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Abstract: This study utilized electrical resistivity imaging (ERI) to investigate subsurface
characteristics near Nicolaus Copernicus University Polar Station on the western Spitsbergen-
Kaffigyra Plain, island in the Svalbard archipelago. Surveys along two lines, LN (148 meters)
collected in 2022 and 2023 and ST (40 meters) collected in 2023, were conducted to assess resistivity
and its correlation with ground temperatures. The LN line revealed a 1 to 2 meters thick resistive
unsaturated outwash sediment layer, potentially indicative of permafrost. Comparing LN resistivity
result between 2022 and 2023, a 600 Ohm-m decrease in the unsaturated active layer in 2023 was
observed, attributed to a 5.8°C temperature increase, suggesting a link to global warming. ERI along
the ST line depicted resistivity reaching its minimum at approximately 1.6 meters, rising to over 200
Ohm-m at 4 meters, and slightly decreasing to around 150 Ohm-m at 7 meters. Temperature
measurements from the ST line’s monitoring well confirmed permafrost at a depth of 1.6 to 2 meters.
Additionally, water content distribution in the ST line was estimated after temperature correction,
revealing a groundwater depth of approximately 1.06 meters, consistent with measurements from
the S4 borehole on the ST line. This study provides valuable insights into Arctic subsurface
dynamics, emphasizing the sensitivity of resistivity patterns to climate change and offering a
comprehensive understanding of permafrost behavior in the region.

Keywords: Electrical Resistivity Imaging; borehole temperature; permafrost; Svalbard;
groundwater

1. Introduction

Permafrost, characterized by ground where temperature remains below 0°C for at least two
consecutive years [1,2], covers approximately one-quarter of the land area in the Northern
Hemisphere [3-5]. The thermal state of permafrost is highly sensitive to changes, primarily due to
climate conditions [1,6,7]. Arctic warming amplification, a well-established phenomenon with the
Arctic warming approximately twice as fast as the global average, is altering the distribution of
permafrost worldwide and causing its decline. [7-9]. The top layer of soil above the permafrost is
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subject to seasonal thawing and freezing, so called the Active Layer. Frequent thawing and freezing
caused by climate warming will increase the Active Layer Thickness (ALT) and lead to a general
reduction in surface permafrost area. This seasonal thawing and freezing of the active layer will
shrink and expand due to the contraction and expansion of pore water, which will cause thawing
and settlement, reduce foundation stress and ground bearing capacity, and lead to infrastructure
deformation [10].

As permafrost thawing intensifies, an observable increase in ALT is noted across permafrost
regions, reflecting ongoing climate change impacts.[11-15]. The phenomena might become more
rapidly in the future, thawing permafrost could also impact the local construction (Figure 2).
Therefore, monitoring permafrost variation becomes crucial. However, it is challenging to determine
and monitor active layer conditions through direct excavation, core drilling, or the installation of
downhole temperature sensors. Consequently, indirect geophysical surveys, such as Electrical
Resistivity Imaging (ERI) and Ground Penetrating Radar (GPR), are often employed for regional ALT
investigation, providing near-surface indicators of subsurface soil conditions [16-18]. In our study,
we conducted ERI survey at the Kaffigrya Plain, near the Nicholas Copernicus University Polar
Station (NCUPS) during the summers of 2022 and 2023. The 185-meter long survey line extends from
the research station to the coastline, allowing us to monitor and analyze changes in the permafrost
and active layers changes influenced by global warming.

2. Study Site and Survey Configuration

T Our study area is located at the Kaffigyra Plain near the Nicolaus Copernicus University Polar
Station (NCUPS) on the western Spitsbergen Island of Svalbard archipelago (Figure 1). Kaffioyra is a
coastal plain located in north-western Spitsbergen (Oscar II Land), constitutes the largest island of
the Svalbard archipelago. It covers an area of 2 582 km?, 70% of which is represented by glaciers,
stretching across nearly 1,600 km?. The glacierized areas predominantly comprise ice plateau, from
which glaciers emanate [20]. The majority of Kaffigyra terrain is covered by moraines and tundra,
consisting of outwash from the adjacent glaciers. The NCUPS is situated in the northern part of the
Kaffigrya, adgacent to Hornbreak bay, fromed by the retreating Avatsmarkbreen. Near the NCUPS,
the river system is primarily contributed by a smaller glacier, Waldemarbreen, which is located south
of the large glacier bounding the Kaffigyra Plain to the north, Aavatsmarkbreen (Figure 1). The
recession of the glaciers in the Kaffigyra area during the analytical period is attributed to a negative
trend in the mass balance and dynamics of the Svalbard glaciers [19,21]. Consequently, the dry creek
bed of the Waldemarbreen river system is observed near the NCUPS. The air temperature displayed
a statistically significant upward trend of 0.3 °C-10yr-. Since the beginning of the measurements, the
temperature has risen by 1.4 °C [22]). Temperature also impacts the active layer above the permafrost;
compared to the period between 1996 and 2012, the average thickness of the active layer in the
Kaffigyra region increased by 3% (tundra), 5% (glacier moraine), and 6% (beach) from 2008 to 2012.
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Figure 1. The location of Kaffierya plan and the adjacent glaciers in north-western Spitsbergen [19].
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Figure 2. The impact of the thawing permafrost on construction in Svalbard. (a) Warehouse damaged
and (b) Slanted house foundation due to permafrost thawing.

We conducted the ERI survey along the LN line (Figure 3) in August of 2022 and 2023. The LN
line is about 148-m long, with direction perpendicular to the coastline and. Along the LN line, we
have drilled five shallow boreholes, namely S1, 52, S3, S4, and S5, see Table 1, to monitor the
groundwater levels and temperatures. In other side, a new borehole equipped with temperature
sensors was installed near the weather station as shown in Figure 3. We conducted ERI survey along
the 40-m long ST line, in order to compare measured resistivity with subsurface temperatures.
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Figure 3. The survey design at the NCUPS on Kaffigrya located in the Spitsbergen, island of Svalbard
archipelago.

The field data measurements were conducted using the 4-point light 10W resistivity meter and
the multiple active electrode (ActEle) system [23] In August 2022, we utilized 20 ActEle electrodes in
a roll-along configuration to collect data along the profile. In order to achieve greater exploration
depth, we increase the number of electrodes to 40 in the August 2023 survey. We applied the Wenner
(WN) array with 1-meter electrode spacing for the ERI surveys, as higher signal-to-noise ratios and
greater sensitivity to horizontal structures are frequently obtained with the WN array [24], such as
variation of groundwater tables [25,26]. This study uses EarthImager2D™ [27], a two-dimensional
(2D) inversion program. EarthImager2D™ facilitates the computation of the optimum resistivity
models by utilizing an iterative conjugate gradient inversion method and finite-element forward
solutions [28]. A comprehensive review of inversion method for resistivity studies can be found in
Sharma and Verma [29].

Table 1. The locations and configurations for the observation boreholes at the study site.

Borehole No.  Coordinate-X Coordinate-Y Ground Elevation (m) Pressure Sensor Elevation (m)

S1 8735652.0 430441.6 1.463 0.573
S2 8735658.5 430449.6 1.861 1.391
S3 8735608.0 430386.9 2.831 1.941
S4 8735627.2 430410.4 2.160 0.880
S5 8735645.9 430433.6 1.858 0.668

3. Results

T Figure 4a displays the inverted resistivity images of the LN line collected in 2022. Boreholes
S1, 52, S3, S4, and S5 are located at 9 meters, 19 meters, 29 meters, 59 meters, and 89 meters along the
LN survey line. In August 2022, we observed that the near-surface regions consist mainly of resistive
materials with resistivity values exceeding 2000 Ohm-m, spanning from 0 to 9 meters and 33 to 158
meters along the LN line. These resistive regions correspond to unsaturated outwash sediments, with
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a thickness of the resistive ranging from 1 to 2 meters. Below the surface resistive layer, the
resistivity rapidly decreases to less than 500 Ohm-m, which may indicate the presence of the
permafrost layer. Between 13 to 24 meters along the LN line, the near-surface region exhibits
resistivity of less than 100 Ohm-m, indicating the possibility of perched groundwater beneath the
dried creek bed. Some conductive structures extending deeper from the shallow perched
groundwater may suggest vertical infiltration paths through the talik in the permafrost.

Figure 4b displays the resistivity images of the LN line collected in 2023. The survey originates
from the location of the S1 borehole, designated as 9 meters in the 2023 surveys, due to the loss of the
original starting marker. Owing to poor electrode contact, measurements from four electrodes had to
be excluded, resulting in blank areas in the inverted results beneath these electrodes. Similar to the
result in 2022, we have identified a resistive unsaturated layer extending from 55 to 148 meters along
the LN line, with a thickness ranging from 1 to 2 meters. Below this unsaturated layer, the resistivity
decreases to mostly less than 500 Ohm-m between 0 to 60 meters on the LN line, indicative of the
permafrost layer. However, the region beneath the unsaturated sediments exhibits resistivity values
of less than 100 Ohm-m between 0 to 60 meters on the LN line. Furthermore, the conductive structure
above the possible resistive ice-rich permafrost beneath the dry riverbed appears to connect
horizontally to this conductive region, suggesting the distribution of melting talik and groundwater
conduits due to the thermokarst effect.
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Figure 4. (a) The inverted resistivity image of the LN line collected in 2022. (b) The inverted resistivity
image of the LN line collected in August, 2023. The blank areas indicate measurements that were
deleted due to poor electrode coupling. The observation boreholes are represented as red triangle
with S1, S2, S3, 54, and S5.

Compared to the measured groundwater table during the same period in 2022 and 2023, it is
evident that the groundwater table appears to be shallower in wells S2 and S3, which are located in
the dry creek bed, and deeper in wells S1, 54, and S5 (Table 2). Additionally, the groundwater table
is roughly consistent with the 400 Ohm-m boundary between the resistive shallow ground and the
conductive subsurface.

Table 2. The average groundwater table measured during the monitoring periods in 2022 and 2023.
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2022 Avg. 2022 Groundwater Table 2023 Avg. 2023 Groundwater Table
Borehole No. i z N F R +
Groundwater Depth (m) Elevation (m) Groundwater Depth (m) Elevation (m)
S1 0.779 0.684 N.A* NA
S2 0.403 1.458 0.126 1.735
S3 0.830 2.001 0.799 2.032
S4 1.287 0.873 1.295 0.865
S5 1.220 0.638 1.219 0.639

* during Aug.16 - Aug.22, 2022, " during Aug.11 - Aug.17, 2023
# sensor malfunction

In August 2023, a new monitoring well, equipped with temperature sensor arrays was
completed. To compare the temperature measurements with the resistivity data, we conducted the
ST line, which extends from the area near the 54 borehole to the weather station. Figure 5 displays
the inverted electrical resistivity image of the ST survey line. The upper 1-2 meters consist of
unsaturated resistive sediments with resistivity higher than 1000 Ohm-m. Below the unsaturated
sediments lies a conductive layer with resistivity less than 200 Ohm-m, which may indicate possible
groundwater above the permafrost layer. Further below the conductive layer, the resistivity increases
to approximately 200-600 Ohm-m in the region between 5 and 27 meters on the ST line, suggesting
the presence of frozen permafrost. In addition to the permafrost region, the areas between 0 and 4
meters, and between 28 and 39 meters mainly consist of low-resistivity materials with resistivity less
than 150 Ohm-m, indicating the possible presence of a melting talik.

Figure 6 shows the downhole temperature measured in the borehole temperature monitoring
well alongside the vertical resistivity measurements near the well. Generally, the temperature
between 2 meters and 8 meters deep mainly ranges from 0 to -2°C. We also observe that the soil above
a depth of 2 meters is above 0°C, with resistivity reaching a low value of about 50 Ohm-m at a depth
of 1.8 meters.

These temperature measurements confirm the existence of a deeper permafrost level below 2
meters. Furthermore, we observed inconsistent trends between the vertical temperature and
resistivity. Specifically, the resistivity reaches its lowest at a depth of about 1.6 meters, then increases
to over 200 Ohm-m at about 4 meters, and slightly decreases to around 150 Ohm-m at a depth of 7
meters. However, the temperature quickly decreases from 6°C at the ground surface to 0°C at about
2 meters deep. The temperature remains between 0 and -2°C from 2 to 5 meters deep, gradually
decreasing to lower than -1°C at a depth of 7 meters. This observation may imply the existence of
resistive ice-rich permafrost between 2 meters and 5 meters deep in the ST line.

Monitoring
S4 Borehole
0.0 1 i 5 ] i 24.0 28.0 | Ohm-m
19 — ' A . . . e - 10000
=] — — = — — — = = = — _
z 00 2115
B -19 A 447
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Figure 5. The inverted resistivity image of the ST line collected in 2023. 54 is the observation borehole
and also the cross point with the LN line. Monitoring well is represent as black triangle.
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Figure 6. Left: Temperature measured in the monitoring well. Right: Vertical resistivity profile from
the ST line at the monitoring borehole location.

4. Discussion
4.1. Resistivity Difference between 2022 and 2023

Figure 7 illustrates the differences in inverted resistivity between August, 2022 and August,
2023. Svalbard experienced average temperatures of 2.5°C and 8.3°C in August during the measuring
periods  of 2022 and 2023, respectively  (https://www.yr.no/en/statistics/table/5-
99910/Norway/Svalbard/Svalbard). Several physical factors may affect the measured subsurface
resistivity, including lithology, mineral composition, water content, porosity, pore structure and
connectivity, and pore water composition [Archie, 1942], along with temperature variations
[Dachnov, 1962]. Since there were no precipitations during the measuring periods in both 2022 and
2023, the temperature increase of 5.8°C resulted in a significant decrease of several hundred Ohm-m
in resistivity in the active layer near the surface.

Additionally, we observed a region with increased resistivity exceeding 1200 Ohm-m between
90 and 120 meters along the survey line at depths of 0.5-3 meters in the LN profile. This higher
resistivity may indicate the presence of remaining ice wedges in the active layer, as ice typically
exhibits higher resistivity compared to unfrozen soils.
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Figure 7. The resistivity difference between measurements taken in August 2022 and 2023.

4.2. Determining Hydraulic Parameters within the Active Zone

In the active zone above the permafrost, soil and rock resistivity are influenced by the resistivity
of pore fluid, porosity, as well as saturation and cementation status. Archie [30] developed an
empirical formula to describe the relationships between the bulk resistivity of soils/rocks (p),
porosity (¢), saturation (S,,), and resistivity of pore water (ow):

Py = apy ™S, ", @™

where a is the tortuosity factor, m and n are the saturation index and cementation index,
respectively. In general, homogeneous rocks and soils, m ranges from 1.8 to 2.2, and the value of n
is about 2; thus, considering m = n = 2, the Equation (1) is approximated as:

pe = ap, 072, )

where 6 is the volumetric water content.

According to Table 1, the groundwater table is at a depth of 1.3 meters in 54. Thus, if we use the
resistivity measured below 1.3 meters deep as the saturated soils, we can estimate the volumetric
water content based on Equations (3) and (2) for the active zone. We can first correct the temperature
effect according to Equation (3) and then estimate the water content from Equation (2) by assuming
homogeneous soil. Since the water content (6) equal to the average porosity (¢) in the unfrozen
saturated zone, we have:

Psaturated = O(pwe_z = (ZPW¢_2: 3)

The volumetric water content in the active layer can be estimated as:

Psaturated
f = |2urared

Pt @)

Additionally, resistivity is affected by the decrease in rock temperatures above the freezing
point. Keller and Frischknecht [31] derived the relationships between resistivity (0) and the
temperature difference (T — To) from the resistivity value (oo) at a reference temperature (To):

_ Po
P= Traa—ty ®)

Here, the constant a approaches values of 0.025 K- for most electrolytes [31]. Hence, by
correcting the temperature effect using equation (5) and assuming that the average porosity of the
washout is similar to that of the fluvial gravels (approximately 0.26), we should be able to estimate
the water content in the active layer above the permafrost based on equation (4). Figure 8 presents
the estimated water content in the active layer above the permafrost in the monitoring well.
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Further determination of hydraulic parameters and groundwater table within the Soil Water
Characteristic Curve (SWCC) from the Van Genuchten model [32] can be achieved utilizing the
methodologies delineated by Lin, et al. [25] and [26]. The Van Genuchten model can be described as:

0(h) = 6, + —=r (©)

[1+(ah)™]™

where 6(h) represents the normalized water content, « is related to the inverse of air entry value,
Where 0, is the residual water content, 6, is the saturated water content, h is the suction head, n is
related to the pore size distribution of the soil, and m is associated with the asymmetry of the model,
m equals to the 1 —n~1,

The parameters were derived through fitting the water content to the SWCC of Van Genuchten
model, aiming to minimize the root mean square discrepancies between predicted and observed
water content values. The measured water content was obtained through resistivity measurements.
Therefore, we are able to estimate the depth of the groundwater table without using pressure sensor
but estimate the depth of groundwater with the air-entry suction head (h,;), and the depth where
water content is in a saturated condition (8 = 6s) as describe in Chang, et al. [33] and Puntu, ef al. [26]:

Dew = Ds — hy, @)

where Dgyy, is the groundwater depth; D; is the depth of the saturated layer.

The estimate depth of the groundwater table for the position of temperature monitoring well on
ST line is approximately 1.06 meters. This estimation closely aligns with the groundwater table
measured in the 54 borehole (about 1.30 meters deep), given that the ground surface at the monitoring

well is about 20 cm higher than that of S4.
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Figure 8. The estimated water content and fitted water content distribution (dashed line) in the

temperature monitoring well on the ST line.

5. Conclusions

In the study, we conducted electrical resistivity imaging (ERI) measurements near the Nicolaus
Copernicus University Polar Station (NCUPS), located on the western coast of Spitsbergen in the
Svalbard archipelago. Along the 148-meter-long LN survey line, approximately perpendicular to the
coastline, we conducted ERI surveys in August of both 2022 and 2023. Additionally, we performed
ERI surveys along the 40-meter-long ST line to compare measured resistivity with subsurface
temperatures.

Overall, the LN resistivity profile in 2022 and 2023 exhibit a similar distribution pattern.
However, the difference of the inverted resistivity images between 2022 and 2023 reveals a decrease
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in resistivity by about 600 Ohm-m in the unsaturated active layer, except for some regions rich in
remaining ice. Considering the temperature increased by 5.8°C with no significant precipitation
variation in 2023 compared to 2022, we attribute the decreased resistivity to the temperature increase
possibly caused by global climate change.

The ST line shows that the resistivity reaches its lowest point at a depth of approximately 1.6
meters, then increases to over 200 Ohm-m at around 4 meters, and slightly decreases to
approximately 150 Ohm-m at a depth of 7 meters. Temperature measurements collected from the
monitoring well along the ST line confirm the presence of permafrost at a depth of around 1.6 to 2
meters.

Additionally, we attempted to estimate the water content distribution and groundwater table in
the ST line by using the Soil Water Characteristic Curve of Van Genuchten model. The results show
that the estimated groundwater depth is located at about 1.06 meters deep, consistent with the
measured groundwater table in the S4 borehole on the ST line.

Furthermore, this study presents a advance understanding of permafrost behavior in the Arctic
and provides insight into the sensitivity of resistivity patterns to climate change, providing
substantial information on subsurface dynamics in the region.
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