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Abstract

The natural cyclical development of palsas makes it difficult to use visible signs of

decay as reference points for environmental change. Thus, to determine the actual

development stage of a palsa, investigations of the internal structure are crucial. Our

study presents 2-D and 3-D electrical resistivity imaging (ERI) and 2-D ground-

penetrating radar (GPR) results, measurements of surface and subsurface tempera-

tures, and of the soil matric potential from Orravatnsrústir Palsa Site in Central

Iceland. By a joint interpretation of the results, we deduce the internal structure

(i.e., thickness of thaw zone and permafrost, ice/water content) of five palsas of dif-

ferent size and shape. The results differentiate between initial and mature develop-

ment stages and show that palsas of different development stages can exist in close

proximity. While internal characteristics indicate undisturbed development of four

palsas, one palsa shows indications of environmental change. Our study shows

the value of the multimethod geophysical approach and introduces measurements of

the soil matric potential as a promising method to assess the current state of the

subsurface.

K E YWORD S

3-D electrical resistivity imaging, ground-penetrating radar, palsa development, soil matric
potential

1 | INTRODUCTION

Palsas undergo cyclical formation and decay, controlled by complex

interactions between environmental factors such as surface and sub-

surface temperatures, the occurrence of insulating snow cover, and

the availability of liquid water.1 These factors are changing fundamen-

tally in Arctic and Subarctic environments today,2 and palsas may pro-

vide a critical record of this change, if the complexities associated

with their formation and degradation can be untangled. This is partic-

ularly important, considering that studies report a strong loss of palsa

landscapes in several regions.3,4 Evaluating the impact of climate

warming to palsas is difficult, as the complex energy fluxes between

the surface and the subsurface are not fully understood yet.5 How-

ever, insights into their internal structure can provide valuable infor-

mation on palsa development and serve as an archive of past

environmental conditions.6,7

Numerous studies have focussed on the vegetation patterns and

soil layering surrounding palsas, as well as dating approaches based on

plant macrofossils or tephra layers.8–12 Regarding investigations of

the internal structure, nondestructive geophysical techniques such as
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electrical resistivity imaging (ERI) or ground-penetrating radar (GPR)

are frequently performed.6,13 The application of ERI has proven its

strength particularly for assessing ice content variations and for esti-

mating the depth of the frozen layer.7,14–17 The main targets for GPR

surveying are assessments of the shape of the frozen core and the

thickness of seasonal thaw or the active layer.18,19 To benefit from

the advantages of both methods, joint applications can be per-

formed.20 Combined with information on palsa heights, knowledge of

the subsurface layering obtained helps to assess the ratio between

permafrost thickness and palsa uplift, which can be used to determine

the current development stage of a palsa.21,22

The results of case studies from different areas agree on the

occurrence of small-scale variations between frozen and unfrozen

subsurface conditions and highlight a high spatial variability of active

layer thickness.10,12–14 Previous research at the Orravatnsrústir Palsa

Site in Iceland shows an increasing active layer thickness from 0.69 m

in 2004 to 0.81 m in 2010 at one specific palsa,23 and results from

another study16 show that the average active layer thickness

increased from between 0.45 and 0.65 m in 2001 to between 0.77

and 0.81 m in 2006.

The objective of the present study is to assess the spatial distribu-

tion of ground ice, the magnitude of subsurface ice content variations,

and the frost table topography at Orravatnsrústir Palsa Site, which are

then used to deduce the current development stages of individual

palsas. We use two geophysical techniques and recorded values of

temperature and soil matric potential. As the investigated landform

units lack large amounts of peat, probably because the organic con-

tent has been lowered by steady eolian deposition,23 they could also

be described by the term “lithalsa.”24 However, we use the term

“palsa” in this study to keep consistency with the nomenclature of

prior studies from Orravatnsrústir.

2 | STUDY SITE

Orravatnsrústir Palsa Site (65.08�N, 18.53�W, Figure 1a) is located in

the uninhabited and mostly barren desert of central Iceland, 14 km

north of Hofsjökull glacier. Detailed weather data are not available

from the area, but data from weather station Hveravellir (55 km away)

show a cold tundra climate and relatively low precipitation, particu-

larly in summer, of around 705 mm/a23 (see Figure 1b). The study site

is located in a zone of basic and intermediate interglacial and

supraglacial lavas with intercalated sediments that are younger than

0.8 million years.25 In contrast to the surrounding barren desert, the

F IGURE 1 Site overview. (a) Map, (b) climate data from nearest weather station Hveravellir (55 km away), and (c) overview photo (picture
date: September 20, 2015)
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wetland is densely vegetated with mosses and dwarf shrubs on the

palsas and with sedges and grasses in their surroundings (Figure 1c).

The formation of ground ice in the region surrounding Lake

Orravatn started after 4,500 years before today, and the formation of

palsas is still ongoing.7,8 Previous evidence suggests that the depth to

the bottom of permafrost is between 5 and 7.5 m and that mean

annual ground surface temperature (MAGST) was 1.0�C between July

2006 and July 2007.7 The curve of daily mean temperature values

from the same time span indicates the absence of thick snow cover

on the palsas.7

Among the numerous palsas at the Orravatnsrústir Palsa Site, five

palsas were investigated in detail for this study (Figures 1c and 2,

Table 1). These comprise smaller landform units within the wetland

(OVR01, OVR02, OVR05) and larger landform units surrounded by

open water (OVR03, OVR04). An aerial picture from 1998 indicates

that the palsas OVR03 and OVR04 are remnants of one large palsa or

one palsa plateau.23 Ongoing degradation was visually observed by

the authors in the field by an enlargement of the gap between OVR03

and OVR04 (see Figure 2c) between 2015 and 2017.

3 | METHODS

The application of geophysical methods is well established in perma-

frost research,26 and the general principles are hence only briefly

summarized here.

3.1 | Electrical resistivity imaging (ERI)

ERI characterizes subsurface differences in electrical properties of dif-

ferent earth materials.27 In permafrost-related studies, this enables

ERI to distinguish frozen from unfrozen materials by a high-resistivity

contrast caused by the poor electrolytic propagation of electric cur-

rent in frozen materials.28

Two different ERI approaches were used in this study. While elec-

trodes were set up along a linear profile line for the traditional 2-D

ERI approach, the 3-D approach of our study uses a rectangular grid

of electrodes for data acquisition. This approach enables the measure-

ment of diagonal quadripoles and provides a higher density of data

points, compared to merging data from intersecting 2-D surveys only.

We used a Syscal Pro Resistivity Meter for data acquisition and the

software packages RES2DINVx64 (Ver. 4.05.32, Geotomo Software)

and RES3DINVx64 (Ver. 3.11.57, Geotomo Software), respectively,

for data processing. Measurements were performed with the

Wenner–Schlumberger electrode configuration, but at some locations,

additional dipole–dipole surveys were also performed. The resulting

data sets were compared (see Figure 3a,b as examples) and the data

points from both surveys were merged into one data set to benefit

from the advantages of both configurations. These are, for example,

penetration depth (better with Wenner–Schlumberger) or horizontal

resolution (better with dipole–dipole).27,28

Data processing included an elimination of bad data points caused

by high contact resistance values and a trial inversion to filter outliers.

F IGURE 2 Photo compilation of investigated palsas. (a) OVR01, (b) OVR02, (c) OVR04 (front) and OVR03 (back), and (d) OVR05. Date of all
pictures: September 9, 2017
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To ensure comparability between results, the same inversion parame-

ters (e.g., damping factors, filters, number of nodes) were used for all

data sets. We used the robust inversion method (L1-norm), which

tries to reduce the absolute difference between the measured and the

calculated apparent resistivity, because the appearance of single out-

lying data points, such as caused by an insufficient ground coupling,

was expected in the rough environment. Consequently, error values

of the results are presented as “absolute error” values. The inversion

process was stopped after the decrease of this error measure leveled

out, which happened after the fifth iteration step.

To evaluate if a resistivity model is sufficiently resolved, a reso-

lution matrix approach was used.29–32 This approach estimates the

information content of each model cell and provides a measure on

the influence of the inversion settings and of neighboring model

cells. Parts of the models with relatively low values were hence

interpreted particularly carefully. To estimate a local threshold

between frozen and unfrozen materials, we compared the upper

model slice of the E01 model (depth level: 0.6–1.2 m) with results

from frost-probing with a 1.2-m-long steel rod, which was per-

formed on the same day (see Figure 3c). The comparison shows that

a maximum alignment is achieved by a threshold value of 0.6 kΩm.

Thus, resistivity values above this threshold are referred to as “high
resistivity values” in the following sections, while values below are

referred to as “low resistivity values.” Seven 2-D ERI surveys and

three 3-D ERI surveys were performed (see Tables 2 and 3 for

details and Figure 4 for locations).

TABLE 1 Information on size and
characterization of the investigated
Palsas

Label Max. height (m) Extent of uplifted area (m2) Comment

OVR01 0.5 30 Shallow water logs

OVR02 1 240 Uplifted area

OVR03 2.4 1,090 Part of plateau

OVR04 2.4 1,400 Part of plateau, surface cracks

OVR05 1 40 Surface crack

F IGURE 3 Example ERI 2-D
and 3-D profiles. (a,b) Visual
comparison between models from
WenSl and DipDip surveying.
Data from E08. (c) Determination
of threshold between frozen and
unfrozen materials by a
comparison between a 3-D ERI
model slice of E01 and results
from manual frost probing.
Boundary reflects the 0.6-kΩm
isotherm
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3.2 | Ground-penetrating radar (GPR)

GPR characterizes subsurface structures based on the reflection of

artificially created electromagnetic (EM) waves responding to layers

with different electrical properties.33 In permafrost, an electric con-

trast generally occurs between thawed ground or the active layer

and permafrost. This is because the physical properties of liquid

water (which occurs in a greater percentage in thawed ground) and

ice differ strongly.34 GPR also assists with distinguishing between

different types of material and deposition process.33 Herein, we

characterize and interpret reflection patterns or so-called “radar
facies.”35 We further use reflection triplet sequences for interpreta-

tion.36 These triplet sequences result from differences in dielectric

contrasts at reflector boundaries. If the deeper layer at such a

boundary has a higher relative permittivity (e.g., at the interface

between an upper layer of unsaturated sediments and a deeper

layer of saturated sediments), a positive triplet appears. If the upper

layer has a higher permittivity (e.g., at the interface between an

TABLE 2 Details of 3-D ERI surveys.
WenSl = Wenner–Schlumberger,
DipDip = dipole–dipole

Survey Array type Survey area (m2) Electrode spacing (m) Survey date

E01 WenSl+DipDip 56 1 Sep 17, 2015

E02 WenSl+DipDip 56 1 Sep 20, 2015

E07 WenSl+DipDip 56 1 Sep 16, 2015

TABLE 3 Details of 2-D ERI surveys.
WenSl = Wenner–Schlumberger,
DipDip = dipole–dipole

Survey Array type Survey length (m) Electrode spacing (m) Survey date

E03 WenSl 142 2 Sep 17, 2015

E04 WenSl 71 1 Sep 6, 2017

E05 WenSl 70 2 Sep 20, 2015

E06 WenSl+DipDip 142 2 Sep 20, 2015

F IGURE 4 Map of survey locations (own drawing, based on GNSS surveying). Only selected palsas are displayed
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upper layer of saturated sediments and the permafrost table below),

a negative triplet appears.36

We used a PulseEKKO Pro System with unshielded antennas

in bistatic data acquisition mode and the software package

ReflexW (Sandmeier geophysical research, Ver. 8.5.3) for data anal-

ysis (see Table 4 for profile details). Data processing included

dewow filtering, time-zero correction and time-depth conversion.

For this step, we manually developed 2-D EM-wave velocity

models with values based on literature from other palsa and

lithalsa sites18,20,37–39: at positions of the radargram that corre-

spond to palsa locations, the model consists of two layers—the

unfrozen upper subsurface of the palsas is represented by an

EM-wave velocity of 0.05 m/ns, while the frozen core below is

represented by a value of 0.16 m/ns, reflecting a relatively high ice

content. The depth of the boundary between these two model

layers was set to the depth of the frost table, as determined by

frost-probing. At survey positions between the palsas, where we

did not reach the frost table by frost-probing, an EM-wave velocity

value of 0.036 m/ns is used throughout the model depth, rep-

resenting the high degree of water-saturation indicated by the

results from measuring the soil matric potential.

While we used results from frost-probing to calibrate the upper

layer, the other parts of the models could not be calibrated, due to

the absence of diffraction hyperbolas and Common Mid-Point

(CMP) surveys. Since we cannot provide values of ice content, inac-

curacies in depth assignments in the subsurface below the frost

table must be considered. Five GPR profiles were collected (see

Table 4 for details and Figure 4 for locations). Roughly calculating

with a deviation of ±0.02 m/ns for the EM-wave velocity value that

represents the frozen core, the calculated depth of a reflector at a

two-way travel time of 25 ns below the frost table (e.g., R02: e) can

vary by up to 0.5 m.

3.3 | Measurements of temperature and soil matric
potential

Ground surface temperature (GST) data can provide valuable informa-

tion on subsurface conditions, as the ground surface is the interface

between the atmosphere and the subsurface and thereby controls the

intensity of energy exchange processes. In this study, GST values

were recorded hourly by M-Log data loggers (GeoPrecision GmbH),

equipped with PT1000 sensors that provide an accuracy of ±0.1�C.

Three sensors were distributed at different locations in the investi-

gated area (see Figure 4 for locations and Table 5 for details): sensor

T01 was placed outside the wetland in the surrounding desert, sensor

T02 was placed on the surface of palsa OVR04, and sensor T03 was

placed between two smaller, unnamed palsas. Values of daily mean

temperature and MAGST values were calculated from the recorded

data. For assumptions on the existence of an insulating snow cover,

diurnal temperature variations were analyzed.40,41 When diurnal tem-

perature fluctuations were measured below 0.4 C throughout one

complete day, the existence of an insulating snow cover is assumed.42

So-called “zero-curtain” periods describe time spans in which surface

temperatures are nearly constantly around 0�C. The appearance of

nearly isothermal conditions is caused by latent heat that is bound in

the phase change of water during freezing or thawing.42,43

The content of liquid water in the subsurface is an important vari-

able that characterizes the ground thermal regime in frozen areas.44,45

To approach this variable in our study, we measured the soil matric

potential with Tensiomark sensors (ecoTech Umwelt-Messsysteme

GmbH), an approach which is relatively new in periglacial geomorphol-

ogy. The measurement principle is based on moisture-related varia-

tions in the heat capacity of a porous ceramic plate, which is measured

with an artificial heat pulse. This requires a simultaneous recording of

the temperature in the sediment surrounding the sensor.46

TABLE 4 Details of GPR profiles

Survey Survey length (m) Antenna frequency (MHz) Time window (ns)
Temporal sampling
interval (ps) Number of stacks Survey date

R01 72.5 100 200 800 4 Sep 6, 2017

R02 118 50 400 1,600 4 Sep 8, 2017

R03 20 200 100 400 4 Sep 6, 2017

R04 20 200 100 400 4 Sep 6, 2017

R05 45 200 100 400 4 Sep 6, 2017

TABLE 5 Detailed information on sensors

Position Location Measured parameter
Data collection
rate (h−1) Start of data acquisition End of data acquisition

T01 surface Surrounding desert Temperature 1 Sep 20, 2015 Sep 19, 2017

T02 surface Surface of palsa OVR04 Temperature 1 Sep 20, 2015 Sep 19, 2017

T03 surface Wetland between palsas Temperature 1 Sep 20, 2015 Sep 19, 2017

T02 (−0.5 m) Surface of palsa OVR04 Temperature, pF-value 1 Sep 20, 2015 Dec 24, 2016

T03 (−0.55 m) Wetland between palsas Temperature, pF-value 1 Sep 20, 2015 Sep 19, 2017
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Resulting dimensionless pF-values indicate the level of energy

that is required to pull water out of the subsurface that is held by cap-

illary and absorptive forces. A pF-value of 0 represents a state of full

water saturation, while a value of 7 represents extremely dry condi-

tions.47 Compared to approaches that measure the volumetric water

content,48–50 the approach of measuring the soil matric potential has

the advantage of not being bound to small sample volumes, which

may be unrepresentative in heterogeneous settings. In contrast to

measurements with tensiometers,51 the Tensiomark device is frost-

resistant. Soil matric potential data were acquired hourly at the same

locations where the GST sensors T02 and T03 were placed (see

Figure 4 for locations and Table 5 for details).

4 | RESULTS AND INTERPRETATION

4.1 | Central Palsa area

Horizontal slices of the ERI model E01 (Figure 5a) show a patchy

resistivity distribution. Values of up to 1.9 kΩm appear in the center

of the grid (A), at a position that corresponds to the center of palsa

OVR01. This structure is interpreted as the frozen core of the palsa,

which is covered by a 0.6-m-thick unfrozen layer that shows low

resistivity values (around 0.4 kΩm). Maximum resistivity values in the

center of the grid appear at the depth slice between 1.2 and 2 m. At

greater depths, resistivity values decrease, but are still above 0.6 kΩm

throughout the rest of the model (model thickness 5 m, last slice not

shown).

Further resistivity values above the assumed threshold value of

0.6 kΩm appear in the northeastern (B) and the northwestern corner

(C) of the grid. These positions correspond to rather unremarkable

grassy areas next to palsa OVR01, where a few small mounds are

visible at the ground surface. Comparable to the center of the grid,

both structures extend through the entire depth of the model. While

resistivity values in the northeastern corner (B) decrease constantly

with increasing depth, resistivity values at the northwestern corner

(C) increase from 0.7 kΩm directly below the surface to 1 kΩm at a

depth of 2 m. Below 2 m, resistivity values at the northwestern corner

(C) decrease slightly with increasing depth. Structures A and C appear

to merge and represent one compound structure at this depth.

Markedly lower resistivity values (below 0.3 kΩm) dominate the

horizontal resistivity distribution of the upper two slices of the E02

model (Figure 5b). In these slices, only a small gradual increase in resis-

tivity towards the southeastern corner is visible. Below a depth of

1.2 m, the resistivity contrast between the southeastern corner,

where cells reach up to 5 kΩm, and the rest of the model, where resis-

tivity values are constantly below 0.3 kΩm, increases strongly. This

forms a triangular structure of very high resistivity values (up to

11 kΩm at a depth of 3 m), which indicates frozen conditions (D).

With further increasing depth, resistivity values change only slightly

and at the bottom of the model, resistivity values are still above

9 kΩm (model thickness 5 m, last slice not shown). We interpret the

outline of structure D and its position in the model to correspond to

the location and perimeter of palsa OVR02.

In the partly overlapping ERI models E03 (Figure 6a), E04

(Figure 6b) and E05 (Figure 6c), resistivity values that indicate frozen

conditions cluster in three larger (E, G, H) and one smaller structure

(F). Note that the appearance of the smaller structure (F) is related to

only a small number of data points in the measured apparent resistiv-

ity pseudosections. However, as the feature is visible in data from

both surveys E03 and E04, we assume that its existence is realistic.

The positions of the four structures correspond to the occur-

rences of palsas at the ground surface but discrepancies exist

between the horizontal extents of the high resistivity values and the

F IGURE 5 ERI models. (a) E01 and (b) E02. Selected model slices. Selected structures are labeled to raise visibility
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uplifted areas. Resistivity structure E exceeds the uplifted area (which

corresponds to palsa OVR02) in both horizontal directions. High-

resistivity structures F and H are almost equal to the surface-uplifted

areas (F: OVR01, H: unnamed palsa). The surface above the more

extensive structure G is rather inconspicuous and barely uplifted at

isolated positions.

While structures E, G and H show discrete lens-shaped outlines,

structure F appears as two separated structures in the E03 model

(Figure 6a). Except for structure F in the E03 model, all structures with

resistivity values above the threshold are covered by an approxi-

mately 1- to 2-m-thick layer of low resistivity. Considering the thresh-

old value of 0.6 kΩm, the E03 model shows extensively frozen

subsurface conditions and a connection between structures E and F

and between structures G and H. Lower resistivity values between

structures E and F in the E04 model may be caused by slightly differ-

ent surveying positions, a different spatial resolution of the two ERI

models, or result from capturing a 2-D image of a complex 3-D fea-

ture. However, a disintegration of the connection between the two

structures between the survey dates in 2015 and 2017 (see Table 3)

cannot be ruled out.

Radargram R01 (Figure 7a) corresponds to a cross-section of the

central palsa area. It is presented here as an overlay with the E04

model, which was measured at the same position. In the shallow sub-

surface, the radargram shows a layer with high signal attenuation,

which we interpret to represent a layer with high water content.

Below this layer, the radargram shows shallow continuous mostly sur-

face conformable horizons (a) that change from a positive triplet

sequence between 0 and 9 m along the x-axis of the radargram to a

negative triplet sequence at the position of the central palsas

(between 9 and 44 m) and then trend back to a positive triplet

sequence again (between 44 and 72 m). In the central part of the

radargram, the depth of this pattern corresponds to the depth of the

manually detected frost table, and the continuous horizon is hence

interpreted to represent the frost table topography.

The positive triplet sequences at the margins of the radargram

are interpreted to result from liquid water that accumulates at posi-

tions with a lowered frost table topography. The surface-parallel

reflection pattern indicates eolian deposition of the subsurface mate-

rials, in agreement with the high rates of this deposition type in cen-

tral Iceland.35,52

At a depth of around 1.9 m, the radargram shows a 1-m-thick

patch with relatively low amplitude at a position of around 22 m along

the x-axis (b). Its position corresponds to the appearance of structure

E in the E04 model (see Figure 6b) and it is thus interpreted as a part

of the frozen core of the palsa without internal stratigraphy. The

appearance of further single reflectors with negative triplet sequences

in deeper parts of the subsurface (e.g., c) are assumed to represent

distinct ice layers within the frozen cores.

4.2 | Margin of the wetland and transition to
central Palsa area

Higher resistivity values in the E06 model (Figure 8), compared to the

ERI models of the central palsa area (E03–E05, Figure 6), indicate dif-

ferent subsurface conditions at the margin of the wetland. ERI model

F IGURE 6 ERI models. (a) E03, (b) E04, and (c) E05. Dashed lines indicate intersections. Selected structures are labeled to raise visibility
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E06 shows an upper layer of around 3 m thickness and high resistivity

values of between 0.9 and 2.4 kΩm (J) in the part of the model that

corresponds to the subsurface of the surrounding desert. Below this

layer, resistivity values decrease to around 0.5 kΩm (K). In contrast to

the upper layer, which appears only in the part of the model that cor-

responds to the surrounding desert, this lower layer can be traced

through the complete length of the ERI model, except for an interrup-

tion of around 19 m at the transition between the two model parts

(between 24 and 42 m along the x-axis). The part of the model that

corresponds to the subsurface of the wetland shows a rather complex

subsurface layering: maximum resistivity values are 5.8 kΩm and con-

centrate in a structure of up to 6 m thickness (L), which indicates the

occurrence of ground ice. The horizontal extent of this structure cor-

responds to an area where two compound palsas form an uplifted

area of around 0.6 m height. The structure is covered by a layer of

1.8 m thickness, which shows resistivity values below 0.5 kΩm. Below

structure L, resistivity values decrease to a minimum of 0.1 kΩm (M).

From 0 to 75 m along the x-axis of Radargram R02 (Figure 7b),

there is a continuous horizon that changes from a negative triplet

sequence in the part that corresponds to the surrounding desert to a

positive triplet sequence in the part that corresponds to the wetland

(d). We interpret this as a continuous frost table, which is covered by

coarse and dry materials with lower permittivity in the desert, while in

the second part, it forms an impermeable boundary for surface water

to infiltrate down and rest upon.

The horizon continues in the x-direction, and between 75 and

95 m along the x-axis, it raises towards the surface and the triplet

sequence turns negative again. This indicates the occurrence of a

deeper layer with a lower permittivity and, as this position corre-

sponds to the location of an unnamed palsa, we interpret the horizon

in this part of the radargram to represent the surface of the frozen

core. At its margins (at around 75 m and at around 95 m along the

x-axis) descending reflectors delimit an area with relatively high ice

content.

F IGURE 7 Radargrams overlaid with ERI data. (a) R01 with E04, (b) R02. Selected structures are labeled to raise visibility

F IGURE 8 ERI model E06. Selected structures are labeled to raise visibility
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From 95 to 120 m on the x-axis, the triplet sequence is again pos-

itive. This indicates that water, draining from the convex shape of the

frozen core of the palsa, accumulates at this position, where the frost

table acts as an impermeable boundary. Multiple convex reflectors

down to a depth of around 2 m (e.g., e) indicate multiple layers of ice

within the frozen core. Between 25 and 75 m along the x-axis of the

radargram, there is an undulating reflector with a positive triplet

sequence at a depth of around 3 m (f). Considering the E06 model,

which shows decreasing resistivity values at a comparable position

(E06: K), this reflector is interpreted to represent a transition towards

a zone with a higher content of liquid water.

4.3 | Northern Palsa area

ERI model E07 (Figure 9a) shows a rather homogeneous distribution

of resistivity in the subsurface of palsa OVR03, compared to the other

ERI models. The upper two depth slices comprise resistivity values

between 0.8 and 2.1 kΩm. This indicates frozen conditions and shows

that the model fails to resolve any thaw zone. In the following depth

slice, resistivity values increase sharply to around 8 kΩm in the center

of the model (N). With increasing depth, resistivity values reach up to

48 kΩm (depth slice 2–3 m) and 89 kΩm (depth slice 3–4 m). Between

a depth of 4 m and the bottom of the model (model thickness 5 m, last

slice not shown), resistivity values reach up to 100 kΩm.

Two structures (P, Q) of high resistivity appear in the ERI model

E08 (Figure 9b), which represents a cross-section of the palsas

OVR03 and OVR04 and the gap in between. Both structures are

located at positions that correspond to the subsurface of the two

palsas and reach resistivity values of up to 98 kΩm (P) and 89 kΩm

(Q). They are separated by a zone of extremely low resistivity values,

between 0.01 and 0.4 kΩm (R). This zone stretches over a length of

12 m and its position corresponds to the transition between the two

palsas. However, only a small part of the structure corresponds to the

water-covered part of the gap. Resistivity values above the two struc-

tures of high resistivity are greater than 1 kΩm and increase sharply

below depths between 1 and 2 m. A lower boundary of the structures

can be detected at depths between 10 m (P) and 6 m (Q).

The intersecting ERI models E09 (Figure 10a) and E10

(Figure 10b) represent cross-sections along the longitudinal (E09) and

the transverse (E10) axis of palsa OVR05. Model E09 shows a lens-

shaped structure of around 1 m thickness and resistivity values of

between 0.6 and 3 kΩm (S), which is interpreted as the frozen core of

the palsa. Model E10 shows a higher thickness of this structure and

markedly higher resistivity values, up to nearly 9 kΩm. Only the trans-

verse E10 model but not the longitudinal E09 model shows the

appearance of an additional structure of high resistivity (T) that is sep-

arated from the main structure and shows resistivity values of up to

0.8 kΩm. The position of the gap between the two structures matches

with the location of a crack on the palsa surface (see Figure 2d). How-

ever, the appearance of the smaller structure is related to a decrease

of only a few data points in the measured apparent resistivity pseudo-

section and must hence be interpreted carefully.

Radargram R03 (Figure 11a) corresponds to a longitudinal cross-

section of palsa OVR05. It is dominated by a surface-parallel reflec-

tion horizon, which is interpreted to represent eolian deposits.35

Directly below the surface in the center of the radargram (between

9 and 14 m along the x-axis), prominent reflectors with positive

F IGURE 9 ERI models. (a) E07 and (b) E08. Selected model slices. Selected structures are labeled to raise visibility

10 EMMERT AND KNEISEL



F IGURE 10 ERI models. (a) E09 and (b) E010. Selected model slices. Dashed lines indicate intersections. Selected structures are labeled to
raise visibility

F IGURE 11 Radargrams overlaid with ERI data. (a) R03 with E09, (b) R04 with E10, and (c) R05. Selected structures are labeled to raise
visibility
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triplet sequences appear (g). They are interpreted to represent alter-

nating layers of different types of subsurface materials and their dif-

ferences in water content. This agrees with the different layers of

sandy loam and loam in the area, which were reported in a previous

study.23

At a depth of around 0.5 m is a prominent reflector with a nega-

tive triplet sequence (h). Its depth matches a resistivity increase in the

corresponding E09 model and as the negative triplet sequence indi-

cates a transition towards higher permittivity in the deeper layer, this

reflector is assumed to represent the boundary of the frozen core.

Reflectors with positive triplet sequences in the deeper parts of the

subsurface next to the palsa (e.g., i) are interpreted as accumulations

of liquid water on an impermeable boundary.

The perpendicular R04 radargram shows a similar surface-parallel

reflection pattern (Figure 11b). Between 5 and 14 m along the x-axis

of the radargram, there is a horizon with a positive triplet sequence at

a depth between 0.2 and 0.3 m (k). It is interpreted as a transition

between layers of different subsurface materials. The higher ampli-

tude of this horizon at the margin of the palsa (between 6 and 9 m

along the x-axis) indicates accumulations of liquid water at this posi-

tion. At 12 m along the x-axis of the radargram, where the survey line

intersects with the surface crack (see Figure 2d), this horizon appears

to descend slightly. However, this observation may also be caused by

difficulties in data acquisition in the rough environment. Below this

horizon, one prominent reflector with a negative triplet sequence is

visible (m) and, as its depth of around 0.5 m aligns with the resistivity

increase in the E10 model, is interpreted as the upper edge of the fro-

zen core. In contrast to the E10 model, where results indicate a local

deepening of the frost table, there is no indication of this in radargram

R04. At the margins of the radargram, between 0 and 4 m along the x-

axis and between 14 and 20 m along the x-axis, reflectors with posi-

tive triplet sequences at a depth of around 2 m indicate accumulations

of liquid water on an impermeable boundary.

Between 0 and 25 m along the x-axis of radargram R05, which

corresponds to a cross-section of palsa OVR04 (Figure 11c), the

radargram shows a reflector with a positive triplet sequence directly

below the surface (n). We interpret this to represent structural differ-

ences, as the occurrence of the frost table at this shallow depth can

be ruled out. Around 0.5 m below this upper reflector, a lower reflec-

tor, traceable throughout the entire radargram, appears (o). Between

0 and 30 m along the x-axis, it has a negative triplet sequence. This

indicates a transition towards a lower permittivity and, hence, the

reflector is interpreted to represent the frost table. The triplet

sequence turns positive and the reflector changes to a thicker horizon

after around 30 m along the x-axis of the radargram, which corre-

sponds to the edge of the palsa. We assume that the frost table acts

as an impermeable boundary at this position, on which water draining

from the frozen core of the palsa accumulates. This local increase in

liquid water within the active layer enhances the dielectric contrast

between the frozen and the unfrozen layer and causes the higher

reflection amplitudes in this part of the radargram.

4.4 | Temperature and water potential
measurements

At the sensor position in the surrounding desert (T01), daily mean

temperature values between 19.5 and −16.5�C were recorded

between September 20, 2015 and September 20, 2017 (Table 6).

Values fluctuated strongly throughout the complete investigated time

span and the curve of recorded GST values lacks durable periods of

zero-curtain conditions (Figure 12a). A similar temperature curve, but

with slightly damped values and a short period of zero-curtain condi-

tions, is derived from the GST records at T02 (Figure 12b). At this sen-

sor position, located at the surface of OVR04, higher minimum values

(−14.3�C) and lower maximum values (14.0�C) were recorded.

Records of both GST sensors indicate mostly snow-free conditions,

probably due to snow redistribution by wind. This explains the strong

variations of MAGST values between the different sensor positions

and the inconsistent development of zero-curtain periods (see

Table 6).

The GST plot of sensor T03 (Figure 12c), located between two

palsas, resembles the curves of T01 and T02 only during summer.

Based on the absence of extremely low temperature values (lowest

value was −2.74�C), it indicates that a durable snow cover developed

at this position. The maximum daily mean temperature value of

12.5�C was recorded at the same date as the maxima of the other

sensors, in July 2017. In both years, the GST plot of T03 shows a rela-

tively long period of zero-curtain conditions compared to the other

sensors. The total number of days with zero-curtain conditions

decreased at the sensor locations T02 and T03 between 2015 and

2016, while the number slightly increased at T01. Interannual differ-

ences in MAGST values between the sensor locations, however, are in

a similar range (see Table 6).

TABLE 6 Results of temperature measurements. MAGST = mean annual ground surface temperature, T = temperature, SC=snow cover

MAGST (�C)
(2015/09/20–
2016/09/20)

MAGST (�C)
(2016/09/20–
2017/09/20) T (max/min) (�C)

SC (days)
(2015/09/20–
2016/09/20)

SC (days)
(2016/09/20–
2017/09/20)

T01 surface 0.30 1.56 19.5/−16.5 0 10

T02 surface 0.25 1.52 14.0/−14.3 54 41

T03 surface 1.09 2.21 12.5/−2.7 186 160

T02 (−0.5 m) −0.67 0.16 2.8/−6.2 — —

T03 (−0.55 m) 0.94 No data 5.4/−0.3 — —
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The combined plot of the recorded subsurface temperature

values and matric potential values at T02 (Figure 12e) can be divided

into four phases, which highlight the ability of liquid water to buffer

temperature variations in the active layer: Between mid-October

2015 and mid-December 2015, subsurface conditions were quite

stable: temperature values varied slightly around 0�C and pF-values

varied slightly around 2.4 (Phase A). This phase ended in mid-

December 2015 with an increase of pF-values and a nearly

simultaneous decrease in temperature. It was followed by a phase of

high pF-values and subzero temperatures (Phase B), in which short-

term temperature fluctuations coincided with similar fluctuations of

pF-values. Phase B lasted until early April 2016 and was followed by a

transitional phase (Phase C). Phase C was characterized by gradually

increasing temperatures that approached 0�C, and by gradually

decreasing pF-values. This observation highlights that subsurface

materials can hold a relatively large amount of liquid water, although

they are frozen. The subsequent phase (Phase D) started in early July

2016, when daily mean temperatures started to be constantly positive

and pF-values reached a minimum level on which they remained for

the next 6 months. After Phase D, which started in early November

2016, this cycle was repeated (A0–D0).

Differences between the two cycles mainly concern the magni-

tude of the recorded temperature and matric potential values and are

attributed to intra-annual variations. However, one distinct difference

between the two years of investigation concerns the beginning of the

phases D and D0: in the second cycle, pF-values increased

F IGURE 12 Temperature curves and pF-value plots
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exceptionally strongly after mid-July 2017. It is conceivable that a

period of extraordinary high evaporation led to desiccation in this part

of the active layer, as all GST sensors show their maximum tempera-

ture values around this time of the year.

Positive subsurface temperature values (Figure 12d) and the

absence of any pF-value variations at T03 (data not shown)

through the complete investigated time span indicate that the

subsurface at this position was permanently in an unfrozen, water-

saturated state and that the maximum frost depth is thus lower

than 0.5 m. However, it must be noted that the lack of any fluctu-

ations from the displayed pF-value of 0 is suspicious and may indi-

cate malfunction, especially as the sensor failed completely in

December 2016.

5 | DISCUSSION

5.1 | Methodological aspects

Only 12 out of the 9,366 data points that were measured in total

were obviously erroneous and had therefore been removed during

processing of the geoelectrical data sets. This emphasizes the excep-

tionally high data quality, regarding ground coupling and other exter-

nal sources of disturbances in data acquisition. The relatively low

absolute error values of the presented ERI models show that suitable

inversion settings were chosen.

Although the more robust Wenner–Schlumberger array is com-

monly recommended for investigations in permafrost environments

due to its higher signal strength,53 surveying with a dipole–dipole

electrode configuration also provided plausible results. When surveys

using dipole–dipole and Wenner–Schlumberger arrays were per-

formed comparatively, inversion models showed comparable resistiv-

ity distributions (see Figure 3a,b). Problems in detecting the lower

limit of permafrost bodies, as reported from other studies,21 were

avoided by using an L1-norm inversion scheme.54 Unfortunately, the

thicknesses of the thaw zone could not be resolved in ERI models E07

and E08.

Discrepancies between the adjacent and partly overlapping

models E03, E04 and E05 are attributed to geometrical variations

between the positions of the survey lines, differences in the electrode

spacing, and temporal alterations between the survey dates (see

Table 3). However, it is also conceivable that these differences indi-

cate “3-D effects.”55,56 These effects, which result from complex

resistivity distributions, are considered to represent a main drawback

of the 2-D ERI approach.56 They are probably responsible for the dif-

ferences between the intersecting 2-D ERI models E09 and E10,

as well.

The threshold value of 0.6 kΩm to distinguish between frozen

and unfrozen subsurface conditions is relatively low, but plausible

regarding observations from other palsa and lithalsa sites, where

values are only slightly higher.14,15,20,21 It reflects the fine-grained

materials, which can store a relatively high amount of liquid water

when temperatures are at 0�C or even slightly below.16,21,57,58

Crucial for a successful application of GPR is a sufficiently good

coupling between the antennas and the ground surface.59–61 In our

study, problems with weak coupling may have occurred only at posi-

tions where the antennas could not be placed planar on the ground,

such as due to an undulating surface topography or at positions with

a low scrub vegetation. In such cases, we changed the antenna orien-

tation from perpendicular broadside to oblique to increase signal

response.62 Subsequent disturbance of the electromagnetic field can

be neglected, as the occurrence of linear objects in the subsurface is

not assumed at the study area.63 Only in the R03 radargram is a slight

effect of weak ground coupling assumed, as the observed weakening

in reflection amplitude coincides with positions where the antennas

were moved along the surface crack of OVR05. However, it is also

conceivable that the surface crack altered the physical properties of

the subsurface materials, which caused the lower reflection

amplitude.

Compared to other investigations in permafrost environments

using center frequencies between 25 and 200 MHz,20,64–66 the

observed penetration depths are relatively low. This can probably be

attributed to a relatively high amount of liquid water in the subsurface

and the accompanying signal attenuation.67 The influence of highly

attenuative sediments cannot be assessed, as no information on gro-

und truth (e.g., pits, cores) is available.

5.2 | Palsa development

The different stages of cyclic palsa development are described and

depicted in block figures by Seppälä.1,68 The following interpretations

are based on these stages.

Despite relatively high MAGST values, the recorded GST curves

agree with the assumption of permafrost-favorable conditions at the

Orravatnsrústir Palsa Site, as indicated by previous studies.7,8,23 GST

records from the surrounding desert (T01) indicate snow-free condi-

tions outside the wetland area, but, despite the relatively low temper-

atures and the assumed existence of a continuous frost table, larger

occurrences of ground ice are unlikely in this part of the study area.

This is due to the relatively low frost susceptibility of the compara-

tively coarse-grained materials outside the wetland69 and is expressed

by the absence of high resistivity values in the corresponding part of

the E06 model. However, we note that our interpretation of a contin-

uous frost table in the surrounding desert (R02: d) is not backed by

ground truth data (e.g., cores, frost-probing).

The appearance of a nearly continuous layer of relatively low

resistivity values in the E06 ERI model (E06: K) indicates that the

coarse-grained materials (E06: J) only form a cover layer. Mainly

snow-free conditions at OVR04 (T02) facilitate the penetration of low

winter temperatures and thus contribute to the shallow thickness of

the thaw zone of this palsa, which is resolved only in radargram R05

(R05: o) and ranges between 0.7 and 0.9 m. The appearance of resis-

tivity values up to nearly 100 kΩm at OVR03 and 90 kΩm at OVR04

indicates massive aggregations of ice, but it must be noted that the

magnitude of resistivity may be enhanced by the palsa height and a
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subsequent gravitational loss of liquid water from the uplifted layers.

The resistivity gradient may be further enhanced by the open water in

the surrounding of the palsas.

The correlation between MAGST values and snow cover duration

at the GST sensor positions (see Table 6) emphasizes the close cou-

pling of these two parameters and the importance of snow-free

periods for palsa formation and development.1 The observed ability of

the subsurface materials to hold a relatively high amount of liquid

water even in a frozen state, as shown by the recorded pF-values and

subsurface temperatures, agrees with findings from other studies in

peaty materials43 and is presumably transferable to other study sites.

However, subsurface materials at Orravatnsrústir differ from the sub-

surface materials in other palsa areas by a relatively low organic con-

tent and a high content of sand.23

The ratio between palsa height and permafrost thickness at palsa

OVR01 is around 1:3, which is characteristic for a palsa that is freely

uplifted by buoyancy forces.6,22 Hence, it is unlikely that the visually

observed signs of degradation at this palsa, that is the sunken appear-

ance and the water pond (see Figure 2a), can be attributed to a mature

stage of palsa development, which starts only after the frozen core has

reached the bottom of the water-saturated layer.68 More probably,

these signs of degradation indicate bottom-up melting1: this concept

describes the beginning of shrinking of a frozen palsa core due to envi-

ronmental changes, such as changes in water level, climatic changes or

small-scale variations in snow cover, before it has reached the bottom

of the water-saturated layer.70 Shrinking continues until only a small

dome-shaped structure is left, which rises out of the water.

At palsa OVR02, the discrepancy between the relatively small

extent of the frozen core and the relatively large extent of the uplifted

area can be explained only if the uplift by buoyancy forces is

restrained, for example by the absence of liquid water below the ice

layers.22 This phenomenon is usually connected to a mature state of

palsa development and occurs when the growing core has reached

the bottom of the water-saturated layer.1 However, a mature state of

palsa development contradicts the assumption that OVR02 belongs to

the newly formed palsas that developed after the 1960s.7,8,23 Both

observations can be combined if the occurrence of a compound struc-

ture of ice is assumed. This is indicated by the horizontal reflector

within the frozen core in the corresponding radargram (R01: c). When

only the thickness of the upper part of the core of OVR02 is used for

calculating the ratio between palsa height and permafrost thickness, a

value is received that aligns with an initial development stage.21

A compound palsa core may have formed when the growing ice

layers of palsa OVR02 reached a pre-existing frozen structure at the

bottom of the water-saturated layer. Such structures at the bottom of

the water-saturated layer, however, are only rarely described in the

literature. They may originate from remnant ice of decomposed

palsas,71 but it must be noted that this is speculative.

The results indicate a deceleration of active layer thickening at

palsas OVR03 and OVR04, as the detected values are similar to those

from 2010.23 However, active layer thickness is generally low, consid-

ering the large size of the palsas.1 This is attributed to surface abra-

sion, caused by strong winds on the exposed palsa surfaces.72 The

distinct surface crack at palsa OVR05 is not necessarily a sign of

decay, as the formation of cracks on the surface of palsas is not only

bound to permafrost degradation: dilation due to palsa uplift can also

cause surface cracking, especially in an early stage of palsa develop-

ment.10 This is probably the case at OVR05, as the ratio between

palsa height and permafrost thickness indicates such an initial devel-

opment stage.6,21

6 | CONCLUSIONS

The present findings highlight the ability of the internal structure to

archive past environmental conditions and landforming processes. Thus,

it provides valuable information for an enhanced understanding of the

development of palsas and other periglacial landforms. The applied

methods are suitable to differentiate between palsas of different devel-

opment stages, although they occur in close proximity, and may be

transferred to other study areas. Our study affirms the assumed long

history of palsa development at the Orravatnsrústir Palsa Site but

shows that the area has recently faced environmental changes. How-

ever, it must be emphasized that the assumed existence of frozen cores

from decomposed palsas is precarious and only rarely described in other

studies. Therefore, this needs to be clarified by further investigations.

The investigated palsas are assigned to the following stages:

• Palsa OVR01 represents an initial development stage. However, its

growth stopped and the palsa is now affected by bottom-up melt-

ing. This is an indication for recently changing environmental

conditions.

• Palsa OVR02 also represents an initial development stage, but geo-

physical results indicate that palsa growth stopped when the grow-

ing core reached a pre-existing frozen structure at the bottom of

the water-saturated layer.

• Palsas OVR03 and OVR04 represent stages of palsa decay. Both

palsas show strong signs of lateral degradation but still comprise

massive ice layers.

• Despite its surface crack, palsa OVR05 presumably represents an

initial development stage.

The recording of pF-values can add valuable ground truth infor-

mation on the state of the subsurface. Although this information did

not decisively change the conclusions of this study, the installation of

a higher number of sensors and their positioning at different vertical

levels of the permafrost profile can be helpful for future research, for

example to investigate melting processes of the frozen core.
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