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Glacigenic Diamictons — A Rationale for Study

The Glacial Drifts ... are known to us all but too well. We cannot escape them; their clays, their
sands and gravels confront us at every turn, so masking the underlying rock that they are a pos-
itive curse to the ‘solid’ geologist.

Carruthers (1947 -48, p. 43)

The process sedimentology of tills is crucial to the understanding of the glacier ice—bed interface as
a complex depositional, erosional and shear boundary layer. Consequently, it also plays a central role
in deciphering the genesis of enigmatic subglacial bedforms such as drumlins, flutings and ribbed
terrain. Yet, unlike the study of other boundary layers such as those that operate at the bed of fluvial,
aeolian and deep water systems, our knowledge of subglacial process—form relationships is relatively
impoverished, largely due to the inaccessibility of glacier and ice sheet beds. Notwithstanding the
important contributions now being made to this research problem by remotely sensed and localised
borehole observations as well as reductionist laboratory experiments, it is critical that glacial scien-
tists continue to refine their interpretations of ancient archives of subglacial processes, specifically
those that are represented by tills and associated deposits, as these archives form the most widespread
and accessible record of processes at the ice—bed interface (Figure 1.1).

Such an inductive approach to the reconstruction of former subglacial processes has some con-
siderable shortcomings, largely because it relies on actualist principles that are in turn based on
process—form relationships that we cannot as yet unequivocally validate. This often has been com-
pounded by the glacial geomorphology literature, wherein the traditional, uncritical acceptance of
thick sequences of diamicton as ‘lodgement tills’ has assumed a definitive knowledge of process—form
relationships even though that knowledge base is far from definitive. This has been exposed more
recently in the apparent incompatibility between modern process measurements (indicating thin sub-
glacial deformation/till construction) and ancient glacigenic sequences interpreted to contain often
very thick subglacial tills. Moreover, the existence of ambiguous diagnostic criteria for identifying
processes of subglacial sedimentation in ancient diamictons does not inspire confidence in the glacial
research community when turning to till sedimentology for some guidance!

What we can now be confident in espousing are the concepts of debris entrainment and transport
pathways together with concomitant clast modification within the glacial debris cascade (Figure 1.2).
Till sedimentology should reflect the nature of the debris cascade, or more specifically: (1) the entrain-
ment and transport history; (2) the continuum of clast modification during various phases or repeat
cycles of transport and deposition; (3) the debris release processes and (4) any secondary displace-
ment processes such as deformation. Glacial systems are complex in that these three aspects of the

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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Figure 1.1 Flow diagram to illustrate the inter-relationships between the main glaciological and sedimentological
processes associated with the subglacial environment (modified from Menzies and Shilts (1996) to acknowledge
glacitectonic processes as deformational rather than depositional).

debris cascade are juxtaposed in a contemporaneous process—form regime. The result is a temporal
and spatial mosaic of process operation that can be shut down at any stage of development once a
landscape undergoes deglaciation. This temporal and spatial mosaic is a recurring theme through-
out this book, because it allows us to visualise the till forming environment more appropriately as a
process—form hierarchy more akin to the principles of sequence stratigraphy as they are applied to
other geomorphological systems.

Given the ambiguity of the diagnostic criteria that have been proposed as interpretive aids in the
study of tills, it is not surprising that controversy abounds and is manifest in some surprisingly con-
tradictory alternative explanations of glacigenic sediment genesis. This is nowhere better illustrated
than with glacigenic diamictons and the sediments that are stratigraphically and genetically associ-
ated with them (Figure 1.3), all of which lie at the heart of some significant debates in reconstructions
of glacial depositional environments pertaining to the whole range of the geological timescale. The
crux of these debates commonly can be distilled into disagreements over the subaqueous and/or
mass flowage versus subglacial (till) origins of diamictons (e.g. Visser et al., 1984; Eyles, 1987; C.H.
Eyles et al., 1985; Eyles et al., 1987, 1988a, b, 1990; Shaw, 1988). Some high-profile examples of such
dichotomies include the deposits of the Late Proterozoic Snowball Earth (e.g. Spencer, 1971; Scher-
merhorn, 1974; Eyles and Eyles, 1983a; Hoffman et al., 1998; Hoffman and Schrag, 2000, 2002; Benn
and Prave, 2006; van Loon, 2008; Carto and Eyles, 2012a, b) and the Pleistocene glaciated basins of the
Great Lakes (e.g. Eyles and Eyles, 1983b, 1984a; Dreimanis, 1984), North Sea (e.g. Eyles et al., 1989,
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Figure 1.2 The glacial debris cascade and transport pathways: (a) the glacial debris cascade (from Benn and Evans,
2010); (b) simplified diagram to show the main debris transport pathways through a simple valley glacier, indicating
that some debris may bypass the subglacial traction zone and follow a passive transport route (after Boulton, 1978).
The impacts of various transport routes on clast form signatures are illustrated using: (1) glacifluvial outwash, (2)
subglacial till, (3) supraglacial debris and (4) scree. Clast form data is depicted in the commonly used graphics of
ternary diagrams (depicting clast shape based upon principle A - long, B - intermediate and C - short axes),
histograms (depicting roundness, VA-WR or 0-5) and co-variance graph (plotting RA roundness or VA+A% against
C40 form or % clasts below 0.4 c:a axial ratio). Other statistics are RWR = R+WR% and XR = average roundness.
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Figure 1.3 Examples of the range of deposits generally referred to as glacigenic diamictons (including tills) and
sediments that are stratigraphically and genetically related to them: (a) stratified diamicton, Filey Bay, eastern
England; (b) pseudo-laminated diamicton with gravel clot/intraclast, Red Deer Lake, Alberta, Canada; (c) stratified
diamicton and horizontally bedded interbeds, Drayton Valley, Alberta, Canada; (d) fissile, clast-rich diamicton, Glen
Varragill, Isle of Skye, Scotland; (e) discontinuous boulder pavement beneath massive, matrix-rich diamicton,
Whitburn, northeast England; (f) heterogeneous, tectonically laminated and shale-rich diamicton, near Kinsella,
Alberta, Canada; (g) mélange of stratified sands and gravels, pseudo stratified diamictons and sand and gravel
intraclasts (rafts), West Runton, East Anglia, England; and (h) heavily deformed and attenuated stratified diamicton,
Sheringham, East Anglia, England.
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Figure 1.4 Summary schematic diagram showing the range of subglacial sediment transport mechanisms that can
operate near the sub-marginal zone of an ice sheet or glacier (from Alley et al., 1997). The debris flux and its typical
relationships with ice and meltwater flux are also depicted.

1994; Hart and Roberts, 1994; Lunkka, 1994) and Irish Sea Basin (e.g. Eyles and Eyles, 1984b; Eyles and
McCabe, 1989a, b, 1991; Wingfield, 1992; McCarroll, 2001; O Cofaigh and Evans, 2001a, b; Scourse
and Furze, 2001; Evans and O Cofaigh, 2003). Additionally, parallel debates have ensued over the pre-
cise origins of subglacial tills, focussed on the relative roles of lodgement, melt-out, deformation and
meltwater (c.f. Paul and Eyles, 1990; Piotrowski and Tulaczyk, 1999; Munro-Stasiuk, 2000; Boulton
et al., 2001; Piotrowski et al., 2001, 2002, 2004; Ruszczynska-Sjenach, 2001; Evans et al., 2006a).

In summary, despite a long history of investigation and a plethora of process-based nomenclature,
it is clear that glacial sedimentologists have yet to reach a consensus on the diagnostic criteria for
identifying till genesis in the geological record. More than 30 years after Dreimanis and Lundqvist
(1984) posed the question ‘What should be called Till?’, this book attempts to ask and answer the same
query. In the interim, advances in physical glaciology (see Alley et al., 1997) have clarified the nature
of ice—bed interactions as they pertain to the entrainment and transport history in the glacial debris
cascade (Figure 1.4), highlighting the spatial patterns of regelation, meltwater drainage, bed defor-
mation, marginal freeze-on and supercooling, and englacial folding and thrusting. Other aspects of
the debris cascade, particularly debris release processes and deformation signatures, have similarly
received concerted attention from glacial geomorphologists who have elucidated on the depositional
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and structural impacts of such aspects, but the accumulated knowledge has yet to fully permeate the
realm of glacial sedimentology or at least to be systematically assimilated into clear diagnostic criteria
for the reading of the glacial depositional record. This book addresses these issues through critical
reviews of the till literature, laboratory- and experiment-based assessments of subglacial processes,
and the theoretical constructs that have emerged from process sedimentology. These deliberations
are then employed in the erection of a contemporary till nomenclature in which process—form rela-
tionships are founded on a coherent synthesis of a wide range of knowledge bases.
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A Brief History of Till Research and Developing Nomenclature

With relief one remembers that, after all, the facts gathered with such infinite care, over so many
years, are in no ways affected: their permanency is untouched, their value as high as ever. It is
the interpretation which has gone astray.

Carruthers (1953, p. 36)

A benchmark publication in the development of till nomenclature was contained in the final report by
the INQUA Commission on Genesis and Lithology of Glacial Quaternary Deposits, entitled ‘Genetic
Classification of Glacigenic Deposits’ (Goldthwait and Matsch, 1989; Figure 2.1). Most significant in
this report was the paper by Aleksis Dreimanis (Figure 2.2), entitled ‘Tills: Their Genetic Terminology
and Classification’, a summary of the findings of the Till Work Group, which operated over the period
1974-1986. It was a synthesis of knowledge and a rationale for a unified process-based nomenclature
but at the same time afforded the presentation of alternative standpoints on till classification, and
hence delivered a selection of frameworks containing complex and overlapping genetic terms. More
broadly, ‘till’ at this juncture was defined as:

asediment that has been transported and is subsequently deposited by or from glacier ice, with
little or no sorting by water.
(Dreimanis and Lundqvist, 1984, p. 9)

As a way forward, the Till Work Group, through Dreimanis (1989), arrived at a series of nomencla-
ture diagrams (Figure 2.3), which aimed at an inclusive but at the same time simplified and unambigu-
ous, process-based till classification scheme. More specifically, Dreimanis (1989), within the same
volume, compiled a table of diagnostic characteristics for differentiating what he termed ‘lodgement
till’, ‘melt-out till’ and ‘gravity flowtill. Although this book later advocates a fundamentally different
set of sedimentological terms for the deposits being described by Dreimanis (1989), the contents of
his summary table are nonetheless still highly relevant to the differentiation of subglacial versus mass
flow origins for diamictons on the one hand and subglacial traction versus melt-out processes on the
other, and hence are reproduced here in Table 2.1.

Prior to the production of the Goldthwait and Matsch (1989) volume, till nomenclature had devel-
oped out of a small number of local case studies, not all of which were based on modern process, as
was reviewed by Dreimanis (1989). We shall return to the issue of process-based till nomenclature
schemes throughout this book, but first it is important to provide historical context for the delibera-
tions of the Till Work Group and beyond.

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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2 A Brief History of Till Research and Developing Nomenclature

Glacial debris in transport
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Figure 2.3
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RELEASE OF GLACIAL DEBRIS AND ITS DEPOSITION
OR REDEPOSITION DEPOSITIONAL GENETIC VARIETIES OF TILL
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Figure 2.3 A variety of till and till process classification schemes compiled by the Till Work Group of the INQUA
Commission on Genesis and Lithology of Glacial Quaternary Deposits (from Dreimanis, 1989). The upper diagram is
the groups’ genetic classification of tills in 1979 (after Dreimanis, 1969, 1976) which attempted to summarise both the
position and migration of debris during glacial transport on the left and the final deposits, firstly in relation to position
of deposition (middle column) and secondly in terms of facies nomenclature on the right. Note that deformed
materials (not including ‘deformation till') occur along the base of a diagram that mimics the vertical stratigraphic
succession related to any one glacial phase (Hambrey and Harland, 1981). The middle diagram is the summary in 1982
of the groups’ deliberations on process—form relationships, with factors that influence till production in the top half
and the till genetic classifications at the base (Dreimanis, 1982). The lower diagram is the ‘depositional genetic
classification of till' compiled by Dreimanis (1989), with debris release and deposition on the left and till type on the
right (no horizontal correlation is implied).

The term ‘till’ was first used by the Scots to refer to rough and agriculturally impoverished ground
conditions or stoney clay and as a consequence was then adopted by Archibald Geikie (1863) as a geo-
logical term to refer to glacial deposits, specifically those that appeared as ‘stiff clay full of stones vary-
ing in size up to boulders produced by abrasion carried on by the ice sheet as it moved over the land’
(Geikie, 1863, p. 185). Since that time, the term ‘till’ has always been associated with glacial debris, and
hence the frequently used variant ‘glacial till’ is a redundancy. However, ‘till’ was soon replaced by the
term ‘boulder clay’, mostly by British geological mappers, a map unit classification that has remark-
ably endured on many British geology maps despite its grain-size implications being applicable pre-
dominantly only to lowland settings. Classification schemes for glacial and glacifluvial deposits were
originally proposed by Chamberlin (1894a), who subdivided what was called ‘glacial drift’ into strati-
fied and unstratified categories and also, together with Upham (1892), first used the term ‘lodge’. The
genetic qualifiers of lodgement’ and ‘ablation’ were proposed for till by some early workers, such as
Upham (18914, b, 1894b), Chamberlin (18944, b), Salisbury (1902), Tarr (1909) and Shaw (1912), after
the sedimentological observations of Torell (1877). The characteristics of till were remarkably well
described by James Geikie (1894), when he documented features such as ‘broken’ (glacitectonised)
and plucked bedrock, bedrock rafts in contorted drift (previously highlighted by the British regional
geologists C. Reid, S.V. Wood, J.L. Rome and F.W. Harmer), lee-side bedding, ‘stone lines’ (clast pave-
ments), crude stratification, crag-and-tails and clast wear features like striae, facets and uneven edge
rounding. Striated clast pavements, in places accompanied by slickensided or striated clay matrixes,
were first documented by Stoddard (1859). Although till fabric analysis was not developed until the
mid-twentieth century, Hind (1859) and then Miller (1884) appear to be the first to have identified
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non-random clast distribution in tills. Miller identified fissility in what he called “fluxion structure’,
a signature of shearing in fine matrixes. Observations on the modification of clasts during glacial
transport were first elucidated by T.C. Chamberlin (in Upham, 1894a) where he states the following:

the material on the surface and slopes of a considerable number of glaciers ... [are] ... invariably
of sharp, angular, unworn forms. ... The englacial material that comes to the surface on the
terminal slope of the Rhone glacier. ... I found to be altogether angular and entirely without
any evidence that it had been at the bottom of the glacier. ... The basal material of the same
glacier was, however, well rounded, and the moraines just below contained large quantities of
this rounded material.

Chamberlin (in Upham, 18944, p. 85).

Although the term ‘boulder clay’ was widely applied to tills in the late nineteenth and early twenti-
eth centuries based upon their massive appearance and fine-grained matrix, the apparently stratified
nature of the deposits was a subject of some significant investigations, particularly by George Lam-
plugh (1881a, b, c, 1882, 1884a, b, 1890, 1919) in Britain but also by Crosby (1890, 1896) in the eastern
USA. Lamplugh’s detailed sketches of the large coastal exposures on the Holderness coast of eastern
England (Figure 2.4) indicated that the depositional processes involved in the production of ‘boulder
clay’ in the lowland glaciation record were strongly influenced by subaqueous or glacifluvial mecha-
nisms.

The inappropriateness of the term ‘boulder clay’ was inherent within the definitions of its early
proponents as perceived by Flint (1957) when he stated that it:

is not a good designation for the range of deposits we know as till. It is not good because some
till contains no boulders, some contains little or no clay, and some ... contains neither boulders
nor clay, but only silt, sand and pebbles.

Flint (1957, p. 109)

At the same time, Charlesworth (1957) acknowledged that ‘boulder’ represented all size grades
larger than pebbles (>15 cm diameter) and that the matrix, rather than exclusively always clay, varied
according to the bedrock source:

on sandstones ... it is liable to be loose and sandy; on granites, gneisses and quartzose schists

... it is stoney, coarse and gravelly and often hardly distinguishable from decayed rock in situ.

In these cases, the term ‘clay’ is less appropriate than in areas of limestone, clay or shale.
Charlesworth (1957, p. 377)

Hence, ‘typical boulder clays’ were regarded as prevalent in areas of relatively softer or finer-grained
bedrock, whether that was in slate upland settings like the northern English Lake District or on coastal
lowlands such as the post Cretaceous bedrock terrain around the western margins of the North Sea
(cf. Lamplugh, 1881a, b, c, 1882, 18844, b, 1890, 1919). Boulder clay matrix characteristics also dis-
played regional patterns, which were broadly interpreted (cf. Charlesworth, 1957) as the result of the
generation of finer matrix by progressive wear over distance (i.e. from ice sheet dispersal centre to
margin). The matrix generated, even over relatively short distances, was termed ‘rock-flour’, imme-
diately evident in the milky, turbid nature of streams draining glaciers on hard beds. The relationship
between crushing and abrasion processes and fine-grained matrix production in tills was later elu-
cidated through the concept of ‘terminal grade’ (see Chapter 5). It is worth noting in this respect
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that Lamplugh (1911) associated the clay-rich matrix of the English east coast ‘boulder clays’ with
cannibalisation of offshore muds by the advancing North Sea glacier, akin to the processes around
surging snouts he had observed on Svalbard (cf. Garwood and Gregory, 1898). The importance of
matrix generation locally in this way was acknowledged by early workers (e.g. Salisbury, 1900) and
was quantified by Flint (1947), who concluded that 75—90% of boulder clays had not travelled further
than 80 km and long-distance erratics must have travelled mostly supraglacially or englacially and/or
been reworked from earlier deposits.

By the time Dreimanis (1989) had reported on the findings of the Till Work Group, it was clear to
all glacial researchers that ‘till’ was an extremely diverse deposit, and due to its similarities with other
poorly sorted materials, it had great potential to be widely mis-identified or mis-classified. Problems
continue to arise wherever the term ‘till’ is applied to a wide range of material types merely because
they are associated with glaciation. This stratigraphic approach is particularly suited to terrain
mapping where poorly sorted surficial materials are classified as till units, such as ‘till plains’, ‘ground
moraine’, ‘till and moraine’, and so on, a procedure that can be justified if the most recent process to
act upon a till is not used to genetically classify it; for example, mass movement deposits developed
in till can be classified as ‘flow till'. Even sedimentologists, for example, Harland et al. (1966) used
the terms ‘till’ and ‘tillite’ for all diamictic (poorly sorted) sediment containing glacially transported
material. Such an approach may avoid semantic arguments but hamper attempts to delve into
the process sedimentology of glacier beds. More appropriate is the employment of a non-genetic,
descriptive classification prior to genetic labelling, as is standard procedure in other realms of
sedimentology. At landform and landscape scales, especially in relation to mapping, the ancient term
‘drift’ still has applicability despite its linkages with diluvial theory; it merely communicates that the
ground surface is covered by debris of likely glacial provenance (e.g. drift mound, drift ridge, drift
belt, drift limit) and continues to be employed as a non-genetic descriptor, especially in the British
Isles, although alternative non-genetic terms such as ‘discrete debris accumulation’ (Harrison et al.,
2008; Whalley, 2009) are becoming popular. In sedimentology, a similar procedure has long been
employed by using the descriptive term ‘diamicton’ or ‘diamict’ (‘diamictite’ for lithified materials)
for poorly sorted sediment with a wide range of grain sizes (Flint et al., 1960; Harland et al., 1966;
Flint, 1971; Eyles et al., 1983a; Evans and Benn, 2004). Other terms proposed included ‘glacial
conglomerates’ under the group of ‘cataclastic rudites’ (Pettijohn, 1949), ‘conglomeratic mudstones’
(Miller, 1953; Crowell, 1957; Wayne, 1963), ‘paraconglomerates’ (Pettijohn, 1957) and ‘mixtites’
(Schermerhorn, 1966; Martin et al., 1985; Spencer, 1985). For engineers, the term ‘diamicton” when
unqualified has restricted utility because it does not convey the grain size characteristics of what
is a hugely variable material, which ranges from clast-supported and gravelly to matrix-supported
and clay-rich deposits. Hence, Eyles et al. (1983a) initiated the procedure of facies codes that
communicated diamicton characteristics using qualifiers (e.g. matrix-supported or clast-supported,
massive or stratified diamictons or laminated diamictons, etc.).

Particularly problematic in the analysis of glacial depositional process—form regimes has always
been the ubiquitous appearance of stratified material or stratified diamictons (e.g. Lamplugh, 1879),
a subject that was creatively addressed by Goodchild (1875) and Carruthers (1939, 1947, 1953).
Whereas thin bands of stratified sediment were readily acknowledged as the product of thin films of
water created at the ice—till interface (Charlesworth, 1957), the more substantial stratified inter- and
intrabeds that were associated with many outcrops of ‘boulder clay’ appeared to require far more
subaqueous sedimentation than was compatible with the ‘lodgement’ process per se. Even the early
three-fold classification scheme of Chamberlin (1883) recognised subglacial till, upper (englacial
or superglacial) till and subaqueous till. The thickness of many such till sequences, and also thick
massive tills, is not only a subject of significant debate developed throughout this book but also a
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problem that emerged early on in the study of glacigenic deposits. Early studies by Penck (1882),
Heim (1885), Drygalski (1897, 1898) and Wahnschaffe (1901) questioned whether or not thick
‘boulder clays’ could be transported as subglacial materials, and Crosby (1900) proposed only thin
layers of till deposition based upon the volume of sediment emerging from beneath contemporary
glacier snouts. Shaler (1870) hypothesised that the maximum depth of till that could be transported
beneath glacier ice was 30 m, but the importance of englacial debris (e.g. Chamberlin, 1895; Crosby,
1896) in the formation of thick ‘till’ sequences was soon identified as a potential source of debris
released during final glacier melt (Upham, 1891a, b, 1892; Hershey, 1897). Thus was born the
problematic and controversial ‘melt-out’ concept.

The grandfather of the melt-out concept is widely acknowledged to be J.G. Goodchild (1875),
as he was the first to propose that at least some ‘boulder clays’ were derived from the melting of
debris-rich ice similar to that being observed at that time in Svalbard and Greenland. The principle
that a subglacial till could be overlain by an englacially derived till was popular amongst those (e.g.
Torell, 1877, Hitchcock, 1879; Upham, 1891a, b, 1895, Russell, 1895; Salisbury, 1896, 1902, Tornquist,
1910; Shaw, 1912) who had observed sequences of lower, dense and compact tills (‘typical boulder
clay’) overlain by coarser and loosely packed ‘upper tills’, the two tills often separated by stratified
deposits. From such vertical sequences came the genetic terms ‘lodgement till’ and ‘ablation till’.
What some regarded as a more extreme variant of the melt-out concept was the ‘undermelt theory’
of George Carruthers (1939, 1947-1948, 1953), designed to explain the more problematic clay-rich
tills (‘typical boulder clays’) and their intra- and interbeds of stratified sediments, typified by the
Holderness tills of the Eastern England coast. Although his model implied, we now understand
implausibly, that even the most delicate sedimentary bedforms and laminations (‘shear clays’) could
be perfectly preserved after englacial melt-out (Figure 2.5), Carruthers was advocating nothing
more than a more passive variant of the melt-out process that was championed by earlier geologists
with their ‘ablation till'. What Carruthers had succeeded in articulating were the sedimentological
attributes necessitated by the melt-out theory if it was to be used to explain thick, partially stratified
sequences of clay-rich tills. That the model was a step too far (i.e. it was an outrageous geological
hypothesis that could be falsified; Davis, 1926) was demonstrated by the fact that his last offering
on the theory in 1953 had to be self-published as a pamphlet (cf. Wordie, 1950; Anderson, 1967;
Bennett and Doyle, 1994). Nevertheless, the concept of passive melt-out was to return for a fresh
airing in the 1970s and continues to be debated by glacial sedimentologists (see below). Additionally,
the final stage in the undermelt process (Figure 2.5) depicted a style of stratigraphy that was already
widely observed in the ancient glacial record (lower and upper tills separated by stratified sediments)
and which was to be addressed through the application of modern Arctic analogues to ancient till
stratigraphies in the late 1960s to 1970s.

After the early recognition by Torell (1877), Chamberlin (1883, 18944, b), Upham (1891a, b, 1895),
Salisbury (1902), Tarr (1909) and Shaw (1912), amongst others, that glaciers appeared to produce
both basal lodgement’ and supraglacial ‘ablation’ tills, it was accepted that a specific set of processes
operated during the subaerial release of debris from glacier ice, leading to flowage and resedimenta-
tion (Sharp, 1949; Flint, 1957; Harrison, 1957). The introduction of the term ‘flow till' by Hartshorn
(1958) to classify this type of sediment was a significant benchmark in glacial sedimentology, pro-
viding a genetic label for those glacial diamictons not created by lodgement or melt-out. A signifi-
cant step was then taken in the late 1960s and early 1970s when Geoffrey Boulton reported on his
systematic observations on sedimentary processes operating on some Svalbard glacier snouts. His
widely used conceptual model (Figure 2.6a, b; Boulton, 1972a) conveyed a process sedimentology
that acknowledged the overwhelming importance in polythermal glaciers of supraglacially reworked
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debris or ‘flow tills’ (Figure 2.6¢; Boulton, 1967, 1968) as well as elucidating on the melt-out pro-
cess in debris-rich basal ice sequences, re-affirming the broad concepts of englacial till production
of Goodchild (1875) and Carruthers (1939, 1947 -19438, 1953) and introducing for the first time the
term ‘melt-out till’ (Figure 2.6d; Boulton, 1970a). The subglacial or lodgement component of the till
stratigraphy in these glaciers was subordinate (Boulton, 1970a, 1971), but nevertheless combined
with Boulton’s melt-out and flow tills to form a tripartite sequence of till emplacement relating to one
phase of glaciation, a stratigraphic model that he applied to a thick glacigenic sediment sequence at
Glanllynnau, North Wales (Figure 2.7; Boulton, 1977; cf. McCarroll and Harris, 1992), which strongly
resembled the final stage of the undermelt process proposed by Carruthers (1953; Figure 2.5).

A publication benchmark in till sedimentology was the release in 1971 of R.P. Goldthwait’s edited
volume entitled Till: A Symposium (Figure 2.1), wherein Boulton (1971) delivered one of his two
seminal pieces on the tripartite till sequence and a range of other contributions on till sedimen-
tology focussed on aspects such as macrofabrics, grain size and minerology of basal and ‘ablation’
tills; the concept of melt-out till had not been fully embraced by the glacial community at this stage
even though Boulton’s paper was already substantiating it. Even the knowledge base on subglacial
till production processes was regarded as being in its infancy by Goldthwait (1971b) in his intro-
duction to the volume. He summarised the state of the art on subglacial deposition as follows: (1)
particles collect one by one due to frictional interference with bumps on the bed; (2) sheets of till
or ice—debris mixes can be emplaced and sheared over when basal ice flow velocity drops to zero;
(3) continuous basal melt brings material to the bed by the release of particles from debris-rich ice,
as demonstrated in the seminal offering by Nobles and Weertman (1971) in the same volume, who
developed ideas by Robin (1955), Gow et al. (1968) and Weertman (1964) on the melting beneath ice
sheets due to thermal gradients beneath thick ice and frictional melt beneath sliding ice. On the basis
of this, Goldthwait (1971b) proposed that Flint’s (1957) term ‘lodgement till’, derived from Chamber-
lin’s (18944, b) term ‘lodge’, was most appropriate for the material produced by the combination of
processes at the ice—bed interface. Goldthwait also offered three more state-of-the-art pointers that
signposted future developments in subglacial deformation: (1) macrofabrics may be re-orientated
within soft tills (e.g. MacClintock and Dreimanis, 1964; Evenson, 1971); (2) ice flowing over satu-
rated tills might produce wave-like structures from which till could be injected into folds of moving
ice (cf. recent proposals that till is subject to instabilities that create subglacial bedforms like drumlins
and ribbed terrain; Dunlop et al., 2008; Fowler, 2000, 2009, 2010; Sergienko and Hindmarsh, 2013;
Stokes et al., 2013); (3) till flows into corrugations in the ice base in sub-marginal locations (e.g. Rams-
den and Westgate, 1971). Finally, Goldthwait acknowledged the importance of englacial debris in the
delivery of material to thick till sheets by the final melt-out of debris-rich sub-polar ice.

<
<

Figure 2.6 Results of field observations on till production on Svalbard glacier snouts by Geoffrey Boulton: (a)
diagrammatic sequence of depositional events related to the downwasting of debris-charged ice. A-D, depicts the
development of hummocky terrain due to the continuous topographic inversions created by flowage of debris once
melted out from discrete debris-rich ice folia. A-D, depicts the alternative scenario of till plain production due to more
fluid ‘flow till'. E shows the process of topographic inversion and till flowage due to uneven surface melting (from
Boulton, 1972a); (b) the classic supraglacial process—form (landsystem) model of Boulton (1972a), showing the spatial
relationships between subglacial, melt-out and flow tills and associated glacifluvial sediments due to the
downwasting of a polythermal, debris-charged glacier snout; (c) field sketch and macrofabric data of ‘flow till’
observed to be accumulating on the surface of a debris-charged polythermal glacier on Svalbard by Boulton (1971);
(d) simplified diagram to show the development of melt-out till as observed on Svalbard polythermal glaciers (from
Boulton, 1971).
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panel), guided by the process—form relationships observed in Svalbard (upper panel) and conveying the principle of
tripartite (till-stratified sediments-till) sequences relating to one glacial advance (from Boulton, 1977).

The next symposium volume dedicated entirely to till was Legget’s (1976) edited book entitled
Glacial Till: An Inter-disciplinary Study (Figure 2.1). In terms of till sedimentology, this volume
contained a review of till origins and properties by Dreimanis (1976) and a brief application of the tri-
partite till classification scheme to geotechnical properties by Boulton (1976); otherwise the chapters
were aimed at engineering practicalities. Significant in the Dreimanis paper was the modification of
his till classification scheme (Figure 2.3; upper panel) in which Boulton’s (19704, b) subglacial melt-out
tills were firmly established, but the term ‘melt-out’ was applied to two variants, ‘ablation melt-out
till’ and ‘basal melt-out till’, the former previously having been termed ‘(superglacial) ablation till’.
Beyond Legget’s (1976) collection, a number of case studies firmly established the 1970s as a decade
of progress in till sedimentology in two main realms. First, Boulton’s (1967, 1968, 1970a, 19724, b)
concept of ‘melt-out till’ was rapidly verified and consolidated by studies on modern Alaskan glaciers
(Mickelson, 1971, 1973; Lawson, 1979a, b) and assessments of complex diamicton and stratified sedi-
ment sequences in ancient deposits (Shaw, 1972, 1979). Stemming from this, the benchmark study of
melt-out till in modern and ancient settings was that of Shaw (1982), followed up with detailed stud-
ies by Haldorsen and Shaw (1982) and Shaw (1983). Second, the process—form regime involved in
basal or lodgement’ till production was investigated directly at the glacier bed in pioneering studies
by Geoffrey Boulton, following on from his more holistic studies of till types on Svalbard (Boulton,
1974, 1975, 1979, 1982; Boulton et al., 1974, Boulton and Dent, 1974; Boulton and Jones, 1979). From
this work came Boulton’s (1974) ‘critical lodgement index’ whereby increasing effective pressures
bring about increasing frictional resistance and concomitant grain-by-grain lodgement at the sliding
ice—bed interface. Notions amongst till researchers that the subglacial bed could deform and could
also initiate lodgement due to clast ploughing (e.g. Boulton, 1975, 1976, 1982) were converted into
firm understandings during the late 1970s with daring experiments on soft glacier beds.
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Although the subglacial deformation paradigm (Boulton, 1986) is widely acknowledged as having
been initiated in the late 1970s to 1980s (the paradigm status is specifically related to contributions
of deformation to glacier flow), the sedimentological signatures of till deformation were proposed
much earlier in the late nineteenth and early twentieth centuries by some very perceptive observers.
For example, McGee (1894) speculated on the possibility of ‘differentially moving ground moraine’.
Shortly afterwards, Geinitz (1903) and then Hollingworth (1931) alluded to viscous drag in sub-
glacial materials by proposing a vertical deformation profile that increased in magnitude from the
base of the deforming layer to a zone of maximum displacement near the top, after which the dis-
placement again dropped off towards the ice—till boundary; this pattern of vertical displacement is
now widely recognised in subglacial tills as we shall discuss at various places throughout this book.
Other features indicative of subglacial deformation were Geinitz’s (1903) and Hollingworth’s (1931)
‘lee tails’ and ‘pre-crags’ (pressure boudins), Alden’s (1905) cleavage slip planes or fissility, and Reid’s
(1885) crushed clasts. The juxtaposition of lodgement and deformation was also proposed by Virkkala
(1952), and the till classification scheme of Elson (1961) clearly acknowledged the subglacial crushing
and deformation processes in his terms ‘comminution till’ and ‘deformation till’, the former relating
to densely crushed and ground bedrock and the latter to the partially homogenised upper layers of
glacitectonically disturbed pre-existing materials. In an attempt to explain the genesis of drumlins,
Smalley (1966) and, classically, Smalley and Unwin (1968) explored the discipline of soil mechan-
ics to make till sedimentologists aware of the importance of dilatancy (expansion and contraction
in response to porewater pressure changes) in the deformation of granular materials in addition to
constant-volume deformation. The implications of this behaviour were clearly demonstrated in the
celebrated subglacial experiments at Breidamerkurjokull, Iceland, as reported by Boulton (1979) and
Boulton and Jones (1979) and then later by Boulton and Hindmarsh (1987). At the same time, Engel-
hardt et al. (1978) identified a deforming substrate beneath Blue Glacier in Washington, USA. The
Breidamerkurjokull experiment identified a two-tiered structure in the subglacial deforming diamic-
ton, comprising a low-strength, high-porosity upper layer (A horizon) and a stronger, higher-density
lower layer (B horizon), thought to represent ductile and brittle deformation, respectively. Despite
the importance of Boulton’s (1970a, b, 1979) observations on subglacial deforming till, his was the
only paper in the Journal of Glaciology’s (1979) glacier-bed processes special issue that was on the
topic of deformable beds; Iverson (2010) has more recently reflected on this apparent early reticence
by glaciologists to recognise till deformation, suggesting that it was an intellectual bias whereby

experts on the flow and thermodynamics of ice were perhaps predisposed to not muddy the
sliding problem with dirt.
Iverson (2010, p. 1104).

Although glacial sedimentologists did not fully understand till deformation until the 1970s, glaci-
tectonic deformation of materials was widely recognised (e.g. Torell, 1872, 1873; Johnstrup, 1874;
Merrill, 1886; Sardeson, 1906; Fuller, 1914; Slater, 1927a—e; Kozarski, 1959; Elson, 1961; Moran,
1971; Rotnicki, 1976; Banham, 1977; Berthelsen, 1978), and till classification schemes at that time
(e.g. Dreimanis, 1976) included ‘deformation till’, defined as:

characterized by an abundance of glacio-dynamic structures such as folds, overthrusts, shear
planes, injections, breccias, and mylonites formed by differential movement or compressive
stresses during ... lodgement processes.

(Dreimanis, 1976, p. 37).
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The definition arrived at by the Till Work Group was summarised by Elson (1989; cf. 1961)
as follows:

Deformation till comprises weak rock or unconsolidated sediment that has been detached from
its source, the primary sedimentary structures distorted or destroyed, and some foreign mate-
rial admixed.

(Elson, 1989, p. 85).

This clearly referred to pre-existing materials deformed by overriding ice, although Elson (1961)
originally used the term to refer to a continuum that included the deformed pre-existing materials
as well as the more homogenised shear zone developed within them, which he later (Elson, 1989)
compared to the deforming bed of Boulton and Jones (1979). Indeed, it was not until the recognition
of subglacial deforming till layers in the late 1970s that the term ‘deformation’ till was applied more to
tills rather than glacitectonised substrates. This application of the term ‘deformation till’ to subglacial
deforming diamicton necessitated a development and expansion of the sedimentological nomencla-
ture, an outcome that was extensively and exhaustively debated in the Goldthwait and Matsch (1989)
volume, specifically by Dreimanis (1989), Elson (1989), Pedersen (1989) and Stephan (1989), and
which strongly features Banham’s (1977) term ‘glacitectonite’. This was defined by Pedersen (1989) as:

a brecciated sediment or a cataclastic sedimentary rock formed by glaciotectonic deformation.
(Pedersen, 1989, p. 89).

It became clear at this time that a complex nomenclature designed to capture every nuance of
a deforming glacier bed was in reality an attempt to draw sharp dividing lines within a sediment
continuum and hence was increasingly of limited utility and certainly difficult to exercise in sedimen-
tological practice. Pedersen (1989) advocated the adoption of Banham’s (1977) term ‘glacitectonite’
instead of ‘deformation till’ and highlighted that Banham’s scheme contained an internal nomencla-
ture that recognised a continuum of deformation intensity (Figure 2.8); ‘exodiamict glacitectonite’
was sheared material that retained some primary parent structure and ‘endiamict glacitectonite’ was
material sheared to the point where all primary structure was destroyed. Deformation till was from
this time to become the homogenised or cannibalised upper contact of glacitectonites or, in other
words, the endiamict glacitectonite.

Despite the fact that glacially deformed material has long been recognised, and more recently ‘glaci-
tectonite’, or at least ‘deformation till’, is an established genetic glacial sedimentological term, there
are still significant shortfalls in establishing diagnostic criteria for the description and interpreta-
tion of complex diamictons. As discussed above, terms such as ‘glacial conglomerate’/‘cataclastic
rudite’, ‘conglomeratic mudstone’, ‘paraconglomerate’ and ‘mixtite’ have all been proposed but tend
to underplay some of the most significant common attributes of diamictons such as discontinuous
stratification, pseudo-lamination, inter- and intra-bedding, soft-sediment rafts and a range of defor-
mation structures from low-strain soft-sediment deformation to high-strain shear structures and
fissility. Consequently, as we will see in the following chapters, glacial diamictons at their most hetero-
geneous display an often bewildering array of structures and sedimentary attributes (Figure 1.3), an
appearance that some glacial researchers (e.g. Aber, 1982) have described as a ‘mélange’. Although this
term has genetic connotations in metamorphic rocks (Hsu, 1974), it can be employed as a non-genetic
descriptive label and hence sedimentologically is a sound foundation for objective field investigations
(see Chapter 4).
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Figure 2.8 A classification scheme for glacitectonite compiled by Pedersen (1989) using the previous proposals of
Banham (1977) and Berthelsen (1978).

Stratified, predominantly diamictic deposits have also long been recognised by glacial researchers
(e.g. Geikie, 1894; Tarr, 1897; Kindle, 1924; Miller, 1953; Armstrong and Brown, 1954) and were
classified by Harland et al. (1966) for those geologists working with the hard rock record as ‘pseudo
tillites’, in contrast to the directly glacially related ‘ortho tillites’. Harland et al. (1966) also coined
the term ‘para till’ to cover ice-rafted debris. The lack of a suitable term for what appeared to be
the submarine equivalents of terrestrial tills prompted Miller (1953) to use the term ‘Yakatagite’
for pre-Quaternary till-like stratified materials on Middleton Island, Alaska. Dreimanis (1969) later
introduced the term ‘waterlaid till' (‘waterlain till’ sensu Francis, 1975) to be used for ‘a crudely
stratified variety of till deposited in water’ (Dreimanis, 1976, p. 39). A wide range of terms were
then introduced for such deposits including ‘subaquatic/subaqueous till’, ‘aqua till’, ‘underwater till’,
‘lacustro-till’, ‘marine till’, ‘iceberg (dump) till' and ‘subaquatic ablation till’ (see Dreimanis, 1976
and references therein) but were treated as unsatisfactory at the time by, for example, Flint (1971)
and Boulton (1976). A process-based nomenclature has since been developed for such stratified
sediments deposited clearly in deep water (cf. Evenson et al., 1977; Dreimanis, 1979; Gravenor
et al., 1984; Powell, 1984), which gradually has moved away from using the term ‘till’ (e.g. ‘dropstone
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Figure 2.9 Photograph of the typical features of the Sveg till (J. Lundqvist).

diamicton’, ‘undermelt diamicton’), but the origins of many exposures through partially stratified
and pseudo-stratified diamictons pose significant difficulties for glacial sedimentologists, especially
at the complex interface between subglacial and subaqueous depositional environments. A classic
example is that of the Catfish Creek Drift Formation in Ontario, Canada, a complex stratigraphic
sequence of interbedded diamictons and stratified sediments, including the ‘waterlaid Catfish Creek
till’ of Dreimanis (1976), which have been variously interpreted as subaqueous mass flow deposits,
ice shelf undermelt and subaqueous flow deposits and alternating subglacial tills and meltwater
cavity infills (cf. Evenson et al., 1977; Gibbard, 1980; Dreimanis, 1982; Dreimanis et al., 1987; Hicock,
1992, 1993; Boyce and Eyles, 2000; Dreimanis and Gibbard, 2005). Similarly, regionally significant
‘stratified’ till types like the ‘Kalix’ and ‘Sveg’ tills of Scandinavia (Figure 2.9) have been variously
interpreted as subglacially deformed and/or waterlain (cf. Beskow, 1935; Hoppe, 1959; Lundqvist,
19694, b; Virkkala, 1969; Shaw, 1979). In such settings, and more particularly in deep water marine
settings, thick sequences of extensive massive and stratified diamictons were first highlighted by
Craddock et al. (1964) as potentially constituting a particular problem for glacial sedimentology,
because their origin as subglacial till/glacitectonite versus subaqueous rain-out is often notoriously
difficult to demonstrate, as we shall see throughout this book.

This chapter has concentrated briefly on the history of till sedimentology, predominantly up until
and including the deliberations of the Till Work Group, as published in Dreimanis (1989), as well
as the general findings of the benchmark subglacial deformation experiments of the late 1970s. The
deliberations of the INQUA ‘Till Work Group’ on genetic classifications for till were summarised by
Dreimanis (1989; Table 2.1), identifying terrestrial and aquatic environments of deposition and the
three forms of process-related till labelling (lodgement, melt-out and flow) championed by Boulton’s
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Svalbard observations. It is important to note that not all glacial sedimentologists were entirely con-
vinced by the breadth of sediment types being called ‘till’, as demonstrated by the seminal work of Dan
Lawson (1979a, b, 1981a, b, 1982) on sediments evolving around the margin of the Matanuska Glacier,
Alaska. After observing the development of glacigenic diamictons in supraglacial and englacial set-
tings, Lawson (1979a) regarded till as:

a sediment deposited directly from glacier ice that has not undergone subsequent disaggrega-
tion and resedimentation.
(Lawson, 19794, p. 28)

Nevertheless, Table 2.1 has been employed to derive complex till types whose names reflected
environment, position and process of deposition, transport process and derivation (supraglacial or
subglacial). For example, Dreimanis (1989) highlighted ‘glacioterrestrial subglacial melt-out till, of
basal transport and subglacial derivation’, from which the term ‘subglacial melt-out till' would pre-
sumably suffice, because even Dreimanis acknowledged that the names ‘are long and they appear
cumbersome’. In their assessment of Dreimanis’s (1989) genetic classification scheme for tills, Benn
and Evans (2010) concluded that:

In reality, field and laboratory techniques are not actually capable of refined assessments of the
exact genesis of tills, making complex classification schemes such as that proposed by the Till
Work Group difficult to apply in practice; more specifically, such schemes give a false sense
that the glacial research community has accomplished a foolproof forensic procedure for the
reconstruction of ancient process—form relationships.

(Benn and Evans, 2010, p. 369)

Far simpler to use visually as well as communicatively was Dreimanis’s (1989) tetrahedron or end
member pyramid (Figure 2.10), which conveyed the three Svalbard till types of lodgement, melt-out
and flow till in tandem with the more recently proposed deformation till, implying at the same time
that melt-out invariably led on to lodgement, deformation or mass flows.

The preceding review forms a context for the significant details of modern till sedimentology, which
is now covered in the remainder of this book. Although we will from here on concentrate on modern,
or at least the most recent, studies of till sedimentology, it is appropriate also to digest in greater
detail some older literature that remains pertinent today but which has been reviewed very briefly in
this chapter.

Figure 2.10 Till type tetrahedron (from Dreimanis, 1989).
LODGEMENT DEFORMATION

TILL TILL

GRAVITY V FLOWTILL
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3

Till - When is it an Inappropriate Term?

I am not optimistic that all the different tills in the present classification can always be recognized
in the field, even by meticulous descriptions and laboratory analysis.
Elson (1989, p. 85)

Before progressing, we need to digest the implications and subsequent developments that stemmed
from the proposition by Lawson (1979a, 1981a, b) that a till is a sediment that has been deposited
directly from or by glacier ice and has not been subject to subsequent disaggregation and resedimen-
tation. Lawson (1989) summarised the implications of his Matanuska Glacier work in Goldthwait and
Matsch’s (1989) volume by highlighting the logic of sub-dividing glacigenic deposits into primary and
secondary categories; primary deposits include those laid down uniquely by glacial agencies, whereas
secondary deposits include those which have undergone reworking by non-glacial processes. Till in
its various guises of lodgement, deformation and melt-out fits the definition of ‘primary’ but all other
forms of glacigenic diamicton, because they are remobilised by a combination of gravitational mass
flow and fluvial processes are ‘secondary’. However, the dividing line between primary and secondary
diamictic deposits is notoriously blurred, as is inherent within the deliberations of the Till Work
Group, who arrived at its definition of till as ‘a sediment that has been transported and is subse-
quently deposited by or from glacier ice, with little or no sorting by water’ (Dreimanis and Lundqvist,
1984; Dreimanis, 1989), thereby side-stepping the ‘flow till’ problem despite Lawson’s (1989) strong
case to deal with it at that stage. Nevertheless, the unease with which the term ‘till’ was used to classify
supraglacially deposited diamictons had developed quickly after Boulton’s Svalbard-based verifica-
tions of Hartshorn’s (1958) ‘flow till’. This was communicated not only in Lawson’s (1979a, b; 1981a, b)
process-based classification scheme for mass flows (Figure 3.1a) but also in the development of alter-
native terms aimed at acknowledging a non-primary origin for glacigenic diamictons. For example,
Eyles (1979) proposed the term ‘supraglacial morainic till complex” (Figure 3.1b), and more recently
efforts have been made to remove the term ‘till’ completely to arrive at ‘supraglacial mass flow diamic-
ton’ or ‘glacigenic mass (or debris) flow diamicton’, the latter being a form of ‘sediment flow diamicton’
(Lawson, 1989). In subglacial settings, the flow of diamictic and associated materials into cavities at
the ice—bed interface produced a crudely stratified deposit that was named ‘lee-side till’ by Hillefors
(1973) and Haldorsen (1982) but regarded as ‘flow till’ by Boulton (1971) and later incorporated by
him into the lodgement process—form regime (Boulton, 1982). Hence, the term ‘flow till’ has gradu-
ally been retired; although glacial researchers knew what the term ‘flow till’ tried to communicate
(sensu Boulton, 1967, 1968, 1970a, b, 1972a, b), it was nevertheless fundamentally flawed simply
because it implied the characteristics of both primary and secondary deposits. More significantly,

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
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Figure 3.1 The sedimentary characteristics and process based classification schemes for supraglacial diamictons: (a) Lawson (1979a, b) classification scheme,
showing four sediment flow types identified at the Matanuska Glacier, Aslaska.
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Figure 3.1 (b) the processes (upper panel) and resulting deposits (lower panel) of the ‘supraglacial morainic till
complex’ of Eyles (1979).
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glacially derived, flowed diamictons look like many other non-glacial gravitational mass-flow diamic-
tons and hence the application of the word ‘till’ has a very high likelihood of being inappropriate in
most stratigraphic settings and becomes less secure the longer the period of time since deglaciation.
In other words, there is a very high likelihood that diamictons in a glaciated catchment, which are not
interpreted as subglacial, automatically get classified as ‘flow till’ when their true origin is often from
paraglacial gravitational mass wasting and hence they are ‘sediment flow diamictons’ (e.g. Eyles and
Kocsis, 1988; Ballantyne and Benn, 1994, 1996; Harrison and Winchester, 1997; Curry and Ballantyne,
1999; Menzies and Zaniewski, 2003; Figure 3.2). Even in supraglacial settings, Lawson (1989) makes
the strong case that ‘glacigenic mass flow diamictons’ are emplaced by repeated gravitational mass
wasting and hence display the sedimentological signatures of the various mechanisms of secondary
depositional processes (Figure 3.1a).

The inappropriateness of the term ‘till’ for deposits laid down subaqueously has also been recog-
nised for some time (cf. Evenson et al., 1977; Dreimanis, 1979; Gravenor et al., 1984; Powell, 1984),
resulting in a process-based nomenclature that recognises the disaggregation and/or remobilisation
of glacigenic material once it is released into ice-contact lake and marine environments. The strati-
fied nature of such materials, as well as their internal structures related to iceberg activity, have given
rise to: (1) suspension settling and iceberg-related terms such as ‘dropstone diamicton’, ‘undermelt
diamicton’, ‘iceberg contact deposits’ and ‘ice-keel turbate’; and (b) mass-flow-related terms such as
‘subaqueous fall deposits’ or ‘grain flows’ and ‘olistostromes’, ‘subaqueous slumps’ or ‘slides’ (includ-
ing soft-sediment deformation structures), ‘subaqueous debris flows’ (cohesive and cohesionless) and
‘turbidites’.

Stemming from these proposed modifications to the nomenclature of both terrestrial and subaque-
ous glacigenic deposits, Evans and Benn (2010), following guidelines recommended by Evans et al.
(2006b), compiled a classification scheme for primary glacigenic deposits that comprise only three
end members: ‘glacitectonite’, ‘subglacial traction till’ and ‘subglacial melt-out till". This is compati-
ble with a number of previous recommendations (e.g. Anderson et al., 1980, 1986; Kemmis, 1981;
Bergersen and Garnes, 1983; Dreimanis, 1983; Lundqvist, 1983; Stephan and Ehlers, 1983; Ring-
berg et al., 1984; van der Meer et al., 1985; Rappol, 1985; Hansel and Johnson, 1987) that ‘subglacial
till’ was an appropriate term to use in referring to those materials laid down by the processes of
lodgement, melt-out, deformation and undermelt, because the sedimentological properties of such
materials were not sufficiently unequivocally diagnostic to discern a specific process—form regime.
Assessments of the conceptually pivotal Catfish Creek Drift Formation (specifically the ‘till’ compo-
nent) in Ontario, Canada, have reflected this conundrum, specifically in the conclusion by May et al.
(1980) and Dreimanis et al. (1987) that the imprint of processes like lodgement, melt-out and flow
could be observed but not used to sub-classify the till. The following chapters are organised around,
and expand upon, the case for the threefold classification scheme for till as proposed by Evans et al.
(2006b), and hence the terms ‘glacitectonite’, ‘subglacial traction till’ and ‘melt-out till’ are employed
as genetic terms beyond the descriptive nomenclature outlined in Chapter 4. We will nevertheless
develop the case for ‘subglacial traction till’ as a genetic term in Chapters 9—11 before using it defini-
tively in Chapter 17.
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(@)

Figure 3.2 Modern-day examples of remobilisation and resedimentation of glacigenic deposits, including tills and
their sedimentological products: (a) retrogressive flow sides in supraglacial debris on the ice-cored Little Ice Age
lateral moraines of Horbyebreen, Svalbard; b) Late Wisconsinan debris-rich buried glacier ice creating debris flows in
englacial and supraglacial materials, northern Banks Island, Arctic Canada; (c) crudely stratified diamicton created by
paraglacial debris flows in former glacigenic deposits, Leirdalen, Norway (photo by A.M. Curry); (d) debris flows
emanating from the distal face of a push moraine during its construction by the advancing snout of Flaajokull,
Iceland; (e) debris flows on the proximal slope of the Little Ice Age lateral moraines of Kviarjokull, Iceland.



4

Glacigenic Diamictons: A Strategy for Field Description and Analysis

In many places where it occupies a succession of lofty cliffs, it puts on a rude appearance of strat-
ification, or at least may be sub-divided into separate masses which possess distinct characters.
Sedgewick (1825, p. 25)

Before dealing in detail with the processes and forms of till sedimentology, it is pertinent to reflect
on the contents of Chapter 2 and establish a workable nomenclature for simply and systematically
describing glacigenic diamictons in the field and laboratory. The motivation for including such a
schema at this juncture is to avoid the recurring issue in the vast literature on glacial sediments
and stratigraphy of dwelling on genetically inherent terminology at the expense of practical descrip-
tive terms. For example, the comprehensive reviews of, and proposals for, till nomenclature, such as
Dreimanis (1976, 1980, 1989) and Dreimanis and Schluchter (1985), predominantly dwell on genetic
labelling, thereby offering only restricted guidance to those intending to initiate and conduct analyses
of glacigenic stratigraphies in an entirely objective (i.e. descriptive) way. Sedimentological proce-
dures designed to aid in the study of glacigenic deposits more generally are reviewed elsewhere
(Eyles et al., 1983a; Evans and Benn, 2004; Hubbard and Glasser, 2005), so provided here are the
proposed descriptive classification menus and techniques aimed at procuring objective assessments
of glacigenic diamictons and their associated deposits.

4.1 Diamicton

The descriptive term ‘diamicton’ or ‘diamict’ (‘diamictite’ for lithified materials) has been widely
employed amongst glacial sedimentologists to describe in short, poorly sorted sediment with a wide
range of grain sizes (Flint et al., 1960; Harland et al., 1966; Flint, 1971; Eyles et al., 1983a; Evans and
Benn, 2004). The utility of the term is less valued by engineers, because it does not convey the grain
size characteristics, and as a result the scheme derived by Moncrieff (1989) is sometimes preferred
(Figure 4.1). The descriptive scheme of Eyles et al. (1983a; modified by Evans and Benn, 2004),
based upon facies codes comprising grain-size definitions (i.e. D for diamicton as opposed to B for
boulders, G for gravel, GR for granules, S for sand and F for fines) and matrix/structure qualifiers
(matrix-supported or clast-supported; massive, stratified or laminated), is presented in Figure 4.1
together with the grain-size-specific refinements from the Moncrieff scheme (see Figure 1.3 for some
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Descriptive facies codes for diamicton, melange and predominantly non-fluvial coarse-clastic deposits

Diamictons (very poorly sorted admixture with wide range of grain sizes)

Dmm matrix-supported, massive

Dcm clast-supported, massive

Dcs clast-supported, stratified

Dms matrix-supported, stratified

Dmi matrix-supported, laminated

Dmf matrix-supported, fissile

D--(p) diamictons containing clast pavements
D - - (cf) diamictons arranged in clinoforms
Boulders

Bms matrix-supported, massive

Bmg matrix-supported, graded

Bcm clast-supported, massive

Bcg clast-supported, graded

Bcf boulder units arranged in clinoforms
BL boulder lag or pavement

Gravels

Gms matrix-supported, massive

Gmg matrix-supported, graded
Melanges

Mtl type |

Mtll type Il

Mtlll type IlI

MtV type IV

Interpretive facies codes (glacigenic settings)

Dcs(c) current reworked, clast-supported, stratified diamicton
Des(r) re-sedimented, clast-supported, stratified diamicton
Dcs(s) sheared, clast-supported, stratified diamicton

Dms(c) current reworked, matrix-supported, stratified diamicton
Dms(r) re-sedimented, matrix-supported, stratified diamicton
Dms(s) sheared, matrix-supported, stratified diamicton

Dml(c) current reworked, matrix-supported, laminated diamicton
Dmi(r) re-sedimented, matrix-supported, laminated diamicton
Dmi(s) sheared, matrix-supported, laminated diamicton

Dmf(s) sheared, matrix-supported, fissile diamicton

Fm(d) ice-rafted muds with dropstones (dropstone diamicton)
B/Gtmf bouldery/gravelly, terrestrial mass flow deposit

B/Gsmf bouldery/gravelly, subaqueous mass flow deposit

Mgt(a) Type A glaciteconite

Mgt(b) Type B glacitectonite

Mtmf terrestrial mass flow melange (slump or slide)

Mtsmf subaqueous mass flow melange( olistostome, slump or slide)

Figure 4.1 Classification schemes and facies coding systems for diamictons and related materials. Upper panel shows
a facies coding scheme modified from Eyles et al. (1983a) and Evans and Benn (2004). Lower panel shows the
Moncrieff (1989) scheme for classifying poorly sorted materials emphasising specific grain-size characteristics.
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Figure 4.1 (Continued)

typical field appearances). These facies codes can be employed in tandem with the various signature
types for mélanges (Section 4.2) and internal structures (Section 4.3) in field-based descriptive
assessments of diamictons regardless of their depositional origins. Some genetic implications are
inferred by the structure qualifiers in Figure 4.1, wherein evidence of current reworking (localised
stratified sediments), re-sedimentation (grading or crude sorting) and shearing (based on matrix
fissility and slickensides) are noted, the extent of each providing immediate impressions of primary
versus secondary origins. The terms ‘homogeneous’ and ‘heterogeneous’ are often used as prefix
qualifiers for diamictons, referring to their overall appearance as either predominantly invariable
or variable, respectively. This classification refers to a spectrum, whereby highly heterogeneous
diamictons display the greatest range in textural variability. Where that high degree of textural
variability comprises discrete packages of sub-units (intraclasts and/or discontinuous intrabeds), the
term ‘melange’ is more appropriate. The occurrence of intraclasts and intrabeds can be particularly
diagnostic of specific till forming processes and also common in other types of glacigenic and
non-glacigenic diamictons, hence their characteristics and relationships with the host diamicton are
important forms of descriptive information (Figure 4.2).

4.2 (Glacigenic) Melange

The application of the term ‘melange’ (Greenly, 1919) to glacial deposits generally (Menzies and
Shilts, 1996), because of its linkage to metamorphic petrology (e.g. Hsu, 1974), was strongly criticised
by Pedersen (1989), but nevertheless it adequately describes the complex internal structures often
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Figure 4.2 Various types of intraclasts and intrabeds or lenses.

observed in heterogeneous glacigenic diamictons, because they have invariably been subject to defor-
mation in the same style as that recognised in mudstones at convergent plate margins. Clearly, the use
of the pre-script ‘glacigenic’ in a purist sense implies a genesis. Hence, the term ‘glacigenic melange’
might be avoided unless research is being undertaken in an entirely glacially influenced depo-centre
or basin. Nevertheless, the term ‘melange’ accurately describes materials that Cowan (1985) broadly
defines as fragments enveloped within a fine-grained matrix; typically of obscure stratigraphy, stratal
and/or chaotic ‘block-in-matrix’ fabric.

Application of the term ‘glacigenic melange’ can then be justified as a first stage of interpretive
progress if the process of deposition/deformation was glacially induced. The more advanced stage
of interpretation involves the identification of a specific process (e.g. glacitectonite; glacigenic mass
flow diamicton; subaqueous mass flow diamicton, etc.), if possible. The use of the term ‘melange’
for subglacial deforming layers in their widest sense has also been proposed by Menzies and Shilts
(1996). Four types of melange were recognised by Cowan (1985), the definitions of which are entirely
practical in terms of pursuing a descriptive approach to glacigenic diamictons (Figure 4.3).
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Figure 4.3 The fourfold classification scheme for melanges proposed by Cowan (1985).
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4.3 Physics of Material Behaviour

As glacigenic diamictons, particularly those in subglacial settings, are typically subject to various
spatial and temporal scales of deformation, it is important at this juncture to investigate the physi-
cal behaviour and associated nomenclature of such materials. The term ‘rheology’ is used to refer to
the way in which strain rate varies with applied stress for a material like diamicton, after Eugene C.
Bingham’s (e.g. 1933) initial use of Heraclitus’ expression panta rei, meaning ‘everything flows’. More
broadly, rheology refers to the study of changes in form and flow of matter, through the appreciation
of elasticity, viscosity and plasticity. The basal shear stresses created at the ice—bed interface result in
a strain signature in glacigenic diamictons and melanges that is dictated by material rheology, which
can be understood in terms of two basic properties: the yield strength and the stress—strain relation-
ships at higher stresses. The deformation structures (Section 4.4) and macrofabrics (Section 4.5) that
are visible in glacigenic diamictons and melanges are a relative measure of their permanent strain,
which was initiated whenever basal shear stresses exceeded their yield strengths. The yield strength
is the value of the applied stress at the point when permanent deformation takes place and is con-
trolled by a combination of material cohesion and internal friction, as defined by the Mohr—Coulomb
equation (after Charles Augustin de Coulomb 1736—1806 and Otto Mohr 1835-1918):

Ty = ¢ + N tan @

where 7 ;.4 is yield strength of a material; ¢ is cohesion; N is the effective pressure or effective normal
stress and tan @ is the coefficient of friction.

Once stress is at the yield strength of the material, permanent deformation takes place either as
‘brittle failure’ (breakage along a fracture) or ‘ductile deformation’ (flow or creep). With respect to the
latter process-response, subglacial tills have traditionally been regarded as being prone to ‘dilation’
(e.g. Smalley, 1966; Smalley and Unwin, 1968; see Chapter 2 of this book), which is an increase in a
material’s void ratio when being sheared (Figure 4.4). This increase in volume of the material arises
from the tendency for grains to climb over one another during shear. As strain rate falls, the grains
collapse in on the void spaces to produce a denser material once again, but it is unlikely to regain the
pre-deformation state.

Stress—strain relationships at higher stresses vary according to material properties and some
debate has ensued since the benchmark subglacial experiments by Boulton and co-workers at
Breidamerkurjokull, concerning the mode of failure/deformation and the concomitant development
of a flow law for till (Boulton and Paul, 1976; Boulton, 1979; Boulton and Jones, 1979; Boulton and
Hindmarsh, 1987). Details of this debate and its implications for till sedimentology are presented in
following chapters, but at this juncture it is important to define the critical process-based nomen-
clature relevant to understanding the style of deformation above the yield strength. The debate
has focussed on whether subglacial materials, especially tills, adhere to a plastic or viscous style of
failure/deformation (Figure 4.5a). Viscosity is defined as the constant of proportionality between
stress and strain rate and is a measure of the ability of a fluid to resist force. A viscous rheology is
defined as a linear increase in strain rate with shear stress; this includes Newtonian, linear-viscous
materials if the yield stress is zero. Variable deformation behaviour in response to changing flow
conditions, for example, in mass flows, is often termed a Bingham viscoplastic response, whereby an
initial plastic response changes to viscous behaviour once the yield stress is reached. A non-linear
viscous rheology is defined as a non-linear increase in strain rate with shear stress, wherein the
viscosity is not constant but a function of the strain rate. In contrast, a material with a perfect
plastic rheology will only deform at the yield stress and at whatever rate is required to prevent the
shear stress from exceeding the yield stress; note that, unfortunately, the term ‘plastic’ is used in a
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(a) (b)

Figure 4.4 Schematic diagram showing the process of dilation during shear, whereby grains climb over one another
and increase the sediment volume (from Benn and Evans, 1998).

somewhat confusing way in geotechnical nomenclature in that it refers both to a material with a
yield strength and to ‘plastic flow’ or viscous flow of a plastic above its yield strength. In terms of
the style of deformation signatures visible in glacigenic diamictons and melanges, a viscous rheology
gives rise to sediment flow or creep (ductile deformation), whereas a plastic rheology results in
irreversible/irrecoverable sliding of particles or sediment packages past one another (brittle failure).
Viscoplastic rheologies involve spatial and temporal variability in strain responses, resulting in
overprinted signatures and/or brittle—ductile styles of deformation; in subglacial environments
where porewater pressures vary and dilatancy is possible, viscoplastic behaviour should perhaps not
be unexpected.

Another important concept that relates to the behaviour of subglacial materials is that of ‘consoli-
dation’. This refers to the state of a material when it has been compressed to the point where all of its
void spaces are closed and its particles densely packed so that there is a permanent loss of volume,
as would be the case under a permanent overburden. Once a material is fully adjusted in this way
to the overburden, it is referred to as ‘normally consolidated’. If the overburden is for some reason
then reduced and the material does not increase its void space to create a volume that is adjusted
to the new, reduced overburden pressure, then it is called ‘over-consolidated’. As we will see in fol-
lowing chapters, subglacial tills undergo porewater pressure changes and concomitant deformation
that effectively dilates the material; additionally, the zone of dilation may migrate vertically over time.
Hence, normally consolidated till can undergo additional consolidation when it is subjected to shear
stress, leading to ‘strain hardening’, and conversely over-consolidated till may increase its voids ratio
during dilation.

Till, when it is sheared to a sufficient strain, attains a ‘critical state’, where its porosity and shear
resistance (ultimate strength) remains steady with further strain (see Iverson, 2010 for a full explana-
tion; Figure 4.5b). Experiments have repeatedly proved that till ultimate strength is highly insensitive
to strain rate but linearly dependent on effective pressure, supporting a Coulomb-plastic rheology
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Figure 4.5 Graphs to show the stress—strain relationships of materials common to glacial environments: a) examples
of typical stress—strain relationships. Line ‘a’ is a perfect plastic which remains rigid until the shear stress reaches the
yield stress. This example shows that at 100 kPa the material deforms at whatever rate is required to prevent the shear
stress exceeding the yield stress. Line ‘b’ is a Newtonian, linear-viscous material, for which strain rate is linearly
proportional to shear stress. Line ‘c’ is a non-linearly viscous material, like ice, for which the strain rate is non-linearly
proportional to shear stress (from Benn and Evans, 2010, after Paterson, 1994); b) graphs depicting the concept of
‘critical state’ and attainment of ultimate strength (from Iverson, 2010).



4.3 Physics of Material Behaviour

(Iverson et al., 1998; Clarke, 2005). If a till is weakened by high porewater pressures, the glacier driving
stress may exceed the till ultimate strength, potentially triggering viscous failure, but it appears that
viscous deformation is resisted at large scales, for example, beneath ice streams, because flow does not
become unstable. This resistance must come from ‘sticky spots’ on the bed (Alley, 1993; MacAyeal
et al., 1995; Stokes et al., 2007), which operate to reduce any instability that might accrue through
viscous deformation, if it operates at all. The episodic nature of subglacial bed deformation (see
Section 6.2) due to changing effective pressures also initiates changes in till critical state porosity
and strength, reflected in the material dilatancy. Iverson (2010) provides an explanation of what he
terms ‘pseudo-viscous’ till behaviour that arises likely from changes in its critical state. He highlights
that an increase followed by a decrease in effective pressure on a till at critical state porosity will
cause consolidation and then swelling, although the swelling will only be a fraction of the consolida-
tion due the irreversible nature of grain realignment during consolidation (Clarke, 1987, 2005). The
till is then less porous than in the critical state and therefore could be subject to strengthening dur-
ing the early stages of later deforming phases, thereby introducing the possibility of time-averaged
pseudo-viscous behaviour. We also need to be aware of pseudo-plastic behaviour, whereby a material
can display decreasing viscosity with increasing shear, also known as ‘shear thinning’.

The operation of dilation in a shearing medium like till, and the associated changes in porosity
states, demands that we understand the process of liquefaction. Engineers define liquefaction as:

the transformation of a granular soil (unconsolidated sediment) from a solid state to a liquefied
state as a consequence of increased porewater pressure and reduced effective stress.
(Committee on Soil Dynamics, 1978; Youd, 2003)

The knowledge base on the liquefaction of unconsolidated sediments, particularly in response to
earthquake shocks, is well established, as it constitutes a major geological hazard (Youd, 1978, 2003;
Holzer et al., 1989; Miwa et al., 2006). Indeed, beyond the subglacial environment, a range of deposits,
potentially including non-glacial diamictons, formed by palaeoseismic liquefaction events (seismites)
are widely reported from the geological record (Obermeier, 1998; Menzies and Taylor, 2003; Green
et al., 2005; Obermeier et al., 2005). Subglacial materials are prone to liquefaction because (1) they are
typically composed of unconsolidated, granular sediments; (2) they possess a high water content and
are at, or near, saturation; (3) their water table is high or perched, because it is constrained within the
soft-bed materials by the underlying less permeable bedrock and the overlying ice (Phillips et al. in
press). Hence, any trigger for energy release at the ice —bed interface, for example, during stick—slip
motion (see Chapter 6), is likely to result in soft-bed liquefaction on a localised scale due to the spatial
and temporal variation in sediment grain size, composition, porosity, permeability and water content.
Temporally, such liquefaction would also be restricted due to the confining pressure exerted by the
overlying ice, as evident in the stick—slip model for glacier motion over a soft bed. As explained
above, the increase in porewater content and/or pressure in tills leads to a reduction in grain contacts
and an increase in the distance between the component grains, referred to by glacial geologists as
dilation. In a saturated till, Evans et al. (2006b) and Phillips et al. (in press) suggest that an increase in
porewater pressure will ultimately lead to localised liquefaction. In terms of till deposits, this process,
although short-lived and localised, can overprint pre-existing structures such as bedding, lamination
and folding and thereby also lead to homogenisation of subglacially deforming materials.
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4.4 Typical Structures

The style of melange identified in Figure 4.3 is just one method of characterising the appearance of
glacigenic diamictons and a range of other more specific structures at both macro- and microscales
can be identified and then used to procure genetic interpretations and ultimately apply process-based
classifications to such deposits. Where they are massive in character and therefore lack strain markers
like bedding, diamictons will rarely display clear deformation signatures at macroscale, but more
stratified diamictons and melanges can contain well-developed signatures. The style of deformation
can be interpreted using the structures displayed within glacigenic deposits or sequences of deposits
(McCarroll and Rijsdijk, 2003) as summarised in Figure 4.6. This classification scheme provides a
shorthand coding for structures associated with pure shear (P — overburden driven), simple shear
(S — overburden and basal shear stress driven, typical of subglacial environments), compressional
deformation (C — common in proglacial settings) and vertical deformation (V — gravity-driven pro-
cesses), all of which can be contrasted with undeformed material (U). Tills and subglacially deformed
materials, because they are produced in the subglacial shear zone, display a range of simple shear indi-
cators at a range of scales (Figure 4.7; van der Wateren et al., 2000). The larger-scale or stratigraphic
influence of simple shear on subglacial materials is depicted in Figure 4.6 as a vertical continuum
from non-deformed to folded or faulted sediments at the base (dependent on either ductile or brit-
tle material behaviour) grading upwards to attenuated (boudinage) materials or melange and then to
homogenised diamicton (till), a style of deformation signature recognised by Banham (1977) and Ped-
ersen (1989; Figure 2.8). The directional elements created by simple shear in subglacial environments
can be measured using the variety of structures compiled in Berthelsen’s (1978) kinetostratigraphic
protocol (Figure 4.8). The signatures of shearing, soft-sediment deformation and porewater move-
ment identified at macroscale in Figure 4.6 can all be detected also at microscale through the analysis
of thin sections (van der Meer, 1993; Menzies, 2000; Carr, 2004), a particularly important technique
in diamictons that appear predominantly macroscopically massive (Figure 4.9).

4.5 Clast Macrofabrics and Microfabrics

Non-random clast distributions in tills were first identified by Hind (1859) and Miller (1884) and
the assessment of strain signatures in glacial deposits using clast macrofabrics is an area of glacial
sedimentology with a long pedigree (cf. Holmes, 1941; Harrison, 1957; Andrews and Shimizu, 1966;
Andrews and Smithson, 1966; Andrews, 1971; May et al., 1980), although the fabric of a sediment is a
reflection of all manifestations of internal strain (Berthelsen, 1978; Benn, 2004a). This strain signature
isjust one of a number of characteristics that are used in combination to infer the genesis of glacigenic
diamictons and to assess the evidence for subglacial deformation (Figure 4.10), but we need to review
the analysis of strain signature using clast fabrics at this juncture in order to provide context for the
following sections on subglacial sedimentary processes.

Particles in deforming media like subglacial tills and melanges, clearly preferentially orientate
themselves so that their long (A) axes align parallel with the principal stress direction and A/B planes
dip towards the stress direction or are imbricated (Figure 4.11), although many studies highlight
dips that may vary according to the protuberances in the substrate such as bedrock bumps (e.g.
Catto, 1990, 1998) or overridden sediment piles (e.g. Evans and Twigg, 2002), as has been explained
by two alternative theoretical models (Figure 4.12). First, Jeffery (1922) proposed that particles roll
continuously in response to velocity gradients in a shearing viscous medium, a process subsequently
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Figure 4.6 Comprehensive classification scheme for the deformation structures typically found in glacial materials
(from McCarroll and Rijsdijk, 2003), showing the different forces on strain ellipses (Fp, Fs, Fc and Fg) as pure shear,
simple shear, compressional and gravitational.

termed ‘Jeffery-type rotation’. Second, March (1932) proposed that particles act as passive strain
markers and rotate towards parallelism with the principal axis of extensional strain, a process now
called ‘March-type rotation’. The latter is consistent with a plastic rheology (see Section 4.3), where
strain is accommodated by slippage between grains (Ildefonse and Mancktelow, 1993; Hooyer and
Iverson, 2000). In terms of sediment properties, Jeffery-type rotation should produce weak fabrics,
as many particle axes would align transverse or oblique to the flow direction. In contrast, March-type
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Wateren et al., 2000).
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Figure 4.8 Glacitectonic signatures compiled by Berthelsen (1978): (1) boundary between an upper
kineto-stratigraphic unit with domainal deformation and subjacent strata with extra-domainal deformation; (2) base
of subglacial till/deforming layer; (3) way-up in glacifluvial sediments; (4) zone of structural investigation into
glacitectonite; (5) overthrusts; (6) conjugate thrusts; (7) sub-sole drag; (8) lineations/tectonic laminae; (9) torpedo
(boudin) structure; (10) intrafolial folds; (11) macrofabric; (12) macroscale glaciodynamic structures, visible only in

pseudo-laminated till.
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Figure 4.10 Typical directional elements that can be identified
in glacial deposits (from Berthelsen, 1978): (1) striae on bedrock;
(2) striae on clast pavement; (3) glacitectonic folds and faults; (4)
clast macrofabric displaying ice flow-parallel (a) and transverse
(b) and mixed (c) orientations; (5) lineations or tectonic laminae
in sheared materials.

rotation produces strong or cluster fabrics, with a single mode parallel to the direction of shear.
At the ice—bed interface, the assumption is that clast orientations will reflect the development of
the strain ellipsoid within a typical simple shear zone (Figure 4.13). At outcrop, macrofabrics are
routinely assessed by employing the measurement of the orientations of clast long (A) axes, the
alignment of A/B planes, polished facets and stoss-lee forms (e.g. Hicock, 1991; Benn, 1994a, 1995;
Li et al., 2006; Piotrowski et al., 2006; Evans et al., 2007), and field techniques are detailed in Benn
(2004b). Data are primarily displayed in rose diagrams or contoured stereonets (Figure 4.11), which
provide visual impressions and primary statistics of macrofabric orientation and strength. It has
become routine to further quantify fabric ‘shape’ using the relative magnitudes of the three derived
eigenvalues S}, S, and S; in ternary plots (cf. Mark, 1973, 1974; Woodcock, 1977; Woodcock and
Naylor, 1983; Dowdeswell et al., 1985; Dowdeswell and Sharp, 1986; Benn, 1994a, 2004b; Benn and
Ringrose, 2001; Figure 4.14), thereby recognising: (i) isotropic fabrics, with no significant preferred
orientation in any direction (S;~S,~S;; (ii) girdle fabrics, with most clast orientations confined to a
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Figure 4.11 The principle of preferred clast macrofabric orientations in subglacial tills, whereby either A axes or A/B
planes (defined in top-left sketch) orientate themselves parallel with the principal stress direction. Photographs show
typically lodged boulders with striated upper facets in a multiple till sequence such as that depicted in the vertical
profile log (from Evans et al. 2016). The macrofabrics measured using the orientations of the clast A axes and A/B
planes of 50 clasts in each till are represented in contoured stereonets alongside the profile log. The macrofabrics and
surface striae of the lodged boulders only are depicted in contoured stereonets and rose diagrams on the right, a
procedure that isolates the lodged component from the deformation component of the tills.
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Figure 4.14 Examples of the quantification of fabric ‘shape’ using the relative magnitudes of the three derived
eigenvalues S;, S, and S, in ternary plots: (a) key to fabric shape triangles, in which sample populations are plotted
according to their isotropy and elongation (from Benn, 1994b); (b) clast A-axis samples from two Iceland glaciers (after
Benn and Evans, 1996); (c) clast A/B plane samples from glacitectonites, Icelandic subglacial tills, ice-rafted sediments
and subglacially lodged clasts (from Evans et al., 2007); (d) clast A axis samples from melt-out till and debris-rich ice
(data from Lawson, 1979b).

plane but no significant preferred orientation within the plane (S,~S,>S,); and (iii) cluster fabrics,
with most clast orientations parallel (S;>S,~S;). A further level of analysis is the employment of the
modality/isotropy plot (Figure 4.15), first designed by Hicock et al. (1996) and refined by Evans et al.
(2007) to isolate clast lodgement from matrix deformation.

At microscales, the fabric of fine-grained components in tills as depicted in Figure 4.9 can be mea-
sured using the orientations of sand-sized particles (e.g. Carr, 1999, 2001; Carr and Rose, 2003; Larsen
et al., 2006; Thomason and Iverson, 2006). Additionally, the alignment of magnetic grains, measur-
able using the anisotropy of magnetic susceptibility (AMS; Tarling and Hrouda, 1993), also tend to be
aligned parallel to the direction of shear and commonly show close, but not always consistent, agree-
ment with clast microfabric and macrofabric orientations (e.g. Boulton, 1976; Hooyer et al., 2008;
Shumway and Iverson, 2009; Gentoso et al., 2012).
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5

Subglacial Sedimentary Processes: Origins of Till Matrix
and Terminal Grade

Normal till is made up predominantly of materials which have not been transported many miles,
though some of the minor constituents have often come greater distances. Roughly speaking, the
more distant the contributing rock formation, the less its contribution to the till at any given
point.

Salisbury (1900, p. 426).

The movement of particles through various pathways in the glacial debris cascade (Figure 1.2a) brings
about recognisable clast form changes (Figure 1.2b), the most significant of which in terms of a unique
glacial signature is the abrasion and breakage of particles during active transport in the traction zone
(Boulton et al., 1974). This produces a diagnostic grain-size distribution (Figure 5.1) which, despite
exhibiting a wide range of particle sizes from clay or silt up to cobbles and boulders, are typically
bimodal or polymodal. The earliest attempts to characterise till grain size or texture, for example,
Krumbein (1933), Goldthwaite (1948) and Deane (1950), acknowledged the role of the glacial crush-
ing process as well as the incorporation of pre-existing sediments in the production of till grain-size
distributions, but it was not until the more systematic statistical analyses of, for example, Legget
(1942), Dreimanis and Reavely (1953), Shepps (1953, 1958), Elson (1961) and Frye et al. (1969) that
a consistent pattern in till grain size was recognised (cf. Yi Chaolu, 1997). We now understand that
the broadly diagnostic till grain-size distribution reflects the progressive reduction or ‘comminution’
of particles as they are fractured during shear (e.g. Hooke and Iverson, 1995). This comminution
grain-size signature has been interpreted by Boulton (1978) and Haldorsen (1981) as the product
of two processes in combination: (i) ‘crushing’, which is the breakage of two interlocking grains
and (ii) ‘abrasion’, which is the production of fine-grained fragments as two grains move past each
other. Laboratory experiments by Haldorsen (1981) indicated that crushing produces particle sizes
of 0.016-2 mm (6 to —1 @ or medium silt to very coarse sand) and abrasion produces fragments
0f 0.002-0.063 mm (9—-4 @ or silt). These particle size modes are visible in both modern-day glacial
debris loads (Lawson, 1979a; Figure 5.1a) and tills at outcrop (Haldorsen, 1981; Figure 5.1b). However,
natural tills also display an important third mode (initially recognised by Beaumont, 1971) coarser
than 4 mm (-2 @ or pebbles), which represents the ‘residual clast mode’ or the rock fragments which
have not been reduced to the optimum comminution product but eventually would be, given further
abrasion and crushing associated with longer transport distances.

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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The importance of transport distance on matrix maturity was quantified in a benchmark study by
Dreimanis and Vagners (1971), who assessed the grain-size changes in subglacial debris with distance
from known bedrock sources (Figure 5.1c). They typically found that the coarse, residual clast mode
was dominant close to the debris source (0—3 km transport) and that the finer modes increased
in importance with increasing transport distances (75-500 km). Significantly, the data showed that
there is an apparent lower size limit beyond which no further comminution takes place, regardless
of the transport distance, a limit that they called the ‘terminal grade’. This is equivalent to the ‘limit
of grindability’ and can be partially explained by Griffith crack theory, in that the energy required
for crack growth is inversely proportional to crack length; therefore, the fracture of small particles
requires the growth of short cracks which requires greater energy than the growth of relatively long
cracks in large particles. Unsurprisingly, the grain size of terminal grades varies according to bedrock
type, well demonstrated by the early work of Elson (1961; Figure 5.1d), so that softer rock types will
ultimately produce smaller terminal grades given sufficient transport distances.

It is important to understand at this juncture that grain-size distributions in tills often do not reflect
fragment liberation from source outcrops and gradual comminution over long distances but rather
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Figure 5.1 Diagnostic bimodal or polymodal grain-size distributions for tills; (a) debris-rich ice samples from the
Matanuska Glacier, Alaska (Lawson, 1979a); (b) mean grain-size distribution of 150 till samples with areas of the graph
classified as resistant crushed fraction (A), abrasion component (B) and residual component (C) by Haldorsen (1981);
(c) frequency distribution of dolomite in till samples over transport distance (from Dreimanis and Vagners, 1971); (d)
illustration of variation of terminal grades according to bedrock type (from Elson, 1961).
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Figure 5.1 (Continued)

Figure 5.2 Details of quartz sand grain microscopy from glacial deposits: (i) schematic diagram showing styles of
grain fracture (from Hiemstra and van der Meer, 1997, after Brzesowsky, 1995), where dashed lines define the centre
lines of the grains in contact, arrows represent contact forces, and shaded areas are deformed contact regions. The
styles include (a) diametrical loading at low compression rates with ring cracks passing into divergent cone cracks, (b)
diametrical loading at high compression rates with radial fractures propagating as meridional cracks, (c) tangential
loading at high angles of incidence with frictional sliding leading to the chipping of flakes and (d) tangential loading
at low angles of incidence with attrition leading to crushing of all or part of a grain; (i) photomicrograph illustrating
crushing of a grain due to tangential loading at the centre of the image (from Hiemstra and van der Meer, 1997); (iii)
typical glacially diagnostic quartz grain morphological features (from Sharp and Gomez, 1986) including (A) angular
outline, (B) high-relief surface, (C) conchoidal breakage patterns, (D) stepped surface, (E) breakage blocks, (F) edge
abrasion; (iv) typical grain surface textures from subglacial till (from Hart, 2006), including (A) pre-erosional surface (P)
and smoothing and rounding, (B) pre-erosional surface (P) on one face with medium impacts, (C) pre-erosional
surface (P) at base of ‘hand-axe’ form; (D) ‘jagged’ form, (E) smoothed conchoidal form, (F) conchoidal form.
Mechanical features are numbered as: (1) large conchoidal fracture, (2) small conchoidal fracture, (3) arcuate steps, (4)
straight steps, (5) crescentic gouges, (6) large breakage blocks, (7) fractured plates, (8) sub-parallel linear fractures, (9)
curved grooves, (10) straight grooves.
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constitute a signature of cannibalisation of pre-existing sediments, a concept recognised by early
workers such as Lamplugh (1911). In such cases, common in lowland settings where extensive and
thick sediment piles accumulate between and during glacial advances, grain-size distributions are
inherited from other glacial or non-glacial processes. Any subsequent shearing of such material can
then modify the original grain-size distribution by particle comminution or sediment mixing.

Since the pioneering studies of Krinsley and Smalley (1972), Krinsley and Doornkamp (1973)
and Whalley and Krinsley (1974), the impacts of crushing and abrasion within tills has been well
documented at the microscale through observations on quartz grains using scanning electron
microscopy (SEM) and thin-section micromorphology. SEM samples collected from subglacial
tills (e.g. Eyles, 1978; Whalley, 1978; Whalley and Langway, 1980; Dowdeswell, 1982; Sharp and
Gomez, 1986; Mahaney et al., 1988, 2001; Mahaney, 1995; Mahaney and Kalm, 2000; Hart, 2006)
contain quartz grains, which typically display features regarded as diagnostic of the comminution
process, specifically related to crushing and abrasion. These include conchoidal fractures, sharp
angular edges/outlines, stepped surfaces, edge rounding, breakage blocks, high-relief surfaces and
pre-erosional surfaces between freshly removed fragments (Figure 5.2). Fractured quartz grains are
also visible in thin sections collected from the matrix of subglacial tills, as illustrated by Hiemstra
and van der Meer, 1997; Figure 5.2ii). They applied the studies of Brzesowsky (1995) to derive a range
of fracture types that are observable within till matrices (Figure 5.2i).
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Subglacial Sedimentary Processes: Modern Observations on Till Evolution

Without a solid empirical basis, even the most persuasive models are more akin to creation myths
than products of scientific rigour.
Benn (2006, p. 437)

The three processes that are widely acknowledged as being involved in the development of subglacial
till are lodgement, deformation and melt-out. Each of these processes has been observed in mod-
ern glacial systems and so it is pertinent at this stage to review the reconstructed process—form
regimes derived from such observations and consequently for which we have confidence in mov-
ing forward in our process sedimentology for tills. Previous till classification schemes have strongly
adhered to genetically related terms such as ‘lodgement till’, ‘deformation till’, ‘deformed lodgement
till’ and ‘melt-out’, but it is important at this stage to resist such specific labelling because, as will be
argued below, the processes can be neither separated operationally nor identified confidently in the
geological record. Comprehensive reviews of our present state of knowledge of subglacial processes
based on subglacial observation, laboratory experiment and physical theory are available elsewhere
(van der Veen, 1999; Alley, 2000; Clarke, 2005; Benn and Evans, 2010; Iverson, 2010; Cuffey and Pater-
son, 2010), hence what follows is a brief overview of process observations as they pertain directly to
till genesis and sedimentology.

6.1 Lodgement, Lee-Side Cavity Filling and Ploughing

As discussed in Chapter 2, the term ‘lodge’ was introduced by Upham (1892) and the term ‘lodge-
ment till’ by Flint (1957), but the process was defined in detail by Boulton (1974) when he proposed a
‘critical lodgement index’ to describe the process whereby elevated effective pressures lead to increas-
ing frictional resistance and, as a result, grain-by-grain lodgement at the sliding ice—bed interface.
This was controlled by the frictional resistance acting against a particle in traction and moving over
a hard or rigid bed, but Boulton (1975, 1976, 1982) also identified the process of clast ploughing
(see also Boulton et al., 1979; Clark and Hansel, 1989; Jorgensen and Piotrowski, 2003) and resulting
lodgement and clast clustering on a soft or deformable bed (Figure 6.1; see Section 6.3). The lodge-
ment process was further elaborated by Boulton (1982; Figure 6.1) when he proposed that whole
sediment bodies could be plastered on to a rigid bed if they were part of the debris-rich ice facies
of the overlying glacier; because the emplacement and release of the ice—debris mixture ultimately
involves deformation, lodgement and the melt-out of the enclosing ice, potentially with the processes

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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(a) Lodgement by grain-by-grain accumulation

Frictional resistance Particle in traction Clast ploughs up Lodged clast forms
increases and particle moves against frictional bed, which then obstacle to further
movement ceases resistance of bed halts its movement clasts to form clusters
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Figure 6.1 Boulton'’s (1982) depiction of the lodgement process: (a) particles lodging by (i) frictional retardation
against a rigid bed and (ii) against obstacles ploughing on a soft bed; (b) lodgement of debris-rich ice masses, with a
whole assemblage lodging against the bed and melting out in situ.

operating intermittently and in tandem prior to deposition, the till is in reality a product of lodgement,
deformation and melt-out, an issue that we will revisit in Chapter 16.

Stemming from Boulton’s (1974, 1975, 1979) subglacial observations, the critical role of friction in
the lodgement of particles on a rigid bed has been further evaluated by the efforts of Bernard Hallet
(1979, 1981) and Neil Iverson and colleagues (Iverson et al., 2003; Cohen et al., 2005; Iverson et al.,
2007). A Mohr—Coulomb equation was employed by Boulton (1974, 1975, 1979), in which the basal
drag was assumed to be a function of the effective pressure and the fraction of the bed covered with
debris:

T, = tan @A N

where 7, is basal drag, tan @ is the friction coefficient, N the effective pressure and A the fraction of
the bed covered with debris, a modified version of which was developed by Schweizer and Iken (1992)
and subsequently termed the ‘sandpaper friction’ model. The problem with such a Coulomb-type
model is that it is strictly only applicable to the friction developed between rigid bodies rather than
one rigid surface, like a rock bed, and a deformable surface like ice, which tends to flow around par-
ticles at the ice—bed interface; this enhanced deformation of ice around particles at the bed was
acknowledged by Boulton (1975) when he proposed that larger (>10 cm diameter) clasts were pref-
erentially subject to lodgement. Hence, Hallet (1979, 1981) argued that the contact forces at the bed
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will be independent of the effective pressure and therefore the contact force between a particle and
the bed is the sum of the buoyant weight of the particle and the drag force resulting from ice flow
towards the bed. Because the buoyant weight is the weight of the particle minus the weight of the
same volume of ice, it is proportional to the mass of the particle and the difference between the den-
sities of ice and rock. The ice flow towards the bed produces an additional contact force between bed
and particle and the faster the ice flow towards the bed, the higher the contact force, and hence the
higher the resulting drag. This ‘Hallet model” accounts for the likelihood that ice flow towards the
bed will result from a combination of ice melting due to geothermal and frictional heat and vertical
ice strain and thereby predicts that high friction between a particle and a resistant bed will occur
below large, heavy particles and/or where basal melting rates are high and ice is straining rapidly
towards the bed. More recently, subglacial experiments at Svartisen, Norway, by Neil Iverson’s team
(Iverson et al., 2003; Cohen et al., 2005; Iverson et al., 2007) have demonstrated that frictional drag
or ‘shear traction’ is indeed strongly positively correlated with effective normal pressure, as proposed
by Boulton (1974, 1975, 1979), which increases at times of low subglacial water pressure (Figure 6.2).
Although these findings were consistent with the Coulomb-type model, the levels of frictional drag
that were measured were an order of magnitude higher than those predicted by the Mohr —Coulomb
equation above. This prompted Cohen et al. (2005) to propose a new theory of subglacial friction
which accounts for the effects of both the effective pressure and ice flow towards the bed, a theory
that also incorporates the important role of water-filled cavities on the lee side of particles which have
been observed in laboratory experiments by Iverson (1993). We will return to the role of water-filled
cavities and water films in till genesis in Section 6.3.

Following on from the subglacial observations reported by Boulton (1970a, b, 1974, 1975, 1976,
1982), lodgement was defined as ‘the plastering of glacial debris from the base of a sliding glacier on
to arigid or semi-rigid bed by pressure melting and/or other mechanical processes’ (Dreimanis, 1989).
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Figure 6.2 The relationship between shear traction and effective normal stress over time as measured during
experiments in the Svartisen subglacial laboratory by Cohen et al. (2005).
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Processes observed in subglacial cavities also alerted glaciologists to the intimate relationship
between lodgement, melt-out and deformation in the infilling and smoothing of uneven hard glacier
beds. For example, Boulton (1982) compiled a range of subglacial observations to summarise the
processes of cavity filling and the subsequent development of streamlined landforms (Figures 6.3
and 6.4). Typically cavities filled up with fine debris slurries and individual particles falling from
melting debris-rich ice (Boulton, 1970a), clasts derived from expulsion due to a sudden reduction
in frictional retardation of the basal ice (Peterson, 1970; Vivian, 1976), debris-rich ice ‘curls’ created
by the separation of debris-rich and debris-poor ice (Peterson, 1970; Rea and Whalley, 1994), and
glacifluvial sediments washed in by meltwater migrating from the up-ice sides of the bedrock
protrusions. Such crudely stratified deposits have been classified as ‘flow tills’, ‘lee-side cavity fills’ or
‘lee-side tills’ (Boulton, 1971; Hillefors, 1973; Haldorsen, 1982; see Section 9.4), but Boulton (1971)
regarded the cavity filling as part of the broader process of bed smoothing by lodgement, a process
association observed in a cavity beneath the Salieckna Glacier in Sweden (Boulton, 1982; Figure 6.4)
where the glacier was in partial contact with the till-capped infill and had been streamlining its upper
surface. Even when they do not produce cavities, undulatory glacier beds can initiate preferential till
sedimentation in low areas and thereby reduce bed roughness by the processes of basal debris-rich
ice thickening (Boulton, 1975; Figure 6.5a) and concentrated heat flow and concomitant increased
basal ice melt rates in depressions (Nobles and Weertman, 1971; Figure 6.5b).

Boulton’s (1974, 1975) observation-based theory on lodgement acknowledged that it was specific
to individual particles and that the lodgement’ of a wider range of grain sizes required the basal debris
to be:

a rigid frictional mass in which the tractive force produced by the ice velocity over its top
surface is balanced by the frictional drag along the bottom surface.
Boulton (1975, p. 22)

At this time, it was emerging that such a sediment body would be subjected to deformation
(Boulton et al., 1974; see Section 6.2), but its structureless appearance prompted Boulton (1975)
to conclude that a deformational origin was difficult to infer, even though he clearly depicted
crosscutting thrust faults that had been superimposed on ‘lodged’ till beneath Nordenskjoldbreen,
Svalbard (Boulton, 1970a); this style of shearing at the ice—bed interface was later employed by
Eyles and Boyce (1998) in their comparison of the subglacial deforming layer with fault gouge
(cf. Pettijohn’s (1957) ‘extreme gouge’ deposits; Figure 6.6). As outlined earlier in this section,
deformation was also implicit in Boulton’s (1975, 1976, 1982) clast ploughing and lodgement on to a
soft bed, whereby the ploughing of the deformable substrate forms a prow that then arrests forward
momentum and preferentially lodges the largest clasts (Boulton, 1982; Clark and Hansel, 1989;
Jorgensen and Piotrowski, 2003). Schemes developed since the 1960s (Elson, 1961) that advocated
the separation of subglacial till types based upon specific processes of lodgement versus deformation
were therefore inherently untenable because all subglacial tills had been deformed and lodged
(Ruszczynska-Sjenach, 2001; Evans et al., 2006b).

Based upon these observations, the lodged component of a subglacial till comprises deforming
sediment (matrix and smaller clasts) once it stops deforming and individual, larger clasts (cobbles
and boulders) arrested at the bed by frictional retardation. Importantly, the subglacial observations
made at Breidamerkurjokull indicated to Boulton et al. (2001) that large flute-forming clasts were
effectively lodged in the more stable lower till layers below the deforming bed. The interplay between
ploughed/lodged larger clasts and a mixture of deforming matrix with smaller clasts beneath a
soft-bedded glacier is well illustrated by the construction of cavity-infill type flutings where stoss
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Figure 6.5 Models of preferential till sedimentation in low areas of a glacier bed by the processes of: (a) basal
debris-rich ice thickening (Boulton, 1975); and (b) concentrated heat flow and elevated basal ice melt rates in
depressions (Nobles and Weertman, 1971).

clasts lie at the ridge origin (Boulton, 1976; Benn, 1994b; Figure 6.7), the details of which we will
investigate in Chapter 10. The occurrence of parallel flutings with and without stoss clasts suggests
that at least some features are created by grooving of the substrate by the passage of large clasts
embedded in the glacier sole before they become lodged, a process that is very likely significant
in terms of subglacial till deformation styles and fabric development (see Section 6.2) and which
Iverson (1999) proposes helps to couple the glacier to its bed by increasing roughness. The process
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Figure 6.6 Shearing in subglacial till indicative of its operation as a fault gouge: top left — recent photograph and top
right — Boulton’s (1970a) sketch of cross-cutting thrust faults superimposed on ‘lodged’ till beneath
Nordenskjoldbreen, Svalbard; lower left and right — depictions of the fault gouge as it pertains to subglacial materials
(from Eyles and Boyce, 1998). Numbers in lower left are as follows: (1) flute ridge in lee of large clasts, (2) abraded clast,
(3) crescentic groove on stoss side of striated clast, (4) crescentic fractures; (5) striated clast, (6) ridge-in-groove
structure, (7) nail head striation, (8) gouge diamict with slip planes, (9) undisturbed footwall strata. The schematic
comparison in lower right shows diamict production between fault blocks in (a) and between a glacier and its
substrate in (b).

of clast ploughing has been well demonstrated inadvertently by Fischer et al. (2001) by their plough-
meter experiments beneath Unteraargletscher, Switzerland. Even the design of ploughmeters has
developed out of a subglacial experiment that went wrong, specifically the jamming of a drill stem
in till below the Columbia Glacier, Alaska, and its subsequent dragging through the bed for five days
before it was recovered in a bent and striated state (Humphrey et al., 1993); this demonstrated that
the uppermost 0.65 m of the bed was deformable sediment (see Section 6.2). Intentionally inserting
a ploughmeter to investigate ice—sediment coupling, Fischer et al. (2001) found that the till in front
of the ploughmeter was substantially weakened due its compression and concomitant increase in
porewater pressure because the water could not drain away effectively (Figure 6.8a). They proposed
that a glacier sliding over a soft bed would therefore move by ploughing so that the basal motion
was concentrated near the ice—bed interface rather than at depth in the till (cf. Iverson et al., 1994;
Iverson, 1999). In terms of the lodgement process, it is clear that ploughing clasts need to be arrested
by the deforming layer at some stage, presumably when water can drain away from the clast prow
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Figure 6.8 Observations from experiments on ploughing clasts: (a) the pattern of compressional impact of a
ploughmeter on subglacial till (from Fischer et al,, 2001); (b) theoretical and experimental results from the assessment
of clast ploughing. Box A shows Tulaczyk’s (1999) application of Baligh's (1972) experiments on wedges dragged
through soils, depicted here as an angular clast ploughing through perfectly plastic till. Symbols o and p are two slip
lines, @ is the leading angle of the ploughing clast, and Y is the trailing angle of the cavity developed behind the clast.
In B, the deformation is measured by the distortions in an initially square grid, which is depicted in the right box from
a photograph of the outcome by an experiment in which a wedge was ploughed through a homogenous clay.



6.2 Deformation

and thereby reduce localised porewater pressures. The role of a ploughing clast in the deformation
of tills has been modelled by Tulaczyk (1999) using previous investigations by Baligh (1972) into
the impacts of wedges dragged along soil surfaces. The application of Baligh’s (1972) experiments
by Tulaczyk (1999) to a subglacial scenario (Figure 6.8b), indicates that a coarse-grained till will be
subject to deformation that is distributed to depths several times greater than the depth to which the
clast protrudes from the ice base. In thin, accreting till layers this disturbance will be considerable
and has the potential to locally disturb or reorganise previously developed clast macrofabrics.

6.2 Deformation

As discussed in Chapter 2, it was the reporting in the late 1970s of the subglacial experiments under-
taken at Breidamerkurjokull, Iceland, by Geoffrey Boulton that placed till deformation at the centre
of studies on till genesis. Since that time, glaciologists have been striving to deliver a flow law for till,
the outcome of which has huge implications for the interpretation of ancient till genesis. Recognition
that glacier beds could deform at relatively low stresses was not just down to the Breidamerkurjokull
work of Boulton (1979) Boulton and Jones (1979) and Boulton and Hindmarsh (1987) but also the
discovery of saturated, weak sediment beneath Ice Stream B (Whillans Ice Stream) in West Antarc-
tica by Alley et al. (1986, 1987a, b) and Blankenship et al. (1986, 1987). The Breidamerkurjokull
experiments, because they initiated the development of the ‘Boulton — Hindmarsh model’ of till defor-
mation, deserve some detailed description here. In separate field campaigns in 1977, 1977/1978, 1980
and 1983, unfrozen till beneath the glacier snout was accessed via tunnels excavated into the ice mar-
gin in an attempt to understand the processes that produced a two-tiered till structure in the area,
comprising an upper A horizon with a high void ratio overlying a more consolidated lower B horizon
of denser, platy structure (Figure 6.9). The most celebrated results are those collected during the 1980
experiment when the till was accessed via boreholes through the tunnel floor and segmented rods
and water pressure sensors (piezometers) were inserted into the till at various depths (Figure 6.10).
Ice motion was measured at the same time using markers in the tunnel and on the glacier surface
and basal motion was measured using a wire spool located in the tunnel and attached to an anchor
emplaced in the deeper layers of the till. After 136 hours, water was pumped away from the bed via
an access hole and a section excavated in the till to observe the new locations of the segmented rods.
These had been displaced down glacier by varying amounts, and hence were effectively strain mark-
ers that recorded deformation of a layer of till approximately 0.5 m thick. The porewater pressure and
velocity data were strongly positively correlated, but with velocity peaks lagging porewater peaks by
a few hours; it was assumed that velocity peaks equate to peak strain rates in the deforming till. From
these data came the first subglacial till flow law of Boulton and Hindmarsh (1987):

€= K(r = 70" N (x> 7399)

where K, a and b are empirically fitted constants. This states that the strain rate € rises as the shear
stress T becomes increasingly greater than the yield strength 7,4 and decreases with the effective
pressure N. The most important implication of these findings was that till viscosity was almost inde-
pendent of strain rate and hence the till appeared to exhibit either a slightly non-linear viscous or
Bingham-type viscous rheology, a flow law that was then widely applied to tills (e.g. Alley et al.,
1987a, b; Boulton, 1987; Hart et al., 1990; Hicock and Dreimanis, 1992a, b; Hart, 1995; Benn and
Evans, 1996; Hindmarsh, 1998a; Fowler, 2000, Hart and Rose, 2001).
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Figure 6.9 The subglacial till at Breidamerkurjokull: (a) two-tiered till structure, comprising upper A horizon above
pen knife overlying lower B horizon, with clast macrofabrics plotted on stereonets with rose plots (from Benn, 1995);
(b) the pattern of strain as shown by the displacement of strain markers at three of the excavated locations (A-C) from
the subglacial experiments (from Boulton and Dobbie, 1998). The sketch depicted in (D) shows how horizontally
bedded sediments would have been deformed based upon the displacement patterns from the strain markers.
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Figure 6.10 The location (upper panel) and simplified sketch of the results (lower panel) of the first
Breidamerkurjokull subglacial till experiment (from Boulton and Hindmarsh, 1987). The strain markers are depicted by
broken lines and change from their original vertical alignment to a down flow displaced curve after 136 hours. The
cross in circle symbols 1-3 are pore pressure gauge locations.

Although problems became evident with the representativeness of the Breidamerkurjokull till flow
law, specifically because the basal shear stress values at the experiment site near the glacier snout
are not a simple function of local ice thickness and gradient, and also because later laboratory and
borehole tests revealed a different and more complex till rheology (see below), the pattern of vertical
increase in deformation through the upper till layers was replicated. Most significant in this respect
were later experiments at Breidamerkurjokull, where in 1988/89 Boulton and his colleagues instru-
mented a till prior to it being overrun by a mini-surge at the eastern glacier margin and emplaced an
array of spool anchors beneath the glacier via a borehole, allowing the simultaneous measurement
of strain rate profiles within the till and sliding at the ice—till interface (Boulton and Dobbie, 1998;
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Figure 6.11 Data from the second Breidamerkurjokull experiment of 1988/89, reported by Boulton and Dobbie
(1998), Boulton et al. (2001) and Boulton (2006): (a) relationships between till shear strength at depths of 0.6 m (T1),
1.75m (T2) and 2.5 m (T3) and shear stress; (b) time-dependent pattern of till strain inferred from the drag spool
records; (c) proportion of movement of the glacier sole due to sliding versus till deformation.
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Boulton et al., 2001; Boulton, 2006). In summary of these experiments, we can view the data depicted
in Figure 6.11.

The relationships between till shear strength at depths of 0.6 m (T1), 1.75 m (T2) and 2.5 m (T3) and
shear stress are depicted in Figure 6.11a, which is a record of changing till behaviour owing to loading
during the mini-surge. Boulton et al. (2001) interpreted these trends as responses by groundwater
flow over time, defined by four successive phases: (1) days 97—101, when there was a strong upward
component of groundwater flow and hence a tendency for failure at the base of the till and top of
the underlying gravels; (2) days 102—105, when groundwater flow reversed and failure tended to
be at the top of the till; (3) days 106—114, when rapid ice advance created undrained loading and
weakened the sediment so that it failed throughout to a depth of 2—3 m; (4) days 115— 140, when the
rate of loading decreased and the shear stress stabilised. In summary, the upper part of the till failed
continuously from days 102 to 115 and sporadically from day 115 onwards, the lower part of the till
failed from days 107 to 115, and the upper part of the sands and gravels failed during the period of
high water pressure on days 112-113.

The time-dependent pattern of till strain inferred from the drag spool records is depicted in
Figure 6.11b, interpreted by Boulton and Dobbie (1998), Boulton et al. (2001) and Boulton (2006) to
be representative of most displacement over time taking place at or close to the ice—till interface,
with intermittent deformation events at deeper levels so that cumulative displacement in the
deforming till decreased with depth. This pattern of deformation is consistent with the predictions
of groundwater behaviour indicated in Figure 6.11a.

The proportion of movement of the glacier sole due to sliding versus till deformation is depicted in
Figure 6.11c, derived from Boulton and Dobbie’s (1998) borehole experiments. Using strain markers
at the glacier base (T}) and at depths of 0.1 m (7} ,), 0.3 m (7,,), 0.5 m (7, ) and 1.0 m (7) in the
till, the proportion of sliding was calculated using T,, — T;,; and the proportion of deformation by
using T,,; — T, 5. From this, the variability in deformation in relation to changing effective pressure
could be charted for every 6-hour period. The implications of this change in conditions at the ice—bed
interface for till sedimentology will be explored further in Section 6.3 and Chapter 11.

In Section 6.1, results of subglacial experiments on deforming beds were briefly introduced
through the discussion of Humphrey et al.’s (1993) discovery of till deformation down to a depth of
0.65 m when their drill stem was dragged along below the Columbia Glacier. A number of such obser-
vations, in addition to those reported above for Breidamerkurjokull, are now available and provide
a quantitative foundation upon which we can build an understanding of process—form regimes for

73



74| 6 Subglacial Sedimentary Processes: Modern Observations on Till Evolution

Table 6.1 Examples of the evidence reported from modern glaciers and ice sheets for deforming glacier beds.

Source

Location and nature of evidence

Nature of deformation

Boulton (1979), Boulton
and Hindmarsh (1987)

Clarke et al. (1984), Blake
(1992), Blake et al. (1992)

Blankenship et al. (1986,
1987), Alley et al. (1986,
1987a), Engelhardt et al.
(1990), Rooney et al.
(1987), Atre and Bentley
(1993, 1994)

Echelmeyer and Wang
(1987)

Engelhardt ez al. (1990)

MacAyeal (1992), Alley
(1993), Anandakrishnan
and Alley (1994),
MacAyeal et al. (1995)

Humphrey et al. (1993)

Atre and Bentley (1993,
1994)

Fischer and Clarke (1994)

Iverson et al. (1994, 1995)

Engelhardt and Kamb
(1998)

Scherer et al. (1998),
Tulaczyk et al. (1998,
2001)

Boulton and Dobbie
(1998)

Tulaczyk et al. (2000a,b)

Sub-marginal tunnel at
Breidamerkurjokull, Iceland — strain
markers in two-tiered till with dilated
upper A horizon (porosity 0.4) and
compact, sheared lower B horizon
(porosity 0.2)

Boreholes in Trapridge Glacier,
Yukon — double bend in flexible rod
inserted into bed materials (effective
pressure 78 —292 kPa)

Base of Ice Stream B — saturated and

highly dilated sediment (porosity 0.4 and
effective pressure 50 kPa)

Sub-marginal tunnel in Urumgqi Glacier
No. 1, China

Ice Stream B — high porosity till

Antarctic ice streams

Borehole through Columbia Glacier,
Alaska — drill stem stuck in deforming till
and bent

Ice Stream B.

Ploughmeter at the base of Trapridge
Glacier

Borehole through subglacial sediments at
Storglacidren, Sweden — tilt cells show till
deformation

Ice Stream B (Whillans Ice
Stream) — tethered stake

Till cores from Ice Stream

B — microfossils and lack of crushing and
abrasion indicate mixing of pre-existing
sediment and its deformation in its upper
layers

Breidamerkurjokull — transducers
emplaced via borehole

Ice Stream B

Pervasive in A horizon (up to 0.45 m
thick) and brittle shear in B horizon =
non-linear strain distribution

Pervasive(?) in top 0.3 m (subglacial
sediment is 0.1—1.0 m thick)

Actively deforming but may not be
pervasive? (5—6 m thick and continuous
for 8.3 km across glacier and identified at
a number of sites separated by 300 km)

Deformation of 36-cm-thick layer of
frozen sediment = 60% of glacier motion

Till deforms down to 2 m

Sticky spots = bedrock high, till
discontinuity and/or till inhomogeneity

Viscous deformation in upper 0.65 m of
till

Dilatant bed; deformation may not be
pervasive

Deformation varies with grain
size/rheology (sliding also occurs)

Viscous deformation in upper 0.33 m of
till

Shear dilation/shallow deformation
and/or basal sliding in upper 0.05 m; large
strain rate variability = failure of a
non-linear, plastic material

Shallow plastic deformation by ice keel
ploughing

Sliding and deformation concentrated in
upper 0.5 m of till but also diminishing in
cumulative effect down to 1 m

Plastic deformation — failure plane
migrating vertically on diurnal cycle
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6.2 Deformation

Source

Location and nature of evidence

Nature of deformation

Truffer et al. (1999, 2000)

Fuller and Murray (2000)

Boulton et al. (2001)

Porter and Murray (2001)

Kamb (2001)

Vaughan et al. (2003),
Atre and Bentley (1993)

Mair et al. (2003)

Truffer and Harrison
(2006)

Kavanaugh and Clarke
(2006)

Smith et al. (2007), Smith
and Murray (2009), King
et al. (2007, 2009)

Black Rapids Glacier

Continuous clay layers between tills in
drumlin, Hagafellsjokull Vestari, Iceland

Breidamerkurjokull — drag spools and
strain markers used over 12-day period in
boreholes (porewater pressure measured
in one borehole)

Bakaninbreen - tilt cells installed in the
subglacial till

Ice Stream D (Kamb Ice Stream) — drag
spools

Antarctic ice streams — patterns in
acoustic impedance of subglacial
sediment correlated with deforming and
lodged states

Tilt cells below Haut Glacier d’Arolla

Autonomous probes at 0.8 and 2.1 m in till
beneath Black Rapids Glacier

Drag spool, tiltmeters and ploughmeter
emplacement below Trapridge Glacier

Radar profiling of the bed of the Rutford
Ice Stream

Failure along a decollement at >2 min a
7.5-m-thick till (Iater dismissed due to
recognition of equipment malfunction)

Shallow deformation (<16 cm) = sliding
and deformation by ploughing clasts

Stick—slip motion related to water
pressure fluctuations — alternate sliding
and deformation in descending dilating
shear zone up to 1 m in depth (most
displacement <0.3 m)

Deformation to at least 0.2 m depth in
addition to glacier sliding; till is not
behaving as a Coulomb-plastic

Significant deformation at depths >60 cm

Spatial mosaic of bed processes related to
material properties or sediment
deformation history. Ice streams in
stagnant phase underlain by lodged
sediment

Intermittent shear strain at shallow depths
(<7 cm)

Episodic deformation throughout the till
but most concentrated together with
sliding in upper 0.2 m

Deformation throughout the diurnal cycle.
Reduction of till strength and increased
sliding speed with weak tendency towards
lower strain rates at times of high water
pressure = Coulomb-plastic rheology

Bed elevation changes between 1991 and
2004 indicate small thickening or thinning
of a deforming layer together with
emerging drumlins

till (Table 6.1). Although the details of the findings summarised in Table 6.1 vary, recurrent patterns
have emerged since the late 1970s. Specifically, deformation is typically confined to the uppermost
few centimetres of the bed, although there is some evidence for deformation at greater depths
(predominantly up to 1-2 m, with maximum depths of 5—-6 m reported in the early work on Ice
Stream B), which accounts for only small cumulative strain totals; Scherer et al. (1998) and Tulaczyk
et al. (1998) regard the intra-till inhomogeneities in porosity, composition and microfossil content in
Ice Stream B tills as inconsistent with pervasive deformation to depths any greater than 1.5 m. This
pattern of deformation appears to be responsible for the exponential displacement curves displayed
by the Breidamerkurjokull data (Figures 6.10 and 6.11b). This is significant in till sedimentological
terms because it clearly indicates that a process—form regime in which deformation, ploughing and
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lodgement (presumably also melt-out) emplace subglacial tills, cannot explain the deposition of thick
tills (>2 m) by single accretionary events but rather by the incremental build-up of till layers over
time. Moreover, a subglacial origin for deformation structures that span depths of tens of metres, for
example, in glacitectonites (see Section 6.5 and Chapter 14), cannot be verified by observations on
contemporary glacier beds; a proglacial origin and subsequent glacier overriding is the simplest inter-
pretation of such features (e.g. Aber, 1982, 1985; van der Wateren, 1985, 1994, 2003; Aber et al., 1989).

Further to Section 4.3 on the physics of material behaviour, it is relevant at this juncture to provide
a brief overview of the changing views of glaciologists, geophysicists and glacial geologists on the
rheology of tills and related materials. Further reflections on this debate, because they stem from
laboratory experiments, will be provided in Chapter 7.

Even the initial interpretations of the Breidamerkurjokull subglacial experiments revealed that
glacial geologists were uncertain as to the style of rheological behaviour that was being observed.
Boulton and Jones (1979) initially thought that the till had a perfect Coulomb-plastic rheology,
but this was later revised by Boulton and Hindmarsh (1987), who considered the strain patterns
to be more typical of a non-linearly viscous or Bingham material. We now understand that the
characteristic exponential curves of the displacement profiles (Figures 6.10 and 6.11b) actually
record the total or cumulative relative strain that has taken place in the till over the experimental
period rather than mean strain, and hence it does not reflect a non-linearly viscous rheology in
which strain rates increase non-linearly with applied stress (Figure 4.5). Indeed, the evidence that
subsequently emerged from the instrumentation of glacier beds as well as laboratory experiments
(see Chapter 7) was more consistent with a Coulomb-plastic rheology (Table 6.1). Importantly, it
became clear that although till strength is reduced at times of high water pressure, the concomitant
till strain rates do not increase but decrease (e.g. Iverson et al., 1995; Hooke et al., 1997; Fischer and
Clarke, 2001; Kavanaugh and Clarke, 2006). The term introduced by Iverson et al. (1995) and Hooke
et al. (1997) to refer to this situation is ‘glacier —till coupling’, specifically a process—response regime
in which low water pressures in till create strong glacier—bed coupling through the process of ice
infiltration into pore spaces; hence shear stresses are supported by the till (Iverson, 1993; Iverson
and Semmens, 1995). When water pressure is high, ice infiltration is suppressed and the glacier is
decoupled from its bed and traction across the ice—bed interface is reduced. In summary, high water
pressures do create weaker tills, but their deformation is reduced at those high pressures, giving rise
to glacier—till decoupling and rapid sliding along the ice—till interface. Critical to the mobility of the
deforming till are short periods of negative strain rate at times of falling effective pressure and high
sliding speed (Blake et al., 1992; Iverson et al., 1995, 2007; Fischer and Clarke, 1997, 2001; Hooke
et al., 1997). These are consistent with a Coulomb-plastic rheology because the reduced effective
pressure renders the till as over consolidated with respect to the new pressure conditions, and hence
decoupling and falling shear stress initiates till dilation.

Because these processes are active in the uppermost tens of centimetres of tills, where effective
pressures and concomitant sediment strength are at their lowest, it is predicted that till deformation
should not occur at depths where the sediment yield strength is higher than the shear stress. Hence,
the evidence for deformation at depth has been regarded as problematic for the Coulomb-plastic
model, specifically because it predicts confinement of deformation to a very thin layer just below the
ice—till interface. Explanations have been forthcoming for this phenomena including, first, Tulaczyk
et al’s (2000a) and Kavanaugh and Clarke’s (2006) idea of a meltwater pulse, which passes verti-
cally through the till and thereby creates peak water pressures and concomitant minimum effective
stresses at different depths during the diurnal cycle. This explains how the weakest part of the till
varies in position through time. Second, a similar process but operating from the base of the till at
Breidamerkurjokull was proposed by Boulton et al. (2001) and Boulton (2006), where an underlying
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aquifer in glacifluvial outwash deposits drives water pressure increases and deformation at depth
within the till (Figure 6.11a). Third, Iverson and Iverson (2001), developing ideas of granular aggregate
flow conveyed by Boulton and Dobbie (1998), proposed that during shearing, intergranular forces
are supported by chains of particles extending down into the till and this process gives rise to the
distributed pattern of strain that is displayed in till displacement curves.

The understanding of till rheology in nature appears to be hindered by the very characteristics of
the subglacial materials themselves. A Coulomb-plastic rheology is entirely predictable for a mate-
rial that is homogeneous such as fine matrix-supported diamictons, but subglacial materials, as we
shall see in Section 6.5 and Chapter 7, are commonly heterogeneous and hence we should perhaps be
contemplating complex rheologies. This has been signposted by Hindmarsh (1997) in his account-
ing for deformation at depth in subglacial materials. He highlights that the bulk response to stress
can be described by a viscous rheological model, even though the materials exhibit Coulomb-plastic
behaviour at small scales. In geological terms, this can be equated to ‘deformation partitioning’,
whereby brittle—ductile behaviour is often recognised in spatially variable material types. Hindmarsh
(1996) has also proposed that the till itself may slide over the bed, giving rise to polished bedrock or
even slickenside-covered soft sediment surfaces at a failure plane located below the ‘normal’ defor-
mation profile, a process entirely consistent with a Coulomb-plastic rheology.

6.3 Soft-Bed Sliding (Ice Keel Ploughing), Meltwater Drainage
and Ice-Bed Decoupling

The preceding section has presented the concept of alternating subglacial till deformation and
soft-bed sliding (defined as ploughing by Brown et al., 1987; Tulaczyk et al., 2001; Clark ez al., 2003)
as controlled by changing water pressures, even at diurnal temporal scales, giving rise to cycles of
decoupling and coupling of the glacier from its bed and concomitant intermittent transmission of
stress to the sedimentary substrate. This was observed at Breidamerkurjokull by Boulton and Dobbie
(1998; Figure 6.11c), where the proportion of glacier movement due to sliding versus till deformation
was derived from the differential movement of strain markers at the glacier base and related to
changing effective pressure every 6 hours. Similarly, Fischer and Clarke (1997) and Fischer et al.
(1999) demonstrated a stick—slip sliding behaviour at the ice—bed interface due to decoupling of ice
from the underlying till during periods of higher water pressures. In an assessment of the relative
roles of sliding and deformation beneath ice streams, Thorsteinsson and Raymond (2000) proposed
that sliding must be the dominant mechanism of basal motion, rather than till shearing unless:
(a) the till can adhere to the ice sole; (b) short scale roughness develops at the ice—till interface; or
(c) internal slip boundaries exist in the till. Engelhardt and Kamb (1998) also demonstrated that Ice
Stream B was sliding over a till, which they interpreted as being controlled by the clay-rich nature
of the till and its tendency to retard water migration. This lithological control on the deformation
versus sliding regime was assessed by Boulton (1996a), who proposed that clay-rich tills, when
compared to coarse-grained tills, not only preferentially decouple from the ice base but will also
only deform to a shallow depth. Tulaczyk (1999) similarly suggested that ice—bed coupling is weaker
in fine-grained tills, which facilitate sliding and clast ploughing. He proposed that lower hydraulic
diffusivity and small numbers of clasts act to restrict strain distribution and hence produce a shear
zone only 0.01 m thick, whereas coarse-grained tills enable strong ice—till coupling and deformation
down to 0.1 m. Spatial variability in sliding versus deformation gives rise to the development of
‘sticky spots’ on the glacier bed, which can be controlled by a variety of features including bedrock
bumps, lodged boulders and frozen patches within mainly thawed beds as well as well-drained
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areas of the bed (Alley, 1993; Stokes et al., 2007). The implications of this spatial variability will be
discussed further in Chapter 16 in relation to till mosaics.

In Section 6.1, it was demonstrated that ploughing clasts embedded in the glacier sole distribute
shear to significant depths in subglacial till and then, through the production of a prow, retard their
own movement and eventually lodge due to localised dewatering and increased consolidation of the
till matrix. An alternative style of ice keel ploughing through soft substrates has been proposed by
Tulaczyk et al. (2001) and Clark et al. (2003) in which subglacial materials up to a few metres may be
disturbed and transported by the keels in a sliding, bumpy glacier sole. The ice keel ploughing model
invokes till deformation around bumps in the ice sole as they are dragged through the substrate,
helping to explain the streamlining of the substrate even though the basal ice is debris-poor and
the underlying till is fine-grained and clast-poor. The fault gouge concept depicted in Figure 6.6 is
advocated by Tulaczyk et al. (2001) as an analogue for this process in which the sliding ice base acts
as the rigid upper fault plate, and asperities in the fault plate (clasts or keels in the ice sole) plough
through the soft substrate and generate, or more specifically replenish, the deforming till layer (fault
gouge layer) above the underlying, rigid strata (lower fault plate). Importantly, only the largest keels
or bumps in the ice sole can generate new till, because they can protrude through the existing till layer
into the underlying substrate. In addition to remobilising lower layers of potentially strain hardened
till this process should be effective at liberating soft clasts (rafts) from the substrate while at the
same time producing erosional contacts between the base of the deforming layer and the underlying
non-deformed sediments (see Section 6.5). Meanwhile, smaller bumps are important in that they
act to transport the existing till. This ploughing model is an attractive one in terms of till continuity
(Alley, 2000; Iverson, 2010) because: (i) it requires no sediment input from the glacier base; (ii) it
explains substrate deformation and streamlining of pre-existing sediments and hence can create or
replenish deforming layers; and (iii) it explains extensive till units of relatively uniform thickness due
to the operation of a stabilising feedback, whereby as a till thickens, fewer ice bumps can penetrate
through it to the underlying substrate, thereby arresting and ultimately terminating the thickening
rate. Alternatively, if a till thins, more ice bumps will protrude into and erode the substrate, thereby
generating more till.

The results of the Breidamerkurjékull experiments prompted Boulton et al. (2001) to propose a
stick—slip cycle of sliding and deformation for the generation of the till in that setting, similar to
the process reported by Fischer and Clarke (1997) and incorporating the Coulomb-plastic rheology
proposed by Iverson et al. (1998; Figure 6.12a). The model proposed in Figure 6.12a accounts for the
soft-bed sliding (ploughing) process when shear stress and water pressure build to the point where
till dilates (effectively liquefies), ice—bed friction is reduced and ice-till decoupling takes place. The
displacement curve to the left of each vertical profile diagram portrays the style of flow at the ice—bed
interface, so that decoupling/sliding is depicted by decollement at the glacier—bed contact. Falling
water pressures in the dilatant till will facilitate its deformation and ice—bed coupling as well as a
reduction in the amount of sliding. Continued falling water pressures will consolidate the dilatant till
and strengthen the interlocking of the ice—bed interface, causing the shear zone to descend through
the till. Deformation stops once the water pressure falls below the critical level for failure and the
bed then sticks. Diurnal changes in water pressure presumably then lead to repeat cycles of dilation
and collapse so that the curvilinear displacement curve, representing cumulative strain, becomes
more pronounced through time. In order to thicken a deforming till layer and to preserve evidence
of meltwater deposits related to sliding bed phases, there must be net vertical accretion of the till,
which Boulton ez al. (2001) propose can only take place through loss of deforming till (cessation of its
forward movement) from the bottom of the deforming layer, although liberation of sub-till materials
can also thicken the deformed sub-stratum (see Section 6.5). Such processes are likely to accrete thick
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and multiple till and sliding bed deposits near glacier and ice sheet margins because only at such
locations do shear stresses and meltwater discharges tail off enough to stack the materials advected
from up ice (cf. Alley et al., 1997; see Chapter 16, specifically related to incremental thickening and
marginal till wedges). The net vertical accretion of deforming tills is critical to the preservation of any
meltwater sediments created during the soft-bed sliding process.

Potentially also highly significant in the triggering of stick—slip styles of motion via soft-bed slid-
ing are liquefaction events caused by ice quakes, as recently proposed by Phillips et al. (in press),
who incorporate into their model the findings of recent studies in modern glacial environments (e.g.
Ekstrom et al., 2003, 2006; Bindschadler et al., 2003; Tsai and Ekstrom, 2007; Wiens et al., 2008),
where seismic activity and ice quakes occur in response to movement on faults within the glacier
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Figure 6.12 Stick-slip cycles of sliding and deformation during till generation: (a) the model of Boulton et al. (2001),
emphasising the role of water pressure cycles in till deformation; (b) the model of Phillips et al. (in press) depicting the
role of seismic activity in liquefaction and soft-bed sliding. Upper panel shows the conceptual model of the potential
effects of seismic waves generated during an ice quake on unconsolidated subglacial sediments. The pulse of energy
passes into the underlying saturated sediments and triggers transient liquefaction and soft-bed sliding. The short
duration energy pulse causes individual clasts to vibrate, modifying the packing of the grains and leading to the
pressurisation of the intergranular porewater. This then reduces the number of grain to grain contacts, allowing the
individual clasts to move (slide or rotate) past one another, reducing sediment cohesion and leading to liquefaction
and soft-bed sliding. The vibrating effect propagates away from the focus of the ice-quake as a pulse or series of
pulses, so that areas of the bed initially undergo localised liquefaction and soft-bed sliding, followed by stabilisation
outwards away from the ice quake focus. Liquefaction and soft-bed sliding probably occurs within discrete, laterally
discontinuous patches or narrow zones in the order of only a few centimetres or even millimetres thick. Once the
ice-quake energy has been dissipated (likely in a few minutes), the fall in intergranular porewater pressure and
increase in sediment cohesive strength results in cessation of flow deformation. Lower panel shows a conceptual
diagram of the microscale processes occurring during bed deformation, soft-bed sliding and basal sliding as a result
of increasing porewater content within a soft glacier bed.
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or underlying bed, crevasse/fracture propagation, iceberg calving, serac toppling, opening and clos-
ing of englacial drainage conduits and/or slip events at the ice—bed interface. Based upon detailed
micromorphological evidence from subglacially deformed materials that we will discuss in more
detail in later chapters, this model of soft-bed sliding is based upon explanations of the polydeformed
nature of subglacial sediments; more specifically, the evidence for repeated phases of liquefaction
followed by solid-state shear deformation. Localised liquefaction of tills is thought to lower the cohe-
sive strength of the sediment and thereby create ‘transient mobile zones’ or soft-bed sliding zones
where the shear imposed by the overriding ice is accommodated. Together with bed deformation
and basal sliding, this soft-bed sliding forms a continuum that facilitates glacier movement, but rather
than being a continuous uninterrupted process, glacier motion is regarded as a series of stick—slip
events. Phillips et al. (in press) propose that the critical drivers of the slip events include not only the
processes already widely acknowledged by the glacial research community, such as the introduction
of pressurised meltwater into the bed (a process limited by till porosity and permeability) and the
pressurisation of porewater as a result of subglacial deformation, but also episodic liquefaction of
water-saturated till in response to glacier seismic activity or ice-quakes (Figure 6.12b).

Subglacial observations have facilitated an understanding of meltwater flow at the ice—bed inter-
face and within subglacial tills, as summarised in Figure 6.13. A comprehensive review of the literature
on modern subglacial drainage systems is provided elsewhere (Hubbard and Nienow, 1997; Fountain
and Walder, 1998; Benn and Evans, 2010; Cuffey and Paterson, 2010) and hence only a brief review is
presented here as it pertains to till sedimentology. Subglacial drainage systems are generally classified
as either channelised systems, in which water is confined to relatively narrow conduits, or distributed
systems which extend over larger proportions of the bed. The specific configuration and how it inter-
acts with substrate deformation dictates the nature of the stratified sediments associated with tills. As
discussed above, water may migrate through a soft glacier bed by bulk movement in till pore spaces
or by Darcian porewater flow (1 and 2 in Figure 6.13; e.g. Stone and Clarke, 1993). Observations at
the base of the Rutford Ice Stream, Antarctica, by King et al. (2004) indicate that deforming sub-
glacial tills may drain meltwater internally by pipe flow (3 in Figure 6.13). Water may also flow at
the ice—bed interface in dendritic channels, through linked cavities (more likely on hard beds), in
braided canals or as thin films (4—7 in Figure 6.13). Much of our knowledge of subglacial meltwa-
ter networks and their associated deposits arises from theoretical models informed by observations
on meltwater behaviour on modern glaciers, and in some cases retrodictively from ancient sediment
characteristics, hence some circular reasoning is inevitable. The flow of water at the ice—bed inter-
face is associated with periods of sliding and hence the sedimentological evidence for such events
is likely to be preserved only in situations where till is accreting. Additionally, recoupling of the ice
with its bed is likely to result in significant reworking of the stratified sediments by deformation, can-
nibalisation and re-ingestion into the deforming layer (see Section 6.5). At initiation, the meltwater
deposits beneath soft-bedded glaciers and ice sheets are most likely to be created in irregular water
layers (Creyts and Schoof, 2009) or braided canals (Walder and Fowler, 1994; Englehardt and Kamb,
1997; Ng, 2000), when discharges are too large to be evacuated through the bed or at times of ice—bed
separation/soft-bed sliding. Pipe flow through the till, as observed by King et al. (2004) beneath the
Rutford Ice Stream, is thought to be responsible for the construction of ‘mini-eskers’ (Alley, 1991). On
hard or relatively impermeable beds, Evans et al. (2006b) speculated that Hindmarsh’s (1996) till slid-
ing could give rise to the generation of thin stratified beds by water films. Because many of our ideas on
the processes and forms of till-related meltwater sedimentation have stemmed from interpretations
of glacigenic deposits, genetic models of sliding bed deposits will be reviewed in Chapter 11.
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Figure 6.13 Sketches showing possible configurations of subglacial drainage networks (from Benn and Evans, 1996):
(1) bulk water movement in deforming till; (2) Darcian porewater flow; (3) pipe flow; (4) dendritic channel network; (5)
linked cavity system; (6) braided canal network; (7) thin film at ice—bed interface.
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6.4 Melt-Out
The definition of a melt-out till as updated by Benn and Evans (1998) and Evans et al. (2006Db) is:

Sediment released by the melting or sublimation of stagnant or slowly moving debris-rich
glacier ice, and directly deposited without subsequent transport or deformation.
Evans et al. (2006b, p. 169)

This is a process—form regime that has traditionally been defined by theoretical postulates stem-
ming from studies of ancient tills (e.g. Shaw, 1979; Haldorsen and Shaw, 1982; Shaw, 1982, 1983; Ham
and Mickelson, 1994; Piotrowski, 1994; Munro-Stasiuk, 2000; Larson et al., 2006; Moller, 2010) but
supported by some observations on modern glaciers (Boulton, 1970a, b, 1971; Mickelson, 1973; Shaw,
1977; Lawson, 1979a, b, 1981; Shaw, 1982; Ronnert and Mickelson, 1992; Cook et al., 2011a; Larson
etal., 2016; Figure 2.6¢, d; Table 6.2) and ancient buried glacier ice/permafrost (Astakhov and Isayeva,
1988; Murton et al., 2005). The problems of melt-out till production and preservation are discussed
in Chapter 13, so this section deals specifically with the small number of relevant field observations
of the melt-out process.

Subglacial melt-out (note that often the term ‘supraglacial melt-out’ is used when exposures are
melting from the top downwards even though it is basal ice) is the slow and largely passive release of
sediment from debris-rich, stagnant basal glacier ice and hence is a notoriously difficult process to
observe and quantify. In situations where debris concentrations are high, the thaw consolidation ratio
is low, and hence theoretically at least the delicate englacial debris structures could be preserved after
melt-out of the encasing ice, if drainage is slow but efficient. This has been assessed by Carlson (2004),
who has demonstrated that a till with low hydraulic conductivity can accommodate the transport
of 1.3 m?® water a~! m~2, which is up to three orders of magnitude more than is produced at the
base of a glacier, without initiating dewatering and thereby destroying englacial structure. It has been
proposed that even localised vigorous drainage of meltwater from the site can be accommodated
in the sedimentology of potential melt-out tills in that inter-till stratified lenses and beds can be
produced at the locations of debris-poor ice bands (Shaw, 1982; Munro-Stasiuk, 2000).

Because preservation potential of melt-out till is theoretically improved in situations where the
thickness and debris content of basal ice facies are large, it is the relatively recent acknowledgment
of the importance of supercooling in creating stratified basal ice that has given the melt-out
process—form regime a greater degree of plausibility (cf. Alley et al., 1998, 1999; Lawson et al., 1998;
Evenson et al., 1999; Roberts et al., 2002; Larson et al., 2006; Cook et al., 2007, 2010, 20114, b). By
definition, a subglacial melt-out till must inherit the foliation and structure of the parent ice, but
during the melting process, at least some (it has been argued a lot) of modification takes place (see
Chapter 13); the purest or least disturbed type of melt-out till should therefore be produced where
the parent ice is removed by sublimation, thereby creating Shaw’s (1977, 1989) ‘sublimation till’
(Figure 6.14), a till type recognised in arid, polar settings also by Lundqvist (1989) and Fitzsimons
(1990). Based upon their observations at Matanuska Glacier, Larson et al. (2016) propose that
preservation is enhanced by the burying of a debris-rich basal ice layer within a detached, stagnant
part of a receding glacier snout, where supraglacially derived debris flows can accumulate quickly
above the ice mass and thereby insulate it and slow the melt rate and release the meltwater by
groundwater seepage. The characteristics of subglacial melt-out tills where they appear to be
emerging from melting debris-rich basal ice (Table 6.2) will vary according to the mechanism by
which the stratified basal ice was initially created, whether it be by regelation, supercooling, net
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Table 6.2 Evidence from modern glaciers for melt-out till production.

Source

Nature of evidence

Process

Boulton (19704, b, 1971),
Lawson (1979a)

Shaw (1977), Fitzsimons
(1990)

Lawson (19792, b,

1981a, b)

Shaw (1982, 1983),
Lawson (1981a)

Cook et al. (2011b)

Larson et al. (2016)

Similar fabrics to englacial debris but with
reduced dips and reduced maxima.

Massive, fine-grained till with shear
planes and structural foliation, whole
shells and glacier ice lenses.

Foliated or densely horizontally jointed
diamicton. ‘Highly’ and ‘poorly attenuated
till facies’ relating to foliated ice and
massive ice, respectively.

Three end members:

(1) structureless, pebbly sandy silt

(2) discontinuous laminae, stratified
lenses and pods in massive pebbly silt

(3) bands or layers of contrasting
sediment.

‘Stratified’ appearance as a result of sorted
intrabeds and draped layers over large
clasts.

Infilled scours beneath clasts and between
melt-out till and soft substrate.

Infilled scours beneath clasts and in
intra-till lens.

Diapirs of till protruding into overlying
stratified sediments.

Sub-till sediment clasts (faulted and
slightly deformed but with angular
borders) in till.

Preservation of sedimentary stratification
in melted-out supercooled ice.
Dominance of silt-sized material indicates
supercooled origins.

Debris-rich (stratified) basal ice
transitioning upwards into
pseudo-stratified/laminated diamicton
with strong macrofabrics and microscale
porewater pathways.

Linkage between stratified ice and
overlying melt-out till is evidenced by
transition zone 5—10 cm thick.

Passive melt-out with lowered up-glacier
dips due to ice removal and some
re-orientation due to inter-clast contacts.

Passive release of englacial debris in
stagnant basal ice, observed at late stage of
melt-out. Shearing imparted by overriding
active ice.

Removal of ice by sublimation preserves

highly and poorly attenuated ice facies as
foliated till — massive ice facies produces
till that might be difficult to differentiate

from lodged basal till.

Release of grains from debris-poor ice and
melting of ice debris of similar texture
both produce structureless till. Ice-poor
debris lenses are intact but distorted.
Ice-poor layers of mixed grain sizes
produce blurred contacts.

Volume loss during melting along ice folia.

Subglacial meltwater film erodes into
substrate and around clast protruding
from basal debris-rich ice.

Meltwater flow in englacial cavity in
debris-rich ice or between debris-rich ice
and underlying melt-out till.

Mass displacement in till due to
thaw-consolidation.

Quarried in frozen state and melted out
from debris-rich ice.

Very rare preservation of stratification
observed in supercooled glacier ice due to
high ration of ice to sediment and hence a
propensity to fail as sediment gravity flows
during melt-out.

In situ melting inherits stratified basal ice
properties as laminated and bedded
diamicton. Requires meltwater seepage
from stagnant ice body protected from
insulation beneath hummocky
supraglacial debris flow cover.
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Figure 6.14 Shaw’s (1977) genetic model for the production of sublimation till in arid, polar environments, where the
englacial debris structures created by the folding of basal, debris-rich ice facies are preserved after passive removal of

interstitial ice.
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adfreezing or apron overriding (in polar settings) all of which can be thickened by englacial folding
and thrusting.

What is emerging in settings like the Matanuska Glacier foreland is a deposit that displays
‘pseudo-stratification’, which includes discontinuous and contorted and sheet-like lamina, layers
and lenses, textural and compositional banding with indistinct contacts and internal flow structures
and undeformed, intra-till soft-sediment or soft-bedrock rafts (Lawson, 1979a, b; Shaw, 1977;
Carlson, 2004; Larson et al., 2016; Figure 6.15). The supercooled ice at the Matanuska Glacier in
particular is creating a deposit that displays silt or sandy-silt lamina, e echelon silt lamina, irregular
lenses of coarse to fine sand that offset or cross bedding planes, short lenses of gravel, sand and silt,
thin lenses of silt and clay—silt aggregates, dispersed sub-rounded, but non-striated pebbles and
cobbles around which lamina bend (Larson et al., 2016; Figure 6.16). Similar features are seen at
the microscale in addition to porewater pathways, compressed and lightly deformed clay—silt clasts
and an absence of shear indicators (Larson et al., 2016; Figure 6.17). Clast macrofabrics (see also
Chapter 8) have been reported by Lawson (1979a, b) and Larson ez al. (2016) for the Matanuska
Glacier, Alaska (Figure 6.18), in which the sense of former glacier flow direction, reflected in the
shear strain signature of the enclosing basal ice, is recorded by strong S; eigenvalues of 0.865—0.887
(melt-out till) and 0.896—0.925 (stratified basal ice), even though shear indicators are not otherwise
visible. We will review the details of melt-out till, as it appears to be evolving at locations like the
Matanuska Glacier, in Chapter 13, where problematic similarities with other glacigenic diamictons
are analysed.

6.5 Glacitectonite Production, Rafting and Cannibalisation

Our knowledge of glacitectonite development is borne less out of modern subglacial process observa-
tions and more out of the discipline of structural geology and hence this section dwells more on that
knowledge base. The concept of a subglacial shear zone and its manifestation in strain signature is
illustrated in Figure 4.13, which conveys the principle of the strain ellipsoid and the increasing atten-
uation of materials towards the ice —substrate interface. In subglacial tills, we see this strain signature
recorded in clast macrofabric strengths (see Section 4.5 and Chapter 8), but the structures devel-
oped within both tills and glacitectonites have been compared also with those within fault gouge
settings (Figure 6.6; Eyles and Boyce, 1998). The subglacial shear zone is envisaged to be relatively
thin, specifically a maximum of 10 m but most often significantly less.

It is well known that the depth of glacitectonic disturbance of strata can exceed 100 m, but this
is accomplished only in proglacial settings where horizontal compressive stresses can elevate large
masses of material above the height of the glacier margin (Aber et al., 1989; van der Wateren, 1995a, b;
Benn and Evans, 2010). Beneath thick ice, shear stresses are too low to produce such deep-seated fail-
ure and the normal stress component initiated by the ice load prevents the vertical growth by folding
and thrust stacking that has been demonstrated by both experiment (e.g. Rotnicki, 1976; Mulugeta
and Koyi, 1987) and observations on moraine construction (e.g. Sharp, 1985; Croot, 1988; Evans and
England, 1991; Benediktsson et al., 2009) to be related to gravity spreading. However, the develop-
ment of the various brittle and ductile structures by glacitectonic disturbance, reviewed in Section 4.4
(Figures 4.6—4.9), is invariably initiated by compression in proglacial stress fields and then modified
by later glacier overriding and simple shear (Kozarski, 1959; Aber, 1982, 1985) to produce glacigenic
melanges (see Section 4.2; Figure 6.19). At this stage, pre-existing sediments and even bedrock can
be converted into glacitectonite, the definition of which is:



Figure 6.15 Idealised vertical profile of the typical
features observed in the melt-out till at the
Matanuska Glacier, Alaska (from Lawson, 1981a).
Zones include (a) structureless, pebbly, sandy silt, (b)
discontinuous laminae, stratified lenses and pods of
texturally distinct sediment in massive pebbly silt,
and (c) layers of texturally, compositionally or
colour-contrasted sediment. Laminae or layers may
drape over large clasts.
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Figure 6.16 Details of the Matanuska Glacier melt-out sequence (from Larson et al., 2016): (a) cross-sectional sketch through the glacier margin, showing the
stratigraphy of the basal debris-rich ice sequence and its accumulating supraglacial debris cover; (b) exposure and (c) annotated sketch of exposure through
the debris-rich basal ice and its overlying melt-out till. Light grey bands are debris-rich layers and dark bands are debris-poor layers and upper part of exposure
is pseudo-stratified diamicton. Area marked with red diagonal lines is the approximate transition zone between ice and melt-out till; (d) basal debris-rich ice
facies, showing discontinuous debris-rich (grey) and debris-poor (dark) laminations with a small fold and clear imbrication of elongate clasts; (e) detail of the
pseudo-stratified diamicton created by melt-out, showing laminae of silt deformed around clasts.
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Figure 6.17 Microscale details of the Matanuska Glacier melt-out till (from Larson et al., 2016): (a) thin section (left)
and interpreted structures (right), showing silt-rich laminated diamicton with laminations (black lines), deformed
aggregates of clayey silt (yellow fill) and porewater pathways (magenta lines). Aggregates occur in bands with their
long axes generally subparallel to lamina; (b) thin section (left) and interpreted structures (right), showing silt-rich
laminated diamicton with laminations (black lines), deformed aggregates of clayey silt (yellow fill), porewater
pathways (magenta lines) and fine to coarse sand at base (pink fill). Aggregate long axes are generally subparallel to
laminae.



20

6 Subglacial Sedimentary Processes: Modern Observations on Till Evolution

A-96° A-94°
P-15° P-16°
$,-0.925 $,-0.896
N N

A Mean axis
Distinct boundary, 5 .
transition zone —» K i~ Stratified basal ice A Azimuth
N absent
Melt out till P PlLunge
AN
N N N

Local direction ./ +
of glacier flow A
A-107° A-99°
P-7° P-8°
S,4-0.887 §,-0.865

Figure 6.18 The stratigraphy and fabric characteristics of subglacial melt-out till and basal-debris-rich ice at the
Matanuska Glacier, Alaska, showing virtually identical clast fabrics in the till and glacier ice (from Lawson, 1979b).

...rock or sediment that has been deformed by subglacial shearing (deformation) but retains
some of the structural characteristics of the parent material, which may consist of igneous,
metamorphic or sedimentary rock, or unlithified sediments.

Benn and Evans (2010, p. 375, after Benn and Evans, 1996).

Because of the similarities in tectonically induced structures observed in glacial deposits and meta-
morphic rocks, the process—form regimes and associated nomenclature of metamorphic petrology
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Phase 1- proglacial thrusting & Phase 2 - overriding & cupola
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Figure 6.19 The production of a glacitectonite carapace during the second phase of glacitectonic disturbance of
pre-existing deposits by an advancing glacier, when proglacially thrust ridges have been streamlined into a cupola hill
(after Evans and Benn, 2001). The structural details of the carapace (inset diagram from van der Wateren, 1995a, b)
displays the vertical continuum from S to S, to S, (see Figure 6.21).

are widely used in explanations of glacitectonites, along with process observations from modern
sub-marginal to proglacial thrust moraines (Figures 6.19 and 6.20). The process—form details of
proglacially thrust masses are discussed comprehensively elsewhere (e.g. Aber et al., 1989; van der
Wateren, 1995a, b, 2003; Benn and Evans, 2010), and hence we concentrate here on the details of sub-
glacial glacitectonism. It is most common to see thick sequences of glacitectonite in former glacier
sub-marginal locations, where they technically constitute the materials excavated from the footwalls
of shear zones (Figure 6.20). As we saw in Chapter 4, the influence of simple shear in such locations
is recorded by a vertical continuum from non-deformed to folded or faulted sediments at the base
grading upwards to attenuated materials or melange and then to homogenised diamicton or till (Ban-
ham, 1977; Pedersen, 1989; Figures 2.8 and 4.6). In an assessment of such signatures in Polish glacial
deposits, Kozarski and Kasprzak (1994, Table 6.3) devised a typically metamorphic process—form
nomenclature, which recognised the change from less deformed glacitectonites (folds, faults, rafts)
to increasingly deformed glaciocataclastites (breccia, boudinage) and glaciomylonites (gneissic and
schistose styles of deformation). Because metamorphism involves quite different processes to modern
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Figure 6.20 A model for the production of glacitectonite in glacier sub-marginal locations based on the margin of
Holmstrombreen, Svalbard by van der Wateren (19953, b, 2003). Upper panel: reconstruction of the
late-nineteenth-century surge margin and thrust moraine of Holmstrémbreen. Middle panel: glacitectonic styles as
they relate to the ice margin (dashed line). A = undeformed foreland, B = steeply inclined structures, C = overturned
and recumbent structures, D = nappes, E = extensional structures, including Ec (internally compressive structures), Ee

(strong extension). Lower panel: examples of overprinted glacitectonic styles in (A) advance sequence and (B)
readvance sequence during retreat.
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glacitectonic regimes, such as pressure and heating, it is not particularly appropriate to use the termi-
nology in this way, but the stress/strain continuum recognised in this scheme is nevertheless relevant
to the present discussion.

Similarly, good analogues have been identified for the environment in which this takes place, specif-
ically by van der Wateren (1995a, 2003), who likens the setting to accretionary wedges in structural
geology. He views the glacier sole as the plate overriding and scraping sediments of variable shear
strengths off their basement and accreting them to the advancing wedge. He uses the modern thrust
and sheared masses around the margin of Holmstrombreen, Svalbard, to demonstrate the architec-
ture of this process—form regime (Figure 6.20), subdividing the sub-marginal to proglacial area into
five structural styles A —E, with styles A — D being representative of proglacial thrusting and composite
moraine construction. In terms of melange/glacitectonite production, the subdivisions within zone
E are instructive. Here the style of deformation is characterised by boudinage, boudinaged folds and
folded boudins, sub-horizontal shear planes, transposed foliation, typical of extremely high simple
shear strain and horizontal extension. The specific style is either compressional (Ec) and characterised
by stacked till sheets and other compressive structures, or extensional (Ee), where the substratum is
strongly eroded and overdeepened. Overprinted signatures are observed wherever advances or read-
vances result in the overriding of the thrust moraine (Figures 6.19 and 6.20). The former results in
style E overprinting the compressive structures of zones B, C, D and the undeformed foreland of
zone A. The latter results in styles B, C and D overprinting style E structures. Hence, the nature of
glacitectonite can be complex and multi-generational, often including subglacial tills.

The shear zone operating beneath the ice in the scenarios depicted in Figures 6.19 and 6.20 has been
summarised by van der Wateren (1995a) using the vertically increasingly deformed signatures iden-
tified in the models of Banham (1977), Pedersen (1989) and Kozarski and Kasprzak (1994; Figures 2.8
and 4.6; Table 6.3) and informed by shear zones developed at the base of nappes, both in hard rock
geology and proglacial thrust moraines. It is subdivided (Figure 6.21) into a lower horizon (S,) of

Table 6.3 A Process-form based nomenclature for glacitectonites based upon the application of structural terms from
metamorphic petrology (from Kozarski & Kasprzak 1994).

e Co—

Glaciotectonism > Glaciotectonite ———p.  Folds, faults, imbrications, rafts

.
Glaciodislocation metamorphism

] 1

Glaciocataclasis > Glaciocataclastite > GIam.()tectonlc b-reccm,glacm— .
boudinage, glacio-pseudostromatism

Glaciomylonitisation — ee————— Glaciomylonite —  Glacio-gneissic, glacio-schistose
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Figure 6.21 Schematic diagram to display the typical vertical continuum of structures in a subglacial shear zone
(from van der Wateren, 1995a).

minimal strain, characterised by rooted structures such as drag folds, an intermediate zone (S,)
of strongly deformed material, characterised by transposed foliation of boudins, rootless folds and
highly attenuated bands, and an upper zone (S;,) of maximum strain where materials are completely
homogenised into diamictons.

This model of shear zone development illustrates that, despite the lack of deep-seated disturbance
in deformable substrates, once ice advances over them and reaches a significant thickness, glacitec-
tonic deformation appears to continue to play a significant role in subglacial till continuity (Alley,
2000; Iverson, 2010), likely adding to the processes of regelation and melting and ice keel ploughing
in replenishing the mass lost to down-ice advection. For example, disturbance of materials below
the base of the deforming layer has been explained by the ploughing theory as a product of the
largest clasts or ice keels protruding through it to the underlying substrate and therein liberating
soft clasts or rafts (see Section 6.3). Indeed, any perturbation in the sub-till materials can generate
fresh material at the base of the deforming layer. This is illustrated by Boulton et al.’s (2001) model
of ‘tectonic/depositional slices’ (Figure 6.22) wherein till layers are accreted incrementally from the
base upwards as drag folds or by fault propagation folding (Brandes and Le Heron, 2010), each liber-
ation event creating ‘slices’ comprising folded, attenuated and boudinaged substrate materials. Based
upon their measurements of groundwater response to glacier overriding, Boulton et al. (2001) explain
this type of deformation at depth as a response to varying water pressures in sub-till aquifers (see
Figure 6.11a), giving rise to folding at the till—substrate interface; it is important to stress at this
juncture that the Boulton ez al. (2001) data were collected in a glacier sub-marginal environment and
hence demonstrate that, although there is a propensity for such processes to occur there, they are not
necessarily operating under the thicker ice up glacier. Boulton e al.’s (2001) findings demonstrate that
there are two modes of deformation, involving the increase in shear strain both upwards towards the
glacier sole (see Section 6.2) and downwards towards a decollement zone at or around the top of
the underlying substratum. The latter produces localised stress concentrations and the concomitant
folding that initiates the liberation of rafts at the deforming layer—substrate interface.

The occurrence of large slabs of soft bedrock in anomalous stratigraphic positions has been
explained by the process of raft detachment along decollement zones dictated by bedding planes in
the strata (Christiansen, 1971; Moran, 1971; Ruszczynska-Szenajch, 1976, 1987; Stalker, 1976; Ring-
berg et al., 1984; Aber et al., 1989; Hopson, 1995). For thick overlying ice to detach such megablocks
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Figure 6.22 Modes of raft detachment or substrate cannibalisation in subglacial deforming materials: (a) Boulton et als (2001) model of ‘tectonic/depositional
slices’; (b) fault propagation folding (from Brandes and Le Heron, 2010); (c) generalised sketch of detachment of large slabs of soft bedrock where decollement
zones are dictated by horizontal strata (from Evans and Benn, 2001).
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Figure 6.23 Examples of deformed ice masses entombed in permafrost: (a) section sketch of exposure in coastal bluff
on the Yamal west coast, Siberia (from Astakhov et al., 1996). M = clayey silt of the Marresale Formation, which is
folded and occasionally faulted and displays diapirs, L = brecciated Labsuyaha sand, KI = local Kara till, Kd = foreign
diamict facies, B = Baydarata sandy silt with large ice wedges and minor syngenetic ice veins, H = Holocene limnic
sediments with collapse structures, A = active layer. Thin lines are sedimentary and deformation structures and thick
lines and blackened areas are ice. Dotted pattern represents sand. The Kl and Kd facies are heavily glacitectonised;
(b)-(d) structures reported by Waller et al. (2009) as indicative of glacier—permafrost interactions at the former
northwest margin of the Laurentide Ice Sheet in the Western Canadian Arctic; (b) frozen glacitectonite up to 8 m thick
overlying massive ice; (c) raft of massive ice approximately 15 m long within frozen glacitectonite; (d) sand lenses and
fold noses between silty clay indicative of glacier sub-marginal ductile deformation of ice-rich materials; (e) relict
basal ice of the former Laurentide Ice Sheet, showing tight folds highlighted by layers of debris-poor ice.

<
<

or megarafts (Figure 6.22), it is likely that the basal freeze-on process identified in modern Antarctic
ice streams (cf. Iverson, 2000; Bougamont et al., 2003; Christoffersen and Tulaczyk, 2003; Vogel et al.,
2003) was effective in liberating the substrate in locations where deforming layer tills were temporar-
ily thin or absent. These various processes of liberation of the substrate and its subsequent incorpo-
ration into the deforming layer to create first glacitectonite, then pseudo-laminated diamictons and
ultimately subglacial till via gradual homogenisation, has been termed ‘cannibalisation’ (Hicock and
Dreimanis, 1992a, b; Evans, 2000).

In a strict sense, the deformation of permafrost is also the development of a glacitectonite; but,
as this material would couple to the overriding glacier ice, it would effectively constitute basal
debris-rich or stratified ice facies in most instances and hence contribute to the production of
melt-out till if the deglaciated landscape was completely de-iced. Numerous case studies have been
reported in which such deformed ice masses, either debris-rich basal ice or permafrost glacitec-
tonite, lie entombed in the permafrost (Mackay, 1956, 1959; Mackay et al., 1972; Kaplyanskaya and
Tarnogradskiy, 1986; Astakhov and Isayeva, 1988; Astakhov et al., 1996; Waller, 2001; Dyke and
Evans, 2003; Murton et al., 2005; Waller et al., 2009; Figure 6.23) and hence presumably merely
become reconstituted as basal debris-rich ice facies or increasingly more mature glacitectonites
during each glaciation. Continuous permafrost will respond in various ways to overriding glacier
ice depending on grain size characteristics (Mathews and Mackay, 1960; Tsytovitch, 1975). In
the case of coarse-grained sediments, higher ice contents raise peak shear strengths and hence
they can resist deformation (Goughnour and Andersland, 1968; Nickling and Bennett, 1984).
Conversely, fine-grained materials with large clay contents can contain large volumes of liquid water
at sub-freezing temperatures and hence will deform in response to concomitant high porewater
pressures (Andersland and Alnouri, 1970) and may even initiate glacier sliding at temperatures down
to —17°C (Echelmeyer and Wang Zhongxiang, 1987; Cuffey et al., 1999). Discontinuous, patchy or
sporadic permafrost, because of its spatially highly variable water and ice content, would be ideal for
the production of glacigenic melanges and rafts, especially if they were subject to gravitational mass
wasting during thrust/composite moraine construction prior to glacier overriding.
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7

Subglacial Sedimentary Processes: Laboratory and Modelling
Experiments on Till Evolution

Experiments of this type are essential in helping field geologists distinguish fact from folklore.
Clarke (2005, p. 263)

The various ways in which till might behave in subglacial settings were introduced in Section 4.3,
where the rheology of such materials was briefly explained in terms of viscous and plastic modes
of failure. Details on the nature of this behaviour, specifically in relation to subglacial deformation,
were discussed in Section 6.2, where the benchmark Breidamerkurjokull experiments were seen to
be crucial to the erection of a till flow law characterised by a non-linear viscous or Bingham-type
viscous rheology. Problems with this flow law became apparent after further subglacial experiments
appeared to predominantly suggest a Coulomb-plastic rheology (Table 6.1). Verification of such field
observations has been delivered by laboratory experiments (Table 7.1), which until recently had been
few in number, a situation that Iverson et al. (2008) view as a serious shortfall in the glacial research
arena:

Inferring depositional processes or dynamics of past glaciers from tills in the geologic record
is difficult because the basis for interpretation of till properties is commonly weak. ... Despite
its clear utility, experimental reductionism is an approach that is nearly absent in the study of
glacigenic sediments.

Thomason and Iverson (2006, p. 1027)

Such experiments have evaluated the tendency for shearing materials like till to develop particle
fabrics (see Section 4.5 and Chapter 8) and attempted to quantify fabric strengths in terms of the
strain magnitude. This section reviews the details of laboratory experiments on the deformation of
tills in the context of their rheology, and we will review the test results in terms of till fabrics in
Chapter 8.

Earlier experiments, such as those by Engelhardt et al. (1990) and Kamb (1991) on till samples
recovered from the bed of Ice Stream B (Whillans Ice Stream), involved rate-controlled and
stress-controlled shear box tests and demonstrated a Coulomb-plastic rheology. Subsequent
experiments (e.g. Iverson et al., 1998; Hooyer and Iverson, 2000) employed a ring shear apparatus,
allowing samples to be deformed to high cumulative strains. Using modern till from the bed of
Storglacidren, Sweden, and ancient tills from the Late Wisconsinan glacial stratigraphy of the
Superior and Michigan lobes of the southern Laurentide Ice Sheet, Iverson et al. (1998) found an
almost Coulomb-plastic behaviour. Both ring shear and triaxial tests of undisturbed till cores and
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Table 7.1 Examples of laboratory evidence for subglacial till behaviour.

7 Subglacial Sedimentary Processes: Laboratory and Modelling Experiments on Till Evolution

Source Experiment and nature of evidence Till behaviour
Engelhardt et al. Triaxial test on clay-rich till from Ice Perfect plastic rheology
(1990) Stream B

Kamb (1991) Shear experiment on Ice Stream B till Plastic deformation

Iverson et al. (1997,
1998)

Tulaczyk (1999)

Hooyer and Iverson
(2000)

Iverson and Iverson
(2001)

Wiatts and Carr
(2002)

Moore and Iverson
(2002)

Hiemstra and

Rijsdijk (2003)
Thomason and
Iverson (2006)

Rousselot and
Fischer (2005, 2007)

Rathbun et al.
(2008)

Thomason and
Iverson (2008)

Altuhafi et al.
(2009)

(<2 mm fraction) — single plane failure

Ring shear tests on modern Stoglaciaren
and Pleistocene tills and linear viscous
putty — strain localization in the tills

Ring shear tests and theoretical analysis

Ring shear tests on beads in putty and
ancient tills

Modelling of ring shear tests and previous
field data from Breidamerkurjokull

Deformation tank using various materials

Subjected Storglaciaren till and ancient
Laurentide Ice Sheet, Des Moines lobe till
to constant stress in ring shear device.

Shear test on potter’s clay

Ring-shear tests on water-saturated basal
tills

Ploughing experiments using rotary
ploughing device

Deformation of Matanuska Glacier till in
shearing apparatus

Ring-shear tests of Douglas Till and
Batestown Till of south Laurentide Ice Sheet

Ring-shear tests on modern basal till from
Langjokull, Iceland (secondary data from
modern Storglaciaren and Whillans Ice
Stream tills and ancient Two Rivers till)

Perfect plastic rheology — failure along
aligned clay particles

Coulomb-plastic rheology, fine-grained tills
facilitate sliding and clast ploughing = shear
zone of 0.01 m thickness. Coarse-grained
tills = ice—till coupling and deformation
down to 0.1 m.

Diffusive mixing at boundaries of shearing
granular layers. Constant clast rotation in
putty but tendency to align a-axis
permanently in direction of shear in till.

Distributed shear via multiple failure planes
(convex upward displacement profiles) =
Coulomb-plastic response

Brittle deformation along distinct shear
planes (convex upward/S shape
displacement curve) = plastic response

Slow shearing in ten slip episodes, involving
pore dilation during shear and attendant
porewater pressure decline and
strengthening, followed by gradual
pore-pressure recovery and weakening. At
‘critical-state’, porosity till failed
catastrophically.

Microscale shear planes and grain rotations
due to Coulomb-plastic failure

Coulomb-plastic response: microscale shear
planes and sand grain fabric developing

Coulomb-plastic behaviour: variable pore
pressure response related to location near
the object creates either compaction or
dilation.

Nearly Coulomb-plastic deformation.

Sand grain long-axis fabrics became
progressively stronger with strain and
reached steady state at strains of 7—39

Time-dependent (viscous) behaviour at low
stresses
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remoulded samples from below the Antarctic ice streams show convincingly that these tills also
exhibit a Coulomb-plastic or nearly Coulomb-plastic rheology (Tulaczyk et al., 2000a; Kamb, 2001).
Importantly, Iverson and Iverson (2001) identified distributed shear, displayed as a convex upward
displacement curve, in laboratory tests on Breidamerkurjokull till. In contrast to Boulton and
Hindmarsh (1987), Iverson and Iverson (2001) interpret this pattern of failure as an indication not of
a viscous rheology but a Coulomb-plastic, specifically because failure occurred along numerous slip
planes. A similar convex upward displacement curve, with failure taking place along discrete failure
planes, was reproduced also by Watts and Carr (2002), based upon experiments in a deformation
tank. These consistently reproduced failure patterns have led to a consensus (Fowler, 2002, 2003)
that the rheology of subglacial till is typical of a Coulomb-plastic, but the spatially distributed
deformation pattern of displacement is one resembling that of a viscous material.

Although they cannot replicate the exact nature of subglacial environments, experiments creating
artificially induced strain on potter’s clay provide clear evidence of the structural patterns associated
with the deformation of fine-grained till matrixes. This has been illustrated at the microscale by shear
tests undertaken by Hiemstra and Rijsdijk (2003), who identified the development of grain alignments
and plasmic fabrics, albeit at a very low strain of <0.1, leading to the development of shear planes and
ultimately to branching and merging unistrial plasmic fabrics (Figure 7.1).

Such visible structural patterns of deformation relate to the gradual compaction of materials dur-
ing shear, an important process in the development of fine-grained compacted subglacial tills in the
geological record. Ring shear tests have been instructive in understanding how tills may strengthen
in response to the dilatency process that we understand as being critical to the subglacial deforma-
tion of materials (Clarke, 1987; Iverson et al., 1998; see Section 4.3). For example, Moore and Iverson
(2002) subjected modern Storglaciaren till and ancient Laurentide Ice Sheet, Des Moines lobe till
to constant stresses and found that they sheared slowly without unstable acceleration in ten slip
episodes. The process involved pore dilation during shear with attendant porewater-pressure decline
and consequent strengthening, followed by gradual pore-pressure recovery and weakening. When
the sediment had dilated to what is termed its ‘critical-state’ porosity (see Section 4.3), it could not
dilate further and so the till failed catastrophically. From these experiments, it was concluded that
the pore pressure decreases and consequent strengthening caused by shear-induced dilation can: (1)
suppress rapid shear of subglacial till and fault gouge, and (2) result in slow episodic shear at rates
controlled by till porosity and hydraulic diffusivity.

Also apparent in the ring shear experiments conducted by Hooyer and Iverson (2000) was mix-
ing across the boundaries between shearing granular layers like tills. Employing the distribution of
index lithologies across till boundaries, they identify that the mixing coefficient (D) decreases with
strain and an upper limit on bed shear strain can be calculated. This mixing can effectively give rise
to the development of gradational contacts between till units or layers and has been used to pro-
pose pervasive deformation by some field researchers (e.g. Kemmis, 1981; Clayton et al., 1989). This
contrasts with predictions of sharper boundaries, specifically by Alley (1991), as the product of a
downward increase in effective pressure; this involves till deforming too slowly at a critical depth
to maintain its high porosity and therefore being compact and unable to shear. The resulting sharp
boundary between the upper deforming layer and the lower rigid layer is compatible with the A and
B horizons identified at Breidamerkurjokull. Whether or not such boundaries are sharp or diffuse,
the occurrence of distinctly different lithological signatures above and below them indicate that the
provenance of the till certainly changes and that this reflects the importation of different matrixes,
which potentially introduces different rheologies and deformation signatures in till sequences.

In an attempt to address both laboratory and field observations, Damsgaard et al. (2013, 2015)
have developed a numerical model of a two-way coupled particle—fluid mixture undergoing shear
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Figure 7.1 Micromorphological evidence of artificially induced strain developed during a shearing experiment on
potter’s clay (from Hiemstra and Rijsdijk, 2003): (i) grain alignments and plasmic fabrics that develop sequentially
(from top to bottom) of grain lineaments and unidirectional plasmic fabrics. Dashed line in upper sketch represents
the position of a developing shear plane. Elongate grains near the shear plane rotate until they are aligned
plane-parallel. They also move towards the shear plane due to contraction of the sediment (see strain boxes); (ii)
sketch to illustrate the relationship between unidirectional plasmic fabrics, skelsepic plasmic fabrics and turbate
structures; (iii) schematic diagram to show the development of branching and merging characteristics in unistrial
plasmic fabrics. Short, discontinuous unistrials in (a) grow to form continuous features in (b), and where unistrials
meet they split or bifurcate.
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deformation. The results reveal vertical displacement curves for fluid and particle behaviour with
progressive shear strain (Figure 7.2) and confirm the findings of previous investigations (e.g. Iver-
son et al., 1998; Moore and Iverson, 2002) that subglacial materials undergo transient strengthening.
This demonstrates that the deformation of dense granular material is governed by inter-grain contact
mechanics, so that the porosity evolves asymptotically towards a critical-state value with increas-
ing shear strain. The model also confirms a plastic rheology but dilative strengthening appears to
contribute to the material strength during the early stages of fast deformation. Spatial and temporal
variability in subglacial till forming processes (triggering variable glacier movement) is also acknowl-
edged in this study, whereby: (a) subglacial mosaics of deforming and stable spots will create localised
sinks for meltwater in patches of deforming materials; (b) sediment dilation can result in substantial
thinning of water films at the ice—bed interface; and (c) halts in subglacial shearing movement initi-
ates gradual sediment weakening due to the fluid pressure readjusting to hydrostatic. When combined
with the replenishment of till forming materials by whatever process appropriate to the particular
setting (i.e. regelation and melt-out, ploughing, raft liberation), these modifications of the deforming
layer by shear-induced dilation have the potential to vertically accrete multiple subglacial till units.

Although subglacial observations, laboratory experiments and modelling exercises have predomi-
nantly highlighted a Coulomb-plastic rheology for tills, the potential for viscous behaviour has cer-
tainly not been entirely dismissed and has even been identified as significant in some case studies
(cf. Jensen et al., 1995, 1996; Sane et al., 2008; Altuhafi et al., 2009). Indeed, geotechnical engineer-
ing recognises that plastic and viscous behaviours are not mutually exclusive, and pseudo-viscous
till behaviour is acknowledged specifically in assessments of dilatancy (see Section 4.3). Moreover, a
pressure-dependent viscosity has been assumed in a number of modelling exercises (e.g. Hindmarsh,
1998a, b; Fowler, 2000, 2003; Schoof, 2007), especially those pursuing a universal explanation for
till-cored subglacial bedforms like drumlins (Stokes et al., 2013). Criticisms of laboratory-based tests
inevitably highlight the non-representative conditions, such as the selection of only the fine-grained
matrix and the tendency for ring shear devices to shear only within a narrow band in the centre
of the sample, despite repeated replication of exponential displacement curves indicative of dis-
tributed shear increasing in magnitude towards the ice—till interface. For researchers who are uncon-
vinced that a viscous rheology is appropriate for subglacial till (e.g. Iverson and Iverson, 2001), such
curves have been regarded as merely ‘apparently viscous’ when in fact they represent distributed
Coulomb-plastic slip events. In Section 4.3, a viscoplastic rheology was briefly entertained for materi-
als in subglacial environments, because meltwater volumes and porewater pressures vary and there is
temporal and spatial variability in strain, however the experimental reductionism that is represented
by laboratory ring shear tests forms the foundation for understanding the fundamental relationships
between subglacial deformation and till properties through the direct measurement of strain magni-
tude. It is important, therefore, that we heed the sage advice of Thomason and Iverson (2006) quoted
at the beginning of this chapter and move forward to the measurement of strain in Chapter 8, but at
the same time bear in mind that till sedimentology is not entirely an exercise in determining strain
magnitude, for fabric alone does not deliver the answer on depositional genesis.
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Figure 7.2 Numerical modelling results for a particle—fluid mixture undergoing shear deformation (from Damsgaard
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8

Measuring Strain Signatures in Glacial Deposits

No section, however carefully drawn, is of more than ephemeral interest.
Sir H.H. Howorth (cited with disdain in Slater, 1926, p. 395)

The assessment of strain signature using macrofabric analysis has a long history in glacial geology
(see Section 4.5), but microscale applications and laboratory experiments in particular have evolved
more recently, especially in relation to attempts at strain quantification (Table 7.1). The nature of
clast behaviour in a shearing medium like till has also been a subject for scrutiny, the results of
which have culminated in an emerging consensus that March rotation (see Section 4.5; Figure 4.12)
is the dominant mechanism for orientating particles in a subglacial deforming layer. The widespread
acknowledgment by the glacial geology community in the late 1970s through to the 1990s that glaciers
could be moving over deformable tills led to the routine application of clast macrofabrics in assessing
the strain signature of that deformation (Hart, 1994). Some of the literature arising from these appli-
cations proposed that thicker deforming layers produced weaker macrofabrics and this was explained
as a potential product of what was then regarded as a viscous till rheology (e.g. Hicock, 1992; Hart,
1994, 1997; Benn, 1995; Benn and Evans, 1996), an interpretation that was to be labelled as disci-
plinary belief or folklore (cf. Clarke, 2005) for glacial sedimentologists.

Although we now understand that Coulomb-plastic behaviour is more likely for deforming tills,
numerous observations of macrofabrics weakening in A horizon deforming layers remain problem-
atic, especially as laboratory experiments, as we shall see below, deliver strong fabric signatures at
low strains. Glacial sedimentologists have speculated on the cause of such weak clast macrofabrics
in tills, proposing ductile intergranular shear, localised dilatancy or even sediment flowage as expla-
nations of this characteristic, potentially controlled by the spatial and temporal history of solid state
deformation (e.g. Roberts and Hart, 2005; Evans et al., 2006b). Nevertheless, studies of till sedimen-
tology have consistently acknowledged the role of increasing cumulative strain in the development
of stronger clast fabrics (e.g. Hicock et al., 1996; Evans et al., 1998, 19994, b; Hiemstra and Rijsdijk,
2003) despite Iverson et al.’s (2008) criticism that they have done quite the opposite. Problematic in
terms of reconciling the remarkably strong fabrics attained in laboratory shear tests and the range of
clast macrofabrics (more notably the relatively weak examples) discovered in geological outcrops is
the incompatibility of the material properties in the two environments (Table 8.1). However, Iverson
and co-workers (cf. Iverson and Hooyer, 2002; Iverson et al., 2008) confidently charge that: (a) no
systematic relationship between fabric development and shear-strain magnitude has emerged from
field studies due to the lack of an independent means to determine strain magnitude; (b) neither till
thickness (Hart, 1994, 1995; Hart and Rose, 2001) nor fluidity (Dowdeswell et al., 1985; Benn, 1995;
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Table 8.1 Clast macrofabric strengths (S, eigenvalues) for tills from a range of laboratory and field case studies
(brown = subglacial till and glacitectonites; blue = melt-out till; A axis data unless listed otherwise).

Case study Till/glacitectonite type S, eigenvalue S, eigenvalue
range mean

(continued)
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Table 8.1 (Continued)

Case study Till/glacitectonite type S, eigenvalue S, eigenvalue
range mean

Lawson (1979) Melt-out till (modern, Alaska) 0.87-0.89 0.88
Fitzsimons (1990) Melt-out till (modern, Antarctica) 0.45-0.77 0.58
Hicock et al. (1996) — inc. Hicock  Melt-out till (ancient) 0.65-0.83 0.74
(1987) and Goff (1993)

Larson et al. (2016) Melt-out till (modern, Alaska) 0.79-0.80 0.795

Benn and Evans, 1996; Evans et al., 2006b), but rather shear-strain magnitude is the variable most
closely correlated to fabric development; and (c) fabric variability in field data can be attributed most
reasonably to strain heterogeneity. Hence, Iverson and co-workers have embarked upon the task of
exploring whether or not there is a simple relationship between fabric development and shear-strain
magnitude, the results of which we will now review.
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A benchmark paper on the fabric results of ring-shear experiments is that of Hooyer and Iverson
(2000), who show that particle long (A) axes rapidly rotate into parallelism with the principal strain
axis and remain there, with stable cluster fabrics being attained at cumulative strains of around 2.0
and then no further modification up to strains of at least 370. Subsequently, Thomason and Iverson
(2006) identified a clear strengthening of sand grain microfabric with increased strain in ancient tills
when they were placed in the ring shear device, with fabric strength attaining S, values of 0.71-0.74
at shear strains of 7—39 but then remaining steady up to shear strains of 108 (Figure 8.1). Clearly,
such shear strains are entirely realistic beneath ice sheets. In order to generate some compatibility
between the analytical interpretations of the results gleaned from laboratory experiment and those
collected from field settings, Iverson et al. (2008) use the standard clast fabric shape ternary plot
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Figure 8.1 Results of shearing experiments on the Douglas and Batestown tills of the Laurentide Ice Sheet, showing
microfabric strength related to strains up to 108. The rose diagrams record the alignments of sand grain long axes in
two dimensions and therefore S, eigenvalues will not fall below 0.5 (Thomason and Iverson, 2006).
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Isotropic Figure 8.2 The relationship between fabric shape
development and consolidation and shear strain,
plotted on the standard clast fabric shape ternary
plot, based on AMS fabrics produced during shearing
experiments (form lverson et al., 2008).

(Figure 4.14) to indicate the influence of initial consolidation of a till (the imparting of normal stress
of 65—85 kPa prior to shearing) and then increasing shear strain on AMS fabric shapes (Figure 8.2);
this is represented by the arrow on Figure 8.2 depicting the changing fabric shape with increasing
shear strain magnitude, from isotropic to girdle to cluster.

Field macrofabric data, as highlighted by Hooyer and Iverson (2000) and Iverson and Hooyer (2002),
although routinely collected from tills, cannot be related quantitatively to shear strain at the ice—bed
interface. However, Benn’s (1995) study of the freshly exposed subglacial tills at Breidamerkurjokull,
at a site located close to the location where Boulton and Hindmarsh (1987) reported measurements
of subglacial till deformation in the 1980s (see Section 6.2), is nonetheless instructive as it provides
us with the field fabric signature of that deforming till (Figure 6.9a; cf. Benn, 2002). The till had a
two-tiered structure, with a low-strength, high-porosity upper layer (A horizon) overlying a stronger,
higher-density lower till (B horizon), and clasts in both horizons had A-B planes lying close to hori-
zontal, with striated, polished facets on their upper and lower surfaces, indicative of clast ‘gliding’ in
quasi-stable orientations. Clast A-axes were strongly clustered, parallel with former ice-flow direc-
tion in the lower till and the fluted parts of the upper till. In contrast the unfluted parts of the upper
till revealed weaker fabrics (Figure 4.14b), a characteristic interpreted by Benn (1995) as evidence
of unsteady strain conditions in response to porewater pressure fluctuations and clast interactions.
Such variable and some relatively weak clast macrofabrics in a till that demonstrably had been sub-
ject to subglacial deformation was explained by Iverson and Hooyer (2002) as a product of strain
heterogeneities (Iverson and Hooyer, 2002; cf. Jaeger and Nagel, 1992; Beeler et al., 1996). Spatially
and temporally unsteady patterns of deformation have been proposed by Benn (1995) and Benn and
Evans (1996) as possible ways to ‘weaken’ fabrics, so that March rotation need not necessarily cause
monotonic development of strong cluster fabrics.

The many cases of massive ancient and modern subglacial tills with clast macrofabrics that are
relatively weak when compared to laboratory shearing experiments have been explained as the prod-
uct of thick, subglacial deforming layers, in which clasts underwent continuous Jeffery type rota-
tion (Figure 4.12; e.g. Hicock and Dreimanis, 1992a, b; Hart, 1994; Hicock et al., 1996). This has
been countered by those who argue that only March type rotation can occur in subglacial deform-
ing layers, and hence any till with a ‘weak’ fabric cannot have formed by subglacial deformation
(e.g. Hooyer and Iverson, 2000; Piotrowski et al., 2001; Thomason and Iverson, 2006; Iverson et al.,
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2008). Although March type rotation is now firmly established as the most likely mechanism for clast
alignment in tills, there is a clear dichotomy still surrounding clast macrofabrics in tills, wherein the
same evidence, weak clast macrofabrics, is being used as evidence both for and against subglacial
deformation.

In contrast to the variable and sometimes weak fabric signatures collected from subglacially
deformed tills, both in ancient deposits and those on the Breidamerkurjokull foreland, consistently
strongly orientated clast macrofabrics in till sequences have been reported and attest to the accretion
of strongly sheared subglacial materials, presumably with a Coulomb-plastic rheology. An excellent
example is that of Larsen and Piotrowski (2003) and Piotrowski et al. (2006) in their study of stacked
till units in Poland (Figure 8.3), which reveals both vertically and horizontally consistent strong clast
fabric cluster orientations through three till units (A—C) overlying glacitectonised sand over a thick-
ness of 2 m, wherein each till is up to 0.2, 1.45 and 1.1 m thick, respectively, and S, eigenvalues range
from 0.65 to 0.96. Similarly, Spagnolo et al. (2016) report macro- and microfabric data, including
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the results of X-ray tomography, from a homogenous, >1.4-m-thick, single massive silty—sandy
diamicton within megascale glacial lineations (MSGL), which reveal remarkable consistency in
orientation, both vertically and horizontally, aligned parallel with MSGL crests (Figure 8.4). The
alignment patterns of clasts at microscale reflect the development of Riedel shears in the shearing
zone immediately beneath the ice. Spagnolo et al. (2016) conclude that the range of consistently
orientated data demonstrates a continuously accreting, shallow but pervasively deforming, bed
under consistent basal conditions where a plastic style of deformation was facilitated by continuous
sediment supply and an inefficient drainage system. The consistency of the various fabric signatures
in such studies is often used to argue against the ploughing model for till deformation, either by ice
keels or large clasts, specifically because ploughing is envisaged to displace material sideways away
from the keel or clast and would thereby disturb ice-flow parallel fabric orientations. However, the
basal shear stresses acting upon both groove and ridge would likely constrain clast deflection equally
(i.e. both would be subject to simple shear), and hence it could be argued that spatially consistent,
strongly aligned fabrics are not necessarily incompatible with groove-ploughing.

Case studies on clast fabrics in tills appear to be somewhat inconclusive on the subject of varia-
tions in fabric strength with clast size, although it has been proposed that abnormally weak fabrics
could be identified in certain grain size ranges. For example, Larsen and Piotrowski (2003) found no
correlation between fabric strength and grain size for the 7—56 mm grain size range, and laboratory
experiments reported by Iverson et al. (2008) revealed no correlation below 8 mm. However, Spag-
nolo et al. (2016) isolated variable signatures for different grain size ranges below 2 mm (Figure 8.4),
wherein some grain sizes appear to adopt transverse alignments in equal measure to ice-flow parallel
orientations. Others have identified a tendency for smaller particles to display weaker or transverse
A-axis fabrics than larger particles in the same till (Kjeer and Kriiger, 1998; Carr and Rose, 2003; Carr
and Goddard, 2007), which may be due to smaller particles being more susceptible to collisions with
equal-sized or larger neighbours (Thomason and Iverson, 2006). This tendency for fabric strength to
be affected by clast collisions in coarser-grained tills with large numbers of variably sized clasts has
a precedent in the experimental study of Ildefonse et al. (1992). Inhomogeneous or unsteady defor-
mation may therefore produce a wide range of clast fabric strengths, with localised fabric patterns
reflecting local strain conditions, but the variability appears to be demonstrated in different grain size
ranges depending on the nature of sorting of the sediments. For example, the tendency for clasts to
align transverse to ice flow is recognised only in the <2 mm grain sizes in the relatively fine-grained,
massive silty—sandy diamicton of Spagnolo et al. (2016), whereas coarser-grained tills with abundant
cobbles and boulders display localised fabric variability at larger grain sizes.

The latter pattern is well illustrated in the coarser-grained tills of Icelandic glacier forelands where
lodged boulders, which are identified using sedimentological criteria that are independent of fabric
signature (Sharp, 1982; Kruger, 1984; Evans and Hiemstra, 2005; Evans et al. 2016), tend to display
very strong preferred orientations, reflecting tightly constrained shear at the ice—till interface, but
smaller neighbouring particles do not. This is well illustrated by the tendency for clast fabrics to dis-
play herringbone patterns or weak fabrics on the down-flow sides of stoss boulders in flutings (e.g.
Rose, 1989, 1992; Benn, 1994a; Evans et al., 2010; Eyles et al., 2015; Figures 6.7 and 8.5). Lodged
particles form a bridge between ice and till, and the movement of the ice will tend to rotate the par-
ticle until its A-axis and A-B plane are parallel to the plane of shear; an up-glacier imbrication will
also develop due to the tendency for the till matrix to plough up in front of the particle (Figures
6.7 and 6.8). Evans et al. (2007) presented A—B plane fabrics of boulders lodged on the forelands
of Icelandic glaciers, where lodgement was independently determined for those boulders that were
partially buried in a fluted till surface, with their upper exposed faces striated parallel to the surround-
ing flutings and often forming stoss boulders to the flutings. The sample exhibited a strong cluster
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fabric with near horizontal A—B planes (Figure 4.14c), which was clearly in contrast to the weaker
macrofabrics on both A—B planes and A-axes from the A and B horizon tills associated with the
lodged boulders and flutings (Figure 4.14b). A similar contrast between the fabrics of unequivocally
lodged boulders and other smaller clasts in coarse-grained tills has been identified in a case study of
multiple, stacked tills at porisjokull, Iceland by Evans et al. (2016; Figure 8.6). The relatively weak S;
eigenvalues (A axes = 0.44—0.62; A/B planes = 0.39—-0.52), hence higher isotropy, of the Porisjokull
tills are not unlike those previously reported for Icelandic tills (e.g. A axes = 0.51-0.74, A/B planes
0.46-0.67; cf. Sharp, 1984; Dowdeswell and Sharp, 1986; Benn, 1995; Benn and Evans, 1996; Evans,
2000a; Evans and Twigg, 2002; Evans and Hiemstra, 2005), and difficult to reconcile with the shear
strains of >100, regarded as typical of modern glaciers and ice sheets. Moreover, laboratory experi-
ments demonstrate that strong ‘steady-state’ fabrics (S; > 0.78) are developed at lower strains of only
7-30 (Hooyer and Iverson, 2000; Thomason and Iverson, 2006; Hooyer et al., 2008; Iverson et al.,
2008). Hence, the strong lodged boulder fabrics, especially on A-axes, and their contrast with the
relatively weak till fabrics at porisjokull are interpreted as the products of rapid boulder orientation
during subglacial shear followed by interruption of clast alignments in the sub-boulder fraction as
the till is deformed and deposited in between and around lodged boulders. The porisjokull till fab-
ric data are not unusual in that the S, eigenvalues on A-axis fabrics reported from ancient tills are
wide-ranging even though they can be strong (e.g. 0.47—0.95, Hicock et al., 1996; 0.44—0.83, Gentoso
etal.,2012;0.65-0.97, Larsen and Piotrowski, 2003). So many deposits like the Porisjokull tills record
strains too low to represent a steady-state strain signature, despite displaying the sedimentological
and structural characteristics of subglacial till emplacement. For example, generally well-orientated
till fabrics in recently exposed flutings on the forelands of Sandfellsjokull, Iceland (Figure 8.5b; Evans
et al.,2010) and Athabasca Glacier, Canada (Figure 8.7; Eyles et al., 2015) deliver A-axis S; eigenvalues
of 0.55-0.82 and 0.43-0.68, respectively. Moreover, a 1.5-m-thick till sequence beneath the Sand-
fellsjokull fluting field (Figure 8.8) displays predominantly weak spread-bimodal and multi-modal
fabrics. This indicates that steady-state strains are more difficult to achieve under field conditions
than in laboratory experiments, and this appears to be related to grain size characteristics and asso-
ciated clast collisions and/or large clast interruptions of deformation patterns in the till matrix.

In direct contrast to the strong macrofabrics reported by Spagnolo et al. (2016) for MSGL, and
hence for subglacial rather than sub-marginal tills, O Cofaigh et al. (2013) found relatively weak
signatures in the Dubawnt Lake palaeo-ice stream MSGL tills (Figure 8.9; cf. Figures 4.14c and 4.15),
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Figure 8.6 Clast macrofabrics from a case study of multiple, stacked tills at porisjokull, Iceland (from Evans et al. 2016):
(a) annotated photographic log showing one exposure through the stacked till units and discontinuous clast lines
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comprising lodged clasts; (b) macrofabric and striae data for lodged boulders from the till sequences; (c) clast

macrofabric shape ternary diagrams, depicting the positioning of glacial deposits of known origin as envelopes and
the samples from the stacked till units at porisjokull. The indications of fabric shape development in relation to

consolidation and shear strain, after Iverson et al. (2008), are also shown.
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with S, eigenvalues ranging from 0.43 to 0.82. The occurrence of numerous stratified bodies in the
till are used to infer a glacitectonite/hybrid till origin, whereby the MSGL were constructed from
pre-existing outwash deposits that were subject to non-pervasive deformation and localised lodge-
ment of larger clasts. The short transport distances and incomplete mixing of the material indicate
that groove ploughing was likely responsible for the construction of the MSGL during a short period
of ice sheet margin readvance and rapid ice flow. A significant difference between the subglacial mate-
rials (tills/glacitectonites) at the Dubawnt Lake and Spagnolo et al’s (2016) Polish MSGL sites is
the grain size, with the former constituting a more poorly sorted, coarser deposit with significantly
more larger clasts of variable size. If we are to accept laboratory findings that strong macrofabrics are
achieved at very low strains (Figure 8.1), then the tills in both MSGL studies should tend towards S,
eigenvalues of 0.70. This is the case for the Polish MSGL with a mean S, of 0.75 (range 0.47—0.94;
compatible with Larsen and Piotrowski’s 2003 data for Polish tills with S; mean of 0.88), but not for
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Figure 8.7 Clast macrofabrics and subglacial bedforms on the foreland of the Saskatchewan Glacier, Canada (from
Eyles et al., 2015): Upper panel shows macrofabrics measured in boulder-initiated, crevasse-related and ice-pushed
flute ridges (ice flow direction from left to right). Lower panel is a schematic reconstruction of the process—form
regime in which three principal flute types are created, including (1) boulder-initiated flutes, (2) flute ridge formed by
till squeezing into crevasses, and (3) ice-pushed flutes and ploughed grooves.
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Figure 8.9 Clast macrofabric data from the Dubawnt Lake palaeo-ice stream MSGL tills, plotted on modality-isotropy
and fabric shape ternary diagrams (from O Cofaigh et al., 2013).

the Dubawnt examples with a mean S; of 0.57. It appears likely, therefore, that grain size variability
is significant in determining clast macrofabric strengths, due to the increased clast collisions and
concomitant disruption of consistent clast alignments that take place in coarse tills.

The variable grain-size distribution and large proportion of cobble and large-sized clasts in Ice-
landic tills also appear to generate more variable clast fabric strengths within flutings, a direct contrast
with the patterns identified in MSGL by Spagnolo et al. (2016). This has been demonstrated by Boul-
ton (1976) with clast fabric strengths that vary vertically and horizontally across flutings and which
deviate in orientation quite significantly from fluting long axes (Figure 8.10). The occurrence in the
clast macrofabrics of bi-modal to spread bi-modal signatures (see Figure 4.15) and high dip angles
in the cores of the ridges are instructive in that they suggest clast mobility, potentially even verti-
cal alignment due to till squeezing or flowage. A similar scenario has been identified by Evans and
Rea (2003) in the parallel-sided flutings that extend for hundreds of metres on the foreland of the
surging glacier Braarjokull in Iceland, which are characterised by relatively weak clast macrofabrics
(§; = 0.41 — 0.62) particularly in their cores (S; = 0.41 — 0.56; Table 8.1; Figure 8.11a), prompting
Evans and Rea (2003) to propose till flowage into grooves in the ice base created by the numer-
ous lodged boulders; this appears to have been followed by slight strengthening of surface fabrics
(S; = 0.49 — 0.62) as the ice streamlined the fluting. In contrast, Kjeer et al. (2006) discovered stronger
and ice-flow-aligned clast fabrics (S; = 0.45 — 0.84) in one fluting on the same foreland, similar to
fabric strengths reported for the same area, but largely below fluting cores, by Nelson ez al. (2005;
S, = 0.52 — 0.75), indicating that strain patterns vary between flutings and with till depth. The range
of macrofabrics discovered in this area of rapidly fluted bed are potentially related to the various
stages of subglacial deformation that are captured in the subglacial landform —sediment associations,
with the weaker signatures relating to early stage till squeezing or flowage into newly created cavi-
ties, which stopped evolving because the snout surge ceased; good illustrations of this are the weak
fabric signatures recorded in the prows developed in front of ploughing boulders (S; = 0.37 — 0.63;
Figure 8.11b), which would be at the core of later stage flutings whose surface clast alignments would
be stronger due to better ice—bed coupling.
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Figure 8.10 Clast macrofabrics from various depths within a fluting on the Breidamerkurjokull foreland (from
Boulton, 1976). Arrows on stereonets show ice-flow direction.

The liquefaction required to initiate till flowage at the ice—bed interface and allow particles to
freely rotate (Evans et al., 2006b) has been questioned as a viable subglacial process by Iverson
et al. (2008), because this scenario entails a material that has zero strength and would lead to
catastrophic acceleration of the glacier. Although at Bruiarjokull this is exactly what did take place
during the fluting-forming surge of 1964 (Evans and Rea, 1999, 2003; Kjer et al., 2008; Rea and
Evans, 2011), in the absence of surges the flowage process would be a localised one and more
likely to take place under the lower basal shear stresses of sub-marginal settings, as demonstrated
by the close association of flutings, marginal crevasse-squeeze ridges and the elongate limbs of
sawtooth push/squeeze moraines, as well as ‘till eskers’, in active temperate settings (cf. Price, 1970;
Christoffersen et al., 2005; Evans et al., 2010, 2016; Eyles et al., 2015). Weak ice—bed coupling in
the surge and active temperate sub-marginal settings is potentially creating the till liquefaction and
concomitant particle momentum exchange (cf. Iverson, 1997) necessary for greater clast mobility
than that replicated in the highly confined shearing environments of ring shear devices. Verification
of this weak coupling appears to be manifest also in the macrofabric signatures of sub-marginal till
sequences.

The clast macrofabric and microstructural signatures within sub-marginal till wedges or the
ice-proximal ramps of push moraines, created by incremental till thickening (Evans and Hiemstra,
2005; see Chapter 16), allow us to analyse the strain signatures of sub-marginal deposits. Whereas
subglacial tills should be expected to be highly strained to the levels replicated in laboratory
shearing experiments, even if tills are thinner or repeatedly overprinted, sub-marginal till stacks
are more likely to display a range of clast macrofabric and microfabric strengths. This is due to the
changing rheological characteristics of the tills driven by changing environmental temperatures
and concomitant porewater pressures beneath a seasonally oscillating glacier snout. Seasonally
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driven sub-marginal processes of deformation, squeezing and freeze-on and melt-out give rise to
the advection of subglacial till to the glacier snout and the construction of push moraines in which
the macrofabrics are moderately strong and conform to the ice flow directions indicated by surface
flutings and strongly orientated lodged clasts, but microstructures indicate that the matrix was
subject to water escape and sediment flowage (Figure 8.12a, b). This late-stage modification of the
microfabrics of subglacial tills has been identified also by Neudorf et al. (2013), who propose that
this should not be unexpected for coarse-grained tills. Hence, till fabric strength appears to vary
in some situations not just because of clast collisions and localised perturbations set up by larger
clasts, but also due to smaller size fractions becoming relatively more mobile in the liquefaction
and dewatering of matrixes; in the sub-marginal till wedges this appears to be conditioned by lower
basal shear stresses in the outer wedge during the ablation season when push/squeeze moraines
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Figure 8.11 (Continued)
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are constructed (Price, 1970). At the thin end of such sub-marginal till wedges, the combined
subglacial processes of lodgement, deformation and ice keel and clast ploughing repeatedly rework
and advect the subglacial till to produce overprinted strain signatures and clast pavements; this has
been equated to the ‘erodent layer hypothesis’ (ELH) by Eyles et al. (2016), a concept that we will
revisit in Chapter 16. Hence, the ice-proximal ramps should contain subglacial till fabric signatures
including those of typical A and B horizons but also superimposed horizons with strong cumulative
strain signatures (Figure 8.12c). Nevertheless, even here, the S, eigenvalues (0.43-0.79; Table 8.1)
indicate low shear strain magnitudes (cf. Figure 8.2) for the tills, despite the associated lodged clasts
displaying evidence of high strains (S; = 0.83—0.94; Table 8.1).

Also apparent at glacier sub-marginal settings are down-ice thickening wedges of glacitectonised
materials, displaying a range of deformation structures but often containing evidence of deep-seated
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low strain signatures. Subglacial deformation of such materials creates glacitectonite over cupola
hills (sensu Aber et al., 1989; Figure 6.19), the sedimentology and broader architecture of which are
reviewed in Chapters 14 and 16. The extent of deformation in such glacitectonites and the related
patterns of strain that exist within the overlying amalgamation zone of ‘tectonic/depositional slices’
(cf. Boulton et al., 2001; Figure 6.22) and the capping till are well illustrated by the Brennhola-alda
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Figure 8.12 Stratigraphy and clast macrofabric and microstructural signatures within sub-marginal till wedges or the
ice-proximal ramps of push moraines: (a) multiple till wedges/moraines constructed at the margin of Flaajokull,
Iceland in the early- to mid-1990s (after Evans and Hiemstra, 2005); (b) multiple till units emplaced on the ice-proximal
side of a glacially overridden ice-contact subaqueous outwash fan and delta sequence at south Loch Lomond,
Scotland (after Benn and Evans, 1996; Phillips et al., 2002; Benn et al., 2004; Evans and Hiemstra, 2005). Upper panel
shows the main lithofacies associations, of which LFA 3 includes the stacked till units. Middle photograph and sketch
shows the till details and the locations of macrofabrics (data at lower right) and thin section samples (images at lower
left). The thin sections reveal: (A) silt-rich till with linear arrangement of silt and sand grains (arrow) and diffusely
bounded intraclast (circle); (B) turbate structure with associated lineament ‘tail’ to the right; (C) anastomosing silt and
clay laminae with many silt grains aligned parallel to the lamination; (D) muddy intraclasts (arrows) and casings
around individual grains (circles); (E) irregularly shaped mammilated void, composed of intergrown more rounded
pore spaces; (F) water escape structure (arrows); (c) data from overprinted till sequences within the proximal ramps of
sub-marginal till wedges, including independently collected lodged surface clast data, from Breidarlon on the
Breidamerkurjokull foreland and Skalafellsjokull, Iceland.
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overridden thrust moraine at Breidamerkurjokull (Evans and Twigg, 2002; Evans and Hiemstra,
2005; Figure 8.13). The stratified sand and minor gravel glacitectonite with its numerous Riedel
shears, clastic dykes and water escape structures is abruptly truncated by a matrix-supported to
pseudo-laminated diamicton with attenuated sand lenses (tectonic slices), which passes vertically
into a capping massive, matrix-supported diamicton with localised fissility and sheared sand
wisps. The macrofabric signature reveals a remarkably consistent northwest orientation for each
30-cm-thick sampling band (the direction from which shear stresses were imparted during thrust
block construction and overriding), but S; eigenvalues ranging from 0.43 to 0.68 are indicative of
low strains when compared to laboratory tests on ancient tills (Figure 8.1).

Clasts in glacitectonites can display a range of macrofabrics from strong clusters, reflecting the
strongly constrained shear that often takes place in such materials (Benn and Evans, 1996), to gir-
dles (Figure 4.14c), depending on the degree of modification of the parent material. Hence, a strain
signature continuum has been proposed for glacitectonites using the clast macrofabric strengths of
materials whose relative degree of deformation can be assessed independently by their structural
appearance (Evans et al., 1998, 2007; Figure 8.14; see Sections 4.2 and 4.4 and Chapter 14). Weaker
fabrics, typically girdles, are observed in the more immature tills/tectonic amalgamation zones and
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Figure 8.13 Glacitectonite and till carapace over the Brennhola-alda overridden thrust moraine at Breidamerkurjokull,
Iceland (after Evans and Twigg, 2002; Evans and Hiemstra, 2005). Photograph shows stratified sands, silts, clays and
fine gravels with peat layers which have been glacitectonically thrust and cross-cut by a sub-vertical clastic dyke
(hydrofracture fill) and sheared into an amalgamation zone (clast fabric BA-11) at the base of an overlying till sequence
(clast fabrics BA8-10). Top left section sketch shows the details of the upper glacitectonically deformed part of the
stratified deposits and the overlying amalgamation zone (Dmm with sheared rafts) and capping till. Inset photograph
shows a vertically descending till-filled dyke injected into the stratified deposits during subglacial shearing. Top right
section sketch shows the details in the box on the top left sketch and the location of clast macrofabric samples BA1-7.

glacitectonites that have been subject to lower cumulative strain. Fabric strengthening occurs as
glacitectonites are moved increasingly further from their source and attenuated.

Strong clast macrofabrics are often predicted for melt-out tills but only a few studies have actually
collected data from materials that have unequivocally evolved directly from the passive melting of
debris-rich ice (Lawson, 1979a, b; Larson et al., 2016; Figures 4.14d and 6.18; see Section 6.4). This
is thought to reflect the original englacial fabrics, but with some overprinting during dewatering
and consolidation (Boulton, 1970a; Lawson, 1979a, b; Lundqvist, 1989; Murton et al., 2005; Figure
2.6d). Englacial clast fabrics often have strong preferred orientations parallel to the direction of shear,
due to the rotation of clasts by the surrounding deforming ice (Lawson, 1979a; Ham and Mickelson,
1994) but may be transverse in zones of compressive flow (Boulton, 1970b). Although the Matanuska
Glacier data set of Lawson (1979a, b; Figures 4.14d and 6.18) has been widely used as a reference
for the interpretation of ancient melt-tills, there are a number of reasons why melt-out may not
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Figure 8.14 Clasts macrofabrics from a selection of glacitectonites (from Evans et al., 1998), displaying an apparent
strain signature continuum. Note that the glacitectonite maturity was assessed independently based upon their
structural appearance and degree of mixing/homogenisation compared to their parent materials.

create such strong fabrics due to varying degrees of remoulding during and following deposition.
For example, the reduction in dip values and an increase in dispersion relative to englacial fabrics
may take place, and clast interactions during settling may weaken the preferred orientation.
Significant advances have taken place in recent years in the identification and quantification
of microscale shearing indicators using thin section analysis and scanning electron microscopes
(Figures 4.9, 7.1 and 8.4) as well as microtomography (Tarplee et al., 2010). As discussed in Chapter 7,
microstructural studies of artificially deformed clays by Hiemstra and Rijsdijk (2003) have shown that
distinctive grain arrangements develop during shearing. Focused strain along shear zones produces
grain lineaments, and the rotation of particles or particle aggregates within shear zones produces
‘turbate structures’ (Figure 7.1). These structures consist of small particles arranged concentrically
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around a larger mass, and have been recognised in many ancient tills (van der Meer, 1993, 1997;
van der Meer et al., 2003). Hiemstra and Rijsdijk (2003) showed that both grain lineaments and
turbate structures increase in frequency at higher cumulative strains, and pointed out that planar
movements are necessary to create the torques required to rotate the grains. Similarly, Thomason
and Iverson (2006) showed that most strain was accommodated by microshears (Riedel shears)
aligned at low [R1] and high [R2] angles to the shearing direction (Figures 8.1 and 8.15a), which
could be quantified using the dimensionless I, index:
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Figure 8.15 Parameters and data relating to the identification and quantification of microscale shearing indicators
(from Larsen et al., 2006; Thomason and lverson, 2006): (a) summary diagram to show how most strain is
accommodated by Riedel shears aligned at low [R1] and high [R2] angles to the shearing direction; (b) graphic plot
that demonstrates a progressive /, index increase during shearing.
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where 7 and m are the numbers of low-angle (L) and high-angle (H) shears, respectively, and y and
0 are the acute angles of low- and high-angle shears, respectively (the division between high- and
low-angle shears is 25°). The I; index varies from 0 to 1, with high values being indicative of a pre-
dominance of shears parallel to the shearing direction. The principle here is that microshears become
aligned more in parallel to the principal zone of displacement under progressively higher strain.
Further tests by Larsen et al. (2006) involved subjecting 40 mm of diamicton to shear strains up to 107,
the result of which was displacement, measured from S-matrix microstructures in thin sections, only
in a 14—20-mm-thick zone within the diamicton. The plotting of /; indexes from ancient tills together
with those from the laboratory experiments allowed Larsen et al. (2006) to identify a progressive I;
index increase during shearing (Figure 8.15b). Although this demonstrates the potential of using the
I, index for estimating strain in ancient tills, the homogenised ancient tills recorded strains of only
8-13, indicating that most of the microstructural changes, like microfabric development (Figure 8.1),
take place at low strains.

The incompatibility of clast (micro- and macro-) fabric strengths collected during many field-based
studies and from laboratory experiments (Table 8.1) poses some significant problems for glacial sed-
imentologists, and indicates that clast and/or matrix behaviour beneath glaciers is likely to be more
complex than simple, universal models would suggest. The studies reviewed in this chapter can be
summarised as follows:

e Fabrics in subglacial tills in field settings vary from relatively weak (S; < 0.50) to strong (>0.70).

e Fabrics in field settings appear to be very strong (S; > 0.80) for unequivocally lodged clasts when
assessed independently.

e Some variability in fabric strength with grain size is evident in field settings, with more poorly
sorted and coarser-grained tills displaying relatively weaker fabrics, likely reflecting greater clast
collisions and interruptions of alignments.

e Laboratory experiments on sheared materials, derived from both artificial and field samples, reveal
the development of strong (S; =~ 0.73) fabrics at low strains but no further strengthening above
strains of around 37. Additionally, there is no significant variability in fabric strength with particle
size, but materials do not replicate the coarseness or poor sorting of field conditions.

e Late-stage depositional changes appear to be recorded in microscale structures, where dewatering
remobilises only the finer-grained matrix of many tills leaving macrofabrics undisturbed.

e Strain heterogeneities appear to be important in the localised development of weak fabrics, espe-
cially in glacitectonites or immature homogenised tills, which may relate to late-stage development
(i.e. immaturity) or substrate ploughing (ice-keel- or clast-induced) of coarser-grained materials.

e Replicating till deformation and concomitant strong fabric development in a ring shear device
does not necessarily disprove the Hart (1994) hypothesis that weaker fabrics are created in thicker
deforming layers, because the same hypothesis implies strong fabrics in thin and constrained shear
zones such as those created in a shear box! Hence, we must seriously consider the notion that
laboratory experiments at present cannot replicate all the stress/strain relationships that occur in
spatially and temporally variable subglacial deforming materials.

Solutions to the problems arising from such observations can be delivered only through till defor-
mation experiments at a scale large enough to replicate true field conditions. This is a tall order but has
been initiated by the pioneering experiments of Hart ez al. (2006, 2009, 2011), in which autonomous
probes are inserted into modern subglacial tills via boreholes and then monitored over time. In one
such experiment at the bed of Briksdalsbreen in Norway, data from the tilt sensors in the probes
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transmitted to the glacier surface indicated that the probes tended to exhibit progressive reduction of
dip (i.e. March rotation), on which was superimposed short-term dip oscillations and rotation about
the a-axis. This indicates that particle rolling could be taking place in conjunction with March rota-
tion, thereby exerting some influence on fabric development. The complexity of subglacial processes,
with respect to porewater pressure changes and concomitant brittle versus ductile responses by the
till, appear to be reflected in the signals returned by the probes (Hart et al., 2011), although linking
such data to till sedimentological properties remains challenging and often unavoidably speculative.
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The Geological Record: Products of Lodgement, Cavity Fill and the
Boulder Pavement Problem

No one, I presume, will for a moment entertain the idea, that the one hundred and forty one pieces
composing this bed were transported to this spot, having been striated elsewhere, and accidently
deposited with their surfaces in the same plane, and their grooves substantially parallel. The
chances against such an occurrence are so enormous, that we might with safety say, it could not
happen except by miracle.

Stoddart (1859, p. 227)

9.1 Introduction - Repositioning Field Studies and Experimental
Reductionism

A number of criticisms of glacial sedimentology and sedimentologists have been levelled by Neil
Iverson and his co-workers since the beginning of their efforts to isolate a specific till rheology and
measure strain magnitude through till fabric. They rightly highlight the impoverished nature of exper-
imentation in the study of glacigenic deposits, particularly tills, but are all the criticisms valid? Some
fundamental questions have not been fully addressed by the laboratory shear tests and predictably
they relate to the problems of representativeness of the spatial and temporal complexity of real glacier
and ice sheet beds. Thomason and Iverson (2006) correctly point out that this should not be used as
an excuse to avoid simulating deforming beds at laboratory ring-shear scale, as simulating complexity
is not the prime aim of such experiments but rather it is isolating the variables that are notoriously
difficult to measure in the field. This chapter and Chapters 10—15 are critical reviews of our present
state of knowledge on till deposits, importing the invaluable observations and data derived from the
subglacial exploration, laboratory experiment and modelling reviewed in preceding chapters and rec-
onciling them with the characteristics and associated process—form interpretations derived from
field-based assessments. With this in mind, we first need to reflect on both the ‘answers’ and the
unanswered questions that carry over from the laboratory experiments. The most significant of the
unanswered questions is: how do we interpret all the low-strain signatures in subglacial materials?
The overarching and critically important aim of the laboratory till shearing experiments as set out
by Iverson and co-workers is the testing of the ‘bed deformation model’, the definition of which is
instructive in terms of how wide-ranging the laboratory test results are purported to be for assessing
till process sedimentology. Specifically, Iverson et al. (2008) summarise the ‘bed deformation model’
as the assertion that ‘a glacier can move primarily by shearing its bed, usually assumed to consist of

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.



9.1 Introduction - Repositioning Field Studies and Experimental Reductionism

till’; the notion that this was widespread and overwhelmingly dominant as a subglacial process was
developed by Boulton’s (1996a, b) model of regional till architecture (Figure 9.1), which is instructive
in terms of subglacial sediment advection (cf. Alley et al., 1997; Figure 1.4) but regarded by some as
an overestimate of how much advection is accomplished by deformation alone (e.g. Piotrowski et al.,
2001, 2002, 2004), as we shall explore in the following chapters. The important corollary quantified
by Iverson et al. (2008) is that shear strains (ratio of glacier displacement to shearing bed thickness)
must exceed 100 if most basal motion was through bed deformation. Hence, in order to verify the
‘bed deformation model’, it is necessary to find till fabrics indicative of the very high shear strains
predicted by the model. We will see in the following chapters that subglacial materials have most
definitely been deformed and indeed that deformation is central to the process—form-based nomen-
clatures, which have been developed for tills and associated deposits, but the low strains indicated
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Figure 9.1 Boulton’s (1996a) model of regional till architecture using a time—distance diagram (a) to portray the
shifting patterns of erosional and depositional zones. The curves A-l represent the changing trends of erosion and
deposition at selected locations through time, with advance and retreat tills identified. The lower cross-section
(b) displays the pattern of till deposition at the end of a glacial cycle, emphasising the net ice sheet
marginal-thickening of such deposits.
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by a range of common features such as till heterogeneities and weak fabrics (Table 8.1) are regarded
as incompatible with the ‘deforming bed model’ by Thomason and Iverson (2006) and Iverson et al.
(2008). Problematic for reconciliation between the results of shearing experiments and the field char-
acteristics of tills is the undoubted occurrence of low-strain signatures in the latter. Therefore, in
terms of developing a process sedimentology for tills and associated deposits we have to acknowl-
edge that glacier and ice sheet beds have been deformed but not always everywhere (temporally and
spatially) to the high shear strains predicted by the ‘bed deformation model’, specifically at the stage
when till is finally deposited. The term ‘bed deformation model’ is an unfortunate label for what should
probably be more precisely termed the ‘high shear strain, fully ice—till coupled, pervasive bed defor-
mation model’. Otherwise the deformable bed problem is an all or nothing issue wherein its either all
very highly strained or its not and so our deposits with low-strain signatures are either non-deformed
tills (an oxymoron) or not tills at all? If they are tills, and a range of sedimentological criteria indicate
that they are, how are relatively low-strain signatures being preserved in till stratigraphies? Clearly,
Boulton’s (19964, b) advection process cannot be driven predominantly by pervasive subglacial defor-
mation, and/or strain heterogeneities (Iverson and Hooyer, 2002) are widespread in the deforming
bed, especially at the time when some tills are finally deposited?

9.2 Lodgement

In previous chapters, the traditional genetic label of lodgement till’ was critically reviewed, leading
to the realisation that the sedimentological signatures of none of the till forming processes, including
lodgement, melt-out, deformation and undermelt, were sufficiently unequivocally diagnostic to be
used confidently in discerning a specific process—form regime for glacigenic deposits. Indeed, many
researchers have recommended a more broadly genetically defined classification such as ‘subglacial
till’ (e.g. Anderson et al., 1980, 1986; Kemmis, 1981; Bergersen and Garnes, 1983; Dreimanis, 1983;
Lundgqvist, 1983; Stephan and Ehlers, 1983; Ringberg et al., 1984; van der Meer et al., 1985; Rap-
pol, 1985; Hansel and Johnson, 1987) or ‘subglacial traction till’ (Evans et al., 2006b). The lodgement
process was defined first by Chamberlin (1895) and then later by Dreimanis (1989) as the plaster-
ing of glacial debris from the base of a sliding glacier on to a rigid or semi-rigid bed by pressure
melting and/or other mechanical processes, concepts developed by Boulton (1974, 1975, 1976, 1982;
Figure 6.1) based upon process observations. Rather than label a whole till deposit according to this
process, it has become common to identify specific characteristics of diamictons that could be related
to lodgement (see Table 2.1) and hence link them to subglacial till production. The isolation of clast
macrofabric signatures of lodgement from those of matrix deformation has also been attempted using
the process-specific criteria on individual clasts prior to measurement (Evans and Hiemstra, 2005;
Evans et al., 2007, 2016; Figure 4.15; Table 8.1). This approach acknowledges that, in soft-bedded
settings, clast lodgement involves the ploughing of the deformable substrate to form a prow (Boul-
ton, 1982; Clark and Hansel, 1989; Evans and Rea, 2003; Jorgensen and Piotrowski, 2003; Eyles et al.,
2015; Figure 8.7 and 8.11b), which then arrests the forward momentum of the clast and gives rise to a
final deposit that contains lodgement and deformation signatures. Several researchers have proposed
simultaneous lodging, ploughing and shear deformation at the glacier bed, whereby large particles
lodge first due to their higher drag force and smaller particles remain in traction until strain rates fall
(Boulton et al., 1974; Boulton and Hindmarsh, 1987; Benn, 1994a; Kriiger, 1994; Evans and Twigg,
2002; Evans et al. 2016). Hence, it has become clear to glacial sedimentologists that lodgement and
deformation act in combination to create subglacial tills, as we shall discuss in Chapter 16.



9.2 Lodgement

The lodgement process is manifest sedimentologically in both clast morphology (form) and
sediment characteristics. Modifications to clasts take place in the subglacial traction zone as they
make their way through the glacial debris cascade (Figure 1.2b), specifically in terms of shape, round-
ness and surface texture and wear patterns (e.g. Holmes, 1960; Boulton, 1978; Dowdeswell et al., 1985;
Benn, 1994a, 1995, 2004a; Benn and Ballantyne, 1993, 1994; Spedding and Evans, 2002; Hambrey and
Ehrmann, 2004; Lukas et al., 2013). In terms of shape, active glacial transportation for most lithologies
tends to result in the production of compact, blocky shapes, which reflects both the initial shapes of
subglacially plucked fragments and preferential clast breakage across their long axes. Clast roundness
is modified by fracture and abrasion, whereby fracture creates new, sharp edges and fresh faces and
abrasion increases edge rounding and creates polished facets; the net effect on these two processes
in subglacial till clasts is that both angular and well-rounded forms tend to be rare and most clasts
have intermediate roundness characteristics or are sub-angular and sub-rounded (Figure 1.2b). The
surface texture and wear patterns of subglacial clasts are very distinctive, especially on fine-grained
lithologies, and comprise polished and striated faces or facets. Striae can be straight and parallel if
the clast has been held in a stable position but can also be cross-cutting if it has moved position in
the traction zone (Hicock, 1991; Benn, 1995). Lodged clasts tend to display straight striae on their
upper surfaces that are aligned parallel to their long (A) axes (Benn, 1994a; Kriiger, 1994; Clark
and Hansel, 1989).

The combined effects of these shape, roundness and surface wear changes during lodgement tends
to produce clasts that have ‘stoss-and-lee’ or bullet-shaped forms with striated surfaces (Kriiger, 1979;
Sharp, 1982) and aligned with their A axes and/or A/B planes ice flow-parallel (Figures 1.2b, 4.11 and
9.2a). This reflects in situ abrasion of the up-glacier (stoss) sides and plucking of the down-glacier (lee)
sides of clasts in a similar way to the erosion of a roche moutonnée (Boulton, 1978; Kriiger, 1984; Benn,
1994a). Striated upper and lower surfaces of clast A/B planes, referred to as a double stoss-and-lee
form, is regarded as particularly diagnostic of lodgement by Kriiger (1984), who attributes this to
a two-stage process of clast wear at the ice—till interface. Specifically, this involves clast ploughing
through the till prior to deposition, causing abrasion of the lower leading edge and fracture of the
lower trailing edge. After lodgement, the stoss side is abraded while the lee side is fractured. Poten-
tially, a double stoss-and-lee form could also develop on a clast being rafted along within deforming
till, as long as the clast maintains a quasi-stable orientation so that abrasion will be focused at the
lower leading and upper trailing edges, and fracture at the lower trailing and upper leading edges
(Benn, 1995). The nature of all these asymmetric subglacial wear patterns and their association with
lodgement and till deformation are summarised in Figure 9.2b, after the assessments of Kriiger (1984)
and Benn and Evans (1996). Cases (a) to (c) reflect the lodgement process specifically, whereby a
stoss-and-lee form is created by sliding ice over a lodged clast (a), and a double stoss-and-lee form
results from ploughing (b) followed by lodgement (c). Continued modification takes place even within
deforming layers, as indicated by (d) to (f), in which the smaller clasts in either the deforming matrix
(d) or along internal slip (shear) planes (e, f) modify the facets.

The ploughing of large clasts is clearly manifest in prow construction and incipient flute formation
on recently deglaciated glacier forelands, where clasts had only just made contact with the bed or
whose momentum had just been arrested by frictional retardation before ice flow ceased (e.g. Boul-
ton, 1982; Benn, 1995; Evans and Rea, 2003; Eyles et al., 2015; Figure 8.11b). Similarly, clast ploughing
to produce flutes and lodged clasts, as discussed above and in earlier chapters, is widely acknowledged
(e.g. Boulton, 1975, 1976, 1982; Boulton et al., 1979; Tulaczyk, 1999; Fischer et al., 2001). Sedimen-
tological evidence for ploughing by clasts dragged along by sliding ice or by deforming till (erodent
layer of Eyles et al., 2016) is manifest as linear grooves or ‘sole casts’ and sediment prows in front of
clasts in some till exposures (e.g. Westgate, 1968; Ehlers and Stephan, 1979; Clark and Hansel, 1989;
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Figure 9.2 Products of the lodgement and ploughing processes: (a) photographs of lodged clasts exposed on till
surfaces and displaying prominent upper striated facets, stoss-and-lee forms, clast clustering and ice flow-parallel
A-axis alignments; (b) schematic diagrams to explain the development of asymmetric clast wear patterns associated
with sliding ice and deforming till, showing principal locations of abrasion (A) and fracture (F). Arrow lengths show
relative velocities. (a) lodged clast with stoss-lee form due to stoss-side abrasion and lee-side fracture. (b, c) double
stoss-lee morphology due to a two-stage process of ploughing and lodgement. (d) double stoss-lee clast due to a
single-stage process within a deforming layer. Low-pressure zones are shaded. (e, f) flat, polished facets eroded on the
upper and lower surfaces of clasts, where there is significant slip between the clast and the adjacent shear plane.
(Modified from Kriiger, 1984; Benn and Evans, 1996); (c) sketches of cross-sections through sediment slab containing a
ploughed clast and prow (from Clark and Hansel, 1989). The long axes of elongate grains are depicted as lines; (d) left
panel shows sketches of examples of plough marks on the basal contacts of tills (from Ehlers and Stephan, 1979): (1)
ribs (with one clast in place), (2) wedge, (3) edge, (4) slickenside, and (5) undulation. Right photograph shows slicken-
sides, at end of pencil, developed at the boundary between laminated clays and till (former ice flow from left to right).



Figure 9.2 (Continued)
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9.3 Clast (Boulder) Pavements

Piotrowski et al., 2001; Jorgensen and Piotrowski, 2003; Figure 9.2c, d). Sole casts are ice flow-parallel
grooves at the contacts between till and underlying deposits, usually best preserved in sandy mate-
rials. Occasionally these are associated with clasts and slickensides and hence linked to the sliding,
ploughing and lodgement of clasts in the substrate, similar to the development of lineations or stream-
lined features on fault slip planes (cf. Tija, 1967; Means, 1987; Lin and Williams, 1992; Eyles and Boyce,
1998). Sediment prows are evident where underlying sediments are clearly deformed and displaced
vertically on one side of lodged clasts, clearly impacting upon the alignment of fabrics or strata in
the substrate (Figure 8.11b). Individual clast lodgement is known to initiate the further lodgement of
other clasts following up from behind, forming clast clusters (Boulton, 1975; Kriiger, 1979; Figure 6.1).
Unlike clast pavements (see section 9.3), clast clusters will form linear strings of two or potentially
more clasts within tills (Figures 8.6a and 9.2a).

9.3 C(last (Boulder) Pavements

The occurrence of distinct horizontal lines of large clasts within some till successions, usually with
striated upper facets and often lying at the contacts between different tills or between a till and its
underlying deposits (Figures 1.3e and 9.3) has been the subject of some debate in till sedimentology
(cf. Miller, 1884; Gilbert, 1898; Holmes, 1944; Dreimanis and Reavely, 1953; Meneley, 1964; Chris-
tiansen, 1968; Sauer, 1974; Dreimanis, 1976; Dreimanis et al., 1987; Clark, 1991; Mickelsen et al.,
1992 and Clark, 1992). These clast or boulder pavements are not dissimilar to the lags produced by
other geomorphic agents such as aeolian (Hobbs, 1931) or fluvial erosion (Kay, 1931), nearshore fast
ice (Hansom, 1983; Dionne, 1985) or subaqueous winnowing (Eyles, 1988; Eyles and Lagoe, 1990)
and indeed subglacial processes may inherit such lags and accentuate them (cf. Gilbert, 1898; Dionne
and Poitras, 1998). Certainly, the case for a subaqueous genesis in the glacimarine setting to pro-
duce a palimpsest lag (Powell, 1984; Eyles, 1988) is an important one, because massive iceberg rafted
diamictons overlying pavements potentially could be misinterpreted as subglacial till products. How-
ever, the clasts in such settings would lack the diagnostic subglacial traction zone signatures such as
stoss-and-lee forms and strong A-axis fabrics, even if they were created at the oscillating grounding
line of a glacier as envisaged by Eyles and Lagoe (1990).

A lag interpretation is not incompatible with a subglacial origin for clast pavements, because they
could demarcate a former position of the ice—till interface where preferential removal of the matrix
of the underlying till has been affected by the combined effects of subglacial meltwater flushing and
glacier sliding (see Chapter 11), a concept introduced by Miller (1884) and revisited by Gilbert (1898)
and Holmes (1944). This would isolate larger clasts at the tops of till sheets, which could then be
buried by renewed till deposition (e.g. Boyce and Eyles, 2000; Jorgensen and Piotrowski, 2003; Davies
et al., 2009). Indeed, an in-depth study of clast macrofabrics in boulder pavements by Hicock (1991)
has shown that some have likely been disturbed by till deformation after their initial formation; their
S, eigenvalues (Table 8.1) are certainly not always particularly diagnostic of lodgement even though
lodgement has been widely associated with pavement formation (e.g. Boulton and Paul, 1976; Hicock,
1991; Jergensen and Piotrowski, 2003; Menzies et al., 2006). A model for the development of a sub-
glacial lag by an erodent deformation layer (cf. Eyles et al., 2016; see Chapter 10) has been proposed by
Boulton (1996a; Figure 9.4), wherein a sub-till clast pavement is formed during the downward exca-
vation of the deforming layer into an older till unit. This involves the preferential mobilisation of fine
material and the accumulation of large particles which resist entrainment during the development
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Figure 9.3 Examples of clast lines or pavements. Upper panel shows clast pavement developed between tills at Milk
River, Alberta (from Evans et al., 2012a). A macrofabric from the lower clast pavement is numbered MR2, which can be
compared with those from the matrix of the tills. Lower panel shows a discontinuous clast pavement (clast line)
between tills at Whitburn, northeast England, together with macrofabric (from Davies et al., 2009). Inset photograph
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Figure 9.4 Boulton’s (1996a) model for clast pavement development in relation to the rising and descending
interface between A and B horizons in tills, whereby clasts concentrate at the interface and can be isolated at depth
when tills thicken in the depositional zone beneath ice sheets.

of A and B type deforming horizons. A novel explanation presented by Clark (1991) involves the
sinking of large clasts to the base of a dilatant till layer, similar to the process observed in debris
flows. However, quite apart from the criticism of this theory aired at the time (cf. Mickleson et al.,
1992 and Clark, 1992), the likelihood of a subglacial till being in the necessary fluid state for clast
sinking over tens of square kilometres of the ice sheet bed are unrealistic, as we have discussed in
previous chapters.
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In addition to the clast morphologies and stratigraphic and sedimentological characteristics of clast
pavements, the nature of clast lithology and surface wear patterns can also provide important infor-
mation on potential origins. Clast lithologies have been reported to be similar to those in overlying
tills by a number of workers, a trend used by Clark (1991) to support his model of clast sinking, but this
is by no means universal and some pavements comprise lithologies from materials and/or bedrock
from both above and below (e.g. Davies et al., 2009). Such lithological trends would be expected in
erosional lag models of formation like that of Boulton (1996a), which predicts that the boulders in
sub-till pavements will be lithologically similar to those in the underlying sediment but clearly the
erosional till layer also introduces more far-travelled materials.

Clast wear patterns that appear particularly diagnostic of clast pavements in till successions are the
upper faceted and striated surfaces. Striae orientations have been reported as similar to the clast fab-
rics in overlying till by, for example, Flint (1955) and Hicock and Dreimanis (1989), but cross-cutting
striae also record multiple ice flow directions operating over some pavements during one glaciation
(e.g. Davies et al., 2009). This indicates that their development may relate to persistent subglacial
ice and/or till sliding with concomitant preferential removal of finer materials from the same hori-
zon over time. This likely requires a resistant substrate down to which the preferential winnowing has
progressed, a good example being the Davies et al. (2009) case study at Whitburn, northeast England,
where the pavement seals in a patchy and mostly thin lower till and continues locally onto bedrock
high points and the most prominent striae and the macrofabric data record one dominant ice flow
direction (Figure 9.3b). The occurrence of crudely stratified sand a gravel lenses and channel fills
within the pavement at Whitburn attest to the likelihood of meltwater flow and sediment flushing,
and hence sliding, at the ice—bed interface (see Chapter 11). As many clast pavements occur in depo-
sitional settings where proglacial lakes operated during glaciation, it is not unreasonable to entertain
the notion that they may have originated by subaqueous winnowing (cf. Powell, 1984; Eyles, 1988)
but were then ‘inherited’ by subglacial erosional processes during glacier readvance.

9.4 Lee-side Cavity Fills

The processes associated with the deposition of sediments in the lee-sides of bedrock protuberances
on the glacier substrate were discussed in section 6.1, where the subglacial observations of Boulton
(1982) in particular were used to support this as a viable process—form regime in till sedimentology.
The sedimentological evidence for former lee-side cavity fills (‘lee-side tills’ of Hillefors, 1973;
Figure 9.5a) is best preserved in hard bed settings, especially mountain environments, where the bed
roughness manifest in roches moutonnées and bedrock steps is sufficiently great to initiate numerous
cavities at the ice—bed interface. In such a setting in the Canadian Rocky Mountains, Levson and
Rutter (1989a, b) report massive diamictons with rare, steeply dipping sand and minor gravel lenses,
located on the lee-side of bed obstructions. Clasts within the diamicton display typical subglacial
traction zone characteristics such as striations and strong fabrics, but the characteristics of ploughing
and lodgement are absent. Moreover, clast A-axes dip predominantly downvalley, parallel to the sand
lenses. These characteristics are regarded as indicative of cavity infill by mass flows, melt-out and
debris fall and occasional meltwater pulses, resulting in down ice-thinning, wedge-shaped masses of
massive to crudely stratified diamictons with steeply dipping lenses of water-sorted sediments. Sim-
ilar to the contemporary observations of Boulton (1982; Figures 6.3 and 6.4), these sediment wedges
are truncated by an overlying subglacial till, indicative of glacier—bed coupling once the cavity was
full. In addition to hard bed settings, cavity fill origins have been proposed for stratified sediments in
the lee sides of drumlins (e.g. Dardis et al., 1984; McCabe and Dardis, 1989) where more vigorous sub-
glacial meltwater discharges are envisaged. A particular type of lee-side cavity fill has been proposed
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Figure 9.5 Lee-side cavity fills: (a) summary sketch of cavity infill stratigraphy developed on a hard rock bed with
roches moutonnées (from Hillefors, 1973); (b) stratigraphy and clast form and macrofabric data from a lee-side cavity
fill on the floor of a Norwegian mountain valley (after Evans et al., 1998). Valley axis and downstream trend is marked
by blue arrow.
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also for the margins of tuyas (subglacial volcanic edifices) by Bennett ez al. (2006), where geothermal
activity is particularly effective in mobilising large volumes of sediment at the ice—bed interface.

Ice—bed coupling with lee-side cavity fills results in the reworking and/or overprinting of their
upper layers by the subglacial processes of ploughing, lodgement, glacitectonic disruption and defor-
mation, and hence Evans et al. (2006b) predict that the apparent stratification in some glacitectonites
and subglacial tills may be imparted by the structures in the source materials. The stratigraphy of
a lee-side cavity fill coupled with an overlying subglacial till is reported by Evans et al. (1998) from
central Norway (Figure 9.5b), where a lower laminated to massive diamicton with lenses of sand and
gravel and clast-supported diamicton (cavity fill) is glacitectonically attenuated and partially incorpo-
rated into a capping massive matrix-supported diamicton (till). Clast A-axis macrofabrics strengthen
between the two units (S; =0.55-0.61; see also Figure 8.14), with a northeast—southwest alignment
in the cavity fill reflecting the valley axis and a W-E orientation in the overlying till recording an
ice-flow transverse fabric probably developed because of the dominant slab and elongate clast shapes.
Clast forms reveal the inclusion of freshly plucked fragments in both units but an increase in such
material, as well as the introduction of striated clasts, in the overlying till.
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Detritus carried along in and under the ice ... are subangular and rounded, with abundant
scratched and polished pebbles and boulders stuck in a fine tough clay. This matrix is some-
times laminated, and ... may be well stratified, or in other cases entirely without any definite
arrangement.

A. Geikie (1903, p. 547)

Such is the perceived critical importance of deformation as a subglacial process that tectonic ter-
minology, such as ‘deforming bed till’, ‘deformation till’ and ‘tectomict’, have been proposed for tills
(e.g. Elson, 1961; Alley, 1991; Hart, 1995; Menzies et al., 2006). A wide range of ancient glacigenic
deposits have been interpreted as the products of former subglacial deforming beds, including those
materials that have previously been called ‘deformed till’ but are discussed below as glacitectonites.
In this chapter, we will restrict our discussions to those materials that we are confident represent
subglacial deforming till layers, constrained by the observations and case studies reviewed earlier in
Section 6.2 and Chapters 7 and 8. Most significantly, we are constrained by the process observations
of subglacial deformation depths being restricted to only a few metres. Hence, greater thicknesses of
deformed materials (glacitectonites) must be equated to proglacial tectonics followed by glacier over-
riding and till carapace development or, in the case of deforming bed tills, the thickening, through
advection and stacking, of homogenised subglacial materials.

Interpretations of ancient till sequences must be informed by modern analogues for the envisaged
glacier process—form regimes. This has been largely delivered through studies on the sedimentology
of subglacial materials on recently deglaciated forelands, which can be reasonably confidently linked
to known processes operating at the ice—bed interface of the glacier responsible for their deposition.
In Section 6.2 and Chapter 8, we discussed the importance of the Breidamerkurjokull till studies to
our understanding of what a subglacially deformed till should look like and how its strain signature
should appear in clast macrofabrics. The studies of tills on the Icelandic glacier forelands are just some
of a number that have been undertaken on recently exposed glacier beds, which in combination pro-
vide us with a clear sedimentological signature for deformation as well as ploughing and lodgement.
Case studies reveal that individual till layers are commonly thin (<2 m) and can display the charac-
teristics of the typical two-tiered structure (A and B horizons) of the Breidamerkurjokull sequence,
which evolve as a response to vertically migrating porewater pressures and dilation and associated
modifications to the till matrix framework, reflected in the ability of the material to take up solid
state deformation (Figure 10.1). In reality, the A and B horizon classification relates specifically to
their different textural and structural characteristics, which could develop independently or could

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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active layer within the till and corresponds to
the zone of maximum displacement, allowing
for movement of a glacier/ice sheet across its
bed
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diamicton possesses a variably or patchily
developed till matrix framework
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Figure 10.1 Idealised reconstruction of the subglacial deforming till layer and the development of porewater
migration pathways, till-matrix framework and till pebbles and their relationship to potential A and B horizon
development and geotechnical properties relevant to dilation and solid state deformation (after Evans et al., 2006b).

even be superimposed in accreting till sequences. For example, Benn and Evans (1996) identify two
scenarios, including Breidamerkurjokull, where a low-lying, poorly drained bed promotes the perva-
sive deformation of upper till layers to produce A and B horizons (Figure 6.9a), and Slettmarkbreen,
Norway, where the steep, well-drained bed maintains low porewater pressures and a stiffer B horizon
type till (Figure 10.2). The bases of such tills can also display diagnostic features of subglacial defor-
mation, for example, mélange zones comprising a mix of till and underlying materials. An excavation
of a fluting at Isfallsglaciaren, Sweden, by Eklund and Hart (1996) demonstrated that the deformation
involved in fluting construction created a shear zone comprising an amalgamation of the till base and
the cannibalised top of the underlying, glacitectonically folded, stratified sediments (Figure 10.3). The
tills and underlying deposits on the Icelandic forelands display the same vertical sequence of glacitec-
tonised sands and gravels, amalgamation zone and capping till, the latter displaying A and B horizon
characteristics and vertically decreasing numbers of attenuated peat rafts, sand lenses and wisps can-
nibalised from the substrate (Figures 8.12¢ and 8.13; Evans, 2000a; Evans and Twigg, 2002; Evans and
Hiemstra, 2005); clast forms may also be inherited from underlying strata, especially from glacifluvial
deposits (e.g. Evans, 2000a).
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Figure 10.2 Two scenarios for subglacial till formation where either an A and B horizon stratigraphy arises (e.g.
Breidamerkurjokull) or only a B type horizon (e.g. Slettmarkbreen, Norway; after Benn and Evans, 1996). TRS = total
relative strain or differential horizontal displacement. Photographs show structures typical of A (upper) and B (lower)
horizons.

Assessments such as that by Eklund and Hart (1996) of tills that make up flutings provide us with
a clear set of unequivocal subglacial deforming layer characteristics, because each fluting is related
to deformation of the substrate, either by lee-side cavity infilling (Boulton, 1976; Gordon et al., 1992;
Benn, 1994a; Eyles et al., 2015; Figures 6.7 and 8.7) or substrate grooving by erodent layers or ice keels
(e.g. Evans and Rea, 2003; Eyles et al., 2016). The wide range of clast macrofabric strengths in fluting
tills (Table 8.1) likely reflects not just the mode of landform streamlining but also the clast interac-
tions associated with the ploughing and lodging of larger clasts and the coeval deformation of matrix
and smaller clasts, especially in the construction of cavity-infill type flutings wherein clast fabrics
tend to display herringbone patterns or weak fabrics on the down-flow sides of stoss boulders (e.g.
Rose, 1989, 1992; Benn, 1994a; Evans et al., 2010; Eyles et al., 2015; Figures 6.7 and 8.5; see Chapter
8). Early stages of lodgement on a soft bed also demonstrate the importance of clast interactions in
fabric development, illustrated by the up-glacier imbrication that develops in till matrix ploughed
up in front of embedded boulders (Figures 6.7, 6.8, 8.7, 9.2c and 10.4; Boulton, 1976; Evans and Rea,
2003; Eyles et al., 2015) and the contrast between the strong fabrics of unequivocally lodged boul-
ders and other smaller clasts in coarse-grained tills on the forelands of Icelandic glaciers (Evans et al.,
2007, 2016; Figures 4.14b, c and 8.6). Boulton’s (1976) exhaustive treatment of clast macrofabrics in
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Figure 10.3 Sketches of sections exposed in a fluting at Isfallsglaciaren, Sweden, by Eklund and Hart (1996), showing
a shear zone created by the amalgamation of the till base and the underlying stratified sediments.
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Figure 10.4 The macrofabrics of a till wedge or prow on the down-ice side of a ploughed boulder and an incipient
fluting developed down flow from the prow. The fabrics show clast dips towards the boulder on the proximal face and
down ice on the distal side, with ice-flow-parallel alignments developing on the fluting (from Boulton, 1976). Arrows
on stereonets show ice flow direction.

flutings and ploughed boulders provides us with a clear indication that coarse-grained tills, unlike the
finer-grained materials of MSGL with strong fabric signatures (e.g. Spagnolo et al., 2016; Figure 8.4),
do not develop strongly ice-flow-aligned fabrics indicative of steady-state strain even though fluting
construction is a feature that would not be unusual in the operation of a fault gouge or the base of
an erodent layer (Figure 6.6), where shear strains are considerable. Internally, the fabrics of flutings
vary according to their location with respect to the fluting summit and flanks (Figure 8.10). Boulton
(1976) identified within such patterns clast alignments relating to: (a) pre-flute till deposition, rep-
resented by ice-flow-parallel basal samples; (b) flute formation by deformation of sediment inwards
towards the flute crest and away from the flanking troughs, represented by the intermediate sam-
ples; and (c) flute crest streamlining due to shearing by the overriding ice, recorded in the surface
samples. As we discussed in Chapter 8, the bi-modal to spread bi-modal clast macrofabrics and high
dip angles in the cores of flutings, as well as other subglacial landforms such as crevasse-squeeze
ridges, boulder prows and till eskers, indicate clast mobility due to till squeezing or flowage. This
clearly demonstrates that there are field conditions in which steady-state strains are not achieved
in tills. Cases have been made above that this likely relates to tills with coarse grain size charac-
teristics within which there are widespread clast collisions and interruptions of matrix deformation
patterns by large clasts. The discovery of such tills on recently deglaciated forelands of predominantly
active temperate or surging glaciers suggests that the prime location for weak fabric development
is under the relatively lower basal shear stresses of sub-marginal settings, where flutings, marginal
crevasse-squeeze ridges, elongate limbs of sawtooth push/squeeze moraines and till eskers develop
rapidly in response to till liquefaction and flowage into ice cavities and crevasses (cf. Price, 1970; Evans
and Rea, 2003; Christoffersen et al., 2005; Evans et al., 2010, 2015a; Eyles et al., 2015). The occur-
rence of stronger, ice-flow-parallel fabrics from tills underlying flutings are instructive in that they
potentially record the higher strains of till deformation beneath thicker ice prior to the development
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of sub-marginal till-squeezing processes. The variable fabric strengths that have been reported from
such sub-marginal settings are therefore likely a product of Iverson and Hooyer’s (2002) strain hetero-
geneities (cf. Jaeger and Nagel, 1992; Beeler et al., 1996) introduced during late-stage till emplacement
and typical of A-horizon development.

The deformation of subglacial materials is manifest in a variety of sedimentological structures
in addition to the macrofabrics reviewed in Chapter 8 and discussed above. For example, Menzies
(2000), using the principles of microtectonics from hard rock sequences (cf. Passchier and Trouw,
1996), highlighted the progressive development of brittle to ductile microscale structures in materials
such as tills when they are subject to shear and become increasingly clay-rich due to comminution
and hence develop higher porewater pressures (Figure 10.5). The early stages of subglacial till
development, or more precisely replenishment, by deformation (see Section 6.3) have been related
to the disturbance of sub-till materials by folding and/or clast or ice keel ploughing to liberate soft
clasts and create ‘tectonic/depositional slices’ (Boulton et al., 2001; Figures 6.21 and 6.22). A similar
effect is created by the liberation of bedrock rafts from uneven glacier beds, as will be reviewed
in Chapter 14, so that it is often possible to trace inclusions or rafts back into glacitectonite or
undisturbed parent materials. This incorporation and then attenuation and eventual homogenisation
of substrate materials into a deforming layer has been referred to as ‘cannibalisation’ (e.g. Hicock and
Dreimanis, 1992a, b; Evans, 20004, b) and has a long pedigree (Lamplugh, 1911; see Chapter 2 and
Section 6.5). The operation of this deforming layer is significant geologically in that it is effective in
creating an erosional shear zone that can cut downwards into substrates (cf. Boyce and Eyles, 1991;
Eyles et al., 2016) or can accrete and stack deforming layers, in tandem with clast ploughing and
lodging, in vertical sequences (Figure 6.6), depending on the location of erosional and depositional
regimes beneath an ice sheet or glacier at specific times (Figure 9.1). This concept was encapsulated
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subject to shear (from Menzies, 2000).
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in the terms ‘excavational’ and ‘constructional’ deformation (Figure 10.6) by Hart et al. (1990), Hart
and Boulton (1991) and Hart (1995). The excavational scenario has been linked to the operation of
what Eyles et al. (2016) term an ‘erodent layer’, after the ‘erodent layer hypothesis’ from tribology,
wherein wearing surfaces are created by ‘erodents’, or in the present case the ploughing clasts that
protrude from the deforming layer base.

A large number of case studies can be used to illustrate the process—form continuum of canni-
balisation, homogenisation and till deformation, most of which serve also as excellent examples of
glacitectonite production (see Chapter 14). The cannibalisation process was well demonstrated in the
study of the Sunnybrook drift on the north shore of Lake Ontario by Hicock and Dreimanis (1989,
19924, b), in which the basal contact zone of a massive diamicton (Sunnybrook Till) with either the
underlying glacilacustrine, interbedded sands and muds (Sylvan Park Member) or older deltaic sands
(Scarborough sands) is characterised by a range of erosional, deformation and ingestion features, not
necessarily always occurring together. First, the sharp erosional contacts are marked by the tectonic
disturbance and down-flow displacement of the stratified sediments, truncated by striated clast pave-
ments and sole casts at the boundary of the till and stratified sediments. Second, a lower <0.5 m zone
lies within the till that displays features diagnostic of ingestion, at various stages of disaggregation, of
the stratified sediments, including silt clasts and lenses, large partially sheared sand/mud intraclasts
and a lighter-coloured, highly silty, 5-cm-thick basal zone with few clasts. Additionally, a further
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Figure 10.6 The concepts of constructional deformation or till accretion (a) and excavational deformation (b), where
deforming till sheets <1 m thick either vertically build composite till sheets or erode and streamline the underlying
substrate, respectively (from Eyles et al., 2016, after Hart (1997).
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striated clast pavement is developed at the junction between the basal <0.5 m zone and overlying
massive, fissile diamicton up to 4.5 m thick. Structural and fabric data indicate a strong and unidi-
rectional strain signature. These observations prompted Hicock and Dreimanis (1989, 1992a, b) to
interpret the lower <0.5 m of the Sunnybrook Till as a deformation till and its overlying fissile com-
ponent as lodgement till. Similar basal zones within tills have been identified by Evans et al. (2012a) in
Alberta, where not only glacilacustrine but also fluvial sands and gravels and local Cretaceous bedrock
rafts have been cannibalised and ingested into deforming layers where they are termed ‘amalgamation
zones’ and may also contain penecontemporaneous fluvially infilled scours indicative of localised sub-
glacial meltwater drainage (Figure 10.7; see Chapters 11 and 14). Similarly, Hart and Roberts (1994)
summarise a range of intraclast and intrabed features in East Anglian tills in a model of substrate can-
nibalisation that elaborates on Boulton et al.’s (2001) model of ‘tectonic/depositional slices’ (Figure
6.22), wherein the liberation of pods of underlying sediment into the base of the deforming layer and
then their attenuation (glacitectonic lamination) and disintegration down flow (Figure 10.8). This
leads ultimately to sediment mixing or homogenisation (cf. boundary mixing; Hooyer and Iverson,
2000; Hoffmann and Piotrowski, 2001).

Amalgamation zone development or cannibalisation followed by diffusive mixing at till bases can
be patchy, as demonstrated by Hoffmann and Piotrowski (2001), Larsen et al. (2004), Piotrowski et al.
(2004) and Tylmann et al. (2013), using examples of lateral variability in the deformation of glacila-
custrine rhythmites and glacifluvial sands and gravels beneath till at a number of sites around the
southern margins of the Scandinavian Ice Sheet. They provide evidence that over short lateral dis-
tances till may have a sharp contact with underlying undisturbed sediments or a gradational contact
or mélange comprising a vertically developed zone of deformed stratified sediments and mixed till
and stratified sediment rafts (Figure 10.9). This highly variable appearance of basal till zones and
their lower contacts is related to the operation of subglacial till mosaics and the localised disposition
of glacifluvial canal fills and their variable cannibalisation by ice—bed recoupling, as is discussed fur-
ther in Chapter 16. The high strains recorded in this basal zone of till development are indicated by
average S, eigenvalues as high as 0.81 (e.g. Tylmann et al., 2013), although Evans et al. (2012a) have
identified that clast macrofabric strengths can drop off rapidly in overlying till layers (Figure 10.10),
even though Piotrowski et al. (2006) discovered consistently strong fabrics in multiple till layers in
their Polish case study illustrated in Figure 8.3. This variable strain signature between multiple till
stacks from different field localities reflects complex styles of emplacement, which will be critically
reviewed in following chapters.

The cannibalisation model illustrated in Figure 10.8 indicates that often the clearest macroscale evi-
dence for deformation in tills is the presence of deformed inclusions or intraclasts. These may take a
variety of forms depending on their stage in the ingestion and homogenisation process (Figure 10.11).
Deformation is clear wherever intraclasts are streaked-out or folded pods of sand or soft rock, which
can highlight patterns of strain in the surrounding till or exhibit pressure-shadow effects and boud-
inage (Berthelsen, 1979; Hart and Roberts, 1994; Evans et al., 1995; Benn and Evans, 1996). This has
been demonstrated by Piotrowski and Kraus (1997) and Piotrowski et al. (2001) with their concept
of ‘dispersion tails’, which extend from soft-sediment clasts and can be used to differentiate between
the effects of ploughing and deformation (Figure 10.12). Deformation of till around a soft clast that
has been partially disaggregated should develop two dispersion tails extending up- and down-glacier,
thereby reflecting the velocity gradients within the till (Hart and Boulton, 1991). Ploughing at the
ice—bed interface on the other hand should create only one tail extending down glacier from the
upper surface of the soft clast, similar to the liberation of the tops of soft substrates as depicted in
Figure 10.8. As discussed above, such deformed inclusions are likely to be particularly abundant
near till bases due to them being areas where cumulative strains are lower and the material less
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Group) gravels and sands and till in the Lethbridge area, Alberta, Canada (from Evans et al., 2012a). Note also the
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Figure 10.8 The origins of shear zones and intraclasts by substrate cannibalisation or the creation of ‘tectonic/depositional slices”: (a) left panel shows the
various ways in which simple shear can liberate rafts of substrate into a subglacial deforming layer (from Hart and Roberts, 1994). Right panel shows examples
of intraclasts in diamictons at increasing levels of attenuation during deformation, including a gravelly sand pod (upper), a sand boudin (middle) and a highly
attenuated shale raft (lower); (b) an example from the island of Riigen, north Germany, of folding and attenuation of sub-till stratified sands and gravels and
their ingestion and attenuation into the base of the deforming layer to produce glacitectonic lamination. The box in the right hand photograph shows the area
of the enlarged view of glacitectonic lamination at bottom left.



Figure 10.8 (Continued)
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Figure 10.9 Examples of the patchy nature of amalgamation zone development at till-substrate contacts: (a) details
of the contact between till (SU3) and stratified sediment (SU2) in the former sub-marginal zone of the Scandinavian
Ice Sheet in northern Poland (from Tylmann et al., 2013) showing: (A) sharp, erosive contact between undeformed
outwash deposits and massive basal till, with no evidence of deformation; (B) deformed lens (DF1) of gravel and sand
mixed to varying degrees with diamicton; (C) deformed lens (DF2) of partly homogenised gravel, sand and diamicton;
(D) upward-convex and flat-based, deformed lens (DF3) of heavily deformed sand, gravel and till with admixture of till
in the form of tongues, lenses and stringers being most prominent at the top of DF3. Open circles indicate
macrofabric samples (1-3 and 6-11), crosses are AMS fabrics (1-3), and black dots mark samples for grain size and
petrographic analysis (4-7).
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basal fill

Figure 10.9 (b) detailed images identified in (a) and showing: (E) sharp contact between the massive basal till and
undeformed and truncated trough crossbedded outwash deposits; (F) base of massive till with embedded pebble
overlying undeformed, sub-horizontally-bedded outwash sand; (G) middle part of lens DF3 showing heavily
deformed gravel, sand and diamicton with contrasting top (gradual) and bottom (sharp) boundaries; (H) flank of lens
DF3 consisting of 30-cm-thick diamicton mixed with outwash deposits; (1) cut-and-fill structure interpreted as a
subglacial N-type channel at the contact between outwash sand and basal till.
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Figure 10.9 (d) glacilacustrine sediment capped by till in the Leipzig area of eastern Germany, showing: (A) largely
undisturbed varved clay with sharp upper contact (photo by Prof. L. Eissmann); and (B) the same varved clay with
heavily deformed upper half, grading into till through a zone of intensive mixing; (e) glacilacustrine sediment capped
by till at Knud Strand, northwest Jutland, Denmark, showing (A) largely intact stratified sand, silt and clay with sharp
upper contact and no apparent diffusive mixing with the till; (B) the same outcrop but located ca. 150 m distant to (A)
is an area of heavily disturbed glacilacustrine sediment below the till contact (from Piotrowski et al., 2004).
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Figure 10.10 Till and intervening stratified sediments in the Lethbridge area of Alberta, Canada, showing details of basal sequence of diamictons with
deformed bedrock rafts or smudges separated by discontinuous sand and gravel lenses and stringers or distinct partings (from Evans et al., 2012a). An
amalgamation zone occurs at the contact between the till and underlying Empress Group sands and gravels. The clast macrofabric strengths in the basal till
sequence weaken immediately above the amalgamation zone.
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Figure 10.11 Examples of deformed inclusions or intraclasts: (a) stratified sands and gravels folded and attenuated
into the base of a matrix-rich till, Filey Bay, eastern England; (b) small rafts of rippled sand in the base of a matrix-rich
till, liberated from underlying climbing ripple drift deposits, Whitburn, northeast England; (c) preglacial sands rafted
into basal shear zone of till sequence at Drayton Valley, Alberta, Canada. Sand intraclasts vary in shape from elongate
blocks to boudins to attenuated lenses/laminag; (d) attenuated chalk rafts (glacitectonic laminae) in the Skipsea Till of
eastern England; (e) deformed sand pods in clay-rich diamicton, Elk Point, Alberta, Canada.
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Figure 10.12 Dispersion tails extending from soft-sediment intraclasts (from Piotrowski and Kraus, 1997). Sketch
shows two possibilities: (a) a deforming bed where the vertical distribution of velocity causes the clast to rotate and
dispersion tails develop on its up-ice lower side and down-ice upper side (photograph shows example from Funen,
Denmark); (b) a stable bed subject to ice sliding where the dispersion tail is at the sliding interface only (photograph
shows sand lens with truncated upper contact with overlying till, Elk Point, Alberta, Canada).

homogenised, forming a gradational contact with underlying glacitectonite (Figures 10.7-10.10; e.g.
Hicock and Dreimanis, 1989, 1992a, b; Hart, 1995; Benn and Evans, 1996; Evans, 2000b; Evans and
Twigg, 2002).

At their more advanced stages of attenuation, intraclasts take on the form of glacitectonic
lamination and hence can be difficult to differentiate from highly deformed stratified sediments or
glacitectonites, especially if deformation takes place in pre-existing diamictons that have accumu-
lated subaqueously (i.e. ice-rafted debris/dropstone muds) or by gravity mass flows (see Chapter 14;).
This introduces a particularly difficult problem for glacial sedimentologists in the form of laminated
or banded diamictons (Figure 10.13). Strictly speaking, where intraclasts are deformed to produce
the horizontal banding it should be called ‘pseudo-lamination’, because it has not been created
by primary subaqueous sedimentation processes. However, highly attenuated glacitectonites that
originated from stratified sediments could indeed have inherited true lamination. This inheritance
process has been demonstrated using East Anglian till types by Hart and Roberts (1994) and
Roberts and Hart (2005), who provide a set of criteria to attempt differentiation between their
‘Type 1 laminae’, produced by intergranular pervasive shear (glacitectonic lamination), and ‘Type 2
laminae’, created by the deformation of subaqueous deposits (glacitectonite). Laminae that originate
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Figure 10.13 Examples of banded or (pseudo) laminated diamictons: (a) crude banding in the Skipsea Till at
Barmston, Yorkshire, England. This deposit appears massive when first exposed but develops a banded appearance
after wave erosion; (b) strong lamination likely derived from stratified (glacilacustrine) deposits in the Bacton Green
Member of East Anglia, England; (c) folded laminations in the base of the Filey Bay diamicton (‘till'), Yorkshire, England;
(d) strongly laminated Bacton Green Member, East Anglia, England, with boudin created by deformation of coherent
(initially frozen?) sand body.

from subaqueous deposits should still display some form of grading inherited from their primary
sedimentation process, whereas glacitectonic laminae are typically non-graded. Discontinuous
units such as pods, especially if they display boudinage or tails, are more typical of glacitectonically
created (pseudo-laminated) sequences. Often difficult to interpret are dropstone-like clasts, which
diagnostically in subaqueous deposits will bend underlying bedding and be draped by on lapping
sediments, but when in association with glacitectonic laminae will have developed fold structures
in the laminae as they act like augens and create pressure shadows. Needless to say, inheritance of
mass flow diamictons in deformation sequences will be very difficult to decipher and poses one of
the greatest challenges to glacial sedimentologists at present (see Chapter 14). This is not a trivial
problem, as the origins of thick ‘tills’ may be fashioned initially by the accumulation of mass flow
diamictons, as we shall investigate in Chapter 16.

Structures indicative of small-scale brittle deformation include discrete microshears (particularly
in clay-rich sediments), brecciation, boudins or augen, and crushed quartz grains (e.g. Owen and Der-
byshire, 1988; Menzies and Maltman, 1992; van der Meer, 1993; Menzies et al., 2006). Microshears
can be observed in macroscale patterns in the form of discrete fissility, although such structures could
be created by unloading and hence are diagnostic of shear only if individual partings are adorned with
slickensides (Figure 10.14). Under the microscope, thin sections sampled from tills display a range of
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Figure 10.14 Fissility development in diamictons: Upper photographs show strongly developed, densely spaced
fissility with slickensides in compact diamicton (left) and crudely developed, widely spaced fissile structures in
clast-rich diamicton (right). Lower panel shows conceptual diagrams to explain how dilatancy impacts on framework
development and hence potential fissility in tills (from Evans et al., 2006b): (a) compression/loading leads to an
increase in density of the till-matrix framework with depth and hence stronger density of fractures; (b) unloading also
leads to the increase in intensity of bedding-parallel structures with depth.
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microscale structures that both replicate and augment the macroscale features discussed above (e.g.
Menzies and Maltman, 1992; Seret, 1993; van der Meer, 1993; Menzies, 2000; Menzies et al., 2006;
Neudorfet al., 2013; Figures 4.9 and 7.1). These have been related by van der Meer (1993) to processes
identified in the vertical deformation profile compiled by Alley (1991) based upon subglacial obser-
vations and acknowledging A and B horizon development and ploughing and sliding at the ice—bed
interface (Figure 10.15). Most fundamentally, the clay-rich parts of deformed tills may show strong
birefringence in cross-polarised light, a feature referred to as plasmic fabric, a direct result of clay
platelets being aligned parallel to each other under the influence of shear stresses (for overviews, see
van der Meer, 1993, Carr, 2004 and Menzies et al., 2006). The partitioning of deformation into the
clay-rich parts of tills results in strain hardening and brittle failure or faulting (see Section 4.3) and
is a non-uniform response by heterogeneous subglacial materials to deformation. Also prevalent in
such materials are till pebbles or rounded, soft-sediment inclusions/intraclasts (van der Meer, 1993),
which form wherever small-scale variations in composition, grain size and/or water content lead to
the solidification of patches or fragments in the till matrix, which otherwise is in a dilated or lique-
fied state (Figure 10.1). The isolation of till pebbles creates parallel-walled fissures which reflect the
plane of shear and develop a typical marble bed structure (Figure 10.16; van der Meer, 1996, 1997;
Hiemstra and van der Meer, 1997). This is part of a process of pore space modification in shearing till
(Figure 10.17; Kilfeather and van der Meer, 2008), whereby initial shearing forces particles to rotate
and fill void spaces to create turbate structures and thereby increases the sediment density. Continued
shearing then develops lineations or fissile partings, once again increasing till porosity and encourag-
ing water flow through interconnected shear planes (van der Meer et al., 2003). The development of
fissility is thought to relate to shearing under high porewater conditions, whereas marble bed struc-
tures appear to develop in situations where water pressures are low (cf. van der Meer et al., 2003;
Kilfeather and van der Meer, 2008).

The polydeformed nature of subglacial materials, particularly tills, has prompted Phillips et al.
(2011) to construct a protocol for identifying clast microfabric domains that record multiple
phases of deformation in thin sections. Displayed on standard stereonets, the clast microfabric
data (Figure 10.18; cf. Evenson, 1970, 1971; Johnson, 1983; Carr et al., 2000; Carr, 2001; Carr and
Rose, 2003; Thomason and Iverson, 2006) are then combined with the microstructures identified in
Figures 10.15-10.17 to create a microstructural map of thin sections employing the well-established
terminology used in metamorphic petrology (Figures 10.19 and 10.20a). An idealised summary
sketch of the typical features identified by Phillips et al. (2011) in subglacial tills is presented in
Figure 10.20b, which illustrates the use of microfabric and microstructural data to identify five areas
within a thin section. To explain the phased development of the microstructures and fabrics, Phillips
et al. (2011) invoke a changing till rheology, including an early phase of viscous behaviour in highly
dilated, water saturated material followed by its development into a much stiffer deposit capable of
undergoing solid-state deformation, and thereby taking up folds, fabric and faulting. This switch in
behaviour is when clast microfabric starts to develop within the matrix. These changes are recorded
in early-phase arcuate grain alignments and turbate structures (Figures 4.9 and 10.17; van der Meer,
1993, 1997), related to rotational deformation in water saturated and dilated till, in which the free
rotation of clasts caused them to become variably coated with finer-grained matrix. Till dewatering
and falling dilation then increases matrix stiffness and the locking of larger clasts in position, thereby
initiating clast microfabric development. This brings about the development and collapse of the
‘till-matrix framework’ of Evans et al. (2006b; Figure 10.1) to generate fabric. In the idealised case
study in Figure 10.20, the first (S;) microfabric dips down-ice and is formed by the passive rotation
of sand-grade detritus into the plane of the developing foliation. The till is still subject to relatively
elevated porewater content and/or pressure towards the end of this process and hence stresses result
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Figure 10.15 Microscale features related by van der Meer (1993) to processes operating in the vertical deformation profile compiled by Alley (1991).
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Figure 10.16 Schematic diagram to illustrate the development of a typical marble bed structure by the production of
till pebbles or rounded, soft-sediment inclusions/intraclasts during shear (from Hiemstra and van der Meer, 1997): (a)
shear zone development after dissipation of water with displacement along discrete planes with strain hardening; (b)
brecciation of dry till with aggregation and progressive shear creating marble-bed appearance; (c) additional strain
causes till to dilate with water entering voids; (d) collapse of dilated structure due to reduction in strain rate and
expulsion of water and stiffening of till. This may trigger further shear stress and a return to marble bed.
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Figure 10.17 Pore space modification in shearing till (from Kilfeather and van der Meer, 2008): (i) and (ii) thin section
examples of structures that effect the development of pores; (iii) schematic sketches to show the initial state of
sediment prior to subglacial deformation; (iv) schematic sketches to show interpretations of the forms of deformation
that result in the development and destruction of pores and other microstructures. This includes: (Aiv) long axes of
elongate small grains align along the sides of a rotating pebble. Particles find the paths of least resistance and infill
pores; (Biv) till shearing to form grain lineations or plasma. Porosity may decrease along these shear zones as particles
migrate towards them and find the paths of least resistance to infill pores; (Civ) brittle break-up during shearing,
possibly associated with water-escape, forming fissile partings that increase the porosity; (Div) break-up of a dense
and dry till bed during high shear stress and rotation of individual aggregates to form marble-bed with increasing
porosity.
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Figure 10.18 The collection and display of clast microfabric data (from Phillips et al., 2011). The five stages are: (1)
import high-resolution scans of thin sections into the graphics package; (2) measure the orientation of the clast long
axes; (3) plot orientation data on a rose diagram; (4) identify main clast microfabrics; and (5) identify clast microfabric
domains and make final interpretation.
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Figure 10.19 lllustration of the proposed non-genetic terminology for the morphological description of clast
microfabrics in glacial sediments (from Phillips et al., 2011), based upon the system used for the description and
classification of cleavage and/or schistosity in metamorphic rocks (cf. Passchier and Trouw, 1996).
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Figure 10.19 (Continued)

in the heterogeneous collapse of the till—matrix framework and localised liquefaction and renewed
dilation. This could result in the localised loss or partial overprinting of the §; microfabric as well as
remobilisation of liquefied till so that it is squeezed out of relatively higher-pressure areas where the
till- matrix framework is collapsing. Phillips et a/. (2011) speculate that these changes may equate to
till ‘collapse’, liquefaction and remobilisation (Hiemstra and van der Meer, 1997) which in turn may
drive the mobile operation of sticky spots (cf. van der Meer et al., 2003; Piotrowski et al., 2004); this
could also relate to the stick—slip motion identified in subglacial observations (Fischer and Clarke,
1997; Boulton et al., 2001; Section 6.3). The continuation of deformation in our idealised case study
results in the early fabric becoming progressively folded and the development of a more pervasive
second (S,) microfabric. Its occurrence throughout the till indicates that it has dewatered sufficiently
to restrict or retard further deformation induced liquefaction. The last (S;) phase of deformation
is focused into narrow zones of ductile shear due to the fact that the tills have dewatered and
stiffened so that deformation begins to ‘lock up’, bringing about the development of discrete shears
and small-scale brittle faults within the matrix. The complete sequence of phased deformation
development depicted in Figure 10.20 equates to the gradual change from predominantly ductile
to more brittle deformation, also depicted in progressive pore space modification in Figure 10.17
(Kilfeather and van der Meer, 2008).

The analyses of thin sections as outlined above reveals features that replicate at microscale what is
observed as representative of till deformation at the macroscale. For example, Phillips et al. (2007)
have identified the cannibalisation of stratified rafts into the base of an overlying till, in association
with water escape conduits that trace the passage of pressurised water (hydrofractures) from the
mildly deformed upper layers of underlying glacilacustrine rhythmites (Figure 10.21a). The sample
was taken from the till—glacitectonite contact at the Drumbeg ice-marginal till stacks illustrated in
Figure 8.12, where the effects of pressurised water in modifying all traces of till shearing are traced
throughout the stacked till layers using micromorphology (Evans and Hiemstra, 2005). Similarly,
the microscopic details of a heavily glacitectonised, inter-digitated contact between glacitectonite
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Figure 10.20 Examples of the employment of the microstructural mapping protocol proposed by Phillips et al. (2011): (a) schematic 3D block diagram showing
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developed in rhythmites and an overlying till is illustrated in Figure 10.21b, as reported from Raitts
Burn, Strathspey, Scotland, by Phillips and Auton (2000) and Phillips et al. (2011). This illustrates a
distinct conjugate patterned microfabric within the till, with S; dipping down-ice and parallel to an
inclined stratification and layer-parallel plasmic fabric. The S, orientation data are co-planar to the
unistrial plasmic fabric/ductile shears and normal faults developed during deformation within the
underlying rhythmites. The pervasively developed S, clast microfabric in the till dips up-ice and is
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Figure 10.21 Examples of microstructures associated with till deformation: (a) cannibalisation of stratified rafts and
development of water escape conduits at a till-glacitectonite contact (from Phillips et al., 2007); (b) a microstructural
map of polydeformed, thinly laminated sand silt and clay overlain by subglacial till from Raitts Burn, Strathspey,
Scotland (from Phillips and Auton, 2000; Phillips et al., 2011).
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parallel to a heterogeneously developed unistrial plasmic fabric in the matrix, suggesting that they
were created simultaneously. This helps define a 10—12-mm-wide zone of enhanced ductile shear
which offsets the till-rhythmite contact and can be traced into the underlying laminated sediments
where it occurs parallel to a set of well-developed reverse faults. The microstructures developed
within both the diamicton and underlying rhythmites relate to formation in response to the same
stress regime imposed by ice overriding the site, and the differences in style and apparent intensity
of deformation are directly related to the potentially much higher porewater content and/or pressure
occurring within the till during subglacial deformation.

Micromorphology has been employed by Roberts and Hart (2005) to verify the details of their
‘Type 1 laminae’ (glacitectonic lamination) and ‘Type 2 laminae’ (glacitectonite). An example of Type
1 laminae is illustrated in Figure 10.22a, which is a chalky ‘stratified’ diamicton comprising a mixture
of sub-horizontal, discontinuous, chalky and silty sand stringers with sharp and undulatory contact
boundaries in a matrix with low anisotropy. The chalk stringers are composed of reworked chalk
with secondary inclusions of quartz and feldspar and appear locally attenuated. Isoclinal, recumbent
microfolds are evident in the pressure shadows of chalk clasts, which are both deformed and unde-
formed and associated with ‘dropstone-like structures’. The variability of chalk clast coherence in
glacially deformed materials is marked at both macro- and microscale and dictates the extent to which
clasts are attenuated. This indicates that the yield strength of the chalk is locally reduced, possibly as a
result of bedrock weathering prior to their rafting and isolation as intraclasts. Where relatively inco-
herent the chalk is attenuated into stringers which often have become detached from their source
clasts and now appear isolated or form small folds in the lee-side pressure shadows of clasts. An
example of Type 2 laminae is illustrated in Figure 10.22b, which depicts a silty, sandy stratified diamic-
ton with low anisotropy in which laminae tend to be continuous and exhibit reworked soft-sediment
clasts, although silty laminae are more discontinuous and attenuated. The contacts between laminae
are sharp and conformable and display dropstone structures. The laminae are thought to be derived
from suspension rainout and mass flow activity but are then subject to deformation and hence are
strictly glacitectonites (see Chapter 14).

The attenuated nature of intraclasts is clearly diagnostic of subglacially deformed diamictons at
both macro- and microscale (Figures 4.2, 10.8 and 10.11). Hence, they can be employed in the inter-
pretation of diamictons recovered from cores or borehole samples (e.g. van der Meer and Hiem-
stra, 1998), although differentiation of Type 1 from Type 2 examples is challenging, especially when
they are at their more advanced stages of attenuation and appear as ‘pseudo-laminated’ or ‘pseudo-
stratified’ diamictons.
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The Geological Record: Sliding Bed Deposits

This seam of sand was doubtless quickly deposited by running subglacial water; and it was
thenceforward undisturbed while the deposition of the till continued over its whole extent.
Upham (1889, p. 239)

In Section 6.3, the concept of ice—bed decoupling and its implications for subglacial meltwater
processes was briefly reviewed and it was stressed that ancient glacigenic deposits have been critical
to developing an understanding of till-related meltwater sedimentation. Certainly, a strong glaciolog-
ical case for glacier sliding and water flow over till beds is well established (cf. Alley, 1989a, b, 1992;
Engelhardt and Kamb, 1998; Fischer and Clarke, 2001; Kavanaugh and Clarke, 2006; Truffer and
Harrison, 2006; Figure 11.1), but a range of till-related stratified sediment facies and structures also
have been interpreted as the products of intermittent water flow at the ice—bed interface (e.g. Eyles
etal., 1982; Brown et al., 1987; Clark and Walder, 1994; Evans et al., 1995; Piotrowski and Kraus, 1997;
Piotrowski and Tulaczyk, 1999; Piotrowski et al., 2001; Figure 6.13), and although not always uncon-
troversial, these sedimentologically based conceptual models are central to appreciating the former
occurrence of ice sheet and glacier bed decoupling and what has become known as ‘soft-bed sliding’.

The concept of ‘canal fills’, the infills of former braided canal systems that develop at the ice—bed
interface during periods of decoupling (6 on Figure 6.13), was introduced by Clark and Walder
(1994) based upon the Walder—Fowler theory that meltwater drainage at the ice—soft-bed interface
would be organised in anastomosing, wide and shallow channels or canals with flat roofs and
low flow velocities (Walder and Fowler, 1994). The sedimentary evidence cited in support of this
theory was that of fluvial channel fill deposits reported by Eyles et al. (1982) from the stacked
subglacial (‘lodgement’) tills of northeast England (Figure 11.2). This explanation was later applied
by Evans et al. (1995) to similar stratified sediment bodies in the tills of Holderness, eastern England
(Figure 11.3). The proposed canal fills comprise stratified lenses with flat upper surfaces and concave
bases (convexo-planar; Figure 4.2), containing primary depositional structures or bedforms, in
addition to thin sand layers and stringers. Where preserved they occur as intra-till bodies and
may be undeformed but are usually intensely deformed at their upper contacts or throughout their
depth (Figure 11.4). Hence, ice—bed recoupling and shearing of the bed following on from a phase
of meltwater drainage is usually clearly demonstrated. Stacked sequences of tills and intervening
stratified interbeds are reported from the ‘Northern Till’ in Ontario, Canada, by Boyce and Eyles

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
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Figure 11.1 Conceptual diagram to illustrate the perceived variable rates of basal sliding due to changing ice—bed
coupling (from Fischer and Clarke, 2001). Ice flow direction and magnitude are depicted by arrows during periods of:
(a) low subglacial water pressures, and (b) high subglacial water pressures in the connected region of the bed
(outlined). The locations of ploughmeters (PL1 and 2) and sliding sensor (SL), upon which this reconstruction is based,
are marked.
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Figure 11.2 The stratigraphy of subglacial tills and associated sediments at Sandy Bay, northeast England (from Eyles
etal., 1982). Bedrock cliffline at north end of bay comprises Carboniferous sandstone (S) with a thin coal and shale
band (C). Other features are: (1) striated rockhead; (2) bedrock rafts; (3) coarse rubbly till (lee-side cavity fill); (5)
intrusion of till into bedrock joints; (8) glacifluvial channel fills or till interbeds (canal fills); (11) glacitectonised upper
surfaces of canal fills with rafts of fill material in base of overlying till; (14) vertical jointing in till.

(2000; Figure 11.5), demonstrating that subglacial deforming layers can be laid down in complex
sequences that record pulses of alternate deformation and sliding in settings where there is a net
vertical till accretion. Clearly, erodent layers are not effective in such settings, which as we discussed
in Section 6.3 are most likely to be near glacier and ice sheet margins where shear stresses and
meltwater discharges tail off enough to stack the materials that are advected from up ice (cf. Alley
et al., 1997; see Chapter 16). In these zones of incremental thickening and marginal till wedges,
the net vertical accretion is critical to the preservation of meltwater sediments created during the
soft-bed sliding process. Elsewhere, for example, where erodent layers are effectively removing most
if not all such sediments, or where subglacial deformation is particularly intense after each phase
of ice—bed separation, the remnants of former canal fills might be represented only by attenuated
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Figure 11.3 Sedimentary structures associated with the Skipsea Till of Yorkshire, eastern England (after Evans et al., 1995), indicative of meltwater canal fill
activity between till emplacement events: (A) overview of section face showing Skipsea Till and associated intrabeds of stratified sediments; (B-F) details of
structures outlined by boxes in A with labels locating the following structures: (a) deformed stratified, poorly sorted, coarse and pebbly sands; (b)
concentrations of chalk clasts; (c) concentrations of rounded pebbles; (d) deformed sand lenses; (e) crude lamination in the till due to subtle grain size
variations; (f) major discontinuity in the till, marking the top of the zone of deformed sand lenses; (g) strongly developed vertical joints; (h) interdigitisation of
till and sand; (i) crudely planar stratified sands; (j) laminated till comprising red, grey-brown and buff lamina derived from cannibalised soft bedrock; (k) chalk
stringers; (1) laminated till; (m) laminated till with chalk stringers; (n) chevron fold; (o) stratified sand with interstratified minor diamicton beds <10 mm thick; (p)
till with weak stratification at base and chalk stringers subparallel to lower contact; (q) dark brown till with chalk stringers; (r) sand with stratification parallel to
base of overlying till; (s) cross-stratified sands; (t) normal faulted sands; (u) gentle folds; (v) light brown stratified diamicton with sandy intercalations; (w) folded
stratified diamicton; (x) concentrations of surrounded chalk pebbles, some of which are deformed into stringers within the surrounding till; (y) sand stingers in
till; (z) sandy diamicton interstratified with cm-thick beds of clayey sand folded into a recumbent fold; (aa) deformed stratified clayey sands; (ab) stratified sand
lenses (dm wide) with convex tops and flat bases; (ac) shears in till lined with sand; (ad) laminated till grading into massive till; (ae) moderately-to-well-sorted,
coarse-to-fine sands; (af) rippled medium sands; (ag) deformed lenses of rippled sands; (ah) fine to very coarse, poorly sorted clayey sands containing pebbles
towards the top; (ai) stratified diamicton interdigitated with sandy clay; (aj) chalk stringer deformed by a diapir; (ak) coarse to fine sands with low-angled
cross-stratification deformed by small normal faults; (al) smooth base of laminated till parallel to the laminations of the underlying sands; (am) massive to
moderately well-sorted coarse sands; (an) faulted, stratified, poor to moderately sorted, medium to fine sands.
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(a)

Figure 11.4 Details of the subglacial canal fills of eastern England: (a) series of partially connected canal fills with
heavily glacitectonised tops in the Skipsea Till at Skipsea, Yorkshire; (b) laminated fines in a series of canal fills in the
Horden Till at Whitburn, Durham, where the subglacial tunnel locally widened into a slack water cavity near the
glacier grounding line in Glacial Lake Wear (cf. Davies et al., 2009); (c—e) details of the glacitectonic structures
developed at the tops and margins of the Skipsea Till canal fills.
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Figure 11.5 A conceptual model for the evolution of tills and their stratified interbeds (from Boyce and Eyles, 2000):
(a) erosion and deformation of pre-existing unlithified sediments to form drumlinised surface; (b) conformable
aggradation of deformation tills on drumlinised surface; (c) subglacial fluvial reworking of diamicton to form
sheet-like interbeds and boulder pavements; (d) continued aggradation of deformation tills and stratified interbeds.
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sand and gravel pods and might thereby be potentially indistinguishable from rafts/intraclasts (as
discussed above in Chapter 10) or even clast pavements (see Section 9.3). In some circumstances, a
subglacial fluvial origin might be recorded by the concentration of calcium carbonate precipitates,
which are preferentially deposited in subglacial meltwater systems (cf. Hallet, 1976). Because canal
fills are the thinner up-ice extensions of sub-marginal drainage networks, it is not surprising to see
them thicken towards eskers and/or ice-contact subaqueous fans or grounding line fans, excellent
examples of which occur on the Holderness and Durham coasts of eastern England where glacial lakes

Figure 11.6 Examples of proposed ice-bed separation features (from Piotrowski and Tulaczyk, 1999), showing a lack
of significant deformation and with sand layers thought to be the product of thin water films at the ice—bed interface:
(a) sub-horizontal, often slickensided fissures, in places filled with syn-depositional sorted sediments; (b)
sub-horizontal fissures (upper part) and thin stringers of sorted sediments interbedded with till matrix (lower part); (c)
horizontally stratified till consisting of mm-thick sand layers intercalated with till matrix; (d) single horizontal stringer
of stratified sand in till matrix.
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Holderness and Wear, respectively, were the depo-centres into which the sub-marginal meltwaters
drained (Davies et al., 2009; Evans and Thomson, 2010; see Chapter 16). Fine-grained rhythmites
that fill the canals excavated in the Horden Till of the Durham coast indicate that Glacial Lake Wear
sediments were being laid down in the slack water areas of the wider ends of the subglacial canals
near the grounding line (Davies et al., 2009).

A variety of thin and laterally extensive intra-till stratified beds (Figure 11.6) have been interpreted
by Piotrowski and Tulaczyk (1999) as examples of ice—bed separation features, because they all lack
significant deformation and their sandy grain size characteristics would be typical of thin water films
at the ice—bed interface. Specific characteristics, as illustrated in Figure 11.6 include sub-horizontal,
often slickensided fissures, in places filled with syndepositional thin stringers of sorted sediments
interbedded with the host diamicton matrix. Higher stringer densities can give the host diamicton the
appearance of being horizontally stratified. In contrast, single horizontal and discontinuous stringers
can occur in otherwise massive diamictons. The similarity of these forms to the Type 2 laminae of
Roberts and Hart (2005) is striking and problematic in terms of differentiating such deposits and
assigning subglacial sliding bed versus glacitectonite origins to them. This equifinality dilemma is
revisited in the following chapters and remains one of the greatest challenges in glacial sedimentology.

Sub-till stratified units, especially on hard or relatively impermeable beds (Figure 11.7), have been
interpreted as evidence for water films at sliding till bases and indeed Evans et al. (2006) speculated
that Hindmarsh’s (1996) theoretical concept of ‘till sliding’ could give rise to the generation of thin
stratified beds by sub-till water films. A modern example of this has been reported by Kjeer et al.
(2006) from the margin of the Icelandic surging glacier Bruarjokull (Figure 11.8) where water escape
structures beneath glacitectonite near the outer zone of a fluted till sheet are interpreted as evidence
for a dual-coupled model where the glacier is coupled to its deforming bed and the substrate is decou-
pled from the bedrock, thereby leading to fast ice flow due to over-pressurised water being forced
along a near-impermeable bedrock surface, at least near the ice margin.

Finally, during till deformation meltwater may drain through the till by pipe flow (3 in Figure 6.13),
a process that has been observed at the base of the Rutford Ice Stream, Antarctica (King ez al., 2004).

Figure 11.7 Example of a sub-till stratified lens lying beneath a thin ice stream bed till and overlying relatively
impermeable substrate of shale in Alberta, Canada.
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Figure 11.8 Schematic diagrams summarising the various modes of basal motion associated with ice streams and

surging glaciers (from Kjzer et al., 2006): (a) decoupling sustained by enhanced basal sliding across the glacier-till
interface with limited or no subglacial deformation; (b) glacier—bed coupling and fast ice flow sustained through
subglacial deformation of water-saturated sediment and the development of a fast-deforming sediment (H,,) over a
more slowly deforming sediment (H,,) that in turn is superimposed on a stable horizon (H); (c) a dual-coupled model

where the glacier is coupled to its bed to create slow subglacial deformation, while the substrate is decoupled from

the bedrock by a water film leading to fast ice flow.
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The potential sedimentary signatures of this process could be Alley’s (1991) ‘mini eskers’ but sed-
imentologically such features would be very difficult to differentiate from rafts cannibalised from
older sediments or canal fills, all of which would be folded and/or attenuated after their emplace-
ment in a mobile deforming layer. Evidence to affirm the prediction by Alley (1992) that till could
squirt into channels in and on soft beds could be manifest in the interdigitisation of till and stratified
sands around the margins of canal fills (Figure 11.9).

Figure 11.9 Sedimentological evidence for till squirting into canal fills, demonstrated by interdigitisation of till and
stratified sands around the margins of the Skipsea Till canal fills, Yorkshire, England.
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The Geological Record: Impacts of Pressurised Water (Clastic Dykes)

The nature of the basal hydraulic system is not only a key determinant of glacier dynamics but
must also play a vital role in determining till processes.
Boulton et al. (2001, p. 26)

Clastic dykes are sediment-filled fissures that cut across, and are therefore post-depositional infills of,
fractures in pre-existing, host materials (Figure 12.1). Genetically, they are described as hydrofrac-
ture fills, water escape structures and burst-out structures. They are associated with the escape of
water and liquefied sediment under pressure, which is a common process in glacitectonically and
subglacially deformed materials and closely linked with the operation of subglacial meltwater systems
and their interactions with groundwater (Mandl and Harkness, 1987; Boulton and Caban, 1995). In
Chapter 11, an example of water escape structures from an Icelandic surging glacier (Figure 11.8)
demonstrated how clastic dykes may be created in sub-till settings by interacting with a rapidly pres-
surised subglacial drainage system. More commonly, the pressurised water and fluidised sediment
are not confined entirely to such horizontally aligned beds but instead branch out from the source
aquifer along hydrofractures or tensional cracks which cross-cut neighbouring, predominantly over-
lying, deposits (Lowe, 1975; Nichols et al., 1994).

The idea that clastic dyke production could be initiated by glacier imposed stress has a long his-
tory (e.g. Hansen, 1930; Lundqvist, 1967; Berthelsen, 1974). Early work on clastic dykes attracted
significant critical discussion (e.g. Morner, 1972, 1973a, b, 1974; Dreimanis, 1973, 1992; Worsley,
1973; Dionne and Shilts, 1974; Elson, 1975; Humlum, 1978; van der Meer, 1980; Amark, 1986) and
tended to highlight diamicton-filled features and hence often used the term ‘till wedges’ to refer to
features created by downward injection into the glacier bed; mixed sediment dykes were reported by
Amark (1986). In a more recent review of clastic dykes, van der Meer et al. (2009) tended to highlight
only finer-grained examples, specifically because they associated the dominant influence of water
through flow, predominantly upwards through sediment towards the glacier sole, as diagnostic of
clastic dyke classification. However, they did also briefly present examples of much coarser-grained
dykes in which cobble gravels and diamictic sediments dominate. Clastic dykes are now widely recog-
nised in glacitectonites and tills at both macro- and microscale and are regarded as a product of both
water-dominated fracture and infill as well as sediment injection.

A range of clastic dyke infills, created by downward injection of remobilised subglacial till into
underlying proglacial outwash during a readvance of the snout of Sélheimajokull, Iceland, are
reported by Le Heron and Etienne (2005). The clastic dykes form a three-dimensional, reticulate
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Figure 12.1 Examples of clastic dykes: (a) burst-out structure of gravel dyke and its branches in the Horden Till at
Whitburn, Durham, North East England; (b) vertical gravel-filled dykes in crudely stratified diamictons, Clifden,
Connemara, western Ireland; (c) sand and silt-filled dykes in locally liquefied and subglacially sheared rhythmites
beneath till at Swarthy Hill, northwest Cumbria, England; (d) and (e) hydrofracture infills containing stratified clay, silt,
sand and granule gravel and cross-cutting granule gravel glacifluvial outwash capped by till, Slettjokull foreland,
Iceland.
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swarm and bifurcate and dip predominantly away from the former hydraulic head source, which was
the glacier terminus readvance position. The laminated nature of the sediment infills is explained
by Le Heron and Etienne (2005) as a product of dyke injection of sediment in a non-fluidised
state (Figure 12.2), either by: Model 1, sustained, continuous intrusion, whereby the dyke material
underwent a rheological change from viscous to plastic during injection to form deformation bands
(cf. Jonk et al., 2003); or Model 2, in which repeated fracture and expansion allowed sediment
squeezed in to the fracture to smear on to the fracture walls (cf. Hayashi, 1966). Lamination in
finer-grained clastic dykes is interpreted in a different way by van der Meer et al. (1992, 2009) based
upon the typical characteristics of clay, silt and sand laminae, occasional intraclasts and fine gravel,
various directions of internal grading, cross-cutting relationships, ‘drip-shaped patterns’ and parallel
alignments to fracture walls (Figure 12.3). Similar to Le Heron and Etienne’s (2005) Model 2, the
hydrofracturing and infilling of the space is thought by van der Meer et al. (2009) to be an ongoing
process, thereby explaining the incremental and continuous infilling of fractures by cross-cutting
laminae; the changing and variable directions of grading are a product of changing hydraulic
pressures and the ‘drip-like patterns’ interpreted as a record of pulsating movement of sediment.

Model 1 Initial loading Sustained loading
* Sustained continuous intrusion ' '

* Rheological differences in intruded
sediment (different yield strengths)
account for differentiation within
dykes

A \
Incipient

« Long timescale of intrusion fractures Differentiated dykes

Slow, continuous intrusion

Model 2
(a) Fracture Load (B) Expansion Load (C) Deposition Load
e .3
]\ \\ 4 A\
; \ Incipient
ncipien .
fractures Fracturles W@ened Sediments plastered
as sediment intruded onto sidewalls of fractures
» Sustained vertical load on Evolution of dyke laminae
sediment column
Next phase Next phase
* Cyclic pattern of host-sediment of intrusion of intrusion
|

fracture. Expansion by injected
sediment and plastering of
sediment onto side-walls of dyke

* Laminae explained by repeated
fracture-expansion-deposition

(see right)
. . Fracture/ Fracture/
» Coarse-grained materials (e.g. pebble- expansion expansion
prone dykes) choke fratures during
intrusion —— -

Figure 12.2 Models of clastic dyke infills due to downward injection of remobilised subglacial till into sand and gravel
(from Le Heron and Etienne, 2005).
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Figure 12.3 Microscale characteristics of the lamination in finer-grained clastic dykes (from van der Meer et al., 2009). Left panel shows: (a) thin section of
constricted part of clastic dyke from San Martin de los Andes, Argentina; (b) sketch of laminae in the thin section with single barb arrows pointing to
displacement along microfaults and normal arrows pointing to related intraclasts; (c) sketch of the distribution of drip-like structures in the thin section; (d)
grading (sense indicated by arrows) in individual laminae. Right panel shows finer details of thin section: (a) small fault (arrowed) in top right corner and
micro-WES in centre; (b) broken up intraclasts with small intraclasts in left hand lower corner; (c) image and sketch (right) of downwards oriented drip-like

structures along boundaries of laminae.
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The interaction of water escape pathways with subglacial till deformation has been reported from
a contemporary setting by van der Meer et al. (1999) from the sub-marginal environment at Slet-
tjokull, Iceland (Figure 12.4). In this location, a marginal belt of permafrost is thought to have been
instrumental in forcing increased subglacial meltwater discharges into sub-till outwash deposits to
produce down-glacier dipping water escape structures (WES). A subsequent phase of fracture fill-
ing (black WES) was then initiated after the termination of the meltwater drainage event and the till
dried out, involving upward fracturing in the till due to water and liquefied sand being driven upwards
from the underlying outwash. Subglacial till deformation then partially distorted the structures. The
role of permafrost here is a localised one and is not critical to the impedance of groundwater flow
and artesian pressure build up that is required to inject sediment bodies with materials bursting
out from confined aquifers (Nichols et al., 1994; Boulton and Caban, 1995; Le Heron and Etienne,
2005). The creation of large pressure gradients, regardless of the trigger, can lead to hydrofracturing
of pre-existing sediments and clastic dyke production, and many examples of coarse-grained dykes
cross-cutting tills and associated deposits have been reported that relate to glacitectonic and sub-
glacial deformation (e.g. McCabe and Dardis, 1994; Dreimanis and Rappol, 1997; Meehan et al., 1997;
Evans and O Cofaigh, 2003; Davies et al., 2009). In the case study of Dreimanis and Rappol (1997), a
range of large (in places >16 m long), down-glacier dipping clastic dykes, some with truncated or dis-
placed tops due to contemporaneous till shearing, have been injected through clays and silts and into
overlying stratified and massive diamictons of the Catfish Creek ‘till’ (Formation). It is thought that
they were emplaced by vertically escaping pressurised water moving along pre-existing subglacial
tension fractures.

A conceptual model to explain the occurrence of coarse-grained clastic dykes in tills was developed
by Rijsdijk et al. (1999) based upon a number of impressive examples exposed at Killiney Bay, Ireland
(Figure 12.5a). The dykes are regarded as the products of hydrofracture filling that was sourced from
a sub-till aquifer, because they are rooted in an underlying gravel layer and extend sub-vertically into
the overlying till, where they often terminate in plumes or burst-out structures (Figure 12.5b—e).
The characteristics of the dyke infills are that they comprise poorly sorted coarse gravels with clast
a-axes and a—b planes aligned parallel to the dyke walls, include till intraclasts which are commonly
streamlined and also aligned parallel with dyke walls, and the dyke tops and branches often end in
funnel-shaped clusters of clasts. Hydrofracturing of the till aquitard occurred when water pressures
were forced to rise in the underlying gravel aquifer, causing fluidised gravel to be injected up to 7 m
vertically into the till and eventually terminating as burst-out structures and fan-shaped gravel clus-
ters (Figure 12.5d and e). This process requires that the till must have been initially supersaturated
but the post-injection shearing of the tops of some dykes and emplacement of a capping till layer
(Figure 12.5f) indicates that aquifer pressurisation was caused by glacier margin readvance over the
site. Similar features have been reported from within drumlin till cores by McCabe and Dardis (1994).
The intrusion of clastic dykes downwards as depicted in Figure 12.5a is based upon prediction by
Boulton and Caban (1995) but has been verified by numerous field based observations of features
like ‘till wedges’ from the early literature (see Figure 8.13) as well as the case study of van der Meer
et al. (1999; Figure 12.4). Examples of till being intruded into fractures in bedrock by squeezing have
been reported from a variety of settings (e.g. Meehan et al., 1997; Evans et al., 1998), where it has been
implicated in the process of bedrock rafting into subglacial deforming till layers (see Chapter 14).

Clastic dykes, and more especially water escape structures, are well developed in glacitectonites,
particularly at the boundaries with overlying tills, where they can be influential in the liberation of
soft-sediment rafts (e.g. Phillips et al., 2007; Figure 10.21a). The complexity of structures associated
with water escape in such materials, particularly in stratified fine-grained sediments like glacila-
custrine or glacimarine deposits (e.g. Phillips and Merritt, 2008), are particularly well illustrated
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Figure 12.5 Clastic dykes developed in tills based upon examples from Killiney Bay, Ireland (from Rijsdijk et al., 1999):
(a) conceptual model for dyke development; (b) and (c) sketched examples of plumes or burst-out structures; (d)
proposed stages of the hydrofracturing process at Killiney (for the P/t graph, P = water pressure, t = time, T = maximal
tensile shear strength of capping aquifer, Fis = fluidisation velocity of sand, Flg = fluidisation velocity of gravels). (A)
Stage 1 — water pressures within confined aquifer increase when meltwater supply exceeds capacity of the aquifer. (B)
Stage 2 — water pressures exceed the overburden pressures and a water blister may form and lifts the till layer. (C)
Stage 3 - water pressures exceed the tensile strength (t) of capping till layer and a component of the total normal
stress and a hydrofracture forms. A high-pressure potential is generated across the fracture, leading to upward water
flow. Convergence of flow at crack base leads to flow velocities exceeding the minimal fluidisation velocity of coarse
gravels (FIg), causing them and anything smaller to fluidise. The ejected fluid supersaturates the overlying diamict,
allowing ejected materials to settle through the matrix to form a crudely stratified diamict. When flow through the
fractures ceases, fluidised sediments settle; (e) schematic diagrams showing stages of branching of clastic dykes. Left
(a) shows that during burst-out through a vertical hydrofracture, hydraulic pressure builds up locally along the dyke
walls, where pre-existing joints (broken lines) may dilate and begin to fill. Right (b) shows that during filling of the
joints, the tensile strength of the capping till is locally exceeded, small-scale hydrofractures may form and water
bursts out to form smaller-scale vertical offshoots; (f) broad stratigraphic architecture of the Killiney Bay site showing
the post-injection shearing of the dyke tops by a capping till layer.



12 The Geological Record: Impacts of Pressurised Water (Clastic Dykes) | 195

(©) S
upper till unit 5
e - Llppertill unit 5
........ e e 3 . % " ) .
i
et ;
sand and gravels . ‘.','_.:" _
unit 4 o - > -
Yo _reverse fault =7 "\ C/'s'éﬁ'&'éﬁ-&
U - % == gravels
D TS AT T T, S -
&g.?--i,.;; H v :.‘-un|t4
'S e
middle till middle till
unit 3 unit 3
pickaxe
= / )0
Foreshore lower till unit 1 _—\" horizontal offshoots
(d) (A)
upper till
unit 5 [ P P
middle till fa & & & & [ —— T 1 7 Fl
c Ar ST S— Fig g
i L el - i~
unit 2 e e —(
lowertill v v % v @
unit 1 o e i .
t t t
(A) (B)
(e)

Impermeable
till layer

Impermeable
till layer

=YY [
Permeable gravel Iayer‘

Impermeable till layer Impermeabile till layer

Figure 12.5 (Continued)



196

12 The Geological Record: Impacts of Pressurised Water (Clastic Dykes)

| Legend:

[_"1 Storm beach pebbles* [+ ] Sand and gravels unit 4
255 Gravels unit 2 [=_=1 Upper till unit 5
[~ Middle unit 3 —=— Multiple shear zone

| * Basal till unit 1 is obscured in the cliff by a storm beach pebble-layer, but is exposed locally in th foreshore

Figure 12.5 (Continued)

at microscale (Figure 12.6). In addition to the graded laminae described by van der Meer et al.
(2009), hydrofracture zones may display microfaults and thrusts, anastomosing thrusts, brecciation,
flame-like disturbance structures and patches of dispersed sediment in pipes where bedding has
been totally destroyed by liquefaction.

Some bedrock types can also be heavily disrupted by hydrofracture development driven by elevated
subglacial groundwater pressures and this is critical to the liberation of bedrock rafts (see Chapter
14) as well as the development of subglacial meltwater systems. An excellent example of a multi-
phase complex of hydrofractures beneath till and developed in sandstone is reported from Scotland
by Phillips et al. (2013) and is likened by them to the fracking process (Figure 12.7). The overprinted
hydrofracture networks record a gradual upwards propagation towards a thinning glacier snout due
to falling overburden pressures.

Finally, another important intrusive feature, which represents a form continuum from a clastic dyke
to an intruded intraclast driven into host sediments by over-pressurised subglacial groundwater, are
clay/silt intraclast concentrations or swarms. These are not derived from primary resedimentation
of pre-existing deposits by fluvial or subaqueous reworking (Figure 12.8). They are conspicuous in
that they occur as blocks of various sizes, cross-cutting the bedding of their host material and often
traceable back through clouds of increasing density to branching, tentacle-like dykes and then back
to their source strata, the upper contact of which possesses a ragged and/or interleaved contact with
the overlying host materials. These features are most likely created in the same way as burst-out
structures identified in coarser-grained materials.
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Figure 12.6 Complex water escape and associated structures viewed at microscale in stratified fine-grained
glacimarine sediments occurring as thrust bound rafts at Clava, North East Scotland (from Phillips and Merritt, 2008).
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Figure 12.7 Case study of multiphase hydrofracture development in sandstone beneath till at Meads of St John, Inverness, North East Scotland (from Phillips
etal., 2013): (a) compilation of numerous thin section images and their locations in the Meads of St John hydrofracture system developed in sandstone
bedrock; (b) set of schematic diagrams to show the evolutionary stages of the hydrofracture complex; (c) interpretive sequence of events linking the recession
of the local Findhorn Glacier with the development of the hydrofracture complex.
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Figure 12.8 Example of clay/silt intraclast concentrations or swarms. The clay/silt bodies have been injected into
deltaic sands in a glacially overridden ice-contact delta at south Loch Lomond, Scotland, and connect up to form a
vein-like network.
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It is ... the Stratified drifts’ ... the root cause of the trouble. One and all they point to subglacial
accumulations due to the undermelt of a simple ice-sheet, stagnant and decaying. Once that is
grasped our troubles vanish.

Carruthers (1953, p. 1).

The long-established process-based definition of melt-out till and some of the difficulties surround-
ing its preservation and differentiation from other till types were reviewed in Section 6.4, where it
was established that subglacial melt-out till strictly defined should be a sediment released by the
melting of stagnant or slowly moving debris-rich glacier ice, and directly deposited without sub-
sequent transport or deformation. So interwoven are the sedimentary characteristics of proposed
ancient melt-out tills and the envisaged process of melt-out till production that we need to consider
both process and form in tandem in this chapter. A case has been made by Carlson (2004) that an
accumulating stack of embryonic melt-out till, if it has a low hydraulic conductivity, can accommo-
date the transport of up to three orders of magnitude more water than is typically produced at the
base of a glacier. The most significant of the controls on melt-out till production are those associ-
ated with thaw consolidation or volume reduction as ice is melted and removed from the sediment
stack. This becomes more problematic in terms of sediment disruption wherever the original debris
content of the ice is low, because thaw consolidation will be significant. On the other hand, high
debris contents may conceivably result in a final sediment volume that is only slightly less than that
of the parent ice, and hence any delicate englacial structures may be preserved. This is determined by
the origin of the basal debris-rich ice facies, which at the classic Matanuska Glacier type site (Figures
6.15-6.18) is by supercooling and hence debris concentrations are very high. Even higher debris con-
centrations may result from downward migration of the freezing front from the base of the glacier
into sub-marginal water saturated sediments, the specific origins of which will dictate the final strat-
ification of the melt-out product. For example, downward freezing into stratified sand and gravel
(Harris and Bothamley, 1984) or apron incorporation by overriding anything from proglacial outwash
to finer-grained raised marine sediments (Shaw, 1977; Evans, 1989; Fitzsimons, 1990) and even per-
mafrost/buried glacier ice (Astakhov and Isayeva, 1988; Ingélfsson and Lokrantz, 2003; Murton et al.,
2005) will create debris-rich basal ice facies in which the ice acts merely as a cement to hold grains
together. Significant debris can also be frozen on in ice sheet interiors or at the base of ice streams
during periods of quiescence, as illustrated by Christoffersen and Tulaczyk (2003) and Christoffersen
et al. (2010), as well as beneath soft-bedded glaciers, as predicted by Iverson (2000) and observed

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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in sub-marginal settings by Matthews et al. (1995), Kriiger (1996) and Evans and Hiemstra (2005).
Hence, the sedimentology and extent of melt-out tills can be predicted to be as variable as the range
of parent sediment types frozen on to the ice base. Additionally, Ham and Mickelson (1994) report a
situation in which lodgement processes appear to have been superimposed on debris-rich ice as the
glacier continued to move over its stagnant basal ice facies.

Clearly, debris concentrations are critical to melt-out till preservation, but other local site character-
istics also need to be recognised when assessing the efficacy of thaw consolidation. The behaviour of
the debris once it is released during thaw consolidation is dictated by the balance between meltwater
production and drainage away from the site (Figure 13.1; Paul and Eyles, 1990). Meltwater drain-
ing away freely during melt out at a rate equal to or higher than the rate of its production creates
little or no disturbance other than that due to consolidation. This potentially creates a consolida-
tion fabric in a sediment stack that already inherits the commonly strong clast orientations of the
basal ice zone (e.g. Lawson, 1979a, b; Fitzsimons, 1990; Ham and Mickelson, 1994; Hart, 1995; Lar-
son et al., 2016). In contrast, any impedance of meltwater drainage will result in elevated porewater
pressures as melt-out progresses, decreasing the frictional strength of the freshly released debris and
increasing the likelihood of failure and remobilisation, especially where the sediment is fine-grained
(Paul and Eyles, 1990). Another important local site characteristic is underlying bed slope, because
remobilisation of saturated sediment can occur on slopes as low as 8° (Paul and Eyles, 1990). This
is compounded on sloping glacier surfaces where melt-out gradually thickens over the debris-rich
basal ice, which continues to deliver meltwater to the accumulating sediment body; at the Matanuska
Glacier, where melt-out tills appear to be developing, Lawson (1979a, b, 1981a, b, 1982) identified
significant supraglacial remobilisation of melted-out debris in a variety of gravity mass flow types
(see Chapter 15).

ZONE IV
Disturbance by combined
shear and water escape

ZONE Il
Disturbance by shear

Limiting value of consolidation

Limiting value of shear stress
at which shear failure occurs

ratio at which hydraulic instability occurs

Shear stress

ZONE |
‘Classic’ melt-out

ZONE I
Disturbance by water escape

>
>

Thaw consolidation ratio (R)

Figure 13.1 The classification scheme proposed by Paul and Eyles (1990) for soft-sediment deformation zones
defined by the occurrence of shear instability and/or hydraulic instability during the melt-out process.
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The ubiquitous nature of such sediment remobilisation in the debris cover on debris-rich glacier
snouts (Figure 13.2) has been highlighted by Paul and Eyles (1990), who isolate excess porewater
pressures and strong pressure gradients in the accumulating melt-out sequences as critical to the
extent of their remobilisation. They identify two important processes stemming from these pressures,
specifically shear instability and hydraulic instability, which lead to deformation of the accumulating
sediment pile by shear failure and water escape. Shear instability arises when the available strength
of the sediment is exceeded by the applied shear stress, which can be in response to elevated pore-
water pressures in the accumulating sediment pile, and the loss of strength also increases rapidly
with increasing thaw consolidation ratio. Any slope or bed protuberances in the substrate will initi-
ate shear stresses in the melt-out sequence. Hydraulic instability arises when the forces created by
meltwater seepage overcome the self-weight and frictional contact forces acting upon sedimentary
particles, which are determined by the pore pressure gradient. The seepage forces are at a maximum
where the pore pressure gradients are greatest, so this tends to take place at the base of a subglacial
melt-out sequence; the magnitude of the gradient also increases rapidly with thaw consolidation ratio.
Hydraulic instability should also be produced where effective stresses are low, because interparticle
forces are reduced in such cases. Once interparticle movement starts to take place, water escape
structures will be generated in the accumulating sediment so that a situation arises that is similar to
quicksand development or fluidisation (Lowe, 1975; Postma, 1983).

A body of debris-rich ice facies which has been isolated from a receding glacier snout and largely
covered by an accumulating gravity mass flow-fed supraglacial debris cover, nourished by melt-out
on the ice surface, is subject to the predominantly downwards migration of meltwater. Paul and Eyles
(1990) propose that at this stage interparticle movement due to thaw consolidation is governed by the
lateral restraint on sediment movement and the internal friction of the sediment. The processes of
shear and hydraulic instability then operate in combination and bring about four deformational envi-
ronments or zones, which are defined by the level of shear stress relative to the sediment strength
and the level of the pore pressure gradient relative to the critical hydraulic gradient necessary for

Figure 13.2 Supraglacial debris undergoing failure and debris flow mobilisation on the surface of Longyearbreen,
Svalbard.
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fluidisation (Figure 13.1). The zones are defined by two sets of conditions, which create the boundary
lines on Figure 13.1. First, the shear failure boundary is the failure envelope for the sediment as deter-
mined by the material properties and the porewater pressure, which in turn is determined by the thaw
consolidation ratio. With respect to the controlling environmental conditions, this can be defined as
the maximum shear stress, which in turn is normally related to ice surface or substrate slope. Sec-
ond, the hydraulic disruption boundary is defined by the value of the thaw consolidation ratio at
which the level of effective stress and hydraulic gradient permit local grain separation and thereby
the development of internal structures. This model prompted Paul and Eyles (1990) to predict specific
depositional facies, predominantly diamictic, that should evolve as a response to the controlling con-
ditions created in each environment depicted in Figure 13.1. In Zone I, the shear stress and porewater
pressure on the thawing debris is always below that required to produce deformation and fluidis-
ation, respectively, so that only vertical settlement takes place and ‘classic’ melt-out till is created
through the grain-by-grain aggregation of englacial debris. In Zone II, shear stresses are high enough
to produce failure in fresh melt-out materials but porewater pressure and seepage conditions are
insufficient to generate fluidisation. The occurrence of the highest porewater pressures at the thaw
interface brings about repeated failure and therefore the sediment can display evidence of shearing
and hence resemble deformed subglacial till. In Zone III, porewater pressure and seepage conditions
are sufficient to generate fluidisation but there is no shear failure. Porewater escape causes a loss
of fines and the disruption of clast and matrix fabrics, which could be pervasive but is more likely
restricted to zones of water escape structures or piping. In a heterogeneous sediment, this will gener-
ate load structures due to the creation of reverse-density gradients. Finally, in Zone IV, the operation
of both shear failure and fluidisation can create a deposit with a wide variety of deformation structures
as well as textural sorting, which can generate crude layering or shear-banding.

By acknowledging the changing nature of the deformation environment as controlled by the thaw
consolidation ratio and the level of applied shear stress, Paul and Eyles (1990) proposed that typi-
cal field conditions would constrain the formation and preservation of melt-out till. Moreover, the
model of ‘classic’ melt-out till genesis is applicable only under well-defined and very restricted bound-
ary conditions and beyond those conditions the melting out debris will inevitably undergo extensive
syn- and post-depositional deformation. Each deformational zone depicted in Figure 13.1 predicts a
specific end-member deposit, but it is likely that the nature of the drainage and consolidation condi-
tions would change over time, giving rise to a final depositional facies that displays any combination
of the characteristics typical of zones I-IV. Therefore, ‘classic’ melt-out till is likely to be part of a
more complex stratigraphic sequence, especially if capped by supraglacial mass flow diamictons.

So, what is ‘classic’ melt-out till and can we be confident in our genetic classification of potential
melt-out deposits? With all till types we need to be constrained as much as possible in our sed-
imentological definitions by safe or demonstrable process—form relationships, such as those that
can be observed in modern glacial environments. In Section 6.4, we saw that the most compelling
modern analogue for ‘classic’ melt-out till was that of the Alaskan glacier snouts, and that of the
Matanuska Glacier in particular (Figures 6.15—-6.18; Lawson, 1979a, b, 1981a, b; Larson et al., 2016).
The characteristics of the melt-out tills at this location were summarised by Lawson (1981a, b; Figure
6.15) as strongly aligned clast orientations parallel to ice flow and the presence of discontinuous
lenses and poorly sorted sediment inherited from pre-existing stratified englacial debris, which may
all be distinct from the surrounding, low-porosity diamicton in terms of texture, composition or
colour. These lenses are draped over larger clasts as a result of differential compaction. The clast
macrofabrics are similar to those of the overlying englacial debris but display flatter dips and more
girdle-like patterns due to the compaction process (Table 8.1). Larson et al. (2016) further define
the deposits as materials that display discontinuous and contorted and sheet-like lamina, layers and
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Figure 13.3 Characteristics of the melt-out till sequence at the margin of the Matanuska Glacier, Alaska (from Larson et al., 2016): (a) detail of the transition
zone between debris-rich ice and overlying melt-out till sequence, showing accreted silt aggregates at the base of the diamicton; (b) the pseudo-stratified
diamicton, showing laminae, bedding and scattered clasts; (c) details of laminations, showing coarse sand bed at tip of pen with pebbly silt laminae above and
below; (d) bed of coarse sand between pebbly silt beds and aligned clasts at base of image.
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lenses, textural and compositional banding with indistinct contacts and internal flow structures and
undeformed, intra-till soft-sediment or soft-bedrock rafts (Figure 6.16), an appearance that is best
described as ‘pseudo-stratification’. Problematic in relying upon the Matanuska Glacier case study
is the inheritance at that location of supercooled ice characteristics in particular, so that signatures
of other types of englacial debris are under-represented in our modern analogues. Hence, super-
cooled melt-out till can be well constrained sedimentologically as a deposit that we described in
Section 6.4 as displaying silt or sandy-silt lamina, en echelon silt lamina, irregular lenses of coarse to
fine sand that offset or cross bedding planes, short lenses of gravel, sand and silt, thin lenses of silt
and clay—silt aggregates, dispersed sub-rounded, but non-striated pebbles and cobbles around which
lamina bend (Larson et al., 2016; Figures 6.16 and 13.3). The appearance at microscale of porewater
pathways and compressed and lightly deformed clay—silt clasts, together with an absence of shear
indicators, provide additional diagnostic criteria (Figure 6.17). Certainly, this modern analogue can
be utilised in other settings prone to supercooled meltwater, for example, in the southern Vatnajokull
outlet glaciers (Roberts et al., 2002; Cook et al., 2010), where Cook et al. (2011b) have proposed that
the sedimentary characteristics of supercooled ice facies may be preserved in the grain size signa-
tures of marginal tills. In terms of direct facies signatures, recently exposed subglacial till sequences
on the foreland of Skaftafellsjokull (Figure 13.4) display discontinuous and relatively thin units of
pseudo-stratified to fissile-structured diamictons containing irregular lenses of sand and fine gravel,
typical of supercooled melt-out till (compare Figures 6.16, 13.3 and 13.4b, c).

A small number of examples of melt-out sedimentation have been reported from the hyper-arid
environments of Antarctica, where Shaw (1977, 1989) proposed that sublimation was capable of cre-
ating the purist type of melt-out till or sublimation till (Figure 6.14). Typical deposits are reported
by Lundqvist (1989) and Fitzsimons (1990), who record excellent preservation of stratified ice facies,
closely spaced jointing or fissility, ‘pellet structures’ or a small-scale blocky appearance defined by
anastomosing fissility, and ‘let-down structures’, where bedding drapes clasts (Figure 13.5). Impor-
tantly, Fitzsimons (1990) regards the horizontal fissility as potentially indicative of dewatering and
therefore not particularly diagnostic of melt-out. Additionally, the arid polar melt-out tills do not dis-
play particularly strong clast macrofabrics when compared to other classic melt-out localities (Table
8.1), which Fitzsimons (1990) regards as indicative of the dispersed nature of the debris and hence its
tendency to be reorganised during melt-out.

Beyond supercooled and arid polar melt-out products, the diagnostic criteria that have been
proposed for melt-out tills are derived from the geotechnical predictions of Paul and Eyles (1990;
Figure 13.1) and interpretations of specific sedimentary structures in ancient tills (e.g. Haldorsen,
1982; Haldorsen and Shaw, 1982; Shaw, 1982, 1983; Piotrowski, 1994; Munro-Stasiuk, 2000). To date,
very few attempts have been made to draw comparisons between the predictions of Paul and Eyles
(1990) and potential melt-out till facies, especially in relation to zones II-IV in Figure 13.1. Paul and
Eyles (1990) cite the descriptions of Bouchard et al. (1984) of coarse-grained, stratified basal tills,
displaying differential compaction around clasts, water escape structures and diapiric deformation
structures, which potentially formed under zone III conditions. The dewatering structures that
are predicted for zones III and IV by Paul and Eyles (1990) have been further qualified by Carlson
(2004) and proposed by him to be diagnostic of poor drainage or debris-poor ice facies. Debris
contents >40% by volume with a well-developed drainage network on the other hand could drain
effectively and dewater without significant disruption. Indeed, some melt-out tills are structureless
and massive, and lack any visible foliation (Lawson, 1979a). The penetration of some till sequences
by vertical pipes, often filled with sorted sediments (i.e. clastic dykes), has been related to dewatering
during melt-out, but a hydrofracturing origin, as discussed in Chapter 12, is also likely, especially if
the dykes can be linked to intra- or sub-till aquifers.
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Early work on the development of melt-out till genesis based on ancient glacial landforms was
directed at the Rogen moraine and associated Sveg tills (Figure 13.6; Lundqvist, 1969a, b; Aario, 1977;
Shaw, 1979), located in the Sveg region of central Sweden. Lundqvist (1969a) described the deposit
as ‘a mixture of thin lenses of sorted sediments and compact basal till’ and Shaw (1979) provided a
representative stratigraphic sequence (Figure 13.6a), comprising a lower massive till, an intermediate
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Figure 13.4 Likely melt-out till at the location of a previously reported exposure through supercooled ice at the
margin of Skaftafellsjokull, Iceland: (a) vertical profile log of tills overlying outwash on the foreland, together with clast
macrofabric and form data. The potential melt-out till is classified as Dml/Sh/GRh/SI and is only 10-15 cm thick and
lies between subglacial tills; (b) photograph of section top, showing upper diamictons containing thin lens of
potential melt-out till; (c) detailed photograph of the likely melt-out till, showing pseudo-stratified diamictic and
sandy to fine gravelly laminations and capped by brecciated to fissile till.
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Figure 13.4 (Continued)

stoney or clast-rich till and an upper ‘stratified till’. This upper stratified diamicton (Sveg Till; Figure
2.9) is critical to the development of melt-out till theory. Although Lundqvist (1969a, b) and Aario
(1977) regarded the deposit as an ‘ablation till' or supraglacial debris assemblage, Shaw (1979)
highlighted the horizontally interbedded nature of the stratified and diamicton layers, their lateral
continuity of >10 m, and the consistent clast macrofabric orientations between all three diamicton
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Figure 13.5 Sublimation tills from Antarctica. Upper photograph shows debris-rich stratified ice passing upwards
abruptly into sublimation till, the junction being marked where bedding changes angle (photo by S. Rubulis from
Vega Island). Lower photograph shows stratified diamicton interpreted as sublimation till at Sersdal Glacier, Vestfold
Hills (from Lundqvist, 1989).

(till) units in the sequence to propose a melt-out origin for the Sveg Till in particular. Shaw (1979,
1982) envisaged meltwater drainage from melt-out stacks along debris-poor folia and between
the debris-rich folia that produced the diamicton, resulting in intra-diamict stratified lenses and
beds (Figure 13.6b). Clasts that bridged ice folia were then draped by the accumulating interbeds.
Associated with the resultant interbedded diamicton and stratified sand and gravel sequences in
this model, Shaw (1982, 1983) later identified scour fills underneath individual clasts (Figure 13.7),
which he proposed to be diagnostic of subglacial meltwater scouring beneath clasts while they
were held in the overlying debris-rich ice; after melt-out the clasts and scour fills would penetrate
from the diamicton bed into underlying stratified sediments. Although Shaw (1979) reported
on undeformed stratigraphic sequences of Sveg Till, extensive deformation was noted in other



metres Description

Op
Disturbed surface layer Xy - S
e et _— : 0= TS O IoETRS
Coarsely laminated diamicton St b b p 2 A R
with silt streaks. Diffuse stratification

Stratified diamicton, sand and silt.
Some interfingering of beds. Upper
Sands plane bedded with pebbles  gtratified

till

Stratified diamicton (1- 4 cm thick)
and silt and sand laminae
(0.2:0.4 cm thick)

Massive silty, sandy diamicton. Middle
Clasts faceted with rounded edges.
Higher cobble and pebble content ~ StONY
than underlying diamicton il

* Massive silty, sandy diamicton.

! with dispersed cobble Lower
and pebble sized clasts. massive
Large granitic boulders (> 8m3). .
Gradual transition to overlying till
clast rich diamicton

(- &
. (=4
c o S R Ice layer . — Sorted sediment:
22 Till
T opicrion See Large clast
WLl = =3 5257 Debris-rich ice @ Larg
(a) (b)

Figure 13.6 Shaws’ (1979) presentation of the Sveg Till and its proposed melt-out genesis; (a) the stratigraphic sequence at Overberg, Sweden. The upper
stratified till was critical to the melt-out interpretation; (b) the evolutionary sequence of stratified layers and enclosed clasts proposed by Shaw to be related to
melt-out of debris-rich ice.



212 | 13 The Geological Record: Melt-out Till

' o
@ Till e m Intratill sands

[ ]
®  Sub-till glacial sands P 4

o } Preglacial sands and gravel

Debris-rich ice

Subglacial
stream flow

Sub or preglacial
stratified sands

Stage 2

Debris-rich ice

} Post scour deposits

—__\—--._ : 7 —————

Stage 3

Till

Figure 13.7 Features proposed by Shaw (1983) to be diagnostic of melt-out till. Upper diagram shows the nature of
stratified lenses in sub-till and intra-till positions, with a clast lying across the upper boundary of the intra-till lens and
associated with a scour infill. Such a feature is explained in the lower diagrams, which show three stages in the
development of a scour fill beneath a clast held in basal ice during melt-out. The upper till layer is created by the
passive melt-out of debris-rich basal ice.
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exposures by Lundqvist (1969a), which Shaw (1979) proposed to be related to later reactivation of
the overlying ice after Sveg till deposition.

This model of till production in Rogen (ribbed) moraine has been applied by Méller (2010) and
Moller and Dowling (2015) to landforms in southern Sweden, where large tracts of debris-rich ice at
the receding southern margin of the Fennoscandinavian ice sheet are proposed to explain the exten-
sive outcrops of the till type. Critical to their interpretations of tills in the area as melt-out in origin
are the exposures at Abogen and Horgeboda in particular (Figure 13.8). At Horgeboda, an exposure
reveals three sediment facies (Units A—C) containing what is regarded as melt-out diagnostic cri-
teria. Above Unit A, which is a massive diamict with a strong preferred clast axis orientation, there
is a gradual upwards coarsening of the diamictons of Units B and C and an increasing frequency in
the occurrence of undeformed sorted sediment intrabeds within which sand beds thicken below and
bend over and below boulders and there are gradational contacts between sorted sediments and over-
lying diamicts. Each of these observations in the melt-out theory would be interpreted as evidence for
meltwater flowing through alternating debris-rich and debris poor ice foliae. Méller (2010) also pro-
vides a variant on Shaw’s (1982, 1983) sub-boulder scour infills where he documents the restriction
of the infills to the vertical boundaries of boulders, interpreted as ‘debris melt-out shadows’ below
clasts held in cavity roofs. At an outcrop scale, banding and crude stratification occurs in the Unit C
diamicton, which dips at 20—25° towards the proximal side of the moraine and is cross-cut by the
younger sub-horizontal sorted sediment beds and hence regarded as inherited from parent glacier
ice, especially as it dips northwards and perpendicular to the moraine ridge crest-line and hence could
be related to compressive shear stacking and/or folding of debris-rich as proposed by Shaw (1979) for
the landform —sediment associations. Although Moller (2010) and Méller and Dowling (2015) confi-
dently conclude that the sediments described in their study of southern Swedish ribbed moraine can
only be interpreted as melt-out till based upon the combined evidence, most importantly because
they display no direct indications of the shear stresses typical of subglacial till production, we will see
later in Chapters 14 and 16 that the melt-out indicative (diagnostic) criteria can be interpreted as the
products of quite different depositional scenarios. Significantly, in this respect, it is the changing basal
thermal regimes invoked by Moller (2010) and Moller and Dowling (2015) to create the debris-rich
ice required to form melt-out tills that are also potentially influential in the superimposition of till
sedimentary characteristics. It is important that we view such case studies as hypotheses for further
testing in relation to the melt-out process—form regime and its differentiation from other till and
glacitectonite forming processes, as we will discuss below.

The criteria of Shaw (1982, 1983) were employed also by Munro-Stasiuk (1999, 2000, 2003) in an
interpretation of a sequence of stratified sediments and diamictons thought to have been deposited
in a large subglacial cavity beneath the southwest Laurentide Ice Sheet in southern Alberta, Canada
(Figure 13.9a). A re-interpretation of this sedimentary sequence by Evans et al. (2006a) is an example
of how the diagnostic melt-out criteria for some researchers are open to distinctly different interpre-
tations by others. Munro-Stasiuk (2000) interpreted her Facies 3 in the area as a melt-out till based
upon the characteristics of interbeds of laterally extensive massive, fine-grained diamicton, contain-
ing striated and facetted clasts, and thin, continuous beds of sand and/or silt with occasional channel
scour fills with gravel bases. The sand and silt beds specifically were interpreted as the product of sub-
glacial sheet flows that periodically broke down into channels to produce scour-fills, which because
they often occur below clasts were attributed to the melt-out process, based upon Shaw’s (1983) inter-
pretation of such features. An alternative origin for these clasts and scours was proposed by Evans
et al. (2006a), who invoked the role of anchor ice in glacilacustrine sedimentation and interpreted
the whole Facies 3 sequence as proximal glacilacustrine deposits. Scouring beneath clasts protrud-
ing from the base of lake anchor ice has been documented by Reimnitz et al. (1987), and shallow
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Figure 13.8 Stratigraphy, sediment characteristics and clast macrofabric data from Abogen and Horgeboda, Southern Sweden, interpreted by Méller (2010)
and Maller and Dowling (2015) as melt-out till sequences: a) the stratigraphy and clast macrofabric data from the two sites; b) the characteristics shows the
characteristics of the diamictons of the study area in which (A)-(G) are characteristics of the unit C diamict at Horgeboda; (A) lateral and vertical grading
between indistinct lenses of gravelly and sandy diamictons, and lenses of higher or lower degree of sorting; (B) indistinct, small lenses of well-sorted sand (two
marked by arrows); (C) weak stratification in diamicton inclined towards the proximal side of the moraine ridge; (D) thin sub-horizontal sand intrabed, cutting
inclined stratification in diamicton; (E) sand bed, conformably bent under a boulder; (F) anticlinal sand bed that conforms to the underlying boulder; (G) trough
cross-laminated sand underneath a large boulder; (H) thick pocket of interbedded silt and fine sand in diamicton underneath and between the vertical
projection of a large boulder in the Abogen section; (I) massive sand bed underneath a boulder but which does not continue outside the vertical projection of
the boulder at Halsegylet section.
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Figure 13.8 (Continued)
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and/or fluctuating lake water depths are widely invoked as the driving mechanism in the adfreezing
of bottom sediment and clasts and their later release after buoyant lifting and drift of the lake ice
fragments during spring melt (e.g. Heron and Woo, 1994; Smith, 2000). Scouring and filling beneath
clasts protruding from the base of the lake ice is undertaken by currents that are initiated by melt-
water that plunges down through ice surface cracks and then flows between the lake ice sole and the
lake bed after grounding (e.g. Squyres et al., 1991). Diamictons in such environments can also be
related to lake ice through shallow lake bed turbation and rafting of adfrozen sediment (e.g. Dionne,
1979). The clast macrofabrics in the Facies 3 and underlying Facies 2 subaqueous deposits were also
interpreted differently in that Munro-Stasiuk (2000) regarded them as typical of melt-out and Evans
et al. (2006a) as indicative of glacitectonically disturbed glacilacustrine sediments which had been
subject to deformation partitioning in a vertically increasing shear signature (Figure 13.9b). Hence,
the sediments have been alternatively interpreted as either melt-out tills or glacitectonites developed
in glacilacustrine deposits (see Chapter 14).

In a study of ‘supraglacial melt-out tills’ melting out from the surface of buried glacier ice on the
Tuktoyaktuk Coastlands, Canada (Figure 13.10), Murton et al. (2005) provide a clear illustration of
the preservation potential of such sequences. Although they conclude that the prediction of Paul and
Eyles (1990) that melt-out till has a very low preservation potential ‘is sometimes unduly pessimistic’,
the very fact that their melt-out till overlies at least 13 m of buried glacier ice or intra-sedimental
ground ice does indeed demonstrate that final preservation is unlikely; the Murton et al. (2005)
melt-out till is in fact not a till per se, as it has not yet been deposited and requires the passive removal
of at least 13 m of underlying ice before it is. So, where exactly should we expect melt-out tills to be
preserved and what is their likely sedimentology, architecture and extent?

Fundamental to melt-out till production is the creation of thick sequences of debris-charged basal
ice facies from which such till can be derived. Hence, melt-out till will only be preserved where signif-
icant debris is incorporated englacially, for example, in small pockets around Alaskan and Icelandic
glacier snouts, where supercooling locally operates on the adverse slopes of overdeepenings. Other
prime settings are in polar environments where apron entrainment by advancing glacier margins
of buried glacier ice, entombed within the permafrost, instantaneously creates thick sequences of
debris-charged basal ice. However, deglaciation is likely retarded in such environments and melt-out
till production does not operate until enough supraglacial mass flow debris or melt-out material (e.g.
Murton et al., 2005) has accumulated over the debris-rich ice facies, to not only insulate it and thereby
slow down the ablation rate but also to entomb it in the permafrost; at that point ice can only be
removed by sublimation and hence delicate englacial structures are preserved (Fitzsimons, 1990).

I

>
Figure 13.9 Sequence of, locally heavily contorted, stratified sediments and diamictons at McGregor Lake, Alberta,
Canada, employed in two alternative interpretations of glacial depositional environments in the area by
Munro-Stasiuk (melt-out till/subglacial lake undermelt; 1999, 2000, 2003) and Evans et al. (glacitectonised proglacial
lake deposits; 2006): (a) selected outcrop sketches, photographs and clast macrofabric data, showing the heavily
deformed and stratified nature of the diamictons and associated sediments; (b) reconstruction of depositional history
of the deposits proposed by Evans et al. (2006a), including: (1) early glacier advance recorded by grey till sandwiched
between glacilacustrine sediments and overlying preglacial Empress Group gravels; (2) glacitectonic disturbance folds
and stacks the sedimentary sequence after more glacilacustrine sediment is deposited in front of the advancing ice;
(3) overriding ice erodes the glacitectonised sequence and a thick glacilacustrine sediment pile is deposited, which
continues to accumulate and is glacitectonised during ice readvances. Shearing in the sediment pile is recorded by
macrofabrics that developed through distributed shear/deformation partitioning. Variability in total relative strain
with depth is represented by decreasing fabric strengths through ‘Facies 3 and 2’; (4) spillway incision results in the
dissection of the sedimentary sequences; (5) postglacial incision results in the further dissection of the sedimentary
sequence.
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Figure 13.10 Massive ice and icy sediments (MI-IS) overlain by debris that has been melted out from them and
therefore termed ‘supraglacial melt-out tills’ on the Tuktoyaktuk Coastlands, Canada (from Murton et al., 2005): (a)
schematic log showing stratigraphic context of MI-IS; (b) detailed log through the lower unit of icy sediments; (c)
photograph of MI-IS overlain by diamicton (interpreted as melt-out till) above the thaw unconformity. The diamicton
contains irregular shaped bodies of sand or thermokarst involutions.
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However, complete de-icing of such terrains is required before melt-out till is released over large areas
of former ice sheet beds, a process that, since the last ice sheet deglaciation, is incomplete. Zones of
vigorous freeze-on in polythermal glaciers may vary spatially and temporally, as observed for example
in Svalbard glaciers (e.g. Lovell et al., 2015) giving rise to arcuate zones of controlled moraine (sensu
Evans, 2009) fed by thick debris-rich ice facies and hence serving as an appropriate analogue for the
regional landform —sediment associations linked to derivations from melt-out by Méller (2010) and
Moller and Dowling (2015; cf. Shaw, 1979).

Nevertheless, a critical incompatibility arises in the process—form regime envisaged for melt-out
till production based upon ancient till sequences, specifically in the coincident operation of englacial
foliation preservation (requiring passive melt-out or sublimation) and extensive meltwater drainage
and stratified sediment deposition between debris-charged foliae (requiring significant in situ ice
melting). Moreover, it is unclear as to why meltwater streams would be restricted to horizontal ice
facies over large distances when englacial drainage networks are prone to do quite the opposite, by
exploiting moulins and crevasse networks and linking to rapidly expanding englacial and subglacial
tunnel networks during deglaciation. Hence, we are obliged to return to those few case studies where
melt-out till process and form can be unequivocally demonstrated in order to derive predictions of
its sedimentology, architecture and extent. Predominantly such case studies indicate that melt-out
tills are stratified or pseudo-stratified; the production of massive diamictons by melt-out has been
explained by Lawson (1979a) as the product of slow drainage of meltwater from highly debris-charged
ice. The lateral and vertical extent of melt-out tills that might accumulate in such circumstances is
restricted by various factors. First, the volume of debris-charged glacier ice might be unrealistic, at
least over very large distances. For example, Boulton (1996b) calculated that in order to produce a
melt-out till sequence in excess of 10 m would require more than 100 m of debris-rich ice of aver-
age debris concentration, which is certainly uncommon in present day basal ice sequences at least.
Second, as highlighted above, the operation of debris entrainment processes that conceivably could
create such debris-rich ice facies are localised. We also need to contemplate a not entirely purely
semantic issue of whether or not we can call apron-incorporated permafrost or frozen-on lake sedi-
ments a ‘till’ after they melt-out from glacier ice? Third, as illustrated by the alternative interpretations
of proposed melt-out tills in Alberta, Canada, by Munro-Stasiuk (2000) and Evans et al. (2006a),
the significant lateral extent, structure, sedimentology and geography of such deposits are criteria
that can be accommodated in other glacigenic depositional scenarios, especially those in which sub-
aqueous sedimentation is coeval with glacitectonic deformation. Indeed, a significant problem in
till sedimentology surrounds the differentiation of stratified or pseudo-stratified diamictons, a prob-
lem compounded wherever primary melt-out or subaqueous deposits are subject to deformation
and glacitectonite production (see Chapter 14). Nevertheless, some specific differences between pure
melt-out till and other ‘bedded glacigenic sediments’ have been highlighted by Larson et al. (2016).
These include differences between melt-out till and subaqueous deposits, such as the tapering, over-
lapping conformable silt beds <3 m long, irregularly shaped and internally massive sand and gravel
lenses and lenses of openwork silt aggregates found in melt-out tills and not subaqueous deposits, as
well as the lack of current bedforms. Also identified are differences between melt-out tills and sedi-
ment gravity flows (see Chapter 15), which include the lack of grading, and thin granule and clast lag
horizons in melt-out bedding. The irregular shaped lenses of openwork gravel that occur in melt-out
tills are also absent from sediment gravity flows. At microscale, sediment gravity flows display defor-
mation structures but melt-out tills do not. In fact, deformation structures are absent at all scales in
the Matanuska melt-out tills, contrasting them with the wide range of glacitectonites and deformed
subglacial tills.
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In conclusion, we can summarise exactly where we might expect to find melt-out till and what it
should look like as informed by the modern analogue case studies (see Table 6.2). Where permafrost
has been temporarily coupled with advancing glacier ice and hence converted into basal ice facies, it is
effectively glacitectonised permafrost and even though it has acted as the deformed basal ice of an ice
sheet or glacier it is more than a trivial semantic issue whether or not we classify it as melt-out till once
it melts, because it is effectively glacitectonite (see Chapter 14). Fitzsimons (1990) and Larson et al.
(2016) propose that preservation of melt-out till is enhanced by the burying of a debris-rich basal ice
layer within a detached, stagnant part of a receding glacier snout. Insulation of the ice mass by accu-
mulating supraglacial debris is crucial as it slows the melt rate and thereby the release the meltwater
by groundwater seepage. Because preservation of expansive areas of the snout is unlikely due to the
distribution of crevasse and meltwater tunnel networks that will focus enhanced melting and collapse
of the stagnant ice mass, melt-out till could be preserved in small outcrops underlain by subglacial
tills and draped by collapsed supraglacial mass flow and outwash deposits (Figures 6.16, 13.3 and
13.4), ancient examples of which have been proposed (e.g. Johnson and Gillam, 1995; Johnson et al.,
1995). Regardless of the production process for englacial debris-rich ice facies, ‘pseudo-stratification’
or pseudo-lamination is likely to be prominent and will feature discontinuous and contorted and
sheet-like lamina, layers and lenses, textural and compositional banding with indistinct contacts
and internal flow structures and undeformed, intra-till soft-sediment or soft-bedrock rafts (Figures
6.15-6.17 and 13.3-13.5). Microscale investigations should reveal similar features, in addition to
porewater pathways, compressed and lightly deformed clay—silt clasts and an absence of shear indica-
tors. Clast macrofabrics are often reported as being very strong, but, in reality, this is not a consistent
pattern (Table 8.1).
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Confusion baffles classification and reduces the observer to despair.
Sollas and Praeger (1894, p. 14)

In Section 6.5, ‘glacitectonite’ was defined as rock or sediment that has been deformed by subglacial
shearing (deformation) but retains some of the structural characteristics of the parent material, which
may consist of igneous, metamorphic or sedimentary rock or unlithified sediments (Benn and Evans,
1996). It is therefore a mélange, as defined in Section 4.2. The term ‘glacitectonite’ was introduced by
Banham (1977) as it was analogous to the metamorphic petrology term ‘tectonite’, which referred to
the tectonic imprint in a rock unit as recorded by structures and fabrics. He further identified ‘exodi-
amict glacitectonite’ or sheared materials that retain some primary structures, and ‘endiamict glaci-
tectonite’ or diamictons in which all primary structures have been destroyed by shear (Figure 14.1).
The use of the term ‘glacitectonite’ herein relates specifically to Banham’s (1977) exodiamict glacitec-
tonite and defines materials in which pre-existing structures are still recognisable and hence can be
used as strain markers. Endiamict glacitectonite refers to fully homogenised subglacial materials that
originated as glacitectonites (see Chapter 10).

An alternative subdivision of glacitectonites according to deformation intensity was proposed by
Benn and Evans (1996) and is adopted herein. This classification scheme recognises “Type A or pene-
trative glacitectonite’, which displays evidence of penetrative deformation, and Type B glacitectonite,
which has undergone non-penetrative deformation, so pre-deformational sedimentary structures are
merely folded and faulted (Figure 14.1). It is important to stress that the classification scheme encom-
passes a continuum and hence there is a gradation of structural signatures from undeformed substrate
through Type B to Type A to laminated and then homogenised diamicton that reflects glacitectonite
maturity. The arrangement in Figure 14.1 as a vertical sequence reflects a pattern of increasing defor-
mation up-section, as the result of patterns of cumulative strain in the substrate (Banham, 1977;
Pedersen, 1989; Hart et al., 1990; Hart and Boulton, 1991; Benn and Evans, 1996; Hiemstra et al.,
2007). In addition to reflecting measurements of deformation at the base of modern glaciers (Sections
6.2 and 6.5; Figures 6.9—6.11), where overburden pressures and hence sediment frictional strength
decrease upwards so that the most intense deformation and the highest cumulative strains will be
found at the top of the sequence, this vertical pattern of deformation intensity also reflects the can-
nibalisation, rafting and attenuation of substrates by simple shear (Figures 4.6 and 6.19-6.22). This
represents therefore the shear zone horizons: (i) lower (S,) zone of minimal strain with rooted struc-
tures such as drag folds; (ii) intermediate (S,) zone of strongly deformed material with transposed
foliation of boudins, rootless folds and highly attenuated bands; and (iii) upper (S,,) zone of maximum
strain of complete homogenization into diamicton (Figure 6.21).

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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Figure 14.1 Styles of glacitectonite, combining the classification schemes of Banham (1977) and Benn and Evans (1996) and illustrated by: (green) attenuated
periglacial slope deposits and overlying till, Whiting Bay, southern Ireland; (black) glacitectonised glacilacustrine deposits, Loch Quoich, Scottish Highlands;
(blue) thrust-faulted and locally soft-sediment deformed fluvial-estuarine deposits and peats in a thrust moraine, Brennhola-alda, Breidamerkurjokull foreland,
Iceland; and (red) bedrock glacitectonite and subglacial till continuum from Bannow, South East Ireland.
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Figure 14.2 Three-dimensional sketch of complex glacitectonic deformation structures logged by van der Wateren
(1995b).

Glacitectonites are the most varied of all glacial deposits and mélange types, because they can
be derived from any type of pre-existing material, both bedrock and sediment. Evident within the
structures imposed on such pre-existing materials by glacial shear stresses are indicators of brittle
or ductile deformation, or a combination of the two (Figure 14.1). Brittle styles of deformation are
evident in the brecciated nature of some glacitectonites, where materials have been fractured and
displaced along fault planes. Ductile deformation is evident in various styles of folding all the way up
to pseudo-laminated diamictons which are the products of the advanced stages of pervasive shearing
(Figure 14.1). The greatest complexity in deformation structures is created in inhomogeneous mate-
rials (Figure 14.2), because they have widely varying rheologies and strengths, common in glaciated
basins where pockets or strata of diamictons, gravels, sands, silts and clays are juxtaposed in infi-
nite variety, each material type displaying a different behaviour in response to stress, primarily due
to contrasts in sediment frictional strength and permeability. It is common therefore to see highly
deformed fine-grained sediment bodies with complex elongated folds adjacent to coarser-grained
pods and lenses that have resisted deformation under the same strain regime (e.g. Berthelsen, 1979;
Hart and Boulton, 1991; Hart and Roberts, 1994; Benn and Evans, 1996; Evans et al., 1999a; Roberts
and Hart, 2005; Benn and Prave, 2006; Hart, 2007; Lee and Phillips, 2008; Figure 14.3). As discussed
in Section 6.5, the pods of relatively stiff sediment within glacitectonites will develop streamlined
forms (augens or boudins) during deformation, as a result of the gradual erosion and deformation
of their edges during simple shear within more rapidly deforming material (Hart and Boulton, 1991;
Hart, 2007; Figure 14.4).
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Figure 14.3 Scaled section drawing of glacitectonite developed from the top of an ice-contact delta overrun by glacier ice, south Loch Lomond, Scotland (from
Benn and Evans, 1996). Highly attenuated laminated silts and clays are depicted as black.
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Figure 14.4 Typical boudin forms in glacitectonites: (a) chalk boudin with folding in pressure shadow, West Runton,
Norfolk, England (from Hart and Roberts, 1994); (b) attenuated glacilacustrine deposits with boudin of stratified,
clast-rich diamicton, Loch Quoich, Scottish Highlands.

Even where deformation patterns are complex, glacitectonites are relatively easy to identify at the
lower end of the strain signatures, for example, in Type B glacitectonites. However, at increasing lev-
els of cumulative strain, where Type A glacitectonites develop and evolve into pseudo-laminated and
then macroscopically homogenous diamictons, differentiation from other types of banded or strati-
fied deposits (i.e. melt-out till, glacilacustrine/glacimarine sequences, gravity mass flows) has proven
controversial. If we consider that glacitectonite can be also derived from such banded or stratified
deposits our problems are compounded (see below). Type A glacitectonites, because they have under-
gone high cumulative strains can exhibit a distinctive sub-horizontal banding, leading ultimately to
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Figure 14.5 Highly attenuated glacilacustrine deposits (glacitectonite) intruded into crevices on rockhead surface,
Loch Quoich, Scottish Highlands.

banded or laminated tills. This appearance is strictly pseudo-lamination because it has not necessarily
been driven by primary subaqueous sedimentation and even if this is the case, in its present form the
lamination is a highly attenuated remnant of primary bedding. Individual bands are commonly litho-
logically distinct, and represent different rock and sediment types that have been highly attenuated
but not mixed during strain. As discussed in Chapter 10, Roberts and Hart (2005) recognised Type 1
laminae, produced by intergranular shear, and Type 2 laminae, which are the attenuated remnants of
pre-existing sedimentary bedding.

The beginning of the glacitectonite forming process was reviewed in Section 6.5 and Chapter 10,
where the disruption and liberation of substrate material was linked to rafting and cannibalisation
(Figures 6.19-6.22 and 10.11-10.13). Soft or well-jointed bedrock is particularly prone to the can-
nibalisation process, which has been identified in ancient outcrops as taking place either by soft-bed
plucking through till/glacitectonite squeezing into crevices (Broster et al., 1979; Harris, 1991; Evans
et al., 1998; Figure 14.5) or the downward migration of subglacial shear zones through the exploita-
tion of sub-horizontal jointing/bedding (Knill, 1968; Money, 1983; Harris, 1991; Hiemstra et al., 2007;
Evans and O Cofaigh, 2008) or the drag folding and tectonic/depositional slice development in soft
materials (Hart et al., 1990; Hart and Boulton, 1991; Boulton et al., 2001; Figures 6.22 and 14.6). The
liberation of bedrock blocks is likely partly facilitated through the weakening of surface strata, by not
only preglacial weathering (e.g. Broster and Seaman, 1991) but also the growth of segregation ice in
joints, where they lie parallel to the ice—bed interface. Chalk, shale and well-bedded limestones are
excellent examples of the susceptibility of bedrock to such processes, as their sub-horizontal jointing
is particularly prone to exploitation by ground ice and cryoturbation (Figure 14.7; cf. French et al.,
1986; Murton, 1996; Muron et al., 2001), which when overrun by glacier ice can couple to significant
depths with either the ice and/or a deforming layer and facilitate plucking and/or the development of
bedrock glacitectonite (Phillips et al., 2013a). The patchy nature of preglacial weathering in materials
like chalk also give rise to a range of raft types, disaggregation stages and attenuation intensities, often
resulting in glacitectonites with chalk lamination (highly attenuated rafts), chalk boudins and rela-
tively unmodified chalk blocks in close proximity (Roberts and Hart, 2005; Phillips et al., 2008). The
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Figure 14.6 Examples of bedrock glacitectonite sequences: (a) Clogher Bay, western Ireland (from Hiemstra et al,, 2007), showing a vertical continuum from:
Unit 1 - intact, bedded siltstone; Unit 2 (A and B) - deformed (fractured) siltstone with rafts of intact siltstone; Unit 3 — deformed (brecciated) siltstone with
occasional rafts; Unit 4 — mix of heavily deformed siltstone and diamicton; Unit 5 — massive diamicton with silty matrix and far-travelled constituents (till).
Photograph log in white box at right is used later in Figure 17.5; (b) photograph log located by white box at right-hand side of (a), showing the vertical change
from bedrock to deformed and fractured siltstone and capped by till; (c) predominantly ductile glacitectonic deformation of Cretaceous mudrocks and
siltstones capped by a thin till veneer (<2 m thick) that displays a prominent fluted surface, Smith Coulee, southern Alberta (Evans et al.,, 2008).
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Figure 14.7 Examples of the liberation of bedrock blocks by periglacial and permafrost processes prior to glacier
overriding and the development of bedrock glacitectonites in joint systems lying sub-parallel to the land surface: (a)
segregation ice in shale bedrock joints, Melville Island, Arctic Canada (French et al,, 1986); (b) cryoturbation structures
in Corallian limestone, overlain by diamicton with predominantly local lithologies and an inherited clast macrofabric
in its lower 1 m, Filey Brigg, Yorkshire, England; (c) well-developed involutions/pendant structures in the Corallian
limestone at Filey Brigg.
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largest of such bedrock rafts are spectacular in size (Stalker, 1973, 1976; Sauer, 1978) and therefore
exceed the thickness of the deepest subglacial deforming layers as we understand them from modern
analogues (i.e. <1 m Table 6.1), although Hiemstra et al. (2007) propose raft liberation down to 3 m
in siltstone bedrock. Larger rafts are either frozen to the ice base and then displaced along a deeper
decollement zone (Figure 6.22c), which is more easily facilitated with thin slabs, or they are prepared
in thrust block moraines and then partially deformed as components of a subglacial glacitectonite by
overriding ice (e.g. Pedersen, 1996; Figures 6.19 and 14.8).

Vertical sequences that display a range of glacitectonite development stages from undisturbed
bedrock through to crushed and homogenised diamicton have been reported from a number of
sites. A particularly clear example is that of Clogher Bay, Western Ireland, where Hiemstra et al.
(2007) describe a vertical transition from undisturbed siltstone bedrock, to deformed bedrock char-
acterised by large-scale anastomosing shear faults, to crushed and brecciated bedrock, to massive
matrix-supported till with far-travelled erratics (Figure 14.6a, b). The initial stages of disruption
involve the liberation of bedrock fragments and rafts up to 3 m thick, which are then brecciated and

Glacitectonite
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Figure 14.8 Examples of bedrock raft liberation in subglacial shear zones/glacitectonites: (a) proglacial to
sub-marginal glacitectonic deformation structures in a soft-bedrock substrate at Feggeklit, Denmark (from Pedersen,
1996), showing the liberation of rafts in the sub-marginal shear zone at right; (b) prominent horizon of Cretaceous
bedrock megarafts (light grey horizon below figure) in multiple diamicton sequence, Lethbridge, Alberta, Canada.
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crushed to produce the matrix of a till. The brecciation and crushing process has traditionally been
associated with the creation of ‘comminution tills’ (Elson, 1961; see Chapter 5) and has been identified
as an important till forming process in the same area of Ireland by Croot and Sims (1996) who refer
to ‘glaciotectonic breccia’. A similar vertically graded sequence is described from Anglesey by Harris
(1991), where well-foliated and densely sub-horizontally-jointed metasedimantrey rock strata display
weak to penetrative deformation grading upwards to subglacial till (Figure 14.9). Slabs of bedrock
have been thrust upwards into a zone of crushed bedrock and display the crushed and sheared edges
typical of glacitectonic rafts. A similar sequence has been reported from Anglesey, North Wales, by
Phillips et al. (2013a). A comminution origin is apparent also in the shale-rich matrixes that char-
acterise the tills of the northeast English coast (Figure 14.10), where Liassic rafts have been rafted
onshore by the North Sea lobe of the British—Irish Ice Sheet (Hemingway and Riddler, 1980; Roberts
et al., 2013). The raft tops are visible at Upgang, North Yorkshire and display areas of undisturbed,
sub-horizontally-bedded to folded Liassic shale as well as zones of reworked brecciated shale or a
monolithological clast-supported diamict (Figure 14.10a). This has a sharp contact with overlying
red/brown diamicton, but the latter is locally interdigitated with, or injected into the rafts and asso-
ciated with recumbent folds. Hence, the rafts tops are interpreted as a partly brecciated Liassic shale
and mudstone or bedrock glaciotectonite, and the folded and interdigitated/injected contact is a thin
and patchy amalgamation zone documenting the plucking of shale fragments and their mixing with
overlying diamicton. A similar but less patchy amalgamation of brecciated shale and overlying locally
derived till occurs further north on the Northumberland coast at Fenwick, characterised by a <1 m
gradational boundary between an unoxidised brecciated and pulverised shale mélange and an over-
lying oxidised, shale-rich diamicton (Figure 14.10b). Once incorporated into overlying deforming
materials, these smaller bedrock rafts, brecciated fragments or plucked blocks can be responsible
for an inherited clast macrofabric at all scales, as demonstrated by the case study of Phillips and
Auton (2008; Figure 14.10c, d), especially in monolithological diamictons (i.e. Type A bedrock glaci-
tectonite; Figure 14.10e) but also in subglacial deforming tills where far-travelled erratics dilute the
local materials.

Once rafts are incorporated into subglacial shear zones, they are subject to significant mod-
ification by deformation due to simple shear, which at macroscale is evident in boudinage and
pressure-shadow development and tectonic lamination. When combining macro- and microscale
observations, the impact of this deformation and the evolution of the raft in the deforming layer can
be analysed quantitatively. This is demonstrated by Vaughan-Hirsch et al. (2013) for a composite
chalk raft in East Anglia, United Kingdom, that has been detached proglacially (cf. Burke et al., 2009)
and then moved through a package of younger, Middle Pleistocene deposits called the Happisburgh
Till Member (HTM), which is itself a glacitectonite and is discussed in more detail later. Thin section
samples (WRA315-318 and WRB319) from the underlying HTM, the margins of the rafts and HTM
inclusions within the chalk rafts (Figure 14.11a) reveal a range of deformation responses reflecting
the total relative strain (Figure 14.11b), specifically confirming that deformation was focussed on
the raft margins and the adjacent, relatively weaker but porewater pressurised HTM at low shear
strains. It was also possible to summarise the raft emplacement history in four stages as: (1) main
transport phase by ductile shearing; (2) continued shear and propagation of narrow ductile shear
zone upwards through the raft base, leading to detachment of an elongate chalk block from the main
raft; (3) detached block impinges on the deformation at the base of the raft leading to up-ice (reverse)
directed shear; and (4) locking of the basal deformation zone during final stages of raft emplacement.

The role of pressurised water in till sedimentology has been well documented in the identification
of clastic dykes (Chapter 12), and its influence on glacitectonite development is significant. This has
been demonstrated at microscale especially by Phillips and Auton (2000) and Phillips et al. (2007),
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Figure 14.9 Different styles of bedrock glacitectonics based upon the case study of Harris (1991) in the Early
Cambrian metasediments of Anglesey, North Wales: Zones are: (A) undisturbed bedrock; (B) weakly deformed
bedrock; (C) penetratively deformed bedrock; (D) till. The styles are: (I) zones A, B, C and D form a gradational
continuum with bedrock strata being overturned and liberated and contributing to an inherited fabric in zone C and
possibly also D (the till); (Il) plane of decollement separates zones B and C and the disruption in zone B is restricted to
the opening of transverse joints and potential intrusion of till wedges; (Ill) compressional shortening by ice flow
upslope creates folds in zone C, which are separated from zone A by a decollement plane. Note that such structures
might be mistaken for, or constitute modifications of, preglacial cryoturbation structures such as those illustrated in
Figure 14.7b and c.



Figure 14.10 Examples of bedrock inheritance
in glacitectonites/tills: (a) shale-rich matrix of till
at Upgang, North Yorkshire, England, where
Liassic rafts have been rafted onshore by the
North Sea lobe of the British-Irish Ice Sheet
(Roberts et al., 2013); (b) amalgamation zone of
brecciated shale and overlying local shale-rich
till, Fenwick, Northumberland, England; (c)
thin-section image showing the dominance of
bedrock fragments in the Langholm Till,
Dumfries, southwest Scotland, with the
orientation of the long and short axes of coarse
sand to pebble-sized clasts identified (from
Phillips and Auton, 2008); (d) schematic
diagram to illustrate how bedrock rafts,
brecciated bedrock fragments or plucked
blocks can be responsible for an inherited clast
macrofabric (from Phillips and Auton, 2008); (e)
transition zone between sandstone bedrock
and an overlying sandstone-rich till, Prince
Edward Island, Canada. The upper photograph
is located by the black box in the lower
photograph and shows the abrupt contact

between till and underlying brecciated bedrock.
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Figure 14.10 (Continued)



Stratigraphic detail and Structural Interpretation of West Runton Rafts WR/A and WR/B
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Figure 14.11 Case study of combining macro and microscale observations from an exposure through a composite
chalk raft at West Runton, East Anglia, United Kingdom (from Vaughan-Hirsch et al., 2013): (a) annotated photo
montages showing the stratigraphy and principal deformation structures associated with the composite raft,
together with lower-hemisphere stereographic projection of orientation data obtained for the main lithological
contacts (plotted as poles to planes) and a photograph of the raft base showing sample locations (WRA-315-319)
used for micromorphological and microstructural analysis.
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Figure 14.11 (b) schematic interpretation diagram derived from the microstructural analysis, showing the variation in pattern and relative intensity of clast
microfabric development within the high-strain zone associated with raft emplacement.
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who identified that most, if not all, of the strain in the subglacially sheared stratified sandy sediments
in a range of sub-till settings was accommodated by strain in narrow, water-lubricated detachment
zones. Significant fluidisation and soft-sediment deformation is clearly associated with faulting in
glacitectonites, and liquefaction and hydrofracturing was also implicated in the localised homogeni-
sation of sediments and the destruction of older deformation structures (Figures 10.21a and 14.12).
This overprinting of deformation events at microscale is widely identified in other complex glacitec-
tonite sequences at a range of scales, as we shall investigate at the end of this chapter.

Depending on the extent and depth of deformation beneath tills (Figure 10.9) glacitectonites devel-
oped in stratified deposits may be restricted to narrow sub-till shear zones and/or mixing zones in
the till base, the latter being classified by O Cofaigh and Evans (2001a, b), Evans and Twigg (2002)
and Evans et al. (2012a) as ‘amalgamation zones’ or the precursors of homogenised (S, — S,,) zones
(cf. Boulton et al., 2001; see Figure 6.21, 6.22 and Chapter c10). The tripartite classification of this
sub-till zone by van der Wateren (1995a, b) into lower (S,), intermediate (S,) and upper (S,) zones
of vertically increasing deformation intensity or cumulative strain can be identified in structural sig-
natures in finer-grained glacitectonites such as those originating from distal subaqueous deposits
or sandy fluvial sequences. For example, the rhythmites of the canal fills in the Horden Till on the
Durham coast of North East England (Davies et al., 2009; Figure 11.4) display a complete vertical
sequence (Figure 14.13) of rooted drag folds (S,), grading upwards sharply into a strongly deformed
zone of boudins, rootless folds and highly attenuated bands (S,), and capped by a strongly mixed
amalgamation to homogenised zone (S;,) which in turn is truncated by massive matrix-supported
diamicton (Horden Till). Often well developed in S, zones are areas of attenuated sandy to silty
bedforms, such as ripples, cross lamination and cross-bedding, which are recognisable as strati-
fied deposits but due to their deformation have been ‘smudged’ so that the details of the bedform
structure are not discernible (Figure 14.13c). Such ‘smudged bedforms’ (Figure 14.14) are created by
elevated porewater pressures, which act to dilate sediment grains enough to displace them relative to
one another under simple shear. Relatively greater attenuation in clay-rich laminae in rhythmically
or inter-bedded sequences gives rise to boudinage development in the stiffer sandy/silty interbeds
around which the clay-rich materials are attenuated into glacitectonic lamination due to them acting
asanarrow zone of enhanced shear. An excellent example of this variable response to simple shear and
the concomitant development of boudins and tectonic lamination and juxtaposed brittle and ductile
deformation in a single shear zone was reported from the Drumbeg glacially overridden ice-contact
subaqueous outwash fan and delta sequence at south Loch Lomond, Scotland by Benn and Evans
(1996; cf. Phillips et al., 2002; Benn et al., 2004; Figures 8.12b and 14.3). The top of this sequence
(Figure 14.15) displays a vertical succession from undisturbed fan/delta sands and gravels, separated
from overlying Type A glacitectonites by a planar decollement surface; these are in turn capped by a
pseudo-laminated diamicton and stacked sub-marginal till wedges. The Type A glacitectonite com-
prises detached sand and gravel lenses and pods enclosed within laminated diamicton, sand and silt.
Sandy lenses and pods often contain primary depositional structures such as bedforms but these are
less common in gravelly lenses and pods, which also display diffuse boundaries indicative of partial
disaggregation. The laminated material is highly attenuated silt and clay containing streaks and small
augen-like pods of sand and diamicton, with deformation being evident in attenuated overfolds on
the down-flow sides of pods. The range of grain sizes in the glacitectonite was inherited from the
underlying fan/deltaic deposits and the relatively coarse-grained pods acted as stiff or rigid areas that
were rafted along within more rapidly deforming fine-grained sediment. Hence, the glacitectonite



14 The Geological Record: Glacitectonite | 239

direction of shear

>

South-southeast North-northwest

“weakly developed N . fault deforming
lamination W ik diamiction

A

weakly laminated sand

Y
zone of shearing
associated with
reverse fault

fluidised sand and
soft-sediment
deformation

£

fragmented laminated
clay, silt and sand

Raitts Burn: S98557

A graded bedding indicating way-up 4— girection of movement on faults .- faults

‘) sediment-filled water-escape conduits

(a)

Figure 14.12 Microscale evidence for water-lubricated detachment zones (from Phillips et al., 2007): (a) thin section
from Raitts Burn, northeast Scotland, showing deformed laminated silt and clay overlain by sand and containing
sand-filled hydrofractures and water escape conduits, soft-sediment deformation structures (disharmonic folds and
convolute lamination) and a prominent reverse fault marked by lenses of sheared clay; (b) deformed laminated clay,
silt and fine-grained sand exposed at Coire Mhic-sith, Scottish Highlands, showing: (left) low-angle reverse faults and
thrusts with minor folding and faulting in the hanging walls; (right) layer-parallel thrusting resulting in localised
imbrication and repetition of fine-grained sediments, as well as minor injection of fluidised sand along the reverse
faults that deform the laminated sand, silt and clay in the upper part of the sample.
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Figure 14.12 (Continued)

records differential deformation of heterogeneous sediments exposed to simple shear. The laminated
diamicton that separates the Type A glacitectonite from the capping till at the Drumbeg site is an
intermediate facies between Type A penetrative glacitectonite and fully homogenised till, the whole
deformation horizon being < 3 m thick (Figures 8.12b, 14.3 and 14.15).

The origins of deeper deformation signatures in various types of melange, because they can extend
below the depths normally attributed to subglacial shearing (i.e. >3 m), can originate by folding and
stacking and/or the overriding of thrust and folded moraine masses (Figure 6.19) and hence can still
be the product of glacitectonite genesis. However, in the absence of such thickening evidence, these
thick glacitectonites must be viewed as of questionable subglacial origin until unequivocal evidence
of deeper subglacial deformation has been proven (see Chapter 16). The spectacularly glacially
deformed Quaternary deposits of East Anglia, England, provide us with excellent examples of thick
glacitectonites in which, as we have seen above, bedrock rafts are incorporated in various states of
disintegration. The precise origins of the glacial deposits in this area vis-a-vis subglacial, subaqueous
and subaerial processes have been the subject of much debate (e.g. Perrin et al., 1979; Eyles et al.,
1989; Hart, 1990; Lunkka, 1994; Lee, 2001) but their subsequent glacial deformation signature
has been central to the wider, long-term development of glacitectonic concepts (e.g. Slater, 1926,
1927a, b; Banham, 1975, 1988; Hart, 1990; Hart and Boulton, 1991; Hart and Roberts, 1994; Roberts
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Figure 14.13 Example of the development of van der Wateren'’s (19953, b) tripartite sub-till shear zone in the
rhythmites of the canal fills in the Horden Till, Durham, (cf. Davies et al., 2009); (a) shows the complete vertical
sequence; (b) shows localised details of the three zones; (c) stratified deposits in the S, zone that display a ‘smudged’
appearance.

and Hart, 2005). Two sedimentary units are pertinent to the present discussion, specifically the
Bacton Green and Happisburgh Diamicton members (Lee et al. 2017), which have been previously
variously termed ‘tills’ and diamictons in stratigraphic nomenclature (Figure 14.16a). Also significant
in the wider depositional context is the overlying Runton Sand and Gravel Member. In a study of
the deformation patterns in these three members, Phillips et al. (2008) and Lee and Phillips (2008)
have reconstructed a model of onshore ice sheet marginal flow into an ice-dammed glacilacustrine
basin, where first subaqueous and then subaerial sedimentation was contemporaneous with
glacitectonic deformation (Figure 14.16b). The Bacton Green Member, and likely also the underlying
Happisburgh Member (Figure 14.17), were initially deposited subaqueously by sediment gravity
flows and potentially also iceberg rafting. The sedimentary sequence was then first proglacially and
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Figure 14.14 Examples of smudged bedforms; upper) formally horizontally laminated to ripple-bedded, fine to
medium sands whose bedforms have been smudged so that individual features are difficult to discern, Bacton Green
Member, West Runton, Norfolk, England; lower) interstratified, horizontally bedded units of medium gravelly sand
and coarse to medium sands within a partitioned shear zone lying below a thin till layer, Gutterby, West Cumbria,
England. Note that bedforms are indiscernible and that the units have been attenuated to the right.

subsequently progressively subglacially deformed, the proglacial and sub-marginal thrusting and
folding being responsible for the thickening of the consequent glacitectonite (Figure 14.16b; cf. H.M.
Evans et al., 2011). This is manifest in three clear domains identified by Phillips et /. (2008): Domain
1 or proglacial deformation at the eastern end of the coastal sections; Domain 2 or ice-marginal
deformation within the central part of the section; and Domain 3 or intense subglacial deformation
at the western end of the exposures, all associated with ice advancing from the west. The signature
of the subglacial shear zone is contained within the Bacton Green Member (Lee and Phillips, 2008),
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Figure 14.15 Examples of the glacitectonite developed from the Drumbeg glacially overridden ice-contact
subaqueous outwash fan and delta sequence at south Loch Lomond, Scotland (after Benn and Evans, 1996; Phillips
etal, 2002; Benn et al,, 2004); (a) the top of the sequence, showing deformed fan/delta sands and gravels overlain by
glacitectonite and sub-marginal till wedges; (b) contact between the crudely pseudo-laminated till carapace and
underlying glacitectonite; (c) lower boundary of the pseudo-laminated diamicton and Type A glaciteconite; (d)
attenuated folds overlying weakly developed tectonic laminae that had started to form within the stratified
sediments beneath the glacitectonite shear zone; (€) and (f) examples of sub-horizontal dislocation of delta deposits
to form Type B glacitectonite and augen type rafts of sand and gravel surrounded by attenuated clay-silt rhythmites.
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Figure 14.16 A model of contemporaneous subaqueous and subaerial sedimentation and glacitectonic deformation, based on the Bacton Green,
Happisburgh and Runton Sand and Gravel members of East Anglia, England (from Phillips et al,, 2008); (a) stratigraphic and structural details of the extensive
exposures between West Runton and Sheringham. The lower panel is the complete composite structural section, showing the variation in the style and

intensity of deformation from east to west; (b) schematic diagram showing the proposed generalised model of progressive proglacial to subglacial deformation
observed at the West Runton to Sheringham cliffs.



246

14 The Geological Record: Glacitectonite

<k Foe e Refolded

sand lens

" Miner refolding
of phase 2 by
phase 3

o (h) D Zone affected by penetrative _ Phase 1 stretching orientation

deformation during phase 1 * phase 2 A
Zone affected by penetrative Phase 2 stretching orientation

L deformation during phase 1 only
Overprinted phase 1 S,

Sand lens . . W
stretching cementation E

RN

Upper
series

Lower
series

111
0 5 10 15 Metres

Figure 14.17 Details of the Bacton Green and Happisburgh (‘Till') members, East Anglia, England: (a)-(d)
pseudo-stratified appearance of the deposits (glacitectonites), showing folded and attenuated bedding, with
annotations of features on (c) from Phillips et al. (2008); (e) sketch of typical structures in Bacton Green Member,
showing the styles of folding in the diamicton (unshaded) and sand (shaded; from Fleming et al., 2013); (f) example of
stretching lineation, showing a pronounced stepped nature orientated parallel to the axis of a sheath fold (from
Fleming et al,, 2013); (g) example of refolding of a sand lens, interpreted by Fleming et al. (2013) as indicative of
progression of the strain field from extension to compression during overprinting of deformation events; (h) summary
model of two-phase evolution of stretching directions based on the deformation signature in the Bacton Green
Member and its subdivision into two series by Fleming et al. (2013).
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which displays a vertical sequence of increasing deformation intensity reflective of Type B to Type A
glacitectonites but developed within overprinted thrust slices (Figure 14.18a). Multiple phases of
deformation within the Bacton Green Member are identified by Fleming et al. (2013) using the
detailed complexities of the structural signature in combination with AMS analysis. This facilitated
the reconstruction of two main phases of overprinted subglacial shear, recorded in refolded lenses,
stretching lineations, sheath folds and magnetic lineations (Figure 14.17g). The overall increase in
deformation intensity allows the subdivision of the Bacton Green Member into a lower facies (Type
B-Type A glacitectonite) and an upper melange facies (named West Runton Melange Member by
Lee et al., 2017; Figure 14.18b). The subaqueous origins of the glacitectonite are apparent in thin
sections from the lower facies (Figure 14.18b; cf. Hart and Roberts, 1994; Roberts and Hart, 2005).

Towards the top of the stratigraphic sequences reported by Phillips et al. (2008), the syntectonically
deposited Runton Sand and Gravel Member is locally juxtaposed with Happisburgh, Bacton Green
and West Runton Melange member deposits but, in some outcrops, the deformation styles are indica-
tive of low strains, and large sand intraclasts display well-preserved sandy bedforms (Figure 14.19).
Moreover, this low-strain-deformed sequence is up to 40 m thick, and hence Waller et al. (2009, 2011)
question its subglacial shear zone origin, proposing instead that it represents an area of subglacially
deformed, formerly sporadic or patchy permafrost (see Figure 6.23) in which frozen blocks of strati-
fied sand retained their internal integrity (e.g. Menzies, 1990a, b). Although a patchy permafrost envi-
ronment is entirely consistent with the depositional setting and is corroborated by well-developed
ice wedge pseudomorphs in underlying deposits, the occurrence of these areas of low-strain (mostly
soft sediment) deformation appear to occur in pockets, around the upper surfaces of what Phillips
et al. (2008) regard as thrust ridges, and hence could simply be slump-generated folds deforming
around coherent (frozen?) blocks of Bacton Green and Happisburgh members and preglacial sand
and marl which failed during thrust ridge construction and were then locally overprinted by glaci-
tectonite. Internally coherent soft-sediment intraclasts in melange-type deposits have been inter-
preted also as diagnostic criteria for melt-out till production (e.g. Hoffmann and Piotrowski, 2001).
Whatever its origin, the thickness of the sequence in East Anglia has been explained by Phillips
et al. (2008) and Waller et al. (2011) as a product of sub-marginal thrust stacking of the melange
and its subsequent over-ridding and subglacial shearing and boudinage of the constituent beds and
the intraclasts (Figure 14.20). Freezing of the intraclasts would have ensured their preservation, as
a pore-ice cement (Andersland and Alnouri, 1970) would create rigidity in contrast to the more
highly deformed, finer-grained surrounding diamictons and their significantly greater liquid water
content; yield stresses of such fine-grained sediments are reduced by the retention of liquid water
being adsorbed onto particle surfaces and high interfacial pressures, leading to freezing point depres-
sion (Christoffersen and Tulaczyk, 2003). Continued deformation and strain heating over time likely
resulted in a breakdown in rheological contrasts and hence the assimilation of intraclasts and diamic-
ton matrix.

The Bacton Green and Happisburgh members are good examples of not just the subaqueous origins
of some glacitectonites but also the commonly significant variation in the intensity of deformation
through the full vertical depth of heterogeneous, stratified materials, due to the process of deforma-
tion partitioning. This variable pattern of deformation has been credited with being the initiator of
pseudo-stratified diamictons, some of which have been interpreted as having alternative glacigenic
origins (see Figure 13.9b for a melt-out till example). The role of stratification in controlling locally
variable porewater pressures has been demonstrated by Roberts and Hart (2005). They highlight the
variability in grain size between glacitectonic laminae as a direct determinant of the changing porosity
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Figure 14.18 Subglacial shear zone imprints in the Bacton Green Member (from Lee and Phillips, 2008), showing: (a) a
vertical increase in deformation intensity within overprinted thrust slices and (b) its subdivision into a lower Type
B-Type A glacitectonite and an upper melange facies (West Runton Melange Member cf. Lee et al., 2017).
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Figure 14.19 Examples of the low-strain deformation exhibited in the melange facies at West Runton.
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Figure 14.20 Schematic diagram to show how intraclasts likely develop from shear-related thrusting and attenuation
of large-scale folds (from Waller et al., 2011).

249



250

14 The Geological Record: Glacitectonite

and hence porewater pressures in a horizontally bedded sequence (Figure 14.21), which drives brittle
shear in finer-grained materials and ductile, intergranular shear in coarser materials, allowing them
to behave differently and maintain their integrity in a deforming mass. Bedding with similar gran-
ulometry, on the other hand, will allow porewater pressure equilibration across laminae and hence
potentially promote mixing across boundaries.

Some glacitectonites merely inherit the stratification of their parent materials, recording at
the same time proglacial sedimentation followed by ice overriding. In situations where diamic-
tic deposits, particularly stratified diamictons, dominate this will produce a sediment that very
closely resembles other subglacial end products, for example, multiple tills and sliding-bed
deposits (Chapter 11) or melt-out till (Chapter 13). The conversion of a whole stack of pre-existing
subaqueous mass flow deposits into a pseudo-stratified diamicton or glacitectonite has been
reported from Feohanagh, western Ireland by O Cofaigh et al. (2011), where a vertical sequence of
sub-horizontally-bedded diamictons and stratified sediments are subdivided into three lithofacies
associations (LFAs 1-3) that record different phases of ice-proximal and subglacial deposition and
deformation (Figure 14.22). The oldest deposits (LFA 1) comprise stratified and massive diamictons,
some clast-rich diamicton, laminated mud and horizontally bedded sand, with the stratification
in the diamictons ranging from a fissility, imparted by sub-horizontal, anastomosing partings, to
lenses and interbeds of sand with primary stratification. LFA1 is interpreted as the product of
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Figure 14.21 Idealised sketch to illustrate the role of stratification in controlling locally variable porewater pressures
and concomitant deformation styles (from Roberts and Hart, 2005).
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Figure 14.22 Reconstruction of the depositional processes involved in the conversion of a pre-existing subaqueous
mass flow depo-centre (phase 1) into a pseudo-stratified diamicton/glacitectonite (phase 2), based upon the
stratigraphy at Feohanagh, western Ireland (from O Cofaigh et al., 2011).

subaqueous stratified sediment deposition by gravity mass flows and scoured channel fills followed
by glacitectonic thrusting and glacier overriding, which initiated shear displacement along the
partings or the sorted beds between diamictons (deformation partitioning). This deformation is
clearly recorded in the folding and faulting of the mud, sand and gravel units of LFA2, which
were thrust en masse over LFA1. The youngest LFA 3 comprises a series of laminated, stratified
and massive, matrix-supported diamictons, with minor beds of clast-supported diamictons and
laminated fines, with lamination/stratification imparted in the diamictons by anastomosing partings
or fissility. This is interpreted as subglacially deformed material derived from underlying deposits,
especially as it displays an up-sequence transition from heavily sheared (Dml/Dms) to more massive
(Dmm/Dcm), consistent with an upward increase in cumulative strain within the sediment. The
presence of augen-shaped sandy pods and hook folds within the diamicton are also indicative of
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subglacial shear, and clast macrofabrics are consistently strongly aligned with former ice flow from
the northeast.

The predominantly sub-horizontal shearing and minimal vertical displacement and folding of the
pre-existing sediment pile at Feohanagh can be contrasted with other case studies of glacitectonised
and cannibalised stratified glacigenic deposits, where proglacial folding and faulting contributed
to the displacement of large rafts of substrate in the creation of glacitectonite as ice overrode the
site. The Drumbeg case study of Benn and Evans (1996) and Phillips et al. (2002; see Figures 8.12b
and 14.15) is a clear example of the resulting highly heterogeneous melange created wherever
proglacial lakes are overrun and their depositional record displaced in thrust stacks that then
undergo significant internal deformation partitioning. Such glacitectonites can be created also
in bedrock uplands even though significant subaqueous depo-centres are restricted to localised
overdeepenings; in such settings, the lake sediments reworked into glacitectonite are crucial to the
derivation and continuity maintenance of otherwise sparse subglacial deforming layers of mountain
glaciers. An example from Loch Quoich in the Scottish West Highlands was reported by Evans et al.
(1998), where glacilacustrine sediment deposited during the final stages of ice sheet deglaciation
were glacitectonised by a later readvancing Younger Dryas valley glacier (Figure 14.23; see also
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Figure 14.23 Case study of glacilacustrine deposits reworked into glacitectonite in a mountain setting, Loch Quoich,
Scottish West Highlands (after Evans et al,, 1998). The glacitectonite carapace (photographs) is separated from the
underlying folded and hence steeply dipping sequence of glacilacustrine deposits by an abrupt contact representing
a thin shearing/decollement zone.
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14.1 and 14.4b). The largest exposure shows an anticlinal fold in proximal glacilacustrine deposits,
which has been truncated by a shear zone. The glacilacustrine deposits are typified by massive to
stratified diamictons, containing micro-laminations and dropstones, interbedded with stratified
sands, silts and clays displaying climbing ripples, laminations, mud drapes and dropstone clusters
that likely originated as iceberg dump structures; localised stratified diamicton lenses represent
subaqueous mass flow deposits. The shear zone represents S, and S, type structures (Figure 6.21)
developed within the underlying, sub-vertically-inclined glacilacustrine sediments, which have been
amalgamated and attenuated. A lower thrust fault that parallels the shear zone was responsible for
the sub-horizontal displacement of part of the overturned fold structure as a thrust slice. In and
above the shear zone the heavily deformed materials resemble Type III-IV melange and are referred
to as a ‘glacitectonite Type A carapace’ by Evans et al. (1998), because they range in appearance from
heavily contorted glacilacustrine sediment melanges to laminated diamictons with highly attenuated
pods or boudins. The truncated fold beneath the shear zone qualifies as a Type B glacitectonite,
because the sediments retain their pre-deformational structures and bedding.

Significantly greater disturbance can be initiated in glacitectonised stratified sediments when pres-
surised groundwater causes soft-sediment deformation and burst-out structures. The tops of such
sediment injections can provide a ready-made melange to the cannibalising deforming layer mov-
ing across a site, an excellent example of which occurs at Consort, southern Alberta (Figure 14.24).
Here, a sub-horizontally-bedded, stratified sequence of laminated sands, silts, clays and clay-rich
diamictons, likely originating as proglacial glacilacustrine deposits, have been injected from below
by gravelly diamicton burst-out structures and their tentacle-like dykes or branches. The sequence is
then truncated by a largely massive, matrix-supported diamicton with numerous boudin rafts, atten-
uated lenses and stringers of sands and silts cannibalised from the underlying melange when glacier
ice flowed across the site from the north; the clast macrofabric developed in this diamicton is typical
of Type A glacitectonites and homogenised but immature subglacial tills (Table 8.1).

Complex multiple shear zones and stacked glacitectonites can be constructed in areas characterised
by contrasting but juxtaposed strata, comprising both Quaternary sediment and soft bedrock, as
we have seen in the East Anglian examples above. In a similar area of extensively glacitectonically
disrupted chalk on the island of Riigen in northern Germany, a site at Glowe displays stacked glacitec-
tonites, of either diamictic or sandy matrix, displaced over tilted chalk bedrock blocks (Figure 14.25).
Each glacitectonite contains intraclasts or rafts which display a range of deformation structures, but
are most variable in appearance in the thickest dark clay-rich unit (Figure 14.25b i), where the rafts
are contorted but not always attenuated. The basal contacts of each glacitectonite comprise shear
zones in which underlying materials have been drawn up as drag folds and tectonic slices to form
glacitectonic lamination (Figure 14.25b ii and iii). The glacitectonites and chalk are truncated by a
horizontal erosional contact which is overlain by a massive matrix-supported diamicton (till), the
basal zone of which comprises a shear zone of glacitectonic lamination derived from the underlying
glacitectonites (Figure 14.25c i). A large lens of horizontally bedded sandy rhythmites lies between
the capping till and the glacitectonites at the western end of the section and at one location displays
deformed bedding related to a large boulder that impacted the underlying beds as a dropstone dur-
ing rhythmite deposition (Figure 14.25c¢ ii). The shear zone that separates these rhythmites from the
overlying till is composed of a lower area of smudged rhythmites, cross-cut by anastomosing shears
(fissility), grading upwards abruptly into glacitectonic lamination (Figure 14.25c i). Varve-like lami-
nation appears to have been preserved at the base of the underlying dark clay-rich diamicton where
it has been deformed over a planar-bedded coarse sand raft, which in turn has been displaced over
a stratified sand and mud melange (Figure 14.25c iii), the whole sequence demonstrating the highly
contrasting styles of deformation intensity controlled by grain size and porosity.
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Figure 14.24 Example of glacitectonised stratified sediments cross-cut by soft-sediment deformation and burst-out
structures, forming a melange that grades upwards into massive, matrix-supported diamicton with numerous sand
boudins, attenuated lenses and stringers, Consort, southern Alberta, Canada. Areas “b” are animal burrows.

The glacitectonite case studies reviewed above provide clear illustration of the problems involved in
genetic classification of subglacially deformed materials. Glacitectonites can inherit the sedimentary
characteristics of parent materials and often modify them only slightly, so that glacitectonic disrup-
tion is visible only at microscale. As a glacitectonite can be manufactured out of any pre-existing
material by glacier overriding, it probably qualifies as the most diverse sediment type on the planet!
Hence, the potential for mis-identification and mis-classification is significant despite the availabil-
ity of a number of diagnostic criteria that can be employed in determining glacitectonite genesis, as
reviewed in the case studies above and in Chapters 4 and 6.

Most commonly, the pseudo-stratification/lamination or banding in glacitectonites, especially
when associated with scattered clasts, can be mistaken for laminated glacilacustrine and glacimarine
deposits with dropstones, but a deformation origin can be distinguished using the presence of
characteristics such as lithological banding, attenuated rafts, asymmetric folds around pebbles
and attenuated folds among the banding (Hart and Roberts, 1994; O Cofaigh and Dowdeswell,
2001; Roberts and Hart, 2005). Nevertheless, as we have seen above, the origin of banding or
pseudo-stratification/lamination is more often than not inherited from pre-existing primary strati-
fied deposits and this is often immediately apparent in obvious and laterally extensive compositional
layering (Figure 10.13b). Interbedded sequences of stratified sediments and mass flow-derived



14 The Geological Record: Glacitectonite | 255

Glowe harbour 1.2 km W

ey
o
m

6]
height in

B v, - M, till - Mo_p till chalk with flint
T U

Figure 14.25 Stacked glacitectonites displaced over tilted chalk bedrock blocks at Glowe on the island of Riigen in
northern Germany; (a) section sketch, with locations of photo-montages in (b) and (c) marked by black boxes.
Stratigraphy compiled by Michael Kenzler, University of Greifswald.
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Figure 14.25 (Continued)

diamictons laid down in ice-proximal depo-centres (Figure 14.22) are prime materials for the
development of glacitectonites that appear as pseudo-stratified diamictons (Figure 14.26). Often
interpreted as melt-out tills because of the complex interbedding of diamicton and sand and gravel
current bedforms (e.g. Shaw, 1982, 1987), these deposits are not always located in an overall geomor-
phological, stratigraphic and architectural context that is conducive to melt-out preservation, and in
detail the high degree of sorting and bedform development are not typical of modern melt-out tills
per se (cf. Lawson, 1979a, b; Larsen et al., 2016); instead a glacitectonite interpretation invariably
involves less assumptions.

For example, the case study depicted in Figure 14.26 from Drayton Valley, Alberta, Canada, lies
at the westernmost extent of bedrock thrust block displacements by the Laurentide Ice Sheet and
in the suture zone of the Cordilleran and Laurentide ice sheets, where changing ice flow dominance
resulted in overprinted signatures (Klassen, 1989; Rains et al., 1999). Thrust blocks of local Paskapoo
Formation sandstone with younger, overlying preglacial Saskatchewan Sands and Gravels have been
pushed over and into underlying Bearpaw Formation shale and dark grey massive, matrix-supported
diamicton, the latter forming diapirs between bedrock blocks. This glacitectonic mélange is draped
by a coarsening-upward, stratified diamicton (Dms) comprising interbedded sand/silt/clay laminae,
diamictons and minor matrix-supported gravelly lenses, and displaying only localised soft-sediment
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Figure 14.26 Stratified diamictons (glacitectonites) and bedrock rafts, Drayton Valley, Alberta, Canada. Sandstone, shale and preglacial sands and gravels form
a melange with matrix-supported and stratified diamictons, capped by laminated to fissile diamicton (Dml/Dmf) and a massive, matrix-supported diamicton
(Dmm). Clast macrofabrics are located in the upper diamictons.
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deformation, thrust faulting and dislocated recumbent folds. It is truncated by a thin zone of lami-
nated to fissile diamicton (Dml/Dmf) which lies at the base of a brown, massive, matrix-supported
diamicton (Dmm) containing attenuated lenses of bedded sands, silts and clays that resemble the
laminae of the underlying stratified diamicton and hence are likely to be rafts. A clast macrofabric
in the Dms displays westerly and south-westerly dips, conforming to the enclosing bedding dip, and
contains 35% shield erratics. The Dms appears to have originated as a subaqueous infill of ponds lying
between thrust blocks, with laminated sands, silts and clays and latterly gravity mass flow diamictons
being reworked from the margins of the Paskapoo and Bearpaw bedrock and flowing downslope
towards the west and southwest, likely fed by drainage from the Laurentide Ice Sheet margin over
and through its proglacially thrust moraine. The top of the Dms was then sheared to produce the
Dml/Dmf zone and a subglacial till with attenuated sand rafts was emplaced over the whole sequence,
as evidenced by the vertical increase in homogenisation towards the Dmm. A macrofabric from this
Dmm is weak (S; = 0.498) and retains the westerly and south-westerly signature of the underlying
Dms, but importantly contains no shield erratics and hence must have been emplaced by Cordilleran
ice flowing from the northwest, as recorded by the drumlinised land surface in this area.

In a number of case studies reviewed above, the non-subglacial genetic interpretations of
diamictons and associated deposits are based upon their gravity mass flow and subaqueous char-
acteristics. Hence, it is inherent that a wider knowledge of the sedimentology of poorly sorted
sediments (diamictons and mélange) is crucial to achieving a systematic and objective analysis of
glacigenic deposits. The next chapter therefore provides a reasonably comprehensive overview of
the process—form regimes involved in diamicton production in settings other than those of the
subglacial traction/shear zone.
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Glaciolacustrine ... diamict lithofacies are widespread but are currently disguised in the
literature as ‘tills’
Eyles and Eyles (1984b, p. 188)

The appropriate and less appropriate situations in which the term ‘till’ should be used were briefly dis-
cussed in Chapter 3, stemming from Lawson’s (1979a, 1981a, b) proposition that a till is a sediment
that has been deposited directly from or by glacier ice and has not been subject to subsequent disag-
gregation and resedimentation. What Lawson (1989) regarded as ‘secondary deposits’ or those which
have undergone reworking by non-glacial processes are straightforward to recognise in their modern
settings, for example, where gravity mass flows are being generated on downwasting, debris-covered
glacier surfaces or from the collapsing fronts of active push moraines (Figure 3.2), but significantly
more problematic and often controversial to classify genetically in the geological record. Hence, this
chapter deals specifically with the sedimentology of diamictons created in glacial depositional settings
but not related to subglacial processes, previously widely classified as ‘flow tills’, after Hartshorn’s
(1958) seminal definition, not only in early glacial research but also perpetuated in the literature of
the modern era, despite the fact that a close association with a pre-existing till is often impossible to
demonstrate in ancient stratigraphies.

A tour by a geomorphologist around a modern, receding glacier margin will rapidly formulate
in their mind the impression that gravity mass flows are the most ubiquitous diamicton-forming
process in glaciated basins (Figure 3.2). This is apparent not only in the more dynamic supraglacial
settings (e.g. Boulton, 1972a; Eyles, 1979; Lawson, 1979a, b, 1989; Kjeer and Kriiger, 2001), but also
on the freshly deposited morainic materials undergoing extensive paraglacial reworking (e.g. Eyles
and Kocsis, 1988; Ballantyne and Benn, 1994, 1996; Harrison and Winchester, 1997; Curry and Bal-
lantyne, 1999; Menzies and Zaniewski, 2003). It is surprising then that greater confidence appears to
be demonstrated in identifying tills in ancient stratigraphic exposures than mass flow deposits. Some
attempts to redress that imbalance have been delivered but more often than not result in controversial
debates on the wider depositional setting, a good example being that of the relatively high deglacial sea
levels required to generate subaqueous deposits rather than tills around the southern margins of the
former British—Irish Ice Sheet (cf. McCabe, 1986; McCabe et al., 1987; Eyles and McCabe, 1989a, b;
Eyles et al., 1989; McCarroll, 2001; Scourse and Furze, 2001). Importantly, some fundamental flaws in
till identification and classification are exposed by such debates and hence the initiators (i.e. Eyles and
McCabe, 1989b; Eyles et al., 1989) should be credited for erecting outrageous geological hypotheses
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that have proven to be extremely constructive in glacial sedimentology (Figure 15.1). For example,
in the case of the southern British—Irish Ice Sheet, the role of subaqueous sedimentation is now
more widely acknowledged in glacial land system compilation and interpretation (cf. Thomas and
Summers, 1982, 1983; Thomas and Kerr, 1987; Lunkka, 1994; O Cofaigh and Evans, 2001a, b; Evans
and O Cofaigh, 2003; Thomas and Chiverrell, 2006, 2007; Phillips et al., 2008; o Cofaigh et al., 2011;
Evans et al., 2012), with the attendant recognition that sediment gravity flows, both subaqueous and
subaerial, and ice-rafted (dropstone) diamictons are ubiquitous in glaciated basins even though pre-
cise origins are debated (cf. Boulton, 1977; McCarroll and Harris, 1992; Thomas et al., 1998; Rijsdijk
etal., 1999, 2010; Rijsdijk, 2001; Hiemstra et al., 2005, 2009; Knight, 2014; Evans et al., 2015b; Figures
14.22 and 15.2). Hence, our approach to diamicton description and classification now focuses on
those characteristics that have the potential to differentiate the parent process—form regimes, a task
that will always be challenging because: (a) mass flow diamictons can be misinterpreted as tills and
vice versa and (b) diamictic glacitectonites, and potentially fully homogenised tills, can be derived
from mass flow deposits.

As was discussed in Chapter 3, ‘till’ has long been recognised as an inappropriate term for subaque-
ous sediments (cf. Evenson et al., 1977; Dreimanis, 1979; Gravenor et al., 1984; Powell, 1984), because
it fails to acknowledge the disaggregation and/or remobilisation of glacigenic material once released
from the glacier—bed interface into deep water. Instead, sedimentology recognises iceberg rafting
and suspension settling (ice rafted debris; IRD) with terms such as ‘dropstone diamicton’, ‘undermelt
diamicton’, ‘iceberg contact deposits’ and ‘ice-keel turbate’, and gravity mass flows with the terms
‘subaqueous fall deposits’, ‘grain flows’, ‘olistostromes’, ‘subaqueous slumps’ and ‘slides’, ‘subaqueous
debris flows’ and ‘turbidites’. The same argument has been made with respect to the applicability of
the term ‘flow till’ in subaerial settings (e.g. Lawson, 1982, 1989). In order to compile a protocol for
identifying diamictic IRD and mass flow deposits, both subaqueous and subaerial, we must first turn
our attention to modern process—form regimes and deposits of known origin.

Sediment gravity flow behaviour and its implications for the nature of resultant deposits has
been intensively studied (e.g. Hein, 1982; Lowe, 1982; Postma, 1986; Nemec, 1990; Major, 1997,
2000; Mulder and Alexander, 2001), and hence we can draw upon a firmly established knowledge
base with respect to diamictons with mass flow origins. Diamicton forming flows are likely to be
generated by the mobilisation of high-concentration, predominantly laminar flows, which contrast
with low-concentration and turbulent or fluid flows. Whereas the latter generate fluid bedforms
and are typically characterised by turbidites in subaqueous environments, high-concentration
flows can deposit thick and massive beds, subaerially and subaqueously, and can also display
faint, sub-horizontal shear laminae and water escape structures (Hein, 1982; Lowe, 1982; Postma,

<
<

Figure 15.1 Examples of schematic reconstructions of glacigenic depositional environments where a subaqueous
(glacimarine) setting has been proposed for stratigraphic sequences around the southern margins of the former
British—Irish Ice Sheet: (a) a glacimarine depositional model for the complexly glacitectonised Quaternary deposits of
East Anglia, based upon the cliffs between Happisburgh and Cromer (from Eyles et al., 1989); (b) schematic
reconstruction of the style of deposition associated with a retreating tidewater ice margin based on observations
around the Irish Sea Basin (from Eyles and McCabe, 1989a); (c) proposed model for glacimarine sedimentation along
high-relief coasts during rapid deglaciation, based upon observations from valleys surrounding the northern Irish Sea
Basin (from Eyles and McCabe, 1989a); (d) schematic diagram to show the processes and sediments that accumulate
at the grounding line of a glacier terminating in an ice cliff (from Eyles and McCabe, 1991). (1) glacitectonised marine
sediments, (2) subglacial till, (3) coarse-grained dropstone diamicton with evidence of current activity, (4) fine-grained
dropstone diamicton, (5) proximal bouldery outwash, (6) subaqueous fan sands and gravels, (7) sediment gravity flow
deposits, and (8) dumped supraglacial debris.
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ARDILLAUN ISLAND
(depositional scenario)

Phase A

Phase B

Figure 15.2 Case studies from the southern British—-Irish Ice Sheet in which the role of subaqueous sedimentation,
specifically in glacilacustrine environments, has been acknowledged in the production of thick diamicton sequences:
(a) Reconstruction of the depositional sequence at Ardillaun Island, Connemara, western Ireland (from Evans et al.,
2015b). Phase A involved intermittent sub-marginal till wedge development (green) and subaqueous failure of the
resulting push moraine to create sediment gravity flows (yellow), punctuated by periods of subaqueous fan
sedimentation (orange). Photograph shows crudely stratified diamictons with shallow dipping bedding indicative of
sediment gravity flows. (b) Reconstruction of the sequence of depositional events recorded at Waterville, southwest
Ireland, where diamictons and associated sediments (LF1 and LF2) were laid down in grounding line fans dominated
by sediment gravity flow, soft-sediment deformation and suspension settling during advance (green) and recession
(blue) (from Evans et al., 2012b). Supraglacial debris is red. A minor ice marginal oscillation (black) created
glacitectonic structures and clastic dykes due to hydrofracture fill. Panel A represents the glacier maximum limit and
panel D represents a subsequent readvance during overall recession. Panel E represents infilling of the freshly drained
proglacial lake margins by glacifluvial outwash (LF 3). Upper photograph shows crudely to well-stratified mass flow
diamictons. Lower photograph shows the 20-m-high section containing LF 1 subaqueous fan gravels and sands
overlain by LF 2 gravity mass flow diamictons. (c) Stratigraphic architecture of the glacial sediments from Screen Hills
area of the southeast Irish coast (from Thomas and Summers, 1983), showing the juxtaposition of subglacial tills,
ice-contact subaerial and subaqueous fan sediments and mass flow deposits emplaced both subaerially and
subaqueously, all associated with glacier marginal oscillations. Photographs show the sediments that typify this
setting including: (left) the stratified diamicton of the Ballinclash Member, interpreted as subaqueous mass flow
deposits; (right upper) broader-scale architecture of the Ballinclash Member, showing locally cross-bedded,
sub-horizontal stacks of stratified to laminated diamictons; (right lower) basal Ballinclash Member, showing
pseudo-laminated structure and sand boudins and discontinuous stringers, created by glacitectonisation of
underlying Screen Member outwash deposits.
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1986; Figure 15.3). Pre-existing materials that are subject to mass failure may remain cohesive
or be arrested before they disaggregate and hence are classified as creeps, slides and slumps,
resulting in predominantly low-strain and soft-sediment deformation structures. Increasing levels
of disaggregation produce olistostromes or melange-type deposits and hyperconcentrated density
flows (paraconglomerates), and then debris flows (diamictons), before the sediment—water mixture
generates fluidal flows or grain flows. The importance of such mass flow processes in the generation
of diamictons in glaciated basins has been likened to a cement mixer by Eyles and Eyles (2000;
Figure 15.4a). The various sediment sources depicted in this analogy combine in slumps (cf.
Boulton, 1968; Figure 15.4b) to produce increasingly more homogenised diamictons with greater
mixing, creating a continuum from well-stratified or heterogeneous diamictons through weakly
stratified or laminated diamictons to massive diamictons. The massive appearance of debris flows
or debrites can be modified, as highlighted above, by shearing to produce centimetre to decimetre
thick, bed-parallel laminae (Postma, 1986) and even striations have been reported from sediments
underlying some landslide deposits (Gee et al., 2005). The shearing that takes place at the base of
mass flows (Figure 15.4c) can be directly contrasted with that taking place in subglacial deforming
materials (cf. Figure 6.21), specifically in the reversal of the cumulative deformation profile, whereby
the greatest displacement is observed towards the base of the deforming medium in debris flows
(van der Wateren, 1995a; Hiemstra et al., 2004).

The mass flow classification scheme of Lawson (1979a, b, 1982; Figure 15.5a), derived from
supraglacial debris flows, is instructive in that it provides clear sedimentological signatures which
relate to the varied subaerial flow processes, controlled by water content, in materials typical of
glacial debris loads (Figure 15.5b). Type I flows create clast-rich, matrix-supported and massive,
poorly sorted diamictons which may include blocks or intraclasts of pre-existing materials eroded
and incorporated in the flow, and display concentrations of larger clasts at flow margins. Structures
include zones of short, curving shear planes near flow bases and thin silt or sand horizons near the
flow tops created by post-depositional water washing due to water expulsion from the flow; clast
macrofabrics are very weak (S; = 0.49-0.55) with many vertically dipping clasts. Type II flows are
subdivided into plug and shear zones, with the plug zone being massive, poorly sorted diamictons
and the sheared zone containing clast concentrations in finer matrix due to sinking through the
flow. The sheared zone also appears layered due to its textural differences with the overlying plug
as well as including smeared silty clay inclusions. Clast macrofabrics are again predominantly weak
(§; = 0.50-0.65) with numerous vertical clasts but relatively stronger than those of Type I flows.
Type III flows are crudely stratified as a result of being matrix to clast supported, often lacking
fine-grained matrix and displaying clear basal gravel zones. Hence, they appear as interbedded
diamictons, clast concentrations and washed horizons as a result of pulsed flow, and individual
clasts may be thicker than the whole deposit, projecting above the flow surface. Surges in flows will
result in lateral variations in flow unit thickness. Clast macrofabrics are moderate to strong (S; =
0.60-0.70) with flow parallel and transverse orientations. Type IV flows are composed entirely of silt
and sand matrix with the exception of their bases, which comprise granule gravels or coarse sand.
This reflects the high water content and low matrix strength of the flow type, which also dictates
the typically thin individual flow units (0.02—-0.1 m). These units may build up thicker sequences
of laminae over time. From this exhaustive assessment of debris flows, Lawson (1979a, b) was able
to identify six distinct sedimentary zones, different combinations of which occur in each flow type
(1-6 on sediment logs in Figure 15.5a): (1) texturally heterogeneous with increased tractional gravel
content, massive to graded, with weak to absent macrofabric; (2) massive, texturally heterogeneous
but with absence of large clasts due to settling, and weak macrofabric; (3) massive, texturally distinct
and can contain structured sediments, with no obvious macrofabric but vertical clasts common; (4)
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Figure 15.3 Classification schemes for mass flow types: (a) the range of gravity-driven sediment transport processes
on subaqueous slopes (from Nemec, 1990); (b) the range of subaqueous sedimentary density flows, classified
according to the criteria of dominant grain support mechanism, velocity profile, flow shape and schematic
sedimentary logs (from Mulder and Alexander, 2001).
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Figure 15.4 Mass flow processes and the generation of diamictons: (a) the ‘cement-mixer’ analogy for diamicton
generation by downslope debris flow (from Eyles and Eyles, 2000); (A-C) various sediment sources feed material to
slumps; (D) well-stratified diamicton of crudely intermixed and folded gravel, sand and mud; (E) well-stratified
diamicton with folding of sand- and mud-rich units; (F) stratified diamicton with greater degree of homogenisation of
sand- and mud-rich sediment; (G) weakly stratified diamicton with clast-rich horizon; (H) massive diamictons in which
complete homogenisation of source materials has been achieved; (b) photograph of supraglacially derived, stratified
mass flow diamictons observed on a Svalbard glacier snout by Boulton (1968); (c) summary sketch of the structures
typically observed in the basal shear zones of debris flows (from van der Wateren, 1995a).
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massive, fine-grained and lacks large clasts due to settling; (5) stratified to diffusely laminated silts
and sands of meltwater flow origin; (6) massive to partially or fully graded silty sand with no obvious
fabric. A range of basal contacts are evident between flows, including conformable, unconformable,
sharp, gradational and deformed.

Unlike subaerial flows, subaqueous debris flows, when they are cohesionless, can display
considerably more primary stratification due to water sorting and fluidal behaviour (e.g. Lowe, 19764,
b, 1982; Postma et al., 1988; Sohn et al., 1997; Talling et al., 2004, 2012), facilitating genetic inter-
pretation based upon diagnostic sedimentological signatures in the geological record (Figure 15.6).
More problematic in terms of differentiating mass flow from till origins for diamictons are cohesive
subaqueous debris flow deposits and potentially also hyperconcentrated debris flow deposits or para-
conglomerates (Figure 15.3b). As these flows contain cohesive material or a clay matrix, they act as a
fluid with cohesive strength and hence are characterised by a pseudo-plastic rheology (Johnson, 1965,
1970; Hampton, 1972, 1975, 1979; Rodine and Johnson, 1976; Lowe, 1979; Johnson and Rodine, 1984;
Mulder and Alexander, 2001). The resulting deposits have been classified according to process—form
regime by Lowe (1982) as either massive to inversely graded conglomerates, created by frictional
‘freezing’, or massive, matrix-supported pebbly mudstones, formed by the process of cohesive freez-
ing. Also common are large clasts, boulders and blocks or intraclasts of pre-existing sediment which
have been rafted along at high levels in the flow. Similar to Type I subaerial flows, the upper parts of
cohesive subaqueous debris flows commonly consist of a semi-rigid plug riding passively over a thin
basal shear zone, but their upper materials can become diluted due to turbulent mixing with the
overlying water column, which can introduce an upwards increasing tendency to become stratified;
such stratification may appear as normally graded and horizontally bedded gravels, sands and silts
deposited from turbulent flows (turbidites). The basal shear zones can appear as attenuated clay or
silt wisps, shear planes and normal or inverse grading, but can also develop into more substantial
brecciated zones and melange diamictons (Visser et al., 1984; Figure 15.7). In terms of architecture,
cohesive debris flow deposits tend to form sheet-like vertically accreted beds, each bed typically
decimetres to several metres thick and displaying planar or slightly scoured bases, and can extend for
thousands of metres on, for example, glacially influenced submarine slopes (e.g. Laberg and Vorren,
2000; Dowdeswell et al., 2008¢; Ottesen et al., 2008; Talling et al., 2012; Talling, 2014). In more
ice-proximal settings, ‘mud aprons’ (Kristensen et al., 2009; Johnson et al., 2013) can build up through
repeat subaqueous mass flows generated on the tops of proglacially thrust glacimarine sediments,
often appearing internally similar to glacitectonites and indeed being developed into glacitectonites
where the ice-margin overrides apron tops. The presence of intraclasts derived from the substratum
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Figure 15.5 Subaerial debris flows: (a) the Lawson (19794, b) classification scheme for debris flows observed on the Matanuska Glacier; (b) debris flow
sediments recently deposited at the margins of Icelandic glaciers. Top panel shows fissile, compact subglacial till overlain by loose, friable and open framework,
massive gravelly diamicton (large clast lies at junction of two units). The upper diamicton can be traced to a recently emplaced gravity mass flow derived from
the melting cliff of the nearby Hrutarjokull snout. Middle panel shows compact and densely fissile subglacial till (below lens cap) overlain by crumbly, loose
textured and massive gravelly diamicton created by a sediment gravity flow derived from the surface of the same till emerging from beneath the glacier snout
visible in the background. Lower panel shows two separate exposures at the margin of Kviarjokull in which crudely stratified gravelly diamictons document
repeat debris flow activity fed by supraglacial sources.




15 Glacial Diamictons Unrelated to Subglacial Processes | 271

Figure 15.5 (Continued)



272 | 15 Glacial Diamictons Unrelated to Subglacial Processes

(@) sharp, slightly ()

erosive
oO° ¢ ] .
waning traction current o
/ _ <~ crude lamination

—_—

gllg\slfted (‘floating’) surges and
. intersurge events
clast to matrix- give crude
supported gradational beds;
ungraded and arrows indicate
disorganized fabric intersurge events

inverse grading

@
fe— debris flow 3 §

surge

}(——Surging debris flow

sharp base,
some erosion

pebbly mudstone

isolated large clast fine sands and/or silts

(quiet interval)

2 [J
2 = graded bed, [ o
3 I high density 2 (=== ; ; i
= o - : increasing matrix
@ | turbidite 2, ) ¢
g 3, (i.e. f_ulIIy turbulent %
‘O\’ . conditions) 3 inverse grading

patch of
mud matrix
sand dyke

Figure 15.6 Examples of the different structures created by debris flows in subaerial (a, b) and subaqueous (c, d)
settings (from Nemec, 1990).

are indicative of flow initiation by the downslope disaggregation of subaqueous slumps and slides.
Incorporation of underlying materials during the passage of the flow may also modify a homogeneous,
conglomoratic plug into a heterogeneous and chaotically bedded diamicton (Figure 15.8) or may
lead to spatially variable matrix characteristics and/or the development of clast concentrations
and discontinuous layers (Mulder and Alexander, 2001). The plug zones are otherwise typically
composed of massive, matrix-supported diamicton or muddy sands and gravels (e.g. Carto and
Eyles, 2012a).

Although the shear zones developed at the base of debris flows can be contrasted with those in
subglacially deforming materials at macroscale (compare Figures 6.21 and 15.4c), the features devel-
oped at microscale are not as clearly diagnostic. Working on the Matanuska Glacier debris flows,
Lachniet et al. (1999, 2001) identified a range of microscale features indicative of sediment defor-
mation, fluid escape and incomplete mixing of source materials. They identified the fine lamination
commonly observed at macroscale and related it to the development of a laminar flow fabric during
ductile deformation, also evident in folds, pressure shadows, clast orientations around core stones,
basal shear zones and imbrication and flow fabrics. Brittle styles of deformation were evident in shear
faults and brecciation (Figure 15.9). A comparison between these microscale signatures and those of
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Figure 15.7 Basal shear zones of debris flows that appear as brecciated zones and melange diamictons (from Visser
etal., 1984).
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Figure 15.8 The origin of subaqueous debris flow diamictons and associated turbidite facies involving the episodic
downslope slumping and mixing of underlying materials during the passage of the flow to produce a heterogeneous
and chaotically bedded diamicton or homogenous diamictons (from Carto and Eyles, 2012a).
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Figure 15.9 The range of microscale features indicative of sediment deformation, fluid escape and incomplete
mixing of source materials in Matanuska Glacier debris flows (from Lachniet et al., 2001).



15 Glacial Diamictons Unrelated to Subglacial Processes

subglacial materials reported by Menzies and Maltman (1992) and van der Meer (1993) allowed Lach-
niet et al. (2001) to isolate only basal shear zones and laminar flow fabrics as diagnostic of subaerial
debris flows. Further diagnostic criteria were isolated by Menzies and Zaniewski (2003) based upon
their comparisons between an ancient subglacial diamicton and a modern debris flow developed in
it due to cliff erosion; these are ‘tiled’ and ‘marbled’ structures (Figures 4.9 and 10.17), thought to
relate to flow deceleration and dewatering, although Kilfeather and van der Meer (2008) have related
marble bed structures to pore space modification in shearing till (see Chapter 10). The interactions
of soft-sediment plug deformation, basal shearing, sediment injection and water escape in debris
flow emplacement have been investigated by Phillips (2006) in the micromorphological analysis of
an ancient Lawson Type I debris flow (Figure 15.10). The range of features developed in the material
underlying the flow deposit includes folds, thrusts and shears, as well as ‘rotated’ to slightly attenu-
ated diamicton pebbles derived from the flow. The basal contact of the debris flow is not everywhere
sharp but characterised also by elongate ‘flames’ of the substrate material separating lobate or pen-
dant structures of the debris flow diamicton, all tilted downflow. Some detached ‘flames’ or ribbons
of the substrate material occur in the flow basal material, as do indicators of rotational deformation,
such as circular, arcuate and galaxy-like grain arrangements. Although none of these features is par-
ticularly diagnostic of a debris flow versus subglacial deformation origin, Phillips (2006) highlights
that the macroscale context is clearly crucial to identifying the sediment origin. Additionally, the flu-
idisation of a thin basal layer of the substrate (Figure 15.10) is instructive in that it creates a zone of
bedding-parallel hydrofracture fills.

The clast macrofabrics developed within debris flows clearly reflect localised clast alignment par-
allel or transverse to flow (e.g. Lawson, 1979a, b, 1982; Rappol, 1985; Eyles and Kocsis, 1988; Owen,
1991) to a strength compatible with subglacial tills but nonetheless reflecting in their high dip angles a
significant degree of extreme particle rotation. This disturbance of particle alignment has been linked
to the momentum exchange in debris flows by Iverson et al. (2008; cf. Iverson, 1997). In subaerial
debris flows, macrofabrics range from isotropic in plug zones to moderately strong in basal shear
zones. Clasts will also align themselves parallel with lateral and frontal margins of flows due to the
compressive stresses experienced in those areas. Clast macrofabric shapes, when entered on ternary
plots, reveal a similar range of signatures to those of subglacial tills with cohesionless subaqueous
flows tending towards stronger, cluster-type fabrics (Figure 15.11).

In subaqueous settings, all of the above sediment gravity flows give rise to ‘stratified diamictons’
(Figure 15.12), a term that often appears somewhat contradictory because ‘diamictons’ are defined as
poorly sorted materials. However, diamictons that appear crudely bedded at outcrop scale or locally
contain laterally extensive beds of stratified sediment, accounting for more than 10% of the individual
facies being classified, are often termed stratified diamictons, following the criteria set down by Eyles
et al. (1983a). Using the same criteria, a massive diamicton is one that displays less than 10% strati-
fication and is relatively rare outside subglacial settings. However, once stratified diamicton facies
are sub-classified according to individual beds, massive diamicton units become more prevalent,
and moreover some ice rafting and iceberg turbation processes can create significant thicknesses of
apparently massive diamicton (Dowdeswell et al., 1994). Such diamictons are problematic in glacial
sedimentology because of their similarities to subglacial tills (e.g. Licht et al., 1999), as demonstrated
by the significant debate on the subglacial versus subaqueous origins of the extensive Great Lakes
diamictons (cf. Evenson et al., 1977; Gibbard, 1980; Eyles et al., 1983b, 2005; C.H. Eyles and Eyles,
1983b; comments by Karrow, Dreimanis, Sharpe, Gravenor and reply by Eyles and Eyles, 1984b;
Dreimanis et al., 1987; Kelly and Martini, 1986; Hicock, 1992, 1993; Eden and Eyles, 2001; Dreimanis
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Figure 15.10 Details of sedimentary structures identified in a diamictic debris flow derived from glacigenic materials
by Phillips (2006): Upper figure is a schematic cross-section sketch through the debris flow deposit showing the
stratified basal shear zone and the network of sand and silt-filled hydrofractures that penetrate the underlying sand,
the details of which are depicted in the inset box. Lower figure is a schematic summary sketch of the range of
microstructures developed within the stratified base of the diamicton and the progressive development of cusp and
flame structures and inclusion of till pebbles within the highly disrupted and homogenised clay-silt bands.
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Figure 15.11 Clast macrofabric shape ternary diagram ISOTROPIC
for cohesionless subaqueous flows and subaerial debris
flows (from Benn, 2004a).

© Cohesionless subaqueous flows
® Subaerial debris flows

Figure 15.12 Stratified diamictons: (top left) thin, clast-rich diamictons separated by clast lags and poorly sorted
gravel beds, Coosderrig, western Ireland, deposited by repeated sediment gravity flows; (top right) crudely stratified
boulder-rich diamictons overlying horizontally bedded matrix-supported gravels, laid down by ice-proximal debris
flow-fed fans, Lake Pukaki, New Zealand; (bottom left) crudely stratified to pseudo-laminated diamicton, Filey Bay,
Yorkshire, England, likely deposited as ice-proximal subaqueous mass flows; (bottom right) heterogeneous diamicton
related to ice-proximal sediment gravity flow deposition, Southern Alberta, Canada.
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and Gibbard, 2005). Ice rafted debris (IRD), for example, can create a range of deposits from laminated
muds with dropstones to stratified diamictons and massive diamictons. Where a subaqueous origin
can be proven, for example, in a stratigraphic context that displays conformable aggradation of deep-
water sediments, such deposits are termed ‘dropstone diamictons’ (see Powell, 1984; O Cofaigh and
Dowdeswell, 2001 and references therein). Dropstone diamictons are similar to, and indeed created in
the same way as, suspension sediments or mud drapes with dropstones, hence Powell (1984) proposes
that 10% clasts per unit area is the dividing line between the two classifications.

In addition to their association with stratified subaqueous beds, dropstone diamictons and
subaqueous mass flow diamictons can be recognised by their internal sedimentological properties.
For example, Domack and Lawson (1985), Smith (2000) and Evans et al. (2007; see Figure 4.14c)
have presented clast macrofabrics for dropstones (Table 15.1) in an attempt to provide a diagnostic
criterion for their recognition where other sedimentological characteristics are ambiguous. Such
studies have confirmed previously identified tendencies for dropstones to display steep dip angles
(e.g. Lavrushin, 1968; Griggs and Kulm, 1969; Spencer, 1971; Dalland, 1976; Gibbard, 1980), although
this is not in every case the norm. This is because the fabric will be influenced by the character of the
bottom sediment into which the clasts penetrate. For example, relatively stiff bottom sediments will
allow the penetration of clasts that settle through the water column with their heavier ends pointing
downwards. This will potentially preserve the high dip angles adopted by the clasts during their
descent through the water column. In contrast, very soft bottom sediments, because they cannot
hold clasts upright, will allow clasts to fall sideways after they impact the bottom. Alternatively,
clasts may fall sideways because they cannot penetrate stiffer bottom sediments. Hence, dropstone
diamictons may display high clast dip populations or girdle fabrics (Figure 15.13) and overall are
difficult using macrofabric alone to distinguish from debris flows (cf. Figure 15.11).

Distinguishing subaqueous massive diamictons from subglacial matrix-supported tills is becom-
ing increasingly undertaken using micromorphology. For example, Carr (2001, 2004) reports direct
comparisons between glacimarine sediments and glacitectonite derived from those sediments as well
as subglacial diamictons from the same tidewater glacier setting in Svalbard. The range of deforma-
tion structures regularly observed at microscale in subglacial materials (e.g. crushed quartz grains,
grain lineations, pressure shadows, augen- or boudin-shaped instraclasts, unistrial and masepic fab-
ric domains, rotational features and unidirectional fabrics; cf. Figures 4.9 and 10.15-10.17) could
be contrasted with those in glacimarine sediments, such as winnowed plasma texture, dropstones,

Table 15.1 Clast macrofabric strengths (S, eigenvalues) for dropstones and dropstone diamictons from a range of
field case studies (A-axis data unless listed otherwise).

Case study Sediment type Clast dip S, S,
angles >45° eigenvalue eigenvalue
range mean
Domack and Fossiliferous glacimarine 4-32% 0.48-0.67 0.53
Lawson (1985) diamicton
Smith (2000) Glacilacustrine diamictons 15-61% 0.41-0.57 047
Evans et al. (2007) Fossiliferous glacimarine 0-26% 0.44-0.68 0.57

diamictons and
cyclopsams — A/B planes

Evans et al. (2007) Glacilacustrine diamictons 54% 0.53 N/A
and rhythmites — A/B planes
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Figure 15.13 Clast macrofabric shapes for glacilacustrine
diamictons, using the data from Domack and Lawson (1985)
for IRD and Lawson (1979a) for debris flows combined with
diamictons from a high Arctic lake collected by Smith
(2000).

+ This study (lacustrine diamicts)

a Fossiliferous diamict (ice-rafted)
Domack & Lawson, 1985

O Glacigenic flow deposits
Lawson. 1979

in situ microfossils, a lack of shear deformation structures, graded bedding, a lack of plasmic fab-
ric and high microfabric dip angles similar to those recognised in clast macrofabrics (Figure 15.14).
Using macroscopically massive diamictons from a range of known sedimentary origins, Kilfeather
et al. (2010) further identified specific micromorphological criteria for subaqueous sedimentation
(Figure 15.15), including some apparently diagnostic features such as: (a) vertical lineations created
by the passage of dropstones through soft bottom sediments; (b) the development of bimodal fab-
rics of near-horizontal and near-vertical alignments in debris flow deposits, relating to gravity-driven
shearing and grain sinking through matrixes, respectively; and (c) laminated clay and silt coatings on
clasts in debris flow deposits, relating to continuous rotation of clasts in buoyant, non-plug condi-
tions. Kilfeather et al. (2010) also stress, however, that the deformation structures observed in iceberg
turbated deposits (e.g. Woodworth-Lynas and Guigne, 1990; Dowdeswell ef al., 1994; Eden and Eyles,
2001; Eyles et al., 2005) are predominantly impossible to differentiate from those of subglacial defor-
mation based upon micromorphology alone. A good example of combining macro- and microscale
analyses to circumvent this potential problem is that of Busfield and Le Heron (2013), who have pro-
vided a schematic model of subaqueous sediment gravity flow features in relation to a typical vertical
deformation profile and contrasted this with what they observe in subglacially deformed diamictons
in Neoproterozoic outcrops in Namibia (Figure 15.16).

Soft-sediment deformation at all scales can prove to be problematic in interpreting diamicton
sequences. For example, soft-sediment deformation structures indicative of low strains were cited
by Eyles and McCabe (19893, b) and Eyles ez al. (1989) in their models of subaqueous mass flow
origins for stratified and pseudo-stratified diamictons (see also Thomas and Summers, 1982, 1983;
Thomas and Kerr, 1987; Lunkka, 1994; O Cofaigh and Evans, 2001a, b; Evans and o) Cofaigh, 2003;
Thomas and Chiverrell, 2006, 2007; Phillips et al., 2008; o Cofaigh et al., 2011; Evans et al., 2012a,
b; Figures 15.1 and 15.2), but the rapid sedimentation rates that characterise ice-proximal glacigenic
depo-centres can initiate significant large-scale, gravitationally induced loading and down-slope
mobilisation of sediments in both subaerial and subaqueous environments. An excellent example is
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Figure 15.16 Schematic model to contrast the deformation features and vertical deformation profiles expected in
subaqueous sediment gravity flows and subglacial shearing zones based on the Neoproterozoic Chuos Formation,
Namibia (from Busfield and Le Heron, 2013).

the extensive outcrop of distorted diamictons and gravelly stratified sediment at Traeth-y-Mwnt,
southwest Wales (Figure 15.17), interpreted by Rijsdijk (2001) and Hiemstra et al. (2005) as spectac-
ular syn-sedimentary gravity-induced loading, whereby aggrading glacifluvial outwash progressively
loaded underlying low-viscosity, subaqueous deposited diamictons to produce synformal folding,
teardrop- and block-shaped gravel rafts and clast stringers extending downwards into the diamicton.
Similar pendant- and teardrop-shaped gravel bodies were described from the top of subglacial tills
by Evans et al. (1995; Figure 15.18), who traced them laterally to less disturbed glacifluvial outwash
deposits and hence interpreted them as gravity loading features produced by the increasing weight
of the outwash over unconsolidated and saturated tills. This took place where tills were emplaced
in a poorly drained sub-marginal environment similar to those observed around Icelandic glacier
margins today where tills are squeezed upwards into longitudinal crevasses (cf. Price, 1970; Evans
and Rea, 2003; Christoffersen et al., 2005; Evans et al., 2010, 2015a; Eyles et al., 2015).

In the soft-sediment deformation cases above, stratigraphic context is critical in determining the
origins of diamictons and associated sediments. When observed in restricted stratigraphic contexts,
determining glacial versus non-glacial origins for stratified and massive diamictons is more chal-
lenging. In some settings, it may be simply determined by the lack of striated or subglacially shaped
clasts (e.g. Carto and Eyles, 2012a). The nature of associated stratified deposits may also be diag-
nostic, even in restricted outcrops where, for example, turbidite facies lie between diamictons and
hence clearly indicate a subaqueous mass flow or dropstone origin (e.g. Carto and Eyles, 2012b).
Over restricted or larger outcrops, the stratigraphic signatures of subaqueous and subaerial debris
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A

Figure 15.17 The syn-sedimentary gravity-induced loading structures at Traeth-y-Mwnt, southwest Wales (from
Rijsdijk, 2001). Upper sequence of diagrams provides a reconstruction of the evolution of the structures: (a) filling of
rock basin with glacigenic debris flows derived from stagnant melting ice and onset of density-driven deformation in
gravels that cap the sequence; (b) density-driven faulting of gravel sheets and sinking of detached gravel blocks to
form rafts; (c) lacustrine sedimentation in depression formed by sinking gravels; (d) syndeformational sedimentation
in synclinal fold; (e) downward flexuring of gravels forming a fold; (f) final distal paraglacial redistribution of
sediments. Lower left photograph shows a gravel tear-drop shaped structure that has sunk into underlying diamicton.
Lower right photograph shows the large synclinal loading structure developed in stratified gravel outwash.
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Figure 15.18 Pendant- and teardrop-shaped gravel loading features, overlain by rhythmites, at the top of the Skipsea
Till, Yorkshire, England.

flows can be identified in vertical and lateral changes in facies characteristics that record flow dilu-
tion and/or transformation. This has been summarised by Sohn et al. (2002) based upon Cretaceous
submarine channel deposits (Figure 15.19), where transformations between debris flow diamictons,
turbidites, hyperconcentrated flow and stream flow deposits can be identified by facies changes. Diffi-
culties may still arise where inter-diamict stratified layers resemble both subglacial canal fills (Figures
11.2-11.6) and debris flow surface stratification (Figure 15.5), although thick and laterally extensive
sequences of multiple tills and canal fills are not likely to survive without undergoing at least some
glacitectonic deformation (e.g. Figures 11.3 and 11.4).

At large or even basin-wide scales, ice rafted and subaqueous and/or subaerial mass flow ori-
gins for diamictons are more clearly demonstrated, as we shall now review before investigating the
regional architecture of true tills and glacitectonites in Chapter 16. Extensive exposures containing
diamictons of demonstrable subaqueous origin are documented from a range of large glaciated valley
settings in which subglacial tills are rare. For example, in northwesternmost North America, Ferrians
(1963), Eyles (1987) and Bennett et al. (2002) report thick and extensive stratified sediment infills that
record glacigenic sedimentation in intermontane trenches, which include significant diamicton facies
related to subaqueous sediment gravity flows. In the Upper Fraser River Valley of British Columbia,
Eyles (1987) reports multiple units of thick diamictons and intervening but less substantial stratified
sediments, all indicative of subaqueous failure of glacilacustrine sediment piles and resultant slump-
and slide-generated debris flows (Figure 15.20). The diamictons are up to 10 m thick, unusual for sub-
glacial tills, but locally display characteristics that are diagnostic of tills, including fluted basal scours,
large rafts or intraclasts of pre-existing Tertiary materials and substrate deformation. A subaqueous
origin for the diamictons is clear, however, in the occurrence of diamicton intercalations with strat-
ified sediments characterised by laminations and dropstones, as well as typical debris flow features
such as crude stratification at diamicton tops and attenuated intraclasts at their bases indicative of
flow base laminar shear.
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(a) Subaerial debris flow with flow dilution at the leading edge

m Debris flow (DF) ; Hyperconcentrated flow (HF) ';'f Turbidity current (TC) Streamflow (SF)

Figure 15.19 Schematic diagrams to show the four possible types of multiphase flows generated by the dilution of
debris flows in subaerial and subaqueous settings; (a) subaerial debris flow, diluted at the leading edge by a
streamflow, resulting in hyperconcentrated flow deposits overlain by debris-flow deposits; (b) incremental
aggradation from subaerial debris flows, coarsest in the flow head and progressively more dilute and finer-grained
toward the tail, resulting in a debris-flow deposit overlain by hyperconcentrated flow and streamflow deposits; (c)
subaqueous debris flows, non-hydroplaning because of extremely permeable fronts, subject to mainly surface
transformation. The surface-transformed suspended-sediment flows and debris-fall blocks can outpace the parental
debris flows, resulting in outsized clast-bearing turbidites beneath debris-flow deposits; (d) subaqueous debris flows
with impermeable fronts hydroplane and their flow fronts are repetitively detached and diluted to form voluminous
turbidity currents. The turbidity currents outpace or are outrun by the debris flows, resulting in extensive turbidites
beneath and above the parental debris-flow deposits.

The extensive and thick stratigraphic sequences in the Copper River Basin of Alaska have been
ascribed a similar subaqueous origin also by Eyles (1987), based upon an architecture of multiple
stacked diamictons and intervening lenses of turbidites and massive gravels. This location has more
recently been described in detail by Bennett et al. (2002), who confirm a subaqueous origin for the
basin infill and highlight various facies associations (FA), two of which in particular are critical to
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Figure 15.20 The products of slump- and slide-generated subaqueous debris flows in the Upper Fraser River Valley,
British Columbia (from Eyles, 1987): (a) schematic section sketch of the main lithofacies I-ll; (b) multiple units of thick
diamictons separated by thin stratified sediment bodies; (c) reconstruction of the style of mass failure and
re-sedimentation of the subaqueous sediment pile.

the interpretation of the diamicton-forming depositional environment (Figure 15.21). FA 1 includes
massive and lenticular bedded diamictons with interbeds of stratified diamicton and laminated
sand/silt and deformation structures. These components are interpreted as dropstone and subaque-
ous debris flow diamictons interrupted by bottom current activity and operating in an environments
of suspension sedimentation and slumping. FA 2 comprises massive and graded diamictons, with
matrix-supported gravels and rhythmites, together interpreted as the products of subaqueous debris
flows that grade downslope into turbidites. In a basin-wide context, these facies associations are
the more ice-proximal deposits within a stratigraphic sequence that documents subaqueous fan
sedimentation, the diamictons being fed directly from subglacial tills emerging from beneath the



15 Glacial Diamictons Unrelated to Subglacial Processes

Ripples Volcanic lahar
Sand/silt Fluvial gravel

Dropstones

Flame structure

Matrix-rich gravel

Matrix-poor gravel (&2 &
Ll
Diamict

Diamict clast

o

5}

N
5}
snssasssasssrsnsnssf A sesssases

5}
=

Lttt iltl

s
(@ Iceberg rainout

@ Troughs or channels

@ Suprafan lobes, sheet gravels and sands deposited
directly from meltwater and by sediment-density currents

@ Prograding lobe of diamict and gravel
(3 Multiple and unstable meltwater portals
(8 Bottom currents, mud-rich sediment-density flows and iceberg rainout

@ Diamict sheet of tesselated debris flow lobes, derived
from the release of sediment transported to the ice margin
subglacially

Pre-glacial fluvial terrace

Figure 15.21 The subaqueous deposits of the Copper River Basin, Alaska (from Bennett et al., 2002): (a) schematic
reconstructions of the subaqueous depositional environment, identifying main facies associations; (b) photographs of
the main diamictic deposits including: (i) two units of massive diamicton separated by a laminated fine sand interbed
with channel form (Facies Association-1); (i) lenticular and trough-shaped diamict units (Facies Association-1); (iii)
soft-sediment clast within trough-shaped diamicton units (Facies Association-1); (iv) units of massive diamicton with
variable clast concentrations (Facies Association-1); (v) graded and massive diamictons in stratigraphic succession
(Facies Association-2); (vi) trough-shaped diamicton units (Facies Association-1).
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(b)

Figure 15.21 (Continued)

glacier grounding lines. Similar basin-wide subaqueous diamicton architectures have been reported
in intermediate upland relief (e.g. Benn, 1996; Figure 15.22a), ice sheet marginal glacimarine settings
(e.g. McCabe, 1986; Ashley et al., 1991; Figure 15.22b) and in active alpine settings (e.g. Mager and
Fitzsimons, 2007; Evans et al., 2013). In the latter case, the proximity of glacier ice, very high debris
turnover and development of lakes that are at least partially supraglacial, combine to give rise to
huge vertical and horizontal variability in diamicton characteristics, structures and architecture
(Figure 15.23) due to accumulation in rapidly aggrading subaqueous debris flow-fed depo-centres
with a background of continuous suspension settling and iceberg rafting and syn-sedimentary
soft-sediment deformation (Evans et al., 2013).

The large volumes of debris that are turned over at tectonically active alpine glacier margins such as
those in New Zealand are important in the development of thick sequences of mass flow diamictons
in large latero-frontal moraines and debris flow-fed ice-contact fans (Owen and Derbyshire, 1989;
Owen, 1991; Benn et al., 2003), which often constitute the only glacigenic diamictons (i.e. an almost
total absence of till) in some glaciated basins. Examples of the mass flow diamictons and their
stratigraphic architectural contexts created in such settings are well exposed in the latero-frontal
moraine loops of the west coast of New Zealand’s South Island, where thick sequences of clino-
forms containing clast- and matrix-supported diamictons interbedded with poorly sorted gravels
and boulder- to cobble-sized rubble beds and occasional discontinuous sandy gravel stratified
lenses record aggradation of debris flows from debris-charged glacier snouts (Evans et al., 2010b;
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Figure 15.22 Reconstructions of subaqueous depo-centres in which diamictons are ubiquitous: (a) intermediate
upland relief in the Scottish Highlands (from Benn, 1996); (b) ice sheet marginal glacimarine environment on the coast
of Maine (from Ashley et al., 1991).
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Figure 15.23 Subaqueously deposited diamictons in the former proglacial/supraglacial lake of the Tasman Glacier,
Lake Pukaki, New Zealand: (a) crudely stratified Dmm/Dms; (b) lenticular, cross-cutting units of Dms and gravel/sand
interbeds, showing local soft-sediment deformation; (c) weakly stratified diamicton with thin silty, sand bed
highlighted; (d) interbedded rhythmites and gravelly to matrix-supported mass flow diamictons with numerous
dropstones. Camera lens cap for scales above vertically aligned clast over which a mass flow diamicton has been
draped; (e) rhythmically bedded lake sediments with dropstones interbedded with stratified gravelly mass flow
deposits and arranged in crude clinoforms and overlying massive to crudely bedded, clast-rich diamictons; (f) fine
gravel lens in weakly stratified to massive diamicton.
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Figure 15.24 Subaerially deposited mass flow diamictons in the latero-frontal moraines of the west coast of South
Island, New Zealand: (a) crudely stratified, bouldery diamictons separated by discontinuous beds of laminated fines;
(b) detail of sandy, silt lens between bouldery diamictons; (c) stacked sequence of crudely bedded, boulder to cobble
gravel diamictons separated by stratified gravelly sand units; (d) clast-supported bouldery diamicton; (e) contorted
silt laminae lens within a bouldery, clast-supported diamicton, indicative of surface ponding of expelled water in
gravity mass flow that was later overrun by further mass flow material.

Figure 15.24). Such deposits commonly create a stratified appearance to lateral moraine outcrops
(Boulton and Eyles, 1979; Small, 1983; Owen and Derbyshire, 1993; Lukas, 2012; Lukas et al., 2013;
Figure 15.25), where the term ‘till’ has traditionally, but inappropriately, been applied as a genetic
classification. Even in lower-relief terrains, the sedimentological characteristics and stratigraphic
architecture of moraines often indicate diamicton deposition by gravity mass flow (Lukas, 2005;
Benn and Lukas, 2006; Reinardy and Lukas, 2009; Lukas and Sass, 2011; Figure 15.26), a process that
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Figure 15.25 Models of latero-frontal moraine construction: (top left) conceptual model of lateral moraine formation
based on observations at Findelengletscher by Lukas et al. (2012); (top right) reconstruction of the general
depositional sequence involved in the production of the latero-frontal moraine loops of the west coast of New
Zealand's South Island (from Evans et al., 2010). Upper panel shows initial glacier advance over proglacial outwash
deposits (LFA 0) and deposition of debris flow-fed ice-contact fans (LFA 1). Middle panel shows ice recession and
deposition of glacilacustrine sediments interdigitated with subaerial to subaqueous sediment gravity flow deposits
(LFA 2) on the proximal faces of latero-frontal moraines. Lower panel shows glacier readvance, resulting in
glacitectonic disturbance and hydrofracture filling of LFAs 1 and 2 and the deposition of debris flow-fed fans (LFA 3)
sourced from monolithological supraglacial debris that originated as rock slope failure; lower figure) the landforms
and sediments of the high-relief glaciated valley land system (from Owen and Derbyshire, 1993), in which diamictons
produced by mass movements dominate the depositional signature: (1) truncated scree; (2) and (5) latero-frontal
dump moraine; (3) laterally drained outwash channel; (4) glacifluvial outwash channel; (6) debris flow cones; (7)
slide-modified lateral moraine; (8) abandoned lateral outwash fan; (9) meltwater channel; (10) meltwater fan; (11)
abandoned meltwater fan; (12) bare ice; (13) trunk valley river; (14) debris flow; (15) flow slide; (16) gullied lateral
moraine; (17) lateral moraine; (18) ‘ablation valley’ lake; (19) ‘ablation valley’; (20) supraglacial lake; (21) supraglacial
stream; (22) ice-contact terrace; (23) subglacial till exposure; (24) roche moutonnée; (25) flutings; (26) diffluence col;
(27) high-level till remnant; (28) diffluence col lake; (29) fines washed out from supraglacial debris; (30) ice-cored
moraines; (31) alluvium; (32) supraglacial debris; (33) dead ice.

Figure 15.26 Sedimentological characteristics and stratigraphic architecture of moraines dominated by gravity mass
flow diamictons: (top) gravelly diamicton and poorly sorted gravel clinoforms at the core of a Younger Dryas moraine
hummock, Seathwaite, English Lake District; (lower left) massive, clast-rich diamicton overlain by crudely stratified
boulder gravel and clast-supported diamictons and stratified diamicton, Lake Coleridge, New Zealand; (lower right)
crudely stratified, clast-rich diamictons overlain by horizontally bedded outwash fan gravels, Lake Coleridge, New
Zealand. The Lake Coleridge diamictons were deposited in ice-contact debris flow-fed fans at the end of the last
glaciation, and have been traditionally regarded as the local ‘till".
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Figure 15.27 Examples of diamicton production by gravity mass flows due to slope failure and paraglacial
denudation processes: (left panel) schematic temporal reconstruction of paraglacial landform modification and
sediment reworking of drift-mantled slopes in freshly deglaciated terrain (from Ballantyne and Benn, 1996) - (a) initial
slopes exposed by glacier recession, showing lateral moraines and the onset of gully incision; (b) advanced gully
development and deposition of coalescing debris fans downslope; (c) exposed bedrock and stabilised, vegetated
gullies and largely relict debris fans due to restricted debris supply. Facies are: (1) bedrock; (2) subaerial sediments
relating to an earlier episode of paraglacial sedimentation; (3) ice-marginal deposits; (4) paraglacially reworked
sediment (debris flows and intercalated slopewash deposits); (5) soil horizons; (upper right panel) reconstruction
proposed for the thick sequences of diamictons in the Bow Valley, near Banff, Alberta, Canada, by Eyles et al. (1988b).
(A) retreating valley glacier ponds water in tributary valley at location 1 and deposits proglacial outwash in the main
valley; (B) glacier thinning releases floodwater from the tributary valley (2) followed by debris flows (3) generated by
failures in the freshly exposed lake sediments; (lower right panel) schematic reconstruction of paraglacial adjustment
processes and forms in the Karakoram Mountains by Owen (1991), showing the dominance of mass movements
generated by the failure of valley-side drift accumulations, especially after they are incised by downcutting meltwater
streams.
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is immediately evident in the construction of modern push moraines and minor ice-contact fans
(Figures 3.2 and 15.25).

Beyond these ice-contact depositional processes, another reason why the most ubiquitous
diamicton-forming agencies in glaciated basins might be those associated with gravity mass
flowage is that freshly deglaciated surfaces are subject to intensive paraglacial reworking (e.g. Eyles
and Kocsis, 1988; Ballantyne and Benn, 1994, 1996; Harrison and Winchester, 1997; Curry and
Ballantyne, 1999; Ballantyne, 2002a, b, 2003; Menzies and Zaniewski, 2003; Figure 3.2). Inherent
instability in a range of glacigenic and non-glacigenic deposits can trigger gravity mass flows at
local slope (Ballantyne and Benn, 1994, 1996; Curry and Ballantyne, 1999) to basin-wide (Eyles
et al., 1988b; Owen, 1989, 1991; Derbyshire and Owen, 1990; Owen and Sharma, 1998) scales,
giving rise to potentially laterally extensive and thick, stacked sequences of massive to weakly
stratified diamictons, separated by thin and often discontinuous stratified sediments created by
intervening periods of debris flow surface fluvial modification (Figure 15.27). Such deposits have
traditionally proven controversial, as both subglacial and mass flow origins have been argued for
the same outcrops, especially where diamictons are predominantly massive and contain clasts
with subglacial wear signatures (cf. Eyles et al., 1988b, 1990; Mandryk and Rutter, 1990). Where
attempts have been made to differentiate subglacial and paraglacial debris flow diamictons some
diagnostic criteria have been isolated. At macroscale, simple sedimentary architectural features,
such as significant unit thickness and slope parallel bedding, as well as smaller-scale details, such
as downslope orientated macrofabrics, slope-parallel fluvial interbeds between diamictons and
bimodal diamicton textures indicate a mass flow origin (cf. Eyles et al., 1988a, b; Ballantyne and
Benn, 1994, 1996; Owen, 1994; Harrison, 1996; Curry, 1999, 2000a, b; Curry and Ballantyne, 1999;
Figures 3.2c and 15.28a). At microscale, Owen (1994) provides a range of criteria with which to
differentiate tills and paraglacially modified tills (debris flow diamictons) in a Himalayan setting
(Figure 15.28b).

Although most active in higher-relief terrains, as illustrated by the case studies above, paraglacial
reworking is not an insignificant process in areas of lower relief, especially is permafrost envi-
ronments where large volumes of buried glacier ice melt out and release debris very slowly
(e.g. Mackay, 1956, 1959; Mackay et al., 1972; Kaplyanskaya and Tarnogradskiy, 1986; Astakhov
and Isayeva, 1988; Astakhov et al., 1996; Waller, 2001; Dyke and Evans, 2003; Murton et al.,
2005; Lacelle et al., 2007; Murton et al., 2004, 2005; Waller et al., 2009; Figure 6.23). Here, the
activity of retrogressive flow slides on very-low-angle slopes ensures that the debris released
is predominantly subject to reworking in sediment gravity flows, often developing slicken-
sided boundaries between diamicton layers similar to those produced by subglacial processes
(Figure 15.29).
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Figure 15.28 Examples of sediments and facies architecture in paraglacial deposits. (a) macroscale features,
including: (i) crudely-to-well-bedded, largely clast-supported diamictons and poorly sorted gravel beds deposited by
paraglacial slope reworking of local tills, Morfa Bychan, West Wales; (ii) gullied exposures through valley-side stacks of
crudely stratified and clast-supported to massive matrix-supported diamictons, near Jasper, Alberta, Canada; (iii)
crudely to well-bedded sequence of predominantly clast-supported diamictons, poorly sorted gravels and
intervening pockets of sandy gravels, Lahul Himalaya; (iv) slope-parallel bedding in paraglacially reworked local till,
Hayeswater, English Lake District; (b) microscale criteria proposed by Owen (1994) as critical to differentiating tills and

paraglacially modified tills or

debris flow diamictons.
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Figure 15.29 Examples of paraglacial reworking of glacial deposits on Banks Island, in areas of lower relief
characterised by permafrost and buried glacier ice where retrogressive flow slides operate: (a) flow slide in morainic
topography; (b) reworking of debris-charged buried glacier ice; (c) retrogressive flow on <5° slope in glacilacustrine
deposits; (d) slickensides developed on flowslide base in glacilacustrine deposits.
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Till Spatial Mosaics, Temporal Variability and Architecture

The glaciotectonic end moraines squeezed from beneath frontal parts of the Pleistocene ice sheets
are common in the European Lowlands. They are usually several tens of metres high. ... They sim-
ply represent (glacio)tectonic structures composed of sediments of various, most often non-glacial
origin. Why should they be called tills?

Ruszczynska-Szenajch (2001. p. 580)

This chapter summarises the nature of the geological record of glacigenic deposits and their appear-
ance in glacial stratigraphies by highlighting specifically the vertical and lateral continua of tills and
associated deposits. Beyond the valuable, but often ambiguous and sometimes contentious, genetic
interpretations of diamictons based upon outcrop and microscale investigations, it is their wider
stratigraphic context, architecture, geomorphic setting and geography that are all crucial in identi-
fying the boundaries and assessing probabilities of the possible genetic outcomes. Hence, a holistic
approach to glacial sedimentology is advocated here, with recommendations that we focus wherever
possible on all scales, from the thin section to the basin.

At the outset it is important to emphasise our knowledge base with respect to the process—form
relationships controlling till emplacement in modern glacial systems. In previous chapters the sub-
glacial experiments at Breidamerkurjokull (Boulton and Hindmarsh, 1987; Boulton et al., 2001) have
been highlighted as the base line for the identification and genetic interpretations of ancient tills, sim-
ply because they constitute a rare but unequivocal demonstration of till process sedimentology. The
Breidamerkurjokull case study is not without its problems however, mostly because it represents a
sub-marginal rather than a fully subglacial scenario. This has been highlighted by van der Veen (1999),
who raises the possibility that the sub-marginal environment in which the till is evolving is most likely
being squeezed out from underneath the glacier rather than being subglacially deformed under the
applied shear stress. This is certainly illustrated by other studies around the margins of Icelandic outlet
glaciers where sub-marginal to marginal squeezing and till flowage, likely due to weak ice—bed cou-
pling, is demonstrated by a range of phenomena (discussed in Chapters 8 and 10; Price, 1970; Evans
etal., 2010a, 2016; cf. Eyles et al., 2015) including: (1) crevasse squeeze ridges; (2) sawtooth moraines;
(3) till eskers; and possibly (4) weak clast macrofabrics. Numerical modelling of glacier advance over
deformable till by Leysinger-Vieli and Gudmundsson (2010; Figure 16.1) also demonstrates this pro-
cess, but in terms of till thickness patterns it importantly verifies that the till will thicken towards the
margin to form ‘till bulges’ or ‘propagating till waves’. Hence, investigations into till sedimentology
in former ice—marginal tills will not be representative of subglacial process—form regimes. This is a
very important message for till sedimentologists to digest, because throughout more than a century

Till: A Glacial Process Sedimentology, First Edition. David ] A Evans.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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of till investigations, in both ancient and modern settings, the focus has been predominantly on loca-
tions where tills are at their thickest and most complex. If we reflect on where such studies have been
concentrated it is clear that they have clustered on former ice sheet marginal locations. The relative
paucity of focus on ice sheet interiors is revealing in itself, as it demonstrates that tills are presumably
not thick enough to attract our attentions!

The above reflections notwithstanding, it is important to review models of till emplacement, firstly
in modern settings and then using theoretical constructs based upon regional till patterns. The con-
struction of till-cored moraines as modelled by Leysinger-Vieli and Gudmundsson (2010; their ‘till
bulges’) was initially demonstrated based upon field criteria by Price (1970) and then by Sharp (1984),
but more recently conceptual models have increasingly recognised that there is a seasonal signature in
the till accretion that takes place at soft-bedded glacier margins, at least in temperate settings (Kriiger,
1993, 1995, 1996; Matthews et al., 1995; Evans and Hiemstra, 2005; Chandler et al., 2016). This com-
plexity is claimed by Leysinger-Vieli and Gudmundsson (2010) to be reflected in their numerical
model (Figure 16.1) by changing till hardness, thereby replicating Truffer et al.’s (2009) proposal that
glacier flow in the Alaskan Taku Glacier changes from internal deformation in the winter to plug flow
(experiment B in Figure 6.1) in the summer. As it applies to the same south Iceland glacier setting as
that of the Breidamerkurjokull experiments, the model of Evans and Hiemstra (2005; Figure 16.2) is
now reviewed as a modern exemplar of sub-marginal till emplacement controlled by seasonal condi-
tions. This model attempts to integrate the observed processes of ice—marginal till extrusion (Price,
1970; Sharp, 1984) and sub-marginal till freeze-on (Kriiger, 1993, 1994, 1996; Matthews et al., 1995)
observed at temperate glacier margins by invoking till freeze-on and forward transport by glacier
flow during the period of low ablation (winter), followed by summer thaw and squeezing/pushing of
the till to form moraines that comprise a distal-thickening wedge. As moraine construction has been
demonstrated to be predominantly annual in this area (e.g. Boulton, 1986; Evans and Twigg, 2002;
Chandler et al., 2016), the thickness of advected till can be assessed as in the order of 0.2—1.5 m per
year. The construction of multiple till wedges/moraines was observed in real time in the early- to
mid-1990s when the Icelandic south coast glacier snouts became stationary and stacked a succession
of push moraines (Figure 8.12a). As each till layer was subject to subglacial shear stress throughout
the period of forward glacier flow, it likely behaved in accordance with experiment A in Figure 16.1
during the winter and then with either experiments B or C in the summer depending upon local
drainage conditions (Evans et al., 2015a; Chandler et al., 2016). The tills only occasionally display A
and B horizon characteristics, and clast macrofabrics were only moderately strongly aligned with ice
flow direction; at microscales, they contain ubiquitous water escape and sediment flowage features.
These characteristics were interpreted by Evans and Hiemstra (2005) as the combined products of
sub-marginal deformation, melt-out and flowage that emplaced till slabs over several seasonal cycles
with each cycle (Figure 16.2) involving: (1) subglacial lodgement, bedrock and sediment plucking,
subglacial deformation and ice keel ploughing in late summer; (2) freeze-on of subglacial sediment to
the thin outer snout in early winter; (3) readvance and failure along a till decollement plane, result-
ing in the carriage of till onto the proximal side of the previous year’s push moraine in late winter;
and (4) melt-out of the till slab, initiating porewater migration, water escape and sediment flow and
extrusion in early summer. The arrival of stratified debris-rich (supercooled) basal ice on the proximal
slopes of push moraines could potentially lead to the local preservation of melt-out till (Figure 13.4).

Although multiple till sequences were demonstrably accreted in this way, likely by Leysinger-Vieli
and Gudmundsson’s (2010) ‘propagating till waves’ and ‘till bulges’, the repeated reworking of the
resultant sub-marginal till wedges inevitably results in overprinted strain signatures and weakly
developed clast pavements or clast lines. Additionally, any A and B horizon characteristics that may
develop as a response to sub-marginal deformation will likely get truncated and superimposed,
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Figure 16.2 Schematic model of till slab emplacement over several seasonal cycles (from Evans and Hiemstra, 2005): (1) Situation in late summer at typical
Icelandic glacier snout where subglacial processes include lodgement and sliding (A), bedrock and sediment plucking (B), subglacial deformation (C) and ice
keel ploughing (D) in a temporally and spatially evolving process mosaic. (2) During early winter, the thin part of the glacier snout freezes onto part of the
subglacial till. The till slab that freezes onto the ice sole is likely to be from the more porous A horizon (A). (3) The later winter readvance initiates failure along a
decollement plane within the A horizon or at the junction with the more compact B horizon, resulting in the carriage of A horizon till onto the proximal side of
the previous year’s push moraine. (4) In the early summer, the melt-out of the till slab (A) initiates porewater migration, water escape and sediment flow (small
arrows) and sediment extrusion due to glaciostatic and glaciodynamic stresses. (5) The late summer situation is again followed by winter freeze-on and
marginal stacking of subglacial till produced by the reworking of existing subglacial sediments and fresh materials advected to sub-marginal locations from
up-ice. Repeated reworking of the thin end of sub-marginal till wedges produces overprinted strain signatures and clast pavements.
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as identified by Evans and Twigg (2002) and Evans and Hiemstra (2005) in their observations of
overprinted strain signatures, where later deformation events (e.g. A and B horizons) are overprinted
on earlier till horizons, giving rise to partially or totally eroded horizons and second-generation
deformation structures (Figures 8.12 and 8.13); hence the diagnostic porous and bubbly texture of
A horizons becomes compacted and sheared by later till overriding. Hence, incomplete stacks (e.g.
Evans and Twigg, 2002; Evans and Hiemstra, 2005) should not be unexpected but modified stacks are
possible, such as that described by Evans et al. (2016) from a former glacier sub-marginal setting at
porisjokull, central Iceland (Figures 8.6 and 16.3). At this site a vertical succession of alternating beds
of massive and fissile diamictons display sub-boulder size clast macrofabric strengths indicative of
shear strains too low for a steady state strain signature but strong boulder size macrofabrics reflecting
high cumulative shear strains; these trends are explained as likely due to the effect of clast collisions
in clast-rich till and the perturbations set up by the numerous large boulders (see Chapter 8). The
alternating massive and fissile units are interpreted as A and B horizons of subglacial deforming
layer couplets although the massive units do not possess the weaker fabrics, low shear strength and
bubbly texture of traditional A horizons. Hence, applying the model of Evans and Hiemstra (2005),
each couplet is hypothesised to record seasonal emplacement and partial inter-couplet modification
in the form of B horizon superimposition on older A horizons. A seasonal interpretation of the A
and B horizon couplets implies that <1 m of subglacial till is advected to the glacier margin per
deformation event, a figure that is compatible with proven annual till advection thicknesses from
Iceland’s south coast.

A similar multiple till stack has been recently exposed in drumlinised terrain at the margin of
the Icelandic surging glacier Mtlajokull. An in-depth study of the till stratigraphy by Johnson et al.
(2010) indicates that there are up to five tills, of around 40—120 cm thickness. They are interpreted
as the products of combined deformation and lodgement at the ice—bed interface, with each till unit
being emplaced by a separate surge. Hence, like the porisjokull case study above, the till sequence at
Mulajokull could be employed in an event stratigraphy linked to known glacier dynamics.

Potential overprinting of strain signatures in such multiple till sequences is just one reason why A
and B horizons are not well represented in ancient till sequences even though multiple tills relating to

»
y

Figure 16.3 Case study of former glacier sub-marginal multiple till stack at porisjokull, central Iceland (from Evans
etal. 2016); (a) vertical profile log representing the vertical succession of alternating beds of massive and fissile
diamictons (LF2-9), their interpretation as A and B horizon couplets, and their clast macrofabrics; (b) conceptual
model to explain the development of the multiple subglacial tills, which assumes that seasonal conditions impact
upon glacier sub-marginal processes and hence identifies the separation of spring-summer deformation events by a
phase of winter freeze-on. During ‘deformation event 1’ a subglacial traction till comprising A and B horizons
develops over a glacitectonite of former glacifluvial outwash, within which hydrofracture fills are commonly produced
by elevated groundwater pressures. The first till developed over a glacitectonite will be characterised by a basal zone
of sheared inclusions. Plucked blocks derived from bedrock steps below the icefall are delivered to the deforming
layer by meltout of debris-rich basal ice. ‘Deformation event 2’ begins after winter freeze-on of the thin snout ice to
the top of the A horizon, initiating a decollement plane and down-ice displacement of the top of the A horizon. This is
followed by the advection of a new subglacial deforming layer in response to thawed conditions and elevated
porewater pressures in the following spring-summer period. At this time the new B horizon is developed in the top of
the old A horizon and deeper shear planes may develop in the older till units due to deformation partitioning. Specific
processes identified widely in subglacial traction tills, including ploughing, clast lee-side matrix perturbations,
lodgement and abrasion of large clasts, clast collisions and micro-shears (fissility) are also incorporated into the
model. Note that the clast macrofabrics are examples from this study that are indicative of the various levels in the A
and B horizons. The cumulative relative displacement curves are representative of the individual displacement events
and therefore must be combined when assessing the total strain signature for a multiple till sequence. The impact of
potential shearing at depth within a subglacial till is reflected in the alternative curves for deformation event 1.
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changing processes have been proposed (e.g. Piotrowski et al., 2006) and predominantly two-tiered
subglacial till stratigraphies, comprising high-shear-strength diamictons overlain by thick (<5 m)
low-shear-strength diamictons, have been related to ice stream subglacial deformation on the Antarc-
tic continental shelf (e.g. Dowdeswell et al., 2004; O Cofaigh et al., 2005; see below). Additionally, the
A horizons in particular are not very robust when it comes to resisting post-depositional denuda-
tion, as initially evaluated at the time of the Breidamerkurjokull experiments by Boulton and Dent
(1974). We also have to reflect on the observations made in Chapter 15 on paraglacial reworking
and entertain the notion that A horizon classifications are being applied to diamictons that appear
similar to subglacially deformed A horizons but which are instead localised mass flow diamictons;
this might be manifest in some of the typically weak clast macrofabrics found in field settings (Table
8.1). Hence, there are four outcomes in terms of interpreting the weaker fabrics, low-shear-strength
and bubbly texture of some sub-marginally emplaced diamictons: (1) they are A horizons as defined
by Boulton (1979), Boulton and Jones (1979), Boulton and Hindmarsh (1987) and Benn (1995); (2)
they are crevasse squeeze ridge deposits (e.g. Price, 1970); (3) they are mass flow diamictons pro-
duced by till flowage during deformation in a shear zone that becomes increasingly saturated as the
melt season advances, as observed, for example, in the slurrying of a strongly aligned till in the fluted
till of west Fldajokull by Evans and Hiemstra (2005); (4) they are mass flow diamictons created by
post-depositional flowage of till on the surfaces of freshly constructed push moraines (Sharp, 1984).
Clearly, the geomorphic setting, stratigraphic context and architecture of such diamictons is crucial
to arriving at realistic interpretations of their genesis.

The modern glacier snout observations and numerical modelling reviewed above identify a
marginal thickening of subglacially deforming till, a concept developed independently at a regional
scale by Boulton’s (1996a, b) numerical model of regional erosional and depositional zones and till
architecture beneath ice sheets (Figures 9.1), supported notionally by Alley et al.’s (1997) assessment
of subglacial sediment advection by all potential processes, not just deformation (Figure 1.4).
Boulton’s (1996a) theory of regional erosional and depositional zones on a deformable bed stems
from the larger-scale operation of A and B horizons as identified in the south Iceland case studies
(Figure 16.4a). Increasing ice flux leads to the mobilisation of the B horizon due to lowering of the
A/B horizon interface, thereby increasing A horizon net flux and eroding the substrate. Conversely, a
reduction in ice flux near the ice sheet margin leads to a drop in A horizon net flux. For a steady state
ice sheet, this predicts a thickening of, and an increase discharge in, the deforming horizon towards
a sub-marginal zone and hence the development of erosional and depositional (more correctly
accretionary) zones (Figure 16.4b), providing also a solution to clast pavement development (Figure
9.4). Over the growth and decay stages of an ice sheet, sub-marginal thickening wedges of till are thus
predicted to develop during advance and retreat (Figure 16.4c) and thereby develop advance and
retreat phase till wedges whose architecture will vary according to ice margin temporal and spatial
oscillation patterns (Figure 16.4d). Although this model over-emphasises the role of A and B horizon
subglacial deformation, the regional architecture predicted for till thickness in particular appears
to be born out in ancient glacigenic stratigraphies where tills and glacitectonites thicken towards
former ice margins (see below). Removal of soft substrates to create erosional zones was explained in
Chapter 10 in terms of the ‘excavational’ deformation of Hart et al. (1990), Hart and Boulton (1991)
and Hart (1995). This has been related by Boyce and Eyles (1991) to the operation of an erosional
shear zone cutting downwards into substrates or an ‘erodent layer’ by Eyles et al. (2016; Figure 10.6).
The ‘erodent layer hypothesis’ (ELH) invokes wearing surfaces (i.e. ploughing clasts and/or frozen
rafts that protrude from the deforming layer base) to explain subglacial surfaces characterised by
lodgement, deformation and ploughing (Eyles and Boyce, 1998; Figure 6.6), processes that repeatedly
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Figure 16.4 Selected diagrams from Boulton’s (1996a) theory of regional erosional and depositional zones on a
deformable bed: (a) relationship between ice flux and A and B horizon thicknesses. Left panel shows increasing ice
flux associated with higher shear stress and increasing sediment discharge, hence a lowering A/B interface. Right
panel shows decreasing ice flux and longitudinal compression and rising A/B interface.
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Figure 16.4 (b) the pattern of till discharge and hence deposition in relation to grain size and associated porewater
pressure and deformation depth beneath a steady state ice sheet; (c) the changing patterns of till wedge production
over the growth and decay stages of an ice sheet; (d) the spatial and temporal pattern of till deposition in relation to
ice sheet oscillations. Left side shows an ice sheet with a prolonged period of standstill during advance and hence a
substantial thickness of till is deposited during the standstill which is not all eroded during subsequent overriding.
Right side shows ice sheet that readvances to its maximum, thereby producing stacked tills with intervening erosion
surfaces (prime locations for clast pavements). Each ice margin contains a record of advance and retreat tills.

rework and advect the subglacial till to produce overprinted strain signatures and clast pavements at
the thin end of sub-marginal till wedges.

The ELH has been invoked by Eyles et al. (2016) as an alternative to the ‘instability mechanism’ of
subglacial bedform (particularly drumlin) construction advocated by Fowler (2000, 2009, 2010), Dun-
lop et al. (2008), Clark (2010) and Stokes et al. (2011, 2013), which hypothesises that subglacial bed-
forms arise from the deformation and local thickening of subglacial till (Figure 16.5). The instability
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Figure 16.5 The instability mechanism for drumlin formation and subglacial deforming till layer evolution: Left panel
shows a schematic diagram of parameters and underlying principles of the instability theory. Ice and sediment
deformation and sliding at the ice-till interface (A) creates a system prone to the development of an along-flow
instability which in turn creates waveforms (bedforms) at the ice—till surface (B). These then emerge as drumlins of
dominant wavelength (C). The parameters identified in A relate to the flow of ice as a Newtonian viscous material, a
sliding law relating basal shear stress (t) to basal velocity (u), basal effective pressure (N), and sediment flux (g). The
assumption is that granular till will only deform if t > uN, where u is a coefficient of friction. Also assumed is that t
increases with u and N, while g increases with t but decreases as N increases. Importantly, because N in the till
increases with depth below the ice-till interface, till deformation is limited to a thin mobile layer of tens of
centimetres to metres, typical of those observed in modern ice sheets. Right panel shows how drumlins emerge and
till thins through time due to inhibited till continuity (i.e. till transport > till supply). Instability at the ice-till interface
is unstable and becomes wavy but the wavy interface erodes downwards due to inhibited till supply but drumlin
emergence requires a pre-existing, metres thick layer of till (A). As till is removed from the system and thins, some
drumlins are anchored by bedrock perturbations that might act as cores (B). Further till exhaustion leads to the
creation of more obvious drumlin cores (C), crag-and-tail features (D), and eventually a till free bedrock surface (E).
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mechanism provides a potential explanation for thick tills on former ice sheet beds, but Eyles et al.
(2016) highlight a problematic aspect of the theory in that the stratigraphy of drumlin cores in par-
ticular are often not entirely composed of till and, furthermore, appear to be streamlined residuals
of pre-existing sediment over which a thin till cap has been smeared (e.g. Shaler, 1889; Alden, 1905,
1918; Armstrong, 1949; Dean, 1953; Gravenor, 1953, 1957; Jewtuchowicz, 1956; Flint, 1957; Clay-
ton and Moran, 1974; Kriiger and Thomsen, 1984; Whittecar and Mickelson, 1977, 1979; Stephan,
1987; Newman and Mickelson, 1994; Colgan and Mickelson, 1997; Méller, 2006; Schomacker et al.,
2006; Kerr and Eyles, 2007). Additionally, Eyles and Doughty (2016) use the often-reported juxta-
position of rock-cored (Figure 16.6) and sediment-cored drumlins to propose a common erosional
origin, rather than regard them, as well as non-till-cored drumlins, as anomalies or ‘clones’ of the
‘emergent’ instability-formed drumlins (cf. Clark, 2010). It is important to emphasise, however, that
the instability theory encompasses not just the building of till-cored drumlins but also the downward
excavation of the streamlined interface right down to the bedrock substrate in situations where till
supply is restricted. This ‘till continuity control’ (defined as the balance between till transport in the
deforming layer and till supply from substrate erosion and advection from up ice) over deforming bed
thickness is essentially the same process as that envisaged by the ELH. Important research questions
arise from these discussions, including:

(1) How common are till-cored drumlins?

(2) Do they contain tills indicative of the perceived instability process, and indeed what is sedimen-
tologically diagnostic of the instability process?

(3) Where do till-cored drumlins occur, and does their locational pattern fit alternative theories of till
accretion, such as sub-marginal incremental thickening, followed, presumably, by glacier over-
riding and streamlining?

Stokes et al. (2011) attempt to address the problem of drumlin composition but the glacial research
community will likely always be significantly hampered by a lack of representative samples in terms

Figure 16.6 Rock-cored drumlin in the Tweed Valley palaeo-ice stream, exposed by bedrock quarrying near
Coldstream, Scotland. Note the different-coloured multiple till units of <1.5 m thickness.
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of drumlin exposures. We will revisit these research questions below, specifically with a review of the
small number of till-cored drumlin case studies.

The advection of subglacial material by ‘excavational deformation’ or erodent layer development
can be compared with the ‘propagating till waves’ modelled by Leysinger-Vieli and Gudmundsson
(2010), a process that has the potential to build up multiple till units in sub-marginal stacks, as
observed in modern settings (e.g. Evans and Hiemstra, 2005) and inherent within numerical and
theoretical models (e.g. Leysinger-Vieli and Gudmundsson, 2010; Boulton, 19964, b). In stratigraphic
terms, this ‘sub-marginal incremental thickening’ (Evans and Hiemstra, 2005) has been likened to the
process—form regime of ‘punctuated aggradation’ or repeated episodic deposition of one facies on
another by Eyles et al. (2011; cf. Brett and Baird, 1986). This has been demonstrated in an ancient set-
ting by Eyles et al. (2011) using the 16.5-m-thick sequence of Wildfield Till in the Trafalgar Moraine
on the shores of Lake Ontario, Canada. The till thins gradually on its proximal side to 2-m-high flut-
ings overlying shale bedrock and hence forms a ramp or wedge shape deposit comprising multiple till
units separated by deformed silty-clay interbeds or sharp unconformities (Figure 16.7). This model,
and indeed the outcomes of the instability theory illustrated in Figure 16.5, are compatible with com-
mon reports of drumlin fields being best developed immediately up ice of the moraine constructed
at the time as their formation (e.g. Mooers, 1989; Boyce and Eyles, 1991; Patterson and Hooke, 1996;
Colgan et al., 2003; Kerr and Eyles, 2007) and are compatible also with genetically linked fluting and
push moraine associations at modern glacier snouts (Price, 1970; Sharp, 1984; Evans and Twigg, 2002;
Evans and Hiemstra, 2005; Evans et al., 2015a, b).

Punctuated aggradation/sub-marginal incremental thickening has been proposed as an explana-
tion for the occurrence of thick multiple till sequences (‘till moraines’ of Chapman and Putnam, 1951;
cf. Hansel and Johnson, 1987; Colgan et al., 2003; Patterson et al., 2003) along the former margins
of the southern Laurentide Ice Sheet by Boulton (19964, b), Jensen et al. (1996), Eyles et al. (2011)
and Evans et al. (2012a, b, 2014). Although these tills are locally characterised by a macroscopically
massive appearance and have been selected for laboratory shear tests, because they are considered
to be subglacial tills (e.g. Iverson et al., 1996, 1998; Moore and Iverson, 2002; Thomason and
Iverson, 2006; see Chapter 7), marginal thickening appears to have been especially effective where
ice margins have advanced into or oscillated in proglacial lake sediments, the implications of which
will be reviewed below. Some marginal till stacks appear to display stratigraphies similar to those
of modern glacier margins, in that massive diamictons are separated merely by partings between
till units (Figures 8.12a and 16.7; e.g. Eyles et al., 2011). At increasingly larger scales, multiple
tills are separated by stratified interbeds (Figures 8.12b and 11.2—11.6) in laterally extensive and
vertical sequences, indicative of changing subglacial conditions during till accretion. The stratified
interbeds record periods of subglacial meltwater sheet flow or canal infilling and soft-bed sliding
(Chapter 11) between phases of ice—bed coupling and till accretion, during which the stratified
sediments are at least partially, and often intensively, glacitectonised. This is illustrated by the
multiple till sequence reported from central Poland by Piotrowski et al. (2006; Figure 8.3), in which
three till units display phases of alternating deformation and hydraulic decoupling (Figure 16.8).
Further examples of such changing subglacial sedimentation regimes are presented by Boyce
and Eyles (2000) and Meriano and Eyles (2009) for the Northern Till in Ontario, Canada (Figure
11.5) and the tills of the Northumberland coast, England by Eyles et al. (1982; Figure 11.2). More
substantial stratified intra-till beds can represent the widening of canal fills into subaqueous fans
in marginal cavities near glacier grounding lines, as has been described on the eastern English
coast by Davies et al. (2009) and Evans and Thomson (2010), where they form wedge-shaped
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Figure 16.7 A generalised depositional reconstruction (vertical scale exaggerated) for the Trafalgar Moraine and the
Wildfield Till invoking sub-marginal incremental thickening by the deformation mixing and advection of lake
sediments and shale to the ice front (from Eyles et al., 2011): (a) initial overriding and mobilisation of sediment as a
subglacial deforming bed; (b) sub-marginal incremental thickening of Wildfield Till; (c) aerial image of the moraine/till
surface, showing extent of flutings in Wildfield Till and their passage into shale bedrock. Note also the ‘brain-like’
ridge patterns on the till surface indicative of late-stage settling/pressing of stagnant ice.

components at the outer edges of retreat-phase tills and thin up flow to the canal fills (Figures 11.3,
11.4 and 16.9).

It is becoming increasingly clear from both modern processes observations and sedimentologi-
cally based theory, as reviewed in Chapter 6, that these complex till sequences are the product of
the operation of subglacial mosaics of deforming and sliding bed conditions that vary in space and
time, especially near the termini of glaciers and ice sheets. Additionally, it has been proposed that the
locus of deformation may change spatially and temporally so that different deformation events are
partially superimposed, as illustrated by the concept of deforming spots (Figure 16.10a, b) proposed
by Piotrowski and Kraus (1997) and Piotrowski et al. (2004). A similar spatially and temporally chang-
ing, anastomosing rather than patchy, pattern of till deformation has been proposed by Shumway
and Iverson (2009; Figure 16.10c) to explain spatially variable fabric alignments that do not record
a bed-parallel simple shear regime. More recently, Phillips et al. (2013a, in press) have employed
localised microscale structures within tills, such as alternating layers of diamicton with laminated silt
and clay and ‘vinaigrette’ patterns to propose that localised liquefaction events (e.g. Figure 6.12b) had
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injected the till with pressurised water, disrupting the matrix (vinaigrette) and momentarily inducing
basal sliding (Figure 16.11); laminated sediments were deposited by water trapped along the ice—bed
interface after the ice had recoupled with its bed and hence the interbedded diamict and stratified
layers record intermittent ice—bed separation and recoupling. Attenuation of such deposits after
their emplacement could be envisaged as being an effective way of creating glacitectonic lamination
and pseudo-stratified diamictons at the ice—bed interface, particularly as the rafting and attenuation
model depicted in Figure 6.22a does not satisfactorily explain the ‘stratification’ in such materials.
The possibility of localised liquefaction and flowage or at least dilation of till at the ice—bed interface
in this way was employed by Evans et al. (2006b), to develop a model of spatially and temporally
variable deformation (Figure 16.12) in which patches of mobile A horizon moved through the bed
whenever the till-matrix framework broke down (Chapter 10; Figure 10.1). Such events, if they took
place immediately prior to final till emplacement, would be effective in weakening clast macrofabrics
as well as introducing the water escape features now widely observed, especially at microscale, in tills.

These notions of changing till properties and behaviour, including the potential viscous slurry-like
behaviour of tills, were elucidated by Menzies (1987, 1989) in his classification of hard, mobile and
quasi-mobile zones (H, M and Q beds), the spatial and temporal migration of which were developed
by van der Meer et al. (2003; Figure 16.13). The hard or ‘H beds’ are characterised by high meltwater
activity at their surface (dendritic channels, linked cavities, water films; 4, 5 and 7 in Figure 6.13) and
represented by either rock or sediment that is frozen or of low conductivity. This could include till
that has effectively stabilised due to processes such as strain hardening or constructional deforma-
tion. Mobile or ‘M beds’ are composed of saturated till wherein free meltwater flow is limited and
hence is transferred only by bulk movement in a deforming layer (1 in Figure 6.13), giving rise to
advective pervasive flow of soft saturated debris. Quasi-mobile or ‘Q beds’ represent a combination
of the H and M bed types but both are spatially and temporally transitory at a localised scale. The
Q bed type is regarded as the most common beneath glaciers and ice sheets by van der Meer et al.
(2003), who consider the deforming bed to be a matrix of variations in composition, water content,
shear strength and applied shear stress levels which interact with variations in thickness and velocity.
Such a scenario has been proposed to explain vertical changes in till properties by Lian and Hicock
(2000), in a till evolutionary model that involves lodgement followed by till thickening and elevated
porewater pressures, in turn leading to deformation and even flowage as a viscous slurry; dewatering
and stiffening then lead to brittle deformation being superimposed on early ductile structures.

As a consequence of these perceived spatial and temporal changes, inter- and intra-till proper-
ties will inevitably reflect complex formational histories or constitute genetic hybrids (e.g. Dreimanis
et al., 1987; Hicock, 1990; Hicock and Dreimanis, 1992a, b). Additionally, multiple tills, often but

<
<

Figure 16.9 Examples of the changing architecture of stratified intra-till beds where former canal fills moved across
the ice-till interface and also widened into subaqueous fans near glacier grounding lines. Upper panel shows the
three-dimensional architecture of canal fills in the Northumberland tills of northern England as reported by Eyles et al.
(1982) from the repeatedly quarried face of an open cast coal mine. The till units are bounded by erosional surfaces
and the line of section lies transverse to former ice flow direction. Main features include: 1 - striated rockhead;

8 — channel fill; 9 - diapiric till intrusion up into the base of a channel; 10 - channel sidewall failure; 11 - upper
surfaces of cut and fill channels partially eroded by ice flow, thereby resulting in deformed inclusions in overlying till;
13 - slickensided bedding plane; 18 — base of postglacial weathering profile. Note that the sections a-c represent
sequential faces exposed by quarrying and that this allows the visualisation of the ribbon-like cut and fill channels
orientated sub-parallel to ice flow and wedging-out of certain till units. Lower panel shows the regional stratigraphy
of subaqueous fans (LFA 2) deposited in association with the Skipsea Till (LFA 1) at the margin of the North Sea Lobe
on the eastern English coast (after Evans and Thomson, 2010). The wedge-shaped fans grade up-ice into canal fills in
the Skipsea Till.

315



316

16 Till Spatial Mosaics, Temporal Variability and Architecture

Ice
(a)
t ty t3 ty Time
[JUndeformed bed [T Past deformation
[_Present deformation [l Sum of deformation
Deforming spots
(b)
Shear strength z;
Shear strees ¢

(c) Ice flow

Time 3

_______ \Time2

____ Time 1
‘.‘. = A‘-'. ..bsbn.:s ¥
. — 7 ~Shearedtl "

Figure 16.10 Schematic reconstructions to illustrate the general concept of the stable/deforming subglacial bed
mosaic: (a) Diagram to show how the position of deforming spots on the bed changes spatially and temporally. This
produces overprinted deformation signatures in the subglacial material (from Piotrowski et al., 2004). (b) Subglacial
deforming/sliding bed mosaic proposed by Piotrowski and Kraus (1997), which compares subglacial shear stress ()
with sediment shear strength (z,). The shear stress is lower than the sediment shear strength wherever high basal
water pressures cause ice—bed decoupling. Elsewhere, the bed develops deforming spots. (c) Model of anastomosing
rather than patchy pattern of till deformation proposed by Shumway and Iverson (2009).
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Figure 16.11 Schematic diagram linking microscale structures in specific thin sections from subglacial tills to the development of alternating layers of
diamicton with laminated silt and clay and ‘vinaigrette’ patterns (pseudo-stratified diamictons), as a product of localised liquefaction events at the ice-bed
interface (from Phillips et al. in press).
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spatial distribution of ‘H’, ‘Q’ and ‘M’ beds under a glacier; (E) theoretical maps at two time slices (Ei and Eii) of the possible distribution of ‘H’,‘Q" and ‘M’ beds,

showing the potential temporal variability of the deforming bed.
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not exclusively with distinctly different provenances, have also been explained as the superimposed
subglacial imprints of competing ice lobes within ice sheets (e.g. Broster and Dreimanis, 1981; Rap-
pol and Stoltenberg, 1985; Stea and Brown, 1989; Hicock and Fuller, 1995; Hicock and Lian, 1999),
which based upon the marginal thickening concepts developed above it is possible to envisage as
a vertical accretion of lithologically and/or sedimentologically and structurally distinct till units.
Boulton (1996a) has provided an explanation of vertically stacked tills of distinct lithological com-
positions based upon an understanding of the ice travel distance over specific bedrock outcrops
(Figure 16.14), emphasising the importance of locally derived materials. This illustration that a till is a
blend of all the bedrock lithologies that it travels over must be modified, however, in situations where
lowland glacier lobes have moved over and reworked substantial depo-centres that already contain
blends of lithologies derived from regions previously traversed by ice sheets, good examples being
marine and large lake basins. An example of where this has likely taken place is presented by Boston
et al.(2010), based upon the East Yorkshire tills and associated deposits of the former North Sea Lobe
of the British—Irish Ice Sheet. Here, the geochemical signatures of folded and stacked till units do not
everywhere reflect a gradual transition in lithological composition, as predicted by Boulton’s (1996a)
model, but are instead repeated vertically throughout exposures through morainic ridges. This ver-
tical repetition is thought to reflect the independent structural evidence that the till units have been
deposited through the folding, attenuation and stacking of offshore marine deposits and proglacial
lake sediments as a result of competing ice flow units within the North Sea Lobe moving onshore and
initiating glacitectonic transposition (Figure 16.15).

The example of the East Yorkshire depositional setting briefly described above demonstrates that
marginal thickening of deposits traditionally classified as ‘tills’ is not always achieved just by till wave
propagation/advection but also by predominantly ductile styles of glacitectonic construction such as
in folds and fold nappes. The strain markers that appear ubiquitous in such marginal sediment wedges
indicate not only their style of construction but also their primary origin, often not as true tills but as
stratified deposits modified into glacitectonites. The complex array of depositional processes
operating at glacier margins, as reviewed in Chapter 15, is clearly significant in the generation of
source materials for the development of such sub-marginal glacitectonite and till assemblages,
especially at oscillating ice margins (e.g. Figure 15.2c). Indeed, low—moderate strain deformation
is recorded in many classic ‘multiple till’ stratigraphies, some that are clearly sub-marginal (e.g. the
‘North Sea Drifts’ of East Anglia in England and the ‘Irish Sea Till’ of the southern Irish Sea Basin;
Eyles et al., 1989; O Cofaigh and Evans, 2001a, b; Evans and O Cofaigh, 2003; Phillips et al., 2008;
Figure 16.16) and others that are likely to have been (e.g. the Southern Alberta Ice Stream deposits
of the Canadian prairies; Evans et al., 2008, 2012a, 2014; Figure 16.17).

In the Irish Sea Basin and Canadian prairies examples, ice sheet advance resulted in the damming
of regional drainage networks, thereby creating vast glacilacustrine sediment sinks into which a
wide array of subaqueous deposits, including mass flow and dropstone diamictons, accumulated in
front of advancing and oscillating ice margins (Figures 15.20—15.23). On the southern Irish coast,
the ‘Irish Sea Till' comprises glacitectonite derived from pre-existing periglacial, offshore marine
and glacilacustrine deposits (Figure 16.16). The incorporation of periglacial deposits in the ‘till’ is
evidenced by the presence of folded, thrust, attenuated, and boudinage type inclusions or rafts of
the local ‘head’. Additionally, prominent transition or amalgamation zones occur between the head
and overlying shelly diamicton (classic ‘Irish Sea Till’), as defined by pseudo-laminated or stratified
diamicton composed of attenuated inclusions of head and shelly diamicton. A vertical succession of
deformation intensity is also apparent in the sequences, comprising undisturbed or lightly deformed
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Figure 16.14 A theoretical diagrammatic explanation of vertically stacked tills of distinct lithological compositions (from Boulton, 1996a). This shows bulk
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Figure 16.15 Reconstruction of North Sea ice lobe dynamics and deposition of the traditional till units of eastern
England as an explanation of till lithological signatures (from Boston et al., 2010): (a) initial ice advance over the
‘Basement’ Till, created ponding and the deposition of the Dimlington Silts; (b) incorporation of the Dimlington Silts
into the subglacial traction layer and mixing with more distal sediments; (c) compression and folding of the ‘Skipsea’
Till at the ice margin and over-deepening in the sub-marginal zone; (d) ice margin retreat across Holderness and
sedimentation in Glacial Lake Holderness; (e) overriding of the stratified sediments by readvancing ice margin and the
cannibalisation of some stratified sediments into the ‘Withernsea’ Till; (f) production of a push moraine at Dimlington
High Land during a major ice advance.



16 Till Spatial Mosaics, Temporal Variability and Architecture

head, overlain by more heavily deformed head, overlain by a transitional zone of deformed and
attenuated head and diamicton, overlain in turn by massive diamicton with deformed sediment
inclusions.

On the Canadian prairies, the lobate southern margins of terrestrially terminating palaeo-ice
streams are demarcated by large arcuate assemblages of complex glacigenic sediment sequences,
containing diamictons up to 20 m thick. As we have seen in previous chapters, such thicknesses
are not typical of subglacial tills but can be reconciled with models proposing the sub-marginal
accretion of deforming layers or stacking of glacitectonites, especially as the sediment sequences
display clear evidence of glacitectonic deformation and stacking, such as large-scale fold and shallow
reverse fault structures associated with deformed bedrock rafts and intra-clasts. The individually
thick units or sequences of diamicton are explained by Evans et al. (2012a) using a combination of
two sets of processes (Figure 16.17). First, glacier-marginal till thickening, which produces stacked
till sequences or wedges in areas where the ice stream margin was stationary for short periods of
time, a scenario documented also for the southern Laurentide Ice Sheet lobes by Johnson and Hansel
(1999; Figure 16.18) and Eyles et al. (2011; Figure 16.7). The occurrence of multiple subglacial tills,
because their accretion is known to be annual in some modern settings, potentially represents a
record of annual sub-marginal incremental thickening; this scenario is entertained by Evans et al.
(2012a), specifically because densely spaced recessional push moraines also document the early
retreat history of the Canadian prairie ice streams, landforms clearly associated with annual till
propagation in many modern temperate glacier snouts (Evans et al., 2008). Second, accumulation
of mass flow diamictons, interdigitated with glacilacustrine deposits and created by gravity-induced
slumping of ice—marginal till aprons directly into lake waters occupying ice-dammed preglacial
valleys. These till aprons and diamictons were fed directly by the advection of sub-marginal till
over valley thalwegs. In addition to these two processes, glacitectonites are ubiquitous due to
the extensive overriding and deformation/cannibalisation of the substantial thalweg infills. The
widespread occurrence of thrust bedrock masses in the tills and glacitectonites of the region have
long been explained as the products of elevated porewater pressures created by ice flow against
preglacial valley-side scarps orientated transverse to ice flow (Tsui et al., 1989); the liberation of
bedrock blocks from pre-existing valley floor badlands is also thought likely by Evans et al. (2012a)
to be a potential source of rafts. Finally, the overprinting and stacking of regional till sheets has
been a characteristic of competing palaeo-ice stream lobes whose dominance has switched during
advance and recessional oscillations and has given rise to changing sediment provenance through
time, as reflected in the traditional nomenclature of the regional tills (i.e. Stalker, 1963, 1969, 1983;
Stalker and Wyder, 1983).

The spatial architecture of tills as outlined in the case studies reviewed above has been explained
largely as a function of sediment advection from erosional to depositional zones in sub-marginal set-
tings, augmented at some ice margins with glacitectonic folding and thrust stacking. Critical to the
functioning of the process of incremental thickening, punctuated aggradation or propagating waves is
‘till continuity’ (Figure 16.5). In addition to subglacial deformation (Boulton, 1996a; Evans and Hiem-
stra, 2005; Eyles et al., 2011), the feeding of sub-marginal till stacks is achieved at the same time by
Alley et al.’s (1997) integrated system of sediment transfer (Figure 1.4), illustrated above by examples
of meltwater networks and glacitectonic folding and thrusting but also involving ice-marginal pro-
cesses such as supercooling and melt-out till formation. If a till is to be maintained elsewhere on an
ice sheet or glacier bed, it must be replenished by processes operating up flow, hence the concept
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of till continuity (Alley, 2000; Iverson, 2010). In Chapter 6, it was demonstrated that material was
added to the subglacial traction zone in a variety of ways, including regelation and melting, ice keel
ploughing and shear zone development, making up for till loss by down-ice advection. However, once
atill reaches a critical threshold thickness, it will seal off the source of further till-forming ingredients.
Cuffey and Paterson (2010) provide an assessment of how deforming layer tills are maintained or
sustained over time at any one location, specifically identifying the time variation in till thickness (%)
as dependent on debris supply and outflow:

oh

ot
where 3, is till deposition rate from the ice, $, is the rate of erosion from the underlying substrate, g,
is the till flux conveyed by shear, and ¢, is the sediment flux transported by water.

Hence, Iverson (2010) highlights that wherever a till layer of more than a few decimetres thick-
ness occurs at the ice—bed interface, 5, will tend to be small, thereby initiating a depletion in the till
layer unless areas of the substrate are exposed up flow and can be eroded to provide material to till
further down flow (Cuffey and Alley, 1996; Alley, 2000). Till continuity can be compounded in hard
substrate settings because meltwater drainage systems can flush out subglacial sediments, although,
as we have seen above, deforming tills and subglacial meltwater channels appear to be able to co-exist
and indeed operate as a coupled system of sediment advection (Figure 6.13) to produce sliding bed
deposits (Chapter 11).

Although the thickening and stacking/overprinting of multiple tills has been related above to
former sub-marginal environments, and such environments have been acknowledged as likely being
over-represented in till stratigraphic studies, there is a growing knowledge base on the nature and
likely behaviour of tills in more subglacial locations. The inaccessibility of modern ice sheet beds
was highlighted in earlier chapters as representing a severe challenge to the establishment of a more
confident set of definitive predictions on subglacial process—form regimes, but recent successes
in remotely sensing large areas of ice sheet beds have given us a tantalising glimpse of the spatial
and temporal operation of deforming beds. Repeat observations have enabled Smith ez al. (2007)
and Smith and Murray (2009) to monitor the changing mosaic of sliding/erosion and subglacial
bedform construction beneath the Rutford Ice Stream, Antarctica. Bed elevation changes between
1991 and 2004 indicated a broadly small thickening or thinning of a deforming layer overlying a
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Figure 16.16 The sub-marginal stratigraphy of the ‘Irish Sea Till’ and associated deposits of the southern Irish Sea
Basin (after O Cofaigh and Evans, 2001a, b; Evans and O Cofaigh, 2003): (a) reconstructions of the ice dynamics and
associated deposition of glacigenic sediments along the Irish south coast (from O Cofaigh et al., 2012) - (1) onshore
advance of the Irish Sea Ice Stream onto the coastline, depositing the Irish Sea Till as a glacitectonite derived from
offshore stratified deposits, (2) withdrawal of Irish Sea ice from the coastline and formation of ice dammed lakes and
sedimentation in coastal embayments, (3) offshore flow of inland ice from southwest and central Ireland onto the
continental shelf forming a series of inland tills which cap the stratigraphic sequence, (4) ice advance onto the
continental shelf; (b) idealised cross-section through the sediment-landform assemblages of the southern Irish coast
in the context of the time-distance diagram of erosional and depositional zones and advance and retreat tills
proposed by Boulton (1996a). The ‘advance tills’ and ‘retreat tills’ in this location are glacitectonically disturbed
proglacial sediments and glacitectonites (Irish Sea Till), as typified by Kilmore Quay; (c)-(g) examples of the
glacitectonites that comprise the Irish Sea Till, showing pseudo-stratified or pseudo-laminated diamictons, with
attenuated and folded inclusions of pre-existing stratified sediments cannibalised from the Irish Sea Basin, including:
(c) glacitectonic lamination at Kilmore Quay; (d) periglacial ‘head’ drawn upwards into Irish Sea Till; (e) attenuated
gravel inclusions at Kilmore Quay; (f) laminated diamicton overlain by homogenised massive diamicton at Whiting
Bay; (g) glacitectonic lamination at Whiting Bay.
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non-deforming substrate, thickening being greatest at the location of emerging drumlins with mean
heights of 22 m and many extending for up to 2 km along flow (Figure 16.19). This verifies not only
the models of till mosaics described above but also that pervasive deformation operates up to at least
a few metres into the bed and can persist over an area of many square kilometres (cf. King et al.,
2007, 2009). Interestingly, evidence of canals operating at the ice —till interface was also identified by
King et al. (2004) and Murray et al. (2008), verifying theoretical models of alternating deforming and
sliding subglacial regimes.

The existence of a deforming and streamlined, presumed dilatant, till layer up to a few metres thick
overlying a thicker substrate of presumed stiff till, is typical of extensive areas of the deglaciated con-
tinental shelf around Antarctica. In those ancient tills, basal diamictons with high shear strengths are
capped by low-strength diamictons up to 5 m thick with surfaces displaying well-developed MSGL.
The latter are thought to be a record of coupling of ice streams and their deforming till layer, with
all meltwater being evacuated through the till matrix (e.g. Dowdeswell et al., 2004; O Cofaigh et al.,
2005). As was discussed in Chapter 8, the origins of such diamictons and their associated bedforms
are problematic in terms of modes of till emplacement; for example, clast macrofabrics indicated
that there is a contrast between Spagnolo et al.’s (2016) apparently strongly sheared MSGL tills and
the apparently non-pervasively deformed MSGL tills of O Cofaigh et al. (2013), a contrast that may
be related to grain size variability but potentially also the strength of coupling between the shear-
ing medium and the overriding ice. The occurrence of relatively thick (<5 m) low-shear-strength
diamictons with strongly fluted surfaces are more difficult to reconcile with the four outcomes used
at the beginning of this chapter to explain similar sub-marginally emplaced diamictons, with the
exception of outcome (1) that they are A horizons as defined by Boulton (1979), Boulton and Jones
(1979), Boulton and Hindmarsh (1987) and Benn (1995) and potentially outcome (3) that they are
mass flow diamictons produced by till flowage during deformation in a shear zone that becomes
increasingly saturated as the melt season advances. Both scenarios are potentially enhanced by the
fast flow of marine-based ice streams as well as their operation close to buoyancy. The impact of
ice—bed decoupling and sediment moulding during the later stages of till emplacement have been
invoked by Eyles et al. (1999, 2011) and Boone and Eyles (2001), applying earlier concepts of Stalker
(1960), to explain till surface features such as ‘brain-like patterns’, humdrums’, ‘rim-ridges’ and var-
ious hummocky landforms that grade up-flow into drumlins and flutings (Figures 16.7 and 16.20).
This model of relatively low-strain ice pressing may not be always manifest in such well-developed
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Figure 16.17 The sub-marginal ‘multiple till’ stratigraphies of the Southern Alberta Ice Stream on the Canadian
prairies (after Evans, 1994; Evans et al., 2008, 2012a, 2014): (a) Idealised reconstructions of the ice dynamics and
sedimentary processes hypothesised as the origins of the thick diamicton sequences of southern Alberta. This
communicates two, often co-existing, depositional scenarios, including: (1) glacier-marginal till thickening and
stacking of till wedges at temporarily stationary ice stream margins and (2) proglacial lake and valley infilling with
glacilacustrine rhythmites and mass flow diamictons associated with the advection of sub-marginal till into preglacial
bedrock depressions. Added to this are the processes of glacial overriding/deformation of valley infills and the
dislocation and entrainment of bedrock rafts, leading to the widespread development of glacitectonites and
megablocks. (b) Multiple massive to laminated and deformed diamictons overlying preglacial gravels and including
rafts of Cretaceous bedrock, Wolf Island. (c) Laminated diamicton and sandy gravel lens, Bain Bluff, Medicine Hat.
(d) Massive diamicton overlying heterogeneous and stratified diamictons, One Tree Creek, Dinosaur Provincial Park.
(e) Heavily contorted massive diamicton in the middle of heterogeneous/stratified diamicton, One Tree Creek,
Dinosaur Provincial Park. (f) Cretaceous bedrock rafts in diamictons at Fort Whoop Up, Lethbridge. (g) Multiple
diamictons, including stratified, laminated and massive varieties, Bain Bluff, Medicine Hat. (h) Heterogeneous
diamicton or melange, Little Sandhill Creek, Dinosaur Provincial Park.
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Figure 16.18 The products of ice sheet marginal till thickening, in the form of stacked till sequences or wedges that
mark the oscillating lobes of the southern Laurentide Ice Sheet in lllinois (after Johnson and Hansel (1999). Upper
panel shows the architecture of the superimposed till wedges along the transect marked by the dashed line in the
middle panel/map of the moraines in the region (from Fullerton et al., 2003). Lower panel shows the chronology of ice
marginal oscillations along the transect.
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Figure 16.19 Selected results from the remote sensing of evolving subglacial bedforms beneath the Rutford Ice
Stream, Antarctica: Upper panel shows a three-dimensional image of the bed looking in the downstream direction
and colour shaded based on the difference between the short-wavelength topography and a long-wavelength trend
surface. The topography is dominated by MSGLs. Inset box shows an example radar profile (from King et al., 2009).
Lower panel shows a similar view with specific bedforms highlighted (from Smith and Murray, 2009).

landform generation, as depicted in Figure 16.20, but instead in weak fabrics, localised till flowage
and gravity loading structures associated with subsequent outwash sedimentation (e.g. Figures 15.17
and 15.18).

Where till continuity is restricted on glacier beds, most usually in hard-bedded terrains, tills will
thin out, especially over bed protuberances. This can take place even in lowland settings where
bedrock protrudes above the feather ends of sub-marginally thickening wedges. Consequently,
relatively intensive bedrock quarrying can proceed even late on in a glacial cycle due to the gradual
thinning or even complete removal of a protective deforming layer. In Chapter 14, this was proposed
as a mechanism for introducing freshly plucked bedrock blocks to subglacial till layers (Figure 14.5),
especially where well-jointed bedrock is prone to till/glacitectonite being squeezed into its crevices
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Figure 16.20 Conceptual model proposed by Eyles et al. (1999) to explain the development of subglacially moulded
(squeezed) terrain comprising till-cored hummocks, plateaux, rim ridges and corrugated ridges or ‘humdrums’. Note
also the association with till eskers and crevasse-squeeze ridges.
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Figure 16.21 Details of the subglacial materials in a relatively sediment-depleted zone of the Tweed palaeo-ice
stream bed. Upper panel shows some typical thin till profiles overlying various bedrock types on the ice stream bed
(from Kerr, 1978). Lower panel shows section sketch and vertical profile logs of the outcrop depicted in photograph in
Figure 16.6 and displays the nature of the glacitectonised sandstone bedrock and overlying amalgamation zone of
bedrock rafts and till. Thin section images show the details of the inheritance of bedrock fragments in the till at this
site rendering it similar to pulverised bedrock/melange (from Channon, 2012).
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(Broster et al., 1979; Harris, 1991; Evans et al., 1998; Figure 14.5). Alternatively, in the absence of
a deforming layer till, shear zones may migrate downward by exploiting sub-horizontal jointing
or bedding (Knill, 1968; Money, 1983; Harris, 1991; Hiemstra et al., 2007; Evans and O Cofaigh,
2008). In smaller mountain glacier systems (e.g. Evans et al. 2016), an abnormally wide range of
clast angularity values in subglacial tills may reflect the localised input of freshly plucked and hence
relatively highly angular blocks to the deforming layer, a characteristic of stepped bedrock profiles.
On lowland ice stream beds, the juxtaposition of rock-cored and sediment-cored drumlins has been
explained by the instability theory and the ELH (Figures 10.6 and 16.5), wherein the downward
excavation of the streamlined interface can reach the bedrock substrate if till supply is restricted.
Hence, till continuity controls both deforming bed thickness and the localised cannibalisation and or
mobilisation of some bedrock lithologies. This is well illustrated on the bed of the Tweed palaeo-ice
stream in Scotland where rock-cored drumlins are overlain by patchy or thin tills with locally
sourced bedrock rafts (Kerr, 1978; Channon, 2012); the upper zone of the bedrock is commonly
glacitectonised, plucked of angular clasts and partially amalgamated into the till (Figures 16.6 and
16.21), thereby constituting a vertical glacitectonite—till continuum in a zone of an ice stream where
till supply was close to exhaustion.
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Concluding Remarks: The Case for a Simplified Nomenclature

Out of intense complexities, intense simplicities emerge.
Winston Churchill

Diamictons are one of the most ubiquitous deposits on the Earth’s surface and in the bedrock record.
Although they are mostly associated with glacial and/or paraglacial processes in glaciated basins, the
role of gravity mass flows in both subaerial and subaqueous settings and rafting (sea ice and sea-
weed in addition to iceberg rafting; cf. Reimnitz and Kempema, 1988; Gilbert, 1990) are significant
in diamicton production in environments beyond any direct glacial influence. Our expanding knowl-
edge base on such non-glacial diamictons has fostered an appreciation that large volumes of such
material will inevitably dominate over subglacial diamictons (‘tills’ as they are defined in this book)
in glaciated basins. Moreover, the differentiation of tills and other glacigenic diamictons requires
intensive sedimentological investigation at a range of scales from thin section right up to regional
architecture. Such investigations allow us to differentiate between subglacial versus supraglacial and
other ice-contact deposits and hence isolate diagnostic criteria of sediment production in the sub-
glacial traction zone. Traction zones are critical to the genetic classification of many deposits, because
they relate sedimentological process to form, whether it be on river beds or on aeolian dune surfaces.
Hence, Evans et al. (2006b) proposed the term ‘subglacial traction till’ for diamictons created within
the traction zone (i.e. the ice—bed interface) of glaciers and ice sheets.

Simplified nomenclatures have been proposed on a number of occasions throughout the history of
till research. For example, it was explained in Chapter 3 that the umbrella term ‘subglacial till’ was
entertained by Dreimanis (1989), based upon numerous acknowledgements (e.g. Anderson et al.,
1980, 1986; Kemmis, 1981; Bergersen and Garnes, 1983; Dreimanis, 1983; Lundqvist, 1983; Stephan
and Ehlers, 1983; Ringberg et al., 1984; van der Meer et al., 1985; Rappol, 1985; Hansel and Johnson,
1987) that the sedimentological signatures of lodgement, melt-out, deformation and undermelt could
not be unequivocally diagnosed in till deposits. Nevertheless, glacial sedimentologists have invested
much effort in generating a genetic classification scheme for till, especially subglacial till, that purveys
a sense of precision that we now view as unlikely to be realistic, based upon recent developments of
our understanding of glacier beds to be spatial and temporal mosaics.

Such spatial and temporal variability was acknowledged by Hicock’s (1990, 1992) concept of a
genetic ‘till prism’ or ‘spaghetti prism’ (Figure 17.1), in which the broad range of tills and related
diamictons could be viewed three-dimensionally as a continuum and even used to depict the defor-
mation history/changing rheology of materials emplaced at one location by different ice lobes. The
spaghetti prism in particular engaged with the changing ductile to brittle styles of deformation as
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well as the tendency for a till to be subject to flowage, hence the divergence of the till behaviour
arrow away from deformation and lodgement modes towards mass movements or ‘secondary tills’.
The wider spatial implications of the overprinting of tills, as identified by Hicock’s (1992) model, are
captured in Boulton’s (19964, b) migrating erosional and depositional zones over time and the con-
comitant development of partially superimposed advance and retreat tills. The continuous evolution
of the subglacial meltwater system and its interaction with, and dynamic control of, the deform-
ing till bed must also be incorporated into such spatio-temporal models of till genesis. Because the
dynamics of the overriding ice must also be taken into account, for example, in situations where ice
motion is driven more by mechanisms external to the deforming/sliding bed such as surging, calving
and drawdown and ice quakes, Phillips et al. (in press) have compiled a summary model of ice—bed
interface processes (Figure 17.2) that evaluates the combined roles of deformation, meltwater and ice
fracture (quakes). This creates an environment that they term the ‘transient mobile zone’ (also ‘active
layer’ of Evans et al., 2006b) in which spatially and temporally restricted liquefaction events lower the
cohesive strength of tills and thereby cause them to accommodate the shear imposed by the overrid-
ing ice by a process called ‘soft-bed sliding’. Either side of this state, both temporally and spatially,
raised or reduced water contents can bring about basal sliding or sticky spot states, respectively; the
potential for overprinted sedimentological and structural signatures in till deposits is therefore infi-
nite, rendering classifications specific to individual processes — such as ‘lodgement’, ‘squeeze flow’
and ‘comminution’, for example — at best premature but most likely untenable. All such deposits
have certainly been deformed, but ‘deformation till’ is also an inappropriate term, largely because it
is redundant, but more specifically because the alternative ‘lodgement till’ relates to only one process
component involved in the emplacement of subglacially sheared materials.

A three-fold classification scheme for subglacial materials was proposed in Chapter 3, following
recommendations by Evans et al. (2006b), and includes ‘subglacial traction till’, ‘glacitectonite’ and
‘melt-out till'. The process—form regimes that are inherent within the largely overprinted deposi-
tional and structural signatures in subglacial traction tills include lodgement, cavity fill, deformation,
soft-bed sliding/ploughing and sliding bed meltwater flow (see Chapters 6, 9—11). A depositional
continuum exists between subglacial traction tills and glacitectonites where the latter are progres-
sively homogenised after being liberated by deformation processes from pre-existing materials. Benn
and Evans (2010) argued for the inclusion of melt-out till in the subglacial traction till classification
scheme, largely to accommodate the important observations of Ham and Mickelson (1994) at Bur-
roughs Glacier, Alaska, where melt-out till appears to underlie a subglacial till surface and hence was
likely overrun before it had melted out. The implications of these observations are that the tills have
undergone multiple cycles of emplacement and that the melt-out/debris-rich ice facies are part of
an overridden apron and hence are inextricably linked with subglacial processes as a type of glaci-
tectonite. Hence, it is important to maintain melt-out till as a separate end member, despite its poor
preservation potential (Chapter 13).

The term ‘subglacial traction till’ may ultimately be regarded as somewhat cumbersome, in that the
deliberations on genetic labelling as presented in the preceding chapters of this book have aligned the
term ‘till’ specifically and exclusively with the subglacial traction zone and hence till cannot be pro-
duced in any other location. Hence, the words ‘subglacial traction’ are strictly redundant but retained
at this juncture in order to emphasise the specificity of the process—form regime to which ‘till’ is
allocated. ‘Subglacial traction till’ is defined as:

Sediment deposited at a glacier sole, the sediment having been released directly from the
ice and/or liberated from the substrate and then disaggregated and completely or largely
homogenised during transport.
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Figure 17.2 Schematic ternary diagram showing the relative effects of deformation, increased meltwater and ice
quakes as potential triggers for soft-bed sliding versus bed deformation versus basal sliding as the main mechanism
for glacier motion (from Phillips et al., in press).

This definition encompasses products that may be at least partially recognisable in specific, but
commonly overprinted, sedimentological or structural signatures, including: (i) ploughing and
lodgement; (ii) localised lee-side cavity filling; (iii) stratified sediments deposited by water films
and channels associated with sliding bed processes; (iv) localised pseudo-lamination or vinaigrette
structures created by stick-slip/liquefaction or soft-bed sliding.

The raw materials for subglacial traction till are derived from melt-out from the ice base, quarrying
and abrasion of hard rock surfaces where they protrude into the shear zone, and the excavation/
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cannibalisation of particles or particle aggregates (e.g. tectonic slices) from weaker substrates.
Within the traction zone, sediment can be continuously reworked in water films and canals at the
ice—sediment interface or within the till. High till porewater contents can also result in mixing
through liquefaction. Subglacial deformation can alternate with ice—bed decoupling and sliding,
debris freeze-on and melt-out, especially in sub-marginal settings. Deformation takes place down to
only a few metres at most, often at depths of less than 1 m, and in more heterogeneous materials will
be partitioned according to sediment rheological properties. In homogenous tills, zones of maximum
strain will migrate vertically in response to changing porewater pressures, even on a diurnal basis, to
create complex cumulative strain patterns (Figure 17.3). In any location, the production of subglacial
traction till relies upon continuity of debris supply and hard rock beds are less likely to maintain
that supply as well as soft substrates and/or pre-existing sediment piles. Hence, lowland terrains are
prime locations for the maintenance of subglacial deforming layers, comprising first glacitectonites
and subsequently subglacial traction tills. As Iverson (2010) demonstrates, it is also meltwater that
plays a significant role in modulating till continuity, and hence we should expect till stratigraphies to
display significant stratified components. With these controls on subglacial traction till production
in mind, Boyce and Eyles (2000) provided a simplified sedimentological and stratigraphic approach
to describing and interpreting the spatial and temporal mosaics of typical subglacial sequences
based on architectural element analysis (Figure 17.4). Superimposed subglacial deformation events,
punctuated by phases of ice—bed separation and subglacial meltwater sheet flow typically produce
three architectural elements with characteristic internal structures, separated by and including
seven orders of bounding surface. The ‘deformed zone’ (DZ) comprises glacitectonised pre-existing
sediment or glacitectonite. This is commonly overlain by multiple ‘diamict elements’ (DE), which can
be separated by erosional surfaces, clast pavements and ‘inter-bed elements’ (I) of stratified sediment.
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Figure 17.3 Theoretical cumulative displacement curves through subglacially deforming till showing (left) a simple
vertical decrease in displacement, as portrayed in the Breidamerkurjokull case study and (right) a complex curve
depicting multiple failure loci due to deformation partitioning in which the displacement curve represents the
differential horizontal displacement with depth. Areas shaded blue are those in which significantly greater numbers
of failure events take place.
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The conceptual model of Evans et al. (2006b) is now used in a modified form (Figure 17.5) to sum-
marise the sedimentology, stratigraphy and architecture of subglacial traction till, glacitectonite and
associated ice—bed interface deposits. Vertical profile logs A-G show the typical sequences of sub-
glacial deposits in relation to different types of dominant ice—bed interface processes, but not all are
necessarily coeval. The graphs to the right of each vertical profile log indicate the likely relative dif-
ferential pattern of cumulative horizontal displacement/strain created by deformation partitioning.
The light blue shaded area of the glacier bed represents the subglacial traction till or till sequence.

Sequence A represents glacitectonite developed in pre-advance lake sediments (DZ) capped by a
subglacial traction till acting as an erodent layer. Such localised pockets of soft substrate are critical to
till continuity in upland landscapes and areas of thin tills over scoured bedrock (e.g. Figures 14.4b and
14.23). Sequence B represents lee-side cavity fill diamicts and crudely stratified sediments capped by
subglacial traction till where the ice has re-coupled with the bed due to cavity closure and sheared the
upper-cavity fill beds (e.g. Figure 9.5b). In both scenarios A and B, the tops of the sub-till sediments
are classified as glacitectonite which is locally cannibalised and dragged into the base of the deform-
ing till layer after disruption due to ice-keel ploughing, clast ploughing and/or migrations in the locus
of failure planes in subglacial sediment, aided by cyclical changes in porewater pressure. This pro-
duces a pseudo-laminated diamicton in which banding is composed of discontinuous stringers or
tectonic slices derived from the pre-existing sediment piles. Over distance, such lamination is grad-
ually destroyed by various processes of homogenisation into A and B horizon tills.

The family of sequences in box C represents sheared tills with partially to intensively glacitectonised
stratified intra- and inter-beds produced over hard beds: (i) multiple diamict elements (DE) separated
by stratified inter-beds (I — ¢; and I — ¢,) are continually aggraded due to continuous replenishment of
deformable sediment from up-ice to create multiple subglacial traction tills and ice—bed separation
deposits such as canal fills (e.g. Figure 11.4); (ii) progressive lodgement of large clasts to produce a
clast pavement at the base of a thin subglacial traction till (erodent layer) due to finer-grained material
being continuously advected down-ice (e.g. Figure 10.7); (iii) a single subglacial traction till (erodent
layer) with associated glacitectonised canal fill at a site where aggradation is restricted by poor till
continuity (e.g. Figure 11.7); (iv) regelation of subglacial till (light blue shade on log) leads to the
stacking of tills which later melt out to form melt-out till or are released to the subglacial traction
zone down flow. The example in C1 reflects the localised influence of liquefaction and flow processes
due to stick-slip events and/or ice quakes.

Sequence D depicts pre-advance or remobilised melt-out till overlain by subglacial traction till. If
the melt-out sequence is not fully de-iced, this might represent a scenario similar to that reported
for the Burroughs Glacier by Ham and Mickelson (1994). The top of the melt-out till or melt-out
sequence is classified as glacitectonite and is locally cannibalised and dragged into the base of the
deforming till layer after folding/thrusting is induced in its upper layers. If not de-iced, it can also
be effectively re-coupled with the deforming layer and glacier ice to produce an apron incorporation
effect (sensu Shaw, 1977; Evans, 1989; Fitzsimons, 1990).

Sequence E represents glacitectonised soft bedrock grading upwards into subglacial traction till
with bedrock rafts, created in areas where subglacial till thins over bedrock high points and/or is
depleted by poor till continuity. Sequence E1 shows how this may also display a vertical contin-
uum of dislocated bedrock overlain in turn by fractured and then pulverised bedrock capped by
homogenised, largely mono-lithological diamicton (e.g. Figure 14.6—14.9). Short travel distances are
often reflected in the freshly plucked angular bedrock blocks and the deforming layer till may become
injected into rock crevices to aid in the plucking process (Figure 14.5).

The two sequences in box F represent glacitectonite, derived from glacially overridden lake
sediments, overlain by subglacial traction till, which are stacked in a sub-marginal setting:
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(i) glacitectonite locally cannibalised and dragged into the base of the deforming layer after folding/
thrusting is induced at its upper interface with the till. Thick sequences of glacitectonite are common
in such settings and can display strong inheritance of primary bedding; (ii) glacitectonite is eroded
by the base of the till so that the contact between the two sediment bodies is essentially a fault gouge
(see Figures 8.12b, 10.9, 10.13 and 13.9).

Sequence G represents a typical sub-marginal to marginal stack of glacifluvial outwash or lake sed-
iment, glacitectonised in its upper layers and overlain by subglacial traction tills, often displaying A
and B horizons which are commonly overprinted (Figures 6.9a, 8.6a, 8.12 and 8.13). Each till unit is
emplaced by the sub-marginal incremental thickening process observed at modern temperate glacier
snouts, where stacking can result from quasi-stationary glacier margins and slabs of till are delivered
over a seasonal cycle of freeze-on, deformation and melt out. Note that some tills are thin and contain
clast pavements due to their development at the up flow ends of till wedges. Sequence G1 represents
a similar ice-marginal thickening of tills and glacitectonites but where substantial accumulations of
mass flow diamictons, fed by gravity-induced slumping of ice-marginal till aprons into either glacila-
custrine or subaerial fans, have been folded and stacked (e.g. Figures 16.16 and 16.17). Sequence G2
depicts the stratigraphy created in situations where bodies of debris-charged supercooled ice have
melted out above subglacial traction tills (e.g. Figure 13.4). The long-term preservation potential of
such loosely packed sediments is very low indeed, and hence interpretations of large exposures of
pseudo-stratified diamictons in the geological record as melt-out till must be able to not only account
for the unusual circumstances of their preservation but also confidently dismiss alternative, simpler
explanations such as glacitectonite production.
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