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Abstract

Uncertainties about landscape evolution under cold, nonglacial conditions raise a

question fundamental to periglacial geomorphology: what and where are periglacial

landscapes? To answer this, with an emphasis on lowland periglacial areas, the

present study distinguishes between characteristic and polygenetic periglacial land-

scapes, and considers how complete is the footprint of periglaciation? Using a concep-

tual framework of landscape sensitivity and change, the study applies four geological

criteria (periglacial persistence, extraglacial regions, ice-rich substrates, and aggrada-

tion of sediment and permafrost) through the last 3.5 million years of the late

Cenozoic to identify permafrost regions in the Northern Hemisphere. In limited areas

of unglaciated permafrost regions are characteristic periglacial landscapes whose

morphology has been adjusted essentially to present (i.e., Holocene interglacial)

process conditions, namely thermokarst landscapes, and mixed periglacial–alluvial

and periglacial–deltaic landscapes. More widespread in past and present permafrost

regions are polygenetic periglacial landscapes, which inherit ancient landsurfaces on

which periglacial landforms are superimposed to varying degrees, presently or previ-

ously. Such landscapes comprise relict accumulation plains and aprons, frost-

susceptible and nonfrost-susceptible terrains, cryopediments, and glacial–periglacial

landscapes. Periglaciation can produce topographic fingerprints at mesospatial scales

(103–105 m): (1) relict accumulation plains and aprons form where long-term

sedimentation buried landsurfaces; and (2) plateaux with convexo–concave hillslopes

and inset with valleys, formed by bedrock brecciation, mass wasting, and stream

incision in frost-susceptible terrain.

K E YWORD S

Beringia, geomorphology, ground ice, permafrost, periglacial landscapes, periglaciation

1 | INTRODUCTION

“The reality is that the nature of landscape evolution

under cold non-glacial conditions remains largely

neglected in cold region geomorphology.”1, p.171

“In spite of the fact that �20% of the Earth’s land sur-

face currently experiences periglacial conditions, field

experience suggests that truly periglacial landscapes

are rare. This is because the majority of landscapes in

the cold non-glacial regions of the world are paraglacial

in nature, having only recently emerged from beneath

Quaternary and Holocene glaciation.”2, p.219
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H. M. French3 highlighted unglaciated landscapes in northern

interior Yukon (Canada) as “some of the closest approximations to

periglacial landscapes that exist today.”3,4 and his earlier research

identified distinctive periglacial landscapes in northwest Banks Island5

and the chalklands of southern England6,7 (Figure 1). The fourth

edition of his textbook9, p.12 suggested that “the complete footprint

of periglaciation is rarely achieved.” (cf.10) and concluded9, p.298 that

periglacial landscapes in geomorphic equilibrium comprise

(1) cold-climate deltas currently forming at the mouths of northern

rivers, (2) unglaciated Pleistocene lowlands in high northern latitudes,

and (3) some ice-free areas of Antarctica.

The comments above raise a question fundamental to periglacial

geomorphology and our understanding of periglaciation: what and

where are periglacial landscapes? The attributes and distribution of

periglacial landscapes can be elucidated by placing them in a concep-

tual framework of landscape sensitivity and change. These concepts

reveal that the ability for and rates of landscape change vary as a

result the differing efficacy of geomorphic processes operating on

landforms of differing sensitivity.11–13 Some landforms and

landscapes—e.g., active silty badlands—are highly sensitive to change

and investigated through process or functional studies, whereas

others—e.g., ancient erosion surfaces—are insensitive and studied

through historical approaches.10,14 The first type illustrates character-

istic forms (cf.15), which embody the proposition that: “For any given

set of environmental conditions, through the operation of a constant

set of processes, there will be tendency over time to produce a set of

characteristic landforms.”.13, p. 464 The second type illustrate transient

forms, whereby the landforms and landscapes experience perturba-

tions due to changing environmental conditions or structural instabil-

ities that result in transient behavior of the system over timescales of

102–105 years or longer.

The concept of constant processes leading to characteristic land-

forms can be upscaled to characteristic landscapes, where the terrain

morphology at micro- and mesospatial scales (see definition of

F IGURE 1 Map of
permafrost zones in the Northern
Hemisphere. Modified from EEA8
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landscape in section 2) is adjusted to the present process conditions.

Likewise, the concept of transient forms in varying states of adjust-

ment to changing controls (e.g., climate) can be upscaled to polygenetic

landscapes or topography (cf.15), where only partial adjustment of the

morphology has occurred, usually in highly localized areas, i.e., at the

microform scale.16 Thus, polygenetic topography results where some

topographic effects of previous climatic or environmental regimes

persist in the present climatic regime (cf.15), and therefore the land-

scape form expresses a mixture of past and present geomorphic

conditions and processes. The past influences are morphologically

revealed by landforms that are relict or inactive. In summary, charac-

teristic landscapes express an equilibrium with extant geomorphic

conditions and processes, whereas polygenetic landscapes express—in

varying degrees and locations—a disequilibrium with them.

The main aim of the present study is to distinguish qualitatively

those landscapes considered characteristic of periglaciation from

those that are polygenetic, with an emphasis on lowland periglacial

areas that evolve relatively quickly in geological terms, over timescales

of 101–104 years. A second aim is to examine the variable impacts of

periglaciation: how complete is its footprint? The objectives are (1) to

identify in general terms the distribution of fundamental periglacial

landscapes, based on geological criteria that distinguish permafrost

regions; and (2) to outline the main attributes of periglacial landscapes

in these regions. The study focusses on empirical observations from

the last 3.5 million years of the late Cenozoic of the Northern

Hemisphere (NH), where studies of periglaciation are best known.

Pre-Cenozoic periglaciation and computational models of periglacial

landscape evolution (e.g.,17) are beyond the scope of the study.

Likewise, mountain periglaciation and its interplay with glaciations,

where landscape evolution may extend over timescales of

105–106 years, are not considered in detail. Certain landscapes

studied by H. M. French, to whom this article is dedicated, are given

particular attention: the chalklands of southern England and the

cryopediments and granite landscape of northern Yukon, which he

focused on, respectively, during his PhD studies and in the latter part

of his career. First, terms are defined before the study is placed in the

context of historical attempts to identify periglacial geomorphic

regions.

2 | DEFINITIONS

The term periglacial is used hereafter to “describe the climatic condi-

tions, processes, landforms, landscapes, sediments and soil structures

associated with cold, nonglacial environments.”.18, p.2 The discipline of

periglacial geomorphology, at its core, highlights the processes driven

by ground ice—perennial, seasonal and diurnal—on the initiation and

development of landforms and landscapes (cf.1,19). Azonal processes

relating to snow, wind, liquid water, and gravity can exhibit distinctive

behavior and produce distinctive features in periglacial regions and so

constitute periglacial geomorphology in a broad sense (cf.1,20).

Periglaciation denotes “the collective and cumulative effects of

periglacial processes in modifying the landscape”,21, p.3 both ground-

ice and azonal processes. A landscape, as used by the present author,

describes the form of the land surface integrated across the two

spatial scales of micro- and mesorelief forms (in the sense used by

Karte).22,23 Periglacial microforms such as patterned ground and

gelifluction features typically develop at scales of 100–102 m, whereas

topographic mesoforms such as staircases of cryoplanation terraces,

plateaux, escarpments, hills, valleys, large thermokarst basins, and

river terrace sequences commonly develop at scales of 103–105 m. A

periglacial landscape is therefore defined as an association of

periglacial landforms at micro- to mesospatial scales.

Relict is used to refer to landforms and landscapes that developed

under climatic and environmental conditions very different for those

existing at present. For example, many convexo–concave hillslopes

underlain by gelifluction deposits in southern England (section 6.2.2)

and northwest France exemplify such relict periglacial terrain, because

gelifluction is no longer active, and a different process regime now

dominates (e.g., soil creep in temperate conditions). Inactive refers to

landforms and landscapes that are stable but remain unchanged under

the present climatic and environmental conditions. To illustrate this

distinction, many cryoplanation features in Beringia (sections 5.3 and

7.1) may be considered not relict but inactive or weakly active,

because they currently experience periglacial processes, though to a

lesser intensity than during full-glacial periods. In other words, they

persist in a holding pattern with respect to intense or rapid morpho-

logical evolution (F. Nelson, pers. comm. 2020).

3 | HISTORICAL ATTEMPTS TO IDENTIFY
AND CLASSIFY PERIGLACIAL GEOMORPHIC
REGIONS

Historically, several researchers have attempted to identify and

classify periglacial geomorphic regions. Tricart and Cailleux24 used

three criteria to identify and subdivide the periglacial morphoclimatic

zone: (1) ground-frost duration and periodicity (perennial, seasonal, or

diurnal frost) in the present climate, but including the past climate;

(2) vegetation resistance (polar desert/barren grounds and tundra);

and (3) total precipitation. From these criteria, five provinces in the

periglacial morphoclimatic zone were distinguished: (1) hyperperiglacial

(e.g., polar deserts of Antarctica and northern Greenland), (2)

mesoperiglacial (e.g., other polar deserts in North America and Eurasia),

(3) tundra, (4) steppe periglacial (e.g., Mongolia and northeast Iceland),

and (5) taiga province on residual Pleistocene permafrost (continuous

or discontinuous).

More recently, J. Karte22,23 delineated and subdivided the present

arctic and subarctic periglacial zone on the basis of the spatial distri-

bution of active periglacial microrelief features and their climatic

threshold values. The microforms, particularly gelifluction landforms,

express the active geomorphic effects of frozen ground on diurnal,

seasonal, or perennial timescales. Accordingly, regional types of the

arctic and subarctic periglacial zone comprise subarctic maritime,

subarctic continental, boreal, arctic tundra, arctic frost-debris, and high

arctic frost-debris zones.

MURTON 3



In Russia, the morphological structure of some landscapes in the

Arctic zone has been distinguished from the tundra zone, based on

criteria of (1) sparse vegetation cover, (2) absence of evidence for

gleying in soil profiles, and (3) highly localized complexity in

soil–vegetation cover.25 For example, on Bolshevik Island (part of the

Severnaya Zemlya Archipelago) and Faddeev Island (in the New

Siberian Islands) (Figure 1) the topography of the Arctic zone

comprises regular complexes of different types of landscape, which

are divided into complexes of “facies,” and these in turn are divided

into “nanofacies.” The nanofacies constitute “Segments of land

surface that have a uniform soil–vegetation mantle and an area vary-

ing from several square centimeters to one square meter and that

alternate regularly within the boundaries of the facies …”.25, p.156 Both
the nanofacies and the facies comprise a continuum from abiogenic

(nonvegetated) to biogenic (vegetated) types of land surface.

Overall, the classifications of Karte22,23 and Mikhailov25 identified

periglacial zones characterized by microforms, nanofacies, and facies

adjusted to present-day climatic and environmental conditions.

Though the morphoclimatic map of Tricart and Cailleux24 distin-

guishes the approximate extent of relict Pleistocene permafrost, the

map is really one of landform controls.26 Fundamentally, therefore,

none of the maps or classifications reveal the wider geomorphic

impact of periglaciation in modifying the landscape at the mesospatial

scale. In other words, they exemplify a functional approach to

geomorphology and geoecology at the expense of an evolutionary or

historical approach. An exception is the morphoclimatic map of

J. Büdel.27

Büdel27 developed a conceptual model of frost shattering of

bedrock in the upper meters of permafrost, to produce an ice-rich

layer (the “ice rind” or, in modern parlance, the “transition zone”28).
The ice rind preconditioned the ground for intensive thermal

erosion—both vertically and laterally—by water flowing along river

channels. These processes, Büdel concluded, produced a subpolar zone

of excessive valley cutting that extended across (glacier) ice-free areas

northern Alaska, much of northern Canada, ice-marginal areas of

Greenland, Svalbard, and the far north of Eurasia. Additionally, a taiga

valley-cutting zone consisted of boreal regions of North America and

Eurasia underlain by permafrost. Extrapolation of valley cutting from

Büdel’s field observations of the ice rind in southeast Svalbard to the

wider Arctic and Subarctic (Figure 1), however, has been problematic,

because at some localities within permafrost regions such as western

Svalbard, west and southeast Greenland deposition of colluvium

dominates over erosion in valley bottoms, and in some glaciated

permafrost terrains, river activity is controlled by glacial landforms

and sediments23 and thus is largely paraglacial in nature. Other

problems with the valley-cutting model are (1) the seasonal timing of

maximum river discharge in many arctic and subarctic streams occurs

months before the active layer has reached is maximum, late-summer

depth; and (2) deep rivers (i.e., where water depth exceeds the

maximum thickness of river ice, �2 m) have a talik beneath them,

precluding the occurrence of a layer of near-surface ice-rich perma-

frost.23 Finally, accurate dating of landscape evolution over timescales

in which rivers incise and planate significantly remains difficult at

present. Thus, it is timely to re-evaluate the criteria to identify

periglacial landscapes over timescales that can be assessed reasonably

from geological evidence. This is most easily examined in landscapes

that evolve relatively quickly as a result of the geomorphic processes

of ice segregation and thermokarst.

4 | CRITERIA

Four empirical geological criteria serve to distinguish landscapes that

express varying degrees of periglaciation: (1) persistent or recurrent

periglacial conditions, (2) extraglacial regions, (3) ice-rich substrates,

and (4) aggradation of sediment and permafrost.

4.1 | Persistent or recurrent periglacial conditions

The first criterion requires that periglacial conditions have persisted

over glacial–interglacial timescales or recurred multiple times,

maximizing the duration of periglacial processes to produce a

“uniform assemblage of landforms”.29, p.25 First, the Cenozoic history

of NH periglacial and permafrost conditions is briefly summarized in

order to provide context for presenting a rationale for mapping funda-

mental periglacial regions.

4.1.1 | Cenozoic history of NH periglacial and
permafrost conditions

Since the Early Eocene Climatic Optimum (�52–50 Ma), global tem-

peratures have generally declined,30 leading to recurrent ice ages of

the Quaternary Period. In total, 103 marine isotope stages (MISs) have

been identified for the 2.58 Ma of the Quaternary,31 of which 51 were

cold stages (even-numbered MISs) (Figure 2). The terrestrial record of

cold stages, by contrast, is limited by erosion and nondeposition, with

far fewer cold stages identified so far: 13 since �3 Ma in the case of

the North American environs of the Arctic Ocean.41

Periglaciation in mid- to high latitudes and at high altitudes of the

NH became an important driver of landscape evolution during the late

Pliocene to Early Pleistocene. For example, periglacial processes

began to exert a dominant effect on landscape change and production

of coarse-grained sediments in susceptible regions of Britain from the

beginning of the Quaternary.42 The role of periglacial processes in

landscape evolution probably increased after the Mid-Pleistocene

Transition (�1.2–0.8 Ma), when the dominant orbital cycles changed

from �41 ka (obliquity) to �100 ka (eccentricity).43 The 100 ka cycles

resulted in prolonged glacial stages associated with expansion of NH

ice sheets and southwards extension of permafrost and periglacial

environments. A further increase in the amplitude of 100 ka climate

cycles occurred at �450 ka (after MIS 13), a transition known as the

mid-Brunhes Event.44

Permafrost in the NH developed as early as the late Pliocene

or Early Pleistocene, and has persisted since the Middle Pleistocene in

4 MURTON



some arctic and subarctic regions (Figure 2). Past

permafrost—i.e., permafrost that no longer exists at a particular

locality45—is inferred to have developed as early as the late Pliocene,

�3 Ma, based on ice-wedge pseudomorphs from the Klondike, Yukon,

Canada34 (Figures 1 and 2). The onset of permafrost during the late

Pliocene has also been inferred indirectly from pollen spectra

consistent with a change in vegetation toward tundra and

cold-adapted larch–birch forest from samples in and near Lake

El’gygytgyn in Chukotka, northeastern Russia40,46,47 and from a

reduction of Ca2+ flux into the lake, attributed to reduced chemical

weathering in the catchment, after 3.3 Ma, during the M2 cooling

event.48 The oldest known evidence for past permafrost in Alaska is

based on ice-wedge pseudomorphs in central Alaska dating to �2 Ma

or shortly before, i.e., Early Pleistocene.35,36 Past permafrost may

have developed on the highest summits of the Qinghai–Tibet Plateau

(QTP), China, during the Early Pleistocene, although no direct

evidence for it is reported prior to MIS 6 (�150–130 ka).49 According

to these authors,49 past permafrost probably developed on some

highlands of the QTP around the margins of glaciers sometime around

780–560 ka (e.g., MIS 16), in the early Middle Pleistocene, and again

around 480–420 ka (MIS 12), thawing out during warmer interglacial

conditions after both periods.

Ancient permafrost—i.e., permafrost that has persisted at a local-

ity since the Pleistocene or earlier—containing ground ice as old as

�740 ka has been reported from the Klondike, Eastern Beringia,37

and �650 ka or earlier from Batagay megaslump, Western Beringia38

(Figures 1 and 2). Such persistence is consistent with the absence of

observed speleothem growth—as permafrost freezes the karst vadose

system in caves—since �429 ka (MIS 11) in a Siberian cave

(Ledyanaya Lenskaya) near the boundary between continuous and

discontinuous permafrost (see39,50). More generally, it is highly proba-

ble that ancient permafrost persists in some mountain regions, where

it has survived beneath or adjacent to cold-based glaciers

(B. Etzelmüller, pers. comm. August 2020).

In summary, the evidence above suggests that permafrost may

have thawed and re-formed multiple times during the late Pliocene

and Early Pleistocene and became persistent, at least in certain arctic

regions, at some time in the Early Pleistocene. Thus, persistent perma-

frost conditions can reasonably be inferred for unglaciated arctic and

subarctic continental regions such as the Klondike in northwest

F IGURE 2 Timescale of Quaternary permafrost and periglaciation based on the benthic LR04 δ18O stack for the past 3.6 Ma. Data source:

Lisiecki and Raymo.32 Blue shading indicates main periods of paleo-ice-sheet reconstructions by Batchelor et al.33 Oldest known onset of past
permafrost is based on Westgate and Froese,34 Matheus et al.,35 and Péwé et al.36 Oldest known permafrost containing ground ice that has never
thawed, i.e., ancient permafrost, is based on Froese et al.37 and Murton et al.38 Indirect evidence for permafrost from the Siberian speleothem
record is based on Vaks et al.,39 and from pollen data40
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Canada and Batagay in northeast Siberia since �750–650 ka (early

Middle Pleistocene), and earlier phases of past permafrost—at least

during cold MISs, and possibly some warm MISs—are likely in such

regions since �3.2–2.0 Ma (Figure 2).

4.1.2 | Mapping periglacial environments

To map the spatial limits of present and past periglacial environments,

a conservative approach is adopted, based on the spatial extent of

permafrost. According to T. L. Péwé,51 “ … permafrost is the common

denominator of the periglacial environment, and is practically ubiqui-

tous in the active periglacial zone.”, whereas H.M. French’s9 fourth

edition of his textbook (p. 4) noted that “… all periglacial environments

experience either seasonally-frozen or perennially-frozen ground.”
The present study excludes seasonally frozen ground in non-

permafrost areas because identifying permafrost areas is more tracta-

ble for mapping purposes. This approach thus represents a first step

towards identifying periglacial environments, and it is acknowledged

that a more complete mapping of periglacial environments should

include areas of seasonally frozen ground.

The approach used in the present study allows distinction of per-

mafrost regions, which can be considered the fundamental areas in

which periglacial landscapes are most likely to exist. A map of

present-day permafrost extent in the NH is shown in Figure 1.52 The

map divides permafrost into zones delineated by the spatial extent of

permafrost. The zones vary—along a transect from colder northern

areas to warmer southern areas—from continuous permafrost (where

F IGURE 3 Limits of Cenozoic ice sheets and Last Glacial Maximum (LGM) permafrost in the Northern Hemisphere. Creamy white shading
indicates maximum best estimates of Plio-Pleistocene ice sheets (from Batchelor et al.33); pink shading indicates areas of LGM permafrost,
including continuous, discontinuous, sporadic, and isolated permafrost (from Lindgren et al.54); blue lines indicate present-day rivers (from Natural
Earth55); elevation and bathymetric data from Amante and Eakins,56 and country outlines from Natural Earth.57 “IS” denotes “Ice sheet.” Map
projection is north pole Lambert azimuthal equal area; central meridian: 0�; datum: D_WGS 1984
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permafrost underlies 90%–100% of the land surface), through discon-

tinuous permafrost (50%–90%), to sporadic permafrost (10%–50%), or

isolated permafrost (0%–10%).

Knowledge of the extent of permafrost before MIS 2 is

rudimentary, and so the maximum extent of past permafrost

reconstructed for the Last Glacial Maximum (LGM), �26.5–19 ka,53

is adopted here. This indicates to a first approximation the

maximum extent of past permafrost during the main cold MISs of

the Middle and Late Pleistocene. The extent of LGM permafrost in

the NH is shown by the pink area in Figure 3, which is based on

the most recent synthesis of empirical evidence (54 figure 1). The

LGM permafrost region encompasses continuous, discontinuous,

sporadic, and isolated permafrost as defined above, because the

individual extents of each zone before the present day are highly

uncertain.54 Thus, the LGM permafrost is mapped very broadly and

includes numerous areas lacking permafrost. Together, Figures 1

and 3 approximate the overall region of recurrent and persistent

permafrost associated with the 100-ka eccentricity cycles charac-

teristic of the Middle and Late Pleistocene.

4.2 | Extraglacial regions

The second criterion requires that periglacial conditions existed

beyond the maximum limits of glaciation. Definition of the

extraglacial regions maximizes the area for subaerial cold-climate

conditions free of glacial erosion and deposition. This criterion

therefore excludes the direct geomorphic effects from glacier ice

on periglacial terrains, although it does not exclude the indirect

geomorphic effects of glacial processes acting in the proglacial

zone, for example on the development of ground ice supplied from

pressurized groundwater (e.g.,58) or on surface meltwater activity.59

Equally, the criterion does not exclude the preservation of

preglacial landforms (e.g., tors, blockfields, and patterned ground)

and weathering profiles beneath cold-based glacial ice,60 as a result

of protection within subglacial permafrost.

The maximum limits of glaciation by NH glaciers and ice

sheets are late Cenozoic (i.e., Pliocene–Pleistocene) in age. The

onset of widespread glaciation recorded in the NH by terrestrial

evidence was around 2.5–2.4 Ma,61–63 and that recorded by

ice-rafted debris in ocean cores, around 2.6–2.7 Ma64,65 (Figure 2).

Permafrost probably existed beyond the margins of some these

ancient Plio-Pleistocene ice sheets, although evidence reported for

it is limited.41

The maximum limits of Plio-Pleistocene glaciation by the major

NH ice sheets are shown in Figure 3. This map is a first attempt to

depict the outermost glacial limits obtained from the LGM66 and the

best estimates for 17 pre-LGM time-slices compiled by Batchelor

et al.33 for the periods between the late Gauss paleo-magnetic Chron

(3.6–2.6 Ma) and 30 ka. As a result, the areas of present-day

permafrost or LGM permafrost beyond the outermost glacial limits

can be taken to represent periglacial landscapes unglaciated during

the late Cenozoic.

4.3 | Ice-rich substrates

The third criterion requires the substrate on which periglacial pro-

cesses operate to be sensitive to change, enabling characteristic land-

forms13 to develop rapidly and resurface landscapes. Such sensitivity

in periglacial regions arises where the upper meters (near-surface) of

materials are highly erodible, because the substrate is rich either in

ground ice (i.e., contains excess ice) and/or in unconsolidated silt or

sand. Excess ice in the upper meters of permafrost tends to be vulner-

able to melting and landscape disturbance by thermokarst activity,

producing a range of characteristic thermokarst landforms.9,67 Excess

ice is particularly common in silt-rich sediments with an abundant

moisture supply,68–70 as silt is highly frost-susceptible. Excess ice also

occurs in frost-susceptible bedrock such as marly limestone, arkose,27

and shale.71 The focus on ground ice highlights its fundamental role in

periglacial geomorphology in terms of “landform and landscape initia-

tion and development” (,19 p.1). It also echoes Büdel’s27 concept of

the ice-rind (i.e., transition zone28) as important to periglacial land-

scape evolution. To show regions rich in ground ice, the Circum-Arctic

Map of Permafrost and Ground-Ice Conditions, Version 252 is used, as

this distinguishes regions of high (>20%) volumetric ground-ice

content in the upper 10–20 m of ground. Figure 4 exemplifies such

regions (in red) in unglaciated terrains.

In regions of past permafrost—where excess ice is no longer

present—the former presence of excess ice can be inferred from the

frost susceptibility of the substrate as well as cryostratigraphic

evidence for former ground ice.72 In mid-latitude regions such as

northwest Europe, the former occurrence of excess ice is commonly

indicated by near-surface brecciation that represents relict weathering

profiles developed in rocks such as chalk, slate, shale, and silty

sandstone in France,73 Germany,27, p.84 and Britain.74

4.4 | Aggradation of sediment and permafrost

The fourth criterion focuses on aggradation of sediment and perma-

frost, which together create new lowland periglacial landsurfaces;

therefore, the effects of landscape inheritance29 are minimized or

avoided. Resurfacing of periglacial landscapes by sedimentation

operating at timescales of 103 years was widespread during cold

stages of the Pleistocene. Silt and silt–sand intergrades—deposited

primarily by wind (loess) and sometimes partially reworked—blanketed

huge areas of unglaciated permafrost terrains in Beringia and past per-

mafrost terrains in southern Siberia, central and northwest Europe.75

In Beringia, the silt is characteristically ice-rich, and forms regionally

widespread cryostratigraphic units known as ice complexes, of which

the most recent, Late Pleistocene, one is termed yedoma. Hence, the

yedoma is included with the high volumetric ground-ice category

shown in Figure 4. Such sedimentation resulted in long-term growth

of syngenetic permafrost. Other types of sedimentation in modern

permafrost settings—notably river floodplains, deltas, and alluvial

fans—can result in growth of syngenetic, quasi-syngenetic, or epige-

netic permafrost, depending on continuity of deposition of clastic
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sediment, accumulation of organic material on the ground surface, or

the timing of channel switching (avulsion). Criterion 4 applies primarily

to periglacial lowlands. In periglacial uplands, however, erosional

rather than depositional processes may be more important agents of

periglaciation, for example by modifying bedrock and leading to the

formation of erosional periglacial landforms such as cryoplanation ter-

races and staircases of terraces (section 7.5).

5 | PERMAFROST REGIONS

From these criteria, four types of permafrost region are identified

based on glaciation and permafrost status: (1) glaciated permafrost,

(2) glaciated past permafrost, (3) unglaciated permafrost, and

(4) unglaciated past permafrost.

5.1 | Glaciated permafrost regions

Glaciated permafrost regions are those that meet criterion 1 (persis-

tence) to some extent, and sometimes meet criterion 3 (ice-rich). In

such regions, glaciers or ice sheets previously advanced over lowlands

and uplands where permafrost persists at present. Permafrost was

commonly present before the glacial advance and, at least beneath

the ice-marginal areas, commonly persisted beneath cold-based ice,

with the result that glacier–permafrost interactions were common.60

In lowlands, regional burial of basal ice and glaciotectonic deformation

of permafrost occurred in western Siberia (overridden by the

Barents–Kara Ice Sheet76), northwest Canada (overridden by the

Laurentide and Innuitian ice sheets77), and the northeastern New

Siberian islands (overridden by the Eastern Siberian Ice Sheet78)

(Figure 3). Glacial deposits, ground ice, and ice-cored moraines are

common in such areas, and the landscape is in a state of delayed or

arrested deglaciation,79,80 although recent climate warming is

renewing deglaciation and driving postglacial permafrost landscape

evolution in northwest Canada by rapid thermokarst activity.81 In

mountains and uplands, cold-based glacial ice is thought to have had

limited to no geomorphic impact on preglacial landforms, resulting in

the preservation of features such as weathering zones, trimlines, and

tors,60 for example in the Torngat Mountains of northern Labrador,82

where permafrost today is continuous to extensive discontinuous83

(Figure 1).

F IGURE 4 Unglaciated permafrost regions beyond the maximum extent of Cenozoic glaciation showing lowland regions in which
characteristic periglacial landscapes (red) are likely to occur. Dotted areas indicate regions of high (>20 %) volumetric ground ice in the upper
10–20 m of ground (from Brown et al.52); pink shading indicates areas of LGM permafrost, including continuous, discontinuous, sporadic, and
isolated permafrost (from Lindgren et al.54) and these areas were above contemporaneous sea level during the LGM. Other sources of data are as
in the caption to Figure 3. “IS” denotes “Ice sheet.” Map projection is Lambert azimuthal equal area, central meridian: 180�; datum: D_WGS 1984
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5.2 | Glaciated past permafrost regions

Glaciated past permafrost regions commonly meet criterion 1 (persis-

tence) and locally meet criteria 3 (ice-rich) and 4 (aggradation). In

these regions, glaciers or ice sheets advanced over terrain that pres-

ently lacks permafrost, although in many mid-latitude regions past

permafrost occurred there during times of glacial advance or retreat.

Such regions include glaciated parts of northern Europe, northern

USA, and southern and western Canada (62; Figs 1 and 3). In these

regions, glacial deposits, moraines, and glaciotectonic deformation

features are common, as is evidence of past permafrost (e.g., ice-

wedge pseudomorphs; e.g.,84) and periglaciation (e.g., involutions,

patterned ground, vertical stones21). On hillslopes, the upper meters

of tills have commonly been reworked by gelifluction. Signs of past

periglacial activity tend to be more muted on glacially eroded bedrock

terrains such as the southern parts of the Canadian Shield, where the

rock types tend to be nonfrost-susceptible. In some regions, accumu-

lation of eolian sand, silty sand, and loess blanketed glaciated past

permafrost terrains in NW Europe.85,86

5.3 | Unglaciated permafrost regions

Unglaciated permafrost regions meet criteria 1 (persistence),

2 (extraglacial) and 3 (ice-rich) everywhere, and commonly meet crite-

rion 4 (aggradation). Such regions are dominated spatially by Beringia,

the unglaciated Pleistocene subcontinent that stretched from the

Verkhoyansk Mountains of northeast Siberia eastward across the

emergent Bering land bridge through central and northern Alaska to

the Klondike region of Yukon Territory, Canada87,88 (Figure 4). Also

included within Beringia were continental shelves to the north of the

present coastlands, for example the East Siberian Arctic Shelf, which

formed the northwest Beringian Plain.89 Bodies of glacier ice in the

northern areas of Alaska and central and eastern Siberia (between

�136�W and 123�E) were generally restricted to interior uplands and

never reached the outer margins of the subaerially exposed continen-

tal shelves underlain by LGM permafrost (Figure 4). Glaciation in

Beringia was particularly restricted during the LGM compared to some

earlier time-slices (e.g., MIS 6, 5 and 4; see33). During the LGM,

Beringian environments, especially to the east and west of the Bering

land bridge (central Beringia), were characterized by intense eolian

activity and associated windblown sand and silt deposits.90 They

formed part of a vast, dry and dusty Late Pleistocene permafrost zone

extending from northwest Europe across northern Asia to northwest

North America.75

The map presented in Figure 4 shows that Beringia included not

only lowlands91 but some interior uplands—such as those of the

Yana—distant from the moderating effects of coastal climates

throughout the Quaternary and therefore persistently continental

(i.e., large annual temperature range, little precipitation and relatively

warm growing season). In much of Beringia, permafrost persisted even

during interglacial conditions—although locally it may have

disappeared on warmer south-facing slopes in the discontinuous

permafrost zone—and was re-invigorated during glacial conditions.

The map in Figure 4 also identifies the unglaciated permafrost region

to the west of Beringia as the unglaciated Siberian Platform, which is

usually excluded from Beringia (S. Elias and A. Fedorov, pers. comm.

October 2020). The unglaciated Siberian Platform includes ice-rich

permafrost in the broad ice-free corridor between the western margin

of the Verkhoyansk Mountains and the eastern margin of the Central

Siberian Plateau. Within it are the river valleys of the Lena, Vilyuy,

and the lower course of the Anabar.

5.4 | Unglaciated past permafrost regions

Unglaciated past permafrost regions meet criteria 1 (persistence) and

2 (extraglacial), and in places meet criteria 3 (ice-rich) and 4 (aggrada-

tion). Such regions tend to occur in the mid-latitudes to the south of

the Laurentide and Cordilleran ice sheets in North America, and to the

south the Fennoscandian, Barents–Kara, and British–Irish ice sheets

in Eurasia (62; Figure 3). In the absence of glacial landforms and land-

scapes, inheritance of nonglacial features such as Neogene or Paleo-

gene erosion surfaces tends to be more evident (e.g.,92), determining

the initial conditions on which periglaciation has operated.

6 | PERIGLACIAL LANDSCAPES

The permafrost regions outlined above permit distinction of funda-

mental periglacial landscapes that are characteristic or polygenetic.

6.1 | Characteristic periglacial landscapes

Characteristic periglacial landscapes in lowland regions comprise

assemblages of landforms whose morphology is adjusted essentially

to present (i.e., Holocene interglacial) process conditions. The stipula-

tion of landscape adjustment to present conditions is necessary to

delineate characteristic periglacial landscapes in a way that is tracta-

ble, given present knowledge about rates of landscape evolution. Such

knowledge is greater for periglacial lowlands than for periglacial

uplands. In lowlands, multiple dating methods have been applied to

cryostratigraphic sequences and landforms, and landscapes evolve

more rapidly by growth and melt of ground ice, and by erosion and

deposition of sediment.72,93,94 In uplands, erosion of bedrock tends to

be slower, and dating of it appears to be more difficult and is at an

earlier stage of methodological development, as discussed below in

the context of cryoplanation terraces (section 7.1). Thus, it is currently

difficult to establish beyond reasonable doubt if upland periglacial

landscapes are characteristic of their present geomorphic regimes.

Two types of lowland characteristic periglacial landscapes are

identified: (1) thermokarst landscapes and (2) mixed periglacial

landscapes. Thermokarst landscapes comprise landforms produced by

present ground-ice-related (freeze–thaw) processes, and so represent

characteristic periglacial landscapes in a narrow sense. Mixed
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periglacial landscapes comprise a mixture of landforms produced by

interactions between present ground-ice-related processes and azonal

processes; these represent characteristic periglacial landscapes in a

broad sense. The main lowland regions likely to contain characteristic

periglacial landscapes are approximated by the red areas on Figure 4.

The regions outlined are not exhaustive and omit some areas of

known ice-rich permafrost (e.g., in interior Alaska). They simply

provide a first attempt to delineate a geographical framework to

narrow the search for characteristic periglacial landscapes.

6.1.1 | Thermokarst landscapes

Thermokarst landscapes occur where all four criteria are met. Aggra-

dation of sediment and accompanying growth of syngenetic perma-

frost buried pre-existing topography beneath blankets of silty

deposits up to tens of meters thick and rich in ground ice, thus

producing extensive accumulation surfaces underlain by ice

complexes (section 6.2.1). Such environmental conditions ceased at

the end of the Pleistocene, leaving the accumulation surfaces (inter-

alas areas) that persist at the present day as inherited features. During

the Holocene, assemblages of thermokarst landforms have developed

within the accumulation surfaces and are characteristic of present,

interglacial conditions. Thermokarst was driven by natural geomorphic

processes during much of the Holocene, and increasingly by human

disturbances in the last century or so. Numerous modes of permafrost

degradation have been distinguished from boreal regions of Alaska95

and thermokarst terrains more generally.67 Thermokarst landscapes

are illustrated by way of alas terrains and icy badlands.

Alas terrains

Alases are large flat-floored depressions with steep sides that form by

thaw settlement of very ice-rich permafrost.96,97 In the central

Yakutian lowland, Siberia (Figure 4), they vary in area from �0.5 to

>100 km2, and in depth from �3 to 40 m. Such thermokarst depres-

sions can host a variety of smaller permafrost landforms, including

ice-wedge polygons, thermokarst mounds, pingos, and retrogressive

thaw slumps (Figure 5). Where alases coalesce, they form thermokarst

valleys, which are characterized by unexpected turns, blind spurs,

wide sections (alas basins), and—during early stages of development—

by a step-like longitudinal profile. As thermokarst valleys develop,

their longitudinal profiles become more graded as a result of infilling

of the deepest alases with sediment and erosion of the higher alases

along thermokarst gullies. The late stage of valley development is

characterized by a wide grassy bottom that is flat to gently sloping

with basin-like segments. As Czudek and Demek96 concluded (p. 119),

thermokarst “destroys the initial surface of large areas and creates a

new lower level of the lowlands, which is initially independent of the

main level of erosion. The thermokarst process thus represents a

special type of relief development.” Such special relief, it is argued

here, represents a truly characteristic periglacial landscape.

Evolution of alas terrains has been elucidated by integrating field

observations from regions of yedoma in Russia and Alaska, and

revising the conceptual model of thermokarst-lake development. The

model originally developed by Soloviev97 and presented in English by

Czudek and Demek96 was revised by Shur et al.98 In outline, the

revised model has six stages: (1) the active layer deepens and thaw

settlement commences; (2) water ponds in ice-wedge troughs;

(3) thermokarst ponds form above ice-wedge polygons;

(4) thermokarst lakes deepen rapidly, (5) yedoma thaws completely

beneath lakes, and shorelines experience thermal erosion; and (6) lakes

drain and ground freezes in drained-lake basins (alases), alas valleys,

and alas plains. All of these landforms are common in the northern

part of the Seward Peninsula, Alaska (Figure 4). Importantly, the early

stages of thermokarst (1 and 2) are commonly interrupted by drainage

or accumulation of organic matter, which help to stabilize the yedoma

landscape and provide a negative feedback to thermokarst develop-

ment. Thus, at the present day, development of thermokarst lakes

(stage 4) is unusual, and yedoma in Alaska and northern Yakutia is

F IGURE 5 Characteristic periglacial landscape of alas terrain, east
of Yakutsk, central Yakutia, Siberia. (a). Well-developed baydzherakhs
(thermokarst mounds) on the far hillslope formed by partial melting of
syngenetic ice wedges in the ice complex. Lake partially fills the floor
of alas. (b) Pingo with high-centered polygons in floor of alas.
Surrounding forest covers Pleistocene accumulation surface in which
alas developed
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degrading mainly by thermal erosion along the shores of rivers and

seas.98

A specific example of an alas plain landscape occurs in the Innoko

and Koyukuk Flats, a region of lacustrine–loess lowlands in discontin-

uous permafrost of interior Alaska (Figure 4). Here, cryostratigraphic

observations of the upper meters of permafrost deposits, sup-

plemented by radiocarbon ages, support a conceptual model of terrain

evolution from the Late Pleistocene to the present day.99 Starting

with initial conditions of a Late Pleistocene accumulation surface

underlain by ice-rich silt (yedoma), the model has four stages of

yedoma degradation followed by five stages of permafrost aggrada-

tion and degradation that produced a complex mosaic of terrain,

hydrological, and permafrost conditions. In essence, the present ter-

rain is considered to represent “large thaw lake (alas) plains” in which

“ground ice dynamics are fundamental to the evolution of the broader

landscape.”.99, p.31

The degree, extent, and rates of landscape evolution of alas ter-

rains have started to be quantified based on terrain analysis at

regional to local spatial scales. For example, in part of the Kolyma

Lowland of the northern Sakha Republic (Yakutia) (Figure 4),

thermokarst activity during the Holocene thermal maximum trans-

formed �50% of the initial yedoma surface underlain by ice-complex

deposits into alas terrain, with a further 11% of the yedoma terrain

transformed into alases in the late Holocene.100 Some 80%–100% of

the area of low-lying northern coastal regions of the yedoma–alas

complex of the Kolyma Lowland is dominated by thermokarst

basins.101 These authors detected a net loss of 0.51% of lake area

regionally in the lowland between the years 1999 and 2014, although

different subregions showed different trends, with lake expansion—

attributed to thermokarst and flooding—dominant in the northern part

of the yedoma–alas complex. Nitze et al.101 have also detected recent

changes in lake area on the Alaskan North Slope and in the central

Sakha Republic, some of which they attribute to thermokarst activity.

At the local spatial scale, rapid subsidence at average rates of 2.1 and

3.9 cm yr–1 of ground above the melting tops of ice wedges at two

sites in the Churapcha area near Yakutsk (Figure 4) has been recorded

from high-definition topographic data.102 The thermokarst develop-

ment started in the early 1990s and is visually expressed by growing

thermokarst mounds.

In summary, alas terrain represents an expanding characteristic

periglacial landscape. Collectively, the alas terrain identified in the

new permafrost–landscape map of the Sakha Republic103 comprises

3.6% (�112,000 km2) of the total area of the republic.

Icy badlands

Icy badlands constitute a distinctive landscape of gullies and inter-

fluves formed primarily by rapid thermal erosion through ice-rich per-

mafrost.94 Such badlands are particularly well developed and

extensive in the floor of the Batagay Megaslump, the largest known

retrogressive thaw slump on Earth, in the Yana Uplands of the north-

ern Sakha Republic, Siberia (Figure 4104). Thermal erosion on the

slump floor has formed v-shaped gullies between sharp-crested inter-

fluves (Figure 6). Active gully sides commonly expose bare sand, often

at or near the angle of repose of the sand, due to active mass move-

ment. Accordant summits of the interfluves as well as baydzherakhs

(thermokarst mounds) on top of the interfluves initially mark the base

of the upper ice complex, although erosion lowers them through time.

The original hillslope gully now forms the primary gully that runs

downslope along the middle of the slump floor towards the Batagay

River. Tributary gullies feed into the main gully in a dendritic pattern.

In summer, thermo-erosional niches commonly develop beside active

streams in gully floors.

The badlands of the Batagay Megaslump developed after human-

induced disturbance to the taiga vegetation cover in the 1940s to

1960s initiated a gully on the hillslope in the early 1960s.105 The gully

initiated thaw slumping along its central part during the 1980s, with

the slump enlarging to megaslump (>0.2 km2) proportions during the

1990s. Between 1991 and 2018, the area of the slump floor increased

from 0.19 to 0.78 km2, and the maximum depth of the floor below

the adjacent terrain surface was �70 m.106 Since 2010, vegetation

appears to have rapidly colonized the slump floor,106 which may help

to stabilize some of the icy badlands (Figure 6b) and reduce the rate

of slump expansion, because during the hottest summer days vege-

tated surfaces are cooler than bare ones.

6.1.2 | Mixed periglacial landscapes

Some mixed periglacial landscapes also exemplify characteristic land-

scapes, where the imprint of ground-ice-related processes is mixed

with imprints from azonal processes that show distinctive features in

periglacial environments. Such landscapes are found where criteria

1 (persistence), 3 (ice-rich) and 4 (aggradation) are met, and criterion

2 (extraglacial) is of less relevance because sediment aggradation may

eventually resurface over inherited glacial landforms. Examples of

characteristic mixed periglacial landscapes include periglacial–alluvial

landscapes and periglacial–deltaic landscapes.

Periglacial–alluvial landscapes

Periglacial–alluvial landscapes comprise a mixture of active periglacial

and alluvial landforms formed where wetlands or active floodplains of

arctic and subarctic rivers cross permafrost terrain (e.g., the Lena,

Yana, Indigirka, and Kolyma rivers; Figure 4). In these landscapes,

hydrologic processes operating in permafrost drainage basins may

(1) concentrate hydrologic activities, (2) spatially differentiate water

distribution in different parts of basins, (3) store liquid water and

ice, (4) exaggerate hydrologic events, and (5) favor high runoff

ratios.107, pp. 514–515 Watercourses in periglacial wetlands are modified

by fluvial processes, growth and thaw of permafrost, and vegetation

changes.108

Frozen ground in or adjacent to stream channels can both protect

and enhance riverbeds and banks from erosion.107, p.432 Ice bonding

of unconsolidated material can protect it from erosion from running

water, especially during the snowmelt season, limiting downcutting.

However, ice also impedes infiltration and percolation, promoting sur-

face runoff. Upward growth of permafrost into newly deposited

MURTON 11



alluvial sediments—e.g., in levées and active floodplains adjacent to

river channels—limits or prevents lateral seepage and helps to stabilize

the channels.107, p. 433 Conversely, melt of ground ice may facilitate

erosion. For example, thermal erosion occurs where flowing water

melts ground ice by the combined effects of heat conduction and con-

vection, and then mechanically erodes newly released sediment or

rock fragments. Thermal erosion along riverbanks through ice-rich

unconsolidated sediments causes undercutting and rapid bank

retreat.109,110 Undercutting by currents excavates a horizontal cleft

(thermo-erosional niche) that may extend 10 m or more laterally into

the bank, at about water level. Above the niche, the undermined

permafrost episodically collapses in large blocks, often along ice

wedges. Additionally, ice wedges can provide routes for gully

erosion,111 with gullies sometimes enlarging into creeks.107, p.433

Melting wedge ice at nodes where ice-wedge polygons intersect can

create beaded streams. In the long term, it has been suggested that

“… channels transport sediment and expand their network more

effectively under permafrost conditions than under nonpermafrost

conditions …”.108, p.495

Although some periglacial–alluvial landscapes can be regarded as

characteristic landscapes in equilibrium with the present process

regime, others are polygenetic landscapes. This distinction centers on

whether criterion 4 is met. Characteristic periglacial–alluvial land-

scapes are those in which aggradation of clastic sediment—with or

without accumulation of organic material—leads to rise of the deposi-

tional surface and resulting upward aggradation of permafrost

(criterion 4). Permafrost aggradation can be syngenetic where clastic

sediment aggrades incrementally, quasi-syngenetic where organic

material accumulates without sedimentation,112 or a combination of

both. The landsurface includes modern floodplains adjacent to major

F IGURE 6 Characteristic periglacial landscape
of icy badlands, Batagay megaslump, Yana
uplands, northeast Siberia. (a) Meltwater stream in
gully floor. Slump headwall in distance is �50 m
high and exposes an ice complex. (b) Icy badlands
in slump floor (foreground) formed by resurfacing
of the original smooth hillslope (accumulation
apron) covered in open woodland dominated by
Cajander larch (background). Slump headwall

exposes ice complex �25 m thick. Mount
Kirgilyakh in distance
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rivers crossing permafrost terrain (e.g., the Lena and Kolyma rivers) as

well as active alluvial fans, for example the Holocene fans in the

Zackenberg Valley of northeast Greenland (Figure 1113). Other

periglacial–alluvial landscapes, however, do not currently experience

aggradation of sediment and permafrost. For example, rivers such as

the Nigu, Ikpikpuk, and Titaluk draining the North Slope of Alaska

have incised their floodplain since the early Holocene. The incision is

leading to reworking of alluvial deposits dating from two older phases

of valley aggradation—during the Pleistocene–Holocene transition,114

resulting in a polygenetic periglacial landscape (section 6.2).

Periglacial–deltaic landscapes

Periglacial–deltaic landscapes develop in arctic and subarctic regions,

where rivers draining basins underlain by permafrost discharge water

and sediment into the sea. Active deltas in the Arctic range in size

from <0.1 ha in recently tapped deltaic lakes to thousands of km2, and

in age from newly formed to mid-Holocene, as the rate of sea-level

rise began to decrease.115 Such deltas are geologically young and their

geomorphic and sedimentary systems reflect recent to modern condi-

tions, allowing them to develop characteristic landscapes. The larger

deltas include the Olenik, Lena, Yana, Indigirka, and Kolyma in Sibe-

ria116 and the Colville Delta in northern Alaska117 (Figure 4), although

not all parts of the deltas are active; for example, �40% of the overall

area of the Lena Delta consists of pre-Holocene plains and

bedrock.118 Permafrost features in active deltas commonly include ice

wedges, ice-wedge polygons, pingos, and thermokarst lakes. Ponds in

low-centered polygons and in the troughs above ice wedges are

particularly common.115,119 Thermokarst activity can lead to rapid

geomorphic change in arctic deltas. Thermal erosion, particularly

during spring breakup of river ice, undercuts distributary banks by

carving thermoerosional niches that commonly result in block

collapse. In addition, thermokarst lakes can expand120 or drain over

decadal timescales. Emergent flats and bars in summer provide

sources for wind to rework the sand into dunes in down-drift loca-

tions, for example on the Lena River Delta. Ponds in blowouts in

dunes or in depressions between dune belts may develop because

permafrost impedes drainage.

6.2 | Polygenetic periglacial landscapes

As discussed in section 1, polygenetic landscapes express only partial

adjustment of the morphology to present environmental conditions

and geomorphic processes, usually in highly localized areas, i.e., at the

microform scale. Thus, polygenetic periglacial landscapes inherit relict

or inactive periglacial landsurfaces that are modified at varying rates

and to varying degrees under extant geomorphic conditions and

processes, which may or may not be periglacial. Such landscapes

occur where criteria 1 (persistence) and 2 (extraglacial) are always met

(except in the case of glacial–periglacial landscapes; section 6.2.5), and

criteria 3 (ice-rich) and 4 (aggradation) are sometimes met. Five types

of polygenetic periglacial landscapes are identified: (1) relict accumula-

tion plains and aprons, (2) frost-susceptible bedrock landscapes,

(3) cryopediments in glaciated and unglaciated terrains, (4) nonfrost-

susceptible bedrock landscapes, and (5) glacial–periglacial landscapes.

6.2.1 | Relict accumulation plains and aprons

Relict accumulation plains and aprons developed during past

periglacial conditions where sedimentation resurfaced areas of perma-

frost landscape, prior to environmental changes that left the

resurfaced landscapes as relicts in a different process regime operat-

ing under present-day periglacial conditions. The plains and aprons

are underlain by thick deposits of silt, sand, or gravel that contain

variable amounts of ground ice and can be mapped regionally as

cryostratigraphic units. The units developed where clastic

sedimentation—by wind, water, or gravity—occurred on millennial

timescales during multiple cold (glacial) stages of the Plio-Pleistocene,

enabling aggradation of sedimentary units meters to tens of meters

thick, burying underlying landsurfaces.

The relict accumulation plains and aprons are widespread in some

lowlands and foothills in Beringia, and commonly form stacked

sequences that extend back in time through the Late Pleistocene and

sometimes to the Middle or Early Pleistocene or even the Pliocene.

For example, a number of accumulation levels have been distin-

guished in the Kolyma Lowland of northeast Siberia (Figure 4), under-

lain by yedoma and other Pleistocene deposits of varied origin.121

Prominent in the present landscape of Beringian lowlands are plains

underlain by ice complexes, particularly those complexes dating from

the Late Pleistocene, which tend to have been modified less than

older surfaces. Such ice complexes developed where silt, sand, or silt–

sand intergrades accumulated incrementally on landsurfaces, burying

them beneath meters to tens of meters of sediment in which

syngenetic permafrost aggraded and incorporated abundant excess

ice. On lowlands, the resulting new landsurfaces formed accumulation

plains such as the Omolon–Anyuy yedoma surface (>1000 km2;122) in

the Kolyma Lowland, for example at Duvanny Yar, the yedoma

typesite in Russia (Figures 4 and 7).75 On foothills, the new land-

surfaces tended to form aprons, for example at the Batagay

Megaslump in the Yana Uplands (Figures 4 and 6b).104 The 50-m-high

vertical sections in the slump headwall expose four major

cryostratigraphic units stacked on top of each other—two ice

complexes and two sand deposits—that indicate episodic accumula-

tion of sand, ground ice, and syngenetic permafrost from the early

Middle Pleistocene �650 ka to the Late Pleistocene.38 Other exam-

ples of ice complexes and intercalated cryostratigraphic units underlie

accumulation plains along the northern coastlands of western

Beringia,123,124 and occupy valleys of interior Alaska.36,125

At the end of the Pleistocene, ice complexes ceased forming as

the environment of Beringia abruptly changed from dry, dusty, and

vegetated with steppe plants to moist, boggy, and vegetated with

tundra shrubs and taiga forest. Thus, many accumulation plains and

aprons are relict Pleistocene features, and although they are

periglacial in origin, they are not currently forming and so constitute

polygenetic periglacial landscapes. Such Pleistocene accumulation
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plains and aprons have been modified in many places by Holocene

thermokarst activity. Thus, the plains are inset with numerous

thermokarst landforms such as alases and icy badlands (section 6.1.1).

The alas terrain has evolved by thaw of ice-rich inter-alas areas, which

comprise 10.8% (�335,000 km2) of the total area of the Sakha Repub-

lic.103 If in the future the climate cooled again, and ice-age conditions

similar to those in Pleistocene cold stages recurred, then the accumu-

lation plains would probably be reactivated.

6.2.2 | Frost-susceptible bedrock landscapes

Frost-susceptible bedrock favors development of excess ice in near-

surface permafrost (transition zone), which—combined with long-term

uplift and stream incision—promotes periglacial mass wasting and

shaping of landscapes dominated by convexo-concave hillslopes. For

example, the unglaciated landscape of southern England was

described in a benchmark paper by M.T. Te Punga126,127 as “charac-
teristically whale-backed” and “subdued,” and interpreted as “a typical

relict periglacial landscape,” supported by subsequent inferences by

French.6 This landscape is exemplified by rock types that are lithologi-

cally different but frost-susceptible: (1) chalk plateaux of Kent to

Dorset, and (2) slate and schist lowlands of south Devon (Figure 8a).

The chalklands can be classified geomorphologically into plateaux,

sediment-mantled hillslopes, slope-foot, and valley landsystems

(Figure 9); and geologically the upper meters of their substrate can be

distinguished in terms of brecciated chalk bedrock, and deposits of

silt, diamicton, and gravel.74 During recurrent Pleistocene per-

iglaciation, frost-susceptible bedrock such as chalk was fractured by

ice segregation, producing an ice-rich brecciated layer in the upper

meters of permafrost, with additional fracture in seasonally frozen

ground during less severe periglacial conditions.129 The ice-rich layer

was vulnerable to thaw and consolidation, which released debris into

the active layer130 and, in undrained conditions, resulted in elevated

porewater pressures and sediment deformation. Diffusive sediment

transport processes of mass movement (e.g., gelifluction and frost

creep) and overland flow (slopewash) moved sediment downslope and

smoothed the topography, creating extensive convexo-concave

F IGURE 7 Polygenetic periglacial
landscapes in the form of relict
landsurfaces of Pleistocene accumulation
plains at (a) Duvanny Yar, lower Kolyma
River, northeast Siberia; and (b) Syrdah,
70 km northeast of Yakutsk, central
Siberia
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hillslopes (Figure 10a). Similar descriptions and interpretations can be

applied to the slate and schist lowlands of south Devon

(Figure 10b131).

Incision of the chalklands and of the slate and schist lowlands

occurred as streams cut down through the uplifting landscape

(section 7.3) and formed valley networks. Many of the valleys are

presently dry, especially in the chalklands, which has sparked debate

about the dominant environmental conditions associated with their

formation: either (a) “normal” fluvial erosion under temperate condi-

tions somewhat similar to those at present and/or (b) periglacial con-

ditions that fundamentally changed the geomorphic system during the

Pleistocene (reviewed by,21,132 pp.152–155). Some consensus

suggests that the larger, high-order valleys initiated and developed by

fluvial erosion under temperate conditions in the Neogene to

Middle Pleistocene but have been modified later by periglacial

processes, whereas the smallest, low-order valleys initiated and

developed wholly under periglacial conditions as recently as the last

cold stage.9, p.364, 132,133 Incision of many presently dry valleys was

probably driven, at least partly, by streams episodically discharging

seasonal snowmelt or summer rain, while seasonal frost or permafrost

ground rendered the bedrock impermeable.

The smallest dry valleys—shallow unchanneled hillslope hollows,

commonly bowl- or paddle-shaped6—are known as dells,9, p.364, 132

hollows, or zero-order drainage basins.134,135 The dells are typically

underlain by chalky gelifluction deposits and have been attributed to

snowmelt erosion under cold-climate conditions, i.e., concentrated

wash processes beneath snowpatches when the subsoil was either

seasonally or perennially frozen.136, p.268 French9 (p. 364) considered

them analogous to nivation hollows and raised the possibility that they

are “truly periglacial in origin.” What seems clear from our growing

understanding of hillslope hydrology in permafrost regions is seepage

of water through the active layer in summer, perhaps along water

tracks,137 and flow re-emergence near the base of hillslopes can be

important geomorphic processes that probably influence first-order

F IGURE 8 Periglacial regions in the UK and Ireland. Region 1 was largely covered by glacier ice during the younger Dryas Stadial, and
periglacial activity within this zone has been confined to high ground during the Holocene. Region 2 was covered by the last (late Devensian)
British–Irish Ice sheet and experienced periglacial conditions during ice-sheet recession in the late Devensian and during the younger Dryas.
Region 3 was subject to periglacial conditions during Wolstonian deglaciation and throughout the Devensian. Region 4 experienced periglaciation
during Anglian deglaciation and during the Wolstonian and Devensian. Region 5 was unglaciated and experienced recurrent periglacial conditions
throughout the Quaternary. (b) Timescale for the periglacial regions during the last 500 ka. Blue shading indicates the even-numbered (cold)
marine isotope stages, during which periglacial conditions in the UK tended to be coldest and most extensive. Note that periglacial and even
permafrost conditions also occurred during MIS 3. Modified from Murton and Ballantyne74
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drainage basins.138 Such processes probably contributed to dell

growth and, possibly, to their initiation.

6.2.3 | Cryopediments in glaciated and unglaciated
terrains

Cryopediments are low-angle erosional surfaces that, at their

proximal (upslope) end, connect to a steeper backslope such as the

edge of a hill, mountain terrace or the steep side of a dry valley—

commonly with a break-of-slope—and at their distal (downslope)

end they commonly grade into river terraces or valley floors

(Figure 1118, pp. 221–222, 139,140). Some cryopediments have more than

one level, giving the landscape a stepped appearance. Their gradients

are reported to vary from 0.03� to 12�, with the slopes gently concave

to rectilinear. Widths (at right angles to the main valley axis) range

from a few tens of meters to several kilometers, and lengths (down

valley) may attain several tens of kilometers. Beneath the landsurface

of cryopediments, the erosional surface truncates underlying bedrock

or unconsolidated deposits and may be subaerially exposed (a bare

cryopediment) or buried by a veneer of unconsolidated sediments.

The veneer rarely exceeds 1–2 m in thickness, and varies texturally

from gravel through diamicton to pebbly sand, and various

fine-grained deposits. Relict Pleistocene cryopediments occur in both

glaciated and unglaciated terrains, including areas in the Czech

Republic,140 Middle Poland and France,141 lowlands in northwest

Germany,142 Belgium and the Netherlands,143,144 and the chalklands

of England.7 Cryopediments considered largely inactive occur, for

example, in unglaciated northern Yukon, Canada (Figure 114) and the

Yukon–NWT border, Canada.145 In many cases, cryopediments are

dissected by gullies, dells, or river valleys.

Development of cryopediments has been attributed to lowering

of the pediment surface, retreat of the backslope, or a combination of

both, operating under periglacial conditions. The geomorphic

F IGURE 9 Relict periglacial landsystems of the English chalklands. (a) Ground model of limestone plateau–clay vale. (b) Dry valley incised into
a plateau. (a) and (b) from Murton and Ballantyne74; (b) modified originally from,128 fig. 6.65)
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F IGURE 10 Polygenetic periglacial
landscapes marked by relict, rounded
convexo-concave hillslopes (“whale-
backed landscape”) resulting from
extensive modification by frost
weathering of the frost-susceptible
substrate and downslope transport of the
rock debris by gelifluction. (a) South
Downs, Sussex, underlain by chalk.

(b) South Hams, South Devon, underlain
by slate

F IGURE 11 Polygenetic
periglacial landscape dominated
by cryopediments considered to
be largely inactive, Buckland
Hills–Barn Mountains, northern
Yukon. (a) Sharp break-of-slope
between the proximal (upslope)
end of the cryopediments and the
bedrock (creamy colored) that
crops out on the backslopes
above them. (b) Cryopediments in
the centre of the image are
incised by tributaries of the
Babbage River. Sleepy Mountain
in distance
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processes driving lowering are thought to be mainly overland flow, rill

wash, and gullying, particularly in the lower parts of cryopediments,

where runoff is concentrated.140 The water source is inferred to be

runoff generated largely from snowmelt or heavy rainfall over frozen

and therefore impermeable subsoil. Field observations from a glaci-

ated landscape underlain by continuous permafrost at Zackenberg,

northeast Greenland (Figure 1), show the importance of snow meltwa-

ter in generating sheetwash and eroding small, shallow channels in

unconsolidated glacial sediments, as well as enhancing gelifluction

downslope of perennial and seasonal snowpatches.146 Retreat of the

backslope has been attributed to sheetwash and mass movement

(e.g., gelifluction) concentrated within and enlarging troughs or dry

valleys,141 by active-layer detachment on backslopes or seepage at

their feet140 or by frost weathering and debris sliding on rocky

slopes.139 According to Vandenberghe and Czudek,140 vertical lower-

ing of cryopediments by surface runoff always occurs and tends to

dominate over retreat of backslopes. However, where retreat of back-

slope dominates over lowering of the pediment, then the

cryopediments function primarily as surfaces of transportation,141 for

example by gelifluction.7 Low frost-susceptibility of sandy to gravelly

substrates disfavors gelifluction and promotes sheetwash, whereas

finer, more silty substrates favor more gelifluction.142 Overall, it seems

likely that some cryopediments developed by periglacial modification

of pre-Quaternary pediments (Figure 11), whereas others, particularly

on soft substrates, were initiated and developed during cold Quater-

nary stages.18

6.2.4 | Nonfrost-susceptible bedrock landscapes

Nonfrost-susceptible bedrock hosts little or no segregated ice during

seasonal or perennial freezing. Dense crystalline rocks such as

unweathered granite or sedimentary rocks whose original pores are

now largely filled with cements also tend to be frost-stable, because

of their limited or discontinuous unfrozen water films and their inher-

ent tensile strength. As a result of the limited amounts of ground ice

and the tensile strength, periglaciation tends to modify landscapes

underlain by such rocks to a lesser degree than in frost-susceptible

substrates. Nonetheless, periglacial conditions operating for many

millennia can fashion a variety of distinctive periglacial landforms, as

illustrated from granite landscapes of Dartmoor (Devon, southwest

England; Figure 8a) and Mount Sedgewick (Buckland Hills, northern

Yukon, Canada; Figure 4).

The landscapes of Dartmoor and Mount Sedgewick contain gra-

nitic tors and blockfields (Figure 12), the tors occurring on summits

and hillsides. The Mount Sedgewick granite area includes a broad flat

summit veneered with angular rock fragments.2 Disaggregated bed-

rock material, consisting of sand- to pebble-sized particles and some-

times clay (grus), is common in both areas. Although grus is attributed

primarily to mechanical weathering, strong reddish brown colors indic-

ative of oxidation are sometimes present. On hillslopes, periglacial

mass wasting commonly transports grus downslope, incorporating

larger pebbles, cobbles, and sometimes boulders as well as any other

pre-existing materials, producing deposits of diamicton.147 Overall,

the frost-shattered outcrops and boulder-strewn slopes of Dart-

moor148 and Mount Sedgwick indicate that the hillslopes have been

strongly affected by past periglacial activity.

The age of such landscapes, however, is difficult to determine.

Lichens are widespread on the tors and blockfields, giving the appear-

ance that these landforms are essentially inactive, both in the modern

periglacial environment of northern Yukon and in the largely past per-

iglacial environment of Dartmoor. In terms of the age of granite tors

on Dartmoor, 10Be cosmogenic isotope dating of 32 samples from the

tops of 28 tors has yielded apparent minimum exposure ages of

9.2 ± 1.0 to 117.7 ± 6.6 ka, with a clustering of apparent exposure

ages around 36–50 ka, in MIS 3.149 From these ages, Gunnell et al.149

suggested that most of the sampled tors are young landforms that did

not emerge until regolith was stripped off them at the onset of per-

iglaciation �115 ka, following the last interglacial (MIS 5e). Tor age

remains to be established definitively, however, because of factors

that complicate the interpretation of cosmogenic ages, for example

the rock shielding effects of putative occupation of northern Dart-

moor by a Late Devensian icefield and uncertain rates of micro-

erosion of tor surfaces. No such dating is available for the Mount

Sedgewick landforms, and so their absolute age is unknown.

6.2.5 | Glacial–periglacial landscapes

Glacial–periglacial landscapes develop in glaciated terrains where per-

iglaciation has modified a pre-existing glacial landscape. The degree of

modification varies substantially,82,150,151 depending on factors such

as the duration of postglacial periglaciation (criterion 1), the ground-

ice content of the substrate (criterion 3), and the nature and degree of

sediment and permafrost aggradation (criterion 4). Detailed consider-

ation of these factors is beyond the scope of this study, although

some general comments are appropriate.

First, the timing and duration of postglacial periglaciation provide

a broad time framework to consider the evolution of glacial–

periglacial landscapes. This can be illustrated in terms of periglacial

regions distinguished by the timing and duration of periglaciation

operating on the landscape of the UK and Ireland.74 Four regions

(1–4) were conditioned by glaciations of different age, and a fifth

region (5) lay beyond the maximum limit of Pleistocene glaciation

(Figure 8a). In this framework, region 4—last glaciated �430 ka, during

MIS 12—has had many tens of thousands of years to experience sub-

stantial periglacial modification of landforms during multiple periglacial

episodes in MIS 10, 8, 6, and 4–2, in contrast to limited periglaciation

of region 1—last glaciated during the Younger Dryas Stadial

(12.9–11.7 ka).

Second, the ground-ice content of glaciated terrains strongly

influences their sensitivity and periglacial modification. In ice-rich per-

mafrost terrain such as the Tuktoyaktuk Coastlands of northwest

Canada (Figure 3;152–154), Pleistocene till sheets have been exten-

sively modified by Holocene thermokarst activity and gelifluction, and

numerous permafrost landforms such as pingos and thermokarst lakes
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have developed. Thus, the region is one of the most intensely studied

anywhere by periglacial geomorphologists (see citations in9,18). By

contrast, in ice-poor permafrost regions such as rocky outcrops of the

Canadian Shield, the effects of periglaciation are more subtle

(e.g., frost-heaved bedrock155). Even within different regions of the

shield (e.g., the Slave Geological Province; Figure 3), ground-ice con-

tent and terrain sensitivity vary substantially, with ice-rich hummocky

till and silty clay marine sediments being particularly sensitive.156 Like-

wise, in paleo-contexts, glaciated landscapes where fine-grained frost-

susceptible till sheets are widespread have been extensively modified

by periglacial processes, as in eastern England (regions 3 and 4 in

Figure 8a21). Where the glacial deposits are frost-susceptible, their

upper meters can be strongly modified by ground-ice-related per-

iglacial processes, as is widespread in lowlands glaciated during the

late Cenozoic (Figure 3). Details of such paraglacial landscape modifi-

cation are reviewed by Ballantyne157–159 and recently illustrated from

the Antarctic Peninsula.160

Third, sediment aggradation under periglacial conditions can bury

former glacial landscapes. A case in point is the modern Mackenzie

Delta, NWT, Canada (Figure 3), which is a postglacial (Holocene) fea-

ture developing under present-day permafrost conditions.152,161

Holocene deltaic sedimentation has buried the older glacial landscape

beneath tens of meters or more of sediments, and so the delta land-

scape is geomorphologically similar to that of many other arctic deltas

(section 6.1.2.2).

7 | DISCUSSION

7.1 | Sensitivity of periglacial landscapes

The sensitivity of periglacial landscapes is determined fundamentally

by the amount and distribution of ground ice. Ice-rich landscapes are

the most sensitive, because near-surface ice can grow, crack, and melt

over timescales of hours to decades. As a result, sensitive landforms

and sedimentary structures such as pingos and ice wedges change

sufficiently rapidly to measure over human timescales (e.g.,162–164).

Near-surface ground ice is particularly vulnerable to melting, which is

F IGURE 12 Polygenetic periglacial
landscapes developed on nonfrost-susceptible
granite bedrock and considered to be largely
inactive. (a) Tors and boulder-covered hillslopes
(“clitter”), Staple Tors, near Merrivale, Dartmoor,
SW England. (b) Tors and blockfield, mount
Sedgewick, Buckland Hills, northern Yukon,
Canada. Arrows indicate person for scale
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triggered by multiple surface disturbances and commonly causes

thermokarst activity.94 For example, icy badlands evolve during the

course of single summers, such is the efficacy of thermal erosion in

large thaw slumps (Figure 6). In areas of frost-susceptible bedrock

(e.g., chalk), dells appear to be a fairly sensitive periglacial landform,

although detailed process studies are needed to monitor their initia-

tion and growth, perhaps in arctic regions of ice-rich shale or slate. In

contrast, insensitive landforms such as tors, blockfields, cryoplanation

terraces and cryopediments tend to be ice-poor, and their change

measured in terms of human timescales is commonly imperceptible;

not surprisingly, therefore, many blockfields, blockstreams,

cryoplanation terraces, and cryopediments are apparently relict.18

However, in some instances, some of these periglacial landforms are

still active—as indicated by features such as gelifluction forms, frost-

jacked boulders, late-lying snowbanks, and freshly fractured clasts—

but not as intensively as during full-glacial intervals (F. Nelson, pers.

comm. 2020). Ideally, thresholds of geomorphic activity need to be

defined (as with ice-wedge cracking165), although this is not possible

at present, given current knowledge. Some information, nonetheless,

is becoming available on rates of cryoplanation development.166,167

Sensitivity also varies spatially within periglacial landscapes. On

the Dartmoor granite landscape, interfluves and plateaux are thought

be to largely unaffected by hillslope changes initiated along river val-

leys.148 Specifically, the inner areas of plateaux seem to have changed

little in their general form throughout the Quaternary. By contrast,

valley-side slopes are more sensitive geomorphologically, as indicated

by shallow, infilled gully systems that developed by alternating epi-

sodes of erosion and deposition during the Holocene,148 after Pleisto-

cene periglacial conditions had ceased on Dartmoor.

In summary, sensitive periglacial landscapes in the mid-latitudes

support French’s9 conclusions (p. 369) that the degree of per-

iglaciation depends largely upon the lithology and persistence of per-

iglacial conditions. The degree of landscape change in mid-latitude

regions of past permafrost is greatest in low-relief terrain underlain by

frost-susceptible Cenozoic or Mesozoic rocks or unconsolidated Qua-

ternary sediments.

7.2 | Inheritance

Inheritance of ancient, pre-periglacial landsurfaces is of limited or no

significance where thick sequences of ice-rich sediments accumulate

in syngenetic permafrost conditions, burying former landsurfaces

beneath tens of meters of Pleistocene sediments. However, inheri-

tance may be greater in nonfrost-susceptible substrates such as gran-

ite (compared to frost-susceptible ones such as chalk) that develop

largely by denudation of bedrock.

For the granite upland of Dartmoor, the major topographic fea-

tures were strongly shaped by dynamic etchplanation during the

Paleogene and by sandy grus weathering during the Neogene,168 with

periglacial modification in the Pleistocene being visually evident but

relatively minor.92 The rolling upland topography with its tors and

basins resulted from long-term differential denudation driven by deep

weathering and stripping of saprolite.169 The locations of tors on hill-

tops and spur ends can be explained by long-term weathering and

stripping,168 in contrast to many tors on hillsides, which are more

readily attributed to periglacial processes.170 Likewise, the beveled

summit of Mount Sedgewick is interpreted by French2,3 as either a

structurally controlled bench or the remnants of an ancient erosional

surface. French2 suggested that the major elements of the northern

interior Yukon landscape date from the Neogene and very early

Quaternary, initiated on a “Tertiary-age peneplain.”
For the chalklands of southern England, a low-relief landsurface

was inherited largely from the Paleogene, until uplift during the late

Pliocene to Early Pleistocene initiated incision and development of

escarpments.171,172 The major topographic feature of the English

chalklands is an erosional surface interpreted as an etchplanated sum-

mit surface that originated during the Paleogene. The highest parts of

this surface (“Chalk uplands” of Jones171) have been shaped continu-

ously thereafter by subaerial processes, whereas the lower parts

(“Backslope Bench” of Jones171) were first buried by marine sedi-

ments and later exhumed during the late Neogene and Pleistocene92;

thus both areas of the chalklands became exposed to recurrent

periglaciation at the beginning of the Pleistocene.

The wider significance of inheritance of ancient, pre-periglacial

landsurfaces in upland periglacial regions—e.g., the Andes, ice-free

regions of Antarctica, and areas of Beringia beyond northern Yukon—

remains to be determined. Thus, the assertion by French9 that “… the

complete footprint of periglaciation is rarely achieved …” at present

remains essentially unsupported by evidence, at least in periglacial

uplands.

7.3 | Tectonic setting

The tectonic setting influences the imprint of periglaciation on land-

scape evolution. This is illustrated from England, where studies of

tectonic–landscape interactions are well developed,173 and uplift by

as a much as 200 m of the chalklands has occurred during the late

Neogene and Quaternary (last �3 Ma92), promoting long-term inci-

sion. Thus, the relief observed today in southern England developed

mainly during the �2.6 Ma of the Quaternary Period and was sup-

erimposed on the low-relief land surface that extended across much

of southern England at the end of the Neogene.

Erosional incision resulted in denudational (erosional) unloading

and isostatic (uplift) adjustment.174 Differences in rock resistance to

denudation have contributed substantially to local relative relief in

Britain.175 Such differences are strongly influenced by frost-

susceptibility and the role of periglacial processes in differential

erosion,176 especially in fluvial incision of weak rocks to form clay

vales and creation of escarpments in the extraglacial regions of south-

eastern England.177 Lane et al.178 estimated that denudational isos-

tasy accounted for �50% of the development of the present-day

relief of the Cotswold region (Figure 8a) and �50% was largely

inherited topography determined by differential erosion due to varia-

tions in lithology. Nonetheless, the general form of the end-Neogene
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low-relief surfaces on the chalklands171 and in the slate and schist

lowlands of south Devon remain prominent features of the landscape,

although the finer detail of the surface has been strongly sculpted by

Pleistocene frost weathering, stream incision, and gelifluction

(section 6.2.2).

In summary, periglacial weathering (ice segregation) and fluvial

incision imposed significant relief on the ancient erosion surfaces,

sculpting a palimpsest landscape of ancient plateaux inset by Pleisto-

cene valleys (Figure 10). This interpretation broadly supports

French’s9 general conclusion (p. 369) regarding mid-latitude Pleisto-

cene periglaciation that “Landscape modification centered on stream

and valley incision and the planation and flattening of slopes with

widespread mass wasting.”

7.4 | The efficacy of frost-driven processes

The traditional view that highlights the efficacy of frost-driven

(freeze–thaw) processes in driving landscape evolution of periglacial

areas has been questioned in recent years, as evidence of landscape

inheritance as well as operation of other, azonal weathering processes

and rainfall-induced events has been increasingly recognized

(e.g.,2,9,10). This recognition provides an appropriate note of caution in

interpreting periglacial landscapes, but should be qualified for three

reasons.

First, it applies foremost to nonfrost-susceptible rocks

(e.g., granite, gneiss, and quartzite) which, being relatively hard, natu-

rally form uplands (e.g., Dartmoor and Mount Sedgewick). It applies

much less to rocks and sediments that are frost-susceptible and tend

to occur in lowlands (e.g., chalk and slate).

Second, the view is based principally on geomorphological exami-

nation of surface features—e.g., microweathering phenomena, individ-

ual boulders, tors, blockfields, scree slopes, debris-flow tracks and

lobes, and Richter denudation slopes. Although appropriately directing

attention to evidence of some azonal processes, this geomorphologi-

cal view “from above” needs to consider with equal geocryological

rigor the operation of subsurface frost-weathering processes “out of
sight,” at depths of tens of centimeters to several meters in regolith

and/or bedrock. Such subsurface observations of ground-ice

dynamics—central to periglacial geomorphology19—are naturally diffi-

cult to obtain. Other methods, such as cosmogenic dating, have been

used to infer lowering of Neogene plateau surfaces in northern Swe-

den and Scotland by a few tens of meters during the Pleistocene as a

result of subsurface weathering18, pp.185–188, 179: lowering of the

weathering front at the regolith–rockhead contact, probably by

freeze–thaw processes, where water concentrates near the base of a

former active layer, may progressively renew the supply of coarse

angular clasts to the surfaces of autochthonous blockfields. In

essence, this model can be considered a slower version of frost

weathering of frost-susceptible plateaux in chalk, slate, or schists low-

lands, where instead of blockfields covering the plateaux, the latter

are underlain by brecciated rock and periglacial colluvium (diamicton)

derived from them.

Third, there is growing evidence that frost action can contribute

towards a characteristic periglacial landscape formed by erosion of

cryoplanation terraces in uplands. Such terraces consist of gently slop-

ing treads and steep risers cut into bedrock and tend to form bench-

like staircases that dominate certain hillslopes.18,180 The terraces are

particularly well developed in unglaciated highlands of Beringia and

show similar regional trends in elevation to cirques from the last major

glaciation.181 Some field evidence suggests that cryoplanation

terraces develop through locally intensified weathering and mass

wasting associated with late-lying snow patches (nivation).182

Although their development may be relatively slow, they are thought

to have been active during multiple cold stages of the Pleistocene.

Potentially, therefore, they may represent “characteristic [upland ero-

sional] periglacial landscapes”.181, p.315 Of course, if the terraces

developed primarily during cold stages of the Pleistocene—when veg-

etation cover was sparse or discontinuous in areas such as the eastern

Beringian highlands, predisposing them to nivation181—then the ter-

races are at present weakly active or inactive. They are currently sub-

ject to periglacial processes, but at a lesser intensity than during full-

glacial conditions.

7.5 | Limitations and future priorities

A number of limitations are apparent in the present study and point to

future priorities for research in periglacial geomorphology. First, sea-

sonal and diurnal freezing and ground ice should be considered. As

French and Thorn1 noted (p. 172), “… permafrost [is] a central, but not

defining, element of periglacial geomorphology.” Future work should

develop maps of seasonal ground ice in nonpermafrost regions.

Second, alpine and plateau periglaciation should be explored sys-

tematically. Azonal processes of nonfrost weathering (see review by

Dixon183), mass movement, and fluvial action complicate and obscure

the periglacial imprint in steep rocky mountainous terrain. Unglaciated

montane and steppe environments in the QTP may have strong per-

iglacial signatures. Many mountain ranges in mid- to high latitudes of

the NH have been glaciated during the late Cenozoic (Figure 3),

directing attention for a periglacial signal to other mountain regions,

perhaps the dry, never glaciated regions of the Southern Hemisphere:

too dry for glaciers to develop, but moist enough for ground ice.

Third, Antarctic periglaciation in particular and Southern Hemi-

sphere periglacial landscapes in general should be investigated further.

Some ice-free areas of Victoria Land, Antarctica, are thought to have

been ice-free for several million years (e.g.,184), although whether

there has been sufficient ground-ice activity to resurface the inherited

pre-periglacial landscape remains to be determined. Additionally, the

role of periglacial processes in shaping paraglacial landscape develop-

ment in regions such as the Antarctic Peninsula160 appears to be

important.

Fourth, quantitative terrain analysis is essential to determine the

morphometric properties of periglacial landforms and landscapes. In

turn, this may permit their evaluation at different spatial scales

(i.e., “scale linkage”183) and establishing the degrees to which
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periglacial landscapes morphologically resemble or differ from non-

periglacial landscapes. Recent advances in recognition and delineation

of cryoplanation terraces in eastern Beringia through semi-automated

digital terrain analysis are providing promising opportunities for objec-

tive mapping and interpretation of upland periglacial landscapes.180

Finally, the designation of characteristic landscapes may some-

times be difficult to apply when climatic and environmental change

leads to substantial slowing or cessation of morphological evolution

while periglacial conditions and processes persist, but at lower inten-

sity than previously. For example, the uplands of Beringia have proba-

bly experienced periglacial conditions continuously during much or

possibly all of the Pleistocene, with the result that some periglacial

landforms such as cryoplanation terraces and cryopediments experi-

enced different levels of activity at different times (e.g., greater activ-

ity during full-glacial stages versus limited activity during interglacial

stages).

8 | CONCLUSIONS

To answer the two questions posed in section 1, the following conclu-

sions are drawn:

8.1 | What and where are periglacial landscapes?

In terms of lowlands, truly periglacial landscapes develop where

thermokarst activity has completely resurfaced areas of unglaciated

ice-rich permafrost (i.e., alas terrains and icy badlands). In terms of the

exposed land currently underlain by permafrost in the NH

(�1.2–1.7 × 107 km2),185 the total area of alas landscapes in the Sakha

Republic—a major part of Beringia—is two orders of magnitude less

(�1.1 × 105 km2). For uplands, cryoplanation features on the hills and

plateaux of Beringia may also represent truly periglacial landscapes,

although knowledge of their precise mechanisms and rates of evolu-

tion remains limited. Beringian uplands are extensive and form a sub-

stantial part of the periglacial realm.

8.2 | How complete is the footprint of
periglaciation?

Relative rates of periglaciation are fastest and periglaciation is most

complete where ground ice is abundant and geomorphologically

active (through ice segregation and thermokarst processes) or sedi-

ment aggradation is rapid (e.g., in deltas and modern floodplains and

wetlands of the Arctic and Subarctic). Rates are intermediate and per-

iglaciation is partial where bedrock is frost-susceptible (e.g., chalk and

slate), and they are slowest and periglaciation is limited where it is not

(e.g., granite). Thus, periglaciation produces topographic footprints at

mesospatial scales (103–105 m) where: (1) accumulation plains and

aprons underlain by regionally extensive ice complexes developed

repeatedly by aggradation of sediment and permafrost during

Pleistocene cold stages in Beringia and the unglaciated Siberian plat-

form (Figure 4); and (2) plateaux on which convexo–concave hillslopes

inset with valleys (Figure 8) developed in moist, frost-susceptible

lithologies in unglaciated lowlands in the mid-latitudes such as south-

ern England and northern France. Such topography resulted from

recurrent development of a paleo-transition zone of ice-rich brecci-

ated bedrock at the top of past permafrost—supplemented by deep

seasonal freezing during milder periglacial conditions—coupled with

periglacial mass wasting and stream incision operating on a tectonic

background of Pleistocene uplift. Finally, the completeness of the

topographic footprint of upland cryoplanation and development of

cryopediments generally awaits systematic investigation.
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