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The role of geomorphology in the Quaternary

David Bridgland
Department of Geography, Durham University, Durham DH1 3LE, UK

0000-0002-0843-3295
d.r.bridgland@durham.ac.uk

Abstract: The advances in understanding of Quaternary geomorphology in the latter half of the twentieth century were closely linked with the
improved knowledge of Quaternary climatic fluctuation, principally derived from isotopic evidence from ocean and ice cores. An important
goal was finding terrestrial sedimentary records that can be correlated with the globally applicable isotopic sequence. From a geomorphological
viewpoint, river terraces are paramount, particularly since they can provide semi-continuous sequences that record palaeoclimate and landscape
evolution throughout the Quaternary, as well as the interaction of rivers with glaciation, sea-level change and notable geomorphological events.
In coastal areas, shoreline terraces and raised beaches can provide similar sequences. The chapter discusses the progress made in understanding
these archives and, in particular, the various mechanisms for dating and correlation, as well as touching upon contributions from other envi-
ronments, namely slopes and karstic systems, as well as the role of soils in deciphering geomorphological evidence.

This chapter is dedicated to the memory of Rob Westaway, whose
untimely death occurred while it was in the final stages of revision.
With expertise in crustal processes and computer modelling, Rob
made a major contribution to the understanding of Quaternary land-
scape evolution, one that is perhaps yet to be fully appreciated.

Irrespective of whether human impact justifies separation of
most recent Earth history under a new Anthropocene classifi-
cation (Goudie 2021, this volume), the Quaternary remains the
broader division of geological time in which we live, having
begun 2.6 myr ago. The term describes the time interval as
well as the rocks and sediments emplaced during that period.
Landforms shaped from such materials, as well as by erosional
processes, also represent part of the Quaternary archive and
their study contributes to understanding of the period. As is
well known, the Quaternary has been characterized by peri-
odic expansion and retreat of continental ice sheets, reflecting
climatic changes that can be explained by the Croll–Milanko-
vitch astronomical cycles. This has provided the means of
division of the period into alternating glacial and interglacial
episodes, defined as named stages but also classified as num-
bered oxygen isotope stages, the latter initially established
from studies of ocean-sediment cores and subsequently recog-
nized within ice cores (for an excellent summary, see Imbrie
and Imbrie 1979). During the years represented in this volume
has come realization that there is considerable complexity
within the broad concept of glacial–interglacial cyclicity, a
topic explored already in the previous volume (Grove 2008).
This complexity mostly belongs within the Pleistocene, the
epoch that accounts for nearly 98% of the Quaternary, the
last 11.7 kyr being separately classified as the Holocene; the
latter is essentially the most recent in the sequence of intergla-
cials, remarkable only for the profound influence of humanity,
especially during its latter half.

The role of geomorphology in the Quaternary, as in the
chapter title, reflects aspects of landform study that are of
value in understanding that period. The one that will spring
to mind immediately is glacial geomorphology, given the
defining importance of ice in the Pleistocene, but this is a
topic covered elsewhere in this and earlier editions and so
will not figure particularly prominently here. Its continued sig-
nificance in this chapter revolves around the persistent debate
about the number of different glaciations and which stage of
the Pleistocene each represents: fundamental knowledge that
remains, in part, elusive, not least because distinction of the
products of different glaciations continues to be highly chal-
lenging, as is the definitive dating of glacial sediments (and,
indeed, all forms of geomorphology). The difficulty in doing
justice to this topic in a single chapter means that its content

is inevitably biased towards the experience and interests of
the author, who has attempted, nonetheless, to concentrate
on those divisions of geomorphology of greatest value in
understanding Quaternary stratigraphy, environmental change
and landscape evolution.

In the late twentieth century, support for research advance-
ment in ‘Quaternary geomorphology’ (it could also be called
‘historical geomorphology’) was enhanced by the growth of
organizations with interests in the topic. For example, having
been founded in 1928, the International Union for Quaternary
Research (INQUA) expanded its activities in the latter half of
the century with post-war congresses in Italy (No. 4 in 1953),
Spain, Poland, the USA, France, New Zealand, the UK and the
USSR, and then the final four ‘modern’ twentieth-century con-
gresses, with multiple parallel sessions: Ottawa (1987), Bei-
jing (1991), Berlin (1995) and Durban (1999). INQUA
existed before the national Quaternary societies, the oldest
of which include the Association française pour l’étude du
Quaternaire (AFEQ: 1962), the UK’s Quaternary Research
Association (QRA from 1968; 1964 as the Quaternary Field
Studies Group), AMQUA (1970) and CANQUA (1975).
These have made important contributions, despite not having
the antiquity of learned societies like the Geological Society of
London and the Geologists’ Association, both with an early
interest in Quaternary topics, as reflected in their long-estab-
lished journals. In the late twentieth century, several interna-
tional and high-impact specialist Quaternary journals were
established, further adding to the prominence and widespread
dissemination of the topic. These include Quaternary
Research (1970), Boreas (1972),Quaternary Science Reviews
(1982) and Journal of Quaternary Science (1986), with sev-
eral primarily geomorphological titles also publishing
Quaternary-facing material, notably Earth Surface Processes
and Landforms (1976) and Geomorphology (1987).

Improved understanding of the palaeoclimate record

Palynology had been the method of choice in Europe to pro-
vide a biostratigraphical framework for the ages of Quaternary
events and landforms, since it had been used to characterize
the interglacials that were identified between the glacials, the
latter (at least to start with) being the four Alpine glaciations
identified by Penck and Bruckner (1909) as the impetus for
a paradigm shift from monoglacialism. These were widely
applied in the Gunz–Mindel–Riss–Würm sequences recog-
nized by Zeuner (1945, 1959), although there were separate
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definitions in different parts of the world, notably the North
American Nebraskan, Kansan, Illinoian and Wisconsin glaci-
ations, separated by the Aftonian, Yarmouthian and Sangamo-
nian interglacials (Richmond and Fullerton 1986). In NW
Europe, the climatic template into which the terrestrial
sequence was fitted evolved separately from the Alpine
nomenclature, although it was also driven by geomorpholog-
ical recognition of the products of multiple glaciations, in this
case ice-sheet advances into lowland Germany (Keilhack
1926; cf. Kukla 1977). Starting with the one episode named
from Britain, the Cromerian interglacial, it recognized Elster-
ian (glacial), Holsteinian (warm), Saalian (g), Eemian (w) and
Weichselian (g) episodes, with the present warm period
termed ‘Flandrian’ before it was raised in status and the
name ‘Holocene’ mandated.

Later recognition of a more complex climatic template
would require these named stages to be subdivided or rede-
fined, but while they remained valid, during the mid-twentieth
century, the importance of pollen was maintained (West 1961,
1963, 1968; Zagwijn 1973, 1985, 1989; De Jong 1988). That
was despite murmurings of discontent, in particular from the
mammalian camp (Sutcliffe 1964) as well as pioneering
work on insects (Coope 1961, 1970; Coope et al. 1961) that
showed them to be more sensitive to climatic change. Eventu-
ally, the improvement in understanding of the long-timescale
palaeoclimatic record, in particular the recognition of its
greater complexity in the oxygen-isotope record from oceanic
sediments (Shackleton and Opdyke 1973; CLIMAP 1976),
became an unsurmountable challenge to the supremacy of pol-
len. By the 1980s, most of those working on longer-timescale
Quaternary interests realized that their most urgent task was
correlation between the isotope stages, soon to be recognized
additionally from ice cores (Greenland Ice-Core Project
(GRIP) Members 1993), and the more fragmentary terrestrial
record. Palynology, although it had outlived its primacy for
the identification of particular episodes, remained a valuable
means for charting the waxing and waning of warm climatic
events, based on the well-established zonation scheme (Turner
and West 1968; Turner 1970; Thomas 2001), and assuming
sufficient continuity of sequences. There is an argument that
the value of palynology is dependent on geomorphological
setting, with lacustrine basins, and especially large, subsiding
ones, providing optimal records (Tzedakis 1994; Thomas
2001; Tzedakis et al. 2001; Diehl and Sirocko 2007). There
is a link with glaciation here, since glaciers and ice sheets
have formed lacustrine basins, from kettle holes to overdeep-
ened valleys, explaining why the interglacials following glaci-
ation have optimal representation from high-resolution
lacustrine palynological archives (Mangerud 1991).

Determining the number of Quaternary glaciations

The first half of the twentieth century saw the replacement of
monoglacialism with the acceptance that there had been mul-
tiple advances of ice sheets into lowland regions, but in the
second half the determination of how many such ice sheets
there had been, and where and when their advances took
place, remained a consistent challenge, one that remains
largely unresolved at the present day, despite much attention
being paid to it (e.g. Šibrava 1986; Ehlers and Gibbard
2004). Penck and Bruckner’s (1909) Alpine glaciations were
based on outwash from each feeding into different river ter-
races, whereas the parallel northern European scheme arose
from the mapping of moraines and glacial limits (e.g. Keilhack
1926; Woldstedt 1954). Extension and correlation often relied
on the recognition of tills attributable to particular glaciations,
with differentiation variously based on lithological

composition or degree of weathering and/or dissection (Clay-
ton 1957). In the mid-twentieth century, it was thought that the
North American glacial record was broadly comparable with
Penck and Bruckner’s Alpine scheme, but later work revealed
a much longer history of ice advances, notably with reverse-
magnetized tills of Late Pliocene–Early Pleistocene age (Boel-
storff 1978; Easterbrook and Boelstorff 1984; Fullerton 1986;
Richmond and Fullerton 1986). Parallel advances revealed
similar characteristics in the Quaternary record of South
America, where some of the most important archives of glaci-
ation are to be found (Clapperton 1993).

Geomorphology points to greater palaeoclimatic
complexity

Within the new early-twentieth-century paradigm of multiple
climatic cycles, Zeuner (1945, 1959) recognized river terraces
as important evidence for potential correlation with these epi-
sodes. The terraces in question are in general formed from
sedimentary sequences, providing various combinations of
sedimentological, palaeontological and archaeological evi-
dence, overlying erosional surfaces cut into bedrock. Zeuner
(1959, 1961) used the term ‘benches’ for the latter and
attempted to correlate them with the astronomical cycles, as
linked to the variations in ocean-water temperate determined
by Emiliani (1955). Zeuner (1959) differentiated two types
of fluvial terrace: climatic and thalassostatic, the latter gener-
ally confined to the lower parts of valleys, since they were
attributed to aggradation in response to rises in sea level. In
upstream reaches, beyond the influence of sea-level change,
Zeuner saw aggradation as a response to colder climate and
its effect on fluvial energy and sediment supply, thus forming
climatic terraces. Given that sea-level changes during the
Pleistocene, away from the influence of glacio-isostasy, have
been driven by the climate cycles, the likely linkage between
the two types of terrace is clear.

Building on Zeuner’s ideas, Evans (1971) developed a pio-
neering model for chronostratigraphical correlation of the ter-
races of the River Thames with the deep-sea record. He
envisaged that cycles of fluvial aggradation and downcutting
were superimposed onto a progressive decline in relative sea
level since the Pliocene, as indicated by the increasing height
with age of interglacial raised beaches and shorelines, both in
Britain and further afield. Evans’s model had limited impact,
perhaps because most workers doubted the implicit progres-
sive decline in eustatic sea level through the Quaternary (a
view that had been promoted by Woldstedt 1952a, b), but
the greater complexity he envisaged was vindicated by work
towards the end of the century in which the cumulative lower-
ing of base level seen in many parts of the world was attributed
to uplift (Bridgland 1994, 2000; Maddy 1997). Such
responses to base-level change at a Quaternary timescale
should not be confused with the interpretation of paired and
unpaired fluvial terraces in Holocene settings, some of them
very recent in origin and clearly recording localized intrinsic
process-based effects on rivers (e.g. meander migration), land-
use changes, particular climatic events and even
glacio-isostatic rebound (e.g. Womack and Schumm 1977;
Boardman 1997; Taylor and Macklin 1997; Merrett and
Macklin 1999; Howard et al. 2000; cf. Bridgland et al.
2010). Such short-term effects became better understood
through work in such diverse research fields as flume simula-
tions (Schumm and Parker 1973) and geo-archaeological
recording, the latter of value for dating geomorphological
changes and relating them to anthropogenic activity (Need-
ham and Macklin 1992; Macklin et al. 2006).
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The recognition that progressive Quaternary uplift had
affected many parts of the world, including regions long
regarded as tectonically stable such as NW Europe, owed
much to the improved understanding and geochronology of
raised beaches, which record relative sea level during Pleisto-
cene interglacials (Sommé et al. 1978; Keen et al. 1981;
Bowen et al. 1985; Davies and Keen 1985; Miller and Man-
gerud 1985; Mottershead et al. 1987; Bowen and Sykes
1988; Balescu et al. 1991; Proctor and Smart 1991; Keen
1995). Indeed, the dating of the Boxgrove raised beach,
West Sussex, to c. 500 ka (Roberts 1986; Roberts and Parfitt
1999) had important ramifications in respect of the now well-
founded ‘uplift paradigm’. For eustatic relative sea level to
have been at the height of the Boxgrove beach, c. 40 m
above the modern shoreline, at that time would require a sub-
stantial proportion of the polar ice sheets to have been missing,
with little evidence from other proxies for that to be plausible;
thus, differential tectonic movement or progressive regional
uplift must be invoked (Preece et al. 1990; Westaway et al.
2006). Bridgland (1994) suggested erosional isostasy as a
likely driver for this progressive uplift, although an important
positive-feedback enhancement mechanism, one that has
responded to the increase in surface-process activity caused
by greater Pleistocene climatic severity, was added to the
mix by Westaway (1994): lower crustal flow.

Arguments about whether the aggradational phases repre-
sented within river-terrace sequences occurred during cold-
or warm-climate episodes continued through the latter half
of the twentieth century, often slanted towards evidence
from prominent sites within the region most familiar to the
worker(s) concerned. Woldstedt (1952b) summarized this in
a wider overview, noting that the Boyn Hill Terrace of the
Thames was attributed to warm-climate aggradation.
Although he did not name the site, this was undoubtedly
based on the celebrated fossiliferous and Palaeolithic locality
at Swanscombe (Ovey 1964), shown soon afterwards to be
unrepresentative of the terrace as a whole, the latter being
mostly represented by cold-climate deposits (e.g. Gibbard
1985; Bridgland 1994). The modern association of terrace-
gravel aggradation with cold (periglacial) episodes, firmly
established by the end of the century, rendered Evans’s
sea-level-based scheme for the Thames effectively obsolete,
although the broad correlation between Emiliani’s climate
cycles and the terrace sequences that he proposed, essentially
one of counting backwards through time, was noted to com-
pare quite closely with later interpretations, including his
own, by Bridgland (1994).

Along with the advocacy for a key role for regional uplift,
the late twentieth century saw another paradigm shift in the
understanding of morphostratigraphic sequences such as

river terraces and raised beaches, arising from the delayed real-
ization that there were sufficient glacial–interglacial cycles
during the Quaternary for a meaningful match with such
archives. The new and expanded geochronological framework
is of such fundamental significance that it has featured prom-
inently above, although it will be explained in more detail
here. Also highlighted already have been the oceanic climate
cycles promoted by Emiliani (1955, 1957). Indeed, the provi-
sion of a new chronostratigraphic framework with which the
morphostratigraphy can be matched (a task that continues to
the present day) relied not on geomorphologists or conven-
tional stratigraphers, but on geochemical analysis of continu-
ous records, starting with the sediments that have accumulated
in the deep oceans. Pleistocene climatic fluctuations have been
recorded in these sediments by variations in the ratio between
the oxygen isotopes 16O and 18O in the calcareous tests of
foraminifera, which can be presumed to represent the relative
proportions of these isotopes in seawater when those micro-
organisms were alive. As the lighter isotope (16O) is preferen-
tially represented in water evaporated from the oceans as part
of the hydrological cycle, when, during cold episodes, that
cycle is somewhat interrupted by increasing amounts of
water becoming locked up in long-term ice accumulation, sea-
water becomes enriched in the heavy isotope (18O). The fluc-
tuation of the ratio between these two isotopes can be plotted
against time, thus producing oxygen isotope curves from par-
ticular oceanic coring sites, these curves being records of
global ice volume and, indirectly, of palaeoclimate and thus
eustatic sea level (Fig. 1). In a change from the notation
used by Emiliani, the curve was divided into alternating
warm and cold stages numbered in reverse stratigraphical
sequence from Stage 1, the Holocene (Shackleton 1969,
1987; Shackleton and Opdyke 1973; Hays et al. 1976), such
that even-numbered stages represent cold episodes and odd-
numbered stages equate with warm intervals (Fig. 1).

The importance of Quaternary climatic fluctuation in the
formation of river and coastal terraces provides an explanation
for the prominence of this type of geomorphological evidence
in the temperate climatic zone. Indeed, a viewemerged in the late
twentieth century, following Büdel’s (1977, 1982) work on cli-
matic geomorphology, that river terraces were absent from the
tropics, since the climatic oscillations have not been experienced
to as great an extent in such areas.Although the latter fact clearly
limits the potential for tropical river terrace formation,Bridgland
andWestaway (2008) noted examples that disprove the general
rule and that many of the tropical regions upon which Büdel’s
views were based coincide with ultra-stable cratons, where
Westaway’s key mechanism of lower-crustal flow (see above)
does not operate, explaining the absence of evidence for progres-
sive Quaternary uplift in such areas.

Fig. 1. Updated marine oxygen isotope record, representing knowledge at the end of the twentieth century. Based on the LR04 benthic δ18O stack constructed
by Lisiecki and Raymo (2005) by the graphic correlation of 57 globally distributed benthic records. Note the change from shorter c. 40 kyr to longer c. 100 kyr
cycles (the ‘Mid-Pleistocene Revolution’) at around the transition from the Early to the Middle Pleistocene. That boundary, which lies within MIS 19,
coincides with the Matuyama–Bruhnes magnetic reversal, as depicted in the palaeomagnetic polarity record, shown below the curve. Reproduced from
Bridgland and Westaway (2014) with permission from the Geologists’ Association.
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The most convincing attempt at correlation between terres-
trial morphostratigraphical sequences and the oceanic record
in the 1970s was that by Kukla (1975, 1977), based on the
directly comparable cyclicity of aeolian loess accumulation
and soil formation in central Europe, which allows age calibra-
tion of underlying river terrace systems, including those of the
Dniester (Ukraine), the Danube (Austria) and, perhaps the
most celebrated, the Svratka at Brno, Czechia (Fig. 2). Kukla’s
interpretations, regarded with scepticism at the time (although
see Bowen 1978), are remarkably close to contemporary
views (cf. Bridgland and Westaway 2008). Within two
decades of Kukla’s pioneering work, schemes were proposed
for correlation of river-terrace staircases near the Atlantic mar-
gin of Europe with the marine record; here each climate cycle
is generally registered within the sequences, in contrast with
central Europe. A similar approach to Kukla’s, making use
of loess–palaeosol cyclicity within overburden, was used in
the Somme and other rivers in northern France, where there
is supporting evidence from biostratigraphy and Palaeolithic
archaeology (Antoine 1994; Antoine et al. 2000, 2007)
(Fig. 3).

Biostratigraphy was the main line of evidence applied to the
terraces of the Lower Thames, where local chalk bedrock (by
providing calcareous groundwater) has enhanced the preser-
vation of vertebrate and molluscan fossils (Bridgland 1994)
(Fig. 4). In eastern Europe, meanwhile, workers were building
comparable knowledge of the extensive sequences of terraces

in rivers beyond the reach of Quaternary glaciations, most
notable amongst which is that of the Dniester, which has a
classic staircase with abundant biostratigraphical dating con-
trol (Alexeeva 1977; Bukatchuk et al. 1983; Adamenko
et al. 1986; Michailesku and Markova 1992; Tchepalyga
1997), as summarized in English by Matoshko et al. (2004).

Mention should be made of an alternative approach to the
study of river-terrace sequences and associated landscape evo-
lution developed towards the end of the century, using
process-based mathematical modelling and attempting to
relate knick points in fluvial long profiles to former sea-level
falls (Rosenbloom and Anderson 1994; Whipple and Tucker
1999). Paying little attention to the regular sea-level changes
during the Quaternary, or to evidence from the fluvial sedi-
mentary and palaeontological record with which it is often at
odds (cf. Bridgland and Westaway 2012), this approach has
generated an entirely separate body of literature, with attempts
at reconciliation between the two approaches coming only
recently (e.g. Demoulin et al. 2017; Martins et al. 2017).

Catastrophism

In the latter half of the last century, the long-standing catastro-
phism v. uniformitarianism argument largely subsided in Qua-
ternary circles, with the recognition of the greater contribution

Fig. 2. Transverse profiles illustrating
the classic ‘Red Hill’ sequence at
Brno, SE Czechia, showing the
terrace staircase of the River Svratka
(left-bank tributary of the Danube)
with loess–palaeosols in the
overburden, used as an age constraint
for the terrace sequence. Suggested
MIS correlation is shown, with red
for warm episodes and blue for cold
(adapted from Kukla 1975;
reproduced, with modifications, from
Bridgland and Westaway 2008).

Fig. 3. Idealized transverse section
through the terraces of the River
Somme, showing fluvial deposits,
loess–palaeosol overburden, the
range of archaeological content and
geochronological data (suggested
MIS correlations are shown). After
Antoine et al. (2007); reproduced,
with modifications, from Bridgland
and Westaway (2014), with
permission from the Geologists’
Association.
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of enhanced geomorphic processes during episodes of greater
climatic severity and, in particular, the heightened discharge
resulting from melting, both annually, during spring, and
with climatic amelioration and deglaciation. Events of cata-
strophic dimensions remained influential, such as the rapid
drainage of Glacial Lake Missoula in the Mid-West USA
(Bretz 1969; Baker 1973); comparison of the channelled
‘scabland’ left from this example with the floor of the English
Channel led to the suggestion that the Dover Strait was formed
by catastrophic drainage of a North Sea glacial lake (Smith
1989; Gibbard 1995), an event of profound regional geomor-
phological importance in that it was the foundation of Britain’s
island status.

Slopes

Although of great significance in terms of medium-scale land-
scape evolution, as well as civil engineering and hazard miti-
gation, the geomorphology of slopes has little obvious
relevance to the understanding of longer-timescale Quaternary
evolution. There are, however, detailed archives of recent
slope-failure and accumulation events, generally restricted in
terms of preservation to the last climate cycle. Furthermore,
in some regions river terraces are closely linked with contem-
poraneous valley-side slope development, with former valley
floors represented by terraces grading upwards into hillside
slopes or piedmonts. Sometimes used as part of a systematic
classification of sloping surfaces linked to stages in valley evo-
lution is the French term ‘glacis’, which has been subdivided
into ‘glacis rocheux’, developed on bedrock, ‘glacis d’éro-
sion’, developed on softer material (including slope deposits)
and ‘glacis alluvial’ (for which the equivalent term ’bajada’
exists): a slope comprising coalesced alluvial fans. Linkage
between fans from multiple episodes and terrace deposits
of ephemeral rivers represent valuable Quaternary

geomorphological archives in North Africa, as in the Souss
Valley, Morocco (Bhiry and Occhietti 2004; Chakir et al.
2014). Glacis were recognized in mid- to late-twentieth-cen-
tury geomorphological mapping of river-terrace systems in
the Near East by French workers, generally motivated by stud-
ies of Lower–Middle Palaeolithic occupation. Thus river-
terrace sediments and associated glacis, the latter generally
formed on slope deposits, were mapped and classified in the
Kebir and Orontes rivers in Syria according to a standard nota-
tional scheme in which Middle–Late Pleistocene levels (ter-
races and associated glacis) were designated QfIV to QfI,
approximately equivalent to the four main Alpine glaciations
(Besançon et al. 1978; Copeland and Hours 1978; Sanlaville
1979; Besançon and Sanlaville 1993). This mapping, although
detailed and highly valuable, has been found to have simpli-
fied the true complexity of the sequences (e.g. Bridgland
et al. 2012), the work predating widespread acceptance of
the global template from the deep oceans (see above). Areas
where archives of long-timescale slope features form impor-
tant parts of the Quaternary record are generally beyond the
reach of the Quaternary glaciations and, indeed, of widespread
periglacial activity during cold stages. This is presumably a
requirement for preservation, alongside relative aridity,
another characteristic of the examples cited above, to which
can be added the Sierra de Albarracín, eastern Iberia, where
stratified ‘old screes’ have been suggested to represent high-
level remnants of valley-side slopes related to late Middle
Pleistocene river terraces (Peña Monné and Jiménez 1993).

The greater activity of slope processes in more humid and,
especially, colder regions can be assumed to have prevented
such slope features from surviving into the longer-timescale
record. Nonetheless, important archives from latest Quater-
nary slope activity were recognized during the late twentieth
century, assisted by improvements in biostratigraphical under-
standing and in geochronology. Important work in the chalk-
lands of southern England was undertaken by Kerney (1963),
who pioneered the examination of sediments associated with

Fig. 4. Idealized transverse sequence
through the terraces of the Lower
Thames, east of London, showing
stratigraphic positions of interglacial
deposits and of major archaeological
assemblages (suggested MIS
correlations are shown). Modified
from Bridgland (2006), with
permission from the Geologists’
Association, with the addition of the
LR04 benthic δ18O stack (see Fig. 1).
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the geomorphological features of the escarpments as a means
for constraining the time of formation of the latter, using bio-
stratigraphy (primarily from molluscs) and radiocarbon dat-
ing. Although fruitful in enhancing understanding of recent
geomorphological evolution, this approach proved to be of
limited value in addressing long-standing questions about pos-
sible origins in relation to former through-flowing drainage
and river capture (Wooldridge and Linton 1955; Worssam
1973), since the surviving sediments in chalkland valleys
and scarp-face hollows (‘coombes’) were invariably found
to date from the Lateglacial and Holocene, presumably
because these features were flushed out and/or (re)excavated
during the Last Glacial (Kerney et al. 1964, 1980; Preece and
Bridgland 1998).

The building of the Channel Tunnel provided important
insight into such issues, since it allowed the study of tempo-
rary exposures in the lower slopes and floor of a scarp-face val-
ley in the North Downs, Holywell Coombe, near Folkestone,
Kent. This provided unprecedented access to buried sediment
bodies related to solifluction fans, land-slipped masses and
patches of temporary wetland ponded by the emplacement
of these, as well as tufa-forming springs (Preece and Bridgland
1998, 1999). The evidence from Holywell Coombe points to
episodes of valley erosion there during the Last Glacial
(MIS 2) and extending into the Lateglacial, especially the
Younger Dryas (Loch Lomond Stadial), with slope stability
during the optimum of the Allerod interstadial and throughout
the Holocene aided presumably by vegetation; the main period
of landslipping was at the end of the Last Glacial, dated with
reference to organic sediments that had accumulated 12–
13 kyr ago in wetland hollows created in front of the foun-
dered masses (Preece and Bridgland 1998). Valley-side ero-
sion by solifluction processes during the Younger Dryas
stadial had also been demonstrated from stratigraphical evi-
dence at Brook, near Ashford, in a scarp-face valley in the
North Downs (Kerney et al. 1964), and on the Lower Green-
sand escarpment near Sevenoaks (Skempton and Weeks
1976), respectively c. 16 and c. 75 km to the NW of Holywell
Coombe.

The instability of the scarp-face and coombe-edge slopes is
heightened by the superposition of porous Chalk above imper-
vious and Gault Clay, as exemplified a few kilometres from
Holywell Coombe, at Folkestone Warren, infamous for the
frequency and scale of slope failures in the modern era, greatly
affecting the Folkestone–Dover railway (Smart et al. 1966).
Rotational failures of Gault Clay are believed to have been

initiated here by the Holocene marine transgression and resul-
tant coastal erosion, and greatly exceed similar features on the
French side of the Dover Strait because of the greater thickness
of Gault Clay (Hutchinson 1969; Hutchinson et al. 1980).

Karst

Karstic features, including caves, represent distinct divisions
of geomorphology and Quaternary studies, of particular
importance because associated calcareous precipitates (spe-
leothems) are readily datable using uranium-series methodol-
ogy (e.g. Rowe et al. 1989; Smart 1991), thus providing
chronological constraint within both disciplines. The large
bodies of karstic research and literature lie largely beyond
the scope of this chapter, but linkages with its other themes
are worthy of attention. First, dated speleothem levels in
caves provide records of the depth of fluvial incision in adja-
cent valleys (e.g. Waltham et al. 1997; Granger et al. 2001), of
great value in regions where subaerial evidence has been
removed by glacial erosion, such as the English Peak District
(Westaway 2009). In addition, dolines and larger karstic
depressions such as poljes can be repositories for sedimentary
and archaeological archives (Sampson 1978; Mihevc and
Zupan Hajna 1996; White et al. 1999); an important example
is the Ioannina Basin in Greece, a polje from which a long-
timescale record of Quaternary lacustrine sediment has been
much studied (Tzedakis et al. 1997; Wilson et al. 2021).
The formation of subaerial tufas and travertines during inter-
glacials has also provided means for U-series dating of river-
terrace sequences (Figs 3 & 5) and has preserved rare glimpses
of preserved Pleistocene land surfaces on which hominins
lived, as represented by the preservation of hearths within
such deposits at sites such as Bilzingsleben (Mania 1991),
Weimar–Ehringsdorf (Vlc ̌ek 1993) and Taubach (Bratlund
1999), all in Germany, and West Stow, in Suffolk, England
(Preece et al. 2006).

Soils

The role of soils and palaeosols (fossil/buried soils) in the
Quaternary is of great importance in some regions, providing
a primary means of correlation and chronostratigraphy in areas
of China and central Europe where loess cover occurs, as was

Fig. 5. Transverse sequence through
the terraces of the River Wipper,
Thuringia, Germany: non-idealized
cross-section of a meander core at
Bilzingsleben. The subaerial
travertine deposits are representative
of interglacials (suggested MIS
correlations are shown). Modified
from Mania (1995) and reproduced
from Bridgland and Westaway
(2014) with permission from the
Geologists’ Association.
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noted already, particularly with reference to the great advances
made by Kukla (1975, 1977) (Fig. 2). Indeed, Kukla (1987;
Kukla and An 1989) (Fig. 6) was involved in correlation of
the stacked palaeosol sequences of the Chinese loess plateau
with the marine climatic record, along with Bronger and Hein-
kele (1989), Ding et al. (1994), Vandenberghe et al. (1997)
and Lu et al. (1999).

An example of late-twentieth-century advancement of
Quaternary understanding based on palaeosol evidence
stems from the recognition of superimposed warm- and cold-
climate soils beneath the Anglian (MIS 12) till in East Anglia,
which led to the realization that much of the underlying
gravel, formerly classified as glacial, represents ancient ter-
races of the River Thames (Rose et al. 1976; Rose and
Allen 1977). These superimposed soils were named the Val-
ley Farm Rubified Sol Lessivé and the Barham Arctic Struc-
ture Soil, the former characterized by reddening and evidence
for clay translocation, and the latter by periglacial disruption
structures, both macro- (e.g. ice-wedge pseudomorphs and
patterned ground) and micro-scale, the latter determined
from micromorphological analysis of thin sections (Kemp
1987). The geomorphological relevance of these is in their
contribution to new thinking on landscape evolution in SE
Britain, confirming the glacial diversion of the Thames first
suggested by Salter (1905) and promoted on the basis of
gravel composition by Hey (1967, 1980). This event had a

geomorphological impact on a regional scale, moving the
main axis of eastward drainage significantly southwards;
without it, the UK’s primary river would not flow through
the present location of its capital city. In East Anglia, the
pedogenic and geomorphological components of this event-
stratigraphical marker proved to have been oversimplified at
first, envisaging a single sheet of Thames gravel emplacement
during the Beestonian Stage, followed by the formation of the
Valley Farm Soil in the Cromerian and the Barham Soil in the
early Anglian, before the arrival of the ice sheet. Later work
refined the story to fit better with the greater complexity of
Quaternary climatic fluctuation that was becoming estab-
lished, such that the gravels were seen to represent a broad
flight of terraces, spanning the late Early and early Middle
Pleistocene, with progressively more complex soils devel-
oped on the higher and older ones, reflecting alternating peri-
ods of interglacial and periglacial climate (Kemp 1987)
(Fig. 7).

Soil formation has also had a role in morphostratigraphy, in
the somewhat imprecise relative dating of landforms based on
the degree of soil development on the surfaces of landforms,
particularly moraines (Harden 1982; Harden and Taylor
1983; Berry 1994; Evans 1999), but also fluvial and marine
terraces (Muhs 1982; Bull 1990; Markewich and Pavich
1991; Smith and Boardman 1994; Bockheim et al. 1996;
Leigh 1996).

Fig. 6. Part of the Chinese loess–
palaeosol sequence around Lanzhou,
Ganshu Province, overlying the terraces
of the Yellow River, for which it
provides key dating evidence (modified
from Pan et al. 2009).

Fig. 7. Idealized transverse section
though the terrace sequence of the
River Thames in southern East
Anglia, showing the development of
overlying palaeosol complexes. In
part derived from Bridgland et al.
(1988) with permission from the
Geologists’ Association.
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Summary and conclusion

Priority has been given to river-terrace and raised-beach
sequences in this chapter, justifiable in that these provide
frameworks for the understanding of the Quaternary and for
unravelling the records of other Pleistocene geomorphological
records, such as multiple glacial advances of different ages.
Significant advances in understanding the relation between
these geomorphological features and their Quaternary context
were made during the late twentieth century. In addition, the
geomorphology of slopes has been found valuable in that
the processes involved have produced archives of fossil fea-
tures and sediments that record Quaternary landscape evolu-
tion. Karstic studies have an overlapping relevance to both
geomorphology and Quaternary science, particularly in the
dating of calcareous precipitates and the accommodation
space for substantial sedimentary archives provided by karstic
depressions.
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