compression during formation of the moraine. The thrusts are representative of back-thrusts
relative to the assumed direction of ice movement. The younger extensional faulting relate
either to the melt-out of buried ice or to gravitational spreading following ice-retreat and
consequent pressure release (e.g. McCarroll and Rijsdijk, 2003). Unfortunately, due to the
small scale of the exposure it is impossible to determine whether this pattern of
deformation is indicative of pervasive deformation throughout the whole landform-
assemblage or whether it represents localised surface phenomena associated with minor
oscillations of the former ice margin. However, the presence of tectonised sediments
supports the interpretation of the Woore Moraine as a glaciotectonic landform.

The ERT data collected for LAI shows two distinct zones; 1) high-resistivity associated with
the hill-crest and 2) a proximal slope characterised by a variable near-surface zone and low
resistivity (<100Qm) at depth (>~6m). The proximity of the exposure at Woore Hall farm to
panels 3 and 4 would suggest that an increase in coarse glaciofluvial material is responsible
for the increased resistance. These sediments display resistivity values ranging from 100Qm
for pure sand to >600Qm for gravel and sand. A combination of the two with sporadically-
distributed bodies of diamicton, as seen in the Woore Hall exposure, would potentially
provide similar results as to those obtained during the survey. This is also consistent with the
observation of sandy sub-soil in this part of the profile.

McQuillin (1964) suggested that bedrock may be situated near to the moraine crest. The
local Sherwood Sandstone bedrock has published resistivity values ranging from 100-400Qm
(Reynolds, 1997), which is within the range of those identified for the crest. Consequently,
the resistivity data could be interpreted as being due to a bedrock ridge close to the surface,
either as contiguous basement (e.g. McQuillin, 1964) such as the ridge seen at Bar Hill, or,
alternatively as a series of ice-thrust rafts within the glacial material, such as those identified
in West Runton, U.K. (Hart and Boulton, 1991). BGS geological maps however show that the
Woore Moraine is underlain by Mercia Mudstone bedrock, which has lower resistivity values
(£60Qm; Reynolds, 1997) than those measured at the crest. Therefore uncertainty
concerning the likely geology means that the presence of bedrock is currently difficult to
assess using ERT alone.

The proximal flank displays two distinct zones. The upper zone of material with mixed
resistivity is interpreted as being a combination of both fine-grained diamicton and coarse-
grained glaciofluvial materials. The lower resistivity at depth is interpreted as being fine-
grained diamicton and is supported by Johnson and Menzies (1996) who state that
diamicton is most commonly found in the proximal region of end moraines. The presence of
some zones of resistivity nearer to 100Q0m suggests that there might be bodies of saturated
glaciofluvial material present within the proximal flank. The upper surface is interpreted as
reworked material. The interface between the two facies is not believed to be the water
table, as several trenches we have dug have not contacted the water table at 5m depth.



5.3. Landform-Assemblage 2:
5.3.1. Geomorphology

The series of elongated, north-south trending ridges and valleys of LA2 are interpreted as
erosional features generated by incision of meltwater. This interpretation is based on: 1) the
complexity of the distal flank revealed by cross-sections, 2) the orientation of the
hummocks, which suggests that they are not structurally controlled (e.g. Oldale and O’Hara,
1984) and 3) the elongated form of the hummocks. This interpretation is consistent with
previous studies that discuss a series of channels of trending north-south across the crest of
the moraine (e.g. Yates and Moseley, 1967; Rees and Wilson, 1998). Similar features have
been noted by Thomas (1984) on the Bride Moraine. Internal structure data has, to date, not
been collected for LA2. In order to test this interpretation ERT will be applied across the
landform-assemblage with the hypothesis that the valleys will display higher resistances
than the ridges due to infill of coarser glaciofluvial material.

5.4. Landform-Assemblage 3:
5.4.1. Geomorphology

LA3 is characterised by a shallow-angled and gently undulating slope with an absence of
hummocks. This type of profile is similar to the distal flank of the Paris Moraine, which has
been identified as end-moraine fan (Sadura et al., 2006). Alternatively the relatively smooth
topography of the distal flank of the Bride Moraine has been attributed to subaerial
reworking and resedimentation of a former higher crest (Thomas, 1984). Based on the
geomorphology and the distal location, LA3 is interpreted as an end-moraine fan
(Krzyszkowski and Zieliriski, 2002). Krzyszkowski (2002) reports that end-moraine fans are
often found superimposed on large-scale glaciotectonic features, which may be associated
with steep proximal flanks with slope angles up to 20°. The 2-3° slope gradient of LA3 is also
comparable to late Saalian aged end-moraine fans identified in south-western Poland
(Krzyszkowski, 2002).

5.4.2. Internal Structure

The ERT for LA3 shows two distinctive layers, which are interpreted as; 1) an upper unit of
both glaciofluvial and diamicton facies (~0-5 m) and 2) diamicton-dominated sediment at
depth (<~5 m), below the variable near-surface material. The lower layer is consistent with a
Type A end-moraine fan detailed by Krzyszkowski and Zielinski (2002), which are dominated
by fine-grained materials. However, the presence of some regions of higher resistance at
depth (e.g. northern end of panel 1) suggests that coarser, more resistant materials are
present at depth within the distal flank. Consequently this suggests the incorporation of
glaciofluvial facies, which is more consistent with a type B fan composed of both fine-
grained mass-flow and coarse-grained waterlain deposits. The varied material in the near-
surface could be representative of reworked sediments following ice-retreat as suggested by
Thomas (1984), or glaciofluvial material relating to the presence of the end-moraine fan.

5.5. Interpretation Summary

In summary, the geomorphological evidence shows that the Woore Moraine is of similar size
and scale to composite ridges and displays topographic elements described for other
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glaciotectonic landforms, including a hummocky ice-contact slope, a relatively smooth distal
end-moraine fan and a series of elongated ridges and valleys, interpreted as melt-water
channels. Dominant sediment facies identified within the proximal flank consist of
glaciofluvial sediments and a subglacial diamicton. The ERT survey suggests that both the
distal and proximal flanks of the moraine are largely composed of clay-rich material. The
crest of the moraine is composed of more resistant material, which either represents the
predominance of glaciofluvial facies or alternatively, rafts composed of the local Sherwood
Sandstone bedrock. The deformation of the sediments within the exposure at Woore Hall
farm suggests that the proximal hummocks are associated with a combination of thrusting
and ice-stagnation.

6. Discussion

Whilst numerous studies describe the structure of glacial landforms within well-exposed,
formerly glaciated environments, inland relict glacial environments with poor exposure have
been less well studied. This study has demonstrated that a multidisciplinary approach,
utilising a range of new technologies including improved mapping techniques, data sources
and geophysical equipment, can be used to investigate the topography, internal structure
and origin of large landforms in these environments.

6.1. Digital Geomorphological Mapping

Landform mapping utilising DEMs has become very popular (Chiverrell et al., 2008) and the
advantages and disadvantages compared with other data types have been discussed by
authors including Clark and Meehan (2001) and Smith et al., (2006). From the perspective of
this study, enhanced resolution DSMs have provided an opportunity to constrain the surface
geomorphology of the Woore Moraine for the first time. Relief-shaded models have
revealed a topographic complexity that has not been previously appreciated. Mapping using
GIS and NextMAP™ data is also associated with various benefits. First, digital mapping can
be undertaken more rapidly than conventional field mapping. Second, the high resolution of
the data allows the accurate mapping of small-scale landforms. Third, the superior spatial
coverage of the digital data enables meso-scale landform patterns to be resolved, whilst
avoiding micro-scale complexities. Fourth, digital mapping enables large quantities of
morphometric data to be collected, which can be utilised for comparison with other
landforms or as in this project, to delineate a series of landform-assemblages. Finally the
ability to generate a range of derivates from the raw DEM data (e.g. slope angle maps, cross-
sectional profiles) is a powerful tool in landform delineation and interpretation.

However, the validity of glaciological interpretations based solely on geomorphological
analyses has been questioned by Waller and Tuckwell (2005) and Lindén et al., (2007)
amongst others, with landforms of varied origins frequently displaying similar forms. Lindén
et al. (2007) therefore argue that sedimentological and structural investigations are also
required in order to generate more reliable interpretations. In areas where natural or
quarry-related exposures are lacking, the application of geophysical techniques provides an
alternative means of investigating the internal structure of large landforms (e.g. Bakker,
2004; Kulessa et al., 2007).

6.2. Geophysical Imaging — Electrical Resistivity Tomography
Whilst ground penetrating radar (Bakker, 2004; Bennett et al., 2004) and to a lesser extent
seismic techniques (Harris et al., 1997; Kulessa et al., 2007), have been used to image the

structure of glacial landforms in both modern-day and Pleistocene settings, ERT has only
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recently been utilised (Kulessa et al., 2007, Hiemstra et al., 2008). ERT has been employed in
this study to map lateral and vertical material changes within the moraine and to investigate
whether or not bedrock is present. Using published data we have been able to relate the
acquired bulk resistivity values to likely particle-size characteristics and thereby map
changes in the dominant sediment facies. The application of ERT within this setting has
identified a series of benefits and potential weaknesses.

The primary benefit of geophysical surveying is its ability to constrain the internal structure
of a landform in three dimensions, even in the absence of other subsurface data (e.g.
sections, boreholes etc.; Kulessa et al., 2007). This is especially apparent for ERT, which
enables lateral and vertical changes in resistivity related to facies variations to be mapped
over large areas. Second, the resolution of ERT data can easily be altered to suit the
objectives of the study. By increasing or decreasing the electrode spacing, ERT can be used
to undertake both highly-detailed, near-surface surveying or low-resolution surveying to a
greater depth. However, it is worth noting that the coarser the resolution of the ERT data,
the poorer its ability to resolve sedimentary features. For example, in the case of this study,
minor features such as thin sedimentary layers or lenses could not be resolved (Kilner et al.,
2005). Third, ERT can be utilised within a wide range of field conditions, including both highly
resistant and highly conductive sediments (Smith and Sjogren, 2006). In comparison GPR
suffers when there is a high content of fine material (e.g. clay) in the subsurface due to
attenuation of the electromagnetic energy (Reynolds, 1997). Seismic reflection data is much
more difficult to acquire and process (Smith and Sjogren, 2006), whilst seismic refraction has
the potential to be useful it suffers from poor resolution. Fourth, ERT provides information
on the nature of the constituent sediments, in contrast to either seismic techniques or GPR,
which highlight interfaces and therefore provide more structural detail (Kristensen et al.,
2009). Fifth, data acquisition is fairly rapid as it is largely automated. This automation makes
ERT surveying ideal for application in conjunction with other more laborious geophysical
techniques such as GPR that require user participation for the collection of data.

One weakness of ERT data is that published resistivity values span large ranges, which in turn
limits the extent to which distinctive sediment types can be distinguished. Consequently,
where possible in-situ resistivity readings should be collected using an earth ground tester /
resistivity meter, to allow the acquisition of more accurate, site specific resistivity values
which can improve the extent to which key facies can be discriminated within larger
surveys. Second, ERT sections provide limited structural data (Kristensen et al., 2009).
Therefore, the technique should ideally be applied in combination with other geophysical
techniques, such as GPR and seismic techniques, enabling both structural features and
sedimentary facies to be identified.

6.3. Origin & Glaciological Significance

The preliminary geomorphological, geophysical and sedimentological evidence reported
here suggests that the Woore moraine’s characteristics are consistent with a glaciotectonic
origin. Whilst an alternative origin through the ice-marginal dumping of sediment (Jowett
and Charlesworth, 1929) related to ice stagnation (e.g. Boulton, 1968) could produce a
landform of similar size and surface morphology (e.g. Kriiger, 1994), it is inconsistent with
the moraine’s internal structure. In addition, where such features have been observed at
modern-day glaciers (e.g. Kriiger, 1994) a large part of their volume relates to the existence
of buried ice. Subsequent ablation would inevitably result in a final landform of smaller size
and more varied topography. Current evidence supports a dynamic former ice margin (e.g.
Thomas and Chiverrell, 2007; Bradwell et al., 2008) and it is therefore improbable that a
moraine the size of the BHWWMC would be deposited at a stagnant ice front.
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Recent numerical modelling of the British ice-sheet during the Last Glacial Maximum has
suggested fairly rapid basal velocities within the Cheshire Plain (Boulton and Hagdorn, 2006).
As such, an advance of this ice lobe has the potential to form a composite ridge, which in
both Spitsbergen and Iceland have been related to fast ice flow (Croot, 1987; Drozdowski,
1987; Benn and Evans, 1997). The presence of a hummocky proximal slope and an extensive
region of hummocky topography north of the moraine complex (Paul, 1983) could also be
viewed as part of a surging glacier landsystem (Evans and Rea, 2005). The deformation of
sediments seen at Woore Hall farm cannot be relied on as evidence of pervasive
deformation however, due to the small scale of the exposure and the tectonisation of these
materials may have been due to seasonal oscillations of an ice-margin. Future excavations
and the application of GPR and seismic geophysical techniques will provide additional data
to determine the extent of deformation observed within the section.

6.4. Future Work

Further work on the Woore Moraine will involve the acquisition of additional ERT data,
including the completion of a second survey line and a series of gridded ERT surveys along
the main survey line. Additional geophysical techniques, including both GPR and seismic
refraction will also be utilised. These additional surveys will provide essential data for the
development of 3-D sediment-assemblage model of the Woore Moraine, whilst providing
further insight into the applicability of different types of geophysical techniques in
previously glaciated terrains. A series of shallow excavations will also be undertaken to
enable: 1) the identification and description of the near-surface sedimentary facies, 2) the
ground-truthing of the geophysical data and, 3) the collection of in-situ resistivity data.
Samples collected from the trenches will also be used for OSL dating in order to constrain
the timing of the moraine’s genesis.

7. Conclusions

A multidisciplinary approach utilising a combination of geomorphological mapping,
geological and geophysical techniques is a promising approach in the investigation of the
origin of glacial landforms where there is a lack of exposure. Geomorphological mapping can
be used to delineate key landform-assemblages, the internal structure of which can then be
investigated utilising various geophysical techniques, the results of which can be validated
through the examination of available exposures or artificial excavations.

ERT can be used to map bulk resistivity changes across large landforms and therefore can be
used to map the interfaces between sedimentary facies, particularly clay / diamicton-
dominated and stratified, sand-dominated facies. Although ERT can be used as a standalone
surveying technique, because of its limited ability to resolve structural feature we suggest
that it is best combined with other geophysical techniques in order to provide more detailed
reconstructions of subsurface properties. Both GPR (e.g. Bakker, 2004) and seismic methods
(e.g. Harris et al., 1997; Kulessa et al., 2007) provide suitable companion techniques, as they
examine different geophysical properties.

The key characteristics of the Woore Moraine are similar to glaciotectonic moraines
described elsewhere (e.g. wide, multi-crested push moraines; Bennett, 2001). It displays a
complex surface morphology comprising three landform-assemblages: 1) a hummocky
proximal slope interpreted as an ice-contact face, 2) a series of ridges and valleys
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perpendicular to the crest interpreted as melt-water channels and, 3) a gently sloping and
gently undulating distal flank interpreted as an end-moraine fan, a depositional environment
that has not been previously suggested for the Woore Moraine. The ERT survey revealed
three distinct zones of material within the moraine. First, a distal slope composed of low
resistivity material, interpreted as being representative of an end moraine fan composed of
clay-dominated material. Second, a region of high resistivity around the crest of the moraine
either associated with an increase in glaciofluvial material dominance as exposed at Woore
Hall Farm, or possibly the presence of bedrock (e.g. McQuillin, 1964) in the form of
tectonised rafts. Third, a proximal slope associated with low resistivity interpreted as being
dominated by fine-grained diamicton. Geological and structural analysis of a single exposure
revealed the presence of both glaciofluvial sand and gravel facies and a subglacial diamicton
that have undergone polyphase glaciotectonic deformation. Future work will involve the
application of both GPR and seismic refraction geophysical techniques will be applied in the
future in order to determine whether deformation is pervasive and enable a more robust
model of the moraine’s origin to be constructed. Additionally, it will provide further insight
into the applicability of geophysical techniques within formerly glaciated environments. This
preliminary interpretation of the Woore Moraine as a composite ridge is consistent with
recent numerical models (e.g. Boulton and Hagdorn, 2006) that suggest rapid basal velocities
for the British-Irish ice sheet within the Cheshire Plain.
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Tables

LA1.1 LA1.2 LA1.3 LA2
n=34 n=>55 n=39 n=15
Length (m) Mean 314 190 369 477
Min 132 71 75 103
Max 934 649 921 1109
Width (m) Mean 176 115 195 226
Min 76 52 49 94
Max 520 391 815 527
Perimeter (m’) Mean 832 520 937 1220
Min 345 202 217 322
Max 2640 1588 2777 2728
Area (m) Mean 48802 19396 66046 90455
Min 8439 2736 3387 7771
Max 354791 121231 506334 327109
Height (m) Mean 12 8 15 12
Min 5 2 3 6
Max 33 31 29 27
Elongation Ratio Mean 1.9 1.7 2 2
(Length / Width) Min 1.1 0.9 1.1 1.1
Max 2.9 3.4 4.2 3.6
Amplitude Mean 0.07 0.07 0.08 0.05
(Height / Width) Min 0.03 0.01 0.02 0.03
Max 0.14 0.17 0.2 0.1
Standard Deviation 153.8 110.9 192.7 311.8
Length

Table 1 — Morphometric measurements of 143 hummocks identified from mapping of the
Woore moraine. LA3 has been omitted from the table as it is characterised by a lack of

hummocks.

Material Nominal Resistivity (Qm) Source / Notes
Moraine 10-5x 10° ~

‘Boulder Clay’ 15-35

Clay (very dry) 50-150

Quaternary / Recent Sand 50-100 > Reynolds (1997)
Gravel (dry) 1400

Gravel (saturated) 100

Clays 1-100 ~

Clays ~5-100

Tills ~70-~3,000 Palacky (1987)
Gravel and Sand ~600 — 10,000

Bedrock

Sherwood Sandstone 100 -400 } Reynolds (1997)
Mercia Mudstone 20-60

Table 2: Table showing common resistivity values of glacial sediments and bedrock within

the study area.
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Figure 1 — Map of the Cheshire Basin, showing the location of the Bar Hill-Whitchurch-
Wrexham Moraine. The dashed box highlights the Woore Moraine. Inset map shows the
location of the morainic complex within the UK.

(Image after: Boulton and Worsley, 1965).
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Figure 2 — lllustration of the DEM derivates used to map the glacial geomorphology of the
Woore Moraine. A combination of relief-shaded models (in this case illuminated from 315°)
(A), and slope models (B) were used to delineate surface hummocks (C). The black dot
highlights an area of woodland whilst the box in (A) and (B) highlights Woore Hall Farm
(cultural noise).
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Figure 3 — Geomorphological mapping of the Woore Moraine from NextMAP™ digital
surface models and topographic profiles of the cross-sectional geomorphology. Lettered
areas on the profiles correspond to text in section 4.1.
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Figure 4 — ERT cross-section across the Woore Moraine, generated from 6 individual survey panels
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Figure 6 - Secondary precipitation front utilising pre-existing structures within the exposure
at Woore Hall farm. Trowel for scale.
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Figure 7 — Elongated clay bodies amongst the fine sand exposed at Woore Hall Farm. Trowel
for scale.
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Figure 8 — Overturned gravel and sand deposits in Woore Hall Farm exposure. Trowel for
scale.
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