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Abstract

Ice wedge polygons on steep slopes have generally been described as being covered
by periglacial sediments and, typically, the active layer on slopes becomes mobile dur-
ing thaw periods, which can lead to solifluction. In West Greenland close to the ice
margin, however, the active layer and ice wedge polygons are stable despite their
occurrence on steep slopes with inclinations of >30°. We conducted a soil survey
(including sampling for soil analyses and radiocarbon dating) in the Umimmalissuaq
valley and installed a field station ~4 km east of the current ice margin to monitor
soil temperature and water tension at depths of 10, 20 and 35 cm of the active layer
on a steep, north-facing slope in the middle of an ice wedge polygon from 2009 to
2015. Thawing and freezing periods lasted between 2 and 3 months and the active
layer was usually completely frozen from November to April. We observed simulta-
neous and complete water saturation at all three depths of the active layer in one
summer for 1 day. The amount of water in the active layer apparently was not
enough to trigger solifluction during the summer thaw, even at slope inclinations
above 30°. In addition, the dense shrub tundra absorbs most of the water during
periods between thawing and freezing, which further stabilizes the slope. This pro-
cess, together with the dry and continental climate caused by katabatic winds com-
bined with no or limited frost heave, plays a crucial role in determining the stability of
these slopes and can explain the presence of large-scale stable ice wedge polygon
networks in organic matter-rich permafrost, which is about 5,000 years old. This
study underlines the importance of soil hydrodynamics and local climate regime for
landscape stability and differing intensities of solifluction processes in areas with

strong geomorphological gradients and rising air temperatures.
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1 | INTRODUCTION
During the 20th century, the rise of temperatures in the Arctic regions
has been twice as strong as increases in the global average surface air
temperature.® This affects the thawing of permafrost soils, which are
sensitive to changing environmental conditions.?>® The abrupt thawing
of permafrost and melting of the Greenland Ice Sheet are among the
most widely debated tipping points or large-scale climate discontinu-
ities, where a change in the global average temperature can foster
self-reinforcing reactions such as a release of carbon to the atmo-
sphere from ancient and previously freeze-locked carbon stocks.* This
might impact the global carbon budget increasing carbon release to
the atmosphere, which could lead to additional temperature
increases.>®5~7 Degradation of permafrost soils has been recorded at
more than 100 sites studied in both hemispheres.®

Ice wedges are typically located near the top of the permafrost
and are a widespread periglacial phenomenon in the circum-Arctic.
They are formed by thermal contraction of the soil during winter.”1°
In spring, meltwater infiltrates the cracks and re-freezes to form ice
veins. Ice wedges are formed by repeated cracking over decades to

10,11

millennia and the formation of ice wedges leads to the typical

polygonal patterns observed at the surface in Arctic landscapes.*? In
West Greenland, ice wedge polygons can be found on steep north-

13,14 and

facing slopes. Ice wedge polygons on slopes in Antarctica
Alaska>® have been typically observed as being covered by perigla-
cial sediments, which is not the case in West Greenland, where they
are easily detectable and still widely distributed close to the ice mar-
gin of the Greenland Ice Sheet. Stable ice wedge polygons on steep
slopes not overlain by solifluction layers have so far only been

described by Sgrbel and Tolgensbakk”

on Spitsbergen. Therefore,
this can be considered as an exceptional phenomenon on steep slopes
where the surface expression of the underlying anti-syngenetic ice
wedges is usually obscured.’ Anti-syngenetic ice wedges are defined
by growing on denudation slopes or in areas with ground-surface low-
ering by net removal of active-layer material, by erosion, or by mass
movement.151¢

The development of stable ice wedge polygons on slopes has
rarely been studied and only a few effects of water tension on the sta-
bility of the active layer are known. The active layer usually becomes
mobile on slopes during thawing periods, which can lead to solifluc-
tion at low pF-values (logarithm of the soil water tension) or even
active-layer detachments.'® Solifluction is described as slope failures
associated with the action of freeze-thaw that is reflected in a flow
over a shear plane.!? The occurrence of solifluction in periglacial areas
generally depends on the inclination, soil temperature and soil mois-
ture content of the active Iayer.20 In West Greenland, however, the
active layer is stable on most north-facing slopes with inclinations of
30° on average.®!

Therefore, we hypothesize that the active layer on steep slopes
near the ice margin in West Greenland is stable because the water
tension at low pF-values in the active layer is not high enough to trig-
ger solifluction during freeze-thaw cycles. To test this hypothesis, we

installed sensors for soil water tension and soil temperature within

the active layer in the middle of an ice wedge. In connection with the
stability of the active layer on these steep slopes, we evaluated ice
wedge polygon stability by analyzing additional data on soil properties
and radiocarbon dates of organic material from the organic matter-

rich permafrost of these slopes in which the ice wedges have formed.

2 | MATERIAL AND METHODS

The study area is located in the Umimmalissuaq valley on a north-fac-
ing, exposed hillside with an incline of 33°, about 28 km southeast of
Kangerlussuaq (see Figure 1) and is in an area with a continuous per-
mafrost regime.?? The climate in Kangerlusssuag, which is located
130 km inland from the west coast, is determined by its location in a
2- to 3-km-wide valley surrounded by mountains. From the northeast,
the Greenland Ice Sheet has a significant influence on precipitation
and winds, resulting in a Low Arctic continental climate, Arctic Biocli-
mate Zone E?® with temperatures about —40°C in the winter months
and 18°C in the summer months. The average annual temperature is
—5.7°C and the average annual precipitation is 150 mm (Danish
Meteorological Institute, 1977-1999). The study area in the Umimma-
lissuaq valley is strongly affected by katabatic winds from the Green-
land Ice Sheet. The wind direction is mainly northeast with a mean
wind speed of 3.6 m s~ and a maximum wind speed of 19.6 m s~ %24
In comparison, Nuuk, on the southwestern coast of Greenland, has an
average annual temperature of —1.2°C and an annual precipitation of
750 mm (Danish Meteorological Institute, 1977-1999). These coastal
areas have a greater maritime influence with higher precipitation and
higher temperatures.

The Umimmalissuaq valley lies within the Umivit/Keglen
moraines, which were deposited 8.05 + 0.17 ka%> and run mainly
north to south through the valley with well-defined ridges. From the
area within these moraines the oldest radiocarbon age of organic mat-
ter in the Sandflugtdalen is from gyttja (subhydric soil in well-aerated,
nutrient-rich waters consisting of fine mineral material mixed with
organic matter) and gave an age of about 7,300 cal BP for UtC-
1987.2 The radiocarbon age from the basal gyttja in the Lille Saltsg,
situated about 10 km to the southwest of UtC-1987, gave an age of
about 8,050 cal BP for AAR-3507.27 This means that deglaciation
started about 8,000 years ago and thus also gives a maximum age for
the formation of periglacial phenomena.

Although situated in the area of continuous permafrost, the soils
show characteristics of a discontinuous permafrost regime depending
on their topographic position. On north-facing slopes, permafrost is
present within the first 100 cm. The depth of the active layer varies
across the valley and could not be reached in the valley bottom or on
south-facing slopes.?! Cryosols show faint cryogenic properties such
as cryoturbation and sorting. Most Turbic Regosols and Cryosols
occur in the moist valley, while at dry crest positions Turbic Regosols
and Cryosols without turbic properties dominate. Periglacial phenom-
ena and patterned ground are widespread, including ice wedge poly-
gons on north-facing slopes and ice wedge pseudomorphs and earth

hummocks on the valley floor. Solifluction phenomena occur very
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rarely at the footslopes of north-facing slopes.?*?* Due to the kata-
batic winds, areas of sediment erosion or deflation are mainly oriented
eastward, while the areas of deposition are oriented seaward along
the Umimmalissuaq valley. Miller et al.?* described eolian layers
based on grain size analyses of about 40 profiles along four Catenae
in the Umimmalissuaq valley, with the grain sizes of the eolian layers
becoming finer with increasing distance from the ice margin. Many
Ahb horizons in the Umimmalissuaq valley are covered by eolian
sediments.

To observe the behavior of soil temperature and soil water reten-
tion during thaw and freeze periods, an active layer monitoring station
was installed on a north-facing slope in the Umimmalissuaq valley.

The monitoring station was positioned in the middle of an ice
wedge polygon (profile C12 in Figure 2) to obtain direct information
on seasonal and annual variation of soil temperature regime and
water retention in the active layer in close relation to polygon devel-
opment. The combined temperature and pF-sensors (soil-moisture
tension; ecoTech Umwelt-MeRBsysteme GmbH, Bonn, Germany) were
installed at depths of 10 cm (pF;-sensor), 20 cm (pF,-sensor), and
35 cm (pF3-sensor). Water tension is typically given as the pF-value
ranging from pF 1 (fast moving seepage water) to pF 4.2 (dry, not
plant-available adhesive water) with pF O stating full water saturation
or field capacity. Converted, these values represent —10* hPa (pF 1),
—10*2 hPa (pF 4.2) and —1 hPa (pF 0).28 Water tension is usually
measured in hPa or in centimeters of water column. Because of the
wide range of values (0 to 10 million hPa), the measured values are
automatically logarithmized and then expressed as a pF-value.
Data collection began on August 5, 2009 and ended on July 6, 2015.
Data were collected hourly and sent to a data logger. The
pF4-sensor at 10 cm depth failed on July 27, 2012 and could not be
reinitiated.

50°W

FIGURE 2

Steep north-facing slope with two ice wedge polygon
nets. The arrow shows the location of the monitoring station in the
middle of an ice wedge polygon on a 33° slope.

Fieldwork was carried out every summer between July and
August from 2009 to 2015. Bulk samples for soil analyses and addi-
tional bulk soil organic material for radiocarbon dating were collected
from soil pits in 2009 (see Figure 3 for the location of the pits). The
monitoring station was installed in August 2009 and had to be main-
tained every summer until 2015 for battery replacement. The soil pro-
files were described and classified according to the World Reference
Base for Soil Resources (IUSS Working Group 2022).

The monitoring data for this study were analyzed from the begin-
ning of the thawing period until the freezing period, since this time
range has the highest water saturation. We defined the annual period
of thawing of the active layer, from soil t > 0°C at a depth of 10 cm,
to soil t > 0°C at a depth of 35 cm. If the active layer did not thaw to
a depth 35 cm in any one year, the thawing period was defined as
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FIGURE 3 Transect and catena in the Ummimalissua valley about
4.5 km west of the ice margin. Reference soil groups are after the
IUSS WRB Working Group (2022).”° The active layer was mapped
with a 1-m ice probe. Modified from Henkner et al.**

when the soil had t > 0°C at a depth of 20 cm. The freezing period
was defined as when the soil had t < 0°C at 10 cm until the time when
the entire active layer was completely frozen, as the pFs-sensor was
installed at a depth of 35 cm directly above the permafrost table.
Graphs were produced with QGIS (QGIS Geographic Information Sys-
tem; QGIS Association), the Software R (R Core Team 2017) with the
packages ggplot2?? and tidyverse,3° and with Surfer based on Kriging
Interpolation from Golden Software (LLC).

An elemental analyser (“Vario EL III”, Elementar Analysesysteme
GmbH, Germany, in CNS mode) with helium atmosphere and oxida-
tive heat combustion at 1150°C was used to measure total carbon
and nitrogen content by dry mass. Since the soil-pH|caciz) values are

about 5.5 and there is no source of inorganic carbon in the study

area,®! we assumed that total carbon is equal to SOC (soil organic car-
bon). Soil-pH (0.01 M CaCl,) was analysed with a Sentix 81 (WTW,
pH340) using a soil to solution ratio of 1:2.5.28

Two samples of bulk SOC from permafrost in profile C11 were
taken for radiocarbon dating. Calibration of the accelerator mass spec-
trometry (AMS) 14C ages to calendar years was done with OxCal 4.4.4
using the IntCal20 calibration curve.>?®® Radiocarbon dating was per-
formed after pre-treatment using the acid-alkali-acid method: sam-
ples were first heated at 80°C in 1 m HCI to remove carbonates. Then,
the samples were heated at 80°C in 1 M NaOH to remove humic acids
and fulvic acids. Afterwards, the samples were heated at 80°C again
in 1 m HCI to remove remaining carbonates. Finally, the samples were
dried at 100°C and stored in closed glasses to avoid contamination.

3 | RESULTS
3.1 | Soil carbon content, soil texture and AMS
14C age

Compared to the other soils in the catena (Figure 3), the soils on the
ridges (Regosols) have a lower SOC content with about 5% in the Ah
horizon and <2% in the other horizons (see Table S1). The highest
SOC content of about 10% occurs in soils with a shallow active layer
(C12, C13) and within the permafrost on north-facing slopes, where
organic matter-rich permafrost is present.

Silt content varies mostly from 50% to 65% with a generally low
clay content of <8% in all horizons. Weak cryoturbation phenomena
were only observed at the footslope in the upper 50 cm of C13 and in
the valley floor bottom (C16, C17). Profiles C10-C17 were also part
of cross-section 1 in Miiller et al.?* The eolian deposits of cross-
section 1 are predominantly silt loam (Table S1 this study; figure 4c in
Miiller et al.>%) and are responsible for the occurrence of buried A
horizons on the upper slope (C10) and in the profiles at the transition
from slope to the valley (C13, C14).

On the steep north-facing slopes, the characteristic vegetation is
continuous dwarf shrub heath with Betula nana, Salix glauca, Equise-
tum arvense, Rododendron lapponicum, Cyperaceae, mosses and herbs.
Dry steppe communities with S. glauca, Pyrola grandiflora, B. nana,
Poaceae, and forbs dominate on ridges and wind-exposed areas.?***

The lowermost sample (Erl-16618) in profile C11 gave an age of
the organic material of 3,481-3,230 cal BP at 200 cm depth (Table 1).
The full depth extent of the permafrost was not reached. The age of
MAL-12293 at 120 cm depth is about 800 years younger, if the age
of 2,620-2,414 cal BP with the highest probability is taken.

3.2 | Comparing the upper soil temperature of ice
wedge polygons with air temperature of
Kangerlussuaq

Air temperature was measured in the climate station in Kangerlus-

suaq (Figure 4, Data from the Danish Meteorological Institute).
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TABLE 1
original 613C results.

AMS 14C data related to the deglaciation of the Umimmalissuaq valley. The data from Miiller et al.?* were supplemented with the

Calibrated
age, 95.4%
Horizon/ Depth probability
Sampling location Lab-no. layer (cm) (cal BP)®
Sandflugtdalen UtC-1987 — 200 7,481-7,154
(67.09°N/50.29°W) (88.8%)
7,124~
7,017
(6.6%)
Lille AAR- = 175- 8,173-7,935
Saltsg (66°59.3N, 3507 176
50°38.6W)
C17 (valley floor) Erl-19000  Ah (lowest 50 5,285-5,161
part) (29.5%)
5,142-
4,869
(66.0%)
C33 (between Erl-16614  Ahb 60-62  4,826-4,518
footslope and (92.2%)
lateral moraine, 4,470-
buried by 4,448
glaciofluvial (3.3%)
sediments)
C11 (slope) MAL Permafrost 120 2,707-2,627
12293 (35.1%)
2,620-
2,414
(58.6%)
2,385-
2,371
(1.7%)
C11 (slope) Erl-16618  Permafrost 200 3,481-3,230

Relevance
14C age 8% (min./max.
(BP) (%o0) Material age) Reference®
6,380 + 100 Gyttja Max. Van
@rkendalen Tatenhove
moraines etal.?®
7,210 + 60 —-182 Clay Min. Umivit/ Bennike?”
gyttja Keglen
4,433 + 54 —-27.3  Soil Min. Umivit/ Miuiller
organic Keglen, etal?*
material max.
@rkendalen
moraines
4,114 £ 53 —26.7  Soil Min. Umivit/ Muiller
organic Keglen, etal?*
material max.
@rkendalen
moraines
2,465 + 22 -21.3 Soil Accumulation This study
organic of organic-
material rich
permafrost
3,158 + 56 —26.8  Soil Accumulation This study
organic of organic-
material rich
permafrost

aCalibration was carried out with OxCal v 4.4.4 (Bronk Ramsey®2); atmospheric are data from Reimer.33
BThe listed radiocarbon ages are crucial for the discussion of the onset of formation of periglacial features in the study area.

Despite a distance of 28 km between the two measuring stations,
the soil temperature curve at 10 cm depth of the measuring sta-
tion behaved similarly to the air temperature curve but with a
smaller range of values. Over the period monitored, there were
maximum air temperature values of 23.3°C (2012, July 10) and
minimum temperatures of —43.3°C (2012, March 1). The amplitude
of soil temperature was much smaller, with extreme values ranging
from a maximum of 10.9°C (2012, July 9) to a minimum of
—23.2°C (2013, February 26) and diurnal variability of air tempera-
ture was also higher than diurnal variability of soil temperatures. In
the winters 2009/2010, 2012/2013, and 2013/2014 there were
frequent positive air temperatures; at the same time, soil tempera-
tures also increased, but never exceeded 0°C. It became clear that
the soil temperature acted similarly to the air temperature, usually

with a time delay of 12-24 h. For example, the data showed that
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FIGURE 4 Annual air and soil temperatures 2009-2015 at 10 cm
depth (after Beutelspacher®).
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in November 2010 maximum air temperature was 3.8°C (2010,
November 6, 2:00a.m.). Just 13 h later (2010, November
6, 3:00 pm) a maximum soil temperature of —0.48°C was recorded.
It can be assumed that the soil temperature curves at 20 and
35 cm depth reacted similarly but with a lower amplitude and a
time delay of on average 12 h in the thawing period and 6 h dur-

ing the freezing period.

3.3 | Freezing periods

The freezing periods showed comparable behavior every year: as
the air temperature decreased below 0°C for the first time every
year between September 15 and 20 (except in 2013, when negative
temperature values occurred on August 19), the soil temperature
also dropped with a time delay of 12-24 h and the active layer
froze from the bottom up. In each year, the soil temperature at
20 and 35 cm depth had already dropped at the beginning of the
freezing phase. If it was not already below 0°C, the temperature at
35 cm fell below 0°C within the first week of the freezing period.
Between 10 and 20 days after the soil temperature dropped below
0°C at 35 cm depth, the soil temperature at 20 cm dropped below
0°C for the first time, but fluctuations still occurred, as observed in
every year, except in 2011 and 2014. After 4-6 weeks (except in
2012, when it took 8 weeks), the soil temperature at 10 cm depth
showed negative values for the first time. Re-freezing (Figure 5)
began between mid-August and early September and ended in early
November, with the exception of 2012, when the active layer was
not completely frozen until December. The longest freezing periods
were recorded in 2012 and 2013, of about 100 and 90 days respec-
tively, while in 2009, 2010, and 2014 this process lasted between
60 and 70 days. In 2011, the active layer was completely frozen
after only 40 days.

In 2009-2011 the lowermost instrumented soil depth at 35 cm
did not reach positive temperature values over the summer
months. Overall, it is notable that soil temperatures dropped below
0°C distinctly faster in 2009-2011, within 7 and 33 days, than in
the following vyears, between 59 and 106 days in 2012-2014.
However, as soon as temperatures dropped below 0°C, they
decreased more consistently than in the three winters from 2009
to 2011.

In contrast, the pF-values differed every year (Figure 5). Strikingly,
there were long periods of complete water saturation in the lowest
part of the active layer in every year except 2011, varying from 1 week
as in 2009 or almost the entire freezing period as in the other years
observed. The pF-values only increased again once the soil tempera-
ture fell below 0°C. Interestingly, variations in water tension occurred
despite a soil temperature below 0°C. The years 2009-2011 clearly
show that although the active layer at the lowest depth showed no
temperature values >0°C, fluctuations in water tension occurred.
However, as soon as the soil temperature was well below 0°C, around
—3°C, the pF-values also increased strongly. The highest values

(pF > 3) of the freezing periods were measured at the end, which

marked the time the soil was completely frozen and the water tension
was thus at its highest.

3.4 | Thawing periods

The thawing period (Figure 6) started in May and ended in July each
year. The active layer thawed from the top down to 35 cm within
63 days in the years 2010, 2011, and 2012. In the following years,
thawing was 6 days faster in 2013 and 7 days faster in 2014. Soil
temperatures at all three depths in every year responded to varia-
tions in the same way, with only a slight delay of 2-3 weeks (2011,
2012), 4 weeks (2010, 2015), and 6 weeks (2013, 2014). The active
layer at 10 cm depth had the longest unfrozen periods and the
active layer at 35cm depth showed the shortest periods with
temperatures above 0°C.

As seen during the freezing period, pF-values varied strongly
across the thawing periods and from year to year. However, it is nota-
ble that at the beginning of the thawing period the pF-values were
high (pF > 4). Over the course of the thawing period and with rising
soil temperatures, the water tension decreased. This process, similar
to soil temperature, began in the upper soil depth and proceeded
downward within a time delay of 2-3 weeks. In contrast to the freez-
ing period, which showed several freezing cycles, every thawing
period is characterized by one continuous downward thaw. There are
no fluctuations around 0°C temperature. As soon as the soil tempera-
ture reached positive values at a depth of 10 cm, the water tension at
this depth dropped to pF = 0 in 2010, 2011, and 2012. Notably, in
every year, between the beginning and middle of June, there was a
rapid drop in water tension to pF = 0 within 1-2 days in at least one
active layer depth.

3.5 | Water tension in the active layer

Water tension between pF = O (soil fully saturated) and the upper
limit of capacity at pF = 1.8 did not occur at the same point in time
when comparing the three soil depth layers (Table 2). In the freezing
periods of 2009 and 2011 (Figure 5) and in the thawing periods of
2010, 2011, 2013, 2014, and 2015 (Figure 6), there was no simulta-
neous decrease in water tension to pF < 1.8 in the whole active layer.
There were periods when individual depths experienced complete
water saturation for several hours, but never all at the same time.
However, in every freezing period except for 2011, as well as in the
thawing period of 2012, there was a temporal overlap (a simultaneous
water tension of pF < 1.8 or pF = 0 at all measured depths) of pF-
values <1.8 at all three depths, or from mid-2012 at the lower two
depths. Lower water tension occurred at the respective depths for
55 days (2010), 18 days (2012 thaw period), 99 days (2012 freeze
period), 85.5 days (2013), and 55 days (2014). Crucially, these periods
refer only to an overlap of pF < 1.8 but not pF > 0. There was simulta-
neous complete water saturation (pF = 0) at 20 and 35 cm depth only
from October 13 to 14 in 2013 for 25 h.
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TABLE 2 State of water saturation (pF-values <1.8 and 0) at three depths of the active layer from 2009 to 2015 with time periods when the
pF values overlap at the investigated depths.

2009

Freezing period
pF < 1.8 in hours
pF = 0in hours
2010

Thawing period
pF < 1.8 in hours
pF = 0in hours

Freezing period

pF < 1.8 in hours

pF =0 in hours

2011

Thawing period
pF < 1.8 in hours
pF = 0in hours
Freezing period
pF < 1.8 in hours
pF = 0in hours
2012

Thawing period
pF < 1.8 in hours
pF =0in hours

Freezing period
pF < 1.8 in hours
pF = 0in hours
2013

Thawing period
pF < 1.8 in hours
pF = 0in hours
Freezing period

pF < 1.8 in hours

pF = 0in hours
2014

Thawing period
pF < 1.8 in hours
pF = 0in hours
Freezing period

pF < 1.8 in hours

10 cm

111
20

697
34

11

1,625

285
62

455
31

54
32

1,174

10
73
31
176

NA

NA

NA

NA

NA

NA

NA
NA

NA

20 cm

37
21

1,404
76

103
37
22

791

2,493
107

600

54

161
2,061

25

384
23

1,317

35cm

213
156

1,365

689
421

502
68

2,384
2,204

2,179

1,011

1,370

Overlapping periods of pF < 1.8 or
pF = 0 (in hours) at all depths

No overlap

No overlap

No overlap

No overlap

06.09 to 31.10 (1,328 h)

No overlap

No overlap

No overlap

No overlap

No overlap

09.06 to 29.06 (474 h)

No overlap

19.08 to 26.11 (2,384 h)

No overlap

No overlap

No overlap

17.08 to 01.11 (2056 h)

13.10 to 14.10 (25 h)

No overlap

No overlap

10.09 to 03.11. (1,317 h)

WILEY_| >t
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TABLE 2 (Continued)
10 cm 20 cm
pF = 0in hours NA 0
2015
Thawing period
pF < 1.8 in hours NA 11
pF = 0in hours NA 0
4 | DISCUSSION
4.1 | The role of soil moisture and soil temperature

for slope stability

The soil water content in the active layer is decisive for the stability of
a slope.'? Increasing water saturation leads to both an increasing mass
per unit soil volume and a loss of capillary rise. Both factors can trig-
ger mass movements along slopes.3%3” Seepage water in particular
can trigger soil movements,® which is why the value of pF = 0 is cru-
cial in this study and hence why the duration of water saturation at
the respective depths was studied in more detail. Further, even if only
shrubby vegetation is present, plants have a stabilizing influence on a

3940 which also is associated with soil moisture. Hydraulic and

slope,
mechanical effects,*! especially transpiration processes that keep the
active layer in an unsaturated and drier state, can stabilize slopes.*?
Due to climate warming, shrub vegetation in Arctic areas has
expanded in recent decades,*® leading to diverse growth forms and
seasonal water consumption as a result of different rooting depths.**
B. nana, for example, relies on snow melt-water for 40% of its water
uptake throughout the active layer.*> At values of pF below 1.8, soil
water is not held in the soil against gravity, but the water can still be
absorbed by the plant roots. Therefore, the active layer is not affected
strongly by gravitational movements. Only at complete water satura-
tion (pF = 0), where the air content in the soil is zero,*® does the soil
experience viscous flow that exceeds the power of the roots to hold
the soil against gravity, and the slope can start to move.

The freezing point of the soil water was assumed to be 0°C. Nev-
ertheless, when analyzing the thawing and freezing periods, it was
found that this assumption does not apply in our case. This is particu-
larly crucial in the years 2009-2011, which showed no positive soil
temperature values at 35 cm depth throughout the year, yet varia-
tions in water tension occurred. Since the water tension in soil pores
is >4 when the active layer is frozen,*” pF values <2 indicate the pres-
ence of unfrozen water and thus a freezing/melting point of this soil
water of <0°C. There are various reasons for liquid water to be pre-
sent in a freezing soil: (a) capillary forces, (b) adsorption forces, and
(c) dissolved ions.*®4 In our case, the sensors were installed at
10, 25, and 35 cm below the surface so the pressure gradient is not
high enough. Moreover, although there are lakes with elevated salinity

in the study area,”® the measured EC in profile C11 is 269 uS cm ™! so

Overlapping periods of pF < 1.8 or
pF = 0 (in hours) at all depths

1,131 No overlap

35cm

No overlap

No overlap

salinity in this profile can also be excluded. Therefore, it is likely that
the pore size distribution and thus the adsorption forces are responsi-

ble for freezing point depression.

4.2 | Freezing periods

Every fall/early winter (except in 2011), the soil moisture tension
dropped below pF = 1.8 at 35 cm depth, even though the soil temper-
ature showed negative values. Moreover, in every year, except 2011,
there was a period of between 3 days (in 2009) and 1 or 2 months
(in 2010, 2012, 2013, and 2014), where the sensor at 35 cm depth
measured values of pF = 0. These periods of water saturation can be
explained by the subsurface, downslope flow of water on the frozen
transition zone.>* Here, the permafrost table acted as a vertical bar-
rier for flowing water, causing soil water to move downslope.>? In
addition, a temporal overlap of water tension pF > 1.8 occurred in
each year, except 2011, for 55 days (2010), 99 days (2012), 85 days
(2013), and 54 days (2014). At the time when the freezing periods
began (late August/September), air temperature (Figure 4) and solar
radiation decreased. Thus, there was less active plant growth and
therefore less water was absorbed by the roots.”® Consequently,
more soil water accumulated in the active layer, explaining the lon-
ger periods of low water tension. Since there have been periods of
continuous low water tension (pF > 1.8) in almost every year, but
the ice wedges are nevertheless stable, pF = O seems to have a
greater impact on the instability of the active layer than pF > 1.8
and therefore provides better conditions for solifluction. Prolonged
periods of complete water saturation did occur at each depth, but
with the exception of 2013, no overlap occurred at any time. It is
possible that 25 h of pF = 0 at 20 and 35 cm depth in October
2013 (Table 2) was not long enough to trigger slope movement, or
another decisive factor is that no data on the pF;-sensor are avail-
able. As soil movement can be excluded, and the active layer at
10 cm depth was not yet frozen at this time, it can be assumed that
the pF;-values were >0.

As mentioned above, it was observed that pF-values increased
above 4 throughout the active layer at the end of the freezing period
as soon as soil temperature values were in the negative range (below
—3°C). Thus, the soil was completely frozen (Figure 5). Sequentially,

there was a stagnation of soil temperature in fall and early winter
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every year after the rapid drop in air temperatures. This was caused

by the insulation effect of snow cover on the surface.

4.3 | Thawing periods

As soon as the air temperature reached values between 4 and 8°C in
mid-May/June, the active layer directly under the surface started to
thaw. The active layer at 10 cm depth has the longest unfrozen
periods and at 35 cm depth the shortest periods with temperature
above 0°C. Moreover, the rising temperature in spring and early sum-
mer affected both the soil temperature and the soil moisture tension.
During snowmelt, when evapotranspiration is lower and the vegeta-
tion is still inactive, the inflow of meltwater results in low soil suction
and deeper water infiltration.>*>° Rising temperatures in spring begin
to melt the snow cover and thaw of ice in the soil pores starts, leading
to increased water content in the active layer. In 2012 the pF3-sensor
measured positive temperature values for the first time. Air tempera-
ture in summer 2012 reached its maximum at 23.3°C on July 10
(Figure 4). Compared to the previous summers, this one was particu-
larly warm as 97% of the ice sheet in Greenland underwent surface

melt.”®

As climate change progresses, it has also been noted that the
thawing period has become shorter, which means that thawing of the
active layer is faster, resulting in longer ice-free periods. In 1986-
2000, thawing lasted on average until mid-August.®2 Compared to the
present data, thawing of the active layer lasted only until early/mid-
July and the active layer remained unfrozen until the beginning of the
freezing period.

In 2010, 2011, and 2012 the soil moisture tension at 10 cm
depth dropped directly to pF = O for 55 h with a short interruption
(2010), for 31 h (2011), and for 73 h also with a short interruption
(2012) once the temperature at this depth reached positive values.
As soon as the active layer begins to thaw, the water content near
the surface increases, and thus the water tension decreases.’’>®
According to our observations, the same happened in the following
years but due to the failed pF;-sensor, no measurement-based data
regarding the water content in this depth can be added. Overall, the
thawing periods clearly show that the pF-value, which was always
>4 at the beginning of this period, marking the frozen stage, only
began to decrease when the soil temperature reached —2°C
(Figure 6). Thus, it can be concluded that —2°C represents the
freezing point of this active layer. Therefore, the water tension falls
rapidly at 0°C, as the active layer has already been thawing for at
least 2 weeks.

Accumulation of snowmelt and ice meltwater did result in
increased water content in the active layer, but with the exception of
2012 (20 days with pF < 1.8), this did not occur simultaneously in all
three layers. In particular, the active layer at 35 cm showed water ten-
sion values of <1.8 for 21 days only in 2012. The fact that 2012 is an
exception could be due to the hot summer, which caused increased
ice melt. It is possible, since the active layer also had positive tempera-
ture values for the first time at 35 cm that year, that the thickness of

the active layer may have increased. However, the fact that the water

tension in the active layer did not decrease simultaneously may have
alternative explanations. First, that the active layer reacted 2-3 weeks
later at depths of 20 and 35 cm, respectively, thus shortening the con-
ditions for simultaneous water saturation. Second, in late May/early
June plant activity and thus water uptake by roots increases, which
also resulted in less frequent simultaneous low water tension at all soil
depths.>® In addition, air temperatures reached an average of 12°C
during the summer months (from mid-June to mid-August). This
caused a decreasing amount of soil water,>® exacerbated by the conti-

24

nental climate,”” and thus it led to complete water saturation at

10 cm only in May (and in early June for 31 h in 2011).

44 | Causes of stable active layers on steep slopes
Since the soil measurement station was located on a slope with an
inclination of 33°, it is very likely that repeated freezing and thawing
cycles could cause gravitational mass movement such as solifluction.®®
Especially on periglacial slopes, solifluction is the most common slope-
deforming process®? and leads to ice wedge polygons being covered
with sediments.'® However, no movement was observed during the
monitoring period. In addition, the presence of stable and visible ice
wedge polygons indicates that there was no recent movement, either
(Figure 2). In 2009, 2010 (thawing period), 2011, 2013 (thawing
period), 2014 (thawing period), and in the short observation period of
2015 (Table 2), the conditions for solifluction were not ideal. Since
the soil moisture content is one of the main factors for solifluction,
the active layer has to be sufficiently saturated with water.!? During
those periods, the three layers were not saturated with water at the
same time. In the other periods analyzed (freezing period in 2010,
2012, freezing periods in 2013 and 2014) water tension with values
below pF = 1.8 was measured in the whole active layer. However,
during thawing in 2012, over a period of 20 days, all three layers were
saturated, but this time period was probably too short to cause mass
movement.®? Interestingly, from September 6 to October 31, 2010
(55 days), where pF values <1.8 were measured, this period should
have been long enough to trigger solifluction. High soil moisture
enhances solifluction processes, especially when soil moisture is

t.63

above the liquid limi As already mentioned in the section on the

16,64 it

freezing period and based on the stable and visible polygons,
can be assumed that the threshold pF < 1.8 is not enough to trigger
solifluction. The situation is different with a complete water saturation
of pF = 0. However, complete water saturation in the active layer
only occurred in October 2013 for 25 h at 20 and 35 cm depth. It can-
not be ruled out that the soil had higher water tension values at a
depth of 10 cm, as the pF;-sensor was no longer measuring at
this time.

There might be further explanations for this phenomenon.
(a) Regional climate is very important at this location and, due to the
katabatic winds, it is dry and cold.2* This may lead to less water accu-
mulation in the active layer and thus to a more stable slope.>® In addi-
tion, the vegetation cover, and thus water uptake and transpiration,

prevent water accumulation in the active layer as well as
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evaporation.1?2%5 Furthermore, the vegetation cover has a binding
effect on the near-surface soil, which is another stabilizing factor. 406
However, these explanations are not sufficient if there is complete
water saturation (pF = 0), despite vegetation cover.

(b) A second explanation for the stabilization of the slope are ice
wedges and their surficial arrangement in polygonal networks them-
selves. Ice wedges with their solid ice represent obstacles for the
water-saturated soil to move downslope.’ During the freezing period
we observed that for certain time periods pF values of O occurred in
the lowest active layer depth for between 6.5 (2009) and 92 days
(2012). They probably resulted from subsurface water runoff along
the permafrost table.®” However, this water encounters the ice
wedges, which act as natural barriers downslope that are strong
enough in this north-facing slope situation to create a stagnating

effect.®

As a result, the water cannot create an undisturbed flow path
and completely run down the slope.'? Moreover, the ice wedge
troughs may act as hydrological drainage pathways to channel the
water downslope instead of diffuse infiltration and saturation of the
active layer.®”7° Since the period with pF = 0 is generally short at all
depths (between O and 92 days), the dense root network of shrub
tundra (vegetation coverage of 100%) can have a sufficient stabilizing
effect.”%72

A similar phenomenon of stable ice wedge polygons in frozen
sediments on steep slopes was observed in Spitsbergen.!” The
authors proposed limited frost heave and formation of ice segregation
in combination with dry climate conditions as possible causes. This
and our observation that the phases of water saturation in the active
layer did not last long enough to trigger solifluction are supported by
the dry and cold climate and the dense vegetation cover in the study
area in West Greenland. In addition, the ice wedges within a polygon
net may stabilize each other and form a natural barrier that prevents a
direct runoff path downslope.®®

However, this may change with ongoing climate change, which
would result in more water being able to accumulate in the active
layer over longer periods, increasing the depth of the active layer, and
thus leading to solifluction processes in the future. As a result, the ice
wedges would subside, which might lead to large-scale slope destabili-
zation at the current rate of global warming. Note that the thawing
potential of the permafrost in the region around Kangerlussuaq has
been classified as high”® and the scenario outlined above could occur

in the coming decades.

4.5 | Timing of the formation of organic matter-
rich permafrost on slopes

The so far oldest radiocarbon age of about 8,050 cal BP from organic
matter within the Umivit/Keglen moraines is from Lille Saltso (AAR-
3507), which is located about 10 km southwest of the oldest radiocar-
bon age in the Sandflugtdalen (UtC-1987) of about 7,600 cal BP.2%
This east-west distance may be the cause of the younger age of the
eastward UtC-1987 site in Sandflugtdalen. Since the UtC-1987 site is
in a comparable location to the monitoring station in the

Umimmalissuaq valley with respect to the recent ice margin, this age
can be considered a better approximation for the maximum age for
formation of periglacial phenomena in the Umimmalissuaq valley than
the age of AAR-3507. The oldest radiocarbon age from an Ah horizon
(valley floor) of our study site in the Umimmalissuaq valley so far is
about 5,100 cal BP (Erl-19000 in Table 1).

Erl-16618 (from profile C11) yielded the oldest age from
organic matter-rich permafrost in an ice wedge polygon at about
3,300 cal BP. This can be considered as the minimum age for the
beginning of the accumulation of the organic matter-rich permafrost
on this slope. Since the base of the permafrost on the slope was
not assessed and the valley floor was already deglaciated at about
5,100 cal BP, permafrost accumulation could have already started at
that time. This is supported by the age of about 4,600 cal BP (Erl-
16614) from a buried A horizon in profile C13 located between the
moraine and slope (see Table S1). However, it cannot be excluded
that the onset of permafrost accumulation started earlier, that is
from 7,600 cal BP (UtC-1987), as this site also lies within the
Umivit/Keglen moraine.

Interestingly, the ~800 years younger age of MAL 12293, sam-
pled in the same profile 80 cm above Erl-16618, indicates a constant
upward growth of organic matter-rich permafrost on these slopes.
This can be seen as a constant process caused by the katabatic winds
transporting silty sediments to the slope?* and the more or less sea-
sonal accumulation of organic material. The maximum age for the ice
wedge polygons on the slopes can be assumed to be about
5,000 years, at least if enough sediment had already been deposited

to allow ice wedge formation.

5 | CONCLUSION

The current study presents hourly soil temperature and water satura-
tion data from the active layer in the Umimmalissuaq valley in West
Greenland over 6 years and investigates the reason for the stable
polygon networks on steep slopes found there.

It could be shown that the water content within the active
layer was not high enough and phases of water saturation were not
long enough during the measurement period to trigger slope move-
ment and thus solifluction. The results indicate a direct connection
between soil moisture tension and soil temperature, and show that
there was no temporal overlap of water saturation at the three
depths of the active layer. These effects of a generally low water
saturation can be explained by the cold and dry climate and limited
frost heave processes, a dense vegetation cover and root network,
but also by a natural barrier effect of ice wedges, which prevent
direct downslope runoff. From this we conclude that the ice wedge
polygon networks on north-facing exposed slopes in West Green-
land are currently stable and so is the active layer near the ice mar-
gin, especially where the katabatic winds are active. It is assumed
that the stability of these north-facing slopes has existed for about
5,000 years. Therefore, and because of the continuous growth of

the organic matter-rich permafrost on these slopes, the permafrost
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and the ice wedges could also serve as a paleoenvironmental
archive for this period.

However, the available data from a single soil measurement sta-
tion provide only limited insight into the fragile environment of per-
mafrost soils and ice wedge polygon networks. Moreover, it is as yet
unknown how climate change will influence these complex systems.
Annual mean temperature in West Greenland is expected to increase
by 2.5-3°C for the RCP4.5 scenario and by 4.8-6.0°C for the RCP8.5
scenario, as well as an increase in precipitation of 20-30 and 30-80%,
respectively, by the end of this century.”* This may change the mois-
ture regime toward longer periods of positive pore pressure, destabili-
zation of ice wedge polygons, and mass movement and solifluction
along north-facing slopes.
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