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Widespread degradation of ice wedges has been observed during the last decades in numerous areas within the
continuous permafrost zone of Eurasia and North America. To study ice-wedge degradation, we performed field
investigations at Prudhoe Bay and Barrow in northern Alaska during 2011–2016. In each study area, a 250-m
transect was established with plots representing different stages of ice-wedge degradation/stabilization. Field
work included surveying ground- and water-surface elevations, thaw-depth measurements, permafrost coring,
vegetation sampling, and ground-based LiDAR scanning.Wedescribed cryostratigraphy of frozen soils and stable
isotope composition, analyzed environmental characteristics associated with ice-wedge degradation and
stabilization, evaluated the vulnerability and resilience of ice wedges to climate change and disturbances, and
developed new conceptual models of ice-wedge dynamics that identify the main factors affecting ice-wedge
degradation and stabilization and the main stages of this quasi-cyclic process. We found significant differences
in the patterns of ice-wedge degradation and stabilization between the two areas, and the patterns were more
complex than those previously described because of the interactions of changing topography, water redistribu-
tion, and vegetation/soil responses that can interrupt or reinforce degradation. Degradation of ice wedges is
usually triggered by an increase in the active-layer thickness during exceptionally warm and wet summers or
as a result of flooding or disturbance. Vulnerability of ice wedges to thermokarst is controlled by the thickness
of the intermediate layer of the upper permafrost, which overlies ice wedges and protects them from thawing.
In the continuous permafrost zone, degradation of ice wedges rarely leads to their complete melting; and in
most cases wedges eventually stabilize and can then resume growing, indicating a somewhat cyclic and revers-
ible process. Stabilization of ice wedges after their partial degradation makes them better protected than before
degradation because the intermediate layer is usually 2 to 3 times thicker on top of stabilized ice wedges than on
top of initial ice wedges in undisturbed conditions. As a result, the likelihood of formation of large thaw lakes in
the continuous permafrost zone triggered by ice-wedge degradation alone is very low.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Widespread degradation of icewedges has been observed in various
permafrost regions of Eurasia and North America during the last
decades, mostly in areas of cold continuous permafrost (Jorgenson et
al., 2006, 2015; Liljedahl et al., 2016). Ice-wedge degradation strongly
affects the environment, including topography, hydrology, vegetation
and soils, and infrastructure and thus is expected to have large
x 755910, Fairbanks, AK 99775-
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consequences for northern regions. Thermokarst pits and troughs in po-
lygonal terrain are oneof themost characteristic thermokarst landforms
resulting from thawing of ice-rich permafrost containing ice wedges
(Shur and Osterkamp, 2007; Jorgenson et al., 2008; Kokelj and
Jorgenson, 2013).

Ice wedges, and their associated polygonal topography, occur nearly
everywhere in the Arctic and wedge ice is considered to be the most
common type of massive ground ice (Leffingwell, 1915; Mackay,
1972; Vtyurin, 1975; French and Shur, 2010; Murton, 2013). Along the
Beaufort Sea coast of Alaska, the width of mainly epigenetic ice wedges
varied from several centimeters to N5m,while their vertical extent usu-
ally did not exceed 4 m (Kanevskiy et al., 2013). The size of ice-wedge
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polygons varied from b10 to N20 m across, with the largest polygons
occurring in drained-lake basins, deltas, and tidal flats. Brown (1968)
estimated wedge-ice volume in the Barrow study area and assumed
that the average number (10%) was representative for the entire Arctic
Coastal Plain. Kanevskiy et al. (2013) estimated that the average volu-
metric content of wedge ice near the Beaufort Sea coast was 11%, but
at some locations it exceeded 50%, and that the average total volumetric
ice content (including wedge, segregated, and pore ice) in the upper
3 m of permafrost was 77%. Everett (1980a) estimated the volume of
wedge ice in the wall of 2.2-m-deep and 100-m-long trench at the
experimental gas pipeline test site at Prudhoe Bay to be ~40%. In the
adjacent Prudhoe Bay study area, Jorgenson et al. (2015) estimated
the volume of wedge ice in the upper 3 m to be 21%. Pollard and
French (1980) estimated ice-wedge volume in the upper 4.5 m to
be 12–16% for the Mackenzie Delta. Recent advances in the study of
structure and dynamics of ice wedges were reviewed by Christiansen
et al. (2016).

Recent thermokarst-related changes in polygonal terrain have
been studied in Alaska (Jorgenson et al., 2006, 2015; Liljedahl et al.,
2012, 2016; Necsoiu et al., 2013; Frost et al., 2014; Raynolds et al.,
2014; Walker et al., 2014, 2015; Jones et al., 2015; Lara et al., 2015;
Abolt et al., 2016; Farquharson et al., 2016; Kanevskiy et al., 2016;
Swanson, 2016), Canada (Fortier et al., 2007; Kershaw, 2008;
Gamon et al., 2012; Godin et al., 2014; Kokelj et al., 2014; Pollard et
al., 2015; Liljedahl et al., 2016; Steedman et al., 2017; Wolter et al.,
2016), and Russia (Minke et al., 2009; de Klerk et al., 2011; Fedorov
et al., 2012; Helbig et al., 2013; Sejourne et al., 2015; Liljedahl et al.,
2016), but only in several of these studies have data on frozen soils
and ground ice structure and properties been presented (Jorgenson
et al., 2006, 2015; Fortier et al., 2007; Kokelj et al., 2014; Pollard
et al., 2015; Walker et al., 2015; Kanevskiy et al., 2016). Changes in
the extent of ice-wedge thermokarst, as indicated by water-filled
troughs, have shown rapid increases during the last couple of
decades (Jorgenson et al., 2006, 2015; Necsoiu et al., 2013; Frost
et al., 2014; Raynolds et al., 2014; Swanson, 2016; Steedman et al.,
2017). Methods and results of recent remote sensing studies on
ice-wedge thermokarst were summarized by Jorgenson and Grosse
(2016).

Processes of ice-wedge thermokarst and thermo-erosion are
often associated with formation of thermokarst-cave ice. The term
thermokarst-cave ice (TCI) was suggested by Shumskii (1959) for mas-
sive ice formedby the freezing ofwater trapped in underground cavities
that were cut into permafrost by running water. In Canada, this type of
ice was described as pool ice by Mackay (1997, 2000). The TCI bodies
usually formwithin and next to icewedges and are oriented horizontal-
ly. They are composed of ice that ismostly clean, are colorless to yellow-
ish from dissolved organics, and contain irregularly distributed air
bubbles; and frequently are underlain by sediment-rich basal ice layer
and/or ice-rich soil with reticular-chaotic cryostructure (Shur et al.,
2004; Bray et al., 2006; Fortier et al., 2008; Kanevskiy et al., 2008). The
TCI can be easily recognized in boreholes or exposures because it does
not have the distinctive vertical foliation typical of wedge ice.
Maximum thickness of TCI bodies exposed on the Beaufort Sea coast
reached up to 120 cm, and their visible lateral extent reached up to
5 m. Our measurements at the 600-m-long and 7- to 10-m-high coastal
exposure near Kaktovik showed that the TCI bodies occupied ~2% of the
face of the bluff (Kanevskiy et al., 2013).

Previous studies in northern Alaska (Jorgenson et al., 2006, 2015)
showed that degradation of ice wedges is a reversible process, which
includes five main stages: undegraded ice wedges (UD: narrow
troughs, well vegetated), degradation initial (DI: narrow troughs
with shallow flooding, D1 in this paper), degradation advanced
(DA: wide troughs, deeply flooded, D2 in this paper), stabilization
initial (SI: wide troughs, shallowly flooded), and stabilization ad-
vanced (SA: wide troughs, surface above the water table). According
to a conceptual model of ice-wedge dynamics (Jorgenson et al.,
2015), initial degradation is caused by extreme weather conditions
(e.g., exceptionally warm and wet summers) or physical distur-
bance, which leads to deepening of the active layer and partial
thawing of ice wedges. During the advanced degradation stage,
water impoundment causes energy balance changes, which lead to
further thawing of ice wedges. Initial stabilization of degraded ice
wedges starts as a result of development of aquatic vegetation in
thermokarst troughs and pits, which causes decreases in active-
layer thickness and formation of a new intermediate layer (Shur et
al., 2011) above the ice wedges. Eventually, slumping of materials
from the banks of troughs, continued vegetation growth, organic
matter accumulation, ground-ice aggradation, and heaving of the
surface result in draining of ice-wedge troughs (advanced stabiliza-
tion). A thick intermediate layer at this stage protects the remnant
ice wedges from future degradation.

Raynolds et al. (2014) described two scenarios for ice-wedge
thermokarst in the areas of ice-rich permafrost: reversible and irre-
versible. (Under natural conditions, degrading wedges can easily re-
cover (time of recovery depends on a depth of thaw subsidence).
When anthropogenic disturbance causes destruction of vegetation
and removal of the organic-rich soils, more severe degradation may
occur; and a possibility exists that small initial thermokarst features
can evolve into thaw lakes. The stages of transformation of small
thermokarst pits and troughs into large thaw lakes have been de-
scribed in numerous papers (Hopkins, 1949; Britton, 1957;
Soloviev, 1962; Hussey and Michelson, 1966; Tomirdiaro, 1972;
Czudek and Demek, 1973; Billings and Peterson, 1980; Everett,
1980b; Hinkel et al., 2003; Shur et al., 2012). However, this potential
transformation has been described mainly theoretically, and in real-
ity it may bemore complicated. For example, ice-wedge thermokarst
caused by heavy disturbance (removal of vegetation and surficial
peat) many decades ago in the continuous permafrost zone has not
resulted in thaw-lake formation (Lawson, 1986; Shur, 1988a).

In this study, we examine processes affecting ice-wedge degrada-
tion to better understand ice wedges' likely response to climate
change and disturbance. Given the complexity of ground-ice dynam-
ics and interacting environmental factors, the patterns and processes
of ice-wedge evolution described in the earlier models need further
evaluation. The objectives of this paper are to (i) compare ground
ice, soil stratigraphy, stable isotopes, and environmental characteris-
tics across terrain with varying ice-wedge conditions based on our
field investigations performed in 2011−2016 at Prudhoe Bay and
Barrow in northern Alaska; (ii) improve upon earlier conceptual
models of the patterns and stages associated with ice-wedge dynam-
ics and identify themain factors affecting ice-wedge degradation and
stabilization; (iii) develop a risk assessment approach for evaluating
the vulnerability and resilience of ice wedges to climate change and
disturbances; and (iv) evaluate the likelihood of ice-wedge degrada-
tion progressing to thaw-lake development.
2. Study areas

Our study areas at Prudhoe Bay (PB) and Barrow (BW) are situated
on the Arctic Coastal Plain close to the Beaufort Sea coast of Alaska
(BSCA) (Fig. 1). The PB study area (N70.229°W148.419°)was described
in detail by Jorgenson et al. (2015), who interpreted it as an old drained-
lake basin. This interpretation is challenged by Walker who described
the same area as a residual surface of the ancient floodplain of the
Sagavanirktok River, unmodified by thaw-lake processes (Walker
et al., 2015). Soils, landscapes, and vegetation in the larger Prudhoe
Bay area were described by Everett (1980a, 1980b), Walker et al.
(1980), Walker (1985), andWalker and Everett (1991). Environmental
changes caused by infrastructure impacts in the Prudhoe Bay Oil Field,
including thermokarst development, were analyzed by Walker et al.
(1980, 1987, 2014) and Raynolds et al. (2014).



Fig. 1. Locations of study areas.
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The BW study area (N71.295°W156.714°) is located near the tun-
nel excavated in the 1960s (Fig. S1), which revealed a system of large
pre-Holocene buried ice wedges (Brown, 1965; Meyer et al., 2010).
This area belongs to the primary (or initial) surface of the Arctic
Coastal Plain, which has not been reworked by thaw-lake processes
through the Holocene (O'Sullivan, 1961; Brown, 1965; Hussey and
Michelson, 1966). In the shaft of this tunnel, silts and silty very fine
sands with ~30-cm-thick peat layer (from 0.5 to 0.8 m), occasional
gravel inclusions, and numerous peat inclusions (mainly at depths
of 1.3−1.7 and 3.2−3.4 m) were exposed above the buried ice
wedges (observed from ~3.4 m). Gravimetric moisture contents of
soils with mainly ataxitic cryostructure varied from 55 to 200% and
averaged 102.9% (Jorgenson, 2011; Kanevskiy et al., 2013). At a
depth of ~7 m, sandy silts are underlain by saline gravelly sands
(Meyer et al., 2010). Brown (1967) suggested that pre-Holocene
ice wedges in the tunnel area melted in the early Holocene to the
3-m depth, which caused accumulation of surface peat in more fa-
vorable wetter conditions. Subsequent refreezing of thawed soils
was accompanied by accumulation of excess ice and formation of a
new generation of ice wedges, which are still active. For this study,
we also use the data obtained from the 2.1-km-long CRREL transect
(Fig. 1), which was established in 1962 near Barrow between Elson
Lagoon on the east and the drainage of central Marsh Creek on the
west; elevations along this transect varied from 0.8 to 5.0 m asl and
were significantly lower than at BW (Brown and Johnson, 1965;
Brown, 1969).

Both study areas are characterized by the Arctic climate with long
and cold winters, low precipitation, and strong winds. Climate condi-
tions are similar along the BSCA, with a mean annual air temperature
(MAAT) of ~ −11 °C, annual precipitation b150 mm, and annual
snowfall b100 cm (Alaska Climate Research Center, Climate Normals,
1981−2010). Climate in Barrow is characterized by colder summers
and warmer winters in comparison with Prudhoe Bay.
The BSCA is a lowland with a relatively flat surface. Most coastal
bluffs are 2−5mhigh. The surficial deposits of this area includeQuater-
nary sediments of various origins (fluvial, marine, eolian, deltaic),
significantly modified by thermokarst, lacustrine, and paludification
processes, resulting in an abundance of lake-basin deposits (Brown
and Sellmann, 1973; Rawlinson, 1993; Jorgenson, 2011). As a result of
accumulation of ground ice in drained lake basins, the amount of segre-
gated and wedge ice in mature basins is very similar to that of the
primary surface of the Arctic Coastal Plain (Kanevskiy et al., 2013).

The BSCA is the area of cold continuous permafrost. Permafrost
thickness generally varies from 200 to 400 m, but in the Prudhoe Bay
area it exceeds 600 m (Gold and Lachenbruch, 1973; Lachenbruch
et al., 1988; Jorgenson, 2011). Mean annual ground temperature
(MAGT) of permafrost strongly depends on local conditions and varies
between−5 and−10 °C; during the last decades, a significant increase
in MAGT has been reported (Smith et al., 2010; Jorgenson, 2011;
Romanovsky et al., 2016). The active layer thickness (ALT) varies
depending on local conditions from about 20 cm in thick peat to
N100 cm in poorly vegetated sand dunes. The ALT on gravelly south-
facing slopes of pingos exceeds 140 cm (Walker, 1990). Despite a recent
increase in MAAT and MAGT, a slight decreasing trend in the ALT has
been reported during the last decades for 10 sites on the Alaskan Coastal
Plain; these records also indicate significant –– up to 15% above the long-
term mean value (which was 0.45 m in 1995–2011) –– increase in the
mean ALT in 1998, 2004, 2006, and 2011 (Streletskiy et al., 2008;
Shiklomanov et al., 2012). At Barrow, the ALT measurements showed
large interannual variability but no clear trend from 1995 to 2014
(Brown et al., 2015). Despite a lack of increasing trend, a significant
(up to 1 cm/y) subsidence of the ground surface within the four plots lo-
cated along the CRREL transectwas observed in 2003–2015; itmay be at-
tributed mainly to thawing of ice wedges (Streletskiy et al., 2016).

The coastal area is characterized by extremely high ground-ice con-
tent of the upper permafrost (Leffingwell, 1919; Hussey andMichelson,
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1966; Brown and Sellmann, 1973; Sellmann et al., 1975; Everett, 1980a;
Black, 1983; Jorgenson, 2011; Bockheim and Hinkel, 2012; Kanevskiy
et al., 2013). Ground ice exists in two main forms: (i) massive ground
ice, and (ii) pore and segregated ice, forming cryostructures. In the BSCA
region, four main types of massive ground ice have been distinguished:
(i) ice wedges, (ii) thermokarst-cave ice, (iii) ice cores of pingos, and
(iv) folded massive ice of presumably glacial origin (Kanevskiy et al.,
2013). During this study, only two types of massive ground ice were de-
tected in the Prudhoe Bay and Barrow study areas: wedge ice and
thermokarst-cave ice.
3. Methods

3.1. Sampling strategy

In the PB and BW study areas, 250-m transects were established in
early June 2011 (Fig. 2) and late July–early August 2012 (Fig. 3), corre-
spondingly. Along each transect, 18 plots representing five stages of
ice-wedge degradation/stabilization and centers of ice-wedge polygons
(Jorgenson et al., 2015) were established. Additional plots/coring
locations were located off the transects to obtain more data for some
stages. Work included surveying ground- and water-surface elevations,
permafrost coring for soil stratigraphy and ground-ice descriptions,
thaw-depth measurements, vegetation sampling, and ground-based
Fig. 2. Prudhoe Bay (PB) study area: location of the transect and sampling si
LiDAR scanning to develop a high-resolution DEM. We also analyzed
the photographs of frozen cores from 80 boreholes within 20 plots
representing various terrain units, which had been sampled in spring
1963 along the 2.1-km-long CRREL transect located near Barrow
(Fig. 1) (Brown and Johnson, 1965; Brown, 1969).
3.2. Soil, ground ice, and stable isotopes

To study frozen soil and ground ice, 167 boreholes up to 4 m deep
were drilled with a SIPRE corer (7.5 and 5.0 cm in diameter). In PB, 56
boreholes were drilled in early June 2011 and 57 boreholes in late July
2012 (a total of 113 boreholes); in BW, 54 boreholes were drilled in
late July–early August 2012. Some of these boreholes were drilled across
ice wedges to evaluate ice-wedge dimensions. Massive ground-ice bod-
ies and cryostructures (patterns formed by ice inclusions in the frozen
soil) were described using classifications adapted from Russian and
North American literature (French and Shur, 2010; Kanevskiy et al.,
2013). More than 180 core samples (94 in PB, 90 in BW) were taken to
estimate gravimetric and volumetricmoisture contents (GMCandVMC).

To estimate ice-wedge content, we used methods described by
Kanevskiy et al. (2013) and Jorgenson et al. (2015). To estimate ice-
wedge length, the center lines of ice-wedge troughs were manually
interpreted and delineated on high-resolution imagery for PB (14 July
2009) and BW (GeoEye 11 July 2012) using ArcMap software (ESRI,
tes projected on 2009 airphoto, with 1982 waterbodies outlined in red.



Fig. 3. Barrow (BW) study area: location of sampling sites along the transect.
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Redlands, CA). Waterbodies were also delineated during the interpreta-
tion. The length of the segments within three 1-ha areas were then to-
taled. We estimated ice-wedge cross section dimensions from the
coring profiles. Volume was then calculated as length × cross-sectional
area.

For oxygen and hydrogen isotopic composition (δ18O and δ2H), sam-
ples of different types of ground ice and surface water were analyzed at
the Alaska Stable Isotope Facility at the University of Alaska Fairbanks
using standard mass spectrometry method. Stable hydrogen and
oxygen isotopic compositions were expressed as delta values in per mil
(‰) relative to the Vienna Standard Mean Ocean Water (VSMOW).
The results are presented by relating δ18O and δ2H values to the Global
Meteoric Water Line (GMWL) (Craig, 1961). The lowest δ18O and δ2H
values correspond to the coldest temperatures at the time of ice forma-
tion. Radiocarbon dating was performed by the National Ocean Sciences
AMS Facility, Woods Hole Oceanographic Institution, on seven samples
obtained from the BW study area.

3.3. Environmental factors

Environmental factors evaluated during our study included
microtopography, water and snow depths, depths of seasonal thaw,
air and soil temperatures, and vegetation. Ground- and water-surface
elevations were measured with 1-m spacing along 250-m transects
using an autolevel and rod at 1-cm resolution. Thaw depths were mea-
sured every 1 m to the nearest 1 cm and used to calculate permafrost
table elevations. Detailed microtopography surveys were performed
using ground-based LiDAR scanning with a laser scanner (IS 3″ Image
Station, Topcon, Inc.). Additionally, in the PB study area, ground-surface
elevations, water levels, snow depths, and air and soil temperatures
were measured periodically; methods were described by Jorgenson
et al. (2015).

Vegetation cover at both study areas was described at the 18 inten-
sive plots using the point-intercept method. Plots had variable sizes
(5 m long by 0.4, 1, or 2 m wide) to accommodate the varying width
of the troughs. At 100 points per plot, thefirst occurrence of each species
intercepted by a laser pointer was recorded, thus each hit had a value of
1% cover. After point sampling, the plots were examined for additional
species and a trace value (0.1%) assigned to species that were present
but not captured in the point sampling. For the purposes of this study,
we report only the dominant species that are associated with each
stage of ice-wedge degradation/stabilization and use the nomenclature
of the PLANTS Database (https://plants.usda.gov) of the Natural
Resource Conservation Service (USDA).

3.4. Development of conceptual model

To integrate and synthesize the variability in the data and patterns
we observed, we developed a new conceptual model of ice-wedge
degradation and stabilization that illustrates ice-wedge spatial relation-
ships with the active layer and the upper permafrost, surface topogra-
phy, and vegetation. The cross-sectional diagrams illustrate how these
properties vary with the various degradation and stabilization phases.
For each stage, we estimate or describe the duration of the stage
(years), water depths, ice-wedge and thermokarst-cave ice characteris-
tics, thickness of the intermediate layer, and dominant vegetation.

https://plants.usda.gov
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3.5. Risk analysis

Estimation of a risk of ice-wedge degradation is based on evaluation
of thickness and properties of soil layers overlying ice wedges
(Kanevskiy et al., 2016), which include active, transient, and intermedi-
ate layers. The transient and intermediate layers comprise the transition
zone of the upper permafrost; the transient layer forms as a result of
interannual variations in the active-layer thickness (ALT), and the ice-
rich intermediate layer forms as a result of a gradual decrease in the
ALT, commonly caused by organic accumulation (Shur, 1988a, 1988b;
Shur et al., 2005, 2011; French and Shur, 2010).

For the risk assessment, we consider the three protective layers (PL)
of frozen soils above ice wedges (Fig. 4A): PL1 (total thickness of frozen
soil above the ice wedge, which includes the frozen part of the active
layer, transient layer, and intermediate layer); PL2 (includes transient
and intermediate layers), and PL3 (intermediate layer). This color-
coded system of risk evaluation (Fig. 4B) includes six risk levels, from
bright red (risk level 1, the highest) to dark green (risk level 6, the
lowest) (Kanevskiy et al., 2016). The two highest risk levels are related
to currently degrading wedges. The difference between them is deter-
mined by the activity of degradation: while the first risk level refers to
active degradation with significant thawing of ice wedges, the second
level corresponds to slow degradation when the depth of seasonal
thawing can reach the top surface of ice wedges only at the end of a
warm season. The third risk level is related to ice wedges that are not
currently degrading, but the protective layer is so thin that degradation
Fig. 4. Estimation of risk of ice-wedgedegradation. (A) Protective layers of frozen soils preventin
Alaska based on thicknesses of protective layers (modified from Kanevskiy et al., 2016).
can start very easily, and some parts of the studied wedges that belong
to this categorymay already have undergone degradation at the time of
this study.

4. Results

4.1. Soil, ground ice, and stable isotopes

Structure and properties of frozen soils and ground ice were stud-
ied at 113 boreholes up to 3.5 m deep at PB and at 54 boreholes up to
4.1 m deep at BW. Below we summarize soil stratigraphy within
polygon centers that represent the main surficial deposits, ice-
wedge dimensions and volume, the thickness of the protective layers
formed by soils above the ice wedges, and stable isotopes concentra-
tions in the ground ice. Characteristics are compared between study
areas. Additionally, we compare the data on protective layer thick-
nesses from these areas with the data obtained from the 2.1-km-
long CRREL transect (Fig. 1), where 80 boreholes ~1.0 m deep were
drilled in spring 1963 (Brown and Johnson, 1965; Brown, 1969;
Hinkel et al., 1996); thicknesses of protective layers above the ice
wedges are estimated for this transect based on analysis of the pho-
tographs of frozen cores.

Soil stratigraphy and cryostructures in the centers of ice-wedge
polygons at PB and BW were determined by detailed description of
cores from three boreholes at each site (Figs. 5 and 6). At PB, the
upper permafrost at these boreholes was composed mostly of organic-
gwedge ice from thawing; (B) evaluation of risk of the ice-wedge degradation for northern
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mineral soils (organic silts with peat inclusions), which we interpret to
be of lacustrine origin, ~2.5m thick. Gravel inclusionswere encountered
from 1.3 m (borehole PB-HC3-256) and ~2.0 m (PB-HC1-156 and
PB-HC2-80). Coarse mineral soils (gravelly sands with some peat inclu-
sions) were encountered at ~2.5 m in boreholes PB-HC1-156 and
PB-HC2-80. The most common cryostructures for organic silt and
mineral soils were ataxitic and reticulate, with numerous horizontal
ice layers (belts) up to 3 cm thick; organic-matrix cryostructure was
observed in peat.

At BW, the upper permafrost in boreholes BW-HC1, BW-HC2, and
BW-HC3was composedmostly of silty sandswith numerous peat layers
and inclusions and occasional gravel inclusions. The most common
cryostructures were ataxitic (in mineral soils) and organic-matrix
(in peat). Age of studied deposits at BW varied from ~4300 (at 0.7 m)
Fig. 5. Cryostratigraphy and moisture contents of the active layer and u
to 10,500 C14 y BP (at 3.8 m) in BW-HC3; similar dates were obtained
in BW-HC1 (Fig. 6). Gravimetric (GMC) and volumetric (VMC)moisture
contents of soils were determined for these boreholes (Figs. 5 and 6). At
PB, average values for the permanently frozen soils were very high:
GMC = 235.4% (n = 27), and VMC = 82.5% (n = 25). At BW, average
values for the permanently frozen soils were slightly lower: GMC =
141.0%, and VMC = 78.4% (n = 39).

Massive ground ice (wedge ice and thermokarst-cave ice) was
encountered in 83 of 113 (73.4%) boreholes at PB (Table S1) and in 44
of 54 (81.5%) boreholes at BW (Table S2). At the CRREL transect near
Barrow, ice wedges were encountered in 22 of 80 (27.5%) boreholes
(Table S3), but if we exclude plots 14 to 25 (with elevations b2.5 m and
rare ice wedges), this value increases to 37.5% (21 boreholes of 56). At
PB, profiles across and along ice-wedge troughs (Figs. 7, S2, and S3)
pper permafrost, Prudhoe Bay study area (for locations, see Fig. 2).



Fig. 6. Cryostratigraphy and moisture contents of the active layer and upper permafrost, Barrow study area (for locations, see Fig. 3).
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reveal that a width of wedges varied from 1.5 to 3.5 m, and their vertical
extent was ~3m. At BW, profiles across ice-wedge troughs are shown in
Figs. 8, S4; width of ice wedges in this area varied from 2 to 9 m. At PB,
mean ice wedge volume in the upper 3 m of permafrost (as % of layer
volume) was 21.5 ± 6.3% (±SD), calculated from their average cumu-
lative length of 1406 ± 39 m/ha determined from air photos and a
cross-sectional area of 5.1 ± 1.5 m2 determined from coring five
wedges (Jorgenson et al., 2015). At BW, mean ice-wedge volume in
the upper permafrost was ~36% (calculated according to Kanevskiy
et al., 2013), assuming that the average ice-wedge width was ~5 m
(n = 4, see Fig. 8), and the average size of polygons was ~12 m (n =
10, Fig. 3). Thermokarst-cave ice occurred in 26.5% and 13.0% of



Fig. 7.Cross sections of icewedges, Prudhoe Bay study area (for location of profiles, see Figs. 2 and S2) (modified from Jorgenson et al., 2015). Stages of ice-wedge degradation/stabilization
are labeled according to Fig. 12, Table 1.
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Fig. 8. Cross sections of ice wedges, Barrow study area (for location of profiles, see Figs. 3 and S3). Stages of ice-wedge degradation/stabilization are labeled according to Fig. 12, Table 1.
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boreholes at PB and BW respectively (Tables S1 and S2); it was more
often encountered at SI and SA sites (within or adjacent to ice wedges
at various stages of stabilization).

In many cases, massive-ice bodies were protected by the frozen in-
termediate layer (IL) of the upper permafrost, up to 84 (PB), 70 (BW),
and 36 cm (CRREL transect) thick, with an average thickness of 8.6
(PB), 13.3 (BW), and 6.6 cm (CRREL transect) (Tables S1, S2, and S3).
The IL tended to be thinner at PB (b1 cm in N45% of boreholes),
compared to BW (Fig. 9), where thickness intervals of 2–5, 6−10, and
11−20 cm were more common (N20% each), and IL b1 cm thick was
encountered in only 11% of boreholes. At the CRREL transect near
Barrow, IL b1 cm thick was detected in the 1963 photographs in ~41%
of boreholes, and a thickness interval of 11−20 cm was also common
(~27%).

Stable isotopic composition of ground ice and surface water was an-
alyzed for 47 samples collected from PB and 22 from BW (Table S4,
Fig. 10). Most of the samples were obtained from ice wedges (n = 38)
and thermokarst-cave ice (n = 12), with fewer samples from
thermokarst-cave ice dissected by ice veins (n = 6), segregated ice
(n = 6), and water from thermokarst troughs (n = 7). Mean values of
δ18O isotope for ice wedges were −23.4 ± 2.1‰ for PB (n = 23) and
−21.3 ± 1.4‰ for BW (n = 15). Mean δ18O values for thermokarst-
cave ice were −19.1 ± 2.5‰ for PB (n = 11) and −18.1 ± 1.7‰ for
BW (n = 2). Mean δ18O value for thermokarst-cave ice dissected by
ice veinswas−20.3±3.7‰ at PB (n=6); these values look reasonable
for samples that contain wedge and thermokarst-cave ice. Mean δ18O
values for segregated ice were −15.9 ± 2.6‰ for PB (n = 4) and
−15.8‰ for BW (n = 1). Mean δ18O values of standing water from
the ice-wedge troughs were much lower at PB (−16.0 ± 0.9‰, n = 3,
sampled in June) than in BW (−10.1 ± 4.5‰, n = 4, sampled in
August). While for sites BW-DA1, −DA2, and -DA3 the δ18O values of
standing water varied from −7.0 to −8.7‰, the value for BW-DA6
was−16.8‰ (Table S4).

4.2. Environmental factors

Environmental factors that affect the degradation of ice wedges are
those that control the thickness of the active layer. They include air
temperature, precipitation, ground temperature, microtopography,
water depth, snow thickness, and vegetation.

At PB, annual mean air temperature measured at our transect at
1.5 m aboveground during the 2012 hydrologic year (September 2011
to August 2012) was −10.6 °C (Jorgenson et al., 2015). Climatic data
from NOAA summarized for the 1981−2010 period (Alaska Climate



Fig. 9.Occurrence of differing thickness intervals of the intermediate layer across all cores that encounteredmassive-ice bodies (wedge ice and/or TCI), Prudhoe Bay (PB – 2011, 2012) and
Barrow (BW – 2012, CRREL – 1963) study areas in northern Alaska.
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Research Center, http://climate.gi.alaska.edu/Climate/Normals)
show that mean annual air temperature (MAAT) at Prudhoe Bay was
−11.1 °C, annual precipitation 102.6 mm, and annual snowfall
85.6 cm. At Barrow, MAAT was −11.2 °C, annual precipitation
115.1 mm, and annual snowfall 95.8 cm. Though MAAT at Prudhoe
Bay and Barrow were almost equal, significant seasonal differences
Fig. 10. δ18O–δ2H diagram for different types of ground ice and surface water in PB and BW stu
buried ice wedges (n = 121) and segregated ice (n = 15) obtained from the Buried Ice-Wedg
in air temperatures existed between these areas. Freezing index
atBarrow, averaged for the 1981−2010 period, was −4424.0 °C-day,
while thawing index was 335.8 °C-day. At Prudhoe Bay, these indexes
were−4637.6 °C-day and593.3 °C-day, correspondingly,which indicates
warmer summers and somewhat colder winters in comparison with
Barrow.
dy areas. Blue line represents the Global Meteoric Water Line (GMWL). Average values for
e Tunnel in Barrow (Meyer et al., 2010) are marked with X and O, correspondingly.

http://climate.gi.alaska.edu/Climate/Normals


Fig. 11. Cross sections of the sampling transects. Top – Prudhoe Bay, PB study area, June 2011–August 2014 (based upon Jorgenson et al., 2015); bottom – Barrow, BW study area, early
August 2012.
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At PB, annual mean surface temperatures measured along the tran-
sect during 2012 varied significantly among degradation/stabilization
stages: from−6.2 °C (UD) to−1.3 °C (DA). Annual mean ground tem-
perature measured at 50 cm below the surface (near the permafrost
table) had similar trends, ranging from −7.3 °C (UD) to −3.5 °C (DA)
(Jorgenson et al., 2015). In the adjacent area (Deadhorse site,
N70.161283 W148.4653), mean annual ground temperature (MAGT)
measured at 20-m depth had increased during the last decades from
−8.7 °C (1978) to −5.6 °C (2015); more rapid increase in MAGT
started in 1993 (Romanovsky et al., 2016). The MAGT at the Barrow
site (N71.309033 W156.661517) measured at the 20-m depth had
increased from −9.1 °C (2003) to−8.5 °C (2015) (Romanovsky et al.,
2016).

Measurements of seasonal thaw were performed every 1 m along
the 250-m PB transect several times in 2012–2015 (Table S5). These
measurements revealed relatively small interannual differences in the
ALT: mean thaw depth was 56.2 cm on 29 August 2012, 59.0 cm on
2 September 2013, and 58.7 cm on 16 September 2015. Increase in
thaw depth measured between 7 August and 16 September 2015 was
b2 cm, butmeasurements performed in 2012 revealed a very significant
(almost 13 cm) increase in thaw depth between 26 July and 29 August.
Comparison of average thaw depths measured on 11 August 2014 and
7 August 2015 showed that in 2014 (very cold summer) thaw depth
was ~7 cm (~12%) shallower than in 2015 (Table S5). At BW, thaw
depths along the 250-m transect were measured only once (29 July
2012), and the mean thaw depth value at that time was 35.3 cm. At
the CRREL transect near Barrow, the mean ALT values in 1962–2014
varied from 23 to 40 cm; in 2012, it was 38 cm (Brown et al., 2015).
According to this study, maximum summer thaw in Barrow generally
occurs by mid-August.

Similarly to air and ground temperatures, active-layer thicknesses
also varied among stages. At PB, mean thaw depths in late July 2012
were significantly lower in UD (43.5 cm) and DI (39.7 cm) compared
to DA (52.3 cm), SI (46.4 cm), SA (51.6 cm), and polygon centers
(59.0 cm); similarly, mean snow depths were much deeper in DA
(52.2 cm) compared to UD (31.8 cm) (Jorgenson et al., 2015). At BW,
mean thaw depths in late July – early August 2012 in UD (32.7 cm)
and SA (32.5 cm) were significantly lower than in DA (50.3 cm); values
for DI and SI stages were intermediate (~40 cm).

Microtopography at PB and BW is characterized by abundant
thermokarst troughs over degrading ice wedges (Fig. 11). At PB, the
maximum depths of the larger troughs associatedwith DA stage tended
to be 0.5 to 0.9 m below the adjacent polygon centers (water depths
varied from 0.3 to 0.5 m), the widths of these troughs at the top tended
to be 1 to 4 m, and the tops of the polygons tended to be 8 to 15 m
across. At BW, the maximum depths of the larger troughs associated
with DA tended to be 0.8 to 1.1 m below the adjacent polygon centers,
the widths of troughs at the top tended to be 3 to 8 m, and the polygon
centers tended to be 6 to 12 m across.

Surface water was commonly impounded in thermokarst troughs
and pits as indicated by the topographic profiles for PB and BW
(Fig. 11). At PB, mapping of surface water found that water covered
7.5% of the study area in 2012 (Figs. 2, S18, and S20). Jorgenson et al.
(2015) delineated thermokarst troughs around the PB transect using
aerial photos (time series of eight images from 1949 to 2012) and
found that the area occupied by water-filled troughs increased from



Fig. 12. Stages of ice-wedge degradation and stabilization.
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0.9 to 1.5% in 1949–1988 and from 1.5 to 7.5% in 1988–2012 (Figs. S18
and S20). They attributed the recent ice-wedgedegradation to extreme-
ly warm and wet summers in 1989 and 1998. As a result of ice-wedge
degradation, many of the low-centered polygons visible on 1949 aerial
photos have transformed into high-centered or transitional (from low-
to high-centered) ice-wedge polygons; the latter are characterized
by deep troughs surrounded by elevated rims. Similar trends were
detected at the adjacent Colleen site A, located ~2 km southwest of
our transect within the same lake basin; this site was strongly affected
by road construction and heavy traffic along Spine Road (Walker et al.,
2014, 2015; Buchhorn et al., 2016; Kanevskiy et al., 2016). Widespread
degradation of ice wedges has been observed for decades in the larger
area of the Prudhoe Bay Oilfield (Raynolds et al., 2014).

Surface water covered only 1.2% of the BW study area in 2014
(Figs. 3, S19, and S20). Unlike PB, this area is characterized by high-
centered polygons, which formed as a result of large-scale ice-wedge
degradation that happenedmany decades ago. Analysis of aerial photos
shows that since 1948 processes of ice-wedge degradation/stabilization
have affected various parts of this area but have not changed the type of
terrain: relatively well drained high-centered polygons with deep
troughs existed in 1948 and in 2014, when randomly distributed
water bodies occupied 2.8 and 1.2% correspondingly. The last cycle of
degradation/stabilization occurred at BW in the 1950s–2000s; during
this cycle, the area of water-filled troughs reached 13% in 1955 and
stayed at the very high level until the late 1990s with a following
decrease from 12.8 to 1.4% in 1997–2005 (Figs. S19 and S20).

Vegetation composition varied widely among stages at PB and BW.
At PB (Jorgenson et al., 2015), vegetation was similar for central parts
of high-centered polygons (HC) and UD sites, where dwarf shrubs
(Dryas integrifolia, Salix arctica, and Salix richardsonii) were abundant.
The DI stage was dominated by sedges (Eriophorum angustifolium and
Carex bigelowii). By the DA stage, a large shift to the aquatic calcareous
mosses (Calliergon giganteum and Scorpidium scorpioides) and aquatic
forbs (Utricularia vulgaris and Hippuris vulgaris) occurred. At the SI
stage, aquatic sedges (Carex aquatilis and E. angustifolium) dominated.
The SA stage had abundant dwarf shrubs similar to UD, but differed
from the latter by the abundance of the sedge Carex membranacea. At
BW, the HC sites were dominated by dwarf shrubs (Salix pulchra,
S. rotundifolia), graminoids (Luzula confusa, Poa arctica), and lichens
(Dactylina arctica, Thamnolia vermicularis); whereas UD was dominated
by graminoids (Arctagrostis latifolia, Poa arctica, Eriophorum scheuchzeri,
Carex aquatilis) andmosses (Dicranum elongatum, Sphagnum fimbriatum).
The DI stage was dominated by grasses (Alopecurus alpinus, Poa arctica),
sedges (Carex aquatilis, Luzula confusa), and Sphagnum mosses. The DA
stage was dominated by aquatic graminoids (Arctophila fulva, C. aquatilis,
Dupontia fisheri) andmosses (Calliergon richardsonii, C. giganteum). The SI
stage was dominated by aquatic graminoids (C. aquatilis, Eriophorum
scheuchzeri,D. fisheri) andmore abundantmosses (Calliergon richardsonii,
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Warnstorfia exannulata, Sphagnum squarrosum). By the SA stage, the
dominant species were similar, but a diversity of species was much
higher. We attribute the large difference in species between PB and BW
to PB having carbonate-rich soils and BW having acidic soils.

4.3. Stages of ice-wedge degradation and stabilization

Based on our field data and observation, we modified previous
conceptual models depicting stages of ice-wedge degradation and
stabilization (Jorgenson et al., 2006, 2015; Raynolds et al., 2014). The
following charts (Fig. 12) reflect our contemporary understanding of
these processes. Characteristics of the main stages of the ice-wedge
degradation and stabilization are presented in Table 1, based in part
on the quantitative characteristics of sites (Tables S1 and S2) and
descriptions of vegetation. Within our PB and BW study areas, we
could detect most of the stages except SI3, SI4, SA3, and SA4. Thus,
these four stages were presented in Fig. 12 and Table 1 based not on
real data but on our general comprehension of degradation/stabilization
processes.

Typically, undisturbed ice wedges (UD) are mostly active (currently
growing) and protected by a well-developed intermediate layer
(Tables S1 and S2). Usually these wedges form low-centered or flat-
centered ice-wedge polygons. Typical cross sections of undisturbed ice
wedges are shown in Fig. 7 (PB, profile UD2), and Fig. 8 (BW, profile
UD2); photographs of the individual cores are shown in Fig. S5.

The initial degradation stage (D1), which corresponds to DI (Jorgenson
et al., 2006, 2015), is characterized by complete degradation of the orig-
inal intermediate layer with formation of shallow thermokarst troughs,
which are mostly dry or periodically filled with shallow water. We
presume that during this stage the formation of ice wedges is not
interrupted, and despite a partial degradation of ice wedges from
the top, lateral growth of wedges continues. Cross sections across
the troughs above the actively degrading wedges (D1 stage) at PB are
shown in Fig. 7 (borehole DI2-300 in the profile DI2, central part of the
profile SA18); photographs of the individual cores are shown in Fig. S6.
This stage can be easily reversed to SI1 (and then to SA1); in many
cases, such transitions can be difficult to detect. When the IL thickness
is very small, further transformations of the ice wedge can go both
ways –– to degradation or stabilization, depending on climate fluctua-
tions or vegetation succession.

The advanced degradation stage (D2), which corresponds to DA
(Jorgenson et al., 2006, 2015), is characterized by active melting of ice
wedges and formation of large troughs filled with water (or ice in the
winter). The intermediate layer is totally degraded. Cross sections across
the troughs above the actively degrading wedge (D2 stage) at PB are
shown in Fig. 7 (profile DA1); photographs of the individual cores are
shown in Fig. S7.

During the progressive degradation stage (D3), deep degradation of
ice wedges occurs with formation of large and deep ponds connected
with underground cavities whose development was triggered either
by running or standingwater; large niches can formas a result of expan-
sion of deep ponds beyond the ice wedge boundaries. This stage is not
common for our study areas, and we have detected it only once (BW,
site DA6, Figs. S12–S16). Inmost cases, ice-wedge degradation terminates
at stages D1 or D2.

Further development of deep thermokarst ponds potentially leads to
complete degradation (D4) of ice wedges that affects the central parts of
polygons as well. As a result, initial ponds can transform into larger
thaw lakes. While truncated ice wedges can still exist under shallow
lakes, an increase in water depth eventually leads to talik formation
and complete degradation of ice wedges. Further expansion of large
thaw lakes occurs mainly through formation of thermoerosional niches
caused by wave activity but may be prevented by the lake drainage,
which leads to refreezing of the talik. We presume that under current
climatic conditions transformation from D3 to D4 occurs very seldom.
We have not detected stage D4 at our study sites, but old thermokarst
ponds in the adjacent areas (e.g., large ponds visible in Fig. 2) probably
represent this stage.

The initial stabilization stage (SI1) for wedges slightly degraded during
stage D1 is characterized by shallow, relatively dry troughs. It startswith
IL recovery accompanied by further development of ice wedges. Transi-
tions between SI1 andD1 are easily reversible, and drilling is required to
distinguish this stage from D1. Cross sections across the wedges at the
stage of initial stabilization SI1 for PB andBWare shown in Fig. 7 (profile
SI1, part of profile SA1) and Fig. 8 (profile DS2), correspondingly; photo-
graphs of the individual cores are shown in Fig. S8.

The initial stabilization stage (SI2) for wedges that have degraded
during stage D2 starts with IL recovery and/or TCI bodies formation
under the water-filled troughs. It is triggered by either organic accumu-
lation or by drainage of thermokarst ponds. Cross sections across
the wedges at the stage of initial stabilization SI2 for PB are shown in
Figs. 7 (profile SA2) and S3; photographs of the individual cores are
shown in Fig. S9.

The initial stabilization stage (SI3) for wedges that have degraded
during stage D3 is usually triggered by partial drainage of deep troughs
and ponds. At this stage, residual shallow ponds still occur in deep
troughs. During this stage, the IL recovery begins, but ice-wedge forma-
tion is not very active.

The initial stabilization stage (SI4) after complete degradation of ice
wedges (stage D4) includes two substages (Fig. 12). Substage SI4a starts
with partial drainage of the thaw lake and freezing of the talik. Substage
SI4b includes further decrease in water depth, continuing accumulation
of lacustrine sediments with formation of syngenetic permafrost, and
initial subaquatic development of thin ice wedges.

The advanced stabilization stage (SA1) for wedges slightly degraded
during stage D1 is characterized by recovery of IL and continuing
development of existing ice wedges, and it is difficult to distinguish
this stage from UD. Cross sections across the wedges at stage SA1
for PB and BW are shown in Fig. 7 (right part of profile SA1) and Fig. 8
(profiles DS1 and SA4), correspondingly; photographs of the individual
cores are shown in Fig. S10.

The advanced stabilization stage (SA2) forwedges,which have degraded
during stage D2 is characterized by draining of troughs, further accumu-
lation of organic matter in troughs, active development of the IL, whose
thickness usually exceeds that of UD, and formation of ice wedges that
penetrate into older ice wedges previously affected by degradation.
Cross sections across the wedges at stage SA2 for PB and BW are
shown in Fig. 7 (profiles DI2, SA18) and Fig. 8 (right part of profile
UD2), correspondingly; photographs of the individual cores are shown
in Fig. S11.

The advanced stabilization stage (SA3) for wedges that have degraded
during stage D3 includes three substages (Fig. 12). Substage SA3a is
characterized by wet troughs with shallow water, further development
of the IL, and active formation of young ice wedges within the IL and/or
large TCI bodies; these wedges can penetrate into old degraded ice
wedges. Substage SA3b is characterized by draining of troughs, decrease
in the ALT and depth of troughs caused by moss accumulation, and
further development of the IL and ice wedges. Substage SA3c is charac-
terized by filling troughswith organic soils and widening of ice wedges.

The advanced stabilization stage (SA4) forwedges that have completely
degraded during stage D4 includes three substages (Fig. 12). Substage
SA4a is characterized by further development of new ice wedges with
emergence of ridges above the water level. Substage SA4b is character-
ized by formation of low-centered polygonswithwell-developed ridges
and deep intrapolygonal ponds, accumulation of terrestrial peat, and
decrease in the ALT within elevated ridges. Substage SA4c is character-
ized by widening of ice wedges, accumulation of organic soils, and
decrease in water depth in intrapolygonal ponds that eventually
leads to decrease in the ALT, permafrost aggradation and frost heave
of organic soils, and vanishing of ponds.

The occurrence of TCI bodies (Fig. S17) depends on the depth of ice-
wedge degradation and is common at SI2, SI3, SA2, and SA3 stages



Table 1
Main stages of ice-wedge degradation and stabilization and their characteristics (see Fig. 12).

Stage Duration, years Water, cm Ice wedges (IW) Intermediate layer (IL),
average thickness, cm

Thermokarst-cave ice (TCI) Vegetation

UD – undisturbed ice wedges Variable 0 Undisturbed ice wedges Undisturbed
PB: 8.6 (n = 9)
BW: 7.2 (n = 9)

Relict TCI bodies occasionally occur (formed
during previous degradation events)

Dwarf shrubs (PB)
Graminoids and mosses (BW)

D1 – initial degradation b10 b10 Ice wedges melt with thaw subsidence up
to 20–30 cm; wedges continue growing
laterally

Total degradation
PB: 0.8 (n = 10)
BW: 0.0 (n = 1)

Partial degradation of relict TCI bodies Dwarf shrubs, sedges (PB)
Grasses, sedges, sphagnum(BW)

D2 – advanced degradation) b10–10s 10s Degradation with thaw subsidence up to
100 cm

Total degradation
PB: 0.5 (n = 4)
BW: 0.0 (n = 3)

Small cavities on top of ice wedges filled with
water; partial or total degradation of relict TCI
bodies

Calcareous aquatic mosses, forbs (PB)
Aquatic graminoids and mosses (BW)

D3 – progressive degradation b10–10s 10s–100 Degradation with thaw subsidence up to
200 cm

Total degradation Cavities filled with water may form deep niches
outside the boundaries of IW; total degradation
of relict TCI bodies

Calcareous aquatic mosses, forbs (PB)
Aquatic graminoids and mosses (BW)

D4 – complete degradation 10s–100s 100s Total degradation with thaw subsidence of
N300 cm, which affects the central parts of
polygons as well

Total degradation Total degradation of relict TCI bodies No vegetation

SI1– initial stabilization b10 0 Wedges continue growing laterally Initial recovery
PB: 0.8 (n = 16)
BW: 5.8 (n = 4)

Relict TCI bodies occasionally occur (formed
during a previous degradation cycle)

Dwarf shrubs, sedges (PB)
Grasses, sedges, sphagnum (BW)

SI2 – initial stabilization b10–10s 0 to 10s Formation of IW is possible if the water
depth is b20–30 cm

Initial recovery
PB: 0.0 (n = 8)
BW: 6.7 (n = 6)

Relatively small TCI bodies may form Aquatic sedges (PB)
Aquatic graminoids and mosses (BW)

SI3 – initial stabilization 10 s b10 to 10s Formation of IW is not active but possible if
the water depth is b20–30 cm

Initial recovery Formation of TCI bodies is common Aquatic sedges (PB)
Aquatic graminoids and mosses (BW)

SI4 – initial stabilization 10s–100s b10 to 10s Initial sub-aquatic IW formation Totally degraded No TCI bodies can form Not recorded: likely Arctophila fulva,
Carex aquatilis

SA1 – advanced stabilization b10–10s 0 Wedges continue growing laterally and
vertically (in the recovering intermediate
layer)

Recovery
PB: 5.6 (n = 8)
BW: 16.5 (n = 12)

Relict TCI bodies occasionally occur (formed
during a previous degradation cycle)

Dwarf shrubs, sedges (PB)
Graminoids and mosses (BW)

SA2 – advanced stabilization 10s–100s 0 Formation of young IWwithin IL and/or TCI Recovery
PB: 20.3 (n = 28)
BW: 29.4 (n = 9)

Preservation of TCI bodies under the developing IL Sedges (PB)
Aquatic graminoids and mosses (BW)

SA3 – advanced stabilization 100s 0 Formation of young IW within IL and/or
TCI

Recovery Preservation of TCI bodies under the developing IL Not recorded: likely similar to SA2

SA4 – advanced stabilization 1000s 0 Sub-aquatic IW formation transforms
into sub-aerial

Formation of the IL along with
the rise of the permafrost table

No TCI bodies can form Not recorded: likely similar to SA2
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(Fig. 12, Table 1).We do not have a clear explanation of the formation of
TCI bodies located right below the permafrost table, which were
frequently encountered during our study at the PB area (Figs. 7, S3).
We presume that some of these bodies could form in underground
thermoerosional cavities developed inside eroded ice wedges at signif-
icant depth, and their present-day location right below the permafrost
table may be related to subsequent thermokarst, which has affected
the top parts of ice wedges after TCI formation. Otherwise, the water-
filled cavities could originally form at the permafrost table as a result
of thermokarst or thermal erosion, but the upper soil (the AL) in some
places was protected from collapse by the vegetation mat. Further
vegetation growth and soil accumulation on the surface resulted in
permanent freezing of these shallow water bodies.

Identification of stages of ice-wedge degradation/stabilization
during the field studies may be confused by occurrence of secondary
ice wedges developing in the intermediate layer. Our experience
shows that in two adjacent boreholes the thicknesses of the IL above
the ice wedge can be completely different because one of them may
encounter a new generation wedge, while another may miss it and
encounter only the old wedge. Thus, only drilling of numerous bore-
holes across the same ice wedge can solve this problem. For example,
in the borehole SA2 (PB study area, Table S1) the IL thickness was
84 cm, while no IL was detected in the adjacent SA2-B borehole,
which was located in the same ice-wedge trough. In the BW study
area (Table S3), the IL thickness in the borehole SA3 was 70 cm, while
in the adjacent SA3-main borehole itwas only 2 cm. Similarly, a second-
ary ice wedge in the IL was detected in profile DI2 (PB study area); this
thin ice wedge experienced degradation, which did not affect the
primary wedge protected by the IL (Fig. 7, note a narrow water-filled
trough on top of the secondary wedge). Evidence of secondary ice-
wedge formation inside the TCI bodies were detected in profiles SA2
and DI2 (PB study area, Fig. 7) and UD2 (BW study area, Fig. 8).

The estimated duration of different stages of the ice-wedge degrada-
tion and stabilization process (Table 1, second column) cannot be pre-
cise. Under certain conditions, transition from UD (or D1) to D3 may
Table 2
Average thicknesses of protective layers above massive-ice bodies for different stages of ice-we
degradation were estimated according to Fig. 4 (from 1: active degradation to 6: very low risk

Stage of degradation/stabilization Number of
bore-holes,
n

Water depth,
cm

Thaw depth,a cm

Prudhoe Bay, PB
Undisturbed wedges (UD) 9 – [37.3]

(n = 3)
Degradation initial (D1) 10 – [33.6]

(n = 5)
Degradation advanced (D2) 4 53.3 –
Stabilization initial (SI1) 16 – [45.0]

(n = 3)
Stabilization initial (SI2) 8 3.3 –
Stabilization advanced (SA1) 8 – [43.3]

(n = 4)
Stabilization advanced (SA2) 28 – [44.1]

(n = 24)
Total 83 – [42.2]

(n = 39)

Barrow, BW
Undisturbed wedges (UD) 9 – 32.7
Degradation initial (D1) 1 2.0 40.0
Degradation advanced (D2) 3 13.0 50.3
Stabilization initial (SI1) 4 – 38.0
Stabilization initial (SI2) 6 3.7 40.8
Stabilization advanced (SA1) 12 – 27.3
Stabilization advanced (SA2) 9 – 37.7
Total 44 – 35.7

a For Prudhoe Bay, average values of thaw depths and PL1 thicknesses were calculated only
b Top of the intermediate layer (based on the analysis of cryostructures).
c Thickness of frozen soil layer on top of massive ice bodies on the day of drilling (includes t
happen very fast. For example, our study of the development of the
large pond with the deep thermoerosional niche (BW study area, site
DA6, Figs. S12–S16) revealed that this pond did not exist in 2010 (see
GoogleEarth image from 20 July 2010 in Fig. S16), while in August
2012 it was already ~3 m wide (Figs. S12, S14), and by September
2015 itswidth reachedalmost 6m(Figs. S13, S15); note that photographs
in Figs. S12 (top)/S13 and S14/S15 were taken from approximately
the same vantage points. In August 2012, the actively developing
thermoerosional niche was 170 to 220 cm deep (Fig. S12). In September
2015, no thermoerosional niche or exposed permafrost could be
observed, and the pond looked relatively stable. We cannot explain
what triggered such fast pond development, but we can speculate that
it started when the ice-rich permafrost was exposed by thermal erosion.
4.4. Evaluation of risk of ice-wedge degradation

Evaluation of the risk of ice-wedge degradation requires information
on the thickness and properties of soil layers overlaying and protecting
ice wedges (Fig. 4A). Especially important is the information on thick-
ness of the intermediate layer (PL3), which facilitates the long-term
stability of ice wedges. According to the color-coded system of risk
evaluation (Fig. 4B), we evaluated risk levels for different stages of ice-
wedge degradation/stabilization at the two study sites in northern
Alaska (Table 2) based on the average thicknesses of protective layers
above massive-ice bodies (including ice wedges and TCI bodies). For
the PB study area, overall risk level is considered moderate (PL3 =
8.6 cm),while at the BWsites risk of degradation ranged frommoderate
to low (PL3= 13.3 cm) (Table 2, Fig. 9). As expected, levels of risk in all
study areas strongly depend on stages of ice-wedge degradation/
stabilization:while icewedges atUD, SA1, and SA2 stageswere relative-
ly well protected by the intermediate layer (PL3), most of thewedges at
D1 andD2 stages had no protection. The data on SI1 and SI2 stageswere
inconsistent: almost no protection was detected at the PB study area
(very high risk of degradation, despite some surficial evidence of initial
dge degradation/stabilization at the northern Alaska study areas; risk levels of ice-wedge
) (for the data on individual boreholes, see Tables S1 and S2).

Depth to
permafrost table,b

cm

Depth to
massive ice,
cm

Frozen protective
layer (PL1),a,c

cm

Inter-mediate
layer
(PL3), cm

Risk level

43.8 52.3 [21.7]
(n = 3)

8.6 4–5

37.7 38.5 [4.2]
(n = 5)

0.8 2–3

49.0 49.5 – 0.5 1–2
46.7 47.5 [3.7]

(n = 3)
0.8 2–3

49.9 49.9 – 0.0 1–2
46.5 52.1 [8.8]

(n = 4)
5.6 3–4

51.7 72.0 [23.3]
(n = 24)

20.3 5–6

47.5 56.0 [17.7]
(n = 39)

8.6 4

37.4 44.7 12.0 7.2 4
40.0 40.0 0.0 0.0 1
50.3 50.3 0.0 0.0 1
40.0 45.8 7.8 5.8 3–4
43.7 50.3 9.5 6.7 3–4
33.3 49.9 22.7 16.5 5
42.0 71.4 33.8 29.4 6
39.4 52.7 17.5 13.3 4–5

for boreholes drilled in the end of July 2012 [in square brackets].

he frozen part of the active layer, transient layer, and intermediate layer).
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stabilization), while at the BW sites the risk of degradation for these
stages was from high to moderate.

Notably, ice wedges at SA2 stage in each study area generally have
much better protection than wedges at UD stages (Table 2, Fig. 13).
Especially thick IL above ice wedges was detected at sites where the
historical imagery revealed deep and large ponds. For example, in bore-
holes SA6 and SA8 (PB study area) the IL thickness was 74 and 70 cm
correspondingly (Fig. S11, Table S1; for location, see Fig. 2; the recent
ponds were visible at the SA6 site in 1969 and 1982 aerial photographs
and at the SA8 site in 1982). This increase in the IL thickness confirms
our idea that the reversible process of ice-wedge degradation eventually
leads to better protection and a more stable state of partially degraded
ice wedges than was the case before degradation. Such wedges can
be stable for a long time, until large volumes of wedge ice accumulate
within the intermediate layer, increasing the risk of future degradation.

5. Discussion

5.1. Stable isotope composition of different types of ground ice and surface
water

Stable oxygen and hydrogen isotopic composition of ground ice is
useful for assessing the conditions during the formation of different
types of ground ice and helps to differentiate ground-ice bodies of
various origins (Lacelle and Vasil'chuk, 2013; Vasil'chuk and Murton,
2016). This method is very helpful for studies of ice-wedge degradation
and stabilization.

The differences in isotope composition of various types of ground ice
(Fig. 10) indicate differing sources of water involved in ground-ice
formation. For example, in many cases ice wedges form as a result of
freezing of snow-melt water, which fills frost cracks in the spring.
Thus, lower δ18O values indicate colder air temperatures at the time of
snow accumulation. This may explain the difference between the mean
values of δ18O isotope for the ice wedges sampled at PB (−23.4 ±
2.1‰) and BW (−21.3 ± 1.4‰): winters at Barrow are significantly
warmer, with the total annual freezing index N200 °C-day lower than at
Prudhoe Bay.

Average δ18O value for buried ice wedges that were sampled in the
permafrost tunnel in Barrow (formed 12 to 10 ky BP, before the early
Holocene Climatic Optimum), was −24.4 ± 1.8‰ (n = 121) (Meyer
et al., 2010). The comparison of this value with the average δ18O value
for the active Holocene wedges from our BW study area (−21.3 ±
Fig. 13. Average thicknesses of the intermediate layer (PL3) abovemassive-ice bodies (ice
wedges and TCI) for different stages of ice-wedge degradation/stabilization.
1.4‰) reveals a significant increase in winter air temperatures since
the end of the Pleistocene (Fig. 10).

The δ18O values for young ice wedges from the reestablished inter-
mediate layer were significantly higher than values obtained from
other ice wedges in PB and BW areas (Table S4): while δ18O values for
young wedges were −16.56‰ for PB (n = 1) and −17.43‰ for BW
(n = 1), the average δ18O values were −23.4 ± 2.1‰ for PB (n = 23)
and −21.3 ± 1.4‰ for BW (n = 15). Since both samples of young ice
were collected from ice wedges recovering after relatively deep
degradation, we may presume that frost cracks could be filled not
with snowmelt water, but with water accumulated in ice-wedge
troughs, which is a mixture of snowmelt and rain water. The difference
in δ18O values also may be explained by warming climate with higher
winter temperatures observed during the last decades.

In both study areas, δ18O values for thermokarst-cave ice (−19.1 ±
2.5‰ for PB and −18.1 ± 1.7‰ for BW) were significantly higher than
those for icewedges (Fig. 10, Table S4). This difference can be explained
by different sources ofwater: while icewedgesmostly form from snow-
melt water, TCI forms from a mixture of snowmelt water, rain water,
and water from melting ice wedges, accumulated in thermokarst
troughs and underground cavities.

The δ18O values for ice belts (layers of segregated ice) were higher
than values for both ice wedges and thermokarst-cave ice bodies
(Fig. 10, Table S4) because ice belts in the IL or syngenetic permafrost
form from the groundwater of the active layer, which is a mixture of
snowmelt and rainwater. Similar δ18O values for segregated ice samples
were reported for the permafrost tunnel in Barrow: −16.7 ± 2.1‰
(n = 15) (Meyer et al., 2010).

The isotopic composition of water collected from the ice-
wedge troughs was completely different for two study areas (Fig. 10):
−16.0 ± 0.9‰ for PB and −10.1 ± 4.5‰ for BW. This happened be-
cause the sampling occurred at different times: in June (PB) and August
(BW). Interestingly, the δ18O values for sites BW-DA1,−DA2, and -DA3
(stage D2) varied from −7.0 to −8.7‰, while the value for BW-DA6
(stage D3, see Fig. S12) was−16.8‰ (Table S4). This can be explained
by very active thawing of the ice wedge in this trough and especially
in the adjacent thermoerosional niche, which completely changed the
proportion between snowmelt water, rain water, and water frommelt-
ing ice wedges, typical of water standing in thermokarst troughs. Thus,
the isotopic composition of water in the ice-wedge troughs sampled by
the end of the warm season indicates how active the ice-wedge degra-
dation is, which may be used in future studies.

5.2. Interactions between the active layer and upper permafrost and
ice-wedge degradation

Degradation of ice wedges occurs when increased seasonal soil
thawing destroys the PL1 layer and reaches the top of icewedges before
the end of summer, and some summer thermal resources are spent on
meltingmassive ice. The process of ice-wedge degradation is controlled
by interactions between the active layer and upper permafrost.
Leffingwell (1915) was probably the first who came to the conclusion
that ice-wedge growth leads to thinning of the soil layer on top of the
ice wedge. The natural process of ice-wedge lateral growth may affect
ice-wedge thermokarst in one more way: the rising of growing ice
wedges caused by the pressure from the adjacent soils (Leffingwell,
1915; Konishchev and Maslov, 1969; Vtyurin, 1975; Black, 1976;
Romanovskii, 1977; Mackay, 1990) also leads to their thawing. Another
process related to ice-wedge development thatmay trigger degradation
is frost cracking, which increases the risk of thermal erosion along open
cracks in the spring time (Fortier et al., 2007).

Definitely the active growth of ice wedges is an important factor in
ice-wedge thermokarst. Tomirdiaro (1972) even assumed that forma-
tion of large and deep thaw lakes always starts when the width of
large active ice wedges exceeds some critical value; then, usually after
an exceptionally wet and warm summer, deep ponds form at the
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crossings of large ice wedges. At the same time, many scientists have
come to the conclusion that the processes of ice-wedge development
may lead to periodical thawing and recovery of the top parts of ice
wedges, which creates a kind of self-adjusting system (Leffingwell,
1915; Vtyurin, 1975; Romanovskii, 1977, 1993; Jorgenson et al., 2015).

To describe interactions between the active layer and upper perma-
frost containing ice wedges, we consider the two following models. In
the first simple model, the top surface of the ice wedge coincides with
the permafrost table (Fig. 14, left). This model is based on the assump-
tions that no interannual variations in the ALT exist, the volume of soil
in the active layer above the ice wedge is constant (i.e., no sedimenta-
tion, no soil input from the rims, no accumulation of organic matter)
and that no vertical deformations in the ice-wedge body occur
(i.e., the pressure from the growing icewedge leads only to deformation
of the adjacent soils, which results in the rise of polygonal rims but not
thewedge itself). Under these conditions, this system is completely sta-
ble, unless we take into account the further development of the ice
wedge, which results in its widening caused by annual incorporation
of the ice vein (A′) into the ice-wedge body and leads to thinning of
the active layer (Fig. 14, right).

Based on assumption that the soil volume above the ice wedge is
constant, or A1 × B1 = A2 × B2 (Fig. 14), an annual decrease in the
soil thickness (B′) can be calculated from the eq

B0 ¼ B1–B2 ¼ B1– A1� B1ð Þ=A2 ð1Þ

Thawing of the ice wedge starts as soon as a depth of seasonal thaw
exceeds B2, so the value of B’ is crucial. The smaller an ice-wedgewidth,
the larger a difference between B1 and B2. For example, if the icewedge
width (A1) is 300 cm, the ice vein width (A′) is 1 cm, and the initial
active layer thickness (B1) is 40 cm, B′ will be equal 0.13 cm (Eq. 1).
For a 1-m-wide ice wedge (A1 = 100 cm), B′ will be 0.4 cm. If we
expand this calculation for the time period of 50 years (considering an
annual formation of a new ice vein A′), a decrease in the soil thickness
above the ice wedge will be very significant: 5.7 cm for the 3-m-wide
wedge (initial width) and 13.3 cm for the 1-m-wide wedge. This
means that according to this model the wider ice wedges are much
less susceptible to thermokarst than the narrow ones.

In reality, ice-wedge thermokarst may be moderated by accumula-
tion of new sediment. If annual accumulation of sediment is equal to B
′, the ice-wedge/active layer system (Fig. 14, right) is in equilibrium; if
it exceeds B′, a layer of permanently frozen soil separates the ice-
wedge top surface from the active-layer base, and the wedge becomes
better protected from thermokarst. Melting of ice wedges also can
be compensated for by a decrease in the active-layer thickness caused
by a change in climate or vegetation succession with accumulation of
organic layer at the soil surface.
Fig. 14. Thinning of the soil layer on top of the ice wedge as a result of ice-wedge widening. Left
width of the ice wedge; B1 – initial thickness of the active layer; A2 –width of the ice wedge af
layer after incorporation of the ice vein.
The simplemodel shown in Fig. 14 demonstrates that thinning of the
soil layer on top of the ice wedge as a result of ice-wedge widening can
lead to ice-wedge thawing without any external changes. But this
model does not consider some factors, namely variability in the
active-layer thickness related to interannual changes in weather condi-
tions and vegetation. To describe the process of ice-wedge thermokarst
more properly, we should take into account the concept of a transition
zone of the upper permafrost, which consists of two layers: transient
and intermediate (Shur, 1988a, 1988b; Shur et al., 2005; French and
Shur, 2010) (Fig. 15).

The transient layer is a result of an interannual variability in the ALT
(Shur, 1975; Shur et al., 2005). The depth of seasonal thawing varies
from year to year as a result of interannual weather conditions
(e.g., summer temperatures and precipitation, snow thickness). These
variations lead to changes in thickness of the transient layer, that in
some years is a part of the active layer and in the others a part of the per-
mafrost. The base of the transient layer is defined by themaximum sea-
sonal thaw (usually it occurs during warm and wet summers); in most
cases the thickness of the transient layer does not exceed 30% of the av-
erage ALT (Shur et al., 2005). Only thin ice veins, composed of one or
several elementary (annual) ice veins are observed within the transient
layer (Fig. 15, left).

The transient layer separates ice wedges from the permafrost table.
Its occurrence usually prevents ice wedges from thawing under rela-
tively stable climate conditions, but fluctuations in weather conditions
along with the thinning of the soil layer above the growing wedges
eventually lead to complete thawing of the transient layer (usually dur-
ing warm and wet summers), which may affect the top parts of the
wedges. Several consecutive years with deep seasonal thawmay result
in relatively deep thawing of the upper parts of ice wedges. Accumula-
tion of water and snow in developing troughs causes increase in soil
temperatures and stimulates additional thawing.

Much better protection of ice wedges is provided by the ice-rich in-
termediate layer (Shur, 1988a, 1988b; French and Shur, 2010; Shur
et al., 2011; Kanevskiy et al., 2013, 2016). This layer forms as a result
of a gradual decrease in the active-layer thickness, mostly as a result
of accumulation of organic matter after termination or slow-down of
sedimentation (Shur, 1988a, 1988b). This long-term process transforms
the initial transient layer and a part of the initial active layer into a pe-
rennially frozen state. In some cases, the entiremineral part of the initial
active layer joins the permafrost. Formation of the intermediate layer is
amajor factor of ice-wedge recovery after the thermokarst events, but if
the intermediate layer is not affected by thermokarst for hundreds of
years, significant volumes of wedge ice may accumulate within this
layer (Fig. 15, right), which again makes this terrain vulnerable to the
ice-wedge thermokarst. Thus, the intermediate layer protects ice
wedges from thawing only for a limited time period, unless the active
– Initial ice wedge; right – new ice vein incorporated into the ice-wedge body. A1 – Initial
ter incorporation of the ice vein (A′) into the ice-wedge body; B2 – thickness of the active



Fig. 15. Formation of transient (left image) and intermediate (right image) layers separating the main ice-wedge body from the active layer base. AL – Active layer; TL – transient layer;
IL – intermediate layer; B1 – initial average thickness of the active layer; B2 – average thickness of the active layer after accumulation of organicmatter; C1 – initial average thickness of the
transient layer; C2–average thickness of the transient layer after accumulation of organicmatter; D – thickness of the ice-rich intermediate layer, formedas a result of transformation of the
initial transient layer and the lower part of the initial active layer into a perennially frozen state triggered by a decrease in the ALT after accumulation of organic matter.
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wedge-ice formation is already terminated by the time the intermediate
layer forms.

The model of the active layer/upper permafrost system (Fig. 15,
right) suggests that an estimation of the risk of ice-wedge thermokarst
requires information on thickness and properties of protective layers
overlying ice wedges, including active, transient, and intermediate
layers (Fig. 4A). While thickness of PL1 (or total thickness of the frozen
soil above the ice wedge, which includes the frozen part of active layer,
transient layer, and intermediate layer) can be easily measured in the
field, one of the main problems is measuring the ALT for the current
year unless the drilling is conductedwhen the seasonal thawing reaches
its maximum (early September for northern Alaska). Theoretically, the
ALT may be measured with a permafrost probe at the drilling site at
the end of the warm season, but this method is unreliable because the
site may be strongly affected by the drilling itself and therefore the
ALTmeasurementsmay not reflect real values under natural conditions.
Table 3
Main factors affecting degradation and stabilization of ice wedges.

Factors Degradation

1. Climate
1.1. Air temperature 1. Increase in summer air temperatures usually leads to increa

2. Increase in winter air temperatures leads to increase in s
temperature and slight increase in ALT.

1.2. Snow cover 1. Increase usually leads to increase in soil temperatures and A
2. Increase may lead to flooding and/or thermal erosion.
3. Decrease leads to increase in frost-cracking activity and con
rates of ice-wedge development and related thinning of prote

1.3. Summer precipitation 1. Increase may lead to increase in soil moisture and conseq
increase in ALT but may lead to decrease in ALT in the follo
2. Increase may also lead to flooding and/or thermal erosion

2. Flooding 1. Leads to increase in water depth in troughs and conseque
in ALT.
2. May cause thermal erosion along ice wedges.
3. May cause water impoundment above polygons.

3. Topography 1. Sloping terrain increases risk of thermal erosion along ice
2. Flat terrain increases risk of water impoundment.

4. Vegetation Disturbances of vegetation or its loss lead to increase in ALT

5. Sedimentation Termination of sedimentation, if not compensated by fast ve
growth, may increase risk of thermokarst caused by increasin
lateral ice-wedge development.

6. Ice-wedge development 1. Widening of ice wedges and their rising caused by pressu
adjacent soils reduces thicknesses of protective layers.
2. Accumulation of significant volumes of wedge ice in the
layer results in loss of its protective role.
3. Frost cracking increases a risk of thermal erosion along o
the spring time.
Thus, estimations of thickness of PL2, which includes transient and
intermediate layers, in most cases cannot be precise.

The boundary between the transient and intermediate layers (or the
upper boundary of PL3) in many cases can be recognized by a stark dif-
ference in cryogenic structure. The transient layer is relatively ice-poor
and characterized by lenticular and reticulate cryostructures formed
by thin (usually b1 or 2 mm) ice lenses. In contrast, the intermediate
layer (PL3) is extremely ice-rich, with predominantly ataxitic
(suspended) cryostructure and numerous thick ice layers (belts) that
mark positions of former permafrost tables during the process of grad-
ual decrease in the active-layer thickness (Shur, 1988a, 1988b; French
and Shur, 2010; Kanevskiy et al., 2013). During field studies, we defined
the upper ice belt as the boundary between the transient and interme-
diate layers.

Because the intermediate layer (PL3) provides long-term stability
for ice wedges, the primary goal in studies of ice-wedge vulnerability
Stabilization

se in ALT.
oil

1. Decrease in summer air temperatures usually leads to decrease in ALT.
2. Decrease in winter air temperatures leads to decrease in soil
temperature and ALT.

LT.

sequently in
ctive layers

1. Decrease usually leads to decrease in soil temperatures and ALT.
2. Increase leads to decrease in frost-cracking activity and
consequently in rates of ice-wedge development.

uent
wing year.
.

Decrease may lead to decrease in soil moisture and consequent
decrease in ALT, especially in organic soils.

nt increase May cause additional accumulation of sediments and organic matter
above ice wedges, which increases depth to ice wedges and may lead to
decrease in ALT.

wedges. 1. Sloping terrain prevents water impoundment.
2. Flat terrain reduces risk of thermal erosion.

. Fast growth of vegetation, especially moss, leads to decrease in soil
temperatures and ALT; this is a main cause of the IL formation.

getation
g rate of

1. Fast sedimentation in troughs increases depth to ice wedges.
2. Termination of sedimentation under certain conditions leads to
vegetation succession which may cause a decrease in ALT.

re from

intermediate

pen cracks in

Development of ice wedges under thermokarst ponds leads to rising
of ice wedges and adjacent soils and decrease in water depth above
wedges (SA4a in Fig. 12).
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to thermokarst is to detect and measure the thickness of PL3 above ice
wedges in the study area. The ice content of this layer is also very impor-
tant, but its influence on the process of the ice-wedge degradation is
divergent. High ice content, typical of the IL, results in high thaw strain
(Shur, 1988a, 1988b), which means that its complete thawing in many
cases does not lead to significant increase in theALT, but instead leads to
a general surface subsidence as found by Streletskiy et al. (2016) and a
decrease in total thickness of soil above ice wedges –– and therefore
in their resilience to thermokarst. On the other hand, thawing of ice-
rich soil at the base of the active layer occurs slowly because of the
high latent heat required for fusion of ice. Thus, a complete thawing of
the thick ILmay occur only as a result of very significant climatic chang-
es or serious disturbances on the surface.

5.3. Main factors of ice-wedge degradation and stabilization

The transient and intermediate layers provide good protection for
ice wedges, but they cannot always prevent their thawing. Under cer-
tain conditions, a significant increase in the ALT leads to thawing of
the IL and ice-wedge degradation, which may continue for years or
even decades, but in most cases eventually results in ice-wedge stabili-
zation. Interacting factors such as climate, topography, vegetation,
surface and groundwater, and soil properties create positive and nega-
tive feedbacks to permafrost degradation (Jorgenson et al., 2006, 2010,
2015; Shur and Jorgenson, 2007). The main factors affecting the pro-
cesses of ice-wedge degradation and stabilization are summarized in
Table 3.

5.4. Quasi-cyclic process of ice-wedge degradation/stabilization

Our conceptual model (Fig. 12, Table 1) summarizes potential ways
of ice-wedge evolution as a reaction to their initial degradation. Process-
es of ice-wedge stabilization eventually lead to complete recovery of ice
wedges, which makes them vulnerable for a new cycle of ice-wedge
thermokarst. In reality, recovered ice wedges (SA stages) are much bet-
ter protected by thick IL than undisturbed ones (Fig. 13), and these
wedges become vulnerable for thermokarst again only after active ice-
wedge development within the IL over many dozens or hundreds of
years. The duration of the complete recovery strongly depends on the
depth and extent of ice-wedge degradation (Table 1). Though it may
bedifficult inmany cases to differentiate undisturbed and advanced sta-
bilization stages, recovery of degraded wedges usually does not return
the ice-wedge system to its original condition so we are reluctant
to characterize ice-wedge degradation/stabilization as a fully cyclic
process; it is rather quasi-cyclic.

For example, complete degradation (stage D4) always leads to a
complete rearrangement of polygonal systems, which starts with the
formation of new ice wedges after thaw-lake drainage (Mackay and
Burn, 2002), and we presume that deep thawing of ice wedges (stage
D3) in some cases may also lead to such rearrangement. As a result,
icewedges of a newgeneration (stage SA3)may form completely differ-
ent polygonal nets; and buried wedges of old generations, along with
corresponding TCI bodies, may occur beneath the central parts of
new polygons. For example, buried wedge ice was encountered under
30-cm-thick IL in the T20 borehole, which was drilled in a polygon
center (PB study area, Table S1). Occurrence of buried wedge ice in
the central parts of polygons may lead to underestimation of massive-
ice volume because these buried ice bodies cannot be detected visually
on the surface or using aerial photographs.

Our studies at PB and BW show that ice-wedge degradation usually
terminates at stages D1 or D2. In many cases, it is difficult to determine
without drilling if a wedge is still degrading or if its initial stabilization
has already begun. Sometimes different parts of the same wedge may
experience stabilization and degradation at the same time, in large part
as a result of redistribution of surfacewater as pits develop along differing
parts of the ice wedge. Transition from degradation to stabilization is
always a period of uncertaintywhen the process can take either direction:
toward recovery of the IL or to continuing degradation. The direction of
further ice-wedge evolution depends on numerous factors listed above
(Table 3).

We recognize that our conceptualmodel provides only a provisional
understanding that can eventually be tested through futuremodeling of
the interaction of the numerous biophysical factors affecting ice-wedge
evolution. However, current permafrostmodels are insufficient at quan-
tifying the interactions between thaw settlement, topographic changes,
water redistribution, energy balance changes, nutrient dynamics, vege-
tation succession, peat accumulation/decomposition, and ground-ice
aggradation that are all critical to understanding ice-wedge dynamics.

5.5. Ice-wedge degradation and thaw-lake formation

Thaw-lake formation resulting from complete ice-wedge degrada-
tion (stage D4 in our conceptual model) is a complex multistage pro-
cess, which has been described in numerous publications (Hopkins,
1949; Soloviev, 1962; Tomirdiaro, 1972; Czudek and Demek, 1973;
Shur, 1988a; Jorgenson and Shur, 2007; Shur and Osterkamp, 2007;
Morgenstern et al., 2011, 2013; Shur et al., 2012; Kanevskiy et al.,
2014). Most of these publications describe ice-wedge thermokarst in
the areas of yedoma (the ice-rich syngenetic permafrost)
(Schirrmeister et al., 2013 and references therein), which started and
mainly occurred during the transition from the Pleistocene to Holocene
with formation of large and deep (N20 m) thaw-lake basins and lacus-
trine plains.

In the areas where ice wedges are mainly epigenetic, including the
Arctic Coastal Plain of Alaska, thaw lakes and lake basins are usually
not deep because their depth is limited by maximum thaw settlement.
For example, formation of thaw lakes N2 m deep in the Barrow area is
not common, which corresponds to the ground-ice content in the
upper permafrost (Sellmann et al., 1975). Potential transformation of
small thermokarst pits and troughs into large thaw lakes in such areas
is still debated. According to a concept of thaw-lake cycles (Hopkins,
1949; Britton, 1957; Hussey and Michelson, 1966; Billings and
Peterson, 1980; Everett, 1980b; Hinkel et al., 2003), ice-wedge degrada-
tion on the Arctic Coastal Plain of Alaska triggered by climate change or
surface disturbance leads to formation of large lakes; after degradation
of ground ice under thaw lakes and subsequent lake drainage, the
surface theoretically may return to near-original conditions as a result
of ground-ice reaggradation. Jorgenson and Shur (2007) came to the
conclusion that on the Arctic Coastal Plain of Alaska lake formation,
drainage, and ground-ice aggradation are too slow to have allowed a
complete thaw-lake cycle through the Holocene. French (2007) also
did not see any clear evidence that the later stages (complete elimina-
tion of thermokarst depressions from the landscape) of the thaw-lake
cycle actually exist.

The probability of formation of large thaw lakes from initial ice-
wedge thermokarst is definitely b1% and possibly b0.01% (Shur and
Osterkamp, 2007). According to Jorgenson et al. (2015), lake formation
may occur only if ice-wedge volume is sufficient: presumably it should
exceed 40%. Even in the areas with extremely ice-rich permafrost,
which have experienced heavy disturbance, deep initial thermokarst
depressions cannot easily transform into thaw lakes. Lawson (1986) re-
ported that during 30 years after heavy disturbance at several drill sites
in northern Alaska, no thaw lakes had formed and that inmost cases the
surface had been revegetated and stabilized. Shur (1988a) described
numerous unsuccessful attempts to create artificial thaw lakes in the
yedoma region of Siberia by removal of vegetation and surficial peat.
Inmost cases, rates of thaw settlement slowed significantly after several
years of very active thermokarst development.

We believe that themechanismof the intermediate layer reformation,
which leads to ice-wedge stabilization and recovery (Shur, 1988a;
Jorgenson et al., 2006, 2015), explains this phenomenon. Our study
shows that partial degradation and subsequent stabilization of icewedges
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make them better protected than before degradation because the inter-
mediate layer is usually 2 to 3 times thicker on top of stabilized icewedges
than on top of initial icewedges in undisturbed conditions. As a result, the
likelihood of formation of large thaw lakes in the continuous permafrost
zone triggered by ice-wedge degradation alone is very low.
6. Conclusions

Ice-wedge degradation and stabilization greatly depends on interac-
tions between the active layer and the transition zone of the upper
permafrost. Vulnerability of ice wedges to thermokarst is controlled
by the thickness of the IL overlying ice wedges, which protects them
from thawing. Degradation of ice wedges in most cases is triggered by
increases in the ALT during exceptionally warm and wet summers or
as a result of flooding or disturbance. The thinning of the soil layer on
top of the ice wedge as a result of ice-wedge widening and the rising
of the growing ice wedge caused by the pressure from the adjacent
soils can also lead to ice-wedge thawing,whichmay occur evenwithout
any significant climate fluctuations or disturbance.

In the continuous permafrost zone, degradation of ice wedges very
seldom continues to their complete melting, and in most cases wedges
recover. Vegetation colonization and accumulation of organic matter in
the troughs developing over degradingwedges leads to decreases in the
ALT and formation of the ice-rich IL above stabilizing ice wedges. Thus,
the process of ice-wedge degradation is often reversed with rejuvena-
tion of ice wedges and formation of the new intermediate layer above
ice wedges. This explains a very low probability of formation of large
thaw lakes in the continuous permafrost zone as a result of ice-wedge
thermokarst.

A thickness of the IL on top of stabilized ice wedges is much greater
than that in undisturbed conditions. This makes the permafrost more
resistant to external changes, such as climate change and disturbance.
Partial degradation and subsequent stabilization of ice wedges make
them better protected from thawing than before degradation. Such
wedges can be very stable until large volumes of wedge ice accumulate
within the intermediate layer, increasing the risk of future degradation.

Interacting factors of ice-wedge degradation and stabilization lead to
more complex patterns of ice-wedge dynamics than previously
described. Therefore, we modified earlier conceptual models of degra-
dation/stabilization stages to include progressive and complete degra-
dation of extremely ice-rich soils to the thaw-lake stage. We also
identified alternative trajectories whereby degradation phases can
shift to stabilization phases as a result of surface modifications and are
subsequently altered by renewed ice-wedge development. Our studies
at PB and BW show that in most cases ice-wedge degradation termi-
nates at stages D1 or D2.

The comparison of the two study areas revealed that the same stages
of degradation/stabilization occurred in both areas and that general
trends were similar. However, differences were significant in surface
and subsurface conditions, which affect processes of ice-wedge degra-
dation/stabilization. The terrain at BW, which belongs to the old prima-
ry surface of the Arctic Coastal Plain, is better drained; and randomly
distributed, water-filled isolated thermokarst pits are more common
here than interconnected water-filled troughs, which are typical of PB.
At BW, wedge-ice content is ~1.5 times higher than at PB, and ice-
wedge degradation at BW started much earlier, as indicated by the
dominance of high-centered polygons clearly visible on the 1949 aerial
photos. The last major cycle of degradation/stabilization at BW started
in the early 1950s and was completed in general by the early 2000s,
though currently degrading ice wedges still exist in this area (~10% of
ice wedges studied in 2012). At PB, widespread degradation of ice
wedges started only in the late 1980s, and almost one-half of the stud-
ied ice wedges were still experiencing degradation in 2011–2012.
Accordingly, stabilization of ice wedges in this area also started
much later than at BW. As a result, the thicknesses of the protective
intermediate layer measured for different stages of ice-wedge stabiliza-
tion were significantly lower at PB than at BW.

Our conceptual model is based upon field observations on the Arctic
Coastal Plain, Alaska, and applicable to lowland areas of the continuous
permafrost zone. We expect that future works will encounter variations
across other landscapes, which will help to identify additional processes
that affect ice-wedge evolution, such as colluvial burial on slopes, differing
vegetation recovery patterns, and effects of warm vs. cold permafrost.
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