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Three-dimensional investigation of an open- and a closed-
system Pingo in northwestern Canada
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The present study presents three-dimensional investigations of a hydrostatic pingo in
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the Mackenzie Delta region and a hydraulic pingo in the Ogilvie Mountains and
contributes to a better understanding about the internal structures of the two pingo
types. A combined approach using quasi-three-dimensional electrical resistivity

tomography, ground-penetrating radar and frost probing allowed a clear delineation of
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frozen and unfrozen areas in the subsurface. At the hydrostatic pingo a massive ice
core as well as a surrounding talik could be detected, but the location of the ice core
and the talik differs from previous published assumptions. In contrast to acknowledged
theory, at our site the massive ice core is not located in the center of the pingo but at
the western edge, whereas the eastern flank is underlain by a talik, which surrounds
the massive ice core. At the hydraulic pingo, the expected internal structure could be
confirmed and the pathway of upwelling water could also be detected. The combined
approach of the applied methods represents the first known three-dimensional
geoelectrical investigation of pingos and provides new insights into the internal
structure and architecture of the two different pingo types. The chosen approach

allows further conclusions on the formation of these permafrost-affected landforms.
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1 | INTRODUCTION

The origin of pingos has been studied for several decades, and in

the Mackenzie Delta region hydrostatic pingos have been investigated

Pingos are perennial, conical, ice-cored hills with a diameter of several
decameters or hundreds of meters and a base height between a few
meters and several decameters.? The first description of a pingo in
northern Canada was by Richardson.® Leffingwell* had previously
supposed hydraulic pressure as a reason for the formation of these
features. Porsild® developed a second model of pingo genesis based
on formation in a closed hydrological system. These two studies rep-
resent the basis of the theories of hydrostatic- and hydraulic-system
pingo genesis, which are still recognized today.

intensively by J. R. Mackay. In contrast, the formation of hydraulic
pingos is far less investigated. Due to different possibilities of artesian
water pathways and origins, there are still uncertainties regarding
hydraulic pingo formation.

Mackay® started to investigate the hydrostatic (closed-system)
pingos in the Mackenzie Delta region and developed a conceptual
model of hydrostatic pingo formation based on numerous studies in
the region. He investigated the relationship between drained lakes
and the refreezing of taliks and unfrozen sediments, respectively.
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According to this, in particular the drainage of former lakes and the
subsequent downward and upward growth of permafrost in the area
of the former sublake talik is evident for the formation of a closed sys-
tem and hydrostatic pressure (e.g.,%”). Based on drillings he was able
to show the presence of intrusive and segregation ice and even veri-
fied the hydrostatic pressure in a closed water lens below the uplifted
pingo.2® Mackay also explored the growth rates of hydrostatic pingos
in the Mackenzie Delta region and determined different growth rates
during different stages of pingo genesis. While growth rates could
reach more than 1 m during the first years of pingo genesis, the
growth rates decrease with advancing age of the pingo to several cen-
timeters per year.>1°

The open-system type (hydraulic pingo) was further investigated
by Miiller,** who discussed the role of intra- and subpermafrost water
and the ascent of water under artesian pressure in East Greenland.
O’Brien'? posited a direct link between hydraulic pingos and rock
fractures, which probably act as water pathways. One of the most
common theories of hydraulic pingo formation is that of Liestal,*®
who assumed a connection between pingo formation and subglacial
meltwater drainage beneath polythermal glaciers within the catch-
ment area in Svalbard. He later investigated the water discharge of
pingo springs and their physical processes and mechanisms.** In addi-
tion to hydraulic pingos associated with geological faults or subglacial
melt-/groundwater, Yoshikawa and Harada®® introduced a third type
of hydraulic pingos. These are related to geological uplift of the land
surface or a relative sea level drop and are located in nearshore areas.
Humlum et al.1® discussed the role of coarse-grained materials in allu-
vial fans, which lead to water flow within the fan and a relative uplift
of the water at the lowermost end of the fan, where the sediments
become thinner. In a recent study, transitional forms between hydro-
static and hydraulic pingos have been investigated, which developed
in phases in both open and closed systems.!” Figure 1 schematically
illustrates and summarizes the main differences in the formation of
hydrostatic and hydraulic pingos based on the aforementioned
literature.

Most of these studies are based on observations at the surface,
drillings, or natural outcrops. Restrictions related to these observa-
tions are the lack of two- or three-dimensional (2D, 3D) information

or destroyed systems in the case of eroded outcrops. Geophysical

investigations of pingos are quite rare, 822 but the few studies could
provide interesting 2D information about the internal structures of
intact and undestroyed pingos.

In the context of global warming, the processes of water move-
ment and hydrogeological subsurface conditions as well as the still
fairly unknown permafrost hydrology are becoming more important
and their investigation is therefore of great interest.22-2> Hence, the
aim of this study is the 3D geophysical investigation of the two pingo
types, a hydraulic pingo and a hydrostatic pingo. The 3D approach
allows a detailed investigation of the subsurface architecture. This
contributes to a better understanding of water pathways in the sub-
surface and allows further conclusions on the formation of these
permafrost-affected landforms.

2 | STUDYSITES

Both investigated pingos are located in northwestern Canada. While
the hydrostatic pingo east of the Mackenzie Delta (Northwest
Territories) is located in an area of continuous permafrost, the
hydraulic pingo is situated in the Ogilvie Mountains (Yukon
Territories), lying in the transition zone between continuous and

discontinuous permafrost.?®

21 | Hydrostatic pingo

The investigated hydrostatic pingo (Figure 2) is located in the transi-
tion zone of the Cariboo Hills and the southern part of the
Tuktoyaktuk Peninsula near Parsons Lake close to the Inuvik-
Tuktoyaktuk Highway. The region is underlain by continuous
permafrost, which is 300-400 m thick and characterized by perma-
frost temperatures between —5 and —6°C.27%° The upper few meters
or decameters of the permafrost are partly ice-rich, which is due to
the high content of pore ice in sandy sediments and the formation of
large amounts of segregation ice because of high pore-water pres-
sures during the deglaciation of the region. At some places in the
region, the existence of basal ice of the former Laurentide Ice Sheet

was also proven.??3! The climate of the region is characterized by
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Schematic illustration of hydrostatic (left) and hydraulic (right) pingo formation [Colour figure can be viewed at wileyonlinelibrary.
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FIGURE 2 Hydrostatic pingo site. (a) Landsat-8 RGB true-color image composite (July and August; 2015-2018) of the Mackenzie Delta
region generated according to the approach of Nill et al.2” (b) Arctic DEM?® of the study area southeast of Parsons Lake. (c) High-resolution
photogrammetric DEM of the pingo derived from in situ UAV acquisitions. Elevation contours have an interval of 1 m. Location of the study site
is marked with a red box in (a) and (b). (d) Ground-based photograph of the pingo in August 2018 (photo in northwestern direction). (e) Aerial
photograph of the pingo in September 2019 (photo in northwestern direction). The boundary of the elevated pingo is marked by a dashed line in

(d) and (e) [Colour figure can be viewed at wileyonlinelibrary.com]

mean annual air temperatures between —10.1°C (Tuktoyaktuk) and
—8.2°C (Inuvik) (climate normal 1981-2010).323° During the same
period, precipitation was between 160 mm (Tuktoyaktuk)3? and
241 mm (Inuvik).32 These values are quite low due to the long sea ice
season in the Beaufort Sea and the related low evaporation rates. The
study site is located north of the tree line and the vegetation is mainly
characterized by dwarf shrubs, tussocks, herbs, and lichens. In depres-
sions, typical vegetation of sedge tundra and along small creeks ripar-
ian shrubs also dominate the vegetation. The zonation of different
vegetation forms related to different relief positions is evident in this
area, similar to that determined by Griinberg et al.3*

The morphology of this region is characterized by a hilly relief
between 20 and 60 m a.s.l. and a large number of small- or mesoscale

periglacial landforms such as pingos, ice wedge polygons and

hummocks. A large number of thermokarst lakes dominate the terrain.
They undergo major dynamics such as thaw subsidence or thermal
erosion and retrogressive thaw slumping in the littoral zones. The
dynamics of such lake landscapes in ice-rich permafrost regions have
led in the past and currently to rapid drainage or silting up of lakes.
The investigated pingo is situated in one of those drained lakes. The
pingo is characterized by a slightly elongated/oval shape and is 190 m
long and 140 m wide. With a base height of ~4.5 m above the sur-
rounding former lake floor it is not particularly high, but it is clearly
uplifted from the surrounding former lake bottom. The surface of the
pingo is characterized by numerous prominent frost cracks
(cf. Figure 2c). Due to its low base height and relatively large diameter,
the pingo is classified as broad-based according to the differentiation

of Walker et al.3> Therefore the pingo differs from most of the other
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pingos in the Tuktoyaktuk Peninsula area, which are mostly classified
as steep-sided.?®

2.2 | Hydraulic pingo

The hydraulic pingo site (Figure 3) is located in the transition zone of
discontinuous and continuous permafrost in the Ogilvie Mountains,
which reach altitudes of up to 2,300 m a.s.l. in the area of Tombstone
Territorial Park. The climate station in Dawson City (95 km to the
south) is used as a reference due to the lack of climate data in
the region. The station is characterized by mean annual air tempera-
tures of —4.1°C and annual precipitation of 324 mm (climate normal
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1981-2010).3¢ Annual precipitation at the investigated pingo site
should be slightly higher, because of the higher elevation of the
Ogilvie Mountains, but temperature should be quite similar due to
atmospheric inversion settings during the winter months.3”%8 In sev-
eral studies along the Dempster Highway permafrost temperatures
between —2.7 and —3.7°C were measured between North Fork Pass
and Chapman Lake within the eastern Blackstone River Valley.3°
The relatively broad valleys of the eastern and western Blackstone
River are filled with glacial till, whose chronological origin remains
under discussion. The age of the Chapman Lake terminal moraine was
dated in several studies to the Middle Pleistocene Reid glaciation®® as
well as to the younger, Late Pleistocene McConnell glaciation.** The
more common theory, however, is that the moraine was formed
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FIGURE 3 Hydraulic pingo site. (a) Landsat-7 & -8 RGB true-color image composite (July and August; 2014-2019) of the Tombstone
Territorial Park area in the Ogilvie Mountains generated according to the approach of Nill et al.?” (b) Arctic DEM?® of the study area southwest of
Chapman Lake. (c) High-resolution photogrammetric DEM of the pingo derived from in situ UAV acquisitions. Elevation contours have an interval
of 2 m. Location of the study site is marked with a red box in (a) and (b). (d) Ground-based photograph of the pingo in August 2019 (photo in
western direction). (e) Photograph of the south-bordering hillslope with incised streams and vegetation-covered alluvial fans from top of the

pingo [Colour figure can be viewed at wileyonlinelibrary.com]
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during the Reid Glaciation. The pingo is situated in the western Black-
stone River Valley 5 km southwest of Chapman Lake at the foot of a
north-facing hillslope at ~1,020 m a.s.l. The location is also within the
Chapman Lake terminal moraine stage and characterized by glacial till
as well as fluvial and alluvial sediments. The diameter of the pingo is
~280 m and the base height is about 12 m. Well-developed polygonal
structures and some small streams from the south-bounding hillslope
surround the pingo. In contrast to the other investigated pingo, no
large cracks are visible at the surface of the pingo.

During some drillings near Chapman Lake, Idrees et al.>? were
able to confirm the existence of a talik or unfrozen area under an
~7-m-thick layer of ice-rich permafrost, indicating groundwater flow
towards the unfrozen Blackstone Riverbed. In addition, large icing
events during the winter months near and within the riverbed of the
Blackstone River indicate the existence of groundwater flow within or
beneath the permafrost layer.2?#2? A few kilometers southeast of the
pingo, Lacelle et al.*® confirmed the presence of massive ground ice
of glacial origin, indicating different types and possibly various ages of
ground ice in this region.

3 | METHODS

A multimethodological approach was used to study the internal struc-
tures of the two pingos. The main focus was on a geophysical charac-
terization of the pingo subsurface using electrical resistivity
tomography (ERT) and ground-penetrating radar (GPR). These

methods were promoted by Yoshikawa et al.*’

as being the most
appropriate geophysical methods for the investigation of pingos. In
addition, frost probing was performed to measure the active layer
thickness (ALT). A terrain analysis based on high-resolution photo-
grammetric digital elevation models (DEM) generated from unmanned
aerial vehicle (UAV)-based images complemented the approach. Only
a brief introduction into the basic approaches is given because most
of the methods are commonly used in the field of periglacial landform

investigation.*>%4

3.1 | Frostprobing

For the frost probing, a 120-cm-long steel rod was pushed into the
ground to detect the depth of the frost table and ALT. The measured
depths roughly match the depth of the permafrost table, as the mea-
surements were performed at the end of the melt season in late
August and/or early September. All measurements were rounded to
an accuracy of 5 cm, as the surface could not be determined to centi-

meter precision due to the vegetation cover.

3.2 | Quasi-3D ERT

Geoelectrical methods such as ERT use the variability of the electrical

conductivity of different materials (e.g., sediments, air, water, or ice)

to investigate the spatial distribution of different materials within the
subsurface.*® For this two current electrodes are used to inject a
direct current into the subsurface, while two additional potential elec-
trodes measure the potential field within the subsurface. The appar-
ent electrical resistivity of the subsurface could be determined using
Ohm’s law and an electrode arrangement-dependent correction fac-
tor. The arrangement of these four electrodes is given by the chosen
electrode array, which affects the spatial resolution and penetration
depth.*>*¢ However, the method of 2D or 3D ERT not only uses four
electrodes, but a large number of electrodes, which are arranged in a
straight line or in a 3D grid and connected to a corresponding multi-
core cable. This enables an automatic switching between all possible
electrode configurations of the chosen electrode array along the line
or within the grid. Thus, the measurement of a large number of indi-
vidual data points is possible in a comparatively short time. The so-
called quasi-3D approach describes the measurement of several paral-
lel or orthogonal 2D profiles whose point data are merged and
inverted three-dimensionally.*” The resulting pseudosections provide
insights into the distribution of the apparent electrical resistivity
within the subsurface. This method enables a delineation of frozen
and unfrozen materials and can deliver information regarding the ice
content in the subsurface, as materials such as ice and water are char-
acterized by different resistivity values. As the permanently frozen
area is usually characterized by a mixture of ice, mineral substrate,
and also a proportion of liquid pore water, the resistivity can vary con-
siderably. In particular, variations in the water content or ice satura-
tion can complicate a clear delineation of frozen and unfrozen
material.

In this study, we used a Syscal Pro Switch 72 from IRIS Instru-
ments Inc. (Orléans, CN, France) and measured Wenner-Schlumberger
and Dipole-Dipole arrays with 72 electrodes in each profile. For the
quasi-3D approach, we used an electrode spacing of 3 m for the longi-
tudinal profiles (X) at both study sites. At the hydrostatic pingo site,
we made additional cross profiles (Y) with an electrode spacing of
2 m. The interline spacing was 6 m (X-lines) and 12 m (Y-lines) at the
hydrostatic pingo and 9 m at the hydraulic pingo. For comparison of
the grids, the specifications are listed in Table 1.

TABLE 1 Specifications of the two measured quasi-3D ERT grids

Number of grid lines
Electrode spacing

Interline spacing

Array type

Data points per profile

Number of used data

points

Absolute error
(iteration)

Hydrostatic Pingo
34 (21 X,13Y)
2m (Y)and 3 m (X)

6m(X)and 12 m
(Y)

Dipole-Dipole

1,321 (X) and
1,615 (Y)

48,322 (of 48,736)

4.73% (5)

Hydraulic pingo
16 (X)
3m

9m

Wenner-
Schlumberger

716

11,451 (of 11,456)

4.41% (4)
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For data processing the software packages RES2DINVx64 (ver.
4.05.41) and RES3DINVx64 (ver. 3.11.73) (Geotomo Software,
Gelugor, PNG, Malaysia) were used. To eliminate poor datum points a
filtering with a 5% threshold of the standard deviation of the different
stacks of each datum point was performed. Any point with a standard
deviation more than 5% was deleted and not included in the inversion.
The single profiles were inverted individually for further quality
checking and poor datum points with a root-mean-square error (RMSE)
of more than 100% were deleted after a trial inversion as recommended
by Loke.*” All 2D profiles were then collated into a 3D dataset and the
topography was added. The electrode positions (marked after replacing
of the electrodes) and the topography were derived from UAV-based
orthoimage and DEMs. Inversion of the 3D dataset was performed
using a robust inversion (L1 Norm) with an initial damping factor of 0.1

and a vertical to horizontal flatness filter ratio of 1.

3.3 | Ground-penetrating radar

The method of GPR uses electromagnetic waves transmitted into the
subsurface by an antenna to detect structural boundaries. The signal
spreads radially in the subsurface and is reflected by boundaries
between materials with different dielectric characteristics. A second
antenna receives the reflected signal that is saved as a function of run
time, phase, and amplitude. The method enables a 2D or 3D localiza-
tion of different boundaries within the subsurface, if the antennas
were pulled along a profile in a fixed geometry.*>*® In the context of
permafrost research, this method is quite common because of the
large contrasts in dielectric characteristics of the dominant materials.
Similar to the resistivity values, the dielectric characteristics—
especially the permittivity—of water and ice are also quite different.
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Therefore, boundaries between these materials lead to high-amplitude
reflections, which enable their detection using GPR.? In this study
the depth of the permafrost table and its topography are of particular
interest. This interface is easily detectable by GPR due to high water
content in the active layer and high ice contents within the upper few
meters of the permafrost and the resulting dielectric contrasts.

We used a NOGGIN system (Sensors & Software Inc.,
Mississauga, ON, Canada) with shielded 250-MHz antennas to detect
the permafrost table at the hydrostatic pingo site. Subsequent
processing of the data was carried out using the EKKO-Project-V5
Software (Sensors & Software). A background-removal filter based on
the average of all profile traces, dewow filter, and topographic migra-
tion were used to optimize data quality. A spherical and exponential
compensation (SEC gain) with automatic settings was then used to
amplify the signal intensity and to maintain the reflection intensity of
the individual reflectors. To determine the frost table topography, its
reflector was picked manually along all profiles and the signal
propagation velocity was calculated by comparison with manual frost
probing data. The calculated and used electromagnetic wave velocity

for the active layer was 0.057 m/ns.

4 | RESULTS AND INTERPRETATION

4.1 | Hydrostatic pingo

The results of frost probing (Figure 4) show a clear zonation of the
active layer depth in the area of the hydrostatic pingo. While an ALT
of 40 cm or less dominates in the uplifted area of the pingo, the sur-
rounding belt is predominantly characterized by ALTs of more than
50 cm. In some sectors of the surrounding area it even reaches more

ALT (cm)
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FIGURE 4 Active layer thickness
(ALT, cm) determined by frost probing.
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[Colour figure can be viewed at
wileyonlinelibrary.com]
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than 100 cm. At the southernmost edge of the grid the permafrost
table could not be detected using the frost probe and the active layer
must be thicker than 120 cm. A belt a few meters wide is particularly
noticeable in the transition zone between the elevated pingo and its
flat surroundings. This belt is characterized by an ALT less than 25 cm.
In addition to the zonation, there was a notable coincidence of the
ALT with the dominant type of vegetation and especially the local soil
moisture. All areas outside of the elevated pingo with an ALT of more
than 50 cm are dominated by sedges and are characterized by high
soil moisture or even ponding water. The belt of extremely low ALTs
in the transition zone is dominated by tussocks and shows lower soil
moisture levels. The elevated part of the pingo is characterized by rel-
atively dry conditions, with the exception of the sinks of frost cracks.
The vegetation in this area is dominated by a mixture of dwarf shrubs,
tussocks, herbs, and lichens. The sinks of the frost cracks are mostly
covered by lichens and moss. Even in the central area of the pingo
there are some locations with an ALT of more than 40 cm, but they
do not show a consistent pattern. This is probably due to the compar-
atively large probe spacing of 6 m.

A comparison with the high-resolution UAV-based orthophoto as
well as the high-resolution GPR data shows a direct link between

these greater ALTs and the location of the polygonal crack structures

at the surface of the pingo. The GPR measurements clearly reveal the
polygonal structures and are mainly characterized by a larger depth of
the permafrost table. Therefore, a map of the ALTs derived from the
GPR measurements illustrates the location of the frost cracks and
confirms the relationship between the ALT and these cracks
(Figure 5). Additional monitoring of the ground surface temperature in
one of the cracks near the center and on the plateau of an adjacent
polygon (distance between the two loggers is ~ 1 m) could also detect
thermal differences between the frost crack and the surrounding
undestroyed area (data not shown).

These polygonal structures are also visible in the uppermost
depth slice of the 3D ERT data (Figure 6), where they appear as a
mesh of cells with high resistivity values within an otherwise conduc-
tive surrounding area. This may suggest higher ice contents below the
surface depressions of the cracks, despite the occurrence of larger
ALTs at these locations. Otherwise, there is a heterogeneous resistiv-
ity distribution in the uppermost layer, interrupted only by a very low
resistivity anomaly in the northwestern part of the grid. This can be
explained by larger depressions of the permafrost table and the pres-
ence of large water-filled holes in this area. Given the low ALTs espe-
cially in the elevated area of the pingo (< 40 cm) and the depth of the

first data points of the measurement (~ 70 cm) it is assumed that

—_—
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FIGURE 5 GPR-based active
layer thickness measurement.

(a) Example of the two-
dimensional GPR profiles. The
continuous reflector of the
permafrost table is highlighted by
a red line. (b) Active layer
thickness (ALT, cm) derived from
the GPR measurements are
shown using a point spacing of

1 m along the GPR profiles. The
black arrow marks the position
and the direction of the profile
shown in (a) [Colour figure can be
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FIGURE 6 Quasi-3D ERT results and UAV-based DEM of the
hydrostatic pingo. Presented are selected depth slices of the quasi-3D
ERT grid dataset, which is characterized by an absolute error of 4.73%
using the 5th iteration [Colour figure can be viewed at
wileyonlinelibrary.com]

some of the data points of the first layer represent (permanently)
frozen conditions. The relatively low electrical resistivity values
(< 1,200 ©m) within this layer suggest that a high content of unfrozen
water must also be present in the uppermost part of the permafrost
body. With increasing depth up to 3 m, an increase of the electrical
resistivity values can be detected across the whole area. Between
3 and 3.5 m depth an intense increase of the resistivity values up to
more than 40 kQm could be detected in the central, northern, and
western part of the grid. In the eastern and southern part of the grid
an inverse trend is visible within the model. This is shown in more
detail in Figure 7 through a comparison of a longitudinal and a cross-
profile and by a comparison of the resistivity depth profiles of three
different positions in the grid. The eastern part is characterized by a
strong decrease of resistivity values in a depth of more than 3 m.

While the high-resistivity anomaly in the central, northern, and

western part continues downwards to the lowermost layer of the
model (17-20.3 m) the resistivity values in the low-resistivity anomaly
decrease to a depth of 7.5 m. With increasing depth, the resistivity
values remain constant or just increase slightly. Due to resistivity
values lower than 800 to 1,000 Qm, it must be assumed that this low-
resistivity anomaly represents an (at least partly) unfrozen area sur-
rounding the pingo on the eastern side. It is only at a depth of 17 m
that a more pronounced increase of the resistivity values to more than
1,200 Qm is detectable almost across the entire area of the eastern
flank of the pingo. The increasing resistivity values in the lowermost
model layer may represent the lower boundary of the partly unfrozen
area, but this can only be interpreted with caution due to the low data
density and the low model sensitivity at this depth calculated by
RES3DINV. Because of the superimposed (permanently) frozen layer
up to 3 m thick and the great depth up to 20 m, it must be assumed
that the unfrozen layer is not part of the active layer, but rather the
remnant of a talik that has underlain the former lake. The adjacent
high-resistivity anomaly (> 40 kQm) is interpreted as the massive ice
core of the pingo. The shape of this massive ice core, which is about
200 m long but less than 100 m wide, is characterized by a distinct
curvature. The location of the massive ice core in relation to the mor-
phologically elevated part of the pingo is also conspicuous. Contrary
to expectations, it is not located beneath the central part of the ele-
vated surface, but rather in the northern and western flank of the
pingo. At a depth between 3.5 and 11.8 m of the geophysical model,
almost the entire eastern part of the elevated pingo is underlain by
the low-resistivity anomaly (< 800 Qm), which is interpreted as a talik
or at least an area of partly unfrozen sediments with high amounts of
liquid water. At a depth between 11.8 and 17 m, the resistivity values
do not exceed 1,200 Qm, so that permafrost cannot be unequivocally
proven in this area. This asymmetric location of the massive ice core is
also visible in the 2D profiles in Figure 7. In particular in profile C5 the
low resistivity values below the eastern flank of the pingo are conspic-
uous. This asymmetry is not visible in the longitudinal direction of pro-
file L8 because the profile is located in the western part of the pingo
and the extent of the high-resistivity anomaly of the massive ice core
fits exactly with the morphological shape of the pingo in this area. In
the transition zone between the pingo and its surroundings (around
profile meter 140) a low-resistivity anomaly is visible at a depth of
more than 7 m. From profile meter 160 onwards, another high-
resistivity anomaly is visible beneath a slightly thicker low-resistivity
uppermost layer. This area is located beneath the higher ALTs and the
ponding water at the surface in the northern part of the grid.

At the southernmost edge of the grid, where an ALT greater than
120 cm was present, the grid data show that the electrical resistivity
values are also quite low. This area marks the only part of the grid
where low-resistivity values continue from the surface to the underly-
ing talik without an interruptive layer of higher resistivity values indi-
cating a permafrost layer. This leads to the assumption that there
must be a (seasonal) connection between the talik and the active layer
close to the surface, so that the talik is not a (perennial) closed system.
However, this does not necessarily have to be the case in every year,

but can also occur only in individual years due to fluctuating ALTs.
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Profile L8

FIGURE 7 2D ERT profiles of the 3D grid in longitudinal (L) and cross (C) direction. The labels in the photograph mark the start position of
each profile. The cross point location of the two profiles is indicated with a vertical black line within the 2D profiles. The three stars mark the
positions of the resistivity-depth profiles at the western (red) and eastern (black and blue) sites of the pingo, which are derived from the 3D ERT

model [Colour figure can be viewed at wileyonlinelibrary.com]

4.2 | Hydraulic pingo

The ALT measurements at the location of the hydraulic pingo in the
Ogilvie Mountains present a more heterogeneous pattern of ALT dis-
tribution without a distinct zonation (Figure 8). The ALT shows a
small-scale variability and ranges between 20 and 95 cm. The only
cluster of very low ALTs is visible at the southern foot of the pingo,
were ALTs about 30 cm dominate. In the area of the two extended
profiles in the southern catchment area, the results also show compar-
atively low ALTs. Only the crossed streams constitute an exception
and are characterized by ALTs larger than 70 cm. In contrast to the
other pingo, no prominent frost cracks are visible at the surface here.
Hence, no correspondence between the ALT and the microrelief is
recognizable.

In contrast, the results of the quasi-3D ERT grid (Figure 9) show a
slight zonation of the resistivity values in the uppermost layer. In par-
ticular, in the western and southwestern part of the grid a concentra-
tion of low-resistivity values lower than 1,200 Qm is visible. This can
be due to larger ALTs and possibly higher water contents in the upper
few centimeters of the permafrost body. In the other part of the grid,
the uppermost layer is heterogeneous, but the resistivity values are
greater than 1,200 Qm almost everywhere. These areas may be less
moist and characterized by a slightly shallower frost table. The second
depth layer (~ 1.5-3.2 m depth) shows an increase of the electrical
resistivity values across the entire grid to values between 3 and
20 kQm. Only at some small single spots the electrical resistivity

values remain at a low level between 350 and 1,200 Qm. The more or

less area-wide increase of the resistivity values indicates decreasing
water contents within the permafrost body and may also point to
lower permafrost temperatures. The contrast between the high-
resistivity layer and the low-resistivity anomaly becomes stronger
with increasing depth: at a depth of 3.5 m a larger high-resistivity
anomaly (> 20 kQm) covering the southeastern quarter of the grid
area appears. This high-resistivity sector continues downwards and
also exists at the lowermost depth slice of the model. A similar high-
resistivity anomaly is located at the northern boundary of the grid
within the northern slope of the elevated pingo. The small low-
resistivity anomalies of the second depth slice also continue down-
wards and become larger with increasing depth. While they are only a
few meters in diameter in the second depth slice, they grow up to
a few decameters in diameter in the lowermost depth slice of the
model. The largest of these low-resistivity anomalies is located in
the central and western part of the grid, whereas an additional low-
resistivity anomaly is located in the southwestern part. Because these
anomalies are characterized by resistivity values much lower than
1,000 Q@m it must be assumed that they correspond to unfrozen areas
or at least partially frozen sediment with high contents of unfrozen
water within these zones of the pingo.’>>* The shape of these anom-
alies is striking. Both narrow towards the surface, resulting in a
chimney-like shape of these features. The shape and the low resistiv-
ity values suggest that these structures constitute areas of upwelling
water, which flows to the surface due to artesian pressure. This might
also explain lower resistivity values in the uppermost layer above

these vertical structures: the upwelling groundwater leaks to the
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surrounding area through small springs in the permafrost table, which
leads to waterlogging within the active layer of the surrounding area.
These structures are also visible in the two extended 2D profiles
(cf. profile L3 in Figure 10) that include the central part of the pingo
as well as the lower end of the hillslope located south of it. The hill-
slope and predominantly the southern flank of the pingo are underlain
by a high-resistivity layer, which is interpreted as ice-rich permafrost
due to the high resistivity values. In the central part of the pingo, low-
resistivity anomalies are visible. In particular, the narrowing of these
anomalies in surface direction and the small interruptions of the
surface-parallel permafrost layer are clearly visible in the 2D profiles.
Furthermore, the extended profiles show only minimal impact and just
slight depth effects of the crossed creeks. It appears that the creeks at
this location lead only to minor heat transportation into the underly-

ing permafrost.

5 | DISCUSSION

51 | Methodological approach

A quasi-3D approach using ERT to investigate the internal struc-

tures of morphological features in periglacial landscapes has rarely

138°26'10"W

FIGURE 8 Active layer thickness
(ALT, cm) at the hydraulic pingo site
determined by frost probing. The
sampling interval used was set at 6 m

(at each second electrode of the quasi-3D
grid) [Colour figure can be viewed at
wileyonlinelibrary.com]
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been used so far. Nevertheless, the studies in which this approach
was used were able to provide high-resolution models of the sub-
surface, which already showed small-scale variabilities and the het-
erogeneity of the subsurface.’?> >* In particular, these small-scale
variabilities may have a major impact on the investigation of pro-
cesses and interactions between the surface and subsurface, as
shown by the connection of the active layer and the underlying
talik at the hydrostatic pingo site. Using an adjusted electrode
spacing and interline spacing, this method enables the detection
of different features of various scales within the subsurface
(e.2.°25%). In this study, the electrode and interline spacings as well
as the electrode array were chosen considering site accessibility,
power consumption, and the targets of interest. The poor accessi-
bility of the hydraulic pingo site in the Ogilvie Mountains led to
greater effort and less effective fieldwork. Therefore, and especially
due to limited power supply, a smaller number of measurements
but also a smaller number of quadrupoles in each transect could
be measured at this site. Use of the dipole-dipole array exploiting
the multichannel capabilities of the device would have saved time,
but would have resulted in a significantly higher current flow due
to the smaller distance between the current electrodes in the par-
tially water-saturated active layer, and thus more battery consump-

tion. At the hydrostatic pingo located very close to the Dempster
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FIGURE 9 Quasi-3D ERT results and UAV-based DEM of the
hydraulic pingo. Presented are selected depth slices of the quasi-3D
ERT grid dataset, which is characterized by an absolute error of 4.41%
using the 4th iteration [Colour figure can be viewed at
wileyonlinelibrary.com]

Highway these issues were not limiting factors and an additional
external power supply could be used.

Another aspect is the scale of interest at each site. Whereas at
the hydrostatic pingo site the small-scale variability of the active layer
and smaller heterogeneities are of interest, the focus at the hydraulic
pingo site was mainly on the detection of unfrozen or aquiferous
layers beneath the pingo. Some previous studies using ERT could con-
firm massive ice cores at hydraulic pingo sites,’ but often there was
no evidence of unfrozen layers beneath. To investigate this, a larger
penetration depth is necessary and, consequently, a lower spatial res-

olution. Because narrow longitudinal structures such as ice wedges

parallel to the gridlines were not expected, cross-profiles were unnec-
essary at this site.>>>® The detected features mentioned within the
results show that the chosen interline spacings are suitable for these
sites and also provide datasets of high accuracy and high spatial reso-
lution with low absolute errors (4.73% and 4.41%). This can be due to
good ground coupling of the electrodes because of the low resistivity
within the moist active layer and also due to the precise arrangement
of the grid. In particular, the ground coupling led to good data quality
in the 2D profiles, so that less than 1% of the datum points had to be
eliminated. Based on the assumption that there are sharp boundaries
in the subsurface due to the high contrast between unfrozen areas
and ice-rich permafrost, the robust inversion (L1 norm) was used
for inversion, which emphasizes such sharp boundaries. Because
the surface and the shallow subsurface appeared to be relatively
heterogeneous due to varying humidity conditions and soil properties,
a relatively low damping factor of 0.1 was used for the surface
layer in the inversion model. This provided good representation of the
spatial heterogeneity without having a large impact on the model
error. As no special spatial orientation of certain objects was to be
expected, horizontal and vertical flatness filters were weighted
equally.

When comparing the 2D profiles in longitudinal and cross-
directions at the hydrostatic pingo site, a slight variation of the resis-
tivity values is visible, especially regarding the high-resistivity anom-
aly. This is due to so-called “3D-effects”, which can occur during 2D
resistivity measurements.>>>” The resulting differences between the
measured 2D profiles and the extracted 2D cross-sections of the 3D-
inverted grid dataset as mentioned by Emmert & Kneisel®* could also
be observed in our datasets and have to be considered during analysis
and interpretation.

A threshold value for the differentiation of frozen and unfrozen
conditions could not be determined precisely. However, based on the
cross check with frost probing results, it could be assumed that
the threshold value should be in the range 800-1,000 Qm at the
hydrostatic pingo site and slightly higher (1,000-1,200 Qm) at the
hydraulic pingo site. These values are quite low, but similar or even
lower threshold values were also used in studies in similar permafrost
environments with fine-grained materials.>1°®>? These materials can
contain a high content of liquid water even in the cryotic state
(T < 0°C)?*°° resulting in low electrical resistivity values. In addition
to the water content, the pore water chemistry can have an influence
on the electrical resistivity. In the area of the Mackenzie Delta, for
example, high pore water conductivities are expected due to the accu-
mulation of soluble ions as a result of regular flooding, while in ele-
vated regions (i.e., also in the area of the investigated pingos) lower
conductivities are more likely to be expected due to eluviation.®®
Hence, the applied threshold values appear realistic, especially
because they have also been confirmed by another study in the vicin-
ity of Parsons Lake near the hydrostatic pingo.®!

The use of GPR to determine the active layer depth in tundra
landscapes is already common (e.g., 4>°27%%) but the heterogeneous
distribution of soil moisture and different vegetation types make a 3D

approach to this method particularly difficult. The time-depth
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ERT profile L3 at the hydraulic pingo site. The regular grid-profile was extended to the south-bordering hillslope using a roll-

along approach. The two black arrows mark the positions of two small crossed streams [Colour figure can be viewed at wileyonlinelibrary.com]

conversion is quite complicated because of the small-scale change in
soil moisture, which makes data processing and interpretation much

more difficult (e.g., ¢*%%)

. Combined with direct frost probing, this
removes the problem due to the opportunity of cross-checking the
results, but it cannot eliminate all uncertainties and deviations. It must
be noted that the active layer depths measured by frost probing lies
within an accuracy of 5 cm. The reason for this is the vegetation at
the surface, which does not allow a clear delineation of the ground
surface, in this case of a thick and compressible moss layer.

The average electromagnetic wave velocity determined within
the active layer is 0.057 m/ns. Note that due to the high ice content
in the permafrost, the velocity is probably markedly higher than
0.1 m/ns below the permafrost table and the time-depth conversion
is therefore only valid for the active layer. Because of the imperme-
able ice-rich layer next to the permafrost table, the active layer is
characterized by relatively high water contents. This water leads to
slow propagation velocities and a high signal attenuation within the
active layer.*® An investigation of internal structures within the per-
mafrost body is therefore only possible to a limited extent, except the
detection of ice wedges. At first sight the results of frost probing
(Figure 4) and GPR-based permafrost table detection (Figure 5) seem
to show different structures and the GPR results appear to be more
heterogeneous. This is probably mainly an effect of the different sam-
ple interval of the two methods. Whereas the sampling interval of the
frost probing was 6 m, the virtual sampling interval of the GPR in
Figure 5 was set to 1 m. The latter enabled a much more detailed
detection of heterogeneities in frost table topography and allowed a
visualization of ice-wedge polygons. Although some of these were
detected at individual points during frost probing, they do not appear
as a coherent network due to the 6-m sampling interval and the
resulting low data density. Nevertheless, a certain error also exists
due to the heterogeneous humidity conditions in the active layer,
which lead to only limited applicability of the GPR calibration based
on frost probing results. The determined propagation velocity is an
average value, whereas the actual velocities are quite variable within a
wide range due to the different moisture contents. A direct compari-
son of the datasets shows that the ALT determined by GPR tends to
be overestimated, especially in the area of the ice wedges, probably

due to the higher moisture content in these depressions. On the other
hand, the ALT is underestimated in dryer areas of the grid. Neverthe-
less, the use of GPR enables good detection especially of relative
changes in ALT. In combination with frost probing it delivers compara-
tively high-resolution information about the ALT and the frost table
topography.

5.2 | Internal structure of the hydrostatic pingo
The internal structure of the hydrostatic pingo roughly corresponds to
the expected subsurface architecture from previous studies.2®® The
central part of the pingo is characterized by a massive ice core, whose
uppermost boundary is 2-3 m below the ground surface. Its vertical
extension cannot be determined because the lowermost edge is
deeper than 20 m below the surface and thus below the maximum
depth of the pseudosections. In principle, the occurrence of a talik
also fits the conceptual model of hydrostatic pingo formation.2 How-
ever, the shape and the location of the detected structures do not fit
ideally to the general models.®® Due to the morphological shape of
the pingo, the massive ice core would be expected in a central posi-
tion below the elevated surface. In contrast, the adjacent talik would
be expected to be predominantly below the massive ice core. In this
study we found that the shape of the pingo differs significantly from
the shape of the underlying massive ice core. While the elevated part
of the pingo is characterized by an oval shape, the underlying ice core
is more elongated. Moreover, its position is not centered below the
elevated surface, but rather beneath the western flank of the pingo. It
is striking that the position of the boundary between the massive ice
core and the talik and the position of a distinct frost crack at the sur-
face of the pingo are at the same location. At first sight, the steep
flank of the ice core seems unusual, but agrees with observations on
pingos from other studies (e.g.,'”). This boundary is located near the
center of the pingo and the eastern flank is underlain by a talik or at
least partly unfrozen sediments containing large amounts of liquid
water.

Consequently, the question arises why the central and western

parts are completely frozen and ice-rich, whereas the eastern flank is
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underlain by a talik despite probably similar thermal conditions. Based
on high-resolution optical satellite data (Planet Scope, Rapid Eye®”),
the effects of varying isolation due to different snow cover thickness
or different duration of snow cover can be ruled out, because no
asymmetric snow melt is visible in the area of the pingo. Even if the
pore water conductivity and the salinity are low, pore water expulsion
and solute rejection during refreezing of the former sublake talik could
have caused an accumulation of salts in the remaining pore water,
which now ensures a significantly lower freezing point of the water.%®
However, because no boreholes were drilled to sample the pore
water, this can neither be proven nor falsified. Another possibility is
that the eastern part of the drained lake stayed ponded for a longer
period, so that the refreezing in this area started later and the talik
was isolated for longer time. Such sequenced lake drainages are quite
common in this region,69 but in the investigated drained lake, there is
no morphological evidence for this. The remaining pond must have
been deeper than two-thirds of the late winter lake ice thickness,
which is about 1.5-2 m in this region, to contribute to talik gene-
sis.%”7% However, because other factors such as advective heat flows
through migrating water play a role during refreezing of the talik”®”*
it is not clear whether even a very shallow pond can prevent the talik
from refreezing. Nevertheless, this could not be ruled out. At least in
modern times it is probable that the thermal conditions are also
influenced by advective heat flow from surface water, which drains
into the investigated drained lake basin. The water originates from a
small lake that is located in a depression south of the investigated dra-
ined lake basin (cf. Figure 2b), which is separated by a small terrain
step. In high-resolution satellite data from 2017 to 2020 (Planet
Scope, Rapid Eye®’) this thermal impact is visible in late autumn/early
winter during refreezing and initial snow cover development. Advec-
tive heat flow could also influence the top-down refreezing of the
talik.

The current state of a pingo can be deduced, among other things,
from the thickness of the layer overlaying the massive ice core. The
ratio of the thickness of the overburden material to the base height of

3,5 can also be

the pingo, which is normally between 1:2 and 1:
roughly confirmed. The thickness of the overburden material is
around 2.5 m and the relative height of the pingo 4.5 m, so that the
ratio is 1:1.8. In combination with the still existing talik or at least lig-

uid water, this ratio indicates that there might be potential for ongoing

[ active layer

] permafrost

FIGURE 11

[] massive ice core

growth of the pingo. However, the detected linkage between the
active layer and the underlying at least partly unfrozen area suggests
that there was no isolated talik and thus no hydrostatic pressure at
the time of the measurements (end August 2019). It is thus not clear
whether the pingo is still growing or whether it has already reached
its maximum height. Under these circumstances a closed system is
present only during winter and spring, when the active layer is frozen.
It is doubtful whether this seasonal hydrostatic pressure is sufficient
to enable ongoing uplift of the land surface. However, it is not clear
whether the linkage between the active layer and the talik might exist
only in years with particularly large ALTs, or whether the linkage
might have emerged only in recent years due to increasing ALTs in
the context of global warming. Because the (partly) unfrozen sedi-
ments are located below the eastern flank of the pingo, the question
arises as to how it could have been possible that this part has been
uplifted despite the absence of a massive ice core and hydrostatic
pressure at least in modern times. In contrast, high ice contents in the
area of the western flank could not contribute to strong uplift of
the land surface. Instead, based on the theoretical models of hydro-
static pingo formation,®%® the water pressure within the closed talik
should contribute to water upwelling, resulting in near-surface freez-
ing of the water. The freezing water expands and leads to surface
uplift. In this case a massive ice lens should be expected above the
talik. The geophysical models show the occurrence and a differing
location of the talik or (partly) unfrozen sediments and the ice core,
where the unfrozen area is surrounding or at least alongside the ice
core. The main differences between the theoretical situation and the
results of our investigated hydrostatic pingo are shown in a simplified

illustration in Figure 11.

5.3 | Internal structure and water source of the
hydraulic pingo

The internal structure of the hydraulic or open-system pingo in the
Ogilvie Mountains differs strongly from that of the hydrostatic pingo.
Even though the origin of the upwelling water is still unknown, the
internal structure of the pingo is similar to the that proposed by
Liestal.'®1* The ERT data show a large anomaly of low resistivity

values in the subsurface of the pingo, which is interpreted as unfrozen

Schematic illustration of the differences in the internal structure of a hydrostatic pingo according to theory (a) and the findings

based on our ERT model (b) [Colour figure can be viewed at wileyonlinelibrary.com]
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and/or water-bearing sediments. This area is of characteristic shape,
which tends to narrow in the surface direction. This fits with the
observations of Liestal,X* who detected some springs of only a few
centimeters in diameter near the top of a pingo in Spitzbergen. In par-
ticular, the small diameter of the springs in the upper part of the pingo
enables high hydraulic pressures and prevents freezing of the upwell-
ing water.2* The geophysical model provided by the ERT measure-
ments could point to similar processes in our case. The surrounding
areas, especially beneath the northern and southern slopes of the
pingo, are characterized by high electrical resistivity values, indicating
frozen and ice-rich conditions within the subsurface.’>>! However, a
clearly delineated massive ice core as was presented by Yoshikawa

etal.??

could not be detected. Nor is it possible to make a clear differ-
entiation between the pingo ice and the permafrost in the surround-
ings based on the electrical resistivity values. This might be due to low
temperatures and/or ice-rich permafrost in the surrounding area,
which is also characterized by high resistivity values. Similar results
were presented by Ross et al.,>° who revealed low resistivity anoma-
lies within two pingos in Svalbard. They argued that the pingos are
below the maximum Holocene marine limits and that the low resistiv-
ity values result from fine-grained marine sediments (clay) in which
the pingos occurred. This can be negated due to the high elevation of
the pingo at our investigated site. Because there is no evidence
of such fine-grained sediments in the region of the hydraulic pingo in
the Blackstone River Valley, the low resistivity values are related to
higher water contents also in (slightly) coarser sediments such as gla-
cial till, or fluvial sediments.

The slightly higher ALTs in the area of the potential springs could
also indicate a discharge of water, which leads to heat transfer into
the active layer and thus to a slightly deeper ALT.”2 The origin of the
water is still unknown, but the ERT data indicate that the water flows
upwards from a depth of more than 20 m. However, it is also possible
that water pathways from a westerly direction towards the pingo
occur at shallower depth. This cannot be excluded due to the lack of
data coverage, but will be investigated by further measurements at
this site during the course of the next year. In the catchment area
there are no glaciers or perennial snow patches at present, so that the

theory of Liestgl®

is not an option in this case. Nor are there any
known geological faults located in this part of the Blackstone River
VaIIey,73 so that the theories of O’Brien'? or Yoshikawa and Harada®”
can be discarded in this case. A potential origin of the artesian ground-
water could be the geological interface between two different geolog-
ical formations in the south-bordering hillslope. Whereas the lower
slopes and the valley floor are underlain by Ordovician shales and
chert, Devonian slates, arenites and wackestones comprise the upper-
most part of the south-bordering hillslope.”® A layer of coarse-grained
scree may also contribute to groundwater flow within the adjacent
slope, as suggested by Humlum et al.»® In this case a connection to
the small streams, which originate in the southern hillslope and sur-
round the pingo, would be possible. However, in the immediate vicin-
ity of the pingo there is no connection between the artesian ground
water and the small streams, so there can only be a seasonal feed by

surface water as discussed by Worsley and Gurney.?® The ERT data of

the two extended profiles show that the streams have only shallow
effects on the frost table topography and that there was no connec-
tion to the underlying talik. However, possibly further up slope, where
the streams are more deeply incised and permafrost may be less ice-
rich, there could be a connection between the streams and the talik.
Even the presence of major taliks beneath the valley bottom of the
broad Blackstone River Valley cannot be ruled out. Groundwater flow
beneath and beside the river channel of the Blackstone River has reg-
ularly caused large icing events during the winter months only a few
kilometers northeast of the pingo near Chapman Lake®? and also a
few kilometers southwest of the pingo in the past.*> Near Chapman
Lake an unfrozen and aquiferous layer was found under partly ice-rich
gravels and diamicton till, even away from the actual riverbed.?’ The
current altitudinal difference between the surrounding area of
the pingo and the actual altitude of the riverbed is about 10 m. How-
ever, as confirmed by the analysis of lake sediments of the Chapman
Lake, at about 12,500 BP the river bed was 10 m higher at least. At
that time the western fork of the Blackstone River passed through the
lake. Not until the west fork was captured by the east fork south of
the Chapman Lake was the west fork incised to a level lower than the
level of Chapman Lake.** Hence, connections between a talik beneath
the Pingo and taliks of the former Blackstone River West Fork might
be present.

6 | CONCLUSION & OUTLOOK

The combined approach using quasi-3D ERT, 3D GPR and frost prob-
ing allowed a detailed investigation of a hydrostatic pingo near Par-
sons Lake (NWT, Canada) and a hydraulic pingo in the Ogilvie
Mountains (YT, Canada). In both cases the frost probing enabled com-
prehensive detection of the permafrost table. At the hydrostatic pingo
the ALT shows a significant zonation of lower values in the area of
the pingo and higher values in the surrounding area. Also frost cracks
detected by GPR influence the ALT at the hydrostatic pingo site. In
contrast, the ALT shows no zonation at the hydraulic pingo site.
There, more heterogeneous ALTs are noticeable without a significant
correlation to relief positions or vegetation patterns.

The results of the ERT measurements presented new insights into
the location of massive ground ice and adjacent taliks at both pingo
sites. The massive ice core of the hydrostatic pingo is not located
below the center of the elevated pingo, as would be expected, but
rather within the western flank of the elevated pingo. The eastern
flank of the pingo is underlain by a thin, less icy permafrost layer and
an underlying layer of probably unfrozen, water-saturated sediments.
In contrast to the results of previous pingo-related studies, the rem-
nant of the former talik is located adjacent to the massive ice core of
the broad-based pingo within the eastern flank of the pingo and the
surrounding low-relief area. Whether there is also a talik below
the massive ice core could not be clarified due to the lack of penetra-
tion depth beyond the massive ice core. Therefore, the results showed
that the internal structures of hydrostatic pingos can be quite differ-

ent. Consequently, there is a need for further investigations to
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understand the formation of massive ice as well as the interactions
between massive ice and taliks in the subsurface.

The investigated hydraulic pingo and its internal structures fit
with the assumptions and results of some former studies. In the cen-
ter of the pingo there is a chimney-like feature, which seems to be
unfrozen. Hence, it is interpreted as the pathway of unfrozen, upwell-
ing artesian water. However, the origin of this artesian water could
not be clarified. It is also notable that there is no massive ice core that
could be detected by the ERT measurements. More specifically, the
northern and southern flanks of the pingo are underlain by ice-rich
permafrost, but there is no clear delineation to the surrounding area.
This might be due to high ice contents also in the surrounding area of
the pingo.

The combined approach enabled us to derive the first (to our
knowledge) 3D geophysical models of hydrostatic and hydraulic
pingos. In the case of the hydrostatic pingo, differences to the com-
mon theoretical models of internal pingo structures could be deduced.
At the hydraulic pingo site, the assumptions of former studies were
confirmed in a 3D model. In this case, however, the origin of the
artesian water is not fully clear and needs further investigation.
Because in both cases (hydraulic and hydrostatic pingos) the migration
of water within or beneath the permafrost plays a key role during
formation,®® further knowledge about the ongoing processes is of par-
ticular interest, especially in the context of climate change and the
associated loss of permafrost and the potential expansion of taliks.
Hence, there is a need for further investigations and discussion of

pingo formation.
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