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8. The application of microstructural analysisto
macroscale forms: the dynamics of the East Coast
Late Devensian Glaciers

8.1 Introduction
In the Late Devensian (d"%0 stage 2) ice extended from Scotland down the North Sea coast

of the UK. These glaciers |eft a suite of sediments, largely diamicts, that can be traced from the
Cheviot Hills just south of the Scottish Border (NT 3865) to Hunstanton in East Anglia (TL
567341) (Figure 8.1a). Individua sediment units can be traced for distances on the order of a
hundred kilometres (Madgett and Catt, 1978; Evans et al., 1995), and have been studied for
more than a hundred years (Wood and Rome, 1868), giving an excellent regiorrwide
gppreciation of their form and content. The sequence of sediments is best exposed dong the
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Figure 8.1 A) Map of locations discussed in the text. B) Location of sites on the East
Yorkshire coast discussed in the text. Sample sites discussed in this chapter areinitalics.

The diamicts of Yorkshire are probably subglacid tills (Evans et al., 1995; Eyles et al.,
1994). They include rafts of older marine clays and sands (Catt and Penny, 1966), and soft
clasts, some of which have been strung out into bands indicating shear deformation (Figure
8.2). Given this evidence the diamicts have been defined as deformetion tills (Evans et al.
1995; Eyles et al., 1994). This definition backs the seminal claims of the early soft bed
modellers (Boulton and Jones, 1979; Boulton et al., 1985) that till deformation was
respongble for the extenson of east coast glaciers o far from their smdl, and relaivey low
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dtitude, accumulation areas. The homogeneous diamict around the obvioudy deformed

materid is widdy believed to be the same sediments mixed by high strain (Hart and Boulton,
1991; Eyleset al., 1994).

Figure 8.2 Shear extended chalk material at Hornsea, East Yorkshire Coast. Ruled divisions
are10 cm.

The Y orkshire sediments were deposited on flat marine plateaux (Kendal and Wroot, 1924;
Vaentine, 1952; Straw, 1961), and the flow of the glacier from its head to the terminus was
relaively uninterrupted by topography. This means that any till deformation will have occurred
under as near to ‘textbook’ conditions as one could hope for in an illiterate world. The
sediments of the Y orkshire coast therefore provide an excellent suite of materias with which to

examing

1) the definition of the sediments on the basis of outcrop scae structura work;
2) the dynamics of the Late Devensian North Seaglaciers,
3) the potential processes and effects of deforming beds generdly.

With this in mind, sediments were sampled from the ‘Skipsea Till' in Yorkshire and its
boundaries with the other locad sediments. The Skipsea Till diamict, probably with a largey
Scottish provenance, overlies a diamict known as the ‘Basement Till' in Holderness, and

bedrock further to the north. It, in turn, is overlain by the *Withernsea Till' diamict, probably
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with a Lake Didtrict provenance (Kendal and Wroot, 1924; discusson in Madgett and Caitt,

1978), between Easington (TA 403200) and Hornsea (TA 212472) (Figure 8.1b). The
upper two diamicts were deposited by ice flowing down the east coast. |ce from Scotland was
either superseded or superimposed (Carruthers, 1948; Madgett and Catt, 1978) by ice
crossing the Pennines from the west at the Stainmore gap (Figure 8.1a).

Huvid sand, glt, and gravel inclusons are found throughout the Skipsea and Withernsea Tills
in the region. Two models have been proposed to account for the deposition and deformation
of the sediments;

1) asingle ice mass including ice streams of varying positions and velocities, depositing and
deforming the diamicts, with the sands deposited from subglacid streams (Evanset al., 1995);

2) a =t of glaciers oscillating due to dimatic variaions or undergoing true surging across
proglaciad water-lain deposts (Eyleset al., 1994), some of which undergo partid disruption to
form diamicts.

Sampling was therefore dso carried out to investigate the nature of the fluvid events with the
hope of digtinguishing between the potentid ice histories.

8.2 Methodology and sampling

Sediments were sampled from coastd cliffs after the remova of between 50 and 100 cm of
surface materid, following the techniques outlined in Chapter Three. Sample locations
(Reighton Sands, Dimlington and Filey) are given on Figure 8.1b.

The boundary between the Withernsea Till and the Skipsea Till is largely inaccessible because
of its height. This boundary may also represent a change in englacid sediment that has melted
out, and therefore may not reflect subglacial conditions (Carruthers, 1948; Madgett and Catt,
1978). For these reasons, the boundary between the Basement Till and the Skipsea Till was
chosen for sampling. Eyleset al. (1994) have shown that the Basement Till is Late Devengian,
and thus that the Skipsea Till is a readvance unit. The boundary between the Basement and
Skipsea Tills therefore gives information on the processes of readvance during the main glacid
phase; a phase that may have been characterised by short-lived readvances or true surge type
behaviour (Eyles et al., 1994). The boundary between the diamicts varies in character, and
this variety was accounted for in the sampling strategy. The different boundary morphologies

sampled are summarised in Table 8.1.
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Sample Site Skipsea Till typeand Sub-Skipsea material | Lower Skipsea boundary
situation nature
Filey Brigg (TA | Till homogenous. Suffered | Jurassic Limestone Homogeneous and sharp
125816) considerable overriding by with bedrock.
glacier.
Dimlington (TA | Till homogeneous. Basement Till and Sharp ‘shear’ appearance.
390218) Suffered considerable laminated silts.
overriding by glacier.
Reighton sands | Till homogeneous. 100m up | Sands. Finite strain folding.
(TA 145763) ice from terminal moraine.

Table 8.1 Sample locations, diamict character, nature of lower boundary and the
underlying material at the sample sites.

Materid was dso sampling from higher in the sequence a Filey Brigg to give information on

the homogeneous aress of diamict, and the nature of the fluvid depodtion events.

The microstructures from each of the three Sites are detailed below, and conclusions drawn for
esch in turn in terms of processes and history. Information from the triaxia tests on the
Skipsea Till (Chapters Six and Seven) is used in this interpretation. Findly, the chapter
concludes with areview of the conclusons for each ste, and the implications for the dynamics

and history of the ice mass asawhole.

8.3 Filey Brigg

8.3.1 I ntroduction
Materid was sampled from the coagtd diff at the inland southern end of a smdl peninsula

known as Filey Brigg (TA 125816), just north of the main town of Filey (Figure 8.1b). The
Brigg sediments Figure 8.3, Figure 8.4 and Figure 8.5) have been corrdaed with the
Skipsea Till further south (Evans et al., 1995). The area has been extensvely studied on an
outcrop and SE.M. scale by Evans et al. (1995). However the authors falled to gain
satifactory thin sections for optica examination because of the very low permesbility of the
sediments (D.Roberts, pers.comm., 1994). Consderable information can be reveded a this
intermediate level. Therefore success with smilar sediments, and the otherwise complete prior
work, dictated this sequence as the mog suitable site for a detailed thin section investigation of
the Skipsea Till.
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Figure 8.3 Sediment sequence at Filey Brigg, East Yorkshire
coast. Compound sequence for the whole Brigg area from
Evans et al., 1995, also showing the positions of their
SE.M.thin section samples 2.7.6, 3.7.6 and 8.7.6. Sequence on
right is the stratigraphy at the sample site discussed in this
chapter with heights of samples (Fb1 to 6) (after an original
diagram by S.Church, 1996, unpub.).
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Figure 8.5 Sketch of the two dimensional form of the sampled

Figure 8.4 Photograph of Filey Brigg showing sampling site.
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Evans et al. (1995) solit the sequence into two dternating diamicts. The mgority of the
sequence is one massve diamict (lithofacies association 1a [LFA 1a]) (Figure 8.3) with an
number of sub-angular clastic layers, smeared sandstone clasts, and a generdly up-sequence
coarsening of the particle size (Evans et al., 1995). The S.E.M. revealed microstructure of the
diamict as found by Evans et al. (1995) is of moderately digned slts with occasiond sand
grains. In their sample 3.7.6 (Figure 8.3) the fabric is skelsepic around the sands and there is
some it bridging. There are dso microshears (dipping west) and coarse grain Sit aress. Their
samples 8.7.6 and 2.7.6 are more strongly aligned, but again 8.7.6 has coarse silt patches with
a lower dignment. Evans et al. (1995) suggest this is a deformation till showing a variable

srain or rheological conditions.

The second till (LFA 1b) is split into two separate layers, one has laminae of cdlay which
anastamose around diamict blocks. The SE.M. revealed microgtructure of the diamict again
has areas of dlts and sands, but with a highly varied grain size and dignment. They suggest this
is a mdtout till disrupted by high pressure fluids or differentid strain. The other exposure of
LFA 1bisof thin bands of diamict of various colours. They implicitly define this as having the

same origin as the former exposure.

The upper levd of diamict LFA lais bisected by sands. Evans et al. (1995) have suggested
that these were deposited in subglacia ‘cands of the type outlined by Wader and Fowler
(1994). ‘Cands are shdlow, broad based, anastomosing streams with a bed of deforming
sediment that is congtantly inflowing and being removed. The dternative interpretation, thet of
Eyleset al. (1994), isthat the sand bodies are proglacid and the diamicts subglacid, indicating

oscillation of the ice front over the area.

8.3.2 Sampling
At the sampling location the fluvid events are represented by up to 4m of sediments. Severd

sand lenses, showing low gtrain, mark the base of a gravelly diamict. This diamict has a distinct
boundary with gravels above which merge with laminated sands with height, above which
diamict deposition is again resumed. It should be noted that sand lenses are not found lower in
the sequence, and would, therefore, appear to be associated with the event ultimately
responsible for the larger sand layer. Below the boundary with the gravelly diamict isahorizon
of diamict which has, on one sde of the exposure, layers of discontinuous and anastomosing
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clay (2 to 30 mm thick) and sands (~5 mm thick). Elsawhere on this horizon and below is

homogeneous diamict.

The interdigitation of the sand dringers, sand lenses, clays, and diamicts points towards
concurrent, very localised, formation within asingle environment. This observation rules out the
smple ice front oscillation over a sandur proposed by Eyles et al. (1994). Further evidence
agang Eyles et al.’ s modd as a generd explanation for the sediments of the Y orkshire coast
is given by Carruthers (1948) and Catt and Penny (1966), both of whom describe blocks of
Withernsea Till within the sands and graves of Kesey Hill and Kirmington (Figure 8.1b).
These sediments were regarded by Eyles et al. asthose most likely to be *proglacid’ (ie. pre-
Withernsea Till deposition). These blocks abut bedding in the water-lain deposits with little or
no disruption, indicating syndepostion of the diamict and the sands/gravels. Thus, it is unlikely
that the modd of Eyles et al. is gpplicable as widdly as they stated. However, there is an
dterndive proglacid explanation for the interdigitated sediments of Filey Brigg. As the
sediments show only low to moderate strain, the diamict between must have suffered only
moderate strain after their depostion (though the sediments may have been deposited into
high dran maerid). The low drain indicates three possble depostiond origins for the

diamicts.

1) They are subglacid tills formed by deformation advection of materid. The materid may
have been nonglacid, frozen or unfrozen, and was possibly partialy decoupled from theicein
this area to give low srain. Any such lateral movement, however, would have to have been
very low (metres on the basis of macroscade Strain).

2) The diamicts are proglacid or subglacid diamicts reworked by mass movements, that is,
they are ‘flow tills.

3) Thediamicts are subglacid mdtout tills, with the ice above moving or Stagnant.

To resolve the problem diamict samples (Figure 8.3 and Figure 8.4) were taken from;
1) in the diamict immediately above the laminated sands,

2) between the sand and clay bodies in the diamict below the sand lens horizon,

3) in the homogeneous diamict a the same height as ‘2,

4) immediately below sample ‘2’ in the homogeneous diamict that extends to bedrock.
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Theman body of the diamict a Filey is homogeneous. When there is local evidence that
deformation has occurred, such materid is usudly congdered to have been mixed by infinite
grain. The homogeneous materid was sampled to examine this hypothesis.

The positions of the samples examined below are detailed on Figure 8.3. The samples were

thin sectioned in north-south planes.

8.3.3 Results
The descriptions of the dides are given in Table 8.2, and this is directly followed by a

summary. Descriptions are in terms of the generd fabric of the diamict, and the fabricsin and
around any inclusons such as clay bands or diamict pebbles. Skelsepic fabrics occur where
matrix particles (F) and/or sand grains (G) are pardld to the edges of larger grains. Lattisepic
fabrics are those where areas of fabric exist in two orthogona directions, either pervasvely or
in alattice of shear zones. An omnisepic fabric is where a large proportion of the sample has a
sngle fabric direction. * SDF aredl refers to a Single Direction Fabric area. Thisis an area of
material which has a conggtent internd direction but is not large enough to qudify as
omnisgpic. Multiple SDF areas may be aranged in one or more directions or may be
randomly digned (RA). It is fdt that the term ‘domain’ implies clays and a consgtent sub-
rectangular form. The term domain has aso been applied to various Szes of fabric orientation,
often under the impression it is unique to that scale. ‘Bands of materid are taken to have a
length to width ratio of greater than four; below this ratio, bodies are described as pebbles
(digtinct boundary with surrounding materia) or patches (diffuse boundary). Other terms are
defined in Chapter Two and the Glossary.

Shears and more pervasive fabrics are given in terms of ther dip angle. Samples were cut in
north-south and east-west planes so that shears and other fabric elements are given in terms of
their dip angle downwards in a cardina direction (N,S,E,W). The dip angles are means, often
of very smal populations. It isimpossble to religbly assess the errors involved, however, the

variation was*/. 5° before the angles were taken to be different.
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Position Sample | General fabric Inclusions
Diamict above | Fb6a Some Skelsepic (G+F) overprinting. | 7 clay rich bandsthrough E - W
thelaminated | andb Generaly Omnisepic (g 124° E, b; sample (a) (low strained, 0.5to
sands. 115° N) , with occasional RA SDF 0.75mm thick in an area~3mm thick).
areas. Both samples have intense Strong fabricsin direction of sample
SDF areasin the main fabric fabric. 7+ Diamict pebbles (0.75 to
direction. 2mm) within these bands are
Two shear setsin E-W sample (a) skelsepic (F) near their clasts with
which developed synchronously. RA SDF areas away from them.
A major set at 124° E and another Some pebbles may be flow noses
at 151° W. These cross the clay (often surrounded on only three
band. sides by clays). 4 clay patches. 1
clay pebble.
Diamict at Fb5a (a) Some skelsepic (F+G) (2% of (@) Oneclay band, originally
samelevelas | andb dlide + overprinting). omnisepic, now broken so that
clay/sand Non-organised (22%). fabricintwo halves at right angles.
stringers. Two sets of omnisepic fabric (0.5x 0.5mm).
broadly split between the upper
south half at 125°S (30%) and
lower north (39%) which varies
between 160°N and 160°S.
(b) Skelsepic overprinting (G+F).
Omnisepic at 130° E with intense
SDF areas this direction.
Diamict from Fb3a Some skelsepic overprinting (F+G). | (b) 5 Clay patches + 3 pebblesand 5
withinareaof | andb Patchy omnisepic fabrics. Sample (a) clay bands (all 0.5to 1mm long) with
clay and sand has intense SDF areas in the main internal fabricsin the general fabric
stringers. fabric direction (113° E). In (b) the direction.
fabricisaligned with shearsinthe | One pebblewith a skelsepic/RA SDF
clay patches (150° S) internal fabric.
(a) 2 clay patches + 1 pebble. Internal
fabric in general fabric direction.
Diamict from Fbda Diamict patches of 3 types. Numerous clay areaswith single
below the and b 1) No clear fabric (;13% of slide, direction or RA SDF fabrics.
horizon b; 25%) 3 clay pebbles, 2in(a) and 1in (b)
containing 2) skelsepic (G+F) (,26%, b;17%) which contained a sand layer (all
cl y and sand Both samples had intense SDF areas ~05x04mm). )
stringers. (0.1 to 0.6mm) in two direction. In (@ 4 Clay bands (0.1mm thick, ~2.3mm
(a) these were at 138° W (32%) long) 'fi nitely. strained. These are
and 128° E (29%). In (b) 100° S a.5500|a§ed with patches (Iayers?) .of
(28%) and 130°S (25%). fine grai ned sand (O.Smm th|Ck) ywth
Some evidence in () of Slump noses ahorizontal fabrlg prior to straining.
covered in sand grains. (a) Two shear setsinthe claysat 138°
W and 128° E. These devel oped
synchronously and arein direction
of local clay fabrics.
5m aboverock | Fb2a Some skelsepic (F+G) round clasts.
bed andb Largely structureless but with faint
traces of SDF areas (too faint to
gain directions).
Just above Fbla Small amount of skelsepic (F+G) 2 Clay inlyers (3 and 1.5mm) with
limestone / andb behaviour. sharp boundaries and fabrics of RA
sandstone Structurel ess with no preferred SDF areas. Long axis of few clastsin

orientation, though some faint RA
SDF areasin (b) - (a) istoo thick to
tell. Matrix supported, but many
clasts.

claysalign parallel towalls.

Table 8.2 Summary of the micromor phology of samples taken from the sediments at
Filey Brigg, East Yorkshire. Thetableis arranged such that the samples are in their
stratigraphic position. The samples from the base of the sequence are lowest in the

table.
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Samples FbdalFb6a (the diamict at 12.3 m and the diamict a 16 m, Figure 8.3) show smdl
numbers of rhythmic dterations between of sandy layers and clay bands within the generaly
glt-clay matrix. Some of these dterations have the form of smdl clay durry flows into the
sandy materid. Fbb6a contains diamict pebbles with skelsepic fabrics within the clay bands,
however there is no evidence of such features in the surrounding matrix. Along with these clay
bands and others (width to length ratio of >4) the samples from higher than 12 m contain
numerous clay pebbles (defined as having distinct borders) and patches (diffuse borders).

Samples from the homogeneous diamict a 5 m above the bedrock (Fb4alb) have a skelsepic
fabric, with no clay patches. Higher diamicts (12.3 m plus) have some skelsepic fabric, but this
is not the dominant fabric. The externa form o the clay areas in these higher diamictsindicate
low strain deformation that varies across single samples, however, this low strain deformation
has been overprinted by a more pervasive fabric which has aigned the internd fabric of the
clay areass. This overprinting is strongest above the main sand body (ie,, aove 15.75 m,
Fb6alb) where it produces an omnisepic fabric. Below the main sands (ie., below 13.5 m) the
fabrics are more varied within the dides, however, there are locd fabrics in the same direction
as the strong omnisepic fabric above 15.75 m. There is only one sample above 12 m that has
no overprinted in its clay areas, and that is sample Fb5a.

Close to the bedrock (Fbla/b) the skelsepic fabric of the materia 5 m higher isreplaced by a

more random fabric with clay rich aress.
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8.34 | nterpretation

The fluvial deposits and surrounding diamicts
It has been shown above that, because of the interdigitation of the sands and diamicts, the only

proglacid features that could explain the Filey depodts are flow tills All the samples from
around the laminated sands (Fb4a/b upwards) contain microscopic scale clay bodies that have
auffered low grain deformation (Figure 8.6). These clay bands indicate either;

1) low gtrain reworking of loca clay deposits (compatible with a subared flow till);

2) thewashing in of day materid by fluid moving through the sediment;

3) amdtout origin for the clay and maybe the diamict, possibly involving particle sorting.

None of the materias match the more heterogeneous sediment and porous character attributed
to flow tills by Owen and Derbyshire (1988) and van der Meer (1993). In addition to this fact,
there are no extensve unimodal clay bodies to rework in this part of the sequence, making a
flow till origin for the clays unlikely. This dismissd is backed up by the smilarity of the diamict
fabric between the sand lenses and that in the massive diamict above the main sand body,

which is probably too thick and homogeneous to be a subaerid flow till, and the wide variation

Figure 8.6 Photomicrograph of a clay body from sample Fb6a showing low strain
deformation. Unpolarized light conditions.
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in gtrain seen on a sub-millimetre scae in the dides, which may dictate againg flow in asingle
body. When combined, these four lines of evidence place serious doubt on the proposed
proglacid origin for the sands (Eyles et al., 1994) by suggesting the intimately interbedded
diamicts and clays are not proglacialy reworked.

The rhythmite or microscale mass movement nature of the clays in sample Fb4alFb6a
precludes the internd trand ocation cause for the clays. In addition to this suggestion, there are
none of the more certain fluid through-flow features which might be expected, such as areas of
more porous materid (see Chapter Two). These facts suggest internd trand ocation reworking
of the diamict is not responsible for the clays. However, the diamict pebbles in the clay band
of Fb6a has the same fabric (kelsepic and randomly digned patches) as the main diamict
body deeper in the sequence (samples Fb2a and b). This may indicate the main diamict body

has been reworked by water in some manner to produce the clays.

It seems highly unlikely that the clays could have been deposited by met or water into a
diamict forming by reworking of other loca deposits, and suffer only low drain & this scae.
This may suggest that both the diamict and clays melted out of the ice. The ndtout origin
hypothesis implies heterogeneous materid is being supplied (diamict and unimodd clays) and
cannot, aone, explain the diamict pebble in the clays of sample Fb6a. However, a metout
origin for the diamict, with smdl ice-sediment interface greams (microscae) producing the
clays, explains the materia without contradictions. It is worth noting that such a mode does
not assign any ultimate origin to the diamict, Smply thet this area was one of met-off of the
materia from the base of theice.

Metout into a ephemera subglacia stream environment explains dl the features of the
sediments. The presence of diamict pebbles in the days of sample Fb6a but not the
surrounding diamict shows that the conditions of clay depogtion were different from those of
the surrounding diamict and involved reworking. The possble sand-clay couplets seen in
samples FbdalFb6a may suggest a rhythmic depostiona environment. This could be a
subaerid lake, however, a subglacid posshbility dso exigts in the form of subglacid cavity
ponds (Van der Meer, 1987b; Owen and Derbyshire, 1988), activated repeatedly and
flooded with new sediment. There is dso some evidence of smdl scae maerid dumping in
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dide Fb4a and Fb6a (Figure 8.7), which would not be expected in materid formed by the
deformation of other beds or the deposition of large scale proglacia flow tills,

Such amodd of mixed metout and overflow matches the clay rich, laminated, sediments of
LFA 1b (Evans et al., 1995), which, in this model, can be seen to be of the same environment
as LFA 1a but possbly with a greater melt rate producing grester overflow activity and/or
less subsequent deformation. Alternatively, the deposits of LFA 1b may represent the same
melt rate as LFA 1a, with less diamict being produced because the ice had less sediment in it
per unit of meltwater produced. As the area of diamict showing macroscae clay and sand
stringers would appear to be at the trangtion between LFAlaand LFA1D, if not fully part of
LFA1b, we can investigate the strain and melt/ice- sediment difference between the two LFAS

in a quantitative manner.

Figure 8.7 Potential small scale * mass movement’ deposit. Note how the clays are folded
around an area that might have ‘flowed’ into them in a semi-coherent mass. Sample Fb6a,
unpolarized light conditions.

A greater strain or a mdt/ice-sediment variation may be causing the absolute difference in the
number of clay areas between the two LFAs. However, the metout variation can be
normdised for, if we assume that the clay bands are formed by meltout and that, with strain,
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the bands break up into pebbles (with a digtinct boundary with the diamict) and patches (with
a diffuse boundary). Making these assumptions we can give an estimation of bulk srain
without any dependence on the metout. This is achieved by normdising the number of such
pebbles and patches using the number of bands, to give a ‘disruption value representing the

drain. Thesevauesaregivenin Table 8.3.

Sample area Patches with Pebbles - distinct Bands- lengthto | Disruption
graded boundaries | boundaries with widthratio > 4:1 value
with diamict diamict

Diamict above 4 1 7 0.71

sands

Diamict with 7 4 5 220

stringers

Homogeneous 0 0 1 1

diamict at the same

height as diamict

with stringers

Diamict below 3 0 4 0.75

stringer level

Table 8.3 Clay body distribution in the uppermost samples taken at Filey Brigg. The
table does not include patches of clay around large clasts, which may be concentrated
during deformation (see Chapter Seven).

Thus, there is evidence (adthough the population sSizes necessarily make this week) that the
diamict with the stringers has suffered the greatest strain during deposition, indicating thet the
greater presence of clay features within it may have been due to a mdt and/or ice-sediment
variaion. Unfortunately the number of clay featuresin the diamict a the same leve asthat with
the stringers is too smdl to judtify any comparison between the two, which were presumably
deposited synchronoudy.

There is no evidence as to the geometry of the ‘microsireams which deposited the clays, or
why they formed. They may, for example, be part of an extensve ice-sediment interface water
layer. However, it may be hypothesised that such water bodies will form when the melt rateis
fagter than the drainage into the sediment, in line with the development of larger (sand carrying)
greams. This drainage will largdy be controlled by the diffusvity of the diamict and the
pressure-flux relaionship in surrounding channds. While the largest sand bodies are a the top
of one of the diamicts in question, the ‘microstreams were probably active as diamict was

deposited near this upper boundary, and smaler sand bodies exist within the diamict.
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The combination of the ice-interface water layer and larger streams indicates thet the larger
streams did rot rapidly draw fluid from the surrounding ice-sediment interface. This suggests
that the streams were at atmospheric pressure or had a positive hydraulic pressure to
discharge rdationship. In the case of a negative pressure-flux rdationship large streams have
a lower pressure than smal ice-interface fluid layers, and rapidly drawv water from them
(Weertman, 1972). A positive pressure-flux reaionship is one of the unusua features of
Walder-Fowler cands (Wdder and Fowler, 1994), and this evidence goes some way to
confirming their caculations for soft bedded channels and Evans et al.’ s (1995) interpretation
of the sediments a Filey. However, the caveat must be given that the ice-bed boundary is not
the ided often envisaged in hydraulic modds, and the above deposits may be possible under

other water systems.

The gppearance of these materids in the sequence may suggest a progressive rise in fluid
availahility. Thefind products of this increase may have been the gravelly diamict, which under
this nodel would be left by winnowing of the diamict during or after depogtion, and the
laminated sands. An increase in fluid with height in this area matches Evans et al’s. (1995)
discovery that the sequence dightly coarsens upwards. There are two possible explanations
for this increased fluid; an increase in met rate or the increased amount of impermesble
materid between any given horizon and the potentidly permegble limestone at the base of the

sequence.

Deformation after deposition
As noted above, the clay bandsin the sediments near the sand bodies have suffered low strain

deformation. This drain varies within each dide, indicating the deformation is unlikely to have
been synchronous across the whole dide. This should be contrasted with the strong omnisepic
deformational fabric which cuts across the highest dides (Fb6a and b), including the internd
clay bands (Figure 8.8), indicating post-depositiona deformation has occurred overprinting
the whole sample a once. The strength of this fabric suggests the overprinting occurred
ubgladidly.

This omnisepic fabric contrasts with the skelsepic nature of the main diamict body further from
the sand bodies (samples Fb2alb). As expected with such overprinting, the samples between
these two heights in the sequence (samples FbSalb and Fbdalb) are semi-skelsepic and semi-
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sheared in the same directions. The samples from below the sand lens horizon (Fb4alb) dso
show overprinting of clay bands. The fact that the overprinting spans the sand bodies suggests
it occurred after their depodtion (Figure 8.8). Thus, it seems likdy that the low dran
deformation occurred gpproximately synchronoudy with deposition of the materid, whereas
the omnisepic overprinting may have occurred after the sands were deposited.



(.5 mm

Figure 8.8 Photomicrographs of clay bands showing overprinting. a) Sample Fb6a. b)
Sample Fb4a. Picture taken under cross polarized light with a tint plate.
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While the strong fabrics of the samples suggest subglacia deformation, the overdl drain as
suggested by the clay bodies, is low. The ice depositing these sediments extended at least as
fa as a moranic sysem on the Speeton Hills (Figure 8.1), suggesting the materids
underneeth should exhibit high srain if well-coupled to the ice base. The low strain of the sand
lenses and clays therefore indicates a rgpidly rising deformation layer of low srain, or only low
coupling between the ice and sediment. Three factors may have contributed to these Situations,

1) drainage diffening of the sediment, and the resultant enhansed regdation which will have
lead to meltout deposition (though there was not enough drainage to initiate discrete shear);

2) ahigh mdt rate (note the unusualy large (> 50 m) amount of materid deposited in thisarea
over 4 ka (see Chapter Six for dating details);

3) the separation of the ice from the sediment, as implied by the clay bearing micro-streams
suggested above (probably incompatible with the regelation deposition in *1', above).

In the case of the latter hypothes's, clay bands and patches may give a semi-quantitative
estimate of the separation of the ice and sediment where low drain conditions can be

quantified through the whole sequence.

The triaxid tests outlined in Chapter Six showed that, under the test conditions, diamicts
supported higher stresses than those usually associated with unimoda clays. If the unimodd
clays seen here had a different strength from the diamict they may have protected diamict
pebbles within them, for example, in the diamict above the sands (Fb6a) where skelsepic
diamict pebbles within some of the clays have not been overprinted (Table 8.2).

The overprinting of the samples after the deposition of the sands appears to have affected al
but one omnisepic clay area. The single clay areain the homogeneous diamict at the same level
as the diamict with the macroscde sand and clay stringers (sample Fb5a) does not show
omnisepic overprinting in the same direction as the diamict in the dide (Figure 8.9). This
difference could be due to variations in the resstance of the materid to redignment (see
intense patches described in the triaxia sediments, Chapter Seven). However, there is

another, less probabilitic, explanation.



193

Figure 8.9 Photomicrograph of clay band from sample Fb5a. Note that the internal fabric of
the clay has not been overprinted after the band’ s deformation.

A modd explaining the microstructural variation can be developed based on the relative
drengths of the sediments at different effective pressures. The drength of sediments is
reasonably well moddled using the Mohr-Coulomb equation Equation 3.1), which gives
strength as a function of a constant cohesion and a pressure dependent internd friction term.
Generdly dlays have a high cohesvity but do not gain strength rapidly with increased effective
pressures because of their smal angle of internd friction. At Filey, however, the diamict
contains slts, sands, and larger clasts, and will probably have a lower cohesvity and a higher
angle of internd friction. As can be seen from Hgure 8.10, because of these differences, there
may be apoint at low effective pressures where clays will be stronger than diamicts.



The micromorphology of the samples suggests the combination of shear stress and effective
pressures moved from conditions where dl the material was deforming to give an omnisepic
fabric, to a Stuation where, in the materid with the inconsstent clay fabric, only the diamict
was deforming interndly. The two stress paths that could have produced this Stuation are
givenin Hgure 8.10. It should be noted that a shear stress variation between the two sample
points is unlikely on this scale (Kamb and Echedmeyer, 1986), and we would expect dl the
materid to suffer the same dtress changes. Therefore, the difference in behaviour is attributed
in these modds to the materia with the inconsstent fabric having a higher effective pressure
than esewhere. This suggests a drainage potentiad variation in the sediment on a scde of

metres.
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The homogeneous diamict
The main body of the Skipsea Till is skelsepic (Fb2alb, a 7min Fgure 8.3). In three

dimengions this probably accounts for the randomly orientated patches of fabric seen in two
dimensons. Comparison with the low grade deformation fabrics in rhythmites a Dimlington
(below) suggest that the skelsepic fabric is produced by strains of greater than 2%. We
cannot say that the strain here was too low for an omnisepic fabric to develop as the
development of an omnisepic fabric might be controlled by clast densty and/or ice thermd
regime. The absence of clay patches in these sections may be due to a lower mdt rate than
that discussed above or greater ice coupling. A lower mdtout rate reduces the rate at which
the deforming layer rises, and any given horizon will suffer grester srain. On the basis of the
triaxia test samples (Chapter Seven) the strain would probably have had to be greater than

25% to remove the claysif present.

The more random fabric of the till close to the bedrock (Fbla/b) cannot be attributed to any
specific cause (contrast with the fabrics at Dimlington, below). However, given the presence of
clay patches here, their absence in the homogeneous area of the till body (Fb2alb), and the
discusson above on the nature of the sediments a the top of the sequence, it might ke
suggested that this materid is undeformed meltout materid that has been protected by the
irregularity of the bedrock surface and/or drainage into the potentialy permesable bed.

Summary: The clay bands in the sediment indicate its origins. FHow tills are dismissed as the
micromorphology is dissmilar to other flow tills, there are no clay bodies in the area to
rework, and the fabrics are continuous across macroscale units that show no flow till bedding.
The interdigitation of sands, clays, and diamicts on two different scdes suggests the diamicts
have not been deposited over proglacia weter lain depositsin the Smple manner suggested by
Eyles et al. (1994), though this cannot be refuted absolutely for the large laminated sand body
at this ste. The rhythmic nature of some of the clay bands dictates againgt the deposition of the
clays within the diamicts by trandocation. A mode of diamict medtout into an environment of
intermittently active micro-streams that rework older diamict into clay rich units seems to
explan the sediments without contradiction. This Stuation maiches the discharge-pressure
relaionships suggested for cands by Wader and Fowler (1994). These clays suffered syn-
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depostiond deformation, shown by variable srains within each dide. This materia was then

overprinted with an omnisepic fabric after the deposition of the sands. Earlier sediments were
probably initidly protected from deformation by bedrock irregularities or drainage into the
bedrock, however, in the middle of the sequence the absence of clay bands seen at the top
and base of the sequence suggests higher gtrain.

8.4 Dimlington

84.1 Introduction
Samples were taken from the coastd cliff a Dimlington High Land (TA 390218, Figure

8.1b). The sdimentology, petrology and structure of the area has been studied by Catt and
Penny (1966), Madgett and Catt (1978), and Eyles et al. (1994). Sampling was carried out
to reved the processes at work in the advance (Madgett and Catt, 1978) or readvance (Eyles

et al., 1994) of ice over the area.

The lowest materia exposed in the sequence at Dimlington (Figure 8.11) is the ‘ Basement
Till' which rests on a marine platform a goproximatdy -34m O.D. (Catt and Digby, 1988).
This diamict is overlain by the ‘Dimlington Silts; organic, rhythmic, freshwater deposts
(Figure 8.11). This boundary was sampled with the hope of deriving information on the nature
of high grain till fabrics through comparison with the low strain slts. The upper part of the
Basement Till and the remnants of the slts have been gently folded into basins by the ice
depositing the overlying Skipsea Till. The Skipsea Till truncates the slts. The geometry of the
basins suggest that the ice moved from the north east (Madgett and Cait, 1978).
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Figure 8.11 Sediment sequence at Dimlington High Ground, East Yorkshire coast. Inset
shows the position of the sample site at the scale of Catt and Penny’ s (1966) survey of
the area (though note that the area’ s structure has changed because of coastal retreat).

The dts have been seen picked up into the lower Skipsea Till (Eyles et al., 1994), however
the top of the slts presently exposed a Dimlington is obscured by landdide materid, therefore
it was not possble to sample this boundary. However, samples were taken from where the
Basement Till and higher diamict are in direct contact (Figure 8.11 and Figure 8.12). At
these places the Basement Till has a sharp contact with the higher diamict. In areas the
boundary is formed of thin (mm) resstant layers, continuous on the order of metres, with
dightly undulating lengths (m wavelengths, mm amplitudes), and en échelon areas of greater
resistance within them. Such forms are often described as ‘ shear zones' by researchers. There

has been no micromorphologica work to confirm that such festures are formed by shear.

Above these so-cdled ‘shear zones a Dimlington, there is a 1m thick layer of diamict
intermediate in colour to the two main tills, but dso Smilar in colour to the Dimlington Silts; the
dratigraphic pogtion of which it occupies (Figure 8.12). This materia has a sharp boundary
with the overlying ‘true’ Skipsea Till, and the boundary does not appear to have a ‘shear’
morphology. This materid is regarded as a sub-unit of the Skipsea Till and will be referred to
as the ‘intermediate diamict’ in the discusson below, thereby distinguishing it from the main
body of the Skipsea Till. The Skipsea Till is broken up by Eyles et al. (1994) into numerous
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such sub-units, which they suggest are deformed blocks of older materia. They ether imply

that grouped together, such sub-units represent a recesson-transgresson cycle of ice
movement, or that each unit is itsaf representative of such a cycle. Which they are suggesting
is not clear from their discussion as it implies al sands with undeformed bedding may be
proglacid, and that such sands form sub-units within the Skipsea Till, while suggedting the
Skipsea Till as a whaole is the product of a sngle cycle. Samples were taken from the
boundaries between the Basement Till, the intermediate sub-unit and the main body of the
Skipsea Till, aswell asfrom the body of the sub-unit and the main body of the Skipsea Till.
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Figure 8.12 Photograph of the sediments sampled at the boundary between the Skipsea Till
and the Basement Till at Dimlington High Ground, East Yorkshire coast. Open ended
sample boxes are in the approximate sample positions.
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8.4.2 Results

The descriptions of the dides are givenin Table 8.4 in terms of the generd fabric of the diamict
and the externa and internal fabrics associated with any inclusons such as clay bands or
diamict pebbles. The nomenclature used is that of Table 8.2. Shears and more pervasive
fabrics are given in terms of their dip angle downwards in a cardind direction (N,SE,W).
Samples were cut in north-south and east-west planes. Other terms are defined in Chapter
Two and the Glossary. A summary of the chief resultsis given after the table.
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Position Samples | Fabric Inclusions
Skipsea Till Dsk1 Some grain skelsepic behaviour.
just above Largely afaint (CaCO; stained?)
boundary with omnisepic fabric (140° W but
intermediate variable).
diamict
Intermediate Dsk2/3 | Broadly omnisepic fabric (2; 117° E, | Band of clayswith afaint horizontal
diamict - 3; 96° N but variable outside fabric (also in patches of diamict
SkipseaTill intense patchesin latter) over... between bands) disturbed in areas by
boundary An area (5mm thick) of clay bands afinite strain of < 5%. Sharpness of
(0.5mm max. thickness) over... boundary isindependent of strain
A coarser materia with afabric of local toit.
RA SDF areas, these areas
possibly have amodal direction
in Dsk2 (Figure 8.13).
Intermediate Dsk4 (5) Some skelsepic (F) on the order
diamict and 5 of 2-3 grains around some clasts.
between One wide clay rind found around
Basement Till alargeclast.
and Skipsea Strong omnisepic fabric (85° S).
Till (4) Fabric in two directions (130° W
/ 160° E - latter more widespread)
Both slides have intense SDF areas
in the prominent fabric direction.
Boundary Dsk6 Diamict with an omnisepic fabric The sand/matrix layer contains lenses
between and 7 (6;106° S) over... of clean sand inthe E-W plain
basement Till Diamict with fabric of SDF areas (horizontal 6.4 x Imm and 3 x 0.31mm).
and (~5mm) over... The Basement Till has shearsin both
intermediate A 16mm layer of sand / matrix with the directions of the fabric patches.
diamict. askelsepic fabric. The upper These end at the sharp but irregular
boundary of thisissharpin one boundary with the sands where they
sample and diffusein the other. hit grains. A mature, discrete, shear
The sandy material is almost (‘A’) isfound just below the
clast supported. The lower boundary where devel opment of
boundary of this sandy horizon such afeature could first have
issharp. Thisisover... formed without interference from the
Basement Till with SDF areasin irregular boundary.
two directions and cracking (6;
180° NS/92° S, 7; 106° W / 140°
E).
Dimlington Dsl and | Couplets of sands/matrix and Some sand layers contain diamict
silts 2 silts/clays. pebbles.
Strong horizontal fabric. Two shear
sets (1; 133°Sand 164°N, 2;
150°W and 120°E).
L attisepic fabric around sand
grains.
Boundary Ds8, 9 Sand/matrix (~0.5mm) and clay/silt | The upper Basement Till is exclusively
between silts | and 10 (~0.15mm) couplets over athick diamict pebbles, but these merge with

and Basement
Till

clay layer. All have strong
horizontal fabric and one shear
set (9; 130°W, 10; 167°W, 8;
none). These are over...

A 10mm layer of mixed diamict
pebbles, diamict and sand with
sand layers over...

Diamict.

depth to form amatrix with pebblesin
it. Thesefinally disappear at the
base.

Table 8.4 Summary of the micromor phology of samples taken from the sediments at
Dimlington High Ground, East Yorkshire coast. The table is arranged such that the
samples are in their stratigraphic position. The samples from the base of the sequence

arelowest in thetable




201
The Skipsea Till (sample Dsk1) shows an off-horizontal omnisepic and skelsepic fabric. Its

boundary with the underlying Intermediate diamict (Dsk2/3) is marked by a series of dightly
buckled clay and diamict bands with a faint horizontd fabric. Under these bands the diamict
becomes coarser, with a fabric in numerous directions, possibly with two moda off- horizontal
angles (Figure 8.13). Further away from this boundary (Dsk4/5) the fabric of the Intermediate
diamict gains asrong horizontal dignment in the north-south plane, and this fabric is seen to be
comprised of two high angle fabric directions when sectioned east-west.

The boundary between the Intermediate diamict and the underlying Basement Till (Dk6/7) is
marked by a sand rich layer which is amost sand grain supported. The sand layer has diffuse
and sharp boundaries with the Intermediate diamict (which has a more random fabric a the
boundary) and a sharp boundary with the lower Basement Till. The layer contains lenses of
clean sand with no matrix. Below this layer the Basement Till includes a mature, discrete shear
(denoted as shear ‘A’ below) which is continuous across the sample, and which has
developed in the highest area that such a shear could form without interference from sand
grains. The Basement Till dso shows less well developed shears in at least two directionsin
both thin section planes. There are also broader fabric patches in both shear directionsin each
thin section plane.

Thin sections from the Dimlington Silts (Dsl and 2), show them to be composed of rhythmic
couplets of clay with slts and sand with dlts, each with a strong horizonta fabric. The clay-sit
layers have shears in two high angle directions, which become more pervasvey lattisspic in
the sandy layers. The boundary between the Dimlington Silts and the underlying Basement Till
(Ds8, 9 and 10) is marked by a 10 mm layer of mixed diamict pebbles and sand rich layers,
which codesceinto diamict with depth.
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Figure 8.13 Frequency of dip angles found in Dsk2. This
dlide contained the only SDF orientation for which there was
uncertainty as to whether the fabric was aligned or random
on the basis of a visual interpretation of frequency data. The
fabrics appear to be in two directions, however, the fabrics
are random in the north-south plain as seen in Dsk3. This
figureisreferred to within Table 8.4.

8.4.3 | nterpretation

The boundary between the Basement Till and intermediate diamict
The maerid a the boundary between the Basement Till and the intermediate diamict (Dsk6/7)

progresses up from the Basement Till, through a very sand rich diamict layer containing clean
sand lenses (Figure 8.14), to a zone of intermediate diamict with disturbed fabric, and findly,
to omnisepic intermediate diamict. The Basement Till has a complex fabric, which may be a
result of overprinting in front of, and under, the ice depositing the Skipsea Till (see Filey Brigg,
above). Table 8.5 outlines the shear fabric change through the whole sequence.



Figure 8.14 Photomicrograph of clean sand lenses in sample Dsk7. Unpolarized light
conditions.

Sample East-west plane North-south plane
Skipsea Till aboveinter mediate 117°E

diamict

I nter mediate diamict 130°W 160°E ~90°

Dimlington Silts 150°W 120°E 133°S164°N
Dimlington Silts near 167°W

Basement Till 130°W

Basement Till under 106°W 140°E ~90° 180°
intermediate diamict

Basement Till under 157°W 147°E Sample too shallow to see
Dimlington Silts unpebbled fabric

Table 8.5 Shear fabrics measured in the thin sections from Dimlington High Ground
(in order of height in the sequence, top down).

This gives contradictory evidence for and againgt overprinting, and without a greater
understanding of the different rheologies it will be impossible to decide the matter. That some
overprinting has occurred is indicated by the presence of awell developed single shear ‘A’ a
the top of the Basement (Figure 8.15). This formed by avoiding the sand rich materid where
such materid encroaches on the Basement Till, indicating shear after the sands were
deposited.

The fact that the top of the Dimlington Silts rise above the height a which, dsewhere, the
Skipsea and Basement Tills are in direct contact (Figure 8.11) indicates that the slts were
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removed from these direct contact areas. The order of development must have been; the

removd of the sits, then the formation of the sand rich materid, and then décollement dong
the single shear *A’. The sand/matrix mix is unlikely to be loess or proglacid sands. Loess has
been found below, and lacustrine sands above, the Dimlington Silts (Eyles et al., 1994), but
neither were seen on the outcrop scae at the time of sampling. It is unlikely that proglacia
sands would survive the truncation of the sequence in such athin layer, and therefore the sand

rich materid must be associated with the intermediate diamict.

Figure 8.15 Photomicrograph of shear ‘A’ at the top of Basement Till. The orientation
of the sheared fabric givesit a green colour. Sample Dsk6, under cross polarized light
with a tint plate.

It is smplest to explain the sands as subglacialy concentrated and deposited. The clean sand
lenses within the sand rich diamict probably attest to fluid throughflow (for a theoreticd bass
see Clake et d., 1984 and Clarke, 1987). This throughflow will have winnowed out the
matrix and weakened the rest of the materid dlowing it to mix. It is unlikely that there was a
subaeria escape route for the fluid which forced its way through this materid. 1t isaso unlikey
that the sand lenses are buried subaerid channels, as this would imply they had been |eft clean
while the deposition of sand mixed with matrix continued around and above them.
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The throughflow winnowing hypothesis is tested by comparing the long axis size of the sand
gransin the intermediate diamict, the sand/matrix materid, and the clean sand lenses. The sand
Sizes are dso compared with the same sediments in the dternative sampling planeto diminae
grain rotation as a factor as far as possble. The szes were compared using the ‘ Student’s t’

test (Hod, 1984, sample size of twenty five). It is to be expected that the sand grains in the
proposed throughflow areas will be the same Sze or larger than those in the diamict under the
throughflow hypothess. Variations in sand source or deposition might be expected to show up
asagrain Sze vaiation. The ‘t-scores’ are presented in Table 8.6. Vaduesfor the ‘t-scores’ of
over 1.316 or under -1.316 would have shown the samples to be sgnificantly different a

90%.

Grains Clean sand Sand rich Inter mediate Sandrich

sampled lenses E-W material EW | diamict EW material N-S
plain plain plain plain

Intermediate 0.048507 -0.28134 -0.79552 -0.56268

diamict N-S

plain

Sand rich -0.36865 -0.63059 -1.13507

material N-S

plain

Intermediate -0.15522 -0.50447

diamict E-W

plain

Sand rich -0.310446

material EEW

plain

Table 8.6 ‘t-scores’ showing that the sands in the intermediate diamict,
the sand rich material, and the clean sand lenses, are from the same
grain population. Only grains larger than 0.01 mm were measured.
There were no clean sand lenses in the north-south plain. Note that
none of the comparisons rise above the 90% significant.

None of the compared samples are sgnificantly different a the 90% or higher confidence
levels. There is no setigtical difference between the materid in the clean sand lenses and the
other areas. This suggeds that only paticles samdler than the smdlest measured grans
(0.01mm) were removed by throughflow. The intermediate diamict is 64.5% matrix, whereas
the matrix content of the sand rich materid is 44.5% (100 sample point-counts, averages of
both sampling planes - there was only 1% difference between each). Thus 31% of the matrix
was removed by throughflow erasion. Given the thickness of the sand-rich layer thisis 0.0046
nt for each metre squared of ice-bed interface. The Sze of this figure is reveded when
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recalculated for a glacier 400 km long and 50 km wide (as may have been the case on the
east coast). The sediment logt to the proglacid environment through this mechanism is then
9.3x10’ n, though it is likely the event was much more localized then thisin redlity.

The clay layers above the intermediate diamict at its boundary with the main body of the
Skipsea Till (Dsk2/3) would, at some time, have been an aquitard between the ice, which was
presumable supplying fluid if it was warm bedded, and the intermediate diamict. The absence
of sand lenses at the boundary with the main body of the Skipsea Till therefore suggests the
throughflow of fluid had stopped winnowing the sediment before this aquitard was deposited.

Given that throughflow is responsible for the sand concentration at the boundary between the
Basement and intermediate diamicts, the disturbed nature of the fabric immediately above the
sand rich materia can aso be attributed to this mechanism. The smple overriding of the rough
surface of the sands is not necessarily enough to disturb the fabric of this materid (see the
Reighton Sands samples, below). The triaxia tests (Chapter Seven) suggest that throughflow
rearrangement is overprinted at even low grains, therefore the fabric may have been disturbed
after the overlying omnisepic fabric stopped forming. However, given that the unorientated
materid has tranderred dress across itsdf without aligning a some point, it is possble the
omnisepic fabric formed after the sands were concentrated, the unorientated materid not

orientating because it was strengthened by drainage into the clean sand lenses.

A drainage event between the sand's concentration and formation of shear ‘A’ is ds0
indicated by two other lines of evidence:

1) The proposed trandocation concentrating the sands implies that the materid forming the
sands was saturated, and therefore probably had little strength. It is more likely to have been
able to trandfer stress to the underlying materia after a drainage event.

2) The discrete nature of the shear ‘A’, which suggests a high effective pressure (see Chapter
Threg).
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Three possible scenarios account for any drainage event:
1) The throughflow channels proposed above, maintained open by the clean sand grainswithin
them, drained the sediment.
2) The till layer built up, alowing a grester drainage area through the main diamict body
(though it isimpossible to know how much materid there was above the sand rich layer when
it formed).
3) The high mdt rae or fluvid event supplying the pore fluid necessary for the proposed
trand ocation ended.

The combination of discrete shear in the top of the Basement Till and an unorientated layer in
the intermediate diamict dso suggedts that the intermediate diamict could not drain as
effectively as the underlying finer grain sediments. Thus, these fabrics may provide more weight
of evidence for the sediment responding to sress by a mix of work-hardening and localised
discrete shear (work-softening) as outlined in Chapters Six and Seven.

The sequence reflects the manner in which microstructures buffer the pore fluid pressure of
tills, providing a sabilisng effect. The above diamict may have responded to higher fluid
pressures with an increased number of channds containing cleaned sands. The sequence dso
indicates that the resstant and shear-like nature of the sediment on an outcrop scaeis not due
to the décollement shear zone (which is only a few grains thick), but the winnowed sand rich
layer. Other ‘shear zones interpreted from an outcrop scae may, in fact, represent
depositiona permeghility discontinuities exploited by fluid.

The intermediate diamict and Skipsea Till
The intermediate diamict is only present where the Basement Till and Skipsea Till are not

separated by the Dimlington Silts. Given that there are no rhythmites in the intermediate
diamict, and we have no idea how much the Basement Till was truncated, it is impossible to
determine the origin of the materid in the intermediate diamict usng micromorphology, though
the materid islikely to be amix of the three other sediments at the boundary.

The intermediate diamict has an omnisepic fabric with intense patches suggesting that shear
stress could not be released through the production of narrow shear zones, probably because
of the presence of clasts (Chapters Six and Seven). The development of fabrics under triaxial
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deformation (Chapter Seven) suggests that the sub-horizontal omnisepic fabric was formed

drain under a sub-horizonta smple shear geometry. This is the only case in the samples
examined in this research of the ample shear (‘shear-box’) geometry suggested by Boulton
and Hindmarsh (1987) to be representative of subglacid deformation. This may point to
greater coupling with the ice, or sediment, above with no irregularities projecting into the
sampled horizon. The absence of the clay paiches seen at the two other locations in this
chapter may point to shear destruction or, dternatively, less water flow between the ice and
sediment (that is, grester coupling between the two, which would probably result in greater

drain aswdll).

The boundary between the intermediate diamict and the man body of the Skipsea Till is
marked by a clay band. Below thisis disturbed or possibly bi-directiond intermediate diamict
(Figure 8.13). Above the clay band is digned Skipsea Till from the main Skipsea Till bodly.
Comparison with the fabrics at the base of the intermediate diamict suggests that the disturbed
nature of the diamict immediately below the day band indicates fluidization of the diamict,
possibly during depodtion of the clays, though the judtification for this comparison is limited,
epecidly given the possible bi-directiond fabric. The boundary between the clays and the
overlying materid is diffusly mixed in aress, and thisis unrelated to later low strain buckling of
the clays, backing up the fluidization hypothesis

Because the clay layers here may be horizontaly continuous we cannot refute the possibility
that these clays are proglacia (in contrast to Filey where the sediments were seen to be
interdigitated on a metre to sub-millimetre scae). It seems unlikely that such athin layer would
escape dedtruction from the margina compression seen at the front of the same ice mass at
Reighton Sands (below) and in the folding of the Dimlington Silts, however, the possbility
exigs that equdly thin sand layers have survived a Reighton Sands (below). Nor can Eyles et
al.’s (1994) implication that the sub-units in the Skipsea Till are blocks of older materid be
refuted, as the clays may have been deposited in a hydraulic fracture line between the two
materids. It mugt, therefore, only remain a possibility that the clays reflect water flow at the
ice-sediment interface. Because of this uncertainty over the origins of the clays, no definite
datement can be made regarding the origin of the Skipsea Till materid here (contrast with
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Filey Brigg diamicts, and aso note that there are no macroscae structuresin the Skipsea Till at

thissteto ad in an interpretation).

Dimlington silts

The Dimlington sits are formed from layers of sand in matrix in couplets with clay/slt layers.
The clay/slt layers have a strong fabric, probably due to the combination of a prior horizontal
fabric and consolidation (the bedding of the materid has not been lost through extensve
shearing which might otherwise have caused the fabric). That such a horizontd fabric can
devdop may suggest some of the horizontd fabric of the intermediate diamict is due to
consolidation. The sand and matrix layers in the rhythmites have responded differently to the
low srain than the clay/dlt layers. While the clay/silts show two discrete conjugate shear sets,
the sand and matrix layers have developed a pervasively interlaced lattisepic fabric. Such a
fabric was predicted to develop under these conditions in Chapter Seven. The lack of
skelsepic fabric in the sand and matrix layers suggests this fabric type does not form at less
than 2% gtrain, dthough grain density and effective pressure may have an effect.

The fabric at the boundary between the Dimlington Silts and the Basement Till (Ds8/9/10) is
dominated by the presence of diamict pebbles of various szes, and sand-rich layers (Figure
8.16). Both fal off in frequency with distance below the boundary. The fabric away from these
featuresis Smilar to that at the top of the Basement Till directly under the intermediate diamict
(Dsk6/7). The absence of the pebbles beow the intermediate diamict suggests that the
Basament Till below the intermediate diamict must have been a some depth below its origind
upper surface. In both the sets of dides the Basement Till displays a broadly lattisepic fabric,
both aso having intense patches of fabric in the two lattisepic shear directions (Figure 8.17).
This suggests a Smilar higory. Such a hisory may have influenced the formetion of the
pebbles.



Figure 8.16 Photomicrograph of diamict pebbles in the sands
and diamict at the top of the Basement Till under the
Dimlington Sits. Sample Ds9, under unpolarized light
conditions.

The interior material of the pebbles strongly resembles the materid around and below them,
suggedting that the pebbles are of Basement Till, rather than Skipsea Till washed into a
proglacia environment. As was noted above, there is little evidence either way that the shears
were not present before the Dimlington Silts were deposited. It is shown in Chapter Six and
Seven that shear zones may be dStes of weskness under tensle effective stresses, or low

compressive stresses when associated with shear dilation. On top of this, shears are, by
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definition, weak areas under shear stress at some point in their history. Given these facts, the
hypothess is put forward that the shears influenced the formation of the pebbles. Two
potentia processes can be envisaged,
1) the shears weakened the materid aong their length and their lattisepic layout demarcated
areas which became pebbles;
2) the shears dsirengthened the materia in the intensaly sheared patches by increasing face-face

clay contacts, and these patches became the pebbles.

Figure 8.17 Photomicrograph of slide Dsk6, showi g the Basement Till. Note the discrete
shears and patches of shear aligned material. Cross polarized light conditions with a tint
plate.

The former hypothesis is based on that suggested by van der Meer (1993), the latter is an
dternative suggested by the micromorphology. The hypotheses were tested by datistica
comparison of the micromorphology.
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It was plain that the pebbles found just below the surface of the Basement diamict (in the

upper low-sand layer) are probably larger than could be produced by the shear fabrics that
were found lower in the sequence in ether hypothesis. To test this probability, the long axes of
this pebble population done was compared with the shear data from the top of the Basement
Till under the intermediate diamict usng the Rank Sum test (Hoel, 1984, p.342 - samplesize
30). The shear zone data is twofold; the distance between shears transverse to the shear
direction, and the length of intense patches in the shear direction (aways the longest axis of
such patches). Linear shears with widths of less than 10 grains, were ignored in the
measurement of the intense patches as being unlikely to form the ovoid pebbles through
hardening (these shears are discrete from the intense patches in practice). The data from each
sampling plane is compared with the other plane to diminate as far asis possible the potentid
the pebbles have rotated. The results are presented in Table 8.7 as the probability that the
tested pair of szes are the same. Those not significantly different a 10% sgnificance are in
bold.

The strong difference between dl the tested features in the north-south plane and the pebbles
in the same plane indicate that the shear features cannot be determining the pebble size without
some rotation. The distance between the shears is dso not responsible for the pebble size,
whatever the rotation. The only variable tested that could be responsible is their development
from the shear patches probably followed by the rotation of the fabric/pebbles. It should be
noted that the lack of smilarity between the pebbles and patches in the north-south plain, but
thar amilarity in the east-west plain is not contradictory as pebbles may have ther form

North - South Plane pebbles East - West Plane pebbles
North-South Plane shears...
Patch along shears at 92 0.0035 0.119
Patch along shears at 180 0.0052 0.0681
Between shears at 92 0.001 0.0401
Between shears at 180 0.001 0.001
East-West Plane shears...
Patch along shears at 106 0.3669 0.2709
Patch along shears at 140 0.102 0.3669
Between shears at 106 0.0021 0.0721
Between shears at 140 0.001 0.0274

Table 8.7 Probabilities that shear fabrics could be controlling the size of the diamict

pebbles at the top of the Basement Till. Those probabilities that are in bold are those
for which the hypothesisis possible given a 10% significance as a cut of point for the
hypothesis being unmaintainable.
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determined by the fabrics in one direction and rotate into two preferred orientations. Given the
results presented in Table 8.7 we can dismiss the suggestion that shears weaken the sediment
and are exploited to produce pebbles. The opposite, however, may ill be hypothesised; that
shear dignment strengthens the sediment aong the shears and the remova of the surrounding

areas leaves the sheared patches as pebbles.

The gatigticd evidence in favour of sediment strengthening is week (note significances), and
this should be held as a possibility rather than a probability on the strength of the above data.
Alternative controls may be found. The potentia for pre-determining a sampling drategy to
continue such avdidation is limited by our lack of understanding of the depositiona congraints
on pebbles.

It will be noted that no environmenta origin has been given for the pebbles yet. As the pebbles
have formed at the top of lake-covered diamict, the pebblization process may have occurred
within the diamict or under fluvid shear. Whichever origin is true, these pebbles point to low
effective pressure conditions, for this would seem necessary for the surviva of the pebbles
under rotation/shear. This location provides the only environmenta evidence associated with
diamict pebbles. There may, of course, be more than one process forming them. If pebbles
reflect high fluid pressures, they may be important in maintaining the buoyancy of cdagsin the
low gtrength diamict (contrast with Clark, 1991 on the origin of clast pavements by fluidization
of tills). The diamict pebbles will act as clasts do in a clast- supported diamict at alarger scale,
building up a supportive skeleton within the diamict.

Summary: The depodts a Dimlington High Ground were sampled to investigate the
reedvance mechanisms of the Skipsea Till deposting ice, and the nature of low dran
deformation. It has been suggested that the truncation of the pre-glacid Dimlington Silts was
followed by the depostion of the intermediate diamict. This was then disrupted by fluid
throughflow, which created a set of clean sand microchannds. It is unlikely that there was a
subaerid escape route for the fluid which forced through the resulting high-friction, sediment
clogged sandy diamict. It is aso unlikely that the pure sand lenses are buried subaeria
channds, as this would imply they had been left clean while the depostion of sand mixed with
matrix continued around and above them. Thus, the micromorphology of the materia changed
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to buffer high pore fluid throughflow. At some point after this, the materid drained and stress
was transferred to the top of the Basement Till, which underwent discrete shear. Also at some
point after this, a clay band was deposited a the top of the intermediate diamict. The
intermediate diamict deposited between the depositiona times of the two boundaries suffered
horizontal ample shear of the type suggested by Boulton and Hindmarsh (1987). Examination
of the Dimlington Silts backs up the proposa in Chapter Seven that lattisepic fabrics form in
areas of conflicting conjugate shear fabrics. The lack of skelsepic fabric in the sand and matrix
layers suggests this fabric does not form at less than 2% drain, though clast density and
effective pressure may effect this. Comparison between diamict pebbles at the top of the
Basement Till and shear fabrics from deeper in the sequence refutes the hypothes's that the
pebbles formed when shear-caused weaknesses were exploited. However, the same anadysis
cannot refute an dterndive hypothess, that shear dignment drengthened the materid in
patches and these stronger patches were rel eased to become diamict pebbles.

8.5 Reighton Sands

8.5.1 Introduction
Materid was sampled from the top of the coastdl cliff (TA 147757) just North of the morainic

Speeton Hills (Figure 8.1b). The sequence has been studied by Lamplugh (1881), Memore
(1935), and Catt and Penny (1966). Coadtd retreat will have sgnificantly changed the
sructura appearance of the location since these studies. The structure and sedimentology of
the sample gte is given in Figure 8.18 (see also Figure 8.19). The local structure is ever
changing and complex, but broadly one of low drain folding and the possble rafting of pre-
glacid sediment units. The visble sequence at the sample Ste sartsat ~25 m O.D. andisof a
shdl and sand lithofacies (the  Specton Shell Bed') (lithofacies E) overlain by faintly laminated
sands (lithofacies D), above which is a grey diamict unit (lithofacies A) (varioudy ascribed on
the basis of colour and geology to the Withernsea, Skipsea and Basement Tills, Memore,
1935). The boundary between the diamict and sands is diffuse to sharp with patches of
recumbently folded chak grave (lithofacies C). The diamict dso overlies a brown diamict
which takes the place of the chak gravel (lithofacies B) and has a sharp boundary with the
surrounding lithofacies.
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Figure 8.18 Sediment sequence at Reighton Sands, East Yorkshire coast. The visible
sequence starts at ~25 m O.D. Lithofacies A) Grey diamict. B) Brown diamict.
C) Chalk gravel. D) Faintly laminated sands. E) Massive shells and sands.

Figure 8.19 Photograph of the sample site at Reighton Sands.
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Samples were taken to ducidate the nature of the diamict formation and low drain
deformation fabrics. Samples were taken from lithofecies E and D, the boundary with the
blue-grey diamict (lithofacies A) where sharp and uninterrupted, the body of lithofacies A, and
lithofacies B (Figure 8.18).

8.5.2 Results
The descriptions of the dides are given in Table 8.8 in terms of the generd fabric of the diamict

and the externa and internd fabrics associated with any inclusons such as clay bands or
diamict pebbles. The nomenclature used is that of Table 8.2. Shears and more pervasive
fabrics are given in terms of ther dip angle downwards in a cardind direction (N,SE,W).
Samples were cut in north-south and east-west planes. Other terms are defined in Chapter
Two and the Glossary. A summary of the chief results follows the table.
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Position Sample | Fabric Inclusions
3.5mabove | Foa Diamict (~33% of sample) with Clay bands (~22%) in couplets with
sands; patchy Omnisepic fabric at 90°. distinct and diffuse bodies of silt and
lithofacies B Many shears but three dominant long iron minerals (~45%).
sets (90°, 140°N, 135°S) which cross | Fabric of these bodies parallelstheir
into the surrounding material. outer form as they have contorted in
low strain shear (<10%).
Concentrated glauconitic sand bodies.
35mabove | F2 Identical to F1, though less shears.
sands (A)
Diamict Flband | Very strong grain and fabric Many clay rich blocks (~4 mm), often,
above a(part of | aignment. In sample (b) thisisin but not exclusively, iron stained on the
sands; dide three areas. Two areas (20% and outside. These are of two sorts...
lithofacies A | furthest 30% of S'lde) orientated in 1) Omnisepic bands of various
from approximately the same direction orientations (~0.5 to 0.1 thick, up to
sands) (41° N and 33° N - but very 3mm long);
confused in the latter), separated | 2) gmajjer rounded pebbles with
by athird at 48" S (but variable). interior fabric paralleling exterior
Shearsin thefirst two areas are at surface.
:ﬁ;;?gﬂéz?;‘de mature’ (infinite | 0 porders with the metrix are sharp
; . for both sorts, though inclusions of
(2) Broad fabrics a 305° NNW and the matrix occur. Shearsin the blocks
240 N.WW' . splay at the borders, but only enter
(a/b) High porosity of two types; the matrix for afew grainslength.
1) small patches (on the order of
~0.5mm) of porous fabric;
2) linear areas (>3mm x <0.5mm).
Boundary Fla (part | Diamict over sands. Fabric matches
between of dide the sand boundary close by, but
sands and nearest becomes omnisepic further away
till; sands) (~0.5mm) to 240° NWW.
lithofacies A The sands are heavily iron stained
and D and not orientated.
Boundary Flc A matrix and sand mix with a poor The material contains glauconite, heavy
between horizontal orientation over... minerals, and iron-rich laminated
sands and A layer of large quartz and chalk clays. Also, the upper most material
till - below grains (~1mm thick), then fine includesiron stained blocks of mixed
boundary; grains over... sand and matrix.
lithofacies A Large grains again and then low
and D matrix small sands (~4.5mm thick)
with an irregular boundary over...
Matrix rich sand with amild (but
stronger than above) horizontal
fabric and grain orientation.
Sands; F3alb Very angular to rounded sands, very | Onelense (0.75 x 3+mm) of disrupted
lithofacies D well sorted (~ 0.1mm diameter), chalk.
homogeneous, in a clay matrix. Sub-
horizontal sand fabric.
Shells and Faalb Glauconitic sand. Wide size range
sands; but < 0.5mm diameter, except for
lithofacies E long (~1mm+, length:width ratio ~7)
grainsrich in heavy minerals.
Some unfabriced clay matrix with
sandsin (~1cm thick) lenses
showing low strain.

Table 8.8 Summary of the micromorphology of samples taken from the sediments at
Reighton Sands, East Yorkshire coast. The table is arranged such that the samples are
in their stratigraphic position. The samples from the base of the sequence are lowest in
the table
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The boundary between the sands of lithofacies D and the diamicton lithofacies A (sample F1c)

is marked by dternating layers of sand rich silt matrix and large sand grains, including chalk
layers (in the same dratigraphic position as the chak rubble lithofacies C). The large grained
layers are partidly iron cemented. The diamict directly above these layers has a fabric that
parales the perimeter of the nearest sand grains (F1a). This fabric becomes largely omnisepic
within 0.5 mm of the boundary, however, this omnisepic fabric is disrupted by broad areas
orthogond to it. These broad areas match the direction of more discrete shears within the
omnisepic fabric. This materid is dso highly porous in patches and linear areas (both on the
order of 0.5 mm wide). The materid aso contains clay bands with omnisepic interna fabricsin
avariety of directions, and clay pebbles with an internd fabric paraleing their exterior form.
The clays areas have been iron stained (unlike the surrounding diamict), and sheared
synchronoudy with the surrounding materia. Sample F2 suggests lithofacies A is less sheared
away from the boundary with lithofacies D, but is otherwise unchanged with height.

Lithofacies B (F5a) is a mdange of interlayered clay-glt units, glauconitic sands, and diamict.
The internd fabrics of the slt-clay units pardle ther exterior form, and they have undergone
low (<10%) strain. The glauconitic sands match those of lithofacies E (F4alb). The diamict has
aweak omnisepic fabric which has been disrupted by shear that was synchronoudy with the
deformation of the other materiadsin the melange.
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8.5.3 | nterpretation
The boundary between the sands and lithofacies A is sharp (Sample F1a). The uneven upper

surface of the matrix rich sands is directly overlain with diamict. The fabric of the diamict
initialy mirrors the surface of the sands, but gains a distinct Sngle dignment away from the
boundary (Figure 8.20). Just below this boundary (F1c) the matrix rich sand aternates in
layers that are cleaner and have larger grains. The stress conditions a the boundary of the
diamict must a some point have been suitable enough to force the diamict fabric pardld to the
sands, but not to set up a shear zone a the boundary or move the sands. This may indicate
that the sediment was saturated and wesk, or the boundary fabric is due to consolidation
rather than the shear seen higher in dide Fla. A highly fluid Stuation is dso implied by the
higher lithofacies A materid (samples Flalb and F2). Sample F1b has a wide shear zone with
indicators of fluid throughflow in the form of porous zones (see Chapter Three for details of

how shear geometries reflect the effective pressure).

Figure 8.20 Photomicrograph of fabric following the sands at base of lithofacies A, the
long axes of the long dark grains follow the general fabric direction. Sample Fla,
under cross polarized light with a tint plate.
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The clay patches in lithofacies A (samples Flalb and F2) may be metout products or
throughflow trandocation deposts (both matching the high fluid content of the diamict). The
origin of the diamicts, therefore, cannot be determined (contrast with Filey Bay, where there
were no other throughflow microstructures). However, the clays strong orientation and the
fact that some of the pebbles show fabrics pardleing their outer surfaces points to meateria
that has been sheared and possibly consolidated, subglacialy or proglacialy.

Proglaciad deformation of the sequence could have been responsible for the consolidation and

throughflow. However, the various orientations in the clays in F1 alb and F2 suggests that they

had a fabric prior to their bresking up and being mixed into the diamict, thus the following

sequenceis necessary (Figure 8.21);

1) the days are suspended in throughflow fluid within the diamict (fluid moving fagter than the
skeleton and eroding fines fromit; see Clarke, 1987, for background theory),

2) the clays are depodited again in the diamict (fluid moving dower than the skeleton),

3) the clays are consolidated/sheared to give them a fabric (fluid moving faster than the
skeleton but not fast enough to winnow),

4) the clays are broken up in a matrix that is being winnowed (fluid moving fagter than the
skeleton and eroding).
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This sequence implies a two part throughflow sequence. A two advance formation for the
materia, with the fabric development and throughflow being forced proglacidly is more
complex than a dngle advance with intermittent throughflow and deformation subglacialy.
However, the former interpretation matches Eyles et al.’s (1994) multiple- surge hypothesis for
the formation of the materid.

The low drain in sample F5a alows us to see that on the microscde lithofecies B isameange
being produced by the incorporation of heterogeneous materias (Figure 8.22). The slts and
clays may be in couplets, though strain makes this difficult to confirm. If they are in couplets,
these rhythmites may be from a proglacid lake or deposition in intermittently active subglacia

ponds, both of which may have contributed to the sediments saturation.

Figure 8.22 Photomicrograph of the melange of diamict, silts and clays that makes up
lithofacies B which appears to be a diamict on an outcrop scale. Sample F5a, under
unpolarized light conditions.
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The highly fluid nature of lithofacies A indicated by its microstructures can be compared with

the diamicts overriding the lake-deposited rhythmites at Dimlington, which appear to have
been, rdatively, drier. On the bads of such a comparison it might be tempting to dismiss
lacugtrine conditions as the cause of the sediments saturation a Reighton and invoke a high
margind met raie. This would match the potentid metout origin of the diamicts and the
possible throughflow described above. However, the sands overridden at Reighton may have
dored afar greater amount of fluid than the Dimlington Silts, and this could have been expdlled
into surrounding sediments during deformation.

Summary: The micromorphology of the Reighton Sands sediments suggests two dternative
sets of conditions, which, unfortunately, match exactly with the two models proposed for the
whole region. The rhythmitic sediments, sheared diamicts and clay rich patches seen in the
sequence may either suggest a series of multiple advances of ice up to, or over, the area
through a proglacid water body, or a single advance with a high basd mdt rate and water
ponding a the ice-sediment interface. Unfortunatedly the present macroscale morphology is
consggtent with ether explanation. Equally, past research in the area has concentrated (with
only controversd results) on whether the Speeton Shell Bed has been thrugt into its present
position, and on regiona diamict corrdations (Lamplugh, 1881; Memore, 1935; Catt and
Penny, 1966). These studies offer no evidence that can be used to ducidate the specifics of
the glacid history of the diamicts. Both modds may therefore be regarded as likely in this
margind ice pogtion.

8.6 Conclusions

8.6.1 Sediment strength and fabric devel opment
The above interpretations provide additiona information to that provided in Chapters Six and

Seven on the manner in which subglacid materids strain and develop smdl scae structures.

At Dimlington High Ground an omnisepic fabric developed in the intermediate diamict, but this
development was followed by the transferral of stress to the boundary with the underlying
basement sequence where a discrete shear developed. This suggests the omnisepic fabric was
ineffective in releasing dtress and discrete shears formed where they could. This backs up the
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rheology suggested in Chapter Six after the discovery of work-hardening behaviour in

|aboratory-deformed Skipsea Till.

However, there is evidence that discrete shear décollement did not occur during the
deposition of the main body of the Skipsea Till at Dimlington. Here the layers of the sequence
expected to be weakest (unimoda clays) did not show discrete shear deformation (though
note that conditions may have existed at Filey in which clays were stronger than diamicts, and
the clays may have formed after the diamict digned). It should aso be noted that examination
of the ‘shear’ fabric a the boundary between the intermediate diamict and Basement Till a
Dimlington suggests many ‘shears identified at an outcrop scde may be aress of fluid
exploitation due to permeability changes, and do not necessarily represent srain.

There is dso evidence from the micromorphology of the area that |attisepic fabrics do not aid
the formation of diamict pebbles by weskening the materid relative to areas between the
shears. However, there is ill a possibility that shear strain strengthens the sediment by locdly
aigning cohesive clay grains, and these stronger areas form pebbles. Further evidence is given

that pervasive lattisepic fabrics form where conjugate shearsinteract in clast rich materid.

8.6.2 Glacia hydrology
The micromorphology of the samples reflect the hydrological system at the ice base. The

depodits on Filey Brigg are probably formed by melting of ice with a variable sediment content
into an environment of sand depogiting streams. The ice was probably separated from the
sediment by thin, clay deposdting, fluid layers, which reworked the previoudy deposited
diamict. The combination of an ice interface water layer and larger streams indicates that the
greams did not rapidly draw fluid from the surrounding ice-sediment interface. This suggests
that the streams were at atmospheric pressure or had a positive hydraulic pressure to
discharge relationship, one of the features of Wader-Fowler cands (Wader and Fowler,
1994).

The massve sand bodies high in the sequence a Filey Brigg suggest that the streams
depositing the sands findly became dominant over the depostion of the diamict. The rise in
available water suggested by the sands, if not the ice interface clays, is probably due to an
increase in the mdt rate and/or the increased amount of impermeegble materid between any
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given horizon and the potentialy permegble limestone at the base of the sequence. Following
deposition of the massve sands all the sediments were subjected to further low srain
deformation. The sediment was possibly deforming under a low effective pressure and the
grain may have been dependent on the heterogeneous drainage potentia of the materid. This
low drain overprinting may indicate that low effective pressures are associated with deep

deforming layers.

At Dimlington, higher leves of fluid than could drain through the sediment did not immediately
result in awater layer between the ice and bed. Here the boundary between the active diamict
and the basement sequence was exploited by the trandocation of fines and the formation of
sand filled channdls. Some 31% of the local matrix was removed in this event (0.0046 nt for
each metre squared of ice - bed interface). That afluid layer did not form may suggest that the
interface between ice and sediment was more coupled than a Filey because of its geometry.

8.6.3 Low sediment strain: ice - sediment coupling
Iceinterface fluid was inferred to exist a Filey through the deposition of clays. This water may

explain why the subsequent strain, which brecciated the clays, was so low. Such awater layer
would have decoupled the ice and sediment. Clays deposited at the ice and sediment interface
could give a semi-quantitative estimate of the separation of the ice and bed, but only where the
drain is quantifiable through the whole of the sequence. In higher strain aress the mixing in of
clays could occur without greater ice-sediment coupling if the deforming layer rises dowly, for
example, and if the metout rate is lower. Under such conditions there will be increased strain
in any one horizon and less preserved clay bodies despite potentially weak coupling.

The hypothesis of greater coupling across the ice-sediment interface a Dimlington than
elsewhere in the area matches the development of a strong, sub-horizontal, Smple shear fabric
in the ‘intermediate’ diamict. Thereis equivoca evidence, but it seems likely that at some stage
depogtion like that a Filey (across a decoupled ice-sediment interface) took over at
Dimlington. Clays are deposited higher in the sequence than the sub-horizontd fabric, and the
grain may be lower (the sediment has not developed a horizonta omnisepic fabric, probably
the only potentid infinite strain fabric). This change could have been due to the increasing mass
of impermesble sediment between the ice and the exploited boundary with the basement
sequence (where the clean sand lenses drained fluid). This aguitard build up could have lead to
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fluid at the ice boundary, and the submergence of roughness important in transferring stress to
the bed (smilar to the thickening of the sequence & Filey, above).

8.6.4 Low sediment strain: meltout of the diamicts
Low drain is seen in the upper units a Filey, and possbly the Skipsea Till a Dimlington and

the Skipsea Till from Skipsea examined in Chapter Seven. The extenson of diamictsfar inland
from these points suggests a potentia for high strains, whether the glacier remained over the
sediments (Evans et al., 1995) or repesatedly surged inland (Eyles et al., 1994). The lack of
such high strain therefore suggests a rapid rise in the deformation layer and/or decoupling of
the ice or higher sediment. Decoupling may have been due to ice-sediment interface fluid
and/or discrete shear in the sediments (as discussed above).

A rise in the deforming layer may be atributable to a high mdtout rate. This hypothesis

meatches the proposed metout nature of the diamicts at Filey, as well as the water logging of

the sediments a Reighton Sands. The sediments used in the triaxia tests in Chapter Sx have a
smilar microstructure to the depodts a Filey, but include sand rich patches and have been

deformed in the |aboratory, and therefore no definitive origin can be ascribed to them.

A high metout rate may have been characteridtic of this glacier, the mgority of which lay
below present day sealeve, probably in the local ablation zone. The supply of ice would have
to have been maintained by having severd accumulation aress, a high accumulation rate, or
true store-and-purge surge behaviour (as gpposed to climaticaly induced movements). In the
case of the Skipsea Till a Dimlington, and the materid around the sands a Filey, meting could
have been enhanced by increased drainage gtiffening the sediment and enhancing regelation,
athough this may be incompatible with mode s of greater coupling between the ice and bed.

8.6.5 The nature of glaciogenic sedimentsin the area and the
Ice mass depositing them

The glacid higtory and depostion in the area is reflected in the microstructures and their
interrelationships. In many ways, the results of this sudy resolve the didectic baitle between
the previous interpretations for the area, and explain the contradictions in the outcrop scde

evidence. Evans et al.’s (1995) modd of a single ice mass with subglacia channdsis verified
by this study for the Filey field Ste, a least for the smaler sand lenses. The regiond low grain
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conditions used as evidence by Eyles et al. (1994) are explained in this context as being due
to decoupling between the ice and bed, and possibly within the bed itsdf. On top of this, the
high melt rates may have increased this decoupling, and raised the deformation layer by adding
more materia, reducing the srain in any one horizon. Doubt is cast on the idea that the
diamicts of the area are advected older deposits which have not been incorporated into the ice
at some point. However, the overriding of proglacid lacustrine areas and shalow water bodies
proposed by Eyles et al. is dill possble a Reighton and Dimlington and surge-type behaviour
may have been necessary to maintain the ice presence under a high mdt rate.



