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ABSTRACT
Accelerated climate warming is causing significant reductions in the volume of Arctic glaciers, such that previously ice- capped 
bare ground is uncovered, harboring soil development. Monitoring the thermal and hydrologic characteristics of soils, which 
strongly affect microbial activity, is important to understand the evolution of emerging terrestrial landscapes. We instrumented 
two sites on the forefield of a retreating Svalbard glacier, representing sediment ages of approximately 5 and 60 years since 
exposure. Our instrumentation included an ERT array complemented by adjacent point sensor measurements of subsurface 
temperature and water content. Sediments were sampled at each location and at two more additional sites (120 and 2000 years 
old) along a chronosequence aligned with the direction of glacial retreat. Analysis suggests older sediments have a lower bulk 
density and contain fewer large minerals, which we interpret to be indicative of sediment reworking over time. Two months of 
monitoring data recorded during summer 2021 indicate that the 60- year- old sediments are stratified showing more spatially 
consistent changes in electrical resistivity, whereas the younger sediments show a more irregular structure, with consequences 
on heat and moisture conductibility. Furthermore, our sensors reveal that young sediments have a higher moisture content, but 
a lower moisture content variability.

1   |   Introduction

Arctic regions are warming at a rate of three to four times faster 
than the global average [1–2]. The Svalbard Archipelago, situ-
ated between 77° and 80° N, is one of the largest ice- covered ter-
restrial areas in the Northern Hemisphere outside of Greenland, 
with around 38,871 km2 of ice- covered land at its neoglacial 
maximum. However, the extent of ice cover on the Svalbard 

Archipelago is currently decreasing rapidly and has declined by 
13% relative to its neoglacial maximum [3] due to anthropogenic 
warming.

The retreat of glaciers has exposed terrestrial landscapes 
comprising morainic sediments and readily destabilized 
diamictons susceptible to processes of reworking and redis-
tribution [4–5]. Newly exposed glacier forefields can exhibit 
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successional changes as a function of time. As such, a chro-
nosequence approach can be used to characterize the devel-
opment of soils with increasing sediment ages as a function of 
distance to the glacier snout [6–8]. The till covered landscapes 
emerging from beneath the retreating ice are rapidly colo-
nized by microorganisms during the initial stages of the soil 
formation [9–10] and are sensitive to further climatological 
changes [11]. Deeper layers of the soil undergo successional 
changes more slowly than surface layers [12] and are likely 
to be carbon limited due to a lack of photosynthetically de-
rived organic carbon [13], and thus, deeper layers may be less 
sensitive to changes in key drivers of microbial activity such 
as moisture and temperature. Conversely, deeper soil may 
contain old carbon that is thawing following glacial retreat, 
potentially stimulating microbial activity. The biogeochemical 
processes occurring in deglaciated sediments therefore drive 
early stages of soil formation and impact the wider Arctic en-
vironment including adjacent ecosystems. Yet, the rates of 
those biogeochemical processes depend on temperature and 
available moisture, which have not been well characterized 
in these sediments, neither at depth nor across time scales of 
weeks to months, seasonally, and over the timescale of pedo-
genesis (i.e., decades).

Repeat surveying or sampling in the Arctic can be challeng-
ing due to harsh weather conditions (especially during winter 
months) and distance from population centers; thus, a remote, 
autonomous method of monitoring such environments is de-
sirable. Automated sensor arrays have proven to be effective in 
monitoring remote and/or harsh environments, such as the de-
ployment by Boike et al. [14] in Svalbard, capturing the interplay 
between snow depth and soil properties throughout extensive 
periods of monitoring [15–16]. Electrical geophysical methods 
provide a fast, cost- effective, and minimally invasive way of im-
aging soil moisture. These methods are known to be sensitive to 
lithology, soil texture, and water content—including phase and 
salinity (e.g., [17–19]). More specifically, electrical resistivity to-
mography (ERT) has an extensive track record of applications 
in the field [20], including polar environments where imaging 
and monitoring active layer freeze–thaw dynamics [21], ther-
mohydrological dynamics [22], or the shape of the permafrost 
table [18, 23] have all been undertaken. Traditionally used 
only for single one- off surveys or few repeat measurements, 
recent advancements in ERT technology have led to the emer-
gence of automated monitoring devices, such as the PRoactive 
Infrastructure Monitoring and Evaluation (PRIME) system. 
PRIME technology has been used successfully for monitoring 
near- surface hydrological processes in remote locations over 
many months [22, 24].

However, ERT does not directly measure soil physical prop-
erties, with parameters such as soil moisture and soil salinity 
being inferred from absolute or relative values of electrical 
resistivity. In order to make such inferences, complementary 
measurements or laboratory calibrations are often required 
[25–26]. Thus, point sensors have been used in conjunction 
with ERT for the study of soil water dynamics [27]. Another 
complementary method that can be used to ground truth ERT 
measurements is nuclear magnetic resonance (NMR), which 
provides direct measurements of liquid phase water in the sub-
surface [28]. Surface NMR (sNMR) methods are completely 
noninvasive and have been employed in permafrost and high 

alpine scenarios on multiple occasions offering valuable infor-
mation about the permafrost and active layer dynamics (e.g., 
[29–31].

To better constrain our knowledge of how temperature and 
moisture dynamics vary with depth and over seasonal time 
scales in developing Arctic soil, we present results from a sensor 
installation in the forefield of the retreating Midtre Lovénbreen 
glacier, located on the island of Spitsbergen, Svalbard (Figure 1). 
The sensors consist of an ERT array able to capture soil electri-
cal resistivity in 4D collocated with an in situ point sensor array 
capable of measuring soil temperature and water content. These 
variables were continuously monitored throughout the summer 
of 2021. We also report results from campaign- style sNMR mea-
surements and laboratory analysis of sediment physicochemi-
cal properties. We specifically characterize electrical resistivity 
changes at two sites of different sediment ages (following glacier 
retreat) in order to better understand the hydrothermal mecha-
nisms shaping soil formation in the High Arctic. We describe 
sediment physical properties, focusing on sediment thermal 
gradients and sediment moisture availability during summer—
as these factors are known to strongly influence sediment bio-
logical activity.

2   |   Materials and Methods

2.1   |   Study Site

Midtre Lovénbreen (ML) is a polythermal non- surge- type valley 
glacier [34] with a north- facing catchment located on the island 
of Spitsbergen, Svalbard Archipelago (Figure 1), approximately 
5 km SE of Ny- Ålesund (78° 53′ N, 11°59′ E). The extent of the 
moraine surrounding ML (Figure  1B) suggests it has receded 
at a rate of approximately 14 m per year [35] since its neoglacial 
maximum, which was likely to have been around 1890 accord-
ing to photographic records [36]. The retreat of the glacier has 
left behind complexes of moraine mounds, braided outwash, 
lakes, and linear trains of supraglacial debris and a chronose-
quence of sediments with the oldest sediments closer to the 
neoglacial maximum line and the youngest sediments closest 
to the glacier snout. Such chronosequences constitute suitable 
environments for studying the processes of soil formation [8]. 
The dominant lithological rock units in the ML glacier catch-
ment are a conglomeration of primarily felsic igneous fragments 
interspersed with metasediments including carbonate rocks 
and coal seams [37]. Between the edge of the moraine and the 
Kongsfjord shoreline, there are some established soils, made up 
of much older sediments (approximately 2000 years since glacier 
retreat; [38]) situated on top of Wordiekammen gypsum bedrock 
(Figure 1A). The West Spitsbergen Current warms the west coast 
of Spitsbergen Island generating a relatively mild climate for its 
latitude. According to Norwegian meteorological institute data 
(available at Seklima  [39] web portal), Ny- Ålesund has experi-
enced an increase in mean annual air temperature from −5.55°C 
between 1993 and 2002 to −2.51°C between 2013 and 2022. In 
terms of mean annual precipitation, these have not increased in 
the last 30 years with recorded values of around 420 mm.

We selected four sites along this chronosequence for sampling 
(SL 1–4 in Figure 1B) with ages of approximately 5–10, 60, 120, 
and 2000 years old, respectively [38], and installed a network of 
buried sensors at the youngest two sites, located closest to the 
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glacier snout (SL 1 and SL 2, ages of 5–10 and 60 years, respec-
tively). SL 1 has a flat topography with the shallow subsurface 
comprising a mixture of predominantly silty sediments, gravel 
and boulders (0.10–1 m length), and a shallow water table (0.5 m 
depth) at the time of sensor installation (July 2021). The site is 
characterized by patches of moss and biological soil crusts and 
interspersed among the silty material in between large angular 
rocks. SL 2 is characterized by moraine hummocks and glacial 
stream bed features. Sensors were installed on a relatively flat 
moraine hummock, and the sediment was aggregated, with lo-
calized occurrences of lichens, biological soil crusts, and vascu-
lar plants such as Salix polaris, Dryas octopetala, and Saxifraga 
oppositifolia, which are common in the area [40], and dominate 
the forefield of the adjacent Austre Brøggerbreen glacier [41].

2.2   |   Sediment Sampling and Characterization

Sediment was sampled from SL 1–4 in September 2020. From 
every location three bags of 100 g loose sediment and three cy-
lindrical sediment cores (5 cm diameter ×2.5 cm height) were 
sampled from the top surface layer (0–25 cm). For the undis-
turbed samples, plastic PEEK cylinders were gently inserted 
into the ground's surface, using a hammer and a punch tool, and 
were extracted by careful removal of the surrounding material. 
All samples were wrapped in clingfilm for preservation and 
transported to the British Geological Survey labs in the United 
Kingdom for further analysis. Subsequent laboratory tests 

aimed to identify the sediment's texture, porosity, pH, cation ex-
change capacity (CEC), and phosphorus content. Porosity was 
calculated as the percentage of the total sediment volume occu-
pied by water at saturation. The sediment was then air- dried and 
sieved to under 2 mm. From this fraction, sediment particle size 
distribution was determined using a Beckman Coulter LS13 320 
laser diffraction particle size analyzer. pH was measured with 
a GLpH meter using a mixture of sediment (150 g) and distilled 
water (75 mL). Phosphorus content was measured with an iCap 
6500 Duo ICP- OES spectrometer. For total CEC determination, 
a small sample of sediment was washed with ammonium ace-
tate, which displaces all other nutrient cations in the sediment, 
allowing the fraction of each cation in solution to be measured 
[42]. The undisturbed sediment cores were also scanned using 
X- ray computed tomography (CT) with a MSCL- RXCT scanner 
set at 130 kV, 450 μA, 1 min scan time obtaining a 106 μm reso-
lution. In this experimental setting, the sample rotates, and the 
source–detector pair is fixed to allow projections from different 
angles. Subsequently, the raw X- ray scans are used to digitally 
reconstruct the sediment core volume, which can be further 
cross- sectioned to allow an in- depth spatial interpretation.

2.3   |   Surface Nuclear Magnetic Resonance 
(sNMR)

Surface nuclear magnetic resonance (sNMR) is used to directly 
measure liquid phase water in the subsurface [28]. An sNMR 

FIGURE 1    |    Location of study site. (A) Svalbard archipelago with a blue dot indicating the location of the fieldsite. (B) Geological map of Midtre 
Lovénbreen glacier forefield [32]; © Norwegian Polar Institute) with red dots indicating sediment sampling locations. (C) Satellite image from 2021 
of Midtre Lovénbreen glacier forefield [33]; © Norwegian Polar Institute).
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sounding uses a wire loop to generate a transient electromag-
netic pulse in order to elevate hydrogen nuclei into an excited 
state, followed by a secondary field generated from the relax-
ation of the same atoms into their equilibrium. The secondary 
response provides information about the quantity and distribu-
tion of water in the subsurface. The amplitude of the secondary 
field is related to groundwater quantity, distinguishing between 
bound and free fractions, while the rates of decay of the field are 
related to pore size distribution and availability of groundwater 
[43].

Two snapshot sNMR surveys were conducted during July 2021 
at SL 1 and SL 2 (Figure  1C). An MRS- MIDI II device was 
used operating with a 10- m square loop, which measured the 
free induction decay (FID) of the signal. The MRS- MIDI II is a 
relatively low power instrument capable of transmitting about 
30 A of current. The corresponding depth of investigation (depth 
below acquired data is no longer sensitive to physical properties 
of the ground) is about 6–7 m. Estimates of the relaxation times 
characteristic of FID decays are obtained by fitting a sum of ex-
ponentially decaying sinusoids to the secondary voltage for all 
pulse moment measurements in the sounding. Sixty- four stacks 
of each pulse moment were collected. Noise levels after signal 
averaging were in the 2–3 nV range -  exceptionally low for sNMR 
measurements.

2.4   |   Point Sensor Installation

In proximity (within 5 m) of SL 1 and SL 2, the field sites were 
instrumented with point sensors. At both locations, 24 Teros- 11 
sensors were implanted into the wall of four 1- m- deep boreholes 
(six per borehole); these measure soil temperature, soil volumet-
ric water content, and soil electrical resistivity. The boreholes 
were not lined and were refilled with the material extracted 
during drilling. A snow depth sensor was fixed approximately 
2 m above the surface of the boreholes (Figure  2A, right). All 
sensors are connected to a Campbell Scientific CR1000X logger 

recording hourly data for each measured parameter. The system 
is powered from a 250 Ah battery bank sustained by a 10 W solar 
panel.

2.5   |   Electrical Resistivity Tomography

2.5.1   |   Deployment and Data Acquisition

On each site, a PRIME system was deployed. PRIME is an au-
tomated, low power, multi- channel instrument that makes con-
tinuous measurements of soil electrical resistivity. This allows 
uninterrupted monitoring of the sites as 4D electrical resis-
tivity tomography (ERT) datasets are recorded [24]. The sys-
tem is powered from a battery bank (three lead acid batteries 
of 105 Ah each), sustained by a 110 W solar panel and a 300 W 
wind turbine (Figure 2B). Any excess power obtained from ei-
ther the solar panel or the wind turbine is redirected and used 
as heat inside the system's waterproof container. PRIME uti-
lizes six lines of 37 (222 in total) tubular electrodes placed 30 cm 
apart (inter- row and inter- electrode) and trenched into the top 
20 cm of the ground (Figure 2A, left). One complete dataset is 
acquired every 2 days, containing 3696 normal measurements 
of soil apparent electrical resistance (Rn). For each individual 
measurement, a four- electrode dipole–dipole configuration is 
automatically selected, with two potential and two current elec-
trodes, respectively. The geometric factor corresponding to each 
specific electrode configuration is taken into account in order 
to calculate electrical resistivity. An additional 3696 reciprocal 
measurements (Rr) accompany every dataset, where the current 
and potential electrode pairs are switched [44], bringing the 
total measurement time to 2 h and 8 min. During acquisition, 
measurements are also stacked for quality assurance.

The SL 1 electrode array has a N–S orientation, with one end 
(S) closer to the glacier snout. SL 2 electrode array has a NW–
SE orientation, with one end (SE) closer to moraine hummock 
features and the other end (NW) closer to a moraine stream 
channel.

FIGURE 2    |    Sensor installations in SL 2. (A) Sensor towers and PRIME electrode array. (B) Tower structure supporting the PRIME's wind turbine 
and solar panel in the foreground.

 10991530, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ppp.2220 by B

ritish G
eological Survey, W

iley O
nline L

ibrary on [14/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 15

2.5.2   |   Data Processing

Every dataset was filtered to remove negative apparent resis-
tivities, and reciprocal errors greater than 5% and the apparent 
resistivity pseudo sections were checked for outliers. The recip-
rocal error (Er) was defined as

where Rm is the mean value between Rn and Rr. Data quality was 
excellent in this case with more than 95% retained for all datasets.

In order to obtain a tomographic model of electrical resistivity, 
an inversion algorithm was used, in which a starting resistiv-
ity model is iteratively adjusted to achieve the best fit with the 
measured apparent resistivity values. In this case, 4D inversion 
was performed using Res3DInvX64 [45], which included all data-
sets from a 2- month period. For the purpose of discussion, a sin-
gle suite of measurements (i.e., a dipole–dipole survey on a given 
day) is referred to as a time step. Each time step had a quadratic 
polynomial error model fitted (more details on how the error 
models are constructed in [46]) based only on the data from that 
time step, so data from less reliable steps were down- weighted. 
Given that all datasets had excellent data retention, the weights 
were very similar between time steps. For each data point, the 
data error estimated from the error model was combined with 
an estimate of the forward modelling error (taken to be 2%) 
using Gaussian error propagation. The inversion constraints 
were an L2 spatial constraint and an L1 temporal constraint 
(to allow for sharp changes in time, such as surface freezing). 
The spatial smoothing was isotropic with the same smoothness 
weightings in all Cartesian directions. The result is a time- lapse 
series of 3D resistivity tomograms, one corresponding to each of 
the two sites, with inversion misfits (absolute rather than root 
mean square as an L1 data constraint was used) of 1.87% for 
SL 1 and 2.77% for SL 2 (only one misfit value as there is only 
one 4D inversion per site). Finally, the resulting datasets were 
temperature corrected in order to isolate the effect of moisture 
content on the sediment's resistivity, acknowledging the rule 

that resistivity above 0 °C decreases by 2% per °C increase in 
temperature [47]. We did not record temperatures below 0 °C 
over the course of the results window presented in this work. 
The temperature information used for calibration was the point 
sensor temperature data (Section 3.4), with data obtained at dif-
ferent depths used to calibrate different parts of the ERT model. 
Percentage electrical resistivity change was computed for every 
individual time step (TS) in reference to the first TS.

The time series of 3D models obtained through inversion was 
further spatially interpreted by dividing the model volume into 
separate zones, either lengthwise into five equally spaced regions, 
R1–R5, or vertically into three equally spaced layers, L1–L3. 
Through this analysis, lateral versus depth spatial trends can be 
made more apparent. Visual representation of the model can be 
found in the Figure S1. For the whole ERT model volume, but also 
for every one of the above zones, the change in the average elec-
trical resistivity over time was obtained by computing the ratio 
between the average resistivity corresponding to every TS and the 
average resistivity of the first TS (referred to as ratio resistivity).

Figure 3 brings together all methods used in this work and their 
corresponding datasets. ER tomograms greatly benefit from 
adjacent measurements, firstly by spatially contextualizing the 
sites through soil physicochemical parameters and VWC distri-
bution with depth and secondly by utilizing a continuous cali-
bration over time using soil temperature and VWC point sensor 
datasets. This approach improves our understanding of the soil's 
hydrological regime with consequences for the establishment of 
microbiological activity and overall ecosystem evolution.

3   |   Results

3.1   |   Sediment Properties

We detected differences in sediment physicochemical properties 
between sites. We found that the sediments closer to the glacier 
(SL 1) are alkaline and have a low CEC and a loam texture. X- 
ray CT scans reveal the presence of larger vesicles close to the 
top of the sample and of larger minerals (appear brighter due to 

(1)Er =
100

(

Rn − Rr
)

Rm
,

FIGURE 3    |    Summary diagram of all methods and associated datasets analyzed. Solid squares indicate one- off datasets. Circles indicate 
automated time- lapse datasets. Dotted square groups together data that spatially characterize the sites. Dashed square groups data that temporally 
characterize the sites.
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higher density) (Figure 4A1,A2). With increasing distance from 
the glacier (and thus sediment age), we found that the color and 
texture of the sediments changes (Figure 4A3,B3, Table 1); SL 2 
sediments have a decreasing amount of silt, but more sand. The 
structure also appears to change, with older sediments showing 
a higher porosity, consistent with the change in texture. At SL 1, 
higher density material, such as stones, occupies approximately 
25% of the sample volume. Distinctively, the sediment core at SL 
2 appears to have a more cohesive structure on the CT scan, with 
fewer air pockets and minerals present (Figure 4B1,B2). At SL 
3, the sediments' texture appears to be dominated by silt, with 
a large reduction in the clay and sand component. Sediments 
do not appear to change their capacity to hold positive ions and 
their acidity throughout the moraine, with CEC and pH being 
fairly similar between samples. Outside the moraine complex, 
samples from SL 4, had higher silt content, porosity, CEC, phos-
phorus content, and a lower pH.

3.2   |   sNMR

sNMR surveys detected the presence of liquid water in the sub-
surface at both sites, with a peak in total water content pres-
ent around the 1.5–1.8 m depth mark (0.06 m3/m3 at SL 1 and 

0.045 m3/m3 at SL 2) (Figure 5A,B). SL 1 appears to have more 
total water than SL 2, this being confirmed by a shallow water 
table observed during borehole excavation at SL 1. However, SL 
2 shows slightly more bound water close to the surface. Below 
2 m depth, liquid water content reduces significantly at both 
sites, followed by another increase below 4 m only observable at 
SL 1. Due to instrumentation limitations, the sNMR struggles 
to detect water in very small pores, which explains the discrep-
ancy between field and laboratory porosity values. Even though 
sNMR depth of investigation is higher than the other methods 
employed, we believe this information is essential to contextual-
ize the description of our sites.

3.3   |   Point Sensor and Weather Data

Teros- 11 sensors recorded continuously from the beginning 
of August until the end of September 2021 (Figures 6A,B and 
7A,B). There was no snow cover at our sites within the time-
frame of our measurements. Mean daily air temperature fluctu-
ated between −0.3 and 14 °C and followed a general downward 
trend with localized exceptions during precipitation events 
(PE) when an increase is evident, with the largest event (PE 4) 
taking place between September 15 and 27 (Figures 6C and 7C).

FIGURE 4    |    CT images of the undisturbed sediment core volumes reconstructed post X- ray scanning. (A1) Horizontal and (A2) vertical cross 
sections through one of the cores from SL 1. (A3) Air- dried SL1 sample prepared for laboratory analysis. (B1) Horizontal and (B2) vertical cross 
sections through one of the cores from SL 2. (B3) Air- dried SL 2 sample prepared for laboratory analysis.

TABLE 1    |    Sediment physicochemical properties corresponding to all sampling locations.

Sampling 
location no.

Approximate 
age (years)

Clay 
(%)

Silt 
(%)

Sand 
(%)

Porosity 
(%)

CEC 
(meq/100 g) pH

Phosphorus 
(mg/kg)

SL 1 5–10 24.23 ± 1.57 40.56 ± 4.77 35.18 ± 3.30 13.5 2.6 8.78 527
SL 2 60 22.72 ± 1.36 25.59 ± 2.49 51.66 ± 1.68 19.6 4.7 8.45 641
SL 3 120 6.61 ± 0.52 68.53 ± 3.10 24.83 ± 2.62 — 1.7 8.83 241
SL 4 2000 4.79 ± 0.43 70.26 ± 3.24 25.03 ± 2.90 30.97 17.5 7.36 505
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Sediment temperature data follow a similar trend at both sites, 
reflecting the increases in temperature during PEs. In addition, 
shallower sensors capture daily fluctuations in temperature, with 
slightly lower amplitudes at SL 1. SL 2 appears to be warmer than 
SL 1 when records begin and to have a steeper temperature gradient 
throughout the Arctic summer. SL 2 shows bigger differences be-
tween temperatures recorded at different depths, especially during 
dry periods. Both sites show higher temperatures in shallow than 
deeper layers throughout August, with the temperature difference 
reducing as air temperature decreases, and even dropping below 
deeper layer temperatures from the beginning of September.

Precipitation events (PE 1–4 on August 7, 13, and 25 and September 
15, respectively) are reflected in the sediment volumetric water 
content (VWC) data by a sharp increase followed by a gently de-
creasing curve as the sediments dried. During the smaller PE in 
August, the increase in VWC was greater at SL 1. At SL 2, shallow 
depths are sensitive to all PE, whereas deeper depths at SL 2 are 
only sensitive to high- intensity PE (September 19). A change in 
VWC at SL 1 was apparent at all depths during all PEs. After the 
large precipitation event in September, for SL 1, the sensors indi-
cate a return to the pre- event VWC levels, whereas for SL 2, they 
indicate an equilibrium around a higher VWC level post- event.

FIGURE 5    |    sNMR results showing Water Content (θN) distribution with depth for (A) SL 1 and (B) SL 2. Dashed lines represent depth of 
investigation.

FIGURE 6    |    Teros- 11 point sensor data of (A) sediment temperature and (B) sediment volumetric water content (VWC) and weather records 
(available from [39]; the Norwegian Meteorological Institute/MET Norway, weather station in Ny- Ålesund) for the corresponding period of (C) 
precipitation and mean air temperature at SL 1. Occurrence of precipitation events (PE) is indicated. The inset in (A) indicates the depth (below the 
ground surface) of each sensor reading.
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3.4   |   Time- Lapse ERT

The SL 1 PRIME array recorded 30 complete datasets (August 
2 to October 1, 2021) corresponding to time- steps (TS) every 
other day. For SL 2, we recorded 27 complete datasets due to 
instrumentation issues affecting August 6, September 13, and 
September 15, 2021.

We found that sediment electrical resistivity is generally higher 
at SL 2 than SL 1, with a low- resistivity zone (<100 Ω.m) at SL 
1 near the glacier snout (Figure 8, TS 0). The SL 2 ERT model 
exhibits a well- defined continuous surface layer (200–500 Ω.m) 
extending to approximately 30 cm beneath the ground surface 
(Figure  9, TS 0) overlying a more resistive layer (>1000 Ω.m) 
(30–100 cm). We are only showing ERT data down to 1 m 
depth in order to match the depth attained by the point sensor 
installation.

Time- lapse ERT captured the percentage change in electrical 
resistivity over time, where areas of positive percentage change 
indicate that the site has become drier and areas of negative 
change indicate an increase in sediment moisture content. Our 
instrumentation captured the changes in resistivity following 
precipitation events at both sites (we present selected time steps 
in order to reflect such changes in Figures 8A and 9A). The suc-
cession shown here of TS 21–TS 24 (SL 1) and TS 20–TS 21 (SL 
2) shows a drop in resistivity, which coincides with the largest 
precipitation event recorded. However, on the glacier side of the 
SL 1 model, we did not detect a drop in resistivity during the 
precipitation event.

Dividing the ERT imaged volume (10.8 x 1.5 × 1 m3) into different 
zones (Figure S1) allows a more in- depth investigation of spatial 
variability of resistivity. When looking at different regions of the 
ERT volume (Figures 8B and 9B), it can be observed that SL 2 

shows a more homogeneous change over time than SL 1. SL 2 
displays a general tendency of increasing in electrical resistivity 
(values over 1 in Figure 9B) as opposed to SL 1, which shows 
long periods where the regions are less resistive than the values 
at TS 0 (Figure  8B). Precipitation events are also evident here 
by sudden drops in ratio values. Furthermore, ER throughout 
SL 2 seems to stabilize at lower values after PE 4 than the ones 
recorded right before the start of PE 4. When the ERT volume 
is divided by depth (Figures 8C and 9C), we observe a similar 
tendency for an increase in resistivity for SL 2. The shallowest 
layer at SL 1 appears not to incur a negative change in resistivity 
as large as deeper layers do during PE 4 and shows a rebound in 
resistivity post the event. On the other hand, in SL 2, all layers 
reduce their resistivity (by 20%–40%) during PE 4 and subse-
quently show an increase after the event (10%–15%), but not up 
to the pre- PE 4 levels.

4   |   Discussion

4.1   |   Soil Formation

Soil formation is dependent on a variety of factors, such as cli-
mate, organic matter, relief, parent material, and time, with each 
combination of determinants generating different soil proper-
ties and profile characteristics. Parent material is an important 
driver of soil formation and its physical and chemical character-
istics [48]. Our data (Table 1 and Figure 4) show that sediments 
from a different geological setting (SL 4) exhibited very distinct 
physicochemical properties. If discussing only sediments sam-
pled within the moraine complex, they all have glacial diamic-
ton as a sedimentary basis [49]. However, it is worth noting that 
glacial diamicton can itself exhibit different grain size distri-
butions across a glacier forefield. Sediments at SL 2, estimated 

FIGURE 7    |    Teros- 11 point sensor data of (A) sediment temperature and (B) sediment volumetric water content (VWC) and weather records 
(available from [39]; the Norwegian Meteorological Institute/MET Norway, weather station in Ny- Ålesund) for the corresponding period of (C) 
precipitation and mean air temperature at SL 2. Occurrence of precipitation events (PE) is indicated. The inset in (A) indicates the depth (below the 
ground surface) of each sensor reading.
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to be around 60 years old, show signs of prolonged erosion and 
weathering, with the amount of time exposed to physical weath-
ering processes (including precipitation, melt water stream flow, 
or freeze–thaw) impacting the inherent properties. Sediments 
at the older site (SL 2) have an internal structure consisting of 
fewer vesicles and smaller minerals, when compared to the 
younger site (SL 1), a sign of constant alteration over time, that 
allowed the escape of gas and the erosion of minerals. Older 

samples (SL 3 and SL 4) are also texturally different, with a 
lower clay proportion, which can be explained by clay migra-
tion in sediments such as these, with a low exchange capacity 
[50]. Sediments in SL 4, outside of the moraine complex, are 
likely to have a different origin by isostatic heaving processes 
due to their proximity to the shoreline. In a similar study, look-
ing at soil properties along a glacier sediment chronosequence, 
Kabala and Zapart [51] found a reduction in clay fraction with 

FIGURE 8    |    (A) Six selected ERT time steps (TS), representing percentage resistivity change in reference to initial TS 0 (representing absolute 
values of electrical resistivity) corresponding to SL 1 (August–October 2021). GS (glacier side) indicates that ML glacier is nearer to that side of the 
model. (B) The change of average electrical resistivity over time corresponding to (B1) different regions and (B2) different layers of the ERT model. 
Occurrence of precipitation events (PE) is indicated. Dotted lines correspond to the ERT time steps in (A).
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10 of 15 Permafrost and Periglacial Processes, 2024

sediment age attributing it to a repeated washing- out of fine par-
ticles during spring melt water. On a proglacial area in the Swiss 
Alps, Mavris et  al. [52] showed that chemical weathering and 
clay mineral transformation can occur right after glacier retreat, 
at an early stage of soil formation. Apart from the clay fraction, 
the silt–sand ratio of sediments dictates their susceptibility to 
frost heaves and cryoturbation [53]; therefore, siltier sediments 
such as the ones found at SL 3 and SL 4 can favor the formation 
of cryostructures.

The distance from the glacier, a consequence of the passage 
of time, has arguably a direct impact on the soil properties. 
Firstly, proximity to the glacier implies a different thermal re-
gime; hence, a different sediment reaction to changes in air- 
temperature and influx of precipitation. Irvine- Fynn et al. [54] 
has linked thermoerosional processes with the reworking of the 
glacier forefield. Secondly, ML is a higher topographical unit 
than its forefield. Regions closer to the glacier snout would there-
fore benefit from a shelter against wind erosion but potentially 

FIGURE 9    |    (A) Six selected ERT time steps (TS), representing percentage resistivity change in reference to initial TS 0 (representing absolute 
values of electrical resistivity) corresponding to SL 2 (August–October 2021). HS (hummock side) indicates that moraine hummock features are 
nearer to that side of the model. (B) The change of average electrical resistivity over time corresponding to (B1) different regions and (B2) different 
layers of the ERT model. Occurrence of precipitation events (PE) is indicated. Dotted lines correspond to the ERT time steps in (A).
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receive a higher input of liquid precipitation or melt water com-
ing off the glacier slope. Glaciofluvial processes are likely to 
have contributed to sediment deposition and modelling of the 
glacier moraine, with older sediments (SL 2) experiencing a lon-
ger exposure time to environmental factors, such as melt water 
erosion. The relatively flat, unaltered topography of SL 1 would 
directly impact the site's drainage system. During the stages of 
soil formation, vegetation is set to appear given the right con-
ditions. According to Kabala and Zapart [51], on their recently 
deglaciated study site in SW Spitsbergen, vegetation started to 
emerge 5–6 years after deglaciation. The low weathering inten-
sity, including carbonate leaching, is assumed to be related to 
the slow succession of vegetation [55].

The timeframe we discuss here, 120 years of glacier retreat, is 
too short to expect a major transformation in chemical proper-
ties, even though there is clear evidence that chemical weath-
ering is taking place [56]. Wietrzyk et  al. [57] describes the 
accumulation of elements (e.g., total organic C, total N) due to 
weathering using nonlinear functions, a noticeable increase 
taking place after 50–60 years post deglaciation. This may em-
phasize that the data gathered from the two monitoring stations 
correspond to distinct stages of soil formation. Furthermore, the 
physicochemical characteristics discussed here establish a basis 
and a complementary framework for our sensor data interpreta-
tion, which will describe the thermal and hydrological regime of 
recently deglaciated sediments.

4.2   |   Sediment Temperature and Water Content in 
Response to Precipitation Events

Point sensor data allow us to directly assess the sediments' re-
sponse to changes in air temperature and precipitation. As 
pointed out in Section 3.3, SL 2 tends to be warmer than SL 1 
and has a steeper temperature gradient throughout the sensor 
records. ML glacier, a large mass colder than the mean air tem-
perature throughout the Arctic summer, slightly lowers the tem-
perature of the sediments in their proximity and regulates their 
gradient in time and depth. Despite having 24 h of daylight until 
the 27th of August, on the ML forefield, point sensors picked up 
daily fluctuations in temperature. This is a consequence of local 
topography blocking direct sunlight, an effect more pronounced 
at SL 1 where the amplitude of such fluctuations was up to 2–3 
°C higher than at SL 2 in early August 2021.

Even though all PEs were captured by sensors at both instru-
mented sites, there were differences in the magnitude of VWC 
levels detected during PE 1–3. Proximity to the glacier slope de-
termined a higher precipitation influx at SL 1, and the presence 
of hummocks and stream beds at SL 2 determined a more en-
hanced drainage, causing less water to enter the sediment sys-
tem. Szymański et al. [53] propose that soil wetness is the most 
important soil forming factor in proglacial areas. The amount 
of moisture will affect the depth and rate of freezing and thaw-
ing [58–59]. The VWC distribution therefore can be an indicator 
of the soil's stage of development, with an older soil that shows 
enhanced drainage thawing earlier and faster than a younger 
soil [58].

Deeper sediment layers (>30 cm) saw an increase in VWC at SL 
1, whereas at SL 2 the VWC remained unchanged, simply be-
cause the influx of precipitation was not sufficient to overcome 

potential evaporation for water to reach respective depths [60]. 
However, during PE 4, which saw the largest quantities of pre-
cipitation of the presented record, SL 2 VWC increased signifi-
cantly at all monitored depths. The VWC levels post PE 4 were 
higher than before the event indicating water has been stored 
in the sediment pore network at SL 2. By contrast, VWC levels 
at SL 1 returned to pre- PE 4 levels after the event, indicating 
a lower water storage capacity than the SL 2 sediments, poten-
tially determined by the difference in available porosity (see 
Table 1). This hypothesis agrees with He and Tang's [61] finding 
that bulk density decreases with sediment age on a proglacial 
chronosequence.

PEs also had a clear impact on sediment temperature at both 
sites. During PEs, daily fluctuations in temperature are atten-
uated greatly due to water acting as a thermal regulator. In ad-
dition, air temperature and consequently sediment temperature 
tended to rise during PEs due to the intense cloud coverage cre-
ating a greenhouse effect over the area. Boike et al. [14] report a 
16- year record of soil water content measurements down to 1 m 
depth, monitored in the vicinity of Ny- Ålesund research village. 
During summer months, the records show similar near- surface 
VWC values and a similar increase in sediment temperature 
during PE.

4.3   |   Continuous 3D ERT Monitoring and sNMR 
Measurements

A continuous record of 3D ER tomograms offers an opportu-
nity to track soil water storage and movement over time and 
in space. Nonetheless, this dataset can be subjected to sources 
of error, which lead to misinterpretation of results. Among po-
tential sources of measurement error, electrode positioning or 
poor ground- electrode contact are likely candidates in an Arctic, 
remote environment. We tried to minimize their effect by ac-
quiring stacked and reciprocal measurements. Even though it 
is considered a minimally invasive method, ERT, through the 
electrode array installation, disturbed the site's surface and 
near subsurface to a certain degree. This can have an influence 
on small- scale hydrology. However, upon the inspection of the 
resulting images, we did not observe obvious preferential flow 
paths along the electrode lines.

sNMR detected more total liquid water close to the surface 
at SL 1, which was confirmed by direct observations while 
excavating the sensor boreholes. ERT models for SL 1 also 
capture a zone of low resistivity on the glacier side of the 
model. However, with a higher porosity and consequently 
larger pore surface area, SL 2 sediments hold slightly more 
bound water. The way the electrical resistivity profile changes 
over time is different between sites. SL 1 appears to have a 
smaller change overall before the large precipitation event, 
but a more pronounced positive change thereafter. This sug-
gests that the hydraulic conductivity at SL 1 is lower than at 
SL 2. Electrical resistivity values are influenced by a variety 
of factors, namely, saturation, soil structure, clay content, and 
temperature [19]. Given that the ERT results have been tem-
perature calibrated and the clay content is similar between 
sites, the low resistivity values are most likely indicative of a 
higher sediment moisture content, confirming once again the 
above observations. According to Bockheim et al. [62], one of 
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the main soil forming processes in polar areas is permanent or 
periodic water saturation of sediments, which can lead to sed-
iment gleization, a reduction and removal of iron and manga-
nese oxides from sediments. One indicator of gleyic sediments 
is their gray color, which we also observed on SL 1 samples 
(Figure 4A3). The apparent moisture abundant layer extends 
only to about 1.7 m depth at SL 1, followed by a steep drop in 
liquid water content. According to the literature, this could be 
explained by the presence of buried ice underneath a shallow 
layer of debris [4, 63]. This layer was unfortunately beyond 
reach given depths of investigation associated with our ERT 
electrode configuration. Deeper DC resistivity studies have 
been conducted in Svalbard [64–65], imaging a shallow active 
layer (<3 m) above the permafrost, with resistivity values in 
the range observed in our work (200–400 Ω.m). However, the 
resistivity value range depends on how much liquid moisture 
is available in the near subsurface at the time of imaging. For 
example, areas closer to the glacier snout at SL 1 recorded re-
sistivity values of down to 50 Ω.m.

Overall, electrical resistivity values recorded at SL 2 were 
higher than at SL 1, despite the latter having large dense min-
erals in the sediment composition. As indicated by sNMR and 
point sensor data, SL 2 is generally warmer and drier, both 
contributing to higher values of electrical resistivity. At SL 1, 
the ERT results show us localized regions of higher resistiv-
ity, which are likely to be large boulders trapped in the gla-
cier sediment. On the other hand, at SL 2, a well- defined more 
resistive layer with an upper boundary at 0.3 m depth is no-
ticeable, which could be evidence of sediments being eroded, 
reworked and redeposited in time to form continuous layer 
boundaries. Furthermore, a two- layer system will dictate the 
way heat and moisture is conducted, the layer boundary act-
ing as disruption to flow.

4.3.1   |   ER Spatiotemporal Variability

Fluctuations in electrical resistivity over time are a result of 
net precipitation. SL 2 shows more areas of positive resistivity 
change right before PE 4 (Figure 8, TS 20) than SL 1 (Figure 9, 
TS 21), emphasizing the fact that due to its slightly different 
thermal and drainage regime, SL 2 dries faster, losing more 
moisture content than SL 1. Midgley et al. [63] point out that 
the Midtre Lovénbreen glaciofluvial drainage system is routed 
over ice- cored terrain, which results in high rates of thermo-
erosion. Woo and Xia [66] argue that sediments in poorly 
drained sites, such as SL 1, are often rich in ice, retarding the 
development of a deep active layer. This would agree with 
the sNMR observation of a sharp decline in moisture content 
around 2.5 m depth, marking the boundary of a shallow active 
layer.

During PE 4, both sites displayed areas of high negative (up to 
40% reduction) ER changes (Figure 8, TS 24; Figure 9, TS 21). 
The only exception was the less resistive region in SL 1 (pre-
viously discussed), potentially because it has already reached 
saturation, and thus, additional precipitation input would not 
change its moisture content. However, post PE 4, the same re-
gion displayed one of the strongest ER positive changes (up 
to 20% increase), with a lot of moisture contained in a shal-
low layer being more susceptible to evaporation. Generally, 
SL 1 showed stronger positive changes, indicative of loss of 

moisture, than SL 2 post PE 4 (Figure 8, TS 28; Figure 9, TS 
25); these are phenomena confirmed by point sensor data 
which indicate a quick return to pre- PE 4 values of VWC at 
SL 1. Szymański et al.  [53] argue that proglacial sites with a 
moderate content of moisture are the most favorable for plant 
succession, as dry sites have water shortages and wet sites cre-
ate anaerobic conditions and bolsters erosion. In this context, 
SL 1 appears to have too much moisture available, whereas SL 
2, in addition to being exposed for a longer time, shows more 
moderate moisture fluctuations, which promoted localized 
plant growth.

Proglacial areas are characterized by a high variability of wet-
ness, determined by a combination of factors, such as relief 
variability, sediment texture, and hydraulic properties of the 
exposed sediments [67–68]. Ratio resistivity change over time 
captured by ERT reflects such variability (Figures  8 and 9). 
The general tendency of SL 2 is to dry over time (ration values 
greater than 1) (Figure 9B), whereas SL 1 appears to be wetter 
as records progress. This general behavior was previously ex-
plained by a thermal regime strongly influenced by a proximal 
glacier and an enhanced precipitation influx determined by the 
surrounding topography, as evidenced by point sensor measure-
ments. Different regions of SL 2 seem to have a similar response 
to changes in VWC, indicating a certain degree of homogeneity 
and continuity of sediment layers, whereas SL 1 regions show 
an irregular response, an expected pattern from a young het-
erogeneous mix of sediments and gravel (Figure  8B). Post PE 
4, SL 2 ratio change values seem to equilibrate at lower values 
than pre- PE 4 (5%–10% lower depending on layer), in agreement 
with point sensor measurements of VWC. However, values of 
ratio change corresponding to deeper layers of SL 1 remain low 
after PE 4, disagreeing with point sensor measurements that 
suggested a return to pre- PE 4 values of VWC. This could be 
explained by limited drainage at SL 1, a system with an unde-
veloped pore network, as suggested by CT scans and other sed-
iment laboratory measurements (Section  4.1), and underlying 
buried ice or large boulders blocking water percolation at depth 
(ER Spatiotemporal Variability section). During a large rainfall 
event, the downslope movement will occur in the layer with 
higher hydraulic conductivity [69]; in this case, due to its texture 
and other observed physical parameters, SL 2 is prone to exhibit 
greater moisture movement.

The combination of methods employed in this study is essen-
tial to understand the physical and hydrological properties of 
the investigated site. For long- term monitoring of the shallow 
subsurface, continuous geoelectrical imaging in corroboration 
with point sensors can be used as a proxy for moisture content 
variability, a critical variable affecting microbial community de-
velopment and activity [70]. Microbial communities in the ML 
forefield have been shown to change significantly during the 
first few decades of soil formation [11, 71, 72] and contribute to 
the build- up of soil organic matter [9, 71, 73].

Our instrumentation has the potential to reveal suitable hy-
drothermal conditions for microbial activity and growth in 
the developing forefield sediments. Continuous monitoring in 
combination with field sampling has the potential to determine 
when microbes in glacier forefield sediments might be most 
active, and also to explain the community heterogeneity in the 
context of the sediment hydrophysical properties.
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5   |   Conclusions

Monitoring the processes in recently deglaciated sediments is es-
sential to better understand early- stage soil formation and how it 
is shaped by and impacts the wider Arctic environment. Here, we 
present physicochemical property analysis and a continuous mea-
surement of ER, temperature, and VWC from a sediment chrono-
sequence in the forefield of ML glacier in Svalbard, over the course 
of 2 months during the Arctic summer (August–September 2021). 
We found that sediments exhibit physical changes as they age, 
with greater porosity, but smaller minerals and less vesicles being 
associated with older sediments, characteristics that we attribute 
to erosion and sediment reworking over time.

Point measurements of VWC and continuous resistivity imaging 
showed higher moisture availability in sediments closer to the gla-
cier snout due to the surrounding topography contributing to more 
water coming off the glacier slope and less drainage because of a 
relatively flat surrounding terrain. As a consequence of their loca-
tion on the moraine and high levels of saturation, these younger 
sediments are shaped by gleization and a higher rate of thermoero-
sion. ERT monitoring of older sediments (at SL 2) revealed a well- 
defined layer stratification, corroborating our assumption that 
the glacial sediments were reworked and redeposited over time, 
transformed from an irregular mixture of clay, gravel, and boul-
ders, which is present at SL 1. SL 2 also responded differently to 
temperature changes due to its increased distance from the glacier 
snout, appearing to be warmer and to respond faster to changes 
in air temperature. Moisture variability between sediment layers 
and their fast response to moisture influx suggest that these older 
sediments exhibit higher water flow. Finally, the older sediments 
showed a more spatially homogeneous change in ER potentially 
suggesting a more cohesive spatial development, whereas younger 
sediments showed a more heterogeneous change, which could 
imply that different areas will develop at different rates.

We conclude that continuous high- resolution geoelectrical mon-
itoring has excellent potential to serve as a proxy for sediment 
hydrodynamics and thermal regime, offering important insights 
about the physical development of recently deglaciated sedi-
ments in time and space. This knowledge may be used to inform 
analyses of sediment microbiological activity for a better holistic 
understanding of soil evolution in the Arctic.
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