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1 Thermokarst landforms and associated conditions 

1.1 Ice wedge and hillslope thermokarst landforms 

1.1.1 Thermo-erosional gullies and deepened troughs 

Thermokarst landforms associated with ice wedges include 1) deepened ice wedge troughs, 2) 

thermo-erosional gullies, and 3) ice wedge melt ponds. These features occur most commonly in 5 

the continuous permafrost zone, where ice wedges are most abundant (Chiasson and Allard, 

2022; Kokelj et al., 2014; O’Neill et al., 2022). Based on the literature, these thermokarst 

landforms are also most strongly associated with hillslope thermokarst landscapes (Table S1). Ice 

wedge thermokarst landforms are recorded across the Arctic Archipelago on Banks (Burn et al., 

2021; Farquharson et al., 2019), Prince Patrick (Farquharson et al., 2019), Ellef Ringnes 10 

(Farquharson et al., 2019; Liljedahl et al., 2016), Ellesmere (Becker et al., 2016; Ward Jones et 

al., 2020), and Richards Islands (Burn et al., 2021). Recorded observations of increasing trough 

ponds in Arctic terrain have also been mapped through analysis of trends in satellite imagery 

(Fraser et al., 2023). 
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Table S1. Permafrost terrain and ground ice conditions associated with ice wedge and hillslope 

thermokarst landforms based on frequency tables. Maximum (modal) values in bold, percentages 

≥ 5% in italics. 

Thermokarst  

Landforms 

Thermokarst 

Landscape^ 
H = Hillslope 

L = Lake 

W =Wetland 
(Olefeldt et 

al., 2016). 

Permafrost 

zones 
(Heginbottom et 

al., 1995) 

Biomes 

(Dyke et al., 
2004) 

Surficial Deposits 

(Fulton, 1995)** 

% Peat 

Cover 
(Tarnocai 

et al., 2011) 

Past Ground 

Ice* 
R = Relict 

S = 

Segregated 
W = Wedge 

 

Modern 

Ground 
Ice* 

(O’Neill 

et al., 
2022) 

 

Holocene  

Ground Ice 
 Loss 

 

Deepened ice 

wedge trough 

H 

H 

H-W-l 

Continuous 

 

Herb tundra 

Shrub tundra 

Till blanket (f) 

Weathered reg. 

ven. 

Colluvial (f) 
Marine offshore 

None 

Very low 

R-W-S 

W-S-r 

r-s-w 

S-W-r 
S-w-r 

R-S-W 

W-S 

s-w 

S-W 
S-w 

R, S, W = Neg. 

Thermo-

erosional 

gully 

H-w-l 

H-l-w 

Continuous Herb tundra 

Shrub tundra 

Till blanket (f) 

Glaciofluvial Pl. 

None R-S-W 

R-w-s 

R-S-W 

R-S-w 

R, S, W = Neg. 

Ice wedge 

melt pond 

H-W-l 

W-H-l 

L-H-w 

Continuous 

Discontinuous 

Shrub 

tundra 

Boreal forest 
Herb tundra 

 

Till blanket (f) 

Lacustrine 

Glaciofluvial 
Hummocky till (f) 

 

Very low 

Low 

None 
Negligible 

R-S-w 

R-S-w 

none 

S-W-r 

S-W-r 

w 

R = Most 

S = Neg.-Partial 

W = Neg.-
Partial 

Retrogress-

ive thaw 
slump 

H 

W-H-L 
H-L-w 

Continuous 

 

Shrub 

tundra 

Herb tundra 

Till blanket (f) 

Hummocky till  (f) 
Till moraine (f) 

None 

Very low 
Neg 

R-W-S 

S-W-r 
R-S-W 

R-W-S 

R-S-W 
S-W 

R = Neg.-Most 

S = Neg. 
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(RTS) H-w-l 
 

Boreal forest  R-S-w W-S W = Neg.-
Partial 

Active Layer 

Detachment 

Failure 
(ALDF) 

H-L-w 

h 

L-H-W 
H-w-l 

W-H-l 

 

 

Continuous 

Discontinuous 

Herb tundra 

Boreal forest 

Shrub tundra 
 

Colluvial (f) 

Glaciomar. offsh. 

Till blanket (f) 
Weathered reg. 

Hummocky Till (f) 

Glaciolac. offshr. 
 

None 

Low 

Negligible 
Very low 

S-W-r 

s-w-r 

S-r-w 
R-S-w 

W-R-S 

S-W 

R-S 

s-w 
r-s 

S 

S-w 

R = Most 

S = Neg. 

W = Neg.-
Partial 

Deep-seated 

permafrost 
landslide 

(DSPL) 

W-l-h 

none 
h-w-l 

W-h-l 

 

Discontinuous 

Continuous 

Boreal forest 

 

Till veneer (f) 

Till blanket (f) 
 

Negligible 

None 

s-r-w 

R-S-w 
 

 

s-w R = Complete 

S = Partial 
W = Partial  

^ Capitalization (H, L, W) represents thermokarst landscapes in medium-to-high abundance and lowercase (h, l, w) low to negligible abundance. 20 
The order of letters represents the relative dominance of each thermokarst landscape type. 

*Capitalization (R, S, W) represents medium-to-high ground ice abundance and lowercase (r, s, w) low to negligible abundance. The order of 

letters represents the relative dominance of each ground ice type. 

**The surficial dataset of Fulton (1995) was modified to parse out dominantly coarse (c) vs. fine-grained (f) till based on underlying bedrock 

geology as described in O’Neill et al. (2019)  25 

 

Deepened ice-wedge troughs result from top-down melting of wedge ice and subsidence due to 

increasing thaw penetration (e.g., Farquharson et al., 2019). In contrast, thermo-erosional gullies 

are formed by runoff that rapidly melts ice wedges and contributes significant convective heat 

exchange to thawing (Fortier et al., 2007). These gullies may include retrogressive scarps within 30 

the eroded troughs (Fortier et al., 2007). Deepened troughs and thermo-erosional gullies occur in 

well-drained locations, with gullies acting as key surface drainage pathways (Fortier et al., 

2007). Although deepened ice wedge troughs provide a conduit for ice wedge meltwater to drain 

through active layer materials (Burn et al., 2021), they are not typically associated with 

channelized or erosive overland flow, as in the case of thermo-erosional gullies. 35 

 

1.1.2 Ice wedge melt ponds 

Ice wedge melt ponds form in ice wedge troughs in topographic settings where drainage is 

impeded. The extent of ice wedge melt ponds is actively expanding across the Canadian Arctic in 

response to warmer air temperatures and progressive ice wedge degradation (Fraser et al., 2018, 40 

2023). These ponds are associated with flat upland terrain (Fraser et al., 2018) but also form on 

hillslopes in troughs that are parallel to the elevation contour, provided the subsidence lowers the 

pond surface below permafrost in the downslope direction (Burn et al., 2021).  
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These thermokarst landforms are mainly associated with hillslope-dominated thermokarst 

landscapes and secondarily in association with areas mapped as lake and wetland landscapes 45 

(Table S1). They occur within the continuous permafrost zone (Chiasson and Allard, 2022; 

Kokelj et al., 2014) in herb tundra and shrub tundra biomes, where peat cover is typically absent 

or very low (Table S1). Nevertheless, thermo-erosional gullies may also occur locally at sites 

with up to 30 cm of sandy peat (Gagnon and Allard, 2020). Fraser et al. (2018) documented 

abundant ice wedge thermokarst on Banks Island, in the form of ice wedge melt ponds on 50 

hilltops, which may further lead to the formation of high-centred polygons and thaw lakes. These 

ice-wedge thermokarst landforms are mostly associated with fine-grained till blanket deposits, 

with deepened troughs and ice wedge melt ponds also occurring within weathered regolith, 

colluvial, and marine sediments (Table S1). Thermo-erosional gullies also occur on glaciofluvial 

outwash plain sediments, and typically where modelled wedge ice abundance is medium to high. 55 

Although these ice wedge thermokarst landforms are inherently tied to landscapes with well-

developed ice wedge polygons, segregated and relict ice may also be present in these cold 

permafrost environments  (Bernard-Grand’Maison and Pollard, 2018; Fraser et al., 2018). 

Modelled Holocene ground ice loss associated with deepened ice wedge troughs and thermo-

erosional gullies is generally negligible, as they occur primarily in cold continuous permafrost 60 

regions where ground ice has accumulated over time. In contrast, ice wedge melt ponds are 

found in areas of greater predicted ground ice loss, including partial loss of segregated and 

wedge ice and most loss of relict ice (Table S1).  

 

1.1.3 Retrogressive thaw slumps 65 

Retrogressive thaw slumps (RTS) are slope failures in permafrost terrain that enlarge 

progressively due to ablation of exposed massive ice or ice-rich sediments (Lewkowicz et al., 

2025). They are characterized by a retreating ice-rich headwall and a scar area transporting 

thawed debris downslope (Lacelle et al., 2015). They may be initiated by coastal, river, or 

lakeshore erosion, or by stream incision, and may also evolve from active-layer detachment 70 

failures (ALDF) (Lewkowicz and Way, 2019). They occur predominantly in the western Arctic in 

the Northwest Territories and Yukon Territory, with other observations in the central and high 

Arctic. RTS are observed throughout the Canadian Arctic Archipelago, including on Banks 
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(Evans et al., 2021; French, 1974; Heginbottom, 1978; Rudy et al., 2017a; Segal et al., 2016), 

Melville (Heginbottom, 1978), Bylot (Coulombe et al., 2019), Baffin (Hyatt et al., 2003), 75 

Ellesmere (Campbell-Heaton et al., 2021; Smith, 1999; Ward Jones et al., 2019) and Axel 

Heiberg Islands (Ward Jones et al., 2019). They are extensively mapped across the western 

Arctic in association with coastal, valley, and lakeside geomorphic settings (Kokelj, 2017; 2021). 

They are common on the Yukon Coastal Plains (de Krom, 1990; Harry et al., 1988; Lacelle et al., 

2004; Lenz et al., 2013; Lantuit and Pollard, 2008; Lantuit et al., 2012; Wolfe et al., 2001) and 80 

Tuktoyaktuk Coastlands and extend southward into the Mackenzie Valley (Littlefair and Tank, 

2018) and into central and southern Yukon Territory (Burn, 2000; Burn and Smith, 1990; 

Huscroft et al., 2003).  

RTS are dominantly associated with mapped hillslope thermokarst landscapes, though they also 

occur in association with lake and wetland landscapes (Table S1). They occur primarily within 85 

continuous permafrost, with very few observations in the discontinuous permafrost zone (Table 

S1). They are mainly associated with herb tundra biome and extend into shrub tundra and boreal 

forest biomes (Table S1). Peat cover associated with observed slumps is absent to low within 

herb tundra biomes and ranges from negligible to low within shrub tundra and boreal biomes. 

RTS are most common in areas of fine-grained till blanket, hummocky till, and till veneer 90 

deposits (Table S1), but also in glaciomarine deposits, such as in the Fosheim Peninsula of 

Ellesmere Island (Smith, 1999). Modelled ground ice conditions associated with RTS typically 

include relict, segregated, and wedge ice in moderate to high abundance. Holocene ground ice 

loss in areas with slumps is commonly negligible, as they occur mainly within continuous 

permafrost. However, slump-affected regions within discontinuous permafrost may occur in 95 

areas with segregated ice that have lost all relict ice and have had a partial loss of wedge ice 

(Table S1). 

 

1.1.4 Active layer detachment failures 

Active layer detachment failures (ALDFs) are the resulting shallow translational landslides 100 

formed by the rapid downslope movement of a thawing surface layer over frozen ground 

(Lewkowicz et al., 2025). They occur following the development of high porewater pressures 

either by the rapid melting of ground ice near the base of the active layer (Lewkowicz, 2007) or 
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due to high precipitation events. Observations of ALDF are abundant within the Mackenzie 

Valley, NT (Lewkowicz and Harris, 2005a and b), and central and southern Yukon Territory 105 

(Huscroft et al., 2003; Lipovsky and Huscroft, 2007), in the high Arctic, including Melville 

(Beamish et al., 2014; Paquette et al., 2020; Robson et al., 2021; Rudy et al., 2017b) and 

Ellesmere Island (Lewkowicz and Harris, 2005a, 2005b) and in the western Arctic on Hershel 

Island and the Yukon Coastal Plain (de Krom, 1990; Wolfe et al., 2001). 

ALDF are located within mapped hillslope thermokarst landscapes and are also associated with 110 

lake and wetland landscapes. They occur mainly within the continuous permafrost zone, but their 

distribution extends into discontinuous permafrost (Table S1). They are predominantly within 

herb tundra, and secondarily within shrub tundra and boreal forest biomes with little to no peat 

cover (Table S1). In the high Arctic, they are most common on fine-grained colluvium and are 

also found on other fine-grained marine, till, weathered regolith, and glaciolacustrine deposits. 115 

They occur predominantly on terrain containing moderate-to-high segregated and wedge ice, and 

on fine-grained glacial sediments that also contain relict ice (Table S1). Active layer detachment 

failures occur mainly where Holocene ground ice loss of segregated ice is negligible but extend 

into areas where partial to high ground ice loss of wedge or relict ice has occurred, such as the 

Mackenzie Valley and southern Yukon Territory (Huscroft et al., 2003; Lipovsky and Huscroft, 120 

2007; Lewkowicz and Harris, 2005b). 

 

1.1.5 Deep-seated permafrost landslides 

Deep-seated permafrost landslides (DSPLs) are rapid slope failures within permafrost terrain that 

include the translocation of frozen soil below the active layer (Lyle et al. 2014). These features 125 

are observed in the southern Yukon Territory and Mackenzie Valley (Young et al., 2022).  

DSPL are mainly associated with wetland-hillslope thermokarst landscapes. They occur 

primarily in discontinuous permafrost and extend into the southern portion of the continuous 

permafrost zone (Table S1). DSPL occur mostly within the boreal forest biome, in areas where 

peat cover is negligible to absent, and deposits are fine-grained till veneer or till blanket. They 130 

occur in areas with negligible to low modelled segregated and wedge ice and no relict ice. 
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Holocene ground ice loss includes the partial melt of segregated and wedge ice and complete 

loss of relict ice (Table S1). 

 

1.2 Lake thermokarst landforms 135 

1.2.1 Thermokarst lakes 

A thermokarst lake is a body of water occupying a depression that formed, at least in part, by thermokarst 

processes, including ground settlement or expansion due to the thaw of ice-rich permafrost (Lewkowicz et 

al., 2025). They are observed in the high Arctic  (Bouchard et al., 2020) and in the western Canadian 

Arctic including the Tuktoyaktuk Coastlands (Burgess et al., 1982; Burn, 2002; Dallimore et al., 2000; 140 

Johnson and Brown, 1961; Olthof et al., 2015; Mackay, 1999; Marsh, 1990; Murton, 1996), Yukon 

Coastal Plains (Lenz et al., 2013; Plug and West, 2009), and Old Crow Flats (Bandara et al., 2020; 

Labrecque et al., 2009; Lantz and Turner, 2015; MacDonald et al., 2012; Roy-Léveillée et al., 2017). 

They are prominent in discontinuous permafrost in the Great Slave Lowlands (Morse and Rudy, 2022), 

central Yukon (Burn and Smith, 1990; Burn, 1998), and range from continuous permafrost in the western 145 

Hudson Bay Lowlands (Dyke and Sladen., 2010; Sannel and Brown, 2010; Halsey et al., 1997; Sannel 

and Kuhry, 2011) to discontinuous permafrost in northern Quebec and Labrador (Dionne, 1978; Narancic 

et al., 2017). Lateral thermokarst lake expansion and shoreline collapse relate to the melt of relict, 

segregated and wedge ice, which can also initiate shoreline RTS (Kokelj et al., 2009). 

Thermokarst lakes are associated primarily with lake-wetland-hillslope thermokarst landscapes and occur 150 

in continuous and discontinuous permafrost terrain, mainly within shrub tundra and boreal forest biomes 

(Table S2). They mainly occur on terrain with low to negligible peat cover but do occur across a range of 

peat cover from moderate to low. Thermokarst lakes are mostly associated with both coarse- and fine-

grained till blanket deposits, as typified by the western Canadian Arctic, but also with other fine-grained 

tills and alluvial, glaciofluvial, and lacustrine deposits (Table S2). Associated ground ice is mainly 155 

segregated ice in association with wedge ice and, to a lesser extent, relict ice. Holocene ground ice loss 

associated with thermokarst lakes included partial loss of segregated and wedge ice and typically the loss 

of most relict ice. 

 

1.3 Wetland thermokarst landforms 160 

1.3.1 Collapse ponds 
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Collapse ponds are ponds that have typically formed from permafrost degradation in palsa, peat 

plateau, or lithalsa terrain (Breton et al., 2009). With continued subsidence and loss of 

permafrost, they may transition into fens and bogs within unfrozen areas (Carpino et al., 2018).  

The ponds are observed in Nunavut (Martini and Morrison 2014; Leblanc et al., 2020), 165 

Northwest Territories (Mamet et al., 2017; Wolfe et al., 2014), Yukon Territory (Harris, 2002; 

Zoltai and Tarnocai, 1975), Alberta (Zoltai, 1993), Manitoba (Halsey et al., 1997), Quebec 

(Bouchard et al. 2011, 2014; Breton et al., 2009; Dionne, 1978; Laberge and Payette 1995; 

Payette et al., 2004), and Newfoundland and Labrador (Way et al., 2018).  
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Table S2. Permafrost terrain and ground ice conditions associated with thermokarst landforms in 

lake and wetland thermokarst landscapes. Maximum values in bold, percentages ≥ 5% in italics. 

 

Thermo-

karst  

Landforms 

Thermokarst 

Landscape  

H = Hillslope 
L = Lake 

W =Wetland 

(Olefeldt et 
al. 2016) 

Permafrost Zones 

(Hegginbottom  

et al. 1995) 

Biomes 

(Dyke et 

al., 2004) 

Surficial Deposits 

(Fulton, 1995) 

% Peat 

Cover 

(Tarnocai 
et al., 2011) 

Past Ground Ice 

R = Relict 

S = Segregated 
W = Wedge 

Modern 

Ground Ice 

(O’Neill et 
al., 2022) 

Holocene 

Ground Ice  

Loss 

Thermo-

karst lakes 

L-W-h 

L-W-H 

W-L-h 
 

Discontinuous 

Continuous 

Boreal 

forest 

Shrub 
tundra 

 

Till veneer (c) 

Till blanket (f) 

Alluvial 
Hummocky till (f) 

 

Negligible 

Very low 

Low 
Moderate 

 

s-r-w 

R-S-w 

none 

Srw 

rsw 
sw 

 

R = Most-

complete 

S = Part.-complete 
W =Most-

complete 

Collapse 
ponds 

w-l-h 

 
Discontinuous 

 

Boreal 

forest 

Forest 

tundra 

Till veneer (c) 

Till blanket (c) 

Glaciomarine ven. 

Glaciomar. offshr. 

Negligible 

 

s-r-w 

 
none 

sw 

Sw 

RSW 

R = Complete 
S = Complete 

W = Complete 

 

Collapse 
scar 

w 

W-l 

W 

Sporadic 

Isolated 

Discontinuous 
Continuous 

Unfrozen 

Boreal 

forest 

Forest 
tundra 

Till blanket (f) 

Glaciolac. offshr. 

Glaciomar. offshr. 
Hummocky till (f) 

Till veneer (f) 

Glaciomar. ven. 

High 

None 

Moderate 
Low 

Very low 

Negligible 
Very high 

S-r-w 

s 

R-S-w 
s-r-w 

none 

s-w 

none 

s 
S-w 

 

R = Complete 
S = Most-Partial 

W = Part.-
complete 

 

Bog-to-fen 

transition 

W-l 

w-l 

W-L 

w 

 

Sporadic 

Isolated 

Continuous 

Unfrozen 

Boreal 

forest 

Forest 

tundra 

 

Till blanket (f) 

Glaciomar. offshr. 

Glaciomar. ven. 

Glaciolac. offshr. 

High 

Moderate 

Low 

Very low 

Negligible 

None 

s-r-w 

R-S-w 

S-r-w 

r-s-w 

none 

s-w 

none 

s-w 

R = Complete 

S = Neg.-Most 

W = Part.-

complete 

Internal 

lawns 

W 

 

Isolated 

Unfrozen 

Boreal 

forest 

 

Till blanket (f) 

Organic 

Hummocky till (f) 
Glaciolac. offshr. 

Moderate 

High 

Low 
Very low 

R-S-w 

r-s-w 

s-r-w 

s 

none 

R= Complete 

S= Part.-complete 

W =Complete 

*Capitalization (R, S, W) represents ground ice amounts in medium-to-high abundance and lowercase (r, s, w) represent ground ice abundance in 

low to negligible abundance. 175 
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Unlike ice wedge trough ponding and thermokarst lakes, which occur within the continuous 

permafrost zone, collapse ponds are most common in discontinuous permafrost (Table S2). 

Collapse ponds are observed primarily in forest tundra and boreal forest biomes. They are 

commonly found on terrain without peat cover, but also across a range of peat covers from low 180 

to negligible (Table S2). Collapse ponds are mostly found within till veneer and blanket deposits 

and are also associated with glaciomarine and offshore marine deposits. Present-day ground ice 

associated with collapse ponds is commonly segregated and wedge ice in moderate to low 

abundance (Table S2). They are associated with partial loss of segregated and wedge ice, but 

complete loss of relict ice. When in association with till deposits, they notably include the 185 

complete loss of relict and wedge ice (Zoltai and Tarnocai, 1975; Table S2). These observations 

suggest that collapse ponds are typically associated with mineralogical plateaus (i.e., lithalsas) 

and peat plateaus (Bouchard et al., 2011; Dionne, 1978; Wolfe et al., 2014), as well as thaw of till 

terrain with former higher abundances of ground ice, including relict ice (Leblanc et al., 2020). 

They are associated with lithalsas (Morse and Rudy, 2022) in the Great Slave Lowlands, which 190 

have undergone glacial lake inundation followed by aggradation of permafrost hosting 

segregated ice. The association with glaciomarine deposits is also due to the abundance of 

collapse ponds observed within the former limits of the Tyrell Sea that extended inland of 

present-day Hudson Bay, following recession of the Laurentide Ice Sheet (Bouchard et al. 2011; 

Dionne 1978). 195 

 

1.3.2 Collapse scars 

Collapse scars result from the collapse of peat plateaus and palsas (Mamet et al., 2017), which 

are peat-covered permafrost mounds with layers of segregated ice and peat or mineral soil 

material, and with lithalsas (Calmels et al., 2008) that typically lack the peat cover or segregated 200 

ice layers at depth. Collapse scars are typically formed by vertical subsidence and lateral thaw of 

the plateau sides and can lead to the transformation of forested peat plateaus into wetlands, bogs, 

and fens. These landforms are observed in sporadic permafrost in the Northwest Territories 

(Beilman and Robinson, 2003; Carpino et al., 2018; Liblik et al., 1997), Yukon Territory 

(Coultish and Lewkowicz 2003; Harris 2002), northern Alberta (Prater et al., 2007), Manitoba 205 

(Bubier et al., 1995; Camill 2005; Camill and Clark, 1998), and Ontario (Pironkova, 2017). They 
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also extend into isolated permafrost in Alberta (Beilman and Robinson, 2003; Zoltai, 1993), 

Saskatchewan (Beilman et al., 2001; Beilman and Robinson, 2003), and Quebec (Thibault and 

Payette, 2009). They are also noted within discontinuous and continuous permafrost in the 

Northwest Territories (Beilman and Robinson, 2003; Mamet et al., 2017; Zoltai and Tarnocai, 210 

1975), Yukon (Zoltai and Tarnocai, 1975), and northern Manitoba (Camill and Clark, 1998; 

Dredge and Nixon, 1979; Halsey et al., 1997; Sannel and Brown, 2010; Sannel and Kuhry, 

2011), Ontario (Kirkwood et al., 2019), and Quebec (Worsley et al., 1995).  

Collapse scars occur mainly within wetland and wetland-lake thermokarst landscapes of the 

sporadic permafrost zone but extend into most other permafrost zones (Table S2). They occur 215 

mainly within the boreal forest and extend into forest tundra, most commonly on fine-grained till 

blanket deposits, as well as on other fine-grained tills and on glaciolacustrine and glaciomarine 

deposits (Table S2). Peat cover is typically high but ranges in thickness from moderate to none. 

Ground ice associated with collapse scars is segregated ice, and segregated-wedge ice in low 

abundance (Table S2). Holocene ground ice loss in areas with collapse scars includes complete 220 

loss of relict ice, partial to complete loss of wedge ice, and partial to high loss of segregated ice. 

These associations are tied to the differences in initial landform types, with palsas and peat 

plateaus associated with underlying till deposits and thick peat cover in sporadic permafrost, with 

ground ice consisting of segregated ice within peat plateaus and palsas and, additionally, wedge 

ice within polygonal peat plateaus (Dredge and Nixon, 1979). Lithalsas, in contrast, are more 225 

commonly associated with glaciolacustrine or marine deposits, thin peat cover, and segregated 

ice in discontinuous permafrost (Calmels et al., 2008; Wolfe et al., 2014).  

 

1.3.3 Bog-to-fen transition 

Bog-to-fen transitions are associated with organic soils and peatlands. Bogs are peat-forming 230 

wetlands fed primarily by rainwater, whereas fens form within mineral-rich groundwater. Fens 

tend to be less acidic than bogs, which support grasses and sedges, in addition to mosses and 

ericaceous shrubs adapted to acidic environments. In terms of thermokarst landscapes, fens may 

develop from the thawing of peat plateaus and palsas. Permafrost may persist within raised 

portions of bogs and within ridges developed within string fens (Harry et al., 1988). 235 
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Thermokarst associated with the bog-to-fen transition occurs in wetlands, most commonly in 

sporadic permafrost but also within continuous permafrost, isolated patches, and unfrozen 

ground (Table S2). They are mainly found in the boreal forest and forest tundra biomes and are 

primarily associated with fine-grained till blanket deposits, as well as glaciomarine and 

glaciolacustrine deposits (Table S2). Peat cover is usually high but can range from moderate to 240 

none. They are associated with segregated ice and wedge ice, though in low abundance. 

Holocene ground ice loss is significant, with complete loss of relict ice, partial to complete loss 

of wedge ice, and partial to extensive loss of segregated ice (Table S2). Based on the co-

occurrence of peat plateaus and bog-to-fen transition within areas of high peatland cover, the 

collapse of peat plateaus often leads to the formation of collapse ponds and fen-dominated 245 

thermokarst landscapes (Halsey et al., 1997; Thibault and Payette, 2009; Zoltai, 1993), whereas 

the collapse of lithalsas generally results only in collapse ponds (Dionne, 1978; Harris, 2002; 

Wolfe et al., 2014). 

 

1.3.4 Internal lawns 250 

Internal lawns are recently thawed areas with herbaceous vegetation cover, surrounded by 

densely forested frost mounds (Beilman and Robinson, 2003). Observations are mainly limited to 

the southern limits of permafrost within Alberta, Saskatchewan, and Manitoba. Internal lawns 

occur in wetland thermokarst landscapes, primarily within isolated permafrost in boreal forests 

(Table S2). They occur mostly on fine-grained till blanket deposits and on organic terrain, 255 

hummocky till glaciolacustrine deposits. They occur primarily within terrain with modelled 

negligible segregated ice, due to the small fraction of the landscape underlain by permafrost. 

These areas have otherwise lost all relict, segregated, and wedge ice over the Holocene (Table 

S2).  

 260 

2 Thermokarst domains and associated conditions 

Table S3 summarizes the dominant thermokarst and permafrost terrain conditions associated 

with each permafrost zone and subdivided into areas of lower and higher organic peat cover. 

These subdivisions are presented here as thermokarst domains, within which specific types and 
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associations of thermokarst landforms occur. Table S4 shows the distribution of thermokarst 265 

landforms across the thermokarst domains, as indicated by the percentage of observations in each 

domain. 

 

Table S3. Summary of thermokarst domains showing the relative abundance of thermokarst 

landforms and associated conditions for biomes, peatland cover, thermokarst landscape, ground 270 
ice type, and relative Holocene ground ice loss. 

 

TK 

Domain 

PF 

Zone* 

Thermokarst  

Landforms 

Percent 

Landform 

in Domain 

Modern 

Biome** 

Organic 

Peat  

Cover 

Dominant 

TK 

Landscape 

Ground  

Ice *** 

Types 

Holocene 

Ground Ice  

Loss 

I Cont. Gullies 

Deepened troughs 

Melt-ponds 

RTS 

ALDFs 

Thermokarst lakes 

87.5 

66.7 

8.9 

36.0 

54.3 

0.2 

HT  

(and 

throughout 

Holocene) 

None 

None 

Very low 

None-Low 

None-Low 

None-Low 

Hillslope 

Hillslope 

Hillslope 

Hillslope 

Hill-Lake 

Hillslope 

R-W-S 

W-S 

R-W-S 

R-W-S 

W-S 

R-W-S 

Negligible 

Negligible 

Negligible 

Negligible 

Negligible 

Negligible 

II Cont. Gullies 

Deepened troughs 

Melt Ponds 

RTS 

ALDFs 

DSPLs 

Thermokarst lakes 

Collapse ponds 

Collapse scars 

12.5 

33.3 

89.9 

61.2 

33.9 

19.0 

24.3 

0.9 

1.7 

ST 

HT-ST 

HT-ST-BF 

HT-ST-BF 

ST-BF 

BF 

ST-FT-BF 

ST 

ST-FT 

None 

None 

None-Low 

None-Low 

None-Low 

None 

None-Low 

None-Neg. 

None-V low 

Hillslope 

Hillslope 

Hillslope 

Hillslope 

Hill-Wet 

Wetland 

Lake 

Wetland 

Hillslope 

R-W-S 

R-W-S 

R-W-S 

R-W-S 

R-W-S 

W-S 

R-W-S 

R-W-S 

R-W-S 

Negligible 

Negligible 

Partial 

Partial-High 

Partial-High 

Partial 

Partial-High 

Negligible 

Negligible 

IIp Cont. Melt ponds 

ALDFs 

Thermokarst lakes 

Collapse scars 

Bogs-to-fens 

1.6 

0.2 

0.1 

8.3 

14.3 

ST 

BF 

ST-BF 

FT-BF 

BF 

Medium 

Medium 

Medium 

Med-High 

Moderate 

Lake 

Lake 

Wetland 

Wetland 

Wetland 

R-W-S 

R-W-S 

R-W-S 

R-W-S 

S-S 

Negligible 

Partial-High 

Partial-High 

Partial-High 

Partial 

III Disc. Melt ponds 

RTS 

ALDFs 

DSPLs 

Thermokarst lakes 

Collapse Ponds 

Collapse Scars 

1.2 

1.5 

9.9 

78.5 

74.9 

96.1 

8.3 

ST 

BF 

BF 

BF 

ST-BF 

FT-BF 

FT-BF 

Very Low 

Neg-Low 

None-Low 

None-Neg 

None-Low 

Negligible 

Neg-None 

Hillslope 

Wetland 

Wetland 

Wetland 

Lake 

Wetland 

Wetland 

W-S 

W-S 

W-S 

W-S 

R-W-S 

W-S 

W-S 

Negligible 

Partial-Comp 

Partial-Comp 

Partial-Comp 

Partial 

Partial 

Partial-Comp 

IIIp Disc. RTS 

ALDFs 

Thermokarst lakes 

Collapse Scars 

Bogs-to-fens 

0.02 

0.1 

0.6 

6.7 

3.6 

BF 

BF 

BF-ST 

BF 

BF 

High 

High 

Moderate 

Med-V high 

Negligible 

Wetland 

Wetland 

Wetland 

Wetland 

Wetland 

W-S 

W-S 

W-S 

W-S 

S 

Partial 

Partial 

Partial 

Partial-Comp 

Negligible 

IV Spor. RTS 

ALDFs 

DSPLs 

Thermokarst lakes 

Collapse ponds 

Collapse scars 

Bogs-to-fens 

0.01 

0.1 

2.5 

0.1 

1.9 

25.0 

10.7 

BF 

BF 

BF 

ST-FT-BF 

FT-BF 

FT-BF 

FT-BF 

None 

None 

None-V low 

None-Low 

None-Low 

None-Low 

V low-Low 

None 

None 

Wetland 

Wetland 

Wetland 

Wetland 

Wet-Lake 

W-S 

W-S 

W-S 

W-S 

W-S 

W-S 

W-S 

Partial-High 

Partial-High 

High 

Partial-High 

High 

Partial-High 

High 

IVp Spor. Thermokarst lakes 

Collapse scars 

Bogs-to-fens 

0.1 

30.0 

39.3 

FT 

BF 

BF 

Medium 

Med-V high 

Med-High 

Wetland 

Wetland 

Wetland 

W-S 

W-S 

W-S 

Partial-High 

Partial-High 

Partial-High 
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V Iso. Thermokarst lakes 

Collapse ponds 

Collapse scars 

Bogs-to-fens 

Internal lawns 

0.1 

0.7 

15.0 

17.8 

33.3 

BF 

FT-BF 

BF 

BF 

BF 

None-Neg 

None-Low 

None-Low 

Neg-Low 

V low-Low 

Wetland 

Wetland 

Wetland 

Lake 

Wetland 

S 

W-S 

S 

S 

S 

High 

High 

High 

High 

Partial 

Vp Iso. Collapse scars 

Bogs-to-fens 

Internal lawns 

1.7 

3.6 

33.4 

BF 

BF 

BF 

Med-high 

High 

Med-High 

Wetland 

Wetland 

Wetland 

S 

S 

S 

High 

Complete 

Partial  

Thawed None Collapse ponds 

Collapse scars 

Bogs-to-fens 

Internal lawns 

0.5 

3.3 

10.7 

33.3 

BF 

BF 

BF 

BF 

Low-Med 

V low-Med 

Med-High 

Low-Med 

NA 

NA 

NA 

NA 

S 

S 

S 

S 

Complete 

Complete 

Complete 

Complete 

*Permafrost zones: Cont.=Continuous; Disc.=Discontinuous; Spor.=Sporadic; Iso.=Isolated patches 

**Biomes: HT=Herb tundra; ST=Shrub tundra; BF=Boreal forest; FT=Forest tundra 

***Ground ice types: R = Relict; S = Segregated; W = Wedge 275 

 

Table S4. Distribution of thermokarst landforms across Thermokarst Domains. 

Thermokarst 

landform 

Thermokarst 

  Landscape 

                Percentage of observations by Domain 

 I II IIp III IIIp IV IVp V Vp No permafrost 

Thermo-

erosional gully 

   

          Ice 

       Wedge 

87.5 12.5         

Deepened ice 

wedge trough 

66.7 33.3         

Ice wedge 

melt pond 

8.9 89.9  1.2       

Retrogressive 

thaw slump 

 

 

    Hillslope 

36.0 61.2  1.5 0.02 0.01    1.3* 

Active layer 

detachment 

failure 

54.0 34.5  9.9 0.1 0.1     1.4* 

Deep-seated 

permafrost 

landslide 

 19.0  78.5  2.5     

Thermokarst 

lake 

        Lake  24.4  74.9 0.1 0.1 0.1 0.1   

Collapse pond  

   Wetland 

 0.9  96.1  1.9  0.7  0.5 

Collapse scar  1.7 8.3 8.3 6.7 25.5 30.0 15.0 1.7 3.3 

Bogs-to-fen   14.3  3.6 10.7 39.3 17.8 3.6 10.7 

Internal lawn        66.7  33.3 

*  Outside of study boundaries. 

 

 280 

 

 



 

13 
 

References  

Bandara, S., Froese, D., Porter, T.J., Calmels, F.: Holocene pore‐ice δ 18 O and δ 2 H records 

from drained thermokarst lake basins in the Old Crow Flats, Yukon, Canada, Permafrost & 285 
Periglacial Processes, 31, 497–508, https://doi.org/10.1002/ppp.2073, 2020.  

Beamish, A., Neil, A., Wagner, I., Scott, N.A.: Short-term impacts of active layer detachments on 

carbon exchange in a High Arctic ecosystem, Cape Bounty, Nunavut, Canada, Polar Biol, 37, 

1459–1468, https://doi.org/10.1007/s00300-014-1536-4, 2014.  

Becker, M.S., Davies, T.J., Pollard, W.H.: Ground ice melt in the high Arctic leads to greater 290 
ecological heterogeneity, Journal of Ecology, 104, 114–124, https://doi.org/10.1111/1365-

2745.12491, 2016.  

Beilman, D.W., Robinson, S.D.: Peatland permafrost thaw and landform type along a climatic 

gradient, in: Proceedings of the 8th International Conference on Permafrost, Zurich: University 

of Zurich-Irchel, Balkema, Zurich, 61–65, 2003.  295 

Beilman, D.W., Vitt, D.H. and Halsey, L.A.: Localized permafrost peatlands in western Canada: 

definition, distributions, and degradation, Arctic, Antarctic, and Alpine Research, 33, 70–77, 

2001.  

Bernard-Grand'Maison, C. and Pollard, W.: An estimate of ice wedge volume for a High Arctic 

polar desert environment, Fosheim Peninsula, Ellesmere Island, The Cryosphere, 12, 3589–3604, 300 
2018.  

Bouchard, F., Fortier, D., Paquette, M., Boucher, V., Pienitz, R. and Laurion, I.: Thermokarst lake 

inception and development in syngenetic ice-wedge polygon terrain during a cooling climatic 

trend, Bylot Island (Nunavut), eastern Canadian Arctic, The Cryosphere, 14, 2607–2627. 

https://doi.org/10.5194/tc-14-2607-2020, 2020.  305 

Bouchard, F., Francus, P., Pienitz, R. and Laurion, I.: Sedimentology and geochemistry of 

thermokarst ponds in discontinuous permafrost, subarctic Quebec, Canada, Journal of 

Geophysical Research: Biogeosciences, 116(G2), https://doi.org/10.1029/2011JG001675, 2011.  

Bouchard, F., Francus, P., Pienitz, R., Laurion, I. and Feyte, S.: Subarctic thermokarst ponds: 

Investigating recent landscape evolution and sediment dynamics in thawed permafrost of 310 
northern Québec (Canada), Arctic, Antarctic, and Alpine Research, 46, 251–271, 

https://doi.org/10.1657/1938-4246-46.1.251, 2014.  

Breton, J., Vallières, C., Laurion, I.: Limnological properties of permafrost thaw ponds in 

northeastern Canada, Can. J. Fish. Aquat. Sci, 66, 1635–1648, https://doi.org/10.1139/F09-108, 

2009.  315 



 

14 
 

Bubier, J.L., Moore, T.R., Bellisario, L., Comer, N.T. and Crill, P.M.: Ecological controls on 

methane emissions from a northern peatland complex in the zone of discontinuous permafrost, 

Manitoba, Canada, Global Biogeochemical Cycles, 9, 455–470, 

https://doi.org/10.1029/95GB02379, 1995.  

Burgess, M., Judge, A., Taylor, A. and Allen, V.: Ground temperature studies of permafrost 320 
growth at a drained lake site, Mackenzie Delta. Proceedings of the 4th Canadian Permafrost 

Conference. July 17-22, 1983, University of Alaska, Fairbanks, Alaska, USA, National Academy 

Press, Washington, DC, 3–11, 1982. 

Burn, C.R.: The response (1958-1997) of permafrost and near-surface ground temperatures to 

forest fire, Takhini River valley, southern Yukon Territory, Canadian Journal of Earth Sciences, 325 
35, 184–199, https://doi.org/10.1139/e97-105, 1998.  

Burn, C.R.: The thermal regime of a retrogressive thaw slump near Mayo, Yukon Territory, 

Canadian Journal of Earth Sciences, 37, 967–981 https://doi.org/10.1139/e00-017, 2000.   

Burn, C.R.: Tundra lakes and permafrost, Richards Island, western Arctic coast, Canada, 

Canadian Journal of Earth Sciences, 39, 1281–1298, https://doi.org/10.1139/e02-035, 2002.    330 

Burn, C.R., Lewkowicz, A.G., Wilson, M.A.: Long‐term field measurements of climate‐induced 

thaw subsidence above ice wedges on hillslopes, western Arctic Canada, Permafrost and Periglac 

Process, 32, 261–276, https://doi.org/10.1002/ppp.2113, 2021.  

Burn, C.R. and Smith, M.W.: Development of thermokarst lakes during the Holocene at sites 

near Mayo, Yukon Territory, Permafrost and Periglacial Processes, 1, 161–175, 335 
https://doi.org/10.1002/ppp.3430010207, 1990.  

Calmels, F., Delisle, G., Allard, M.: Internal structure and the thermal and hydrological regime of 

a typical lithalsa: significance for permafrost growth and decay, Can. J. Earth Sci, 45, 31–43, 

https://doi.org/10.1139/e07-068, 2008.  

Camill, P.: Permafrost thaw accelerates in boreal peatlands during late-20th century climate 340 
warming, Climatic Change, 68, 135–152, https://doi.org/10.1007/A10584-005-4785-y, 2005.  

Camill, P. and Clark, J.S.: Climate change disequilibrium of boreal permafrost peatlands caused 

by local processes, The American Naturalist, 15, .207–222 https://doi.org/10.1086/286112, 1998.   

Campbell-Heaton, K., Lacelle, D., Fisher, D. and Pollard, W.: Holocene ice wedge formation in 

the Eureka Sound Lowlands, high Arctic Canada, Quaternary Research, 102, 175–187,  345 
https://doi.org/10.1017/qua.2020.126, 2021.  

Carpino, O.A., Berg, A.A., Quinton, W.L., Adams, J.R.: Climate change and permafrost thaw-

induced boreal forest loss in northwestern Canada, Environ. Res. Lett., 13, 084018, 

https://doi.org/10.1088/1748-9326/aad74e, 2018.  

https://doi.org/10.1139/e97-105


 

15 
 

Chiasson, A., Allard, M.: Thermal contraction crack polygons in Nunavik (northern Quebec): 350 
Distribution and development of polygonal patterned ground, Permafrost & Periglacial Processes 

33, 195–213, https://doi.org/10.1002/ppp.2150, 2022.  

Coulombe, S., Fortier, D., Lacelle, D., Kanevskiy, M. and Shur, Y.: Origin, burial and 

preservation of late Pleistocene-age glacier ice in Arctic permafrost (Bylot Island, NU, Canada), 

The Cryosphere, 13, 97–111, https://doi.org/10.5194/tc-13-97-2019, 2019.   355 

Coultish, T.L. and Lewkowicz, A.G.: Palsa dynamics in a subarctic mountainous environment, 

Wolf Creek, Yukon Territory, Canada. In: Permafrost, Proceedings of the 8th International 

Conference on Permafrost, Edited by Haeberli, W and Brandova, July 20-25 July, University of 

Zurich, Switzerland, 2003.  

Dallimore, A., Schröder-Adams, C.J. and Dallimore, S.R.: Holocene environmental history of 360 
thermokarst lakes on Richards Island, Northwest Territories, Canada: Theocamoebians as 

paleolimnological indicators, Journal of Paleolimnology, 23, 261–283, 

https://doi.org/10.1023/A:1008184522637, 2000.  

de Krom, V.: A geomorphic investigation of retrogressive thaw slumps and active layer slides on 

Herschel Island, Yukon Territory, MSc Thesis, McGill University, 1990.  365 

Dionne, J.C.: Periglacial features and phenomena in the James Bay area, subarctic Quebec, 

Géographie physique et Quaternaire, 3, 187–247, 1978.  

Dredge, L.A. and Nixon, F.M.: Thermal sensitivity and the development of tundra ponds and 

thermokarst lakes in the Manitoba portion of the Hudson Bay Lowland, Current Research, Part 

C, Geological Survey of Canada, Paper No. 79-IC, 23 –26, https://doi.org/10.4095/105930, 1979.    370 

Dyke, A.S., Giroux, D., Robertson, L.:  Paleovegetation maps of northern North America, 18,000 

to 1000 BP. Geological Survey of Canada, Open File No. 4682. Natural Resources Canada. 

https://doi.org/10.4095/215634, 2004. 

Dyke, L.D. and Sladen, W.E.: Permafrost and peatland evolution in the northern Hudson Bay 

Lowland, Manitoba, Arctic, 429–441, https://doi.org/10.14430/arctic75150, 2010.  375 

Evans, D.J.A., Smith, I.R., Gosse, J.C. and Galloway, J.M.: Glacial landforms and sediments 

(landsystem) of the Smoking Hills area, Northwest Territories, Canada: Implications for regional 

Pliocene–Pleistocene Laurentide Ice Sheet dynamics, Quaternary Science Reviews, 262, 

p.106958, https://doi.org/10.1016/j.quascirev.2021.106958, 2021.  

Farquharson, L.M., Romanovsky, V.E., Cable, W.L., Walker, D.A., Kokelj, S.V., Nicolsky, D.: 380 
Climate Change Drives Widespread and Rapid Thermokarst Development in Very Cold 

Permafrost in the Canadian High Arctic, Geophys. Res. Lett., 46, 6681–6689, 

https://doi.org/10.1029/2019GL082187, 2019.  



 

16 
 

Fortier, D., Allard, M., Shur, Y.: Observation of rapid drainage system development by thermal 

erosion of ice wedges on Bylot Island, Canadian Arctic Archipelago, Permafrost and Periglacial 385 
Processes, 18, 229–243, https://doi.org/10.1002/ppp.595, 2007.  

Fraser, R., Kokelj, S., Lantz, T., McFarlane-Winchester, M., Olthof, I., Lacelle, D.: Climate 

Sensitivity of High Arctic Permafrost Terrain Demonstrated by Widespread Ice-Wedge 

Thermokarst on Banks Island, Remote Sensing, 10, 954, https://doi.org/10.3390/rA10060954, 

2018.  390 

Fraser, R.H., McFarlane-Winchester, M., Kokelj, S.V.: Recent ponding of upland ice-wedge 

polygon networks detected across the Canadian Arctic Archipelago using satellite remote sensing 

(Open File No. 69), Geomatics Canada, Ottawa, ON, Canada, https://doi.org/10.4095/329618, 

2023. 

French, H.M.: Active thermokarst processes, eastern Banks Island, western Canadian arctic, 395 
Canadian Journal of Earth Sciences, 11, 785–794, https://doi.org/10.1139/e74-078, 1974.  

Fulton, R.J.: Surficial materials of Canada. “A” Series Map 1880A, 

https://doi.org/10.4095/205040, 1995.  

Gagnon, S. and Allard, M.: Changes in ice‐wedge activity over 25 years of climate change near 

Salluit, Nunavik (northern Québec, Canada), Permafrost and Periglacial Processes, 31, 69-84, 400 
https://doi.org/10.1002/ppp.2030, 2020.  

Halsey, L.A., Vitt, D.H. and Zoltai, S.C.: Climatic and physiographic controls on wetland type 

and distribution in Manitoba, Canada, Wetlands, 17, 243–262, 

https://doi.org/10.1007/BF03161413, 1997.  

Harris, S.A.: Causes and consequences of rapid thermokarst development in permafrost or 405 
glacial terrain. Permafrost and periglacial processes, 13, 237–242, 

https://doi.org/10.1002/ppp.419, 2002. 

Harry, D.G., French, H.M. and Pollard, W.H.: Massive ground ice and ice-cored terrain near 

Sabine Point, Yukon Coastal Plain, Canadian Journal of Earth Sciences, 25, 1846–1856, 

https://doi.org/10.1139/e88-174, 1988.   410 

Heginbottom, J.A.: An active retrogressive thaw flow slide on eastern Melville Island, District of 

Franklin, Current Research, Part A, Geological Survey of Canada, Paper No. 78-1A, 525–526, 

https://doi.org/10.4095/103951, 1978.   

Heginbottom, J.A., Dubreuil, M.-A., Harker, P.: Permafrost - Canada. National Atlas of Canada, 

MCR 4177, 1995.  415 

Huscroft, C.A., Lipovsky, P., Bond, J.D., Emond, D.S. and Lewis, L.L.: Permafrost and landslide 

activity: Case studies from southwestern Yukon Territory. Yukon exploration and geology, 107–

119, 2003.  

https://doi.org/10.1139/e74-078
https://doi.org/10.1002/ppp.2030


 

17 
 

Hyatt, J.A., Michel, F.A. and Gilbert, R.: Recognition of subglacial regelation ice near 

Pangnirtung, Baffin Island, Canada. Proceedings of the 8th International Conference on 420 
Permafrost, Edited by M. Phillips, SM Springman, and LU Arenson, AA Balkema Zurich 

Switzerland, 443–448, 2003.  

Johnson, G.H. and Brown, R.J.E.: Effect of a lake on distribution of permafrost in the Mackenzie 

River Delta, Nature, 192, 251–252, https://doi.org/10.1038/192251A0, 1961.   

Kirkwood, A., Roy-Léveillée, P., Packalen, M., McLaughlin, J. and Basiliko, N.: Evolution of 425 
Palsas and Peat Plateaus in the Hudson Bay Lowlands: Permafrost Degradation and the 

Production of Greenhouse Gases, Cold Regions Engineering 2019, 597-606, American Society 

of Civil Engineers, Reston, VA, http://doi.org/10.1061/9780784482599.069, 2019.   

Kokelj, S.V., Kokoszka, J., van der Sluijs, J., Rudy, A.C.A., Tunnicliffe, J., Shakil, S., Tank, S.E., 

Zolkos, S.: Thaw-driven mass wasting couples slopes with downstream systems, and effects 430 
propagate through Arctic drainage networks, The Cryosphere, 15, 3059–3081, 

https://doi.org/10.5194/tc-15-3059-2021, 2021.  

Kokelj, S.V., Lantz, T.C., Kanigan, J., Smith, S.L. and Coutts, R.: Origin and polycyclic 

behaviour of tundra thaw slumps, Mackenzie Delta region, Northwest Territories, Canada, 

Permafrost and Periglacial Processes, 20, 173–184, 2009.  435 

Kokelj, S.V., Lantz, T.C., Tunnicliffe, J., Segal, R., Lacelle, D.: Climate-driven thaw of 

permafrost preserved glacial landscapes, northwestern Canada, Geology, 45, 371–374, 

https://doi.org/10.1130/G38626.1, 2017.  

Kokelj, S.V., Lantz, T.C., Wolfe, S.A., Kanigan, J.C., Morse, P.D., Coutts, R., Molina-Giraldo, 

N., Burn, C.R.: Distribution and activity of ice wedges across the forest-tundra transition, 440 
western Arctic Canada, J. Geophys. Res. Earth Surf, 119, 2014JF003085, 

https://doi.org/10.1002/2014JF003085, 2014.  

Laberge, M.J. and Payette, S.: Long-term monitoring of permafrost change in a palsa peatland in 

northern Quebec, Canada: 1983–1993, Arctic and Alpine Research, 27, 167–171, 

https://doi.org/10.2307/1551898, 1995.   445 

Labrecque, S., Lacelle, D., Duguay, C.R., Lauriol, B. and Hawkings, J.: Contemporary (1951-

2001) evolution of lakes in the Old Crow Basin, Northern Yukon, Canada: Remote sensing, 

numerical modeling, and stable isotope analysis, Arctic, 62, 119–225, 

https://doi.org/10.14430/arctic134, 2009. 

Lacelle, D., Bjornson, J., Lauriol, B., Clark, I.D. and Troutet, Y.: Segregated-intrusive ice of 450 
subglacial meltwater origin in retrogressive thaw flow headwalls, Richardson Mountains, NWT, 

Canada, Quaternary Science Reviews, 23, 681–696, 2004.  



 

18 
 

Lacelle, D., Brooker, A., Fraser, R.H., Kokelj, S.V.: Distribution and growth of thaw slumps in 

the Richardson Mountains–Peel Plateau region, northwestern Canada, Geomorphology, 235, 40–

51, https://doi.org/10.1016/j.geomorph.2015.01.024, 2015. 455 

Lantuit, H. and Pollard, W.H.: Fifty years of coastal erosion and retrogressive thaw slump 

activity on Herschel Island, southern Beaufort Sea, Yukon Territory, Canada, Geomorphology, 

95, 84–102, https://doi.org/10.1016/j.geomorph.2006.07.040, 2008.  

Lantuit, H., Pollard, W.H., Couture, N., Fritz, M., Schirrmeister, L., Meyer, H. and Hubberten, 

H.W.: Modern and late Holocene retrogressive thaw slump activity on the Yukon coastal plain 460 
and Herschel Island, Yukon Territory, Canada, Permafrost and Periglacial Processes, 23, 39–51. 

https://doi.org/10.1002/ppp.1731, 2012. 

Lantz, T.C., Turner, K.W.: Changes in lake area in response to thermokarst processes and climate 

in Old Crow Flats, Yukon. J. Geophys. Res. Biogeosci., 120, 513–524, 

https://doi.org/10.1002/2014JG002744, 2015.  465 

LeBlanc, A.-M., Bellehumeur-Génier, O., Oldenborger, G.A. and Short, N.: Lake area and 

shoreline changes due to climate and permafrost-related drivers, Rankin Inlet area, Nunavut; in 

Summary of Activities 2019, Canada-Nunavut Geoscience Office, 79–92, https://m.cngo.ca/wp-

content/uploads/Summary_of_Activities_2019-Paper_07.en_.pdf, 2020.  

Lenz, J., Fritz, M., Schirrmeister, L., Lantuit, H., Wooller, M.J., Pollard, W.H. and Wetterich, S.: 470 
Periglacial landscape dynamics in the western Canadian Arctic: results from a thermokarst lake 

record on a push moraine (Herschel Island, Yukon Territory) Palaeogeography, 

Palaeoclimatology, Palaeoecology, 381, 15–25, https://doi.org/10.1016/j.palaeo.2013.04.009, 

2013.   

Lewkowicz, A.G.: Dynamics of active-layer detachment failures, Fosheim Peninsula, Ellesmere 475 
Island, Nunavut, Canada, Permafrost and Periglacial Processes, 18, 89–103, 2007.  

Lewkowicz, A.G., Harris, C.: Morphology and geotechnique of active-layer detachment failures 

in discontinuous and continuous permafrost, northern Canada, Geomorphology, 69, 275–297, 

https://doi.org/10.1016/j.geomorph.2005.01.011, 2005a. 

Lewkowicz, A.G., Harris, C.: Frequency and magnitude of active‐layer detachment failures in 480 
discontinuous and continuous permafrost, northern Canada, Permafrost & Periglacial Processes, 

16, 115–130, https://doi.org/10.1002/ppp.522, 2005b.  

Lewkowicz, A.G., O'Neill, H.B., Wolfe, S.A., Roy-Léveillée, P., Roujanski, V.E., Hoeve, E., 

Gruber, S., Brooks, H., Rudy, A.C.A., Keonig, C.E.M., Brown, N. and Bonnaventure, P.P., 

Glossary of Permafrost Science and Engineering, University of Toronto Press, 174 p., 2025.  485 

https://doi.org/10.1002/2014JG002744
https://doi.org/10.1002/ppp.522


 

19 
 

Lewkowicz, A.G.[CD20.1], Way, R.G.: Extremes of summer climate trigger thousands of 

thermokarst landslides in a High Arctic environment, Nat. Commun., 10, 1329, 

https://doi.org/10.1038/s41467-019-09314-7, 2019.  

Liblik, L.K., Moore, T.R., Bubier, J.L. and Robinson, S.D.: Methane emissions from wetlands in 

the zone of discontinuous permafrost: Fort Simpson, Northwest Territories, Canada, Global 490 
Biogeochemical Cycles, 11, 485–494, https://doi.org/10.1029/97GB01935, 1997.   

Liljedahl, A.K., Boike, J., Daanen, R.P., Fedorov, A.N., Frost, G.V., Grosse, G., Hinzman, L.D., 

Iijma, Y., Jorgenson, J.C., Matveyeva, N., Necsoiu, M., Raynolds, M.K., Romanovsky, V.E., 

Schulla, J., Tape, K.D., Walker, D.A., Wilson, C.J., Yabuki, H., Zona, D.: Pan-Arctic ice-wedge 

degradation in warming permafrost and its influence on tundra hydrology, Nature Geosci., 9, 495 
312–318, https://doi.org/10.1038/ngeo2674, 2016.  

Lipovsky, P. and Huscroft, C.A.: reconnaissance inventory of permafrost-related landslides in the 

Pelly River watershed, central Yukon, In: Yukon Exploration and Geology 2006, D.S. Emond, 

L.L. Lewis and L.H. Weston (eds.), Yukon Geological Survey, 181–195, 2007.  

Littlefair, C.A., Tank, S.E.: Biodegradability of Thermokarst Carbon in a Till‐Associated, Glacial 500 
Margin Landscape: The Case of the Peel Plateau, NWT, Canada, JGR Biogeosciences, 123, 

3293–3307, https://doi.org/10.1029/2018JG004461, 2018.  

Lyle, R.. R., Brideau, M.-A., Lipovsky, P., Hutchnson, D.J.: Landslides on ice-rich slopes – a 

geohazard in a changing climate, in: Proceedings of the 6th Canadian GeoHazards Conference. 

Canadian Geotechnical Society, Richmond, BC, 1–10, 2014.  505 

MacDonald, L.A., Turner, K.W., Balasubramaniam, A.M., Wolfe, B.B., Hall, R.I., Sweetman, 

J.N.: Tracking hydrological responses of a thermokarst lake in the Old Crow Flats (Yukon 

Territory, Canada) to recent climate variability using aerial photographs and paleolimnological 

methods, Hydrological Processes  26, 117–129, https://doi.org/10.1002/hyp.8116, 2012.  

Mackay, J.R.: Periglacial features developed on the exposed lake bottoms of seven lakes that 510 
drained rapidly after 1950, Tuktoyaktuk Peninsula area, western Arctic coast, Canada. 

Permafrost and Periglacial Processes, 10(1), 39–63, https://doi.org/10.1002/(SICI)1099-

1530(199901/03)10:1<39::AID-PPP305>3.0.CO;2-R, 1999.  

Mamet, S.D., Chun, K.P., Kershaw, G.G.L., Loranty, M.M., Peter Kershaw, G.: Recent Increases 

in Permafrost Thaw Rates and Areal Loss of Palsas in the Western Northwest Territories, 515 
Canada, Permafrost & Periglacial, 28, 619–633, https://doi.org/10.1002/ppp.1951, 2017.  

Martini, I.P. and Morrison, R.G.: Coasts of Foxe Basin, Arctic Canada, Geological Society, 

London, Special Publications, 388, 165–198, https://doi.org/10.1144/SP388.14, 2014.   

Marsh, P.: Permafrost and lakes in the Mackenzie Delta, In Proceedings of the Fifth Canadian 

Permafrost Conference, Université Laval, Nordicana, Vol 54, 131–136, 1990.  520 

https://doi.org/10.1002/(SICI)1099-1530(199901/03)10:1%3c39::AID-PPP305%3e3.0.CO;2-R
https://doi.org/10.1002/(SICI)1099-1530(199901/03)10:1%3c39::AID-PPP305%3e3.0.CO;2-R


 

20 
 

Morse, P. D.,  Rudy, A. C. A.: Distributions of degraded and intact lithalsas, North Slave region, 

Northwest Territories, Geological Survey of Canada, Open File, 8869, 56, Natural Resources 

Canada, https://doi.org/10.4095/329643, 2022.  

Murton, J.B.: Thermokarst‐lake‐basin sediments, Tuktoyaktuk Coastlands, western arctic 

Canada, Sedimentology, 43, 737-760, https://doi.org/10.1111/j.1365-3091.1996.tb02023.x, 1996.  525 

Narancic, B., Wolfe, B.B., Pienitz, R., Meyer, H. and Lamhonwah, D.: Landscape-gradient 

assessment of thermokarst lake hydrology using water isotope tracers, Journal of Hydrology, 

545, 327–338, https://doi.org/10.1016/j.jhydrol.2016.11.028, 2017.  

Olefeldt, D., Goswami, S., Grosse, G., Hayes, D., Hugelius, G., Kuhry, P., McGuire, A.D., 

Romanovsky, V.E., Sannel, A.B.K., Schuur, E.A.G., Turetsky, M.R.: Circumpolar distribution 530 
and carbon storage of thermokarst landscapes, Nat. Commun., 7, 13043, 

https://doi.org/10.1038/ncommA13043, 2016.  

Olthof, I., Fraser, R.H. and Schmitt, C.: Landsat-based mapping of thermokarst lake dynamics on 

the Tuktoyaktuk Coastal Plain, Northwest Territories, Canada since 1985, Remote Sensing of 

Environment, 168, 194–204, https://doi.org/10.1016/j.rse.2015.07.001, 2015.   535 

O’Neill, H.B., Wolfe, S.A., Duchesne, C.: Ground ice map of Canada (version 1.1) (Open File 

No. 8713), Geological Survey of Canada, Ottawa, ON, Canada, https://doi.org/10.4095/326885, 

2022.  

O’Neill, H.B., Wolfe, S.A., Duchesne, C.: New ground ice maps for Canada using a 

paleogeographic modelling approach, The Cryosphere, 13, 753–773, https://doi.org/10.5194/tc-540 
13-753-2019, 2019.  

Paquette, M., Rudy, A.C.A., Fortier, D., Lamoureux, S.F.: Multi-scale site evaluation of a relict 

active layer detachment in a High Arctic landscape, Geomorphology 359, 107159, 

https://doi.org/10.1016/j.geomorph.2020.107159, 2020.  

Payette, S., Delwaide, A., Caccianiga, M., Beauchemin, M.: Accelerated thawing of subarctic 545 
peatland permafrost over the last 50 years, Geophys. Res. Lett., 31, L18208, 

https://doi.org/10.1029/2004GL020358, 2004.  

Pironkova, Z.: Mapping palsa and peat plateau changes in the Hudson Bay Lowlands, Canada, 

using historical aerial photography and high-resolution satellite imagery, Canadian Journal of 

Remote Sensing, 43, 455–467, https://doi.org/10.1080/07038992.2017.1370366, 2017.   550 

Plug, L.J. and West, J.J.: Thaw lake expansion in a two‐dimensional coupled model of heat 

transfer, thaw subsidence, and mass movement, Journal of Geophysical Research: Earth Surface, 

114, F01002, https://doi.org/10.1029/2006JF000740, 2009.  



 

21 
 

Prater, J.L., Chanton, J.P. and Whiting, G.J.: Variation in methane production pathways 

associated with permafrost decomposition in collapse scar bogs of Alberta, Canada. Global 555 
Biogeochemical Cycles, 21, 1-10,, https://doi.org/10.1029/2006GB002866, 2007.   

Robson, G., Treitz, P., Lamoureux, S.F., Murnaghan, K., Brisco, B.: Seasonal Surface Subsidence 

and Frost Heave Detected by C-Band DInSAR in a High Arctic Environment, Cape Bounty, 

Melville Island, Nunavut, Canada, Remote Sensing, 13, 2505. 

https://doi.org/10.3390/rA13132505, 2021.  560 

Roy-Léveillée, P., Burn, C.R.: Near-shore talik development beneath shallow water in expanding 

thermokarst lakes, Old Crow Flats, Yukon, J. Geophys. Res. Earth Surf., 122, 1070–1089, 

https://doi.org/10.1002/2016JF004022, 2017.  

Rudy, A. C. A., Lamoureux, S.F., Kokelj, S.V., Smith, I.R., England, J.H.: Accelerating 

Thermokarst Transforms Ice-Cored Terrain Triggering a Downstream Cascade to the Ocean, 565 
Geophysical Research Letters, 44, 11,080-11,087, https://doi.org/10.1002/2017GL074912, 

2017a.  

Rudy, A.C.A., Lamoureux, S.F., Treitz, P., Ewijk, K.V., Bonnaventure, P.P., Budkewitsch, P.: 

Terrain Controls and Landscape-Scale Susceptibility Modelling of Active-Layer Detachments, 

Sabine Peninsula, Melville Island, Nunavut: Landscape-Scale Modelling of Active-Layer 570 
Detachment Susceptibility, Permafrost and Periglac. Processes, 28, 79–91. 

https://doi.org/10.1002/ppp.1900, 2017b.  

Sannel, A.B.K. and Brown, I.A.: High-resolution remote sensing identification of thermokarst 

lake dynamics in a subarctic peat plateau complex, Canadian Journal of Remote Sensing, 

36(sup1), S26-S40, https://doi.org/10.5589/m10-010, 2010.  575 

Sannel, A.B.K., Kuhry, P.: Warming-induced destabilization of peat plateau/thermokarst lake 

complexes, J. Geophys. Res., 116, G03035. https://doi.org/10.1029/2010JG001635, 2011.  

Segal, R.A., Lantz, T.C., Kokelj, S.V.: Acceleration of thaw slump activity in glaciated 

landscapes of the Western Canadian Arctic, Environ. Res. Lett. 11, 034025, 

https://doi.org/10.1088/1748-9326/11/3/034025, 2016.  580 

Smith, I.R.: Late quaternary glacial history of lake Hazen basin and eastern Hazen Plateau, 

northern Ellesmere Island, Nunavut, Canada, Canadian Journal of Earth Sciences, 36, 1547–

1565. https://doi.org/10.1139/e99-046, 1999.  

Tarnocai, C., Kettles, I.M., Lacelle, B.: Peatlands of Canada (Open File No. 6561), Geological 

Survey of Canada, https://doi.org/10.4095/288786, 2011.  585 

Thibault, S. and Payette, S.: Recent permafrost degradation in bogs of the James Bay area, 

northern Quebec, Canada, Permafrost and Periglacial Processes, 20, 383–389, 

https://doi.org/10.1002/ppp.660, 2009.  

https://doi.org/10.1002/ppp.1900


 

22 
 

Ward Jones, M.K., Pollard, W.H., Jones, B.M.: Rapid initialization of retrogressive thaw slumps 

in the Canadian high Arctic and their response to climate and terrain factors, Environ. Res. Lett., 590 
14, 055006, https://doi.org/10.1088/1748-9326/ab12fd, 2019.  

Way, R.G., Lewkowicz, A.G. and Zhang, Y.: Characteristics and fate of isolated permafrost 

patches in coastal Labrador, Canada, The Cryosphere, 12, 2667–2688, https://doi.org/10.5194/tc-

12-2667-2018, 2018.  

Wolfe, S.A., Stevens, C.W., Gaanderse, A.J. and Oldenborger, G.A.: Lithalsa distribution, 595 
morphology and landscape associations in the Great Slave Lowland, Northwest Territories, 

Canada, Geomorphology, 204, 302–313, https://doi.org/10.1016/j.geomorph.2013.08.014, 2014.  

Wolfe, S.A., Kotler, E. and Dallimore, S.: Surficial characteristics and the distribution of thaw 

landforms (1970-1999), Shingle Point to Kay Point, Yukon Territory, Geological Survey of 

Canada, Open File 4115, 18 p., https://doi.org/10.4095/212842, 2001.   600 

Wolfe, S.A., Duchesne, C., O’Neill, H.B., Parker, R.J.H., Young, J.M., Rudy, A.C.A., Steedman, 

A.E., Lantz, T.C., Kokelj, S.V.: A database of thermokarst and related landform observations in 

Canada (1961 to 2024), Open File No. 9296e, 31 p., Geological Survey of Canada, Ottawa, ON, 

Canada, https://doi.org/10.4095/pxqr7ad0un, 2025.  

Worsley, P., Gurney, S.D. and Collins, P.E.: Late Holocene ‘mineral palsas’ and associated 605 
vegetation patterns: a case study from Lac Hendry, Northern Quebec, Canada and significance 

for European Pleistocene thermokarst, Quaternary Science Reviews, 14, 179–192, 

https://doi.org/10.1016/0277-3791(95)00003-8, 1995.  

Young, J., Alvarez, A., Andersen, B., van der Sluijs, J., Kokelj, S., Rudy, A., McPhee, A., Stoker, 

B.J., Margold, M., and Froese, D.: Recent intensification (2004-2020) of permafrost mass-610 
wasting in the Central Mackenzie Valley Foothills is a legacy of past forest fire disturbance. 

Geophysical Research Letters, 49, e2022GL100559, doi:10.1029/2022GL100559, 2022.  

Zoltai, S.C.: Cyclic development of permafrost in the peatlands of northwestern Alberta, Canada, 

Arctic and Alpine Research, 25, 240–246, https://doi.org/10.2307/1551820, 1993.   

Zoltai, S.C. and Tarnocai, C.: Perennially frozen peatlands in the western Arctic and Subarctic of 615 
Canada, Canadian Journal of Earth Sciences, 12, 28–43, https://doi.org/10.1139/e75-004, 1975.  

https://doi.org/10.1139/e75-004

