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Abstract

Detailed analysis and interpretation of the stratigraphy and structures developed within
polydeformed sediments exposed in the coastal section between West Runton and
Sheringham (eastern England) has allowed the characterisation of the glacitectonic signature
associated with the advance of a major Mid-Pleistocene (Anglian) ice sheet. The sequence of
pre-glacial deposits and glacial sediments laid-down during earlier southerly directed ice
advances (D1-D2) are deformed and disrupted by an ice advance from the west/southwest that
marks a major change in ice flow dynamics in northern East Anglia. The simplest
interpretation of this deformation event (D3) is in terms of a progressive proglacial to
subglacial deformation model. Proglacial deformation occurred in-advance of the ice margin
and was dominated by thrusting. Positive topographic features which developed above the
propagating thrusts controlled sediment dispersal patterns within outwash sandur, leading to
the formation of small sub-basins between these morainic ridges. The accretion of the wedge-
shaped, proglacial thrust moraines to the main push moraine formed at the margin of the
advancing glacier may have temporarily stalled forward motion of the ice. Thrusting and
large-scale folding associated with ice-marginal deformation led to the stacking of material
excavated from further up-ice onto the stoss-side of these accreted thrust-related moraines that
allowed the glacier to override the obstruction. Subglacial deformation was highly variable in
its style and intensity ranging from heterogeneous folding and thrusting, through to more

pervasive ductile shearing associated with the formation of a subglacial shear zone. The



thickness and complexity of this shear zone increases up-ice, where it is characterised by a
thick glacitectonic mélange. The pore water content of the deforming sediments controlled the
pattern of deformation within the shear zone. However, an increase in the efficiency of the
drainage system towards the front of the glacier would have led to a rapid thinning of this
water-enhanced zone of ductile shear. Evidence from north Norfolk suggests that zones of
preferential pore water flow within the glacier bed are a major controlling factor on the
location of the subglacial shear zone. Consequently, the bulk of the forward motion of the
glacier may not be accommodated by shearing within the sediments immediately below its

base, but occur at a deeper level within the deforming bed.

1. Introduction

The analysis and interpretation of the structural features (folds, faults, tectonic fabrics)
developed within subglacially (e.g. Berthelsen, 1979; Ben and Evans, 1996; Boulton et al.,
1996; Hart and Rose, 2001; Phillips et al., 2007; Lee and Phillips, 2008) and proglacially (e.g.
Berthelsen, 1979; Hart, 1990; Boulton et al., 1999; Phillips et al., 2002; Benediktsson et al.,
2008) deformed sediments can provide important information on the character of glacier-
induced deformation events (e.g. McCarroll and Rijsdijk, 2003). The application of
techniques routinely used by structural geologists has provided key insights into the often
complex polyphase deformation histories recorded by glacigenic sequences (e.g. van der
Wateren, 1986; van Gijssel, 1987; van der Wateren et al., 2000; Phillips et al., 2002) leading
to a greater understanding of the stresses responsible for their development (e.g. Berthelsen,
1979, Pedersen, 1993). Deformation typically involves folding and thrusting, comparable to
structures found in foreland fold-and-thrust belts developed in response to crustal shortening
and mountain building in areas of plate tectonic convergence. This has invariably led to the
application of a thin-skinned thrust tectonic model to deformed glacigenic sequences (e.g.
Croot, 1987; van Gijssel, 1987; Pedersen, 1987; Aber et al., 1989; Bakker, 2004; Andersen et
al., 2005). Research on glacitectonic structures is also providing information on, and allows
the elucidation of, the nature of ice-marginal sedimentation and dynamics during glacial
cycles (e.g. van der Wateren, 1986, 1995; Croot, 1988; Aber et al., 1989; Ben and Evans,
1993; Harris et al., 1997; Phillips et al., 2002; Hiemstra et al., 2005).

The role played by water in controlling the style and apparent intensity of subglacial
and, to a lesser extent, proglacial deformation is also increasingly being recognised (Boulton
et al., 1974; van Gijssel, 1987; Boulton and Caban, 1995; Boulton et al., 2001; Baroni and
Fasano, 2006; Lee and Phillips, 2008). The introduction of water into the deforming sequence



can lead to the development of structures typically equated with intense ductile shearing (e.g.
sheath folds, ductile shears) even at very low strains (van der Wateren et al., 2000; Phillips
and Merritt, 2008; Lee and Phillips, 2008), aid in thrust propagation/displacement (van
Gijssel, 1987; Andersen et al., 2005), and with increasing pore water pressure, the variable
liquefaction and disruption of the sediment pile (Phillips et al., 2002; Phillips et al., 2007) or
even catastrophic failure and water-escape (van der Meer et al., 1999; Rijsdijk et al., 1999).

Structures formed during subglacial deformation have also been used in support of the
‘deforming bed’ model (Boulton, 1986; Boulton and Hindmarsh, 1987; Hart and Boulton,
1991b; Hart and Roberts, 1994; Roberts and Hart, 2000, 2005). Several studies have
suggested that deformation within the bed of a glacier was a major controlling factor on the
dynamics of major Pleistocene ice sheets in both North America and northern Europe
(Boulton and Jones, 1979; Licciardi et al., 1998; Piotrowski et al., 2001). Such deformable
beds are also thought to exist beneath several contemporary ice masses, including the West
Antarctic Ice Sheet (Alley et al., 1987; Evans et al., 2006). Temporal and spatial changes in
the nature of subglacial deformation may control glacier movement (Alley, 1993), leading to
the development of a ‘stick-slip’ model for basal ice flow (Fischer and Clarke, 1997; Hoeoke
et al., 1997; Fischer et al., 1999). Evidence in the geological record for such a pattern of ice
flow, suggests that the subglacial bed is in reality a ‘mosaic’ composed of zones of ‘stable’
and ‘deforming’ beds that change configuration in time and space (Piotrowski and Kraus,
1997; Piotrowski et al., 2004; Evans et al., 2006; Lee and Phillips, 2008).

This paper contributes to the study of glacier induced deformation by examining the
structural evolution of highly contorted early Mid-Pleistocene pre-glacial and glacial
sediments exposed along the north Norfolk coast in eastern England (Fig. 1). In this area,
sediments exhibit a highly heterogeneous and often deformed appearance and have been
referred to by Banham (1968, 1975, 1988) as the ‘Contorted Drift’. The variation in intensity
and style of deformation recorded by these sediments is consistent with a progression from
thrust-related proglacial deformation to a more complex pattern of subglacial ductile folding,
thrusting and ductile shearing. The formation of the gravitational basins into which a thick
glacial outwash sequence were being deposited prior to deformation, the postulated ‘sag
basins’ of Banham (1975, 1988), Hart (1987) and Ehlers et al. (1991), has been critically re-
examined. A generalised model of proglacial to subglacial deformation and the role played by
pore water content on the proglacial thrust propagation and subglacial shear zone

development are presented.



2. Location of study site and geological context

The focus of this study is the coastal cliff sections (c. 1.5 km in length) between West Runton
[National Grid Reference (NGR): TG 181 432] and Sheringham [NGR: TG 165 433] on the
north Norfolk coast of eastern England (Fig.1). The topography of north Norfolk is dominated
by a west-east trending push moraine/outwash complex called the Cromer Ridge that
intersects the coastline at Trimingham (Hart, 1990). From Trimingham, westwards around the
coast for approximately 14 km to Sheringham, the cliffs range in height from 40 to 60 m OD
and display a variably deformed sequence of Lower to Mid-Pleistocene pre-glacial and glacial
sediments resting unconformably upon chalk bedrock (Banham, 1968; Hart and Boulton,
1991a; Lunkka, 1994; Rose et al., 2001; Lee et al., 2004a; Hamblin et al., 2005). Pre-glacial
fluvial and shallow marine deposits correspond to the Cromer Forest-bed Formation and
Wroxham Crag Formation, respectively (West, 1980; Briant et al., 1999; Allen and Keen,
2000; Rose et al., 2001; Pawley et al., 2004; Lee et al., 2006). The overlying glacial sequence
consists of a number of tills and associated outwash sediments widely considered to have
been deposited contemporaneously by coexisting British (Lowestoft Formation till) and
Scandinavian (North Sea Drift/Cromer Tills) ice sheets during the early Mid-Pleistocene
Anglian Glaciation (Marine Isotope Stage (MIS) 12) (Mitchell et al., 1973; Perrin et al., 1979;
Bowen et al., 1986; Ehlers and Gibbard, 1991; Hart and Boulton, 1991a; Lunkka, 1994;
Bowen, 1999; Fish and Whiteman, 2001).

More recently, a new glacial stratigraphy for the region has been proposed based upon
detailed geological mapping, lithological analyses, and the examination of available sections
and borehole information (Lee et al., 2004a). This new stratigraphy breaks down the
glacigenic sequence into four distinctive and mappable formations, namely the Happisburgh,
Lowestoft, Sheringham Cliffs and Brition’s Lane formations (Lee et al., 2004a; Hamblin et
al., 2005). Of critical significance is the identification that the middle (of three) North Sea
Drift tills, the Second Cromer Till (Banham, 1968) or Walcott Till Member (Lee et al.,
2004a), forms part of a mappable continuum with till of the Lowestoft Formation (S.s.
Lowestoft Till) and, therefore, forms a regionally extensive chronostratigraphic (Anglian)
marker horizon that can be traced across much of eastern and central Britain (Hamblin et al.,
2000, 2005). Two other fundamental new ideas have evolved from this stratigraphic work.
Firstly, detailed provenancing work undertaken on the North Sea Drift/Cromer Tills has
demonstrated that they are not Scandinavian as previously considered, but derived from a
British-based ice sheet (Lee et al., 2002, 2004a). Secondly, that some of the glacial deposits

previously assigned to MIS 12 may correspond to earlier and/or later Middle Pleistocene



glaciations (Hamblin et al., 2000, 2005; Lee et al., 2004b; Clark et al., 2004). This model is
not supported by all lines of evidence, most notably molluscan/small mammal biostratigraphy
(Preece and Parfitt, 2000) and luminescence dating (Pawley et al., 2008), and there remains an
apparent conflict between multiple lines of stratigraphic evidence.

At West Runton itself, Lower and Mid-Pleistocene deposits rest upon Upper
Cretaceous chalk bedrock. The pre-glacial part of this sequence consist of organic freshwater
muds (Cromer Forest-bed Formation) and shallow marine sands and gravels (Wroxham Crag
Formation) (West, 1980). The overlying glacigenic sediments are highly deformed (the
‘Contorted Drift’ of Banham, 1975, 1988) and, therefore, establishing a local stratigraphy on
which to base any structural interpretation has proved difficult (see Banham, 1975, 1988;
Hart, 1987; Hart et al., 1990; Hart and Boulton, 1991b; Hart and Roberts, 1994; Roberts and
Hart, 2000, 2005). Although locally disrupted by thrusting and folding, elements of the glacial
succession can be recognised (Table 1), and the regional stratigraphy of Lee et al. (2004a) and
Hamblin et al. (2005) has proved to be the most robust when attempting to unravel the
complex deformation history recorded by the glacial deposits exposed at West Runton (see
below). The majority of the previous studies have agreed that the deformational overprint on
the West Runton succession was subglacial in origin (Hart, 1987; Hart and Boulton, 1991b;
Hart and Roberts, 1994), and has been used in support of the deforming bed model of glacier
movement (Roberts and Hart, 2005). This interpretation is in marked contrast to that of Eyles
et al. (1989), who considered the entire sequence as having been deposited in a glaciomarine

environment as a sequence of subaqueous gravity flows.

3. Methodology

The depositional setting and subsequent deformation history of the glacial and pre-glacial
sediments exposed between West Runton and Sheringham have been investigated using a
range of macro-scale techniques. The section was described on the basis of its macro-scale
features with particular emphasis placed on recording the type of bedding, sediment type, bed
geometry and structure (both sedimentary and glacitectonic). The orientation of folds,
foliations, faults, and lineations, as well as bedding present within the lower 1 to 2 m of the
cliff face were recorded from a number of points along the length of the section. The sense of
asymmetry of various fold phases and movement on the faults, and inter-relationships
between the various generations of structures were established. Successive generations of
folds (F1, F2.....Fn), fabrics (S1, S2.....Sn) and lineations (L1, L2.....Ln) are distinguished by

the nomenclature normally used in structural geological studies (S1 earliest fabric to Sn



latest). However, this nomenclature does not necessarily imply that these structures were
developed in response to separate deformation events (D1, D2.....Dn). A sequence of
overlapping photographs were taken of the cliffs enabling the analysis of the larger-scale
structures developed along the entire length of the coastal section. Due to significant changes
in perspective between some of the photographs, the interpretive section is divided into
several overlapping segments (Figs. 2, 4 and 5). A large format (A0O) supplement of this
photographic interpretation and structural synthesis of the West Runton to Sheringham coastal

section have been made available by the authors for download.

4. Deformation structures and stratigraphical relationships between West Runton and
Sheringham

Published studies (e.g. Hart and Roberts, 1994; Roberts and Hart, 2005) have largely focused
upon the highly complex, but relatively small-scale, structures present within the tills exposed
at the base of the cliff section. The re-examination of the coastal section between West
Runton and Sheringham, however, has recognised the presence of a number of large-scale
deformation structures (folds, thrusts, shear zones) within this polydeformed succession, and
that the style and intensity of deformation varies from east to west. This has lead to a major
reinterpretation of the deformation history recorded by these sediments. For ease of
description the section has been divided into three subsections or ‘structural domains’ (Figs.
1, 2, 4 and 5) which exhibit a similar range of deformation structures. The relationships
between the main lithological units and the range of large to small-scale deformation

structures present within each of these subsections are described below.

4.1. Domain 1

The sequence exposed at the eastern end of the coastal section (Fig. 2) is relatively
undeformed and dominated by bedded, yellow to yellow brown, glaciofluvial outwash sands
and gravels; the Runton Sand and Gravel Member (RSGM, Table 1). Sedimentary structures
(normal grading, cross-bedding, ripple-drift lamination, trough cross-bedding) preserved
within this relatively thick (up to c. 15 m thick) sand-dominated sequence clearly demonstrate
that it is the right-way-up and has not undergone large-scale overturning during deformation.
Bedding in the majority of the section is horizontal to very-gently dipping, but locally
steepens (sub-vertical) immediately adjacent to a number of wedge-shaped prisms of till,
forming large, open, ‘dish-like’ synformal structures (Fig. 2). Banham (1975, 1988) and Hart
and Roberts (1994) interpreted these broad (50-150 m across) sand-filled features as having



formed in response to loading, their so-called ‘sag basins’ (also see Roberts and Hart, 2000;
Lunkka, 1994). At the eastern end of Domain 1 the RSGM rests directly upon the sands and
gravels of the Wroxham Crag Formation (WCF, Table 1) (Fig. 2a). This boundary varies from
an erosive sedimentary contact where the RSGM clearly cuts down through the glacial
deposits into the underlying sedimentary sequence, to a glacitectonic boundary formed by a
sharp planar thrust. Further west, the RSGM and WCF are separated by the variably
deformed, massive to finely laminated calcareous silts and clays of the Marl Bed (MB) of the
Sheringham Cliffs Formation (Table 1). The contact between the marl and underlying WCF is
tectonic and formed by a subhorizontal to gently west-dipping thrust. Thrust-bound slices (up
to 50 cm thick) of the finely stratified/foliated, brown-grey Bacton Green Till Member
(BGTM) locally occur along this décollement (Figs. 2 and 3a). Bedding within the marl is
locally folded and off-set by a number of small-scale thrusts which link into the décollement
surface at its base. The lamination within the hanging walls of these thrusts is deformed by at
least one set of small-scale normal and reverse faults, and in some instances is disrupted by a
fine, vein-like network of hydrofractures filled by laminated to massive calcareous mud. In
the centre and towards the western end of Domain 1, larger-scale east-verging folds and
thrusts located within the MB locally propagate upwards through the sequence to deform the
overlying RSGM (Fig. 2¢). The east-directed thrusts have occasionally resulted in the
emplacement of small (up to 1-2 m in length), variably folded lenses of marl into the basal
sequence of the RSGM (see Fig. 2e). Locally the metre-scale folds deforming the boundary
between the MB and RSGM are convolute in form and comprise narrow, steeply inclined,
flame-like antiforms of marl projecting upwards into the overlying sands, separated by broad,
open synforms (Fig. 3b). The axial surfaces of the folds dip towards the west, with the folds
showing a slight asymmetry towards the east/east-northeast.

The main structural features present within Domain 1 are a number of large (10-15 m
high, 8-10 m across), symmetrical to asymmetrical, ‘saw-tooth’ or ‘wedge-shaped’, fault-
bound structures composed of thrusted and folded Bacton Green Till, Marl Bed and
occasionally Wroxham Crag Formation (Figs. 2 and 3a). For ease of description these
internally complex features are informally referred to as ‘till-prisms’. The overall size and
complexity of these structures increases towards the west where they are associated with a
greater intensity of deformation within the RSGM. The layering/bedding present within the
thrust-bound slices of BGTM and MB steepens upwards, becoming sub-vertical within the
upper parts of the ‘till-prism’. Tight to isoclinal, recumbent to inclined folds which deform the

stratification/layering within the till, are locally truncated by the thrusts which form the



contacts with the adjacent slabs of marl. The base of the ‘till-prisms’ are marked by either a
sharp planar thrust (Fig. 3a) or wider ductile shear zone; both of which link into the
décollement surface at the top of the structurally underlying WCF (see Fig. 2). The shear zone
(10-30 cm thick) is marked by finely foliated sand and silty sand containing thin stringers of
clay-rich till. The eastern-margins of the ‘till-prisms’ are typically steeply inclined and
formed by either a single, listric normal fault (downthrow to east), or a number of steeply
inclined (60-80°), east/east-northeast-dipping, planar normal faults (also downthrow to east).
The latter also occur within the adjacent RSGM and result in localised drag folding and
disruption of bedding within these sands. The western margins of the ‘till-prisms’ are curved,
and marked by either the disturbed/tectonised erosive base of the RSGM, or an arcuate, west-
dipping, east/east-northeast-directed thrust which over steepens towards the tip of the ‘prism’.
Bedding within RSGM immediately adjacent to the ‘till-prism’ occurs parallel to the
variably tectonised contact, and appears to locally ‘drape’ over the top of these bodies. In the
central part of Domain 1, bedding within the RSGM defines two open anticlines linked by a
syncline (Fig. 2d). These folds are developed above two smaller (8-10 m high), closely spaced
‘till-prisms’. Elsewhere, however, individual sand and gravel beds thin towards the margin of
the ‘till-prism’ and apparently either lap onto, or are truncated against this boundary. These
relationships are best seen at the eastern end of the domain, as further west the RSGM
becomes increasingly deformed. This deformation, where present, is most pronounced on the
western side of the ‘till-prisms’, where the sands and gravels are folded (east/east-northeast-

verging) and thrusted (east/east-northeast-directed) (Fig. 2).

4.2. Domain 2

Continuing further westward along the coastal section, Domain 2 (Fig. 1) is characterised by a
marked increase in the intensity of deformation (Fig. 4). The eastern end of the domain is
dominated by a large (c. 25 m high, c. 35 m wide) wedge-shaped structure composed of east-
dipping, fault/thrust-bound slabs of MB and WCF, juxtaposed against the eastern side of a
triangular shaped mass of till (Figs. 3c and 4). This feature is composed of an outer layer of
BGTM overlying a core of dark grey Happisburgh Till Member (HTM) (Figs. 3c and 4).
Immediately to the west, the RSGM contains a number of thrust-bound lenses of MB and
BGTM. (Figs. 3d and 3e). This imbricate/thrust-stacked sequence is deformed by a large-
scale, recumbent to gently inclined syncline (Fig. 3e and 4), the axial surface of which dips at
a low-angle towards the west. Large-scale fore-sets (Fig. 3d) are well-preserved in the RSGM

on the lower limb of this syncline indicating that the sequence is the right-way up. The folded



and thrusted sediments of the RSGM are structurally underlain by the massive to highly
deformed (folded and thrusted) diamictons of the BGTM overlying the HTM, which form the
lower part of the cliff (Fig. 4). The boundary between the tills and overlying sands is tectonic
and locally off-set by steeply west/northwest-dipping reverse faults.

The complex, wedge-like feature at the eastern end of Domain 2 is morphologically
and structurally similar to the ‘till-prisms’ of Domain 1, and comprises a tectonically-stacked
sequence of MB, BGTM, HTM and WCF, forming a steep-sided, symmetrical to weakly
asymmetrical, ‘saw-toothed’ body which apparently ‘deflects’ or ‘distorts’ bedding in the
overlying sands and gravels. The base of this structure is flat and marked by a subhorizontal
thrust (Figs. 3¢ and 4). This thrust forms a prominent décollement surface at the top of the
structurally underlying WCF. Bedding within the sands and gravels, immediately below this
thrust is transposed into a finely spaced glacitectonic foliation defining a 10 to 30 cm thick
zone of ductile shear at the top of the WCF. No obvious kinematic indicators were recognised
within this shear zone; consequently the sense of movement across this structure is uncertain.

The eastern margin of the ‘till-prism’ is apparently a primary sedimentary contact
formed by the erosive base of the RSGM, resting upon a 3 to 4 m thick slab of MB. The base
of the marl is marked by a 25 to 40 cm thick shear zone composed of highly foliated and
folded sand (Fig. 3f) derived from the underlying WCF. Kinematic indicators (asymmetry of
folds, sigmoidal S-C-like fabric geometries, see Passchier and Trouw, 1996) present within
this high strain zone indicate a sense of shear towards the east/east-northeast. The slabs of MB
and WCF which form the eastern face of this till-prism dip towards the east and terminate
near the top of the cliff, forming a fault-bound, hollow with ‘stepped’ sides and filled by
RSGM (Fig. 4). Bedding within the sand is deformed by an upright, open synform. The
western margin of the ‘till-prism’ is formed by an arcuate, steeply to gently dipping thrust
which becomes progressively shallower dipping westwards, where it passes into the

tectonised zone separating the BGTM and RSGM.

4.3. Domain 3

Domain 3 (Fig 1) represents the remainder of the coastal section between West Runton and
Sheringham (Fig. 5). In this domain, the glacigenic and pre-glacial sediments are highly
deformed with deformation resulting in the modification and local overprinting of the
sedimentological characteristics and stratigraphical relationships between the various units.

The sequence can be divided into four main components; the grey massive to moderately

foliated HTM at the base of the cliff, overlain by the highly folded and foliated BGTM, which



grades upwards into the RSGM, and a glacitectonic mélange derived from both the BGTM
and RSGM. Both the BGTM and RSGM contain thrust-bound, locally stacked lenses or rafts
of WCF (Figs. 5 and 6a), MB, Sheringham Cliffs Formation clay, chalky Walcott Till
Member (WTM), sand and chalk bedrock. This highly deformed sequence corresponds to the
‘Laminated Diamicton’ of Hart and Roberts (1994).

The thickness of the HTM and BGTM increases westwards where they dominate the
exposed sequence (Fig. 5). The contact between the two tills, although irregular, is generally
sharp. The HTM does, however, exhibit an increase in intensity of deformation towards this
boundary where it possesses an intense domainal foliation (S1), deformed by tight to isoclinal
(Fig. 6b), locally intrafolial (Fig. 6¢), recumbent to gently inclined folds (F1/2). Eye-shaped
fold interference patterns also occur within the HTM (Fig. 6d), showing that the till has
accommodated several phases of folding. The S1 foliation is defined by pale grey, carbonate-
rich layers and stringers of disaggregated chalk (Figs. 6¢, e and f) which have locally
undergone attenuation and boudinage (Fig. 6f) (also see Hart and Roberts, 1994; Roberts and
Hart, 2000, 2005). S-C and ECC (extensional crenulation cleavage, see Passchier and Trouw,
1996) fabric geometries and off-sets on small-scale faults developed within the till yield an
easterly-directed sense of shear (Fig. 6f). The HTM locally contains highly distorted augen or
rafts of WTM (Fig. 7a). Flame-like projections and tails extending from the WTM pass
laterally into the banded S1 fabric within the HTM. This suggests that the compositional
layering within the HTM may have been partially derived from the incorporation of the WTM
during deformation. S1 in the HTM is co-planar to the locally intense foliation present within
the BGTM and glacitectonic layering within the structurally overlying mélange. The
orientation of S1 within both tills is highly variable (Fig. 8a). However, on a lower
hemisphere stereographic projection of dip and dip azimuth, the data forms two distinct
clusters indicating that over the entire length of the section S1 dips either at a shallow angle
towards the east-northeast, or more steeply towards the northwest (Fig. 8a). As in the HTM,
the foliation within the BGTM is deformed by easterly verging, small- to meso-scale, tight to
isoclinal, recumbent to gently inclined folds (Figs. 7b, c and d). In some cases, these folds are
disharmonic with S1 becoming progressively disrupted and diffuse towards the hinge,
indicative of the till locally containing a high-pore water content during deformation.
Elsewhere, the F1/2 folds are developed in the hanging walls of S1-parallel, typically easterly
directed thrusts and ductile shear zones (Fig. 7d). The gently plunging F1/2 folds are non-
cylindrical with curvilinear fold axial traces resulting in the observed range in fold trend

shown on Fig. 8b. The folds deform a locally well-developed, north/north-northeast plunging

10



(Fig. 8c) stretching lineation (L1) developed upon S1 surfaces (Fig. 7e). This lineation,
therefore, predates folding. A second, southwest-plunging crenulation lineation (L2) is locally
developed in the hinges of the F1/2 folds (Figs. 7c and 8c). The early recumbent to gently
inclined folds are themselves deformed by later upright to moderately inclined, asymmetrical,
easterly verging, small to meso-scale folds (F2/3) which plunge towards the southeast (Fig.
8b).

The boundary between the BGTM and the overlying RSGM is gradational and
irregular in form. At the eastern end of Domain 3, the RSGM has partially retained its well-
bedded character and the boundary with the underlying BGTM can be located to within 20 to
30 cm. In this area the RSGM is highly folded and thrusted (Figs. 5a to d) recording an
overall transport direction towards the east. Further to the west, bedding is increasingly
disrupted and overprinted by a glacitectonic layering which is coplanar with S1 in the
underlying BGTM. In this part of the section (Figs. 5f to h), the BGTM is much thicker (up to
20 m thick) and comprises a sandy till which grades upwards, over several metres, into a
highly deformed mélange facies. The mélange was apparently derived from glacitectonic
mixing of the BGTM and RSGM, consequently, locating the boundary between these two
units can be problematic. A similar division of the BGTM into a lower, stratified sandy till
facies and upper mélange facies has been recognised by Lee and Phillips (2008) in its type
section exposed 15 km southeast at Bacton Green. The intensity of deformation within the
mélange, which included both ductile folding and later brittle thrusting (see Figs. 5g and h), is
variable and appears to have been focused/partitioned into discrete zones. In these highly
deformed zones the mélange contains slab-like, asymmetrical to tightly folded lenses of sand
(Figs. 5 and 7f) which are wrapped by the foliation within the host sediment. The geometry of
these sand lenses records an overall sense of shear towards the east. The thrusts dip at
moderate to low angles towards the west and are marked by, or occur within broader zones
(up to c. 1-2 m thick) of enhanced ductile shear. Elsewhere, the layering and relict bedding
within the mélange are folded by small to meso-scale east-verging structures. In one part of
the section, the layering and sand lenses contained within the mélange have been deflected
upwards, becoming increasingly fragmented and disrupted towards the top of the cliff (Fig.
9a). At its base this zone of disruption is ¢. 3 m across and represents an inverted funnel-
shaped water-escape conduit (Figs. 5g and 9a).

Along the length of Domain 3, the gradational contact between the BGTM and RSGM
periodically rises to form a series of large (up to 10-15 m across), symmetrical to

asymmetrical ridge-like features (Fig. 5). The till (both BGTM and HTM) within, and
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adjacent to these ridges is more intensely folded and thrusted (for example, see Fig. 5b).
Furthermore, both the BGTM and mélange in the vicinity of these features contain a number
of stacked, fault-bound slices of WCF, MB and RSGM (Fig. 5). The largest of these thrust
slices or rafts is composed of well-bedded WCF and is over 50 m in length (Fig. 5f). The
eastern end of this raft is deformed by a large-scale, southeast-plunging antiform (Figs. 5f and
6a). The shape of the ridges and associated deformation (including imbrication of the
sequence) is comparable to that observed within the ‘till-prisms’ recognised in Domains 1 and
2.

The contact between the BGTM and RGSM, and that separating the BGTM from the
underlying HTM, are folded by a number of meso-scale (3-5 m), convolute-like, upright to
steeply inclined synforms (Fig. 9a, also see Figs. 5a ¢ and e). These convolute folds deform
the earlier developed S1 fabric and F1/2 folds within the tills. The limbs of the convolute
folds are locally deformed by a set of southeast-plunging, inclined folds (F2/3) which result in
the ‘pinching’ of the limbs of the synform and partial isolation of the fold nose (Fig. 9a). The
cores of these convolute structures are composed a rounded to tear-drop shaped mass of thinly
bedded to massive sand and gravel apparently derived from the RSGM and/or WCF. Folded,
isolated slabs, lenses and augen (up to 1-2 m across) of sand derived from the WCF and
RSGM occur within both the HTM and BGTM (Figs. 9¢ and d, also see Figs 5a to d). The
asymmetry of the folds and overall shape of these sand bodies indicates a sense of shear
towards the east.

At the western end of Domain 3, the boundary between the HTM and RGTM is
marked by a thin (< 2 m thick), but laterally extensive thrust-bound raft of WCF overlying
chalk (Fig. 5h). The raft preserves intact the sharp, erosive contact between these well-bedded
sands and gravels, and the underlying chalk bedrock (Fig. 9¢). In contrast, the chalk (10 to 40
cm thick) is massive and putty-like in texture, and cut by narrow (1-3 cm wide) shear zones
composed of highly deformed HTM (see Fig. 9¢). The HTM immediately below the raft
contains highly deformed stringers and lenses of chalk, defining a variably developed
foliation parallel to the base of this bedrock slab. This fabric wraps around small rounded
clasts (up to ¢. 5 cm in diameter) of chalk (% flint) included within the HTM. These clasts are
enclosed within symmetrical to asymmetrical pressure shadows and/or elongate carbonate-
rich tails which record an overall east-directed sense of shear. Elongate slab-like to
asymmetrical lenticular chalk rafts (up to 2.5 m in length), occur elsewhere within the HTM,

also indicate an east-directed sense of shear and are variably deformed by recumbent F1 folds

(Fig. 9f).
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5. Proglacial to subglacial deformation model for West Runton

Based upon the structural analysis outlined above, a number of broad conclusions can be
made regarding the deformation history recorded by the Middle Pleistocene sequence exposed
between West Runton and Sheringham:

e the West Runton-Sheringham sequence can be divided into three sections or structural
‘domains’ which internally share a similar deformation history;

e there is a marked increase in the intensity of deformation from east to west along the
length of the section (Domain 1 = least deformed, Domain 3 = most intense
deformation);

e this increase in intensity is accompanied by a change from simple thrusting and
imbrication in the east (Domain 1), through to a more complex history, towards the
west (Domain 3), involving several phases of folding, thrusting and water-escape;

e although there is a clear variation in both the style and intensity of deformation across
the three domains, the asymmetry of the folds, direction of transport on the thrusts,
and asymmetry of deformed sand lenses, or augen, all yield a similar east/east-
northeast directed sense of shear, consistent with ice advancing from the west/
southwest.

The major deformation structures (folds and thrusts) developed within these
glacitectonically disturbed sediments are shown in Fig. 10. The simplest interpretation of
these structures is in terms of a progressive proglacial to subglacial deformation model,
induced by ice advancing from the west/southwest. The sequence exposed between West
Runton and Sheringham consists of pre-glacial deposits or glacial sediments laid-down during
earlier ice advances. The provenance of both the HTM and BGTM indicate that they were
derived from ice advancing from the north (Lee et al., 2002, 2004a). The westerly derivation

of the ice resulting in deformation at West Runton marks a major change in ice flow direction.

5.1. Proglacial deformation (Domain 1)

Structural Domain 1 records a relatively simple deformation history dominated by east-
directed thrusting and the development of the steep-sided ‘till-prisms’ which locally
‘puncture’ the relatively undeformed RSGM (Figs. 2 and 10). This thrust-dominated
deformation is interpreted as having taken place in a proglacial setting in advance of the

encroaching ice sheet. At the eastern end of the section, thrusting and associated ductile

13



shearing occurs at, or near to the top of the WCF (Fig. 10). This thrust system appears to
represent part of the main décollement surface which formed at the base of the deforming
sediment pile or could represent the reactivation of a palaco-décollement surface formed
earlier during the accretion of the Happisburgh Till (Lee, 2001). The overlying RSGM shows
very little evidence of deformation, apart from immediately adjacent to the ‘till-prisms’
(labelled TP1 to TP 4 on Fig 10) where bedding steepens rapidly, and is locally off-set by
normal faults. Further west, thrusting occurred within the finely laminated MB and resulted in
the localised thrust-repetition and stacking of the pre-glacial sequence (Fig. 10). The base of
the RSGM, in this area, varies from a sharp erosive contact cutting down into the underlying
MB, through to a glacitectonic contact, marked by either a thrust or deformed by narrow, tight
antiforms and open synforms (Figs. 2 and 3b). These convolute-style folds indicate that the
marl locally possessed a relatively high pore water content leading to soft-sediment
deformation rather than thrusting. As previously stated, deformation within the RSGM 1is
focused adjacent to the till-prisms, but further east, west-dipping thrusts ramp upwards from
the basal décollement at the top of the underlying pre-glacial sediments to deform these well-
bedded sand and gravels (see Figs. 2 and 10). This westerly increase in the intensity of
deformation probably reflects an increase in the degree of shortening within the hanging wall
of the basal décollement nearer to the ice margin.

The main structures developed in Domain 1, the ‘till-prisms’ (Figs. 2 and 10), are
composed of highly deformed (folded and thrusted) BGTM and thrust-bound slices of MB
and WCF. Consequently, these wedge-shaped features are interpreted as glacitectonic in
origin. They are thought to have formed in response to deformation occurring near to the tips
of the propagating thrusts as they ramped upwards through the sedimentary sequence in
advance of the approaching ice sheet (see Fig. 11). Initial deformation led to folding, followed
by thrusting and stacking of detached slices of the BGTM and, in some instances, the
underlying pre-glacial sediments. The size and complexity of the ‘till-prisms’, in general,
increases towards the west, i.e. in an up-ice direction (Fig. 11). The steep margins of these
features (see Figs. 2, 3a and 10) are thought to preserve the original geometry of the ‘till-
prisms’. Consequently, their upward growth would have resulted in the observed folding and
normal faulting of the adjacent RSGM (Fig. 11) as these unconsolidated sediments collapsed
off of the sides of these thrust-related structures. In between the ‘prisms’, bedding within the
RSGM was deformed into broad, open, dish-like synclines.

The 3D geometry of the thrust-related ‘till-prisms’ is uncertain due to the 2D nature of

the coastal section. However, during the early stages of deformation and propagation of the

14



thrusts into the foreland, the tip of the main décollement surface is likely to have been
composed of several short thrust-segments, rather than a single laterally extensive growth tip.
This would have resulted in the growth of several short, arcuate ‘till-prisms’ associated with
each thrust segment. As deformation continued the individual thrust-segments would have
begun to coalesce, leading to the development of a single elongate, sinuous, ridge-like thrust-

related moraine.

5.2. “Ice-marginal’ deformation (Domain 2)

Structural Domain 2 is characterised by thrusting, folding and large scale imbrication of the
sequence, as well as the more pervasive deformation of the RSGM (Figs. 4 and 10). The
marked increase in the intensity and complexity of thrusting and folding in this part of the
section (Figs. 4, 3e and 10), is consistent with deformation having occurred in an ice-marginal
setting. The eastern end of the ice-marginal zone is marked by a large, internally complex
‘till-prism’ (TP5 on Fig. 10) with the subhorizontal thrust at its base (Fig. 3¢) representing an
up-ice extension of the basal décollement beneath the proglacially deformed RSGM (Fig. 10).
The E-dipping, thrust-bound slabs of MB and WCF, juxtaposed against the eastern (down-ice
side) of this large wedge-shaped structure (Figs. 3c, 4 and 10) appear to have slipped down
(gravity driven) this steep face. The resultant hollow formed above these displaced blocks was
filled with RSGM. The presence of a large wedge-shaped till body within the path of the
advancing ice sheet would have impeded forward motion of the ice. The temporary stalling of
the ice is likely to have resulted in the observed thrusting and large-scale folding of the
RSGM, MB and BGTM (Figs. 3¢ and 4) as these sediments were stacked against the western.
up-ice, side of the ‘till-prism’ to form a large, internally complex push moraine (Fig. 10).
Eventually the stacking of detached slabs of glacial and pre-glacial sediment against this
moraine would have allowed the ice sheet to overcome the obstruction and resume its easterly
directed advance.

The accretion of a large, relatively impermeable wedge of till within the moraine is
likely to have locally affected the pattern of subglacial drainage beneath the ice sheet (Figs.
11 and 12). It may have effectively blocked the main exit for subglacial meltwater, leading to
an increase in pore water pressure and/or content beneath the ice sheet. The subglacial
drainage pattern would have then been forced to change with meltwater having to flow around
the margins of, or even beneath the push moraine (Fig. 12). The laterally extensive WCF,
which lies beneath the deformed glacigenic sequence (Fig. 10), could have provided a

pathway for subglacial meltwater to escape beneath the till-rich moraine, feeding pressurised
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pore water into either: (a) the décollement horizon at the base of the proglacially deforming
sequence; or (b) into the sediments immediately beneath this structure. This would have led to
the lowering basal-friction, leading to an increase in thrust-gliding, changing the geometry of
the thrusts and increasing the length of the detached thrust sheets (see van Gijssel, 1987;
Nieuwland et al., 2000). The locally developed convolute folds and hydrofracturing within the
MB provide evidence for the introduction of pressurised pore water into the basal décollement
at some point during deformation. The effects of soft-sediment deformation and water-
enhanced thrusting would have decreased away from the ice margin as the meltwater escaped

through the permeable sands and gravels of the WCF and RSGM.

5.3. Subglacial deformation (Domain 3)

Structural Domain 3 represents the most pervasively deformed part of the sequence (Figs. 5
and 10). The intensity of this deformation increases towards the west and is accompanied by a
marked increase in the thickness of the BGTM (see Fig. 10). This thick till can be divided into
a lower, highly foliated facies, structurally overlain by a pervasively deformed glacitectonic
mélange. The complex association of folding, thrusting, mélange generation and water-escape
recorded by the HTM, BGTM and RSGM s interpreted as having occurred in response to
progressive subglacial deformation (cf. Banham, 1975, 1988; Hart and Boulton, 1991b; Hart
and Roberts, 1994; Roberts and Hart, 2000, 2005).

The deformation histories recorded by the HTM and overlying BGTM are clearly
polyphase and included several phases of folding and fabric development. The earliest
deformation events recorded by these tills would have accompanied their deposition.
However, recognising these syndepositional deformation events, (D1 = HTM, D2 = BGTM),
has been problematic due to the pervasive nature of the later (D3) subglacial deformation
event. The orientations of the F1/2 folds (Figs. 6b to d) and S1 fabrics within the tills are
highly variable (Figs. 8a and b). The asymmetry of these folds (where it can be established),
sense of movement on the associated thrusts (Fig 7d) and sense of shear recorded by small-
scale kinematic indicators (e.g. shear bands, minor faults and ECC fabrics; Fig. 6f) within the
tills are in general consistent with the east-directed deformation imposed during D3. This
suggests that earlier developed D1/D2 structures within the tills have either been overprinted
or strongly modified during the later event. The curvilinear nature of the F1/2 fold axial
traces, the presence of disharmonic folding and the locally diffuse nature of the S1 fabric are
consistent with the BGTM possessing a relatively high pore water content at the time of

deformation. This points to a very short period of time separating the deposition of the BGTM
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during D2 (ice advance from the north) and its subsequent ‘reworking’ or ‘remobilisation’
during D3 (ice advance from the west/southwest), or recharge at some point between D2 and
D3.

Published macro-fabric orientations from West Runton record a pronounced northeast
to southwest orientation of clast axes (Roberts and Hart, 2000) indicative of clast alignment
associated with a uni-axial stress field that is characteristic of high strains within subglacial
deforming beds (Hart, 1994; Benn, 1994). In detail the clustered macrofabrics are complex
with clast long axes plunging either to the southwest or northeast (see fig. 19 Roberts and
Hart, 2000). The development of this clast macrofabric may have accompanied the formation
of the northeast/north-northeast-plunging L1 stretching lineation developed upon S1 surfaces
(Figs. 7e, 8c). If correct this would suggest an ice movement direction from the northeast,
consistent with macrofabric and flute evidence obtained from other sites (Happisburgh,
Trimingham) in north Norfolk (Lunkka, 1988, 1994). However, shear planes from some sites
at Trimingham and Happisburgh also show evidence of ice advance from the north and
northwest (Hart, 1987; Lee, 2001). Roberts and Hart (2000) interpreted the West Runton
macrofabric data as recording an ice movement direction from the northwest, with clast
fabrics defining a girdle distribution transverse to ice flow. It is possible that the macrofabrics
were imposed during the deposition of the HTM and BGTM. However, the complexity of
clast long axis orientation suggests that they may have been modified during D3.

As D3 progressed, the early structures (F1/2 folds and S1 fabrics) were folded by
moderately to steeply inclined, small- to meso-scale easterly verging folds (F2/3). A number
of these folds are convolute in form (Fig. 9b) and result in the infolding of RSGM into the
structurally underlying BGTM and HTM. These meso-scale soft-sediment deformation
structures provide further evidence that the BGTM and RSGM were highly mobile during D3
consistent with a high pore water contents and/or pressures during subglacial deformation.
East-directed thrusting during D3 largely post-dated folding and resulted in the stacking of
thrust-bound slabs (or rafts) of HTM, BGTM, WCF and RSGM (Fig. 10). This modified the
original stratigraphic relationships between these units and led to the tectonic thickening of
the sediment pile beneath the ice sheet. The thrusts probably formed during earlier proglacial
to ice-marginal deformation and were periodically reactivated in response to shear imposed
by the overriding ice. The contrast between the highly ductile soft-sediment deformation and
more brittle thrusting indicates that pore water contents/pressures fluctuated during D3, either
in response to seasonal fluctuations in meltwater production and/or changes in the efficiency

in the drainage at the front of the ice sheet.
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The symmetrical to asymmetrical ridge-like features in the subglacially deformed part
of the section (labelled TP6 to 12 on Fig. 10) are morphologically and structurally similar to
the thrust-related moraines (‘till-prisms’) developed in response to proglacial deformation
(see above). However, the over-steepened, wedge-shaped morphology of these features is less
pronounced within Domain 3, consistent with their modification during subglacial D3
deformation. The presence of these relict proglacial features within the bed of the overriding
ice sheet apparently acted as a focus for continued (subglacial) thrusting and shearing. The
resultant brittle thrusts and ductile shear zones propagated upwards into deform the mélange
facies of the BGTM (see section adjacent to TP12, Fig. 10). On the immediate up-ice side of
one of these overridden moraines (TP12, Fig 10), the mélange is cut by a large-scale water-
escape conduit (Figs. 5g and 9a). The base of this water-escape feature terminates or roots
into the contact between the BGTM and underlying HTM, suggesting that pressurised pore
water was flowing along this lithological boundary. The presence of water-escape features
provides further evidence that the BGTM was saturated with water at the time of deformation
and that pore water pressures locally exceeded the cohesive shear strength of these sediments.
The location of this conduit in the immediate up-ice side of one of these remnant ‘till-prisms’
suggests that there may be a link between the two structures. Glacier induced stress would
have built up on the up-ice side of these relict proglacial features, not only leading to
thrusting, but potentially an increase in pore water pressure. This localised pressure increase

may have controlled the location of the observed, potentially catastrophic, water-escape.

6. Formation of a subglacial shear zone in response to subglacial deformation

The intensity of subglacial deformation recorded by the BGTM and RSGM increases towards
the western end of the West Runton to Sheringham section (Figs. 10 and 12). This is
accompanied by the marked thickening of the BGTM and disruption and variable overprinting
of bedding in the RSGM. The boundary between the two units becomes increasingly ‘blurred’
with the gradation between the BGTM and RSGM leading to the conclusion that the mélange
formed as a result of the glacitectonic mixing of the two units during D3. At Bacton Green, 15
km to the southeast, the mélange facies of the BGTM has been interpreted by Lee and Phillips
(2008) as having developed in response to the development of a subglacial shear zone. At
West Runton, the subglacial shear zone (D3 in age) is represented by the mélange facies (c.
20-25 m thick) of the BGTM which thickens westwards (i.e. in an up-ice direction) where it is
composed of a complex, anastomosing network of shallowly to moderately west-dipping

thrusts and broader ductile shear zones wrapping around apparently lower strain areas (Fig.
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12; also see Fig. 15). In these low strain domains, the glacitectonic layering and locally
preserved bedding are deformed by east-verging asymmetrical shear folds.

Two contrasting models have been published to explain the evolution and deformation
of subglacial tills. The first suggests that subglacial deformation is pervasive and that all
subglacial till facies (melt-out tills, lodgement tills...etc) ultimately undergo shearing and
should, therefore, be classified as deforming bed tills (van der Meer et al., 2003; Menzies et
al., 2006). The second model argues that a spatial and temporal ‘mosaic’ comprising actively
deforming and stable (non-deforming) zones develop within the subglacial deforming bed
(Piotrowski and Kraus, 1997) in response to either the degree of water-induced decoupling at
the ice-bed-interface (IBI) (Hoffman and Piotrowski, 2001), or the ability of the subglacial
bed to drain inter-granular pore water (Piotrowski et al., 2004). Evans et al. (2006) and Lee
and Phillips (2008) argue that the deformation of the glacier bed comprises elements of both
models with the pattern of deformation changing temporally and spatially.

As at Bacton Green, macroscopic structural evidence from the West Runton to
Sheringham section suggests that subglacial deformation of the BGTM and RSGM involved a
shifting pattern of relatively ‘high’ and ‘low’ strain zones. During the earlier stages of D3
shear stress imposed by the overriding glacier ice was being transmitted throughout the entire
subglacial bed resulting in the formation and contemporaneous deformation of the mélange,
with ductile folding also effecting the lower parts of the BGTM and upper part of the HTM
(Fig. 12); as predicted by Hart and Boulton (1991b) and van der Wateren et al. (2000).
Subsequently, deformation within the mélange was preferentially partitioned into discreet
zones of enhanced ductile shear. This partitioning is likely to have been controlled by the
variation in pore water content and the rate of thickening of the mélange, with deformation
being focused into the relatively weaker, ‘water-rich’ (dilated) parts of the sequence (cf.
Evans et al., 2006; Lee and Phillips, 2008). The highly deformed and disrupted nature of the
mélange suggests that it probably accommodated the bulk of the shear being transmitted into
the deforming bed and, therefore, the majority of the displacement achieved by the overriding
glacier ice. During the later stages of D3, however, ductile deformation was superseded by
brittle thrusting. This change in deformation mechanism probably reflects a fall in the pore
water content and locking up of the subglacial shear zone. Dewatering during the later stages
of D3 was probably instigated by the overburden pressure exerted by the overriding ice and
assisted by the tectonic thickening and accretion of the deforming bed (Lee and Phillips,
2008).
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The thickening of the BGTM, in particular, the highly deformed mélange facies,
towards the west (Fig. 10) indicates that the subglacial shear zone also widened in this up-ice
direction. The initial formation of the shear zone, followed by the disruption and mixing of
the RSGM with upper part of the BGTM, may have been aided by the migration of meltwater
through the sediment pile. The enhanced drainage near to the front of the glacier would negate
the build up of meltwater, limiting the potential for water-enhanced ductile shear in this more
ice-marginal setting (see Fig. 12). Instead deformation was dominated by heterogeneous
folding and thrusting. Further up-ice, however, subglacial drainage would become
increasingly restricted, with the overlying glacier forming an impermeable ‘cap’ forcing water
to travel laterally through the deforming sediment pile or at the ice-bed-interface. The over-
consolidated nature of the HTM near the base of the sequence would have concentrated this
fluid flow within the BGTM and overlying RSGM. As deformation progressed, the
introduction of additional subglacial meltwater from up-ice would have led to the increasing
dilation and weakening of the BGTM and RSGM. This would have resulted in the expansion,
both wvertically (upwards) and laterally (sideways) of the shear zone, progressively
incorporating more of the adjacent sediments into the glacitectonic mélange. The developing
shear zone would have provided an ideal pathway for fluid migration, further feeding this
water lubricated system. During the later stages of D3, the water content of the sediment
decreased and fluid enhanced shearing was arrested, leading to the ‘locking up’ and ‘collapse’
of the subglacial shear zone. This ‘locking’ of the system is recorded by renewed brittle
thrusting during the later stages of D3. Importantly, field evidence suggests that rather than
developing immediately below the overlying glacier (as predicted by the deforming bed
model Boulton and Hindmarsh, 1987; Hart and Boulton, 1991b), the shear zone formed along
a major lithological boundary deep within the deforming sediment pile (Fig. 12). The
lithological contrasts (clayey till beneath, sand above) would have led to the focusing of fluid
flow along this boundary, indication that water content is a major contributing factor in the
sighting of the subglacial shear zone.

The periodic accretion of impermeable prisms of till to the push moraine at the front
of the advancing glacier (Fig. 12; see section 3.2) would have locally retarded/blocked ice-
marginal drainage, leading to a further build-up of pore water contents/pressures up-ice. In
theory this process could have led to the rapid down-ice expansion of the subglacial shear
zone. As this ‘till-prism’ was overridden, meltwater would once again be able to drain from
the front of the glacier and the zone of water enhanced shear would have retreated back up-

ice. Seasonal or longer term fluctuations in pore water pressure and/or content in the
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subglacial environment, coupled with the periodic accretion of till-rich slabs into the push
moraine could have lead to several periods of ‘expansion’ and ‘contraction’ of the subglacial
shear zone. The result was that the sediments within the deforming bed were imprinted with a

complex sequence of cross-cutting, polyphase deformation structures during D3.

7. Syntectonic proglacial deposition of the glacial outwash sands of the Runton Sand and
Gravel Member
Banham (1975, 1988), Hart (1987) and Roberts and Hart (2000) have regarded the large dish-
like basins at West Runton to have formed through gravity loading of the underlying saturated
tills (BGTM and HTM) by the braided outwash sediments (RSGM). They concluded that the
sub-vertical aspect of the layering with the wedge-like till bodies separating these so-called
‘sag basins’ occurred in response to diapiric loading during basin formation. One major
problem with this model is that it requires the complete removal of a thick sequence (up to c.
20-25m) of till from beneath these basins, without disturbing the bedding within the central
part of the basin (see Figs 2 and 10). No features supporting the ‘expansion’ of the sediment
pile adjacent to the basins by material displaced from beneath these depositional centres, or
evidence of large-scale ‘mushroom-like’ folding (Banham, 1975, 1988), or small-scale
diapiric movement of till, have been recognised in the West Runton to Sheringham section.
The simplest interpretation of the RSGM is that it represents a glacitectonically
disturbed proglacial outwash succession. This sand and gravel sequence cut down into, and
removed parts of, the older, glacial and pre-glacial sedimentary succession. The pattern of
erosion may have been controlled either by: (a) a palaeotopographic surface left after the
retreat of the ice which laid down the BGTM; or (b) the development of a peripheral fore-
bulge in front of an advancing glacier in response to loading caused by the weight of ice
(similar to features developed elsewhere in the geological record in front of large-scale thrust
sheets). The RSGM outwash is thought to have been laid down in front of the westerly
advancing ice responsible for the bulk of the deformation at West Runton to Sheringham. As
the glacier encroached into, and progressively overrode this succession it resulted in the
observed proglacial to subglacial deformation continuum. The overall size and geometry of
the ‘till-prisms’ (see Fig. 11), formed in response to proglacial thrusting, suggests that they
are likely to have formed positive topographic features within outwash sandur, controlling
sediment distribution and the formation of rounded to elongate sub-basins between the
moraines (Figs. 11 and 13). The growth of these moraines during sedimentation would have

led to deformation (e.g. normal faulting) of the sediments at the margins of the sub-basins,

21



whilst deposition continuing in the centre of the basin (Fig. 11). As the glacier encroached
further to the east, the RSGM in the centre of the sub-basins would have progressively

deformed and been eventually overridden.

8. Discussion

8.1. Implications for the glacial history of north Norfolk

The deformation history erected for the glacigenic sequence at West Runton contributes to the
broader understanding of the glacial history of north Norfolk during the Middle Pleistocene.
The highest stratigraphic unit within this deformed succession is the Bacton Green Till
Member of the Sheringham Cliffs Formation (Table 1). This demonstrates that this till and all
lower units within the sequence, namely the Happisburgh Till, Walcott Till and Marl Bed
(Table 1), had all been deposited prior to deformation. The deposition of the BGTM occurred
in association with an ice advance from the north/northwest (Banham, 1968, 1988; Lee et al.,
2004a). However, kinematic indicators from West Runton (this study) and other sites within
the region such as Bacton Green (Lee and Phillips, 2008), indicate that the till and underlying
sediment pile was subsequently overridden and deformed during an ice advance from the
west/southwest. Regionally, this later ice advance appears to be associated with the deposition
of the chalk-rich Weybourne Town Till Member or ‘Marly Drift’ across much of north
Norfolk (West and Donner, 1956; Perrin et al., 1979; Straw, 1983; Ehlers et al., 1991; Fish
and Whiteman, 2001; Pawley et al., 2004; Pawley, 2006) (Fig. 14).

The predominantly ductile style of deformation and mixing suggests that pore water
content and/or pressure, especially within the BGTM, was high at the onset/during this later
deformation event. This implies firstly, that either a short time interval existed between the
deposition of the BGTM and its subsequent remobilisation, or secondly, that pore water
content within the BGTM was recharged between deposition and deformation and that a long
time period existed between the two. Whilst the second option cannot be discounted as ice-
marginal areas of temperate ice sheets are often water-rich landsystems (Evans and Twigg,
2002), the wider regional stratigraphy would appear to preclude the possibility of two Middle
Pleistocene ice advances from the west/southwest during different glaciations. Critical
evidence is the preservation of MIS 11 Hoxnian (Holsteinian) sites situated on Lowestoft
Formation till at Barnham (Ashton et al., 1994), Elvedon (Ashton et al., 2000) and West Stow
(Preece et al., 2007) in Central East Anglia that would have been highly tectonised or even
destroyed has they been overridden by a later ice advance. The simplest model is that the

Lowestoft Formation till (WTM and Lowestoft Till Member of southern and central East
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Anglia), BGTM and Weybourne Town Till Member were deposited during the same (MIS
12) glacial episode but during different ice marginal oscillations (Fig. 14).

8.2. Generalised model of progressive proglacial to subglacial deformation

The proposed model of proglacial to subglacial deformation erected for the polydeformed
sequence exposed between West Runton and Sheringham has implications for the study of
similar sequences which have undergone glacitectonic disturbance.

The intensity and extent of proglacial deformation will be dependant upon not only the
size of the glacier/ice sheet, but also the nature of the sequence within the foreland, to the
front of the advancing glacitectonic thrust-complex. At West Runton proglacial deformation
appears to have occurred well in advance of the ice margin and was dominated by thrusting.
The length of exposed section which has undergone proglacial thrusting (Domain 1) suggests
that in some instances deformation may extend over 0.5 to 1 km in front of the advancing
glacier. Initially deformation within the foreland will be focused around the ends of the
propagating thrusts as they ramp upwards through the proglacial sequence (Fig. 15). These
individual thrusts curve downward linking into a prominent décollement surface, or basal
thrust, located at a deeper level within the sediment pile. At West Runton this basal
décollement developed along a laterally extensive, major lithostratigraphic boundary which
separates the older pre-glacial succession and underlying chalk bedrock, from the younger
glacial sediments. The presence of laterally extensive planes of weakness (e.g. a lithological
boundary, the sediment-bedrock interface) within the proglacial succession will control the
depth of this décollement and the thickness of the deforming sequence. The overall
complexity and intensity of proglacial deformation within the hanging wall of this
décollement increases towards the ice front. This is primarily due to a progressive increase in
the amount of shortening having to be accommodated by the sediment pile nearer to the ice
margin.

Experimental data suggests that the structural style and geometric characteristics of
the proglacial thrust-complex developing above the basal décollement is strongly controlled
by the frictional properties of the sequence beneath this surface (Davis et al., 1984;
Nieuwland et al., 2000). The presence of low-frictional, water-rich sediments (e.g. Marl Bed)
within the sediment pile may assist thrust propagation into the foreland (Fig. 15) (cf. van
Gijssel, 1987; Andersen et al., 2005). At West Runton, soft-sediment deformation of the MB
indicates that it possessed a high pore water content at the time of deformation, leading to

thrust-sheet gliding and detachment of much longer slabs of relatively undeformed sediment;
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aiding in the preservation the proglacial sub-basins filled by the RSGM. The frictional
properties of the sediments beneath the basal décollement may be changed from, for example,
high-frictional sand, to a low-frictional substrate by the simple addition of meltwater; the
latter resulting in the dilation and weakening of the sediment. This would have the effect of
lubricating the basal thrust, focusing proglacial deformation into this water-rich zone and
potentially switching off deformation within its hanging wall. A change in hydrogeological
system at the ice margin from one which allowed ‘open’ or ‘free’ drainage of subglacial
meltwater, to a more ‘restricted’ system which retards the escape of meltwater from beneath
the glacier, may result in pressurised pore water being forced deeper into the sediment pile
and further out into the foreland (Fig. 15). At West Runton, this change in the
hydrogeological system may have occurred in response to the accretion of a large,
impermeable wedges-like bodies of till into the push-moraine (see Figs. 11 and 15).
Subglacial meltwater would then have been forced around, or beneath this impermeable
barrier into the permeable sands and gravels of the WCF. This laterally extensive
lithostratigraphic unit would have enabled meltwater to penetrate further out into the
proglacial foreland, aiding deformation of the sediment pile. Seasonal fluctuations in
subglacial meltwater production may, therefore, lead to a variation in the rate of thrust
propagation into the foreland and an increase in proglacial deformation during the
spring/summer.

Deformation at the leading edge of the main thrust, or associated out-of-sequence
thrusting, can lead to the development of positive topographic features or thrust-related
moraines some distance in front of the advancing ice front (Figs. 13 and 15). These features
may be composed of a combination of thrusted older glacial sediments and/or detached slabs
of bedrock. At West Runton these thrust-related moraines are thought to have controlled
sediment dispersal and led to the formation of small sub-basins between the morainic ridges.
The accretion and incorporation of these proglacial morainic features into the main push
moraine forming at the margin of the advancing glacier may, depending on their size,
temporarily stalled forward motion of the ice. Thrusting and large-scale folding associated
with ice-marginal deformation would lead to the stacking of material excavated from further
up-ice onto the stoss-side of these accreted proglacial thrust-related features (Fig. 15). This
type of deformation is a characteristic feature of many ancient and recent push moraines; for
example the Lamstedt Moraine (Germany) (van Gijssel, 1987), Dammer push moraine
(Germany) (van der Wateren, 1987), the Cromer Ridge (eastern England) (Hart, 1990),
Holmstrégbreen push moraine complex (Spitsbergen) (Boulton et al., 1999), and the 1890 end
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moraine at Braarjokull (Iceland) (Benediktsson et al., 2008). The effect would be to lower the
gradient of the ice-contact margin so that the glacier can override the obstruction. As they are
overridden the positive topography of the thrust-related ridges would be lowered and their
ridge-like form dissected. Subsequent subglacial deformation may lead to the progressive
moulding of these relict proglacial features to form streamlined features composed of folded
and thrusted glacial sediment and possibly bedrock (Fig. 15). At West Runton, these
overridden relict proglacial features appear to have been a focus for later subglacial thrusting.

Subglacial deformation can be highly variable in its style and intensity (e.g. Hart and
Boulton, 1991b; Benn and Evans, 1996) ranging from heterogeneous folding and thrusting,
through to more pervasive ductile shearing and the formation of a subglacial shear zone.
These events may be superimposed upon earlier, penecontemporaneous, proglacial phase of
deformation potentially leading to a complex polyphase deformation history during a single
phase of ice advance (e.g. van der Wateren, 1986; van Gijssel, 1987; Phillips et al., 2002).
Deformation structures developed during the proglacial deformation or even older
deformation events may be reactivated leading to the reworking of earlier glacitectonic
deposits. This may lead to the modification, overprinting or superposition of several phases of
folds, fabrics and clast macrofabrics within an older till (e.g. BGTM). It is possible, therefore,
that some of the tills in the geological record are ‘polycyclic’ and have undergone several
(?unrelated) phases of deformation prior to dewatering and final consolidation. This
‘recycling’ may aid in the homogenisation of the tills and the formation of the ‘tectomict’ of
van der Meer et al. (2003).

The intensity of subglacial deformation increases up-ice and can lead to the overprint
of the original stratigraphical relationships between the units within the deforming bed. At
several sites along the north Norfolk coast (e.g. West Runton, this study; Bacton Green, Lee
and Phillips, 2008) this has accompanied the generation of a glacitectonic mélange and
formation of a subglacial shear zone. Deformation within the shear zone is thought to
accommodate most of the movement of the overriding glacier, with deformation being
partitioned into an anastomosing network of relatively ‘high strain’ zones which progressively
shift through the deforming bed (Piotrowski and Kraus, 1997; Hoffman and Piotrowski, 2001;
van der Meer et al., 2003; Piotrowski et al., 2004; Evans et al., 2006; Lee and Phillips, 2008).
Partitioning of deformation is likely to have been controlled by the variation in pore water
content, which, in extreme cases, may lead to the decoupling of the glacier from its bed.
During dewatering the shear zone begins to ‘lock’ and earlier ductile deformation is

superseded by a more brittle mechanism, such as thrusting. Evidence from West Runton
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indicates that the thickness and complexity of the subglacial shear zone increases in an up-ice
direction (see Figs. 10 and 15). The increased efficiency of drainage near the glacier margin
leads to a rapid thinning, or even ‘collapse’, of the subglacial shear zone. The net result is a
rapid deceleration in forward motion adjacent to the ice front, leading to the overall
compressive nature of deformation within the ice near to the glacier margin (Fig. 15). The
width of this ‘deceleration zone’ is dependant upon the proximity of the onset of subglacial
shear zone formation to the ice front, which is in turn linked to the efficiency of the subglacial
to ice marginal drainage system.

In many studies it is assumed that the subglacial shear zone develops immediately
below the overriding glacier (Hart, 1994; Roberts and Hart, 2005), consistent with the
deforming bed model (Boulton and Hindmarsh, 1987; Hart and Boulton, 1991b) and leading
to an increase in intensity of deformation upwards through the sediment pile (Hart and
Boulton, 1991b; van der Wateren et al., 2000). At West Runton, however, subglacial shear
was instigated along a major lithological boundary located at a deeper level within the bed,
rather than at the ice-sediment interface (see Fig. 15). The lithological contrast between
relatively impermeable clay-rich till beneath (BGTM) and free-draining sand and gravel
(RSGM) above, led to the concentration in the flow of meltwater along this boundary leading
to the partitioning of water-enhance ductile shear along this contact. The presence of zones of
preferential pore water flow within the bed of the glacier could represent a major contributing
factor in the sighting of the subglacial shear zone. Consequently, the bulk of the forward
motion of the glacier may not be accommodated by shearing within the sediments
immediately below its base, but occur at a deeper level within the deforming bed (c.f. Truffer

et al., 2000).

9. Conclusions
A number of conclusions can be made regarding the polyphase deformation history recorded
by the pre-glacial and glacial sediments exposed in the coastal section between West Runton

and Sheringham (eastern England):

e The simplest interpretation of the main glacitectonic event (D3) to have effected these
sediments is in terms of a progressive proglacial to subglacial deformation model.
This event was associated with the advance of a major Middle Pleistocene (Anglian)
ice sheet from the west/southwest, marking a major change in ice flow direction across

north Norfolk.
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Proglacial deformation occurred well in advance of the ice margin and was dominated
by thrusting, leading to the formation of steep-sided moraines composed of detached
blocks of highly deformed till. These thrust-related moraines are through to have
formed positive topographic features within the outwash sandur which controlled

sedimentation during the deposition of the Runton Sand and Gravel Member.

The basal thrust or décollement beneath the proglacially deforming sequence was
located along a major lithostratigraphic boundary separating the older pre-glacial
succession (Wroxham Crag Formation) and underlying chalk bedrock, from the

younger glacial sediments.

Accretion of the proglacial thrust-related moraines to the main push moraine formed at
the margin of the advancing glacier may have temporarily stalled forward motion of
the ice. Thrusting and large-scale folding associated with ice-marginal deformation led
to the stacking of material excavated from further up-ice onto the stoss-side of these

accreted moraines enabling the glacier to override these temporary obstructions.

Subsequent subglacial deformation was highly variable in its style and intensity
ranging from heterogeneous folding and thrusting, through to more pervasive ductile
shearing and the formation of a subglacial shear zone. These events were
superimposed upon earlier, penecontemporaneous, proglacial and ice marginal phases
of deformation, and accompanied the remobilisation and reworking of earlier

glacitectonic deposits.

The thickness and complexity of the subglacial shear zone increases in an up-ice
direction where it is characterised by a thick glacitectonic mélange. Fluctuations in
pore water content and/or pressure are thought to have controlled the pattern of
deformation within the shear zone with an increase in the efficiency of drainage
towards the front of the glacier leading to a rapid thinning, or ‘collapse’, of the shear
zone. This would have led to a potentially rapid deceleration in forward motion
adjacent to the ice front and overall compressive flow regime within the ice near to the

glacier margin.
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e Evidence from the north Norfolk coast indicates that the subglacial shear zone
preferentially developed along a major lithostratigraphic boundary within the
deforming sediment pile. This suggests that the bulk of glacier may not be
accommodated by shearing within the sediments immediately below its base, but

occur at a deeper level within the deforming bed.
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Fig. 1. Map showing the location of the West Runton to Sheringham section and Domains 1,

2 and 3 which are referred to within the text (a), and northern East Anglia (b).

Fig. 2. Detailed structural interpretation (Domain 1) of the eastern end of the West Runton to
Sheringham section (see Fig. 1). The individual sections (a) to (e) cover the whole of Domain
1 with varying degrees of overlap between the sections. Approximate height of cliff face = 20

to 25 m.

Fig. 3. (a) Steep-sided, wedge-like feature (‘till-prism’, see text) composed of thrust-bound
slices of BGTM and Marl. The planar thrust at the bottom of this thrust-related feature forms
a prominent décollement surface separating the deformed sediments from the underlying
WCEF; (b) Convolute folding effecting the base of the RSGM and underlying Marl; (c) Large,
steep-sided, wedge-like feature composed of thrust-bound slices of BGTM, HTM, WCF and
Marl; (d) Well-bedded and cross-bedded sands and gravels of the RSGM stacked with thrust
bound slices of Marl and BGTM,; (e) Large-scale synform deforming thrust-stacked sequence
of RSGM, BGTM and Marl; (f) Ductile shearing associated with thrusted base of a large,
detached slab of Marl.

Fig. 4. Detailed structural interpretation (Domain 2) of part of the West Runton to
Sheringham section (see Fig. 1). Approximate height of cliff face = c¢. 30 m.

Fig. 5. Detailed structural interpretation (Domain 3) of the remainder of the West Runton to
Sheringham section (see Fig. 1). The individual sections (a) to (h) cover the whole of Domain
3 with varying degrees of overlap between the sections. Approximate height of cliff face = 25

to 35 m.

Fig. 6. (a) Easterly verging antiform deforming a thrust-bound raft of well-bedded WCF; (b)
Recumbent to very gently inclined, isoclinal fold deforming the S1 foliation present within
the upper part of the HTM; (c) Highly attenuated intrafolial folds within the HTM; (d) Eye-
shaped fold interference patterns developed within the HTM showing that it has undergone
several phases of folding; (e) Layering/foliation within the HTM defined by chalk-rich layers.
This foliation locally wraps around rounded to angular chalk clasts; (f) Low-angle extensional
faults and extensional crenulation cleavage (ECC) deforming the layering/S1 foliation within

the HTM.
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Fig. 7. (a) Irregular, highly deformed ‘raft’ of Walcott Till Member wrapped by the foliation
within the HTM. Elongate, tail-like off shoots from the chalky Walcott Till extend into the
foliation within the host HTM; (b) Recumbent to very gently inclined, isoclinal fold
deforming the layering/S1 foliation present within the upper part of the BGTM; (c)
Crenulation lineation (L2) developed in the hinge of a recumbent fold deforming the S1
foliation within the BGTM; (d) Recumbent folds cut by later thrusts within the BGTM
showing that ductile folding was followed by at least one phase of E-directed brittle faulting;
(e) Well-developed stretching lineation (L1) developed upon S1 foliation surfaces within the
BGTM; (f) Asymmetrical, sheared lenses or augen of sand within the glacitectonic mélange

facies of the BGTM.

Fig. 8. Lower hemisphere stereographic plots of structural data measured from the West
Runton to Sheringham section. (&) Dip and dip azimuth of the S1 foliation within the HTM
and BGTM; (b) Orientation of folds. Small symbols recumbent folds (F1/2), large symbols
upright to steeply inclined folds (F2/3); (c) Orientation of the stretching lineation (L1) and

crenulation lineation (L2).

Fig. 9. (a) Large subvertical water-escape conduit deforming the mélange facies of the
BGTM; (b) Convolute-style synform deforming the foliation and early recumbent folds
present within the BGTM and HTM. The core of the fold is composed of a deformed lens of
sand and gravel possibly derived from the RSGM; (c) Folded, rotated lens/augen of pale
coloured sand within the HTM. This sand lens may represent a detached (rootless) fold hinge;
(d) Rootless fold deforming a steeply inclined lens or slab of well-bedded sand. This sand
lens is lithologically similar to the RSGM and is entirely isolated within the HTM; (e) raft of
WCF and chalk bedrock structurally overlying HTM. The contact between the basal sands
and gravels of the WCG and underlying chalk is undeformed and represents an original
erosive contact (see text for details). (f) Recumbent (F1/2) folding of a lenticular chalk raft

enclosed within the HTM.
Fig. 10. A composite structural section through the complete West Runton to Sheringham

section showing the variation in the style and intensity of deformation from east to west (see

text for details).
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Fig. 11. Diagram showing the proposed proglacial to ice-marginal deformation model to
explain the range of features observed at the eastern end of the West Runton to Sheringham
section (Domains 1 and 2). (a) Cross-section. (b) Plan view showing how the possible
development of small, sub-basins between the topographic ridges formed by the developing

till-prisms.

Fig. 12. Diagram showing shear zone development and mélange generation within the
subglacially deformed part (Domain 3) of the West Runton to Sheringham and the effects of
‘open’ and ‘restricted’ drainage at the front of the glacier on the down-ice extent of the shear

zone.

Fig. 13. 3D block diagram showing the location of the sub-basins between the morainic ridges

formed above the till-prisms developed in response to proglacial deformation.

Fig. 14. Schematic diagram showing the development of the West Runton glacial sequence
and its wider regional context in eastern England and the southern North Sea: a) Ice advance
of British ice from the west and northwest depositing the Kimmeridge-rich Lowestoft Till
(black lines), and British North Sea advance from the north depositing the Walcott Till; b)
Wastage of the British North Sea ice, creation of an ice marginal area over northeast Norfolk
(stippled area) and deposition of the Bacton Green Till as a thick sequence of subaqueous
debris flow; ¢) Retreat of British North Sea ice to the north, British ice advance west and

north-westwards across north Norfolk depositing the Weybourne Town Till.

Fig. 15. Diagram showing the proposed generalised model of progressive proglacial to

subglacial deformation based upon the features observed at West Runton to Sheringham.

Tables
Table 1. Lower and lower Mid-Pleistocene stratigraphy of northern East Anglia with
particular reference to units that crop-out within the West Runton — Sheringham area of study

shown in bold (modified from Lee et al., 2004a; Pawley et al., 2004).

Lithostratigraphy Sediment Environment & Process ~ Chronostratigraphy
(Subgroup / Formation / Member)

Briton’s Lane Formation
Briton’s Lane Sand & Gravel Member Sands and gravels Proglacial outwash
Runton Sand & Gravel Member Sands and gravels Proglacial outwash
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(RSGM)

Sheringham Cliffs Formation
Weybourne Town Till Member
Bacton Green Till Member (BGTM)
Ivy Farm Laminated Member

Marl Bed (MB)

Lowestoft Formation
Lowestoft Till Member
Walcott Till Member (WTM)

Happisburgh Formation
Happisburgh Till Member (HTM)

Wroxham Crag Formation (WCF)
Mundesley Member (MM)

Cromer Forest-bed Formation
West Runton Freshwater Bed

Wroxham Crag Formation
Mundesley Member

White Chalk Subgroup

Very chalky diamicton
Sandy diamicton
Stratified silts and clays
Stratified marl

Chalky, clayey diamicton
Silty, clayey diamicton

Sandy, grey diamicton

Sands and gravels

Organic muds

Gravels, sands & muds

White, flinty chalk

Glaciation — till
Glaciation — till
Glaciolacustrine
Glaciolacustrine

Glaciation — till
Glaciation — till

Glaciation — till

Shallow marine

Floodplain

Tidal, shallow marine

Deep marine

Mid-Pleistocene

lower Mid-Pleistocene

Lower Pleistocene

Upper Cretaceous
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increasing size and complexity ot till-prisms

increasing intensity of deformation
increasing topographic expression of till-prisms
E and greater influence of sediment dispersal patterns w
a) shedding of detritus large till-prism potentially
- topographic features (moraines) out of sequence ~ forming barrier to s.ubglacml |
developed above ‘till-prisms’ thrusting melt-water drainage
basal thrust or laci 1 1
decollement s s s
folding
developing till-prism soft-sediment deformatiqn concs:ntra‘;ed push-moraine thrusting
deformation along margins of till-prism
morainic ridges developed push-moraine
above deforming till-prisms
b)
glacier
glacial outwash
melt-water 2till exposed at :
5 channels proglacial surafce i ice-marginal J‘ subglacial

................ - bedding ~~—__ thrust —=— direction of movement <«—— direction of slope ~..~ crest of morainic ridge
<—— pathway followed by melt-water through the sediments <~ melt-water channels

|| Bacton Green Till Member [ Happisburgh Till Member ] Marl Bed

Figure 11.
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supraglacial meltwater ice movement

channel direction

emerging subglacial

apron of glacial outwash meltwater channel
deposited adjacent to ice margin

braided distributary

h 1
small ‘fore-land’ sedimentary channets

basins developed in front
of the advancing glacier

moranic ridges developed
above tips of propagating thrusts

localised deformation of the .
‘fore-land’ basin sediment infill W!

glacial outwash

bedrock thrusting and folding within core
of a morainic ridge representing the
former position of the tip of the

main basal detatchment

thrusting and high-angle
faulting associated with propagating

tip of the main basal detachment undeformed sediment infill
to small scale ‘fore-land’

sedimentary basin

Figure 13.

thrust stack composed of older,
pre-existing sediments

thrusting and folding associated
th ice marginal to subglacial
deformation
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