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Abstract. Thermokarst refers to landforms and processes resulting from the thaw of ice-rich permafrost.
Thermokarst landforms vary with ground ice, substrate, and terrain conditions, which are products of geological
10  and climatic history. Recognizing how thermokarst manifests across vast permafrost regions provides insights into
the consequences of permafrost thaw, including sediment fluxes, carbon cycling, and ecosystem changes. Here,
we present a conceptual model summarizing associations between thermokarst landforms and permafrost terrain
conditions, based on a compilation and analysis of 19,549 landform observations from published literature. We
recognize several broad thermokarst domains in Canada, based on permafrost and ground ice distribution and past
15  climate, further modified by organic terrain conditions, which control landform types and their general
distribution. These domains broadly group the distribution of thermokarst landforms observed today and suggest
the range of thermokarst trajectories expected with future climate warming. The conceptual model supports the
narrative expressed in the production of the Ground Ice Map of Canada and the permafrost landsystems
framework, i.e., that geological and paleoenvironmental histories, including impacts of past thaw, influence the

20  nature and variation in ground ice and thermokarst across permafrost regions.
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1 Introduction

Thermokarst landforms result from the melting of ground ice as permafrost thaws, leading to terrain subsidence,
30  slumping, and other indicative features (Kokelj and Jorgenson, 2013; O’Neill et al., 2023; Young et al., 2025).
Thermokarst occurs across all permafrost zones, and climate change is increasing the frequency and distribution
of thermokarst initiation (Fraser et al., 2018; Kokelj et al., 2017; Lewkowicz and Way, 2019; Rudy et al., 2017).
An estimated 20% of northern permafrost landscapes could presently be affected by thermokarst (Olefeldt et al.,
2016). Thermokarst can impact aquatic and terrestrial ecosystems (Chin et al., 2016), damage infrastructure
35  (Nelson et al., 2001), and influence carbon release from organic soils sequestered in permafrost terrain (Gibson et

al., 2021; Littlefair and Tank, 2018).

The diverse terrain expression of ice-rich permafrost thaw varies with permafrost distribution, ground ice content,
surficial materials, topography, and historical environmental conditions (Kokelj et al., 2026). For example, the

40  deepening of ice wedge troughs (Farquharson et al., 2019; Burn et al., 2021) and thermo-erosional gullying of ice
wedges (Fortier et al., 2007) is increasingly observed in cold, continuous permafrost Arctic uplands and wetlands,
where wedge ice has accumulated over millennia near the base of the contemporary active layer (Fraser et al.,
2018). Melting of relict (glacial) ice has triggered extensive thaw slumping on hillslopes in other areas of
continuous permafrost near past glacial limits (Kokelj et al., 2017). Slumping of such ice-cored terrain has

45  recently increased on hillslopes in the Canadian Arctic Archipelago (e.g., Lewkowicz and Way, 2019) and
throughout the forest-tundra transition in the Beaufort Delta region (Kokelj et al., 2021). Near the southern limit
of continuous permafrost, expansion and drainage of thermokarst lakes are observed in the Old Crow Flats,
Yukon Territory (Lantz and Turner, 2015; MacDonald et al., 2021; Roy-Leveillee and Burn, 2017). In the
discontinuous permafrost zone, collapse of polygonal peatlands, peat plateaus, palsas, and lithalsas is evident and

50 associated with expanding thermokarst ponds and wetlands (Calmels et al., 2008; Carpino et al., 2018; Gibson et
al., 2021; Kirkwood et al., 2021; Mamet et al., 2017; Sannel and Kuhry, 2011; Wang et al., 2024). Melting of
segregated ground ice underlying peatlands in areas of sporadic permafrost has also increased the extent of ponds
and wetlands (Payette et al., 2004). In areas with isolated patches of permafrost, treeless “internal lawns” have
formed, where permafrost thaw resulting in ground surface settlement has caused wetland water tables to rise

55  (Beilman and Robinson, 2003). Collectively, these examples illustrate the diversity of thermokarst processes and

landforms reflecting variation in permafrost properties and thaw trajectories (Kokelj et al., 2026).

Three categories of thermokarst terrain types are recognized: 1) hillslope, 2) lake, and 3) wetland — the latter

commonly associated with peatlands (e.g., Kokelj and Jorgenson, 2013; Olefeldt et al., 2016). Thermokarst
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60  landforms within these terrain types are a product of variation in ground ice conditions, physiography, and
ecosystem conditions, which are shaped by geologic and climatic legacies (Kokelj et al., 2026; O’Neill et al.,
2019). Despite significant documentation of thermokarst landforms in permafrost regions, no comprehensive
synthesis of their distribution and associations with terrain conditions exists in Canada, though initiatives to fill
this gap are underway (e.g., Kokelj et al., 2023). This highlights the need for a robust review of thermokarst

65  landform observations across these terrain types and permafrost zones to improve understanding of how
landscapes may be modified by permafrost thaw and to identify areas lacking observations. As such, the
objectives of this paper are 1) to compile observations of thermokarst landforms in Canada and analyze their
associations with broad-scale terrain and ground ice conditions, 2) to advance a conceptual model that
summarizes these associations and groups the distributions of landforms in Canada into “thermokarst domains”,

70  distinguished by characteristic permafrost, terrain, and ground ice conditions, and 3) to synthesize the thermokarst
landform assemblages and ground ice conditions that characterize each domain. This analysis builds on the
concepts that periglacial and thermokarst landform assemblages combine to form permafiost landsystems that

reflect variation in geological and climate legacy at regional scales (Kokelj et al., 2026).

75 2 Methods
2.1 Literature review and database compilation

Observations from 154 references were compiled to assess the type and distribution of thermokarst landforms
across Canada. Publications spanned from 1961 to 2024 and included peer-reviewed journal articles, conference
proceedings, and government reports. Search engines were used to identify authors, institutions, locations, and
80  thermokarst landforms and processes, and references within articles were reviewed to create a comprehensive
reference database for Canada. The database includes publications with field-documented thermokarst landforms
and available inventories of point features produced from remote sensing analyses (e.g., Lewkowicz and Way,
2019; Segal et al., 2016). The database is available as Geological Survey of Canada Open File 9296 (Wolfe et al.,
2025). To this, we have added remote-sensing observations from Morse and Rudy (2022) that were omitted in the

85  carlier database. The complete dataset is available in the supplementary spreadsheets.

Landforms that are well-defined in the literature as clear indicators of thermokarst were considered in this review
(Fig. 1). These landforms represent a broad suite of thaw-driven terrain impacts that vary with substrate, ground
ice, and ecological conditions and that reflect the diversity of geological and paleoclimate conditions across broad

90  spatial scales (Canada) (Kokelj et al., 2026). The identification of thermokarst processes (e.g., peat plateau
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collapse) and landforms (e.g., retrogressive thaw slumps) is prevalent in the literature (e.g., Lewkowicz et al.,
2025). For consistency, we present observations as the associated landforms (Fig. 1). Although thaw subsidence is
the fundamental thermokarst process, it was not included in the analysis on its own, as it is nearly ubiquitous
across all permafrost zones with ground ice but is not a distinguishing landform (O’Neill et al., 2023; Streletskiy
95 etal., 2025). Itis also acknowledged that processes, such as peat plateau collapse, may be an umbrella term
resulting in several landforms, including collapse ponds, collapse scars, and the transition of peat plateaus from
permafrost bogs to fens. These landform observations were considered separately based on the reporting in the
literature sources and their spatial distribution. This differentiation is useful, as collapse scars are commonly
associated with peat plateaus (Lewkowicz et al., 2025), whereas collapse ponds occur in both mineralogic and
100  organic terrain in association with degrading lithalsas (Wolfe et al., 2014), and peat plateaus or palsas (Payette et
al., 2004). Wedge pseudomorphs, which represent former ice and sand wedges, are also included in the database

(62 observations) but are not considered in this review.

2.2 Thermokarst and terrain associations

105  Thermokarst observations (n =19,549) were compiled in a geodatabase, and the landform type, latitude, and
longitude, as well as publication references, were recorded for each point (Wolfe et al., 2025). Observations
include 15,999 from the database of Wolfe et al. (2025), supplemented by an additional 3,550 observations of
collapse ponds (i.e., degraded lithalsas with collapse ponds) and thermokarst lakes from Morse and Rudy (2022).
Terrain and ground ice conditions were extracted at each point from ancillary geospatial datasets using a

110  geographic information system (ArcGIS Pro version 3.6) for all observations. Ancillary data sources included
permafrost distribution (Heginbottom et al., 1995), surficial materials (Fulton, 1995), bedrock geology (Wheeler
et al., 1996), biomes (Dyke et al., 2004), and peat cover (Tarnocai et al., 2011), as these factors control the type
and abundance of ground ice present (O’Neill et al., 2019) and the resulting nature of thermokarst landforms. The
geospatial dataset of Olefeldt et al. (2016) was used to associate thermokarst landforms with areas modelled to

115  indicate potential for hillslope, lake, and wetland thermokarst terrain. Broad-scale modelled ground ice type and
relative abundance (O’Neill et al., 2022) were extracted for each thermokarst point location, and a derived
estimate of Holocene ground ice loss was determined as a product of the model. Thermokarst landforms relate
both to the present-day abundance of ground ice and the extent and type of ground ice that has been accumulated
or lost in the past. The qualitative Holocene ground ice loss variable was derived based on outputs from the

120  Ground Ice map of Canada models (O’Neill et al., 2022). The models predict ground ice accumulation and melt
through time at approximately 1000-year intervals based on mapped biome shifts (O’Neill et al., 2019).
Interpreted maximum Holocene ground ice abundance of each ice type was obtained from intermediate model

steps and compared to the modern abundance to obtain a relative indicator of ground ice loss or gain (Table Al).
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Percent peat cover (Tarnocai et al., 2011) was also extracted for each point, as many wetland thermokarst

125  landforms are controlled by the occurrence of peatlands. For each terrain and ground ice variable, frequency
tables were produced for the thermokarst landform types. This allowed the identification of dominant and
secondary associations between landforms and environmental controls and formed the basis of the summary
thermokarst domain conceptual model (Tables A1-2). The small-scale datasets used in the analysis may not fully
capture site-scale conditions, such as surficial geology and ground ice, that control thermokarst landform

130  development at each observed point, due to the inherent generalization of these layers (Kokelj et al., 2023;

O’Neill et al., 2024; Wang et al., 2023). The frequency tables are available in the Supplement.

The 11 identified thermokarst landforms were grouped into the three main thermokarst terrain categories of
hillslope, lake, and wetland (Fig. 1). Ice wedge thermokarst landforms were grouped as a distinct subcategory.
135  Observations of ice wedge landforms were dominantly associated with hillslope thermokarst landscapes, but ice

wedge thermokarst landforms occur across hillslope, lake, and wetland landscapes (Table A1).

3 Results and Interpretation

Thermokarst landforms vary in range and extent across Canada in the reported literature (Fig. 2). These spatial

140  datasets summarize where point observations have been made to date, which is a function of the prevalence of
thermokarst across Canada, but also of research bias driven in part by accessibility and motivation of sampling
initiatives. Historical discrepancies in research effort create an observational bias toward the western Arctic, due
partly to the considerable infrastructure and past work associated with oil and gas development in the region
(Couture and Riopel, 2008; Sladen et al., 2022) and widespread terrain features of interest in remote-sensing-

145  Dbased studies (Fraser et al., 2023; Lewkowicz and Way, 2019; Morse and Rudy, 2022). To this end, spatial and
topical gaps and biases are recognized and can be reduced through more regionally based mapping initiatives,
such as the Thermokarst Mapping Collective (Kokelj et al., 2023). Nevertheless, landform distribution patterns
exist and may be related to permafrost terrain conditions, including physiography, type, distribution, and

abundance of excess ground ice, or the degree of ground ice loss over the Holocene.
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150

Retrogressive thaw slump (RTS): A slope failure in permafrost
terrain that enlarges progressively due to ablation of exposed massive
ice or ice-rich sediments* (n=12,730)

Active-layer detachment failure (ALDF) A shallow, translational
landslide resulting from the rapid downslope movement of a thawing
surface layer over frozen ground” (n=1,715)

Banks sland, ¥KeA. Lewkewioz |

Mackenzie Valley, NT GNWT

Deep-seated permafrost landslide (DSPL). Slope failures involving
the translocation of permafrost terrain along a failure surface deeper
than the active layer (n=163)

Thermo-erosional gully: A steep-sided channel, often several
metres deep, that is cut into ice-rich permafrost terrain along ice-
wedge networks™ (n=8)

Deepened ice-wedge trough: Deepened and widened ice-wedge
troughs caused by ice-wedge melt (n=9)

Ice-wedge melt pond (IWMP) - An elongated body of water
developed within an ice wedge polygon trough that indicates thaw
settlement of the overlying and adjacent sediments (n=169)

Bylot Island, NU _D;Fortier

Banks Island, NT L. Farquharson

s Bankssland, NT A. Lewkowicz
Thermokarst lake: A lake occupying a depression formed by - :
thermokarst processes, including ground settlement, or expanding

or drainage due to thaw of ice-rich permafrost* (n=4,012)
Old Crow Flats, YK
P. Roy- Léveilée

Collapse pond: Ponds that have formed from permafrost
degradation in palsas, peat plateaus, or lithalsas (n=584)

PCoIIapse scar. A portion of a permafrost peatland where all or part
of a perennial frost mound or peat plateau has thawed and
collapsed towards the level of the surrounding peatland* (n=60)
Hudson Bay Lowlands, MB
F.-Rahman

ozZzrr-Ams

Bog-to-fen transition: Wetlands formed due to subsidence from
permafrost thaw (n=28)

Internal lawn: Recently thawed, treeless, sedge-covered areas of
former densely forested areas with permafrost frost mounds (n=9)

- _J

Taslin, YK A Lewkowicz

*Definition from the Glossary of Permafrost Science and Engineering (Lewkowicz et al. 2025)

Figure 1. The 11 thermokarst landforms identified in the literature review, categorized by the three broad thermokarst terrain
categories (hillslope, lake, wetland) and a subcategory of ice wedge-related landforms (Wolfe et al., 2025). Photos courtesy of J. van
der Sluis, A. Lewkowicz, Government of the Northwest Territories, D. Fortier, L. Farquharson, P. Roy-Levéillée, T. Rahman, Y. Wang.
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Figure 2. The distributions of mapped a) ice wedge, b) hillslope, c) lake, and d) wetland thermokarst landforms in Canada (data
available in the supplementary spreadsheets. The inset in a) shows mapping, based on remote sensing analyses, of historically

increased ice wedge ponding (modified from Fraser et al., 2023).

160  The landform observations occur in five thermokarst domains (I-V, Fig. 3) that parallel the permafrost zones of
Canada. Subdomains reflect variation in landscape history that give rise to terrain conditions with high peatland
cover (Ilp, Illp, IVp and Vp), where landforms are controlled by properties of the organic material. Each domain
includes a unique set of permafrost, terrain, and ground ice conditions that combine to form unique thermokarst

landform assemblages.

165
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Figure 3. a) Thermokarst landform domains in Canada. Extensive peatlands (where % peatland cover is >40%) are based on

mapping by Tarnocai et al. (2011). Permafrost zones are from Heginbottom et al. (1995), with the darker purple indicating the

coldest regions of the continuous permafrost zone where ground ice has been mostly preserved or aggraded during the Holocene.
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170 The conceptual model in b) is based on the relations between 19,549 observations and permafrost terrain conditions, including
permafrost extent, modelled ground ice conditions, biomes, percent peat cover, and modelled Holocene ground ice loss (Tables A2
and A3). The domains represent the broad permafrost terrain conditions associated with characteristic thermokarst landforms.
The varying taper of the lozenges represents the proportion of the landform occurrence in each domain (and not relative to other
landforms; Table A4). The lozenge fill colours represent the modelled abundance of different ground ice types associated with the

175 thermokarst landform observations (Tables A2 and A3). C, D, S, and I represent continuous, discontinuous, sporadic and isolated

patches permafrost zones, respectively.

Domain I represents thermokarst terrain where cold, continuous permafrost has been maintained throughout the
Holocene in an herb tundra biome. This domain, covering 1,200,000 km?, includes most of the Middle Arctic
Tundra and all the High Arctic and polar desert regions of northern Canada. These areas are characterized by high

180 latitudes, cold climates, arid ecosystems, and minimal vegetation (Walker et al., 2005). In this domain, ground ice
has been predominantly “permafrost-preserved”, owing to cold-climate conditions throughout the Holocene
(Dyke et al., 2004; Kokelj et al., 2017). Consequently, throughout the Holocene, there has been a negligible loss
of relict glacial ice relative to other domains, and, in the case of wedge ice, significant accumulation over time
(Fig. 3b; Coulombe et al., 2022; O’Neill et al., 2019). Permafrost occurs near the ground surface, and organic

185  cover is thin or absent. Landforms include thermo-erosional gullies, deepened ice wedge troughs, and ice wedge
melt ponds (Fig. 3b), which occur as bellwether features of permafrost thaw as wedge ice melts and troughs or
gullies develop on slopes and as patterned ponds develop across upland terrain (Abolt et al., 2024; Burn et al.,
2021; Fortier et al., 2007; Fraser et al., 2018). Other abundant thermokarst landforms include retrogressive thaw
slumps (RTS), their formation commonly predicated on relict (buried glacial) ice near the contemporary

190  permafrost table (Kokelj et al., 2017; Nesterova et al., 2024) and active-layer detachment failures (ALDF),
associated with the presence of segregated and wedge ice susceptible to melting during years with deep thaw.
These observations highlight the dominance of hillslope and ice wedge thermokarst, whereas lake and wetland
thermokarst prevalence is comparatively low, with lake expansion most commonly associated with RTS

development on shorelines (Lewkowicz and Way, 2019; Table A2, A3).
195

Domain II represents terrain within the continuous permafrost zone with partial loss of ground ice during the
Holocene due to spatially broad permafrost thaw associated with climatic shifts, Holocene treeline advance, and
wildfire (Burn et al., 1986; Dyke et al., 2004; French, 1999). The partial loss of relict glacial ice is important as a
control on thermokarst processes in this domain, as erosion or thaw must occur through a thicker transition zone
200  above the permafrost table than in Domain I before activating slope failures (Shur et al., 2005). Nevertheless,
fluvial incision and preconditioning of slopes through past disturbance can initiate rapid thermokarst change in
areas with relict ice (Kokelj et al., 2021). Domain II includes shrub tundra, forest tundra, and boreal forest biomes.

Encompassing ~1,900,000 km?, it is the largest thermokarst domain and includes the greatest range of thermokarst
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landforms due to its ecotonal nature (Kokelj et al., 2026). Ice wedge melt ponds, deepened troughs, ALDF, and
205  RTS are common in hillslope-dominated terrain. Thermokarst lakes are abundant within this domain and are
widely associated with the loss of segregated and wedge ice, whereas existing observations of wetland
thermokarst landforms such as collapse ponds and scars occur in relatively low abundance (Fig. 3b). Bog-to-fen
transitions in this domain are associated only with thicker peat covers in the boreal forest biome, as are some
thermokarst lakes and collapse scars (Domain Ilp, covering ~90,000 km?). These occur predominantly within

210  interpreted wetland thermokarst landscapes (Olefeldt et al., 2016; Table A2 and A3).

Domain III is characterized by discontinuous permafrost in contemporary shrub tundra, forest tundra, and boreal
forest biomes. This domain covers ~800,000 km? of the discontinuous permafrost zone (Fig. 3a). Observations of
relict glacial ice are mostly lacking in Domain III, as it is interpreted to have melted out during Holocene tundra-
215  to-forest transitions (O’ Neill et al., 2019). Segregated ice and wedge ice occur, although wedges are likely
inactive where there is forest cover (Kokelj et al., 2014; Mackay, 2000). Deep-seated permafrost landslides
(DSPL), more recently termed permafrost detachment slides (Young et al., 2026), are a prominent hillslope
thermokarst landform, where near-surface ice-rich permafrost detaches from underlying unfrozen soils (Young et
al., 2022). ALDF occur in lower abundance than in Domains I and II. The prevalence of RTS is very low, owing
220  to the absence of relict ice, and they occur primarily in areas interpreted as wetland thermokarst landscapes (Table
A3). Thermokarst lakes are common and are associated with wetland landforms, including collapse ponds and
collapse scars, which are prevalent due to the melt of segregated and wedge ice. Bog-to-fen transitional landforms
occur in high abundance where higher peatland cover intersects with discontinuous permafrost (Domain Illp,

covering ~195,000 km?), with low abundances outside of these zones (Fig. 3b).
225

Domain IV occurs in the sporadic permafrost zone, encompassing ~990,000 km? within forest tundra and boreal
forest biomes. This domain has undergone high Holocene ground ice loss in areas that still host permafrost (Fig.
3b) and partial-to-high loss in peatland subdomains (Domain IVp, covering ~289,000 km?), where the thermal
properties of organic terrain preferentially maintain permafrost. This warm permafrost includes segregated ice.
230  Wedge ice is typically absent, as its growth has been limited by the short time during the Holocene when climatic

conditions would have favoured thermal contraction cracking, and otherwise its melt has been ensured by past
Holocene thaw of upper permafrost. Wetland thermokarst landforms are pervasive, with collapse scars and bog-
to-fen transitional landforms in peatland subdomains (Domain IVp) and collapse ponds within mineral soils

(Domain IV). In contrast, hillslope thermokarst landforms are rare (Table A3).

235

10
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Domain V (~909,000 km?) includes isolated patches of permafrost (<10% of land area) in boreal forest biomes
with relatively low ground ice abundance. This domain is characterized by wetland thermokarst landscapes (Table
A2 and A3), with landforms including residual collapse scars in mineral soils (Domain V) and collapse ponds and
bog-to-fen transitional landforms in the peatland subdomain (Domain Vp, covering ~182,000 km?; Fig. 3b). Most

240  of the residual permafrost and thermokarst landforms in this domain are found within the peatland subdomain,
due to the association between permafrost presence and organic terrain near the southern limit of permafrost
(Beilman et al., 2001). A unique component of this domain is internal lawns, which form when permafrost thaws
in forested areas, leaving residual sedge-covered wetlands (Fig. 1; Fig. 3b). However, much of the terrain in

Domain V, including sedge-covered wetlands, has probably never hosted permafrost during the Holocene.
245
4 Discussion and conclusions

Several efforts to document and map thermokarst across the circumpolar north have been undertaken (Liu et al.,
2025; Olefeldt et al., 2016; Webb et al., 2026). Most mapping studies have examined the distribution of specific
thermokarst landforms at local to regional scales, including thermokarst lakes, ice wedge melt ponds, ALDF, and
250  RTS (Fraser et al., 2023; Lewkowicz, 2024; Lewkowicz and Way, 2019; Olthof et al., 2015). Other regional
studies have examined multiple thermokarst landform types and assessed the extent of permafrost degradation
(Jorgenson et al., 2008) and the distribution of landforms in relation to variables including surficial geology,
topographic drainage, and ground ice conditions (Farquharson et al., 2019; Webb et al., 2026). Several of these
studies recognize that limited excess ice may remain today because extensive thermokarst and ground ice melt
255  have already occurred during the Holocene in some regions, which has influenced the types of thermokarst
landforms expressed and the rates at which they develop (Farquharson et al., 2019). More recent studies have
mapped a diversity of features to identify regional associations and assemblages of permafrost and thermokarst
landforms that reflect ground ice and material properties, influenced by geological and climate legacy (Kokelj et
al., 2023, 2026). These reveal that different types of landforms are associated with specific thermokarst
260  “fingerprints” in mid-Arctic, southern Arctic, and taiga regions (Kokelj et al., 2023), and with landform
assemblages occurring within permafrost landsystems (Kokelj et al., 2026). Within this nested framework, our
current study draws upon an extensive compilation of empirically based mapping and field observations to
contribute a broad, conceptual framework of thermokarst landform distribution within the permafrost zones of
Canada. The conceptual model provides a basis for describing broad thermokarst domains, complementing other
265  recent work highlighting that thermokarst and periglacial landforms group into specific assemblages. Several of
the key observations related to landform assemblages and associated permafrost conditions across thermokarst

domains are summarized below.

11
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Domain I is dominated by thermokarst landforms associated with hillslope processes. These include RTS and

270  ALDF, in addition to thermo-erosional gullies and deepened ice wedge troughs, which occur in cold, Middle and
High Arctic regions of the continuous permafrost zone. These landforms dominate where ground ice content is
high near the permafrost table due to relict buried glacial ice, segregated ice that has enriched the upper
permafrost (Cheng, 1983; Mackay, 1983), and the accumulation of wedge ice throughout the Holocene. In these
northern regions, surface organic cover and active layers are typically thin, measuring <20 cm and <70 cm,

275  respectively (Handley et al., 2026; Lafreniére et al., 2013), so conditions respond readily to rising air temperatures
and/or extreme precipitation events (Farquerson et al., 2019; Shur and Jorgenson, 2007), which may trigger
regional top-down thawing of permafrost (Lewkowicz and Way, 2019) or thermal erosion (Fortier et al., 2007).
Many hydrological catchments are small, and rivers are short, so impacts of hillslope thermokarst, often
associated with fine-grained, ice-rich tills, readily propagate through hydrological networks, transporting

280  sediments and solutes to the ocean (Godin et al., 2014; Kokelj et al., 2021; Rudy et al., 2017).

Domain II contains the highest diversity of thermokarst landforms, with hillslope, lake, and wetland thermokarst
processes all present. This domain occupies the central and southern regions of the continuous permafrost zone
(Domain II) and associated organic terrain (Domain Ilp). It is transitional between permafrost-preserved
landsystems (Domain I) and those where partial-to-complete melt of excess ice has occurred in the past (Domains

285  III, IV, V). As with Domain I, top-down thaw dominates; however, much of Domain II has experienced some loss
of ground ice during regional episodes of deeper thaw (e.g., Burn, 1997). Therefore, a key characteristic of
Domain II is the presence of a transition zone with lower ice content than the terrain in Domain I (Shur et al.,
2005), where relict ice and large ice wedges occur at or near the contemporary permafrost table. Water and
associated latent heat play a significant role, where thermokarst lakes are the most abundant landform in lowlands

290  (Kokelj and Jorgenson, 2013) and where bog-to-fen transitions are initiated within peatlands. Contemporaneously,
the loss of ground ice on hillslopes initiates ALDF and RTS, degrades wedge ice, and further facilitates lake
expansion in adjacent areas (Burn et al., 2021; Kokelj et al., 2009).

Domain III is transitional, with a high diversity of thermokarst landforms across hillslope, lake, and wetland
landscapes, but lacking landforms associated with the melt of relict and wedge ice (Fig. 3). Rather, thermokarst
295  landforms are associated primarily with the loss of segregated ice in different terrain settings. DSPLs are
associated with hillslopes (Young et al., 2022), while thermokarst lakes and collapse ponds occur within lowlands
(Morse and Rudy, 2022). Collapse scars and bog-to-fen transitions are also associated with thawing of permafrost
in peatland terrain (Olefeldt et al., 2016). Thermokarst development may be enhanced by changes in temperature
and precipitation regimes and the occurrence of wildfires, promoting the loss of segregated ice (Holloway and

300 Lewkowicz, 2020; Young et al., 2022).
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The more southerly Domains IV and V are characterized by lower thermokarst landform richness (Fig. 3) (Kokelj
et al., 2026) and are dominated by wetland features within peatlands, which are associated with permafrost
presence near the southern limit of its distribution (Beilman et al., 2001; Quinton and Baltzer, 2013; Wang et al.,
2023). Peat cover plays an increasing role in the type and abundance of thermokarst landforms, including collapse

305  scars and bog-to-fen transitions. These thermokarst landforms, as with DSPL and collapse ponds, are attributed
primarily to the melt of segregated ice, as relict ice is absent and ice wedges are sparse, small, and inactive.
Within the sporadic and isolated permafrost zones, thermokarst, as with permafrost, becomes predominantly
confined to terrain with high organic cover (Domains IVp and Vp). In contrast with Domains I and II, thermokarst
initiation in these domains is strongly influenced by lateral permafrost thaw and the development of

310  suprapermafrost taliks, and thaw can be enhanced by disturbances such as wildfire (Devoie et al., 2019; Shur and

Jorgenson, 2007).

This review has identified sets of permafrost conditions associated with the distribution of thermokarst landforms
in Canada. The significance of ground ice type and abundance and ground ice loss from past permafrost thaw is
315  reflected in the conceptual model of thermokarst domains of Canada (Fig. 3). As the circumpolar climate
continues to warm, permafrost will thaw further, causing an inevitable northward shift in permafrost zones
(Kwong and Gan, 1994). Short-term and long-term impacts on the distribution and abundance of thermokarst
landforms are anticipated. Short-term effects include an increased prevalence of the inventoried thermokarst
landforms within the established domains. Such increases have already been observed, including increased
320  development of deepened ice wedge troughs (Burn et al., 2021; Farquharson et al., 2019), ice wedge melt ponds
(Fraser et al., 2018), and RTS in the Middle and High Arctic regions of Domain I (Lewkowicz and Way, 2019;
Rudy et al., 2017) and in the northern parts of Domain II (Lantz and Kokelj, 2008) as melting of near-surface
wedge and relict ice progresses. In other domains, the short-term effects of permafrost thaw include increased
expansion and development of new thermokarst lakes in Domain II (Olthof et al., 2015). DSPL initiation will
325  likely further increase in Domains II & IIT (Kokelj et al., 2021; Young et al., 2022), where thaw-driven processes
occur at or near the base of permafrost (Young et al., 2025), in contrast to slope processes in Domains I and II,
where top-down thaw dominates. Increased collapse pond formation from degradation of mineralogical mounds
(lithalsas) in Domains II and III may also occur (Vallée and Payette, 2007), mainly driven by the loss of
segregated ice in these domains (Wolfe et al., 2016). In peatland sub-domains (IIp — Vp), increased bog-to-fen
330 transition, collapse scar formation, and the establishment of internal lawns are associated with segregated ice melt
(Gibson et al., 2021; Olefeldt et al., 2021; Quinton et al., 2011). Greater wildfire activity, like the record fire year
in 2023, will further serve to accelerate thermokarst initiation in Domains III-V in the short term (Baltzer et al.,

2025; Young et al., 2022).
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335  Longer-term effects include a northward shift in permafrost zones. The prevalence of some landforms will
increase in Domain I, such as thermokarst lakes, due to the extensive ice wedge networks and large areas of
preserved ice. Arctic greening (Frost et al., 2025) may also contribute to the expansion of wetland thermokarst
landscapes as conditions become favourable for shrub expansion and peat accumulation in Domain I. Rapid
expansion of some high Arctic peatlands within Domain I has already been observed in response to recent

340 warming (Handley et al., 2026). In Domain II, a northward expansion of discontinuous permafrost commensurate
with treeline advance may result in the thickening of the active layer, permafrost thaw, and the reduction of
ground ice with repeated, increasingly frequent cycles of wildfire (Zhang et al., 2015). In Domains III, IV, and V,
longer-term effects include continued permafrost thaw and associated loss of carbon stocks within thermokarst-
affected peatlands (Harris et al., 2023). With a northward retreat of permafrost in the discontinuous permafrost

345  zone (Bielman et al., 2001; Thibault and Payette, 2009) and warming of the ground in the continuous zone (Smith
et al., 2022), it may not be appropriate to strictly assume that all thermokarst processes and landforms in a
southern zone will transfer northward, owing to differences in geological legacies that give rise to existing
permafrost extents and thickness, surficial sediments, organic accumulations, and ground ice conditions. Specific
conditions of cold, continuous permafrost and ground ice distributions today in Domain I may never have existed

350  within warmer permafrost zones, and thus warming within these colder Domains may bring about novel

alterations to permafrost landscapes.

This study is the first to compile and summarize existing observations of thermokarst landforms in Canada. It has
integrated 19,549 field-based and remote-sensing observations from 155 literature sources derived over 60
decades. It has identified 11 key thermokarst landforms linked to thermokarst terrain processes (i.e., hillslope,
355 lake, and wetland). These thermokarst landforms are shown to combine to form landform assemblages that can be
grouped within thermokarst domains, which are tied to permafrost extent and geological legacies affecting
surficial geology, organic terrain, and ground ice conditions (Kokelj et al., 2026). Despite the comprehensive
review of existing literature, gaps in data distribution still affect the extent of knowledge and interpretation of
results. Existing data are clustered where landforms are known and readily measurable in the field or by remote
360  sensing. Whereas some landforms, such as RTS and ALDF, may be well-represented by the current datasets,
others, such as ice wedge thermokarst landforms and thermokarst lakes, likely remain underrepresented in
proportion to their distribution across Canada. Interpretations of thermokarst distributions and assemblages may
change with additional data, but the presented conceptual model provides a foundation for understanding the

distribution of thermokarst landforms and future changes in Canada.

365
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