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ABSTRACT
Subglacial processes, and their temporal and spataiations, play a significant
role in controlling the behaviour of ice masses.heTprocesses leading to the
formation and emplacement of inter-stratified sewas of subglacial tills are,
however, particularly poorly understood. Such ssmes are relatively widespread,
having been found in, for example, the UK, Canadd &ermany. Those of the
Weybourne area of north Norfolk, UK, are especiaitgresting in that the majority
of the sediment pile is composed of repeated,-latemated subglacial till units with
very few non-till units present. Many contrastingechanisms for this highly
contorted sequence have been suggested througHong distory of investigation at
the site and even the direction of ice advance tiratluced the deformation has
proved difficult to resolve. In order to addressst the current study combines
lithological, structural and palynological technigs to investigate the exposure at
Weybourne Town Pit. A re-interpretation of theusstpe is presented in which the
tills are seen to have been derived initially adgacial tills from advances of the
Middle Pleistocene British Ice Sheet flowing sowtids along the east coast of
England. A stage of brittle deformation linked dscillation of the ice margin is
identified as occurring after the primary depositigphase. This secondary
deformation phase was responsible for localisedgtistacking of the till blocks and

resulted in the inter-stratified sequence seenyoda
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INTRODUCTION

Investigation of the dynamics of the major Quategyriae sheets that existed across
northern Europe and North America has revealed ghlyisignificant role for
subglacial processes, and their temporal and $padi@ations, in controlling the
behaviour of ice masses (Evaetsal, 2006). These findings are important in the
context of the likely response of modern ice sheetpecially the Greenland and
western Antarctic ice sheets, to perturbation bgrexu and future climate changes
(Hughes, 1996; Bentley, 1997).

Sequences composed of inter-stratified subgléidslare widespread, having
been identified in, for example, the UK, Canada &@wimany (Fish et al., 2000;
Friele and Clague, 2002; Menzies and Ellwanger,1201 The sequences are
composed of stacked, repeated units of two or rilbrthofacies most often inter-
digitated with units of non-till lithofacies. Thesunits may cross-cut each other,
truncating the internal structure of the unit. Bspres range in height between 2 m
and 11 m. However, the formation of these secgns particularly poorly
understood and several contrasting mechanisms lbeae proposed, including: (1)
the confluence of ice sheets (Banham and Ransd@®; X®ox and Nickless, 1972;
Ehlers and Gibbard, 1991; Lunkka, 1994), (2) déferadvances or multiple lobes of
the same ice sheet (Straw, 1965; Peginal, 1979; Ehlerset al, 1987, 1991;
Hamblin et al, 2005), (3) a sedimentary ‘melt-out’ origin (Hatden and Shaw,
1982; Shaw 1982, 1983) and (4) glaciotectonic mees associated with a subglacial
deforming bed (Hart et al., 1990; van der Mekal, 2003; Menziegt al, 2006).

The Weybourne area of north Norfolk, UK is oneioagwhere such inter-
stratified tills are exposed. The north Norfolkearitself, is seen to possess one of the
best Early and Middle Pleistocene sedimentary decor north-western Europe (Lee
et al, 2008; Rose, 2008) and inter-stratified tills aeadily visible in a highly
contorted sequence at Weybourne Town Pit (NatiG@rad Reference TG 114 430).
The sequence here is especially interesting intheamajority of the sediment pile is
composed of tills inter-stratified with one anotherery few non-till lithofacies are
present. This area has been affected by a nunikdearty and Middle Pleistocene
glaciations (Hambliret al, 2005) and the sediments at the pit are beli¢vedlate to
the latter of these glaciations which reached itstnsoutherly limit just to the south
of the pit, along the line of the Cromer Ridge.
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Despite a long history of investigation, the medtians for the emplacement of the
inter-stratified facies at Weybourne Town Pit remanigmatic (Fishet al, 2000;
Pawleyet al, 2004; Hart, 2007). Understanding of the dittof ice movement
responsible for the inter-stratified tills is algoor, with contrasting interpretations of
structural and lithological evidence suggesting atous different directions (Table
1). For example, structural analysis presentdéish et al (2000), indicates that ice
flow from the southwest was responsible for thelghand sandy tills exposed in the
pit, whilst lithological evidence implies an eastgrovenance. Till fabrics examined
in Hart (2007), however, imply ice flow directiofrem the northeast and northwest.
In order to address the controversy surroundirgg fdtmation of the inter-
stratified sequence and the direction of ice movemesponsible for the tills, this
paper presents an investigation of the Middle Rleene sequence at Weybourne
Town Pit, north Norfolk, UK. A suite of structurdithological and palynological
techniques are combined to thoroughly examine #posure. The inter-stratified

sequence is interpreted as comprising a primagestétill deposition and a

Table 1. Direction of ice advances responsible for the tlighe north Norfolk area,
as suggested by some earlier researchers. Stadijdies: NN= north Norfolk, C=
Weybourne Coast and WTP= Weybourne Town Pit. losction: SW-W= ice from
between the southwest and south, E&W= ice fromehast and west. Lithology:
ST=sandy till and CT=chalky till.

Reference Study M ethodology Direction
L ocation
Banham and Ranson C & WTP Clast fabric NE & NNE
(1965) Fold orientation SSW-SW
Ehlerset al (1987) NN Stratigraphy SwW
Clast fabric SW &N
Thrust orientation W & SW
Fishet al (2000) C&WTP ST CT
Stratigraphy W-NW-N W & NW
Clast fabric NNW & SSE NNW, NE & N
Fold orientation S S
Chalk micropalaeontology E&W E&W
Fish and Whiteman NN & WTP ST CT
(2001) Chalk micropalaeontology NW NNW
Pawleyet d. (2004) C ST CT
Clast fabric NNW N/A
Fold orientations NNW N/A
Chalk micropalaeontology N/A N
Hart (2007) WTP ST CT
Clast fabric NE NW
Fold orientation NNW NNW
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secondary phase of deformation through till remsaiion and emplacement. Flow
directions for the ice responsible for depositihg tills are determined, a model for
ice-marginal thrust-stacking of till blocks is ao#d and the stratigraphic
implications of this are discussed.

STUDY SITE AND GEOLOGICAL CONTEXT
Weybourne Town Pit (National Grid Reference TG ¥BD), a disused brick pit
located to the east of the village of Weybournaanth Norfolk, forms the locality for
this study. The pit is approximately 50 m by 20nrarea and 4 m deep. A south-
facing exposure of approximately 5 m length and Reight reveals a contorted series
of Quaternary sediments on the western side ofdina quarry wall. The pit lies just
to the south of the Late Pleistocene (Devensian)imgit (Pawleyet al, 2006) within
an area of gently undulating topography (Figure T)o the south of the pit, the
ground rises towards the Cromer Ridge- a major Mideleistocene ice marginal
push moraine and outwash complex (Hart, 1990; Baeti@l, 2005). To the north,
the ground slopes gently to the modern coastlineera/ low cliffs (1-10m) are
present.

A number of different lithostratigraphical scheniese been proposed for the
area’s glacial deposits (Table 2) and the exactbhmunof glaciations the sequences
record is contentious. As early as 1877 Geikiegeated that the region had been
affected by four glaciations, although this modedswargely refuted at the time
(Geikie, 1877 in Baden-Powell, 1948). Later, Ba@envell (1948) advocated the
existence of four tills. Following this, two majdithofacies associations were
invoked (Banham & Ranson, 1956) and ascribed tanglesice sheet expansion
during the Middle Pleistocene (Perrgt al, 1979; Bowenet al, 1986). Lunkka
(1994) expanded the scheme to involve five tilld #rese became attributed to three
separate ice sheet expansions occurring througheuPleistocene (Hambliet al.,
2000).

However, the published stratigraphies still failed resolve observed
differences in the succession between north Norolt the Waveney Valley area to
the west. As a result, a reappraisal of the registnatigraphy was undertaken by Lee
et al (2004) and Hambliret al (2005). They proposed a more robust scheme
involving four formations. The stratigraphical nenclature detailed in Leet al
(2004) and outlined in Hambliet al. (2005) is adopted in this study (Table 3).
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Figure 1. The Weybourne area of Norfolk, UK and location lué #Weybourne Town Pit study site. Major glaciabmerphological
features (A) and regional context (B) are showriddie Pleistocene (Anglian) ice limit after Bowenhal (1986).
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Table 2. Previous lithostratigraphical schemes for theigladeposits of Norfolk.

Baden- Banham & Ranson (1956) Lunkka (1994) Leeet al. (2004),
Powell Hamblin et al.
(1948) (2005)
Briton’s Lane Sand and Briton’s Lane
Gravel Formation
Hunstanton Lowestoft Till Formation Sheringham Cliffs
Boulder Marly Drift Member Formation
Clay
Gipping
Boulder Lowestoft Till
Clay
Lowestoft
Boulder Lowestoft Formation
Clay
Third Cromer Till Cromer Diamicton Member
Cromer _ Mundesley _Dia_micton Member
Till Second Cromer Till Walcott Diamicton Member
First Cromer Till Happisburgh Diamicton Happisburgh
Member Formation

Table3. The pre-Devensian glacial stratigraphy of Norfalker Leeet al (2004)
and Hambliret al. (2005).

Formation Members Characteristics
Briton’s Lane Briton’s Lane Sand and Sands and gravels
Formation Gravel Member
Sheringham Cliffs Weybourne Town Till  Silt and chalk-rich matrix-supported diamicton
Formation Member
Runton Till Member Dark grey (10YR 4/1) to very dark greyish brown
(2.5YR 3/2) matrix-supported diamicton.
Bacton Green Till Dark yellowish sandy brown (10YR 4/4) to dark grey
Member (5Y 5/1) matrix-supported diamicton with sand beds.
Lowestoft Walcott Till Member  Olive-grey (2.5Y 5/1) to olive-brown (2.5Y 4/3)tsiich,
Formation weakly-stratified matrix-supported diamicton.
Lowestoft Till Member Clay-rich, massive matrix-supported diamicton.
Happisburgh Corton Till Member Light olive-brown (2.5Y 5/4) to olive-brown (2.5Y/4),
Formation sandy, generally massive matrix-supported diamicton

Happisburgh Till
Member

Yellowish grey (2.5Y 4/1) to grey (5Y 4/1), gendyal
massive matrix-supported diamicton.
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METHODOLOGY
Weybourne Town Pit was visited between 2002 andBZ06e, 2003) with follow up
work by the present authors in 2008. Macro-scadédures were described from the
exposure on the western side of the north quarrly. w&ediment type, type of
bedding, unit geometry and structure were recordad bulk samples of the
diamicton units were collected. These samples weparated into 4-8 mm and 8-16
mm fractions through sieving and the lithology tfsts retained from these fractions
was examined in order to determine till provenandall provenance was further
refined by sampling the diamicton units for pahowmtal analysis. Two samples
were taken from each of the diamicton lithofacidsntified. These samples were
processed following the procedures outlined in Webdl (1996) and prepared using
the sodium hexametaphosphate method of Riding arifinkHughes (2004; 2006).
Palynomorphs were counted and categorised accotdirge, stratigraphical range

and geographical distribution.

DESCRIPTION
Lithofacies
Eleven units, divisible into 4 lithofacies have badentified by the current study at

Weybourne Town Pit (Figure 2):

Lithofacies A (Unit 1).Lithofacies A consists of a pale yellow (2.5Y 748) light
yellowish brown (2.5Y 6/3), faintly laminated, highcalcareous marl. Within the
exposure this lithofacies is restricted to a singid, Unit 1, which has a maximum

observed thickness of 0.58 m.

Lithofacies B (Unit 2):Lithofacies B comprises an olive yellow (2.5Y 7/6)
brownish yellow (10YR 6/8) silty sand which is wéalstratified and exhibits
convolute bedding and flame-like contortions. Thikofacies can be traced
discontinuously throughout the entire length of $ketion and is restricted to a single
unit, Unit 2, which ranges in observed thicknedsveen 0.15-0.25 m.

Lithofacies C (Units 3, 5, 8 and 1@)thofacies C consists of a light yellowish brown
(2.5Y 6/4) to brownish yellow (10YR 6/6), matrixygeorted diamicton with a clayey

sand matrix and moderate calcium carbonate co(i&r19%). Localised contorted
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sandy inclusions and discontinuous laminae of ncateareous material are present.
This lithofacies occurs as several individual umitshe upper 1.5m of the section
which range in thickness between 0.1-0.26m. Tlaesehe darker horizons seen in

the top half of Figure 2.

Lithofacies D (Units 4, 6, 7, 9 and 11)ithofacies D comprises a light grey (5Y 7/2)
to pale yellow (2.5Y 7/4), matrix-supported diaroitt exhibiting a highly calcareous
(61-73%) clayey silt matrix. Localised contortettlusions of sandy material are
present. This lithofacies also occurs as sevadividual units in the upper 1.5 m of
the section: the lighter horizons seen in the talf bf Figure 2. These range in

thickness between 0.1-1.6 m.

Structure

Twelve bounding structures between individual umite identified in the current

study. These are typically sharp, 2-3 mm thick dipdat shallow angles towards a
general northerly direction. Repetition of unifsLithofacies C and D is evident in

the upper 1.5 m of the section. The lower portnthe section, meanwhile, is

composed of a single unit of Lithofacies B overtyione unit of Lithofacies A. The

bounding structures and geometry of the individurats are described below (Figures
2&3):

Structure 1 (Unit 1-2 discontinuity)structure 1 represents a sharp, sub-horizontal,

slightly undulatory boundary separating Units 1 and

Structure 2 (Unit 2-3 discontinuityBtructure 2 is undulatory, rises from east to west

by approximately 0.4m and is generally sharp ineapance.

Structure 3: Structure 3 comprises a series of Issnale extensional faults which

offsets Structure 2.

Structure 4 (Unit 3-4 discontinuityStructure 4 is sharp and irregular and dips at

shallow angles towards the northwest-northeast.
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Figure 2. Lithological and structural interpretation of thertih quarry wall exposure at Weybourne Town Piep&ition of Lithofacies C
(Units 3, 5, 8 and 10)) and Lithofacies D (Unitb46, 7, 9 and 11) can be seen in the upper Jobthe section, overlying a single unit of

Lithofacies B (Unit 2) and a basal unit comprisédlithofacies A (Unit 1).
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Dip angle / azimuth

Figure 3. Equal area stereographic projection for planarctines identified within
Weybourne Town Pit. Bounding structures, prefpa$marked on Figure 2 and in
the text. A general dip at shallow angels betwiemorthwest and northeast can be

seen.

Structure 5 (Unit 4-5 and 3-5 discontinuityldnit 3 and 4 and Structure 4 are

truncated by Structure 5 towards the western Hatiesection.

Structure 6 (Unit 5-6 discontinuity)Structure 6 dips at a shallow angle to the

northeast and east-northeast.
Structure 7 (Unit 6-7, 5-7 and 4-7 discontinuitytructure 7 is an undulating and
sharp discontinuity that can be traced throughbetwestern and central parts of the

section. This feature cross-cuts Units 4, 5 aadd Structures 5 and 6.

Structure 8 (Unit 7-8 discontinuity)Structure 8 dips towards the northeast and is

generally sharp. In very localised areas the sirachas a flame-like appearance.
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Structure 9: Structure 9 comprises a series of-aigile extensional faults with a
down throw to the west which cross-cuts Unit 4 andinge upon Units 2, 3, 7 and 8

and structures 2, 4, 7 and 8.

Structure 10 (Unit 8-10 discontinuity®tructure 10 is sharp and slightly irregular and

truncates the extensional faults of Structure 9.

Structure 11 (Unit 4-10, 7-10, 8-10 and 9-10 dideoanty): Structure 11 can be
traced along the entire length of the section wiitetreincates Units 4, 7, 8 and 9 and
Structures 7, 8 and 10. It is sharp with localidé@tlse areas and dips towards the

northeast at shallow angles.

Structure 12 (Unit 10-11 discontinuity§tructure 12 forms an undulating
discontinuity extending across the whole lengtthefsection, dipping towards the

north and northeast at shallow angles.

Clast lithology
The clast population of Lithofacies C is dominabsdlithologies derived from older
Pleistocene deposits (93.0-93.6%), including: wHitewn and chatter-marked flint,
guartzite and shell and wood fragments (TableAlsmaller Cretaceous component,
including black flint (4.4-5.9%) and sparse cha#bbles (0.2-0.6%), is also present.
Jurassic ironstone was represented in the 4-8 nactidn and crystalline clasts
included quartz- and micaceous schists. In contédee clast composition of
Lithofacies D is dominated by Cretaceous litholsgiecluding chalk (59.9-79.5%)
and black flint (4.1-6.5%) (Table 4). Clasts dedvrom Pleistocene deposits occur
to a lesser extent and include white, brown andtetenarked flint (12.6-28.3%) and
quartzite (2.0-4.0%). Minor Jurassic (oolitic listene 0.1%) and Permo-Triass (red
sandstone 0.6%) components were also noted.
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Table4. Clast lithological composition of Lithofacies @daD.

Lithofacies C D
Unit 3,5and 8 4and 11
Fraction (mm) 4-8 8-16 4-8 8-16
Number of clasts 862 158 1009 202
Sedimentary lithologies
Pleistocene (%)
Total 93.0 93.6 15.3 33.3
Chatter-marked, white/ brown flint 70.4 86.7 12.6 28.3
Vein quartz, quartzite, schorl 10.4 5.0 2.0 4.0
Rhaxellaand greensand chert 0.8 0.6 0.1 1.0
Shell, wood 114 1.3 0.6 0.0
Cretaceous (%)
Total 6.2 5.0 83.6 65.8
Chalk 0.2 0.6 79.5 59.9
Black flint 5.9 4.4 4.1 6.5
Carstone, glauconitic sandstone 0.1 0.0 0.0 0.0
Jurassic (%)
Total 0.0 1.3 0.1 0.1
Sandstone, limestone, ironstone, shell 0.0 1.3 0.0 0.1
Oolitic sandstone, limestone, chert 0.0 0.0 0.1 0.0
Permo-Triassic (%)
Total 0.0 0.0 0.6 0.0
Red sandstone, evaporate 0.0 0.0 0.6 0.0
Crystallinelithologies
Scotland (%)
Total 0.6 0.0 0.4 0.0
Dalradian, gabbro 0.6 0.0 0.1 0.0
Granite, granodiorite, quartzporphyry 0.0 0.0 0.1 0.0
Acid porphyry 0.0 0.0 0.2 0.0
Scotland/ northern England (%)
Total 0.1 0.0 0.0 0.0
Quartz dolerite / basalt 0.1 0.0 0.0 0.0
Unknown lithology (%) 0.1 0.0 0.2 0.0
Table5. The sampled palynomorph content of Lithofaciean@ D.
Lithofacies C D
Unit 3 8 4 11
Grains per dide 716 295 1155 1210
Quaternary forms (%) 1.7 9.8 7.8 12.6
Palaeogene (%)
Dinoflagellate cysts 0.4 1.0 2.9 10.6
Cretaceous (%)
miospores 1.8 0.3 1.4 0.9
Dinoflagellate cysts 1.2 1.4 3.2 4.5
Jurassic (%)
miospores 12.8 17.9 14.5 26.7
microplankton 1.8 1.4 2.5 7.3
Carboniferous (%)
miospores 29.9 2.7 3.8 4.0
Non-age diagnostic forms 51.3 65.5 63.9 43.4
(%)
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Palynology
Palynomorph assemblages from Lithofacies C (sanfpes Units 3 and 8 in Figure
2) are dominated by Carboniferous forms (Table BYestphalian Cirratriradites
saturn) and Viséan/NamuriarT (ipartites trilinguig markers are also present. Long-
ranging Mid-Late Jurassic miospores are relativebpmmon, including
Callialasporitesspp.,Classopollisspp. andCyathiditesspp. Jurassic microplankton
are relatively scarce but botHalosphaeropsis liassicalerived from the Lower
Toarcian (Bucefalo Palliani and Riding, 2003) &ibroperidinium globatuma key
Kimmeridgian marker, are present. Cretaceous mahtex rare but includes the
Lower Cretaceous sporesppendicisporitesand Cicatricosporitesand the Upper
Cretaceous dinoflagellate cySpongodiniundelitiense A sparse Palaeogene input
including Cordosphaeridium gracil@nd Dracodiniumthe latter genus derived from
the early-mid Miocene (Powell, 1992)-is also redegd. Somewhat variable levels
of Quaternary pollen are present.

Samples from Lithofacies D (taken from units 4 ad in Figure 2) are
significantly richer in organic palynomorphs th&ose from Lithofacies C (Table 5).
The Carboniferous content is of low quantity andedsity, with onlyDensosporites
spp. andLycosphora pusillaecovered. Conversely, the number of Middle XBicas
miospores is relatively high and includ@allialasporitesspp.,Classopollisspp. and
Cyathiditesspp. Jurassic microplankton are also evidentghdr percentages than in
Lithofacies C, with Lower ToarciarH@losphaeropsis liassicand Nannoceratopsis
gracilis) markers identified. Cribroperidinium globatumand Cribroperidinium
longicorne which are strongly indicative of the KimmeridgiéRiding and Thomas,
1992), were also found. Lower Cretaceous spores rare but Cretaceous
dinoflagellate cysts are present in significant pomions, with the Santonian-
Campanian form Senoniasphaera protrusaand Xenascus wetzeliifrom the
Campanian/Early Maastrichtian observed. No stragilgically significant Palaeogene
dinoflagellate cysts were observed.
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INTERPRETATION
Palaeoenvironmental inter pretation
Lithofacies A
The fine-grained texture and faint stratificatiohLithofacies A suggest deposition
within a very low energy subaqueous environmenterition from erosion of a

local Chalk outcrop is implied by the highly cakeans nature of the lithofacies.

LithofaciesB
Lithofacies B posses a silty-sand texture whiclndicative of deposition within a
low to moderate energy subaqueous environmentnt Baatification implies minor
changes in flow regime or sediment source. Synsexkary flame structures and
convolute-bedding provide evidence for dewaterimgl andicate rapid and high

sedimentation rates, coupled with an elevated pat@vecontent.

LithofaciesC

Lithofacies C occurs as several individual unitpased within the upper portion of
the section. The brown coloration, clayey sandrimafiint-dominated clast content
and moderate calcium carbonate concentration dfofacies C mirror that of the
Bacton Green Till Member of the Sheringham CliffgriRation (Leeet al, 2004).

Internal ductile deformation structures suggestodéjn under conditions of high
pore-water content, most likely as a subglacial tlast lithological analysis reveals
that Lithofacies C is dominated by locally-sourckttiologies derived from the
reworking of pre-existing Pleistocene outcrops. rtiker travelled clast lithologies
include schists and quartz dolerite from northeritaBy and ironstones hailing from
the Lower Jurassic Redcar Mudstone and/or Clevelandstone formations.
Furthermore, palynomorph contents include Jurdssins from the Yorkshire Basin
and sparse Lower Cretaceous palynomorphs from\gakshire and/or Lincolnshire.
As such, the ice originally responsible for the alpon of Lithofacies C is

interpreted to have travelled from northern Britain

LithofaciesD
The distinctive coloration, highly calcareous matand high chalk clast content
indicate that the parent material of LithofaciesiDthe Weybourne Town Till

Member of the Sheringham Cliffs Formation (Leteal, 2004). Evidence for internal
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ductile deformation structures implies that thikviias deposited under conditions of
high pore-water content, most likely as a subglatlia Clast lithological analysis
provides evidence for Cretaceous clasts derivenh filee Santonian-Campanian and
Campanian-Maastrichtian Chalk zones of Lincolnshind the western margin of the
North Sea Basin.

Allochthonous palynomorph contents also demorestrderivation from
northern Britain. Indeed, a Carboniferous componemaracteristic of that in
Northumberland, Durham and the Midland Valley ofotsand is present. Such
content precludes derivation of this till from thertheast, across the North Sea, as
Carboniferous strata are absent at the surfacenvitits area (Leet al, 2002; Riding
et al, 2003).

Structural relationships
Each of the unit contacts (Structure 1, 2, 4, 57,68, 10, 11 and 12) identified in
Figure 2 is sharp and irregular. They all trundaginternal fabric of the underlying
unit and Structures 5, 7 and 11 each truncate abeurof units. This suggests
attenuation of these units prior to and/or duringpcement of the overlying unit
and implies a stage of brittle deformation occuyrafter the initial deposition of
Lithofacies A, B, C and D material.

The internal structure of units 2, 3, 4, 5, 68,79, 10 and 11 is also orientated
sub-obliquely to their respective underlying urohtact and so a tectonic rather than
sedimentary mechanism for the emplacement of the#s may be inferred. No
meso-scale folds have been recognised within tlipiesee, indicating that the
tectonic deformation leading to the juxtapositidntltese units was predominantly
brittle in nature. Consequently, the brittle defation stage which truncated the
upper portions of each of these units may have hmertemporaneous with the
tectonic emplacement of each of the overlying units

Synsedimentary flame structures and convolutedbgdcbntained within the
internal fabric of units of Lithofacies B, C and material, provide evidence for
ductile deformation. In light of the above intesfation, this ductile deformation
must have occurred prior to the emplacement ofetlhiests in their current positions.
The onset of brittle deformation is facilitatedheit by a sufficient time-period having
elapsed between the initial ductile deformatiornhaf units of Lithofacies B, C and D

material and the subsequent brittle deformatiogesfar drying of the sediments or
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by dewatering of the sediments during the subseddariitie deformation stage itself.
Brittle deformation resulting from freezing of tlsediments is unlikely given the
tendency towards pressure melting found in subglacand ice-marginal
environments.

The unit contacts are clearly cross-cutting witkrucurally higher
discontinuities (for example S8, 10 and 11) in mamages truncating underlying
structures (for example S5 and 7). These crogsigutelationships imply that the
relative age of emplacement of these units getrgégierounger upwards throughout
the sequence. Whilst this is the simplest explanathe entrainment of more than
one thrusted unit during subsequent thrusting stagenot impossible and as such
deviation from the relative younging upwards madealy occur.

The similar geometry and orientation of these cttmes means that they
probably formed during the same deformation evesher then several discrete
phases of deformation separated by large time-spaeed, the repeated stacking of
units of two lithofacies (Lithofacies C and D) ingd the reworking of pre-existing
material during one deformation event. The intestgied nature of the units is,
therefore, consistent with a reworking phase oéatgd thrust formation, shearing of
pre-existing material along these thrusts and stgckf the resulting units which
post-dates the initial formation of the Lithofaci®& C and D and given its
lithostratigraphical position, Lithofacies A.

Dip angles and azimuth directions obtained from d¢bntacts between the till
units (Structures 2, 4, 5, 6, 7, 8, 10 and 11)akaedip at shallow angles towards the
northwest, north and northeast. The sense of mewmeralong these thrust shear
planes is, therefore, towards the south, implyimgt the stress responsible for this
brittle deformation was applied from a northerlyedtion.

The base of Unit 1 lies below that of the exposamd so little inference can
be made as to the mechanism of emplacement fomuthis Nearby borehole logs
reveal the occurrence of similar units at NatioGaid Reference TG 110 433, 115
431 and 110 430. The elevation of these unitesdunits tops at +5.39 mOD, +14.6
mOD and +9.86 mOD, respectively), as does the thigkness (8.84 m, 2.05 m and
12.2 m, respectively). It is not known whetherseeinits are in situ or have been
subjected to thrusting processes, as seen for Piiifisat the pit.
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DISCUSSION

Lithostratigraphy and till provenance
The lithological, structural and palynological emte presented above indicates a
complex origin for the inter-stratified sequenceA&ybourne Town Pit. Of the 11
units identified, 9 are diamictons and these argibatable to 2 lithofacies:
Lithofacies C and D. The parent materials of thedefacies are the Middle
Pleistocene Bacton Green and Weybourne Town Tilnbers of Hamblinet al
(2005), respectively. The remaining 2 units amresented by 2 lithofacies: a basal
marl and silty sand.

Clast lithological analysis and palynomorph cotgeaf the till lithofacies
suggest that the ice responsible for the initiativdéion of these tills flowed
southwards from northern Britain along the eastst@d England and the western
margin of the North Sea (Figure 4) before entetimg Weybourne region of north
Norfolk. Lithological differences between the twolls reflect differential
incorporation of locally-derived chalk and sandsttdta.

A northerly origin for the ice responsible for tlmtial deposition of the
Bacton Green and Weybourne Town Till members isisbent with the findings of
Perrinet al (1979), Fish and Whiteman (2001), Pawdal (2004) and Scheiét al
(in press) who investigated the Middle Pleistocenalky tills seen in north Norfolk.
Structural evidence presented in Fishal (2000) and in Hart (2007) implies a
southwesterly origin for both tills. However, thidies upon the interpretation of the
inter-stratified units as folds and laminations evhiis unlikely given the pre-
dominance of brittle deformation structures. Th®vpnance gained from this
structural evidence also contrasts with a northgntgvenance demonstrated by

lithological and clast fabric analysis in Fighal (2000).
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Figure 4. Ice flow model for the British Ice Sheet during ston of the Weybourne
Town Pit sequence. Source areas: 1=Midland Valfe§cotland, 2=County Durham
and 3=Yorkshire Basin. Middle Pleistocene (Angjiexe limit after Boweret al

(1986) and ice lobe limit from Lest al (2002).

Interestingly, Ehlerset al(1987) and Fish and Whiteman (2001) identify two
divisions of chalky till within North Norfolk andugigest that these are equivalent to
the Weybourne Town Till Member of Hamblt al (2005). The older of these units
is believed to have been derived from a more wgstdirection, whilst the
sedimentology and provenance of the younger casreblosely with that of the
Weybourne Town Till Member at Weybourne Town Pieganted in this study. As
there is no evidence for the older unit at theapidl the pit is regarded as the type site
for the Weybourne Town Till Member, the older usiitould not be regarded as part
of this member. This should be the case evereiktitire sequence exposed at the pit

(including Unit 1) has been thrust-stacked #mal possibility, therefore, that the older

chalky till exists at this site but below the ba$¢he exposure.
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Instead, the older unit may well correspond toBlaeton Green Till Mélange
Member of Phillipset al (2008). This contains material derived from Handy
Bacton Green Till Member as well as a significarmportion of glaciotectonised pre-
existing sediments, including the Chalk-rich Walamd Happisburgh Till Members
(Lowestoft and Happisburgh formations, respectivethich can give the unit a
Chalk-rich character. Further investigation isuieed before the unit can be assigned
to the Bacton Green Till Mélange Member or a sepashalk-rich formation.

The presence of distinctive British clast lithagywithin Lithofacies C and D
and the absence of diagnostic Scandinavian erratiggests that the Bacton Green
and Weybourne Town Till members were depositedhay British Ice Sheet only.
This contrasts with the view that coeval BritishdaBcandinavian ice sheets were
responsible for the deposition of the chalky anddgaills within the area (Perriat
al., 1979; Boweret al, 1986; Ehlers & Gibbard, 1991; Lunkka, 1994).

Thrust-stacking, polyphase glaciotectonic defor mation and inter-stratified till
sequences

The cross-cutting relationships between units 2tdhcation of the internal fabric by
adjacent disconformities and repetitive stratigsajidicate a tectonic rather than
sedimentary origin for the geometric arrangemerthefsilty sand and Bacton Green
and Weybourne Town Till member units exposed at Mdayne Town Pit. This
suggests that a sedimentary melt-out origin foreristratified till sequences
(Haldorsen and Shaw, 1982; 1983) is not relevatiteéncontext of Weybourne Town
Pit.

Hart (2007) and Fishkt al. (2000) interpreted the contorted Weybourne Town
Pit sequence as a series of drag folds and bowodigisating from ductile deforming
bed conditions. However, the sharp, cross-cuttiaigire of the unit contacts implies
that these structures are, in fact, related tdlédrdeformation. In addition, these
brittle deformation structures truncate the intémhactile fabric of the units. The
inter-stratified nature of the sequence, therefsylts from a phase of glacitectonics
which postdates the primary deposition of the sedis as subaqueous sand and
subglacial tills.

Dip angles and azimuth directions obtained from $harp, persistent unit
discontinuities reveal a dip at shallow angles t@sathe northwest, north and

northeast. The geometry and structure of thesmuliguities is typical of low-angle
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thrust planes. The individual units are, therefanéerpreted as thrusted blocks and
are seen to have formed during a series of thigigirents which stacked a unit of
silty sand and alternate units of the Bacton Gré#inand Weybourne Town Till
members. The stress responsible for this thraskstg relates to ice movement from
a northerly direction.

The emplacement of these inter-stratified units different advances or
multiple lobes of the same ice sheet (Straw, 1%&5rinet al, 1979; Ehlerset al,
1987, 1991; Hambliret al, 2005) is unlikely. This is due to the low pnesgion
potential of such features when formed up-ice efrttaximum ice sheet extent during
the advance phase of the ice sheet. The intdifiganature of units 2, 3, 4, 5, 6, 7,
8,9, 10, and 11 is, therefore, more likely to &lated to short-lived oscillations of the
ice margin (Fig 5) as the Middle Pleistocene iceeshretreated from its maximum
extent, marked by the Cromer Ridge. Indeed, sigilacitectonic features identified
at Drymen, Scotland have been attributed to polyplteformation resulting from an
oscillating ice margin following the Loch Lomond -advance (Phillipgt al.,2002).

An ice marginal situation of the Weybourne Towrnt Bite during the
formation of the till units is further supported biye fact that the inter-stratified
sequence is relatively localised. Indeed, simsi@uctures are absent from coastal
sections between West Runton and Weybourne (Rhdtial, 2008). In this context,
the thrusted sequence forms part of a localisednssd stack constructed during
temporary re-advances of the ice margin. In cehtridne coastal sections at West
Runton and Weybourne were not subjected to gldoiér deformation during short-
lived ice marginal oscillation: instead the MiddReistocene ice sheet retreated
relatively uniformly over these coastal locations.

The inter-stratified nature of the sequence at Mdayne Town Pit, therefore,
relates to a secondary phase of deformation whost-gates the initial deposition of
the Bacton Green and Weybourne Town Till membesuaglacial tills of the British
Ice Sheet. Active retreat of the Middle Pleistacee sheet would provide a possible
mechanism for such localised, repetitive oscillatal the ice margin. Comparable
repeated ice marginal oscillation has been notedHhe retreat phase of the Late

Devensian Irish Sea Ice Streéhihomas and Chiverrell, 2007).
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The palaeoenvironment of the Weybourne Town Pitinsexts is, therefore,
reconstructed as follows:

1. Deposition of Lithofacies A marl within a shalloaclustrine basin.

2. Deposition of Lithofacies B sand subaqueously.

3. Deposition of Lithofacies C and D subglacial titlg the Middle Pleistocene
British Ice Sheet (primary deposition phase). Ehits were derived by ice
travelling southwards from northern Britain alorgp teast coast of England
and western margin of the North Sea.

4. Over-riding and re-mobilisation of blocks of Littamies B, C and D along
thrust planes during short-lived, repeated osailiest of the southeast margin
of the Middle Pleistocene British Ice Sheet (seeopdeworking phase). This
occurred during active retreat of the ice sheehfits maximum extent against

the Cromer Ridge.

CONCLUSIONS
Subglacial processes play a highly significant inleontrolling the behaviour of ice
masses. Despite this, the processes leading tdotheation and emplacement of
inter-stratified sequences of subglacial tills remparticularly poorly understood.
Those of the Weybourne area of north Norfolk, UKvénaa long history of
investigation but the mechanism for the formatiénhe inter-stratified till sequence
at Weybourne Town Pit and the direction of ice axbea responsible remain
particularly enigmatic. In order to address thike current study combined
lithological, structural and palynological evidertoepresent a re-interpretation of the
sequence. Eleven units, divisible into four lithweés were identified. These
lithofacies correspond to a basal marl, silty sand two subglacial tills of the Middle
Pleistocene British Ice Sheet: the Bacton Greehahitl the Weybourne Town Till
members. These tills were originally derived froorthern Britain by ice flowing
along the east coast of England. Structural miahips between the units imply that
the inter-stratified nature of the till and siltgral units results from repeated, brittle
glacitectonic deformation occurring after the miitformation of these lithofacies.
The style and trend of this deformation phase issistent with accretion by a
complex series of thrust-stacking events. Theradesef similar structures at nearby
coastal sections suggests that the effects ofjtaotectonism were highly localised,

with the contorted sequence at Weybourne Towndhated to repeated ice-marginal
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oscillation during the active retreat of the MiddR&eistocene British Ice Sheet from

its maximum extent against the Cromer Ridge.
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