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Retrogressive thaw slumps are one of the most active geomorphic features in permafrost terrain. This study in-
vestigated the distribution and growth of thaw slumps in the Richardson Mountains and Peel Plateau region,
northwestern Canada, using Tasseled Cap (TC) trend analysis of a Landsat image stack. Based on the TC linear
trend image, more than 212 thaw slumps were identified in the study area, of which 189 have been active
since at least 1985. The surface area of the slumps ranges from 0.4 to 52 ha, with 10 slumps exceeding 20 ha.
The thaw slumps in the region are all situated within the maximum westward extent of the Laurentide Ice
Sheet. Based on relations between frequency distribution of slumps and that of terrain factors in the landscape,
the slumps are more likely to occur on the ice-rich hummocky rolling moraines at elevations of 300–350 m
and 450–500 m and along east-facing slopes (slope aspects of 15° to 180°) with gradients of 8° to 12°. Pixel-
level trend analysis of the TC greenness transformation in the Landsat stack allowed calculating headwall retreat
rates for 19 thaw slumps. The 20-year average retreat rates (1990–2010 period) for 19 slumps ranged from 7.2 to
26.7m yr−1, with the largest slumps having higher retreat rates. At the regional scale, the 20-yr headwall retreat
rates are mainly related to slope aspect, with south- and west-facing slopes exhibiting higher retreat rates, and
large slumps appear to be generating feedbacks that allow them to maintain growth rates well above those of
smaller slumps. Overall, the findings presented in this study allow highlighting of key sensitive landscapes and
ecosystems that may be impacted by the presence and growth of thaw slumps in one of the most rapidly
warming region in the Arctic.

Crown Copyright © 2015 Published by Elsevier B.V. All rights reserved.
1. Introduction

Retrogressive thawslumps are among themost dramatic thermokarst
landforms in permafrost terrain (Burn and Lewkowicz, 1990). Thaw
slumps typically initiate in regions where ice-rich permafrost is exposed
either by: 1) mechanical and thermal erosion caused by fluvial processes
andwave action (Lewkowicz, 1987; Couture and Riopel, 2007); 2) ther-
mally driven subsidence along lakeshores (Kokelj et al., 2009); or
3) mass wasting triggered by extreme thaw or precipitation along
hillslopes (Aylsworth et al., 2000; Lacelle et al., 2010). The growth of
thaw slumps is caused by summer ablation of exposed ice-rich perma-
frost in headwalls (Lewkowicz, 1987; Grom and Pollard, 2008). Net ra-
diation, summer air temperature, wind and headwall height are the
main factors that drive the ablation of ground ice and headwall retreat
rates (Lewkowicz, 1985, 1987; Robinson and Pollard, 1998; Grom and
Pollard, 2008; Wang et al., 2009). Based on field measurements and
analysis of image pairs acquired at decadal to multi-decadal time inter-
vals, headwall retreat rates vary from a few to tens of meters per year
fax: +1 613 562 5145.
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(e.g., Lantuit and Pollard, 2008; Lantz and Kokelj, 2008; Leibman et al.,
2008; Lantuit et al., 2012; Swanson, 2012). Thaw slumps will continue
to grow as long as the ice-rich permafrost in the headwall remains ex-
posed or until the ground ice supply is exhausted (Burn, 2000). Stabili-
zation often occurs when the rate of slumped debris accumulation at
the base of the headwall is greater than the rate of debris removed
(French, 1974). Under favorable conditions, thaw slumps may remain
active for decades (Burn and Friele, 1989; Kokelj et al., 2013).

The activity of individual thaw slumps has been investigated
(Lewkowicz, 1987; Grom and Pollard, 2008), and recent studies have
demonstrated the potential impacts of slumps to terrestrial and aquatic
environments (Lantuit and Pollard, 2005; Lantz et al., 2009; Lantuit
et al., 2012; Kokelj et al., 2013; Malone et al., 2013; Thienpont et al.,
2013). However, there are few investigations of the terrain controls
on the distribution and growth of thaw slumps at the regional scale,
which are required to assess and predict the potential landscape im-
pacts of these permafrost disturbances. In a recent study, Brooker et al.
(2014) described a novel approach that can be used to identify the
level of activity and monitor the growth of thaw slumps at high tempo-
ral resolution. The approach consists of the calculation of the three
Tasseled Cap (TC) transformations (brightness, greenness andwetness)
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Fig. 1. Map showing the location of the study area (Big Fish River to Caribou River sub-
basins) in the RichardsonMountains–Peel Plateau region, northwestern Canada. Hillshade
background imagederived from30mCanadianDigital ElevationData (www.geogratis.ca).
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from a dense stack of summer Landsat Thematic Mapper (TM) and
Enhanced Thematic Mapper (ETM+) scenes. Given the large footprint
and high temporal resolution of Landsat imagery, this method is well-
suited for regional scale study of thaw slumps, such as those in north-
western Canada (e.g., Aylsworth et al., 2000; Lacelle et al., 2010; Kokelj
et al., 2013).

In this study, an inventory of the distribution and growth of thaw
slumps in a 15,700 km2 area in the Richardson Mountains and Peel
Plateau region, Canada, is compiled using data generated with the TC
approach. The thaw slumps are classified based on their level of activity
(active or stable), and relations between the spatial distribution of thaw
slumps and glacial limits, terrain factors (elevation, slope angle, and
slope aspect), surface geology and ground ice content in permafrost
are explored. Headwall retreat rates for 10% of the active slumps in
the region are derived from analyzing variations in the TC greenness
transformation at the pixel level in the Landsat stack. The temporal
variation in the 3-yr running average retreat rate time-series is com-
pared with climate indices and solar insolation whereas the spatial
variation in 20-yr average headwall retreat rates is compared with
various terrain factors. Overall, the findings presented in this study
allow highlighting sensitive landscapes and terrestrial and freshwater
ecosystems that may be impacted by the presence and growth of
thaw slumps in one of the most rapidly warming region in the Arctic.

2. Study area

The study area is situated in the Richardson Mountains and Peel
Plateau region, northwestern Canada, and includes the following catch-
ments that drain to the Mackenzie Delta or Peel River: Big Fish River,
Willow River, Rat River, Stony Creek, Vittrekwa Creek, Road River, Trail
River, Caribou River and three small unnamed catchments (Fig. 1). In
the Richardson Mountains, elevation is typically more than 500 m, the
lowest point being Summit Lake in McDougall Pass (320 m) and the
highest point is Mount Sittichinli (1575 m). The Peel Plateau, situated
in the southeastern foothills of the Richardson Mountains, consists of a
broad, gently eastward-sloping plateau with elevation ranging from
100 to 650 m (Catto, 1996).

The RichardsonMountains separate the unglaciated northern Yukon
lowlands to the west from the terrain covered by the Laurentide
Ice Sheet during the Late Pleistocene to the east (Duk-Rodkin and
Hughes, 1992). The Laurentide Ice Sheet covered the eastern slopes of
the Richardson Mountains at ca. 18 ka cal yr BP (Lacelle et al., 2013)
up to an approximate elevation of 750 m (Duk-Rodkin and Hughes,
1992). The study area was also affected by two standstills or re-
advances of the Laurentide Ice Sheet, the Tutsieta Lake Phase dated at
ca. 15 ka cal yr BP and an unnamed phase situated a few kilometers
east of the Tutsieta Lake Phase (Duk-Rodkin and Hughes, 1992). These
two glacial phases are indicated by prominent north-south trending
ice-marginal meltwater channels found at an elevation of about
380–420 m. The Richardson Mountains–Peel Plateau region has been
ice-free since ca. 13 ka cal yr BP, as suggested by the presence of Bison
priscus near the community of Tsigetchiic (Zazula et al., 2009). The sur-
face geology in the study area consists mainly of two broad categories.
Exposed bedrock and thin colluvial deposits dominate the unglaciated
areas in the Richardson Mountains, whereas the glaciated region
is covered by till (Hughes et al., 1972; Duk-Rodkin and Hughes, 1992).
Hummocky rolling moraines up to 50 m thick occupy the area
constrained between the maximum glacial limit and the Tutsieta Lake
Phase limit, whereas broad morainal plains less than 20 m thick is
found in the area east of the Tutsieta Lake Phase (Hughes et al., 1972;
Duk-Rodkin and Hughes, 1992). A series of post-glacially incised river
and stream valleys dissect the Richardson Mountains and Peel Plateau
with several reaches of the modern rivers and streams occupying sec-
tions of the paleo-meltwater channels. The fluvial incision has resulted
in a dendritic network characterized by V-shaped valleys in the uplands
with relief between the thalwegs being less than fewmeters that evolve
to canyon-type valleys with relief of ca. 350m near the confluence with
the Mackenzie and Peel rivers.

The climate in the region is characterized by long cold winters
and short cool summers. The mean annual air temperature in Fort
McPherson (1986–2010), the closest meteorological station, is
−6.8 ± 1.6 °C (Environment Canada, 2012). July is the warmest
month with average temperatures of 15 °C, whereas the coldest
temperatures occur in January with an average of −27 °C. Since
the 1970s, mean annual air temperatures have increased at a rate of
0.77 °C per decade in western Arctic Canada (Burn and Kokelj, 2009),
making this one of the most rapidly warming regions on the planet
(Serreze et al., 2000). However, for the period covered by Landsat
imagery (1986–2012), the mean annual air temperature in Fort
McPherson shows a non-significant warming trend (0.034 °C yr−1;
p = 0.31), whereas the mean summer air temperature shows a non-
significant cooling trend (−0.036 °C yr−1; p = 0.29). Total annual
precipitation in Fort McPherson (1986–2007) averages 295 mm, with
rainfall accounting for approximately half (148 mm) (Environment
Canada, 2012). Rainfall in the area occurs mainly from convective
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Table 1
Landsat satellite scenes used for the calculation of the three Tasseled Cap transformations
and creating the image stacks for the Tasseled Cap linear trend image.

Path-row Year Month Day Sensor type

North stack
64-12 1985 8 5 L5
64-12 1986 8 8 L5
64-12 1989 7 15 L5
64-12 1991 7 5 L5
63-12 1992 8 1 L5
63-12 1993 8 20 L5
63-12 1994 8 7 L5
63-12 1996 7 11 L5
63-12 1997 7 30 L5
64-12 1999 8 4 L7
63-12 2001 7 17 L7
64-12 2004 8 9 L7
63-12 2007 7 10 L7
64-12 2009 8 23 L7
63-12 2010 7 10 L7
64-12 2011 7 28 L7

South stack
63-13 1988 7 5 L5
62-13 1990 7 4 L5
63-13 1991 6 28 L5
62-13 1992 7 9 L5
62-13 1993 7 28 L5
63-13 1994 8 7 L5
62-13 1995 7 2 L5
63-13 1998 7 1 L5
62-13 2000 7 7 L7
63-13 2004 7 1 L7
62-13 2004 7 2 L7
62-13 2004 7 26 L7
62-13 2005 6 27 L7
62-13 2006 8 1 L7
62-13 2007 8 12 L7
62-13 2009 7 16 L7
62-13 2010 8 4 L7
62-13 2011 6 28 L7
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storms. Since 1986, a significant rising trend in total June–July rainfall is
observed (0.31 mm yr−1; p b 0.05). Vegetation consists of open spruce
woodlands in the valley bottoms and south-facing slopes (Picea spp.,
Populus balsamifera) transitioning to dwarf shrub (Betula spp., Alnus
spp., Salix spp.) and sub-Arctic tundra (Cyperaceae spp., Eriophorum
angustifolium) on the plateau (Ecosystem Classification Group, 2010).

These climate and vegetation conditions ensure that permafrost
is continuous in the Richardson Mountains and Peel Plateau region
(Heginbottom and Radburn, 1992). The ground ice content in the
Table 2
Location, terrain characteristics of the 19 randomly selected thaw slumps in the Richardson M

Name Code Watershed Latitude Longitude

Slump 1 1 Rat 67.588 −135.798
Slump 2 2 Rat 67.586 −135.751
Slump 3 3 Rat 67.520 −135.303
Slump 9 4 Stony Creek 67.341 −135.330
FM4 5 Stony Creek 67.277 −135.160
FM2 (Charas) 6 Stony Creek 67.255 −135.234
Slump 10 7 Stony Creek 67.252 −135.759
FM3 (Melanie) 8 Stony Creek 67.252 −135.268
Slump 2 9 Stony Creek 67.241 −135.823
Dover 10 Vittrekwa 67.116 −135.800
Slump 11 11 Vittrekwa 67.103 −135.690
Slump 6 12 Vittrekwa 67.065 −135.760
Tiny slump 13 Vittrekwa 66.974 −135.526
Medium slump 14 Vittrekwa 66.938 −135.540
Slump 13 15 Road 66.670 −134.916
Slump 12 16 Road 66.613 −135.157
Slump 15 17 Trail 66.549 −135.174
Small slump 18 Trail 66.468 −135.402
Slump 16 19 Trail 66.429 −135.147
study area has not been well characterized and is likely highly variable.
The Permafrost Map of Canada (Heginbottom and Radburn, 1992)
indicates that ground ice content in the study area is generally less
than 20 vol.%. However, measurements from the headwall of six thaw
slumps in the Willow River and Stony Creek sub-basins indicate that
the ground ice content in the uppermost 10 m of permafrost ranges
from 50 vol.% to tabular bodies of massive ground ice (Lacelle et al.,
2004, 2010; Malone et al., 2013). In addition, qualitative data from
seismic shothole record indicate the presence of layers of massive ice
of known thickness within the uppermost 2 m of permafrost in 50% of
the 131 shotholes in the study area (Smith and Lesk-Winfield, 2012).

3. Methodologies

3.1. Tasseled Cap trend analysis and identification of thaw slumps

The Landsat TC trend analysis approach used in this study follows
the methodology described by Fraser et al. (2011, 2012) and Brooker
et al. (2014). To create the Landsat image stack, 35 level-1 terrain
corrected Landsat TM and ETM+ summer scenes (late June to late
August) with minimal cloud cover (b10%) between the years of 1985
and 2011 were acquired from the United States Geological Survey
Glovis website (http://glovis.usgs.gov). However, due to significant
cloud cover during some years, Landsat images were not acquired
each year (Table 1). The Landsat scenes were combined into a single
.pix file in PCI Geomatica 10 software and each channel was calibrated
to top-of-atmosphere reflectance using USGS coefficients (Chander
et al., 2009) and screened for cloud, cloud shadow and missing scan
line data (Zhu and Woodcock, 2012). The three TC transformations,
brightness, greenness and wetness were then calculated for each
image (Table 2 in Brooker et al. (2014)) and combined into a single
image stack so that linear trends for each transformation could be
computed using robust Theil–Sen regression (Fraser et al., 2012).
Integer versions of the TC trend (slope) images were then derived for
easier visualization by applying a scaling factor of 1000. The three TC
index trends were combined into a single RGB image (i.e. brightness
slope = red, greenness slope = green, and wetness slope = blue)
to generate a color image representing the three-dimensional TC trajec-
tory, the linear trend TC image (Fraser et al., 2014).

3.2. Distribution of thaw slumps and controls on their occurrence

The distribution of active and stable thaw slumps in the Richardson
Mountains–Peel Plateau region was mapped using the linear trend TC
image (Fig. 2). Each thaw slump was traced in ArcGIS 10 software and
ountains–Peel Plateau region. Column “code” refers to labels in Fig. 7.

Area (ha) Elevation (m) Aspect 20-yr retreat rate (m yr−1)

8 390 88 12.8
9 320 307 7.3

11 236 48 7.2
7 204 345 11.3

20 259 38 9.4
48 318 323 15.0
5 531 104 9.4

10 382 33 12.5
14 643 53 15.0
21 619 69 26.7
5 459 141 13.1
8 518 27 11.3

11 305 221 19.0
18 363 169 13.8
9 353 299 13.8
9 370 342 10.0
5 340 105 7.6
7 452 104 9.0

12 483 37 11.7

http://glovis.usgs.gov


Fig. 2. Tasseled Cap linear trend image used to identify the distribution of thaw slumps.
Image is showing a portion of the Willow River catchment (arrows are pointing to thaw
slumps). Blue colors (representing increasing TC wetness) are associated with the wet
and active portion of the slump floor; red colors (representing increasing TC brightness)
are associated with dry and un-vegetated surfaces of the slump floor. The teal and yellow
colors (representing increasing TC greenness) correspond to portion of the slump floor
that is stable and undergoing regrowth by colonizing vegetation.

Fig. 3. Map showing the distribution of active and stable thaw slumps, including mega-
slumps in the Richardson Mountains–Peel Plateau region, northwestern Canada, using
the Tasseled Cap trend analysis of dense Landsat image stack. Hillshade background
image derived from 30 m Canadian Digital Elevation Data (www.geogratis.ca); seismic
shotholes data derived from Smith and Lesk-Winfield (2012).
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the centroid of each polygon determined. The planimetric area of each
slump was obtained by calculating the surface area of each polygon in
ArcGIS. To investigate controls of terrain attributes, surface geology,
ground ice content and glacial limits on the distribution of thaw slumps,
the slump inventorywas placed over a 30m resolution digital elevation
model (DEM; data from the Canadian Digital Elevation Data, www.
geogratis.ca). Terrain attributes, which include elevation, slope angle,
slope aspect and slope curvature, were derived using ArcGIS Spatial
Analyst. Since the DEM was created from ca. 1950s topographic maps,
these attributes represent slope conditions prior to the initiation
of most thaw slumps. The glacial limits (maximum extent of the
Laurentide Ice Sheet, Tutsieta Lake Phase) were digitized from the
maps of Hughes et al. (1972) and Duk-Rodkin and Hughes (1992).
The surface geology is derived from the geospatial dataset of Cote
et al. (2013). Measurements on ground ice content in the study area
are limited to six slumps (Lacelle et al., 2010, 2013) and 131 qualitative
seismic shothole logs (Smith and Lesk-Winfield, 2012). The occurrence
of massive ice layers of known thicknesseswithin the uppermost 2m of
permafrost was assessed from the seismic shothole logs and compared
to the surface geology and location of thaw slumps. To determine
whether the frequency distribution of thaw slumps reflects the frequen-
cydistributionof terrain factors in the landscape, or if some components
are associated with an enhanced probability of thaw slump occurrence,
the thaw slump frequency was normalized by the frequency distribu-
tion of terrain factors.

It should benoted that active and stable thaw slumps identified from
the TC linear trend image might not capture every thaw slump in the
study area. The identification of thaw slumps is limited by the pixel
resolution of the Landsat images (30m) and features b0.36 ha are likely
notmapped. In addition, Dyke (2004) documented the presence of both
thaw slumps and rotational slope failures on the Peel Plateau. Since the
linear trend TC image cannot distinguish between the various types of
landslides (i.e., rotational or translational slope failures and thaw
slumps), it is possible that some of the features in this region do not
represent thaw slumps senso stricto.

3.3. Calculation and analysis of controls on headwall retreat rates

The 35 level-1 terrain corrected Landsat TM and ETM+ summer
scenes have sub-pixel multi-temporal registration accuracy, which al-
lows for headwall retreat rates to be calculated from the Landsat stack
(Brooker et al., 2014). For 19 randomly selected active thaw slumps in
the study area (Table 2), the greenness transformation pixel values for
each Landsat scene in the stack was extracted along a linear transect
of 10 to 15 adjoining pixels using the Sample function in ArcGIS Spatial
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Analyst. For each slump, the transect started from the slump floor,
intersected the apex of the arcuate-shaped headwall, and extended 1
to 2 pixels upslope of the position of the headwall on the 2011 Landsat
scene. The single-date greenness transformation values were plotted
against the year of the Landsat scene to generate a time-series of green-
ness changes for each pixel along the transect. In the study area, the
greenness values for undisturbed open spruce surfaces are N100 and
decrease to b50 as the headwall retreats across the pixel and the sur-
face changes to a muddy slump floor (Brooker et al., 2014). As such,
headwall retreat rates were calculated by determining the years at
which the greenness time-series for each pixel intersected the threshold
value of 50 using the following equation (Brooker et al., 2014):

HR xi−xð Þ ¼
PR

Txi−Tx
ð1Þ

where: HR(xi-x) = retreat rate for the period between years xi and x
(in m yr−1); PR = pixel resolution (in m; 30 m for linear transect and
42 m for diagonal transect); T = year of intersection of the greenness
time-series for pixels xi and x with the threshold value of 50.

The headwall retreat rate calculated using Eq. (1) provides values
averaged over the time period required for the headwall to retreat
30 m. Considering that the Landsat stack is missing some years
(Table 1), the 1-yr average retreat rates might not accurately reflect
headwall retreat rates at this time-scale. As such, we present the
headwall retreat rates as 3-yr running average and 20-yr average. For
the latter, Brooker et al. (2014) showed that the calculated retreat
rates are similar to those obtained fromhigh-resolution satellite images.
Fig. 4. Frequency distribution of surface area of thaw slumps (A), orientation of thaw slumps (B)
Mountains and Peel Plateau, northwestern Canada. See Fig. 1 for delineation of the catchments
The temporal variation of the 3-yr running average headwall retreat
rates of the 19 slumps was compared tomean summer air temperature,
thaw degree-days (data from Fort McPherson meteorological station;
Environment Canada, 2012) and total solar irradiance (data from the
Lasp Interactive Solar Irradiance Datacenter; http://lasp.colorado.edu/
lisird). Relations between the 3-yr running average headwall retreat
rates and temperature and total solar irradiance were investigated
using linear regressions.

The spatial variation of the 20-year average headwall retreat rates
of the 19 active thaw slumps was assessed by performing linear regres-
sion analyses between the 20-yr retreat rates and: i) terrain factors
(elevation, aspect, slope angle, and slope curvature) and potential in-
coming solar radiation (PISR); ii) surface area of the slump; and iii) po-
tential effect of surface and active layer runoff. PISR, expressed in
W m−2, was derived using the Solar Analyst module in ArcGIS. Since
the thaw slumps grow during the summer (June–August), the solar
radiation reaching the surface was calculated for each summer using
a mean cloud cover factor of 30% and averaged for the 1990–2010
period. The potential effect of surface and active layer runoff on 20-yr
average headwall retreat rates was investigated by calculating two
topographic indices representing relative moisture contribution. The
first, flow accumulation, represents the upslope area draining into
each cell on the landscape and provides a measure of the quantity of
water delivered. The second, a topographic moisture index, is derived
by dividing flow accumulation by the local slope angle representing
hydraulic gradient (Beven and Kirkby, 1979). Soil saturated areas
are predicted to occur at sites where this index exceeds a specified
threshold.
, surface area latitude of thaw slumps (C), anddensity of thaw slumps (D) in theRichardson
named in (D).
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4. Results

4.1. Distribution of thaw slumps and controls on their occurrence

In the Richardson Mountains–Peel Plateau region, 212 thaw slumps
were identified based on the linear trend TC image, 189 of which are
classified as being active (Fig. 3). The surface area of mapped thaw
slumps ranges from 0.4 ha (the minimal size of feature identifiable
using Landsat imagery) to 52 ha, with an average of 5.4 ha (Fig. 4A).
Fig. 5. Frequency distribution of thaw slumps and terrain factors in the Richardson Mountain
slumps mapped in each elevation class (50 m bins) and the fraction of the study area DEM f
thaw slumps in the landscape. Values greater than 1 indicate that thaw slumps occur prefer
in each slope class (2° bins) and the fraction of the study area DEM falling within each slop
the landscape. Values greater than 1 indicate that thaw slumps occur preferentially at these
(15° bins) and the fraction of the study area DEM falling within each aspect class. F) Enhancem
1 indicate that thaw slumps occur preferentially at these slope aspects.
The largest slumps in the mapping region are greater than 20 ha and
are termed mega-slumps. Out of the 212 slumps identified, 10 mega-
slumps are identified, all of which are situated within the southern re-
gion (Fig. 4C). These mega-slumps are all active and the sum of their
surface area accounts for 27% of all mapped active slumps. The density
of thaw slumps shows a latitudinal distribution (Fig. 4D). The density
of thaw slumps is generally higher in the northern region, with the
Willow River, Stony Creek and Vittrekwa River catchments containing
the highest density of slumps. Together, these threewatersheds account
s–Peel Plateau region, northwestern Canada. A) Histogram showing the fraction of thaw
alling within each elevation class. B) Enhancement factor of elevation on occurrence of
entially at these elevations. C) Histogram showing the fraction of thaw slumps mapped
e class. D) Enhancement factor of slope on occurrence of occurrence of thaw slumps in
slopes. E) Histogram showing the fraction of thaw slumps mapped in each aspect class
ent factor of aspect on occurrence of thaw slumps in the landscape. Values greater than
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for nearly 60% of all slumps identified, but comprise only 25% of the total
study area.

In the study area, all thaw slumps are situated within themaximum
westward extent of the Laurentide Ice Sheet, with 69% of the slumps
being constrained between the maximum glacial extent and the
Tutsieta Lake Phase limit (i.e., on the hummocky rolling moraines)
(Fig. 3). Thehummockymoraines occupy 46%of the study area,whereas
the broad morainal plains occupy 31%. Normalizing the distribution of
slumps by the area occupied surface deposits indicate that slumps are
more likely to occur on the hummocky rolling moraines by a factor of
1.5. The relations between the distribution of thaw slumps with terrain
factors (elevation, slope angle, and aspect) was explored by comparing
the frequency distribution of thaw slump with each variable within
the glaciated portion of the study area (Fig. 5). Thaw slumps in the
study area are observed at elevation ranging from 112 to 765 m. To ex-
plore relations with elevations, the slump and landscape elevations
Fig. 6. 3-yr running average headwall retreat rates for 19 randomly selected thaw slumps
in the RichardsonMountains–Peel Plateau region, northwestern Canada: (A) North-facing
slumps, (B) East-facing slumps, (C) South- and West-facing slumps. Also shown are the
3-yr running average mean summer air temperature (D), thaw degree-days (E), and
total solar irradiance (F). Headwall retreat rates were calculated using Eq. (1). Location,
terrain characteristics and 20-yr average headwall retreat rates of the 19 thaw slumps
are provided in Table 2.
were grouped into 50 m bin classes. Elevation in the landscape shows
a normal distribution, whereas the thaw slumps have a bi-modal distri-
bution (dominant modes found at 300–350 m and 450–500 m). The
normalized distribution of thaw slumps by the frequency distribution
of elevation in the landscape indicates that slumps are more likely
to occur at elevations of 450–600 m by a factor of 2 and by a factor of
1.5 at elevations of 250–300 m (Fig. 5B). To explore relations with hill-
slope gradients, the slump and landscape slope angles were binned
into 2° classes. The hillslope gradients in the landscape show an expo-
nential decrease in frequency. The thaw slumps are all found on slope
angles b23° and their frequency shows a near normal distribution
with 43% of slumps found on hillslopes of 4–8°. However, normalizing
the distribution of thaw slumps by the frequency distribution of hill-
slope gradients in the landscape reveals that slump are more likely to
occur by a factor of 2 to 3 on slopes of 8 to 12° (Fig. 5D). The study
area is situated along the eastern flank of the Richardson Mountains
and Peel Plateau and combinedwith the development of the fluvial net-
work, east-facing slopes are predominant on this landscape. Even
though thaw slumps in the study area are found on slopes of all aspects,
they are predominantly observed on east facing slopes (vector mean
of 69°). Normalizing the frequency distribution of thaw slumps by the
frequency of slope aspects in the landscape reveals that slumps are
more likely to occur on North to North-East slopes (330° to 30°) by a
factor of 2, while normalized frequency N1 is observed on North East
to South East slopes (slope aspects of 15° to 180°; Fig. 5F).

4.2. Headwall retreat rates of thaw slumps

The headwall retreat rates for 19 randomly selected thaw slumps in
the Richardson Mountains–Peel Plateau region were calculated using
Eq. (1). The1-yr average headwall retreat rates for the 19 slumps ranged
from 5 to 60m yr−1, with an average of 12.4 ± 7.4m yr−1. Fig. 6 shows
the 3-yr running average between 1990 and 2010 along with the 3-yr
running average mean summer air temperature, thaw degree-days
and total solar irradiance. The 3-yr running average retreat rates show
high temporal variability, with maximum retreat rates observed in the
mid-1990s and mid-2000s. Correlation analysis indicates that only a
few slumps have statistically significant (10% level) correlation between
their 3-yr running average headwall retreat rates andmean summer air
temperature, thaw degree-days and total solar irradiance (Table 3).

The 20-year average headwall retreat rates of the 19 slumps ranged
from 7.2 to 26.7 m yr−1, with the two mega-slumps ranking in the top
Table 3
Correlation coefficient (r) between 3-yr running average of headwall retreat rates
and mean summer air temperature (MSAT), Thaw degree-days (TDD) and total solar
irradiance (TSI) for 19 active thaw slumps in the study area. Correlations significant at
the 10% level are indicated in bold.

Name Watershed 3-yr MAST 3-yr TDD 3-yr TSI

Slump 1 Rat −0.42 −0.46 0.34
Slump 2 Rat −0.61 0.16 0.19
Slump 3 Rat −0.57 −0.12 0.77
Slump 9 Stony Creek 0.49 −0.49 −0.91
FM4 Stony Creek −0.26 0.50 0.65
FM2 (Charas) Stony Creek −0.67 0.36 0.43
Slump 10 Stony Creek 0.29 0.15 −0.57
FM3 (Melanie) Stony Creek −0.60 0.13 0.21
Slump 2 Stony Creek 0.35 0.66 0.10
Dover Vittrekwa −0.81 0.66 0.69
Slump 11 Vittrekwa −0.07 0.17 −0.07
Slump 6 Vittrekwa 0.21 −0.76 −0.89
Tiny slump Vittrekwa −0.62 0.40 0.33
Medium slump Vittrekwa 0.81 0.28 −0.68
Slump 13 Road −0.09 0.91 0.73
Slump 12 Road −0.25 0.12 −0.06
Slump 15 Trail 0.03 0.53 0.59
Small slump Trail −0.34 −0.25 0.64
Slump 16 Trail −0.57 −0.60 0.51
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three highest values (Table 2). If we remove the two mega-slumps, the
maximum 20-yr retreat rates decrease to 19 m yr−1. Considering that
the 20-yr headwall retreat rates represent the average value for each
of the 19 slumps,we explored possible terrain factors that could explain
the spatial variability in the 20-yr headwall rates. The 20-yr retreat rates
of each slump, including the two mega-slumps, was regressed against
Fig. 7. Scatterplots of 20-yr average headwall retreat rates and various terrain factors. A) Surfac
incoming solar radiation. G) Flow accumulation. G)Moisture index. The slope aspect variable (ex
(least exposed to the sun) and south-west facing slopes=2 following themodel of Beers et al. (
computed from the secondderivative of the fourth-order polynomial surfacefitted to a local 3-by
the surface is convex (situated near shoulder of the hillslope) while a negative value indicates
statistically significant to near-significant relations (solid line includes the mega-slumps; dashed
their respective elevation, slope angle, transformed aspect, PISR, topo-
graphic moisture index, flow accumulation and surface area (Fig. 7).
The single factor correlation analysis reveals statistically significant rela-
tions (10% level) with transformed aspect (r2 = 0.33), PISR (r2 = 0.11)
and elevation (r2 = 0.19) and with surface area showing a near-
statistically significant relation (r2 = 0.14; p = 0.12); no relation was
e area. B) Slope angle. C) Elevation. D) Slope curvature. E) Transformed aspect. F) Potential
pressed as slope degree)was transformed to a linear variablewhere north-east slopes=0
1966): transformed aspect (A')= cos(45°-aspect)+1. The slope curvature (or shape)was
-3windowusing theGrid's Curvature function inArcGIS 10 software. A positive valuemeans
the surface is concave (situated near the footslope). Linear regression lines are shown for
line excludes the mega-slumps). Coefficients of linear regression are shown in Table 3.



Fig. 8. Field photograph (late July 2011) showing the initiation of a thaw slump along a
water-track on a hillslope in the Stony Creek watershed.
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found with other factors (Table 4). If we exclude the two mega-slumps
from the regression analysis, only transformed aspect (r2 = 0.30) has a
statistically significant relation; all other terrain factors have no relation
with 20-yr average retreat rates (Table 4).

5. Discussion

5.1. Relation between the distribution of thaw slumps and landscape factors

The distribution of thaw slumps in a landscape is related to the
mechanism(s) that exposes ice-rich permafrost, which may lead to
the initiation of thaw slumps. This study revealed that thaw slumps
in the Richardson Mountains–Peel Plateau region are more likely to
occur on the hummocky rolling moraines at elevations of 300–350 m
and 450–500 m and along east-facing slopes (slope aspects of 15°
to 180°) with gradients of 8° to 12° (Fig. 5).

The hummocky rolling moraines are particularly sensitive to con-
tain thaw slumps as the till veneer is ice-rich and fluvial incision has
provided relative relief that promotes slope instability and downslope
removal of slumped materials. In fact, 48% of the 94 shotholes in the
hummocky moraines contain layers of massive ice within the upper-
most 2 m of permafrost (Fig. 3). Conversely, the broad morainal plain
that is situated east of the Tutsieta Lake Phase limit contains 31% of
the thaw slumps, and only 19% of the 37 shotholes in the morainal
plain contains massive ice within the uppermost 2 m of permafrost.
Based on these relations, it appears that the near-surface permafrost
in the hummocky moraines constrained between the maximum west-
ward extension of the Laurentide Ice Sheet and the Tutsieta Lake
Phase limit is ice-rich and prone to host thaw slumps. One exception
in this zone would be the paleo-meltwater channels where no thaw
slumps are found. In the area east of the Tutsieta Lake Phase limit, the
landscape contains fewer thaw slumps but kettle lakes are abundant.
Considering that the presence of kettle lakes tends to be associated
with ice-cored terrain (Benn and Evans, 2010), as observed in central
Yukon (Beirle, 2002; Lacelle et al., 2007) and Bylot Island (Moorman
and Michel, 2000), it is likely that the area between the Tutsieta Lake
phase limit and the Peel River is ice-cored. Such a landscape typically re-
sults in a patchy distribution of bodies of massive ground ice in the per-
mafrost and thaw slumps would only form if an initiation mechanism
exposes these ice bodies, otherwise a slump may not develop.

In the study area, the initiation of hillslope thaw slumps ismainly re-
lated to the stream network development and fluvial processes (Kokelj
et al., in review). Field observations revealed that many thaw slumps
initiated either at different position on the hillslope along water-
tracks, the latter forming following periods of heavy rainfall and mass
wasting, or at the base of the hillslope following stream undercutting
of the slope (Fig. 8). The fact that thaw slumps are more likely to occur
onmoderately steep slopes (8° to 12°)would facilitate themasswasting
of material following heavy rainfall periods, help to move the thawed
material downslope, and maintain the ice-rich permafrost exposed.

The observation that hillslope thaw slumps in the Richardson
Mountains–Peel Plateau are predominantly found on east facing slopes
Table 4
Correlation coefficients (r2) between 20-yr average headwall retreat rates and various ter-
rain factors extracted from a digital elevation model for 19 active thaw slumps in the study
area. Location, terrain characteristics and20-yr averageheadwall retreat rates of the 19 thaw
slumps are provided in Table 2. Correlations significant at the 10% level are indicated in bold.

Terrain factor All slumps Mega-slumps excluded

Surface area 0.14 0.06
Elevation 0.19 0.002
Slope 0.04 0.003
Potential incoming solar radiation 0.11 0.02
Transformed aspect 0.33 0.30
Slope curvature 0.002 0.07
Topographic moisture index 0.09 0.03
Flow accumulation 0.01 0.00
(slope aspects of 15° to 180°; Fig. 5F) is inconsistentwith the orientation
of thaw slumps along shorelines of lakes in the nearbyMackenzie Delta,
where slumps are mainly found along south and west facing shorelines
(Kokelj et al., 2009). The preference for hillslope thaw slumps to initiate
on east facing slopes might be a topographic effect. In mountainous
regions, such as in the Richardson Mountains–Peel Plateau, the active
layer may be thicker along south and west facing slopes due to the
higher amount of insolation received along these slopes. In ice-rich per-
mafrost environment, the difference in active layer thickness due to
slope orientation typically leads to the development of asymmetric val-
leys, with shallower south andwest facing slopes caused by themelting
of near-surface ground ice and associated subsidence of the surface
(i.e., French, 2007). Fig. 9 shows topographic cross-sections for nine flu-
vial valleys in the Stony Creek and Vittrekwa catchments. For most
cross-sections, a valley asymmetry is observed with steeper north and
east facing slopes. Therefore, because valley asymmetry is observed
along the hillslopes, the predominance of thaw slumps to develop
along east facing slopes is likely due to the ice-rich permafrost being
found closer to the ground surface along these slopes (i.e., shallower ac-
tive layer). Thiswould facilitate a triggeringmechanism of thaw slumps,
such as mass wasting triggered by extreme thaw or precipitation along
water tracks, to expose the near-surface ice-rich permafrost. In the
adjacent Mackenzie Delta region, this topographic control of varying
active layer thickness does not occur due to flat terrain; hence the
predominance of modern lakeshore thaw slumps to be exposed along
the warmer south and west lakeshores (Kokelj et al., 2009).

Overall, it appears that the ice-rich permafrost conditions required
for the initiation and growth of thaw slumps in the Richardson
Mountains–Peel Plateau region are largely a heritage of the last glaci-
ation. The thaw slumps are mostly constrained to glacial tills and
morainal deposits proximal to major ice-front positions, including
the maximum extent of the Laurentide Ice Sheet and the Tutsieta Lake
Phase. The distribution of modern thaw slumps reflects general land-
scape morphology associated with east facing regional slope and the
ongoing fluvial processes and stream network development that have
produced moderately steep hillslopes.

5.2. Relation between headwall retreat rates and landscape factors

Our analysis of 19 thaw slumps in the Richardson Mountains–Peel
Plateau region revealed that only a few slumps had a significant high de-
gree of correlation between their 3-yr running average headwall retreat
rates and summer air temperatures or total solar irradiance (Fig. 6;
Table 3). This is in contrast to the result of past studies: at the scale of
individual slumps, net radiation, summer air temperature, wind and



Fig. 9. Topographic cross-sections of nine fluvial valleys in the Stony Creek (A) and Vittrekwa (B) catchments. For most valleys, valley asymmetry is observed with steeper north and east
facing slopes.

Fig. 10. Field photograph (late June 2011) showing a portion of the headwall of FM3 thaw
slump (field of view is looking north). Residual snowdrift is present on section of headwall
exposed to the east.
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headwall height are the main factors that drive the ablation of ground
ice and headwall retreat rates (Lewkowicz, 1985, 1987; Robinson and
Pollard, 1998; Grom and Pollard, 2008; Wang et al., 2009). The findings
in these studies were based on climate data derived from ameteorolog-
ical station located at or in close proximity to the studied thaw slump,
which is in contrast to our study where the climate data are derived
from the Fort McPherson meteorological station. This suggests that the
micro-climate conditions at the scale of individual thaw slump may
differ greatly between them, which would explain a lack of relation be-
tween the 3-yr running average headwall retreat rates and the regional
climate indices for some of the slumps analyzed. Therefore, we focus on
discussion on the spatial variation of the 20-yr headwall retreat rates of
the 19 thaw slumps in the Richardson Mountains–Peel Plateau region.

For 19 thaw slumps, the 20-year (1990–2010) average headwall re-
treat rate is 12.4 ± 7.4 m yr−1. This multi-decadal average headwall
retreat rate is similar to those calculated for thaw slumps at other loca-
tions in the western Canadian Arctic. For example, slumps situated
along the coastline of Hershel Island (YT) yielded an average headwall
retreat rate of 9.6 m yr−1 for the 1970–2000 period (Lantuit and
Pollard, 2008). In central Yukon, 1949–1993 headwall retreat rates for
a slump averaged 10 m yr−1 (Burn, 2000). In the NWT, thaw slump
headwall retreat rates averaged 7 m yr−1 in the 1960s on Ellef Ringnes
Island, with a maximum of 10 m yr−1 (Lamothe and St-Onge, 1961),
while on Banks Island, retreat rates averaged 12 m yr−1 between
1952 and 1962 (Lewkowicz, 1987).

The 20-yr headwall retreat rates have a statistically significant
relation with slope aspect and PISR, and near-statistically significant
relation with surface area (Table 4). However, if we exclude the two
mega-slumps, only slope aspect has a significant relation with 20-yr
retreat rates. This suggests two important findings: i) at the regional
scale, headwall retreat rates are mainly related to slope aspect, with
south- and west-facing slopes exhibiting higher retreat rates; and
ii) mega-slumps are generating feedbacks that allow them to perpetu-
ate their growth. The first finding is consistent with the studies of
Lewkowicz (1987) and Grom and Pollard (2008) who suggested that
the ablation rate of the exposed ice-rich permafrost is largely dependent
on slope orientation. Further, the geometry of the thaw slumps, with
steep headwall and slump floor of low angle, allows for snowdrift to ac-
cumulate at the base of the headwall. The increased insolation received
on south- and west-facing slopes promotes snowmelt and earlier expo-
sure of the slump headwall to summer ablation and a longer thawing
season (Fig. 10). As a result, thaw slumps located along south- and
west-facing slopes tend to exhibit higher 20-yr average headwall
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retreat rates due to higher amount and prolonged insolation that the
headwalls receive during the thaw season.

The two mega-slumps have 20-yr average retreat rates that are
ranked in the top three highest values calculated in the study area
(Table 2), and are among the highest ever determined in the western
Canadian Arctic. This suggests that mega-slumps, which have surface
area greater than 20 ha, headwall heights up to 40 m and a debris
tongue that connects the valley bottom, are generating their own
feedbacks that allow them to maintain growth rates well above
those of smaller slumps. Based on field measurements (Lewkowicz,
1987; Grom and Pollard, 2008), surface energy fluxes, ground ice and
headwall characteristics (height and orientation) control the headwall
retreat rate. Mega-slumps are likely situated in areas with high ground
ice content that extends to significant depths below the surface. In fact,
field observations at two mega-slumps (one of which was included in
the headwall retreat rate analysis; FM2 slump) show that the tens of
meter high headwall exposes mainly massive ground ice. Further, the
taller headwall of mega-slumps allows the ablation of the exposed ice-
rich permafrost to start earlier in the thaw season as a significant
portion of their headwall is not covered by snowdrift. The ground
ice meltwater will transfer sensible heat that will increase the rate of
melting of the snowdrift at the base of headwall of mega-slumps. By
contrast, small slumps with much shorter headwall heights can remain
snow covered well into mid-summer and, as a result, the headwall will
only start retreating until the snow covering the headwall has melted.
Finally, the high ground ice content combined with the taller headwall
heights ofmega-slumps allows for higher volumeof ground icemeltwa-
ter that maintains the slump floor with high moisture level. Time-lapse
photographs taken at FM2 slump revealed that the accumulation of ma-
terials supplied by thawing ground ice, slumping and toppling of surface
material, is being moderately reworked by diurnal ground ice meltwa-
ter induced flows (Kokelj et al., 2013). This is compounded during rain-
fall events when the already saturated scar zone materials may
be removed downslope by significant mass flows (Lacelle et al., 2010).
These processes associatedwithmega-slumps help promote evacuation
ofmaterials from the slumpfloorwhichmaintain a headwall of exposed
ice and to experience continued growth. This ensures that periods of
stabilization are less likely to punctuate periods of activity, which
would result in lower 20-yr average rates of retreat. Overall, it is sug-
gested that the high ground ice content and headwall characteristics
ofmega-slumps allow these disturbances to generate positive feedbacks
that allow them to sustain retreat rates higher than smaller slumps.

6. Conclusions

This study investigated terrain controls on the distribution and
growth of thaw slumps in the Richardson Mountains and Peel Plateau
region, northwestern Canada, one of the most rapidly warming regions
in the Arctic. An inventory of active and stable thaw slumps was devel-
oped using the TC trend analysis of a dense Landsat image stack. In the
study area, more than 212 thaw slumps have been identified, of which
189 have been active since at least 1985. The Willow River, Stony
Creek and Vittrekwa Creek catchments contain more than 60% of all
slumps, while the total surface area of these catchments occupies only
25% of the study area. The region also contains some of the largest
thaw slumps in the circum-Arctic, with 10 slumps exceeding 20 ha in
surface area. Thesemega-slumps are all active and the sum of their sur-
face area accounts for 28%of allmapped active slumps. The thaw slumps
are all situated within the maximum extent of the Laurentide Ice Sheet
and 69% of them are constrained between the glacial limit and the
Tutsieta Lake Phase limit. Based on relations between frequency distri-
bution of slumps and that of terrain factors in the landscape, the slumps
are more likely to occur on the ice-rich hummocky rolling moraines at
elevations of 300–350 m and 450–500 m and along east-facing slopes
(slope aspects of 15° to 180°) with gradients of 8° to 12°. As such, the
distribution of thaw slumps reflects general landscape morphology
associated with east facing regional slope and the ongoing fluvial pro-
cesses and streamnetwork development that have producedmoderate-
ly steep hillslopes.

Pixel-level analysis of the TC greenness transformation in the stack
of Landsat scenes allowed deriving 3-yr running average and 20-yr
average headwall retreat rates of 19 thaw slumps. The 20-yr average
headwall retreat rates ranged from 7.2 to 26.7 m yr−1, with the two
mega-slumps in the analysis having retreat rates that ranked in the
top three highest values calculated in the study area and are among
the highest ever determined in the western Canadian Arctic. Statistical
analysis revealed that 20-yr headwall retreat rates are largely controlled
by slope aspect. These two findings suggest that, at the regional scale,
headwall retreat rates are mainly related to slope aspect, with south-
and west-facing slopes exhibiting higher retreat rates and that mega-
slumps are generating their own feedbacks that allow them tomaintain
growth rates well above those of smaller slumps.
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