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ABSTRACT

This review focuses on advances in applications of geophysical methods to permafrost terrain that have emerged in
2007–12. Improvements in the four main geophysical techniques presently used in permafrost research (i.e. electric,
electromagnetic, seismic and radar methods) and new or resurrected methods for permafrost applications are
discussed. Advances in geophysical monitoring and quantitative interpretation of geophysical survey results are
presented, especially for ground ice and water content. Electrical resistivity is now used operationally for long-term
monitoring of ice content, as well as for short-term process studies. Quantitative approaches to determine realistic ice
and liquid water content values and their spatial and temporal variability exist, but need to be further refined to be
widely applicable for geotechnical and numerical modelling purposes. Copyright © 2013 John Wiley & Sons, Ltd.

KEY WORDS: geophysical methods; monitoring; ice content; water content; mapping; review

INTRODUCTION

This article covers the major achievements in the application of
geophysical methods to the study of permafrost between 2007
and April 2012. A benchmark review by Scott et al. (1990),
discussing the relative advantages of various geophysical
methods for permafrost research, remains a key reference, but
has recently been supplemented by Kneisel et al. (2008) and
Hauck and Kneisel (2008). Furthermore, a special issue of
the Journal of Environmental and Engineering Geophysics,
focusing on the application of geophysical methods to glacial
and frozenmaterials, was presented byKulessa andWoodward
(2007). This paper will focus on developments since 2007 and
especially on improvements regarding: (1) the monitoring of
geophysical properties; (2) relations between geophysical and
material properties (i.e. ice content, water content, temperature
and porosity); and (3) new techniques that were not discussed
in the review articles mentioned above.
Geophysical techniques enable the detection, monitoring

and visualisation of subsurface permafrost characteristics
indirectly and non-invasively from the surface. The informa-
tion obtained may relate to shallow conditions (e.g. in the
active layer), or to material properties several tens to
hundreds of metres below the surface. The methods rely on

the mathematical inversion of data measured at the surface
to yield geophysical model parameters at greater depth, for
instance, specific resistivity, seismic or electromagnetic wave
velocity, or permittivity. Inversion is usually poorly
constrained and, therefore, ambiguous. In practice, user-
defined constraints, such as maximum or minimum values of
the geophysical property, or spatial filtering, are added to form
so-called regularisation parameters (e.g. Oldenburg and Li,
2005). Consequently, several inversion models of, for
instance, a two-dimensional (2D) electrical resistivity distribu-
tion will fit a set of observed apparent resistivity data equally
well.
This characteristic implies that, in principle, geophysical

and periglacial knowledge have to be combined to conduct
successful permafrost research with geophysical methods.
In particular, problems concerning the reliability and over-
interpretation of data are and should be as much a focus
for theoretical geophysical studies as for applied permafrost
research – to understand the required quality of geophysical
data to enable confident interpretation. Unfortunately, rele-
vant research is commonly published in a wide range of
scientific journals (geophysical, cryospheric and geomor-
phological), each of which has a distinctive readership.
The application of geophysical methods in permafrost
terrain would certainly benefit from stronger collaboration
between these communities. Here, new developments in
both geophysical methods and their application in perma-
frost terrain will be presented.
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METHODS, IMPROVEMENTS AND POTENTIALS

Traditionally, electrical, electromagnetic and seismic methods
have been the principal geophysical techniques used in perma-
frost research. Electrical resistivity tomography (ERT, also
called electrical resistivity imaging), electromagnetic (EM)
induction, ground-penetrating radar (GPR) and refraction
seismics are the most common techniques. Other methods that
were used in the 1970s (Scott et al., 1990), but have subse-
quently fallen from favour (e.g. self-potential (SP), gravimetry
or reflection seismic), will probably be more frequently applied
in the future due to improvements in data acquisition and
processing techniques, as well as the availability of industry-
generated data-sets (reflection seismics).
In the following, new and innovative applications of the lat-

ter group will be briefly described, before focusing on new de-
velopments in the application and processing of the four main
methods (ERT, EM, GPR, refraction seismics). Note, however,
that all the methods described below have already been applied
to a variety of geoscientific problems by the geophysical com-
munity, the details of which are not focus of this review. In the
present review, the term ‘new’ denotes ‘new in its application
to permafrost-related problems’.

New or ‘Rediscovered’ Electrical/Electromagnetic
Techniques

Despite considerable success in the application of ERT
to permafrost-related problems (e.g. Fortier et al.,
2008; Hilbich et al., 2008; Krautblatter et al., 2010;
Isaksen et al., 2011; Lewkowicz et al., 2011; Scapozza
et al., 2011; Overduin et al., 2012; Rödder and Kneisel,
2012), some aspects of the method restrict its applica-
tion in particular environments, especially the need for
good galvanic contact between the electrodes and the
ground. As an alternative, capacitively coupled resis-
tivity (CCR) methods have been extensively tested and
successfully applied (De Pascale et al., 2008; Fortier
and Savard, 2010). Such methods overcome the prob-
lem of direct (galvanic) electrode contact by coupling
an alternating current across a transmitter-earth capaci-
tor. However, CCR methods are more difficult to apply
with respect to high data quality than ERT, especially
with respect to the correct (and stable) alignment of
sensors while towing the system and the small signal
changes expected in sensor capacitances during moni-
toring (Wilkinson et al., 2011).
SP measurements are increasingly applied as a passive

electrical method that complements ERT (Scapozza et al.,
2008; Sedov et al., 2008), again partly as a result of im-
proved data acquisition techniques. SP surveys measure or
monitor the natural electrical potential. SP was frequently
used in the past to detect water flows in permafrost areas
(Scott et al., 1990), but because the measured potential
differences are commonly small, considerable care is
needed to deploy non-polarising sensors accurately. For
example, Sedov et al. (2008) used SP to monitor water

seepage through an industrial tailings dam, and Scapozza
et al. (2008) applied it to characterise intra-rock glacier
water flow in the Swiss Alps. Parameswaran and Burn
(2008) monitored electrical freezing potentials during
permafrost aggradation at Illisarvik, Canada, using a bore-
hole electrode probe. These potentials arise due to charge
separation during phase change in water and can be used
to identify freezing processes more clearly than with tem-
perature sensors alone.
Nuclear magnetic resonance (NMR) provides a compara-

tively new EM method for investigating permafrost
(Lehmann-Horn et al., 2011). As with CCR and EM induc-
tion methods, this technique is not affected by sensor-to-
ground coupling problems, because direct contact with the
ground is unnecessary. However, it is strongly affected by
EM noise, which is, luckily, not very common in
permafrost terrain. NMR is directly sensitive to liquid water
content, as it utilises a strong magnetic field to align the spins
of H protons and monitors the decay of the polarised field
when the magnetic field is turned off. The decay signal is
then inverted to yield liquid (unbound) water within the
subsurface. A significant amount of liquid water has to be
present to be detectable, but it can be confined to thin layers
of a few metres (Lehmann-Horn et al., 2011).
Finally, industrial-type surveys or industrial data-sets have

been increasingly used to answer scientific questions. Seismic
methods using a large number of geophones and shot points
(up to one million direct arrival travel-times were manually
picked to generate a P-wave velocity tomography, see
Ramachandran et al., 2011) allow a high-resolution three-
dimensional (3D) representation of frozen ground characteris-
tics. Similarly, the calibration of high-resolution spatial data
(e.g. CCR and GPR) with borehole data or even borehole geo-
physics, as is common in industrial exploration surveys, can
help improve the interpretation of geophysical data for sites
where no borehole data are available (Milanovskyi et al.,
2008).

Improvements in Data Acquisition and Processing of
Standard Techniques in Permafrost Terrain (ERT, EM,
GPR, Refraction Seismics)

Traditionally, geophysical surveys have been conducted
along transects or profiles, yielding 2D vertical sections
characterising geophysical properties in the subsurface. Alter-
natively, 2D anomaly maps (e.g. gravity or electrical conduc-
tivity anomalies) have been obtained by measuring the bulk
(mean) value of a geophysical property over a given depth.
Extensions of such surveys have become standard in many
permafrost applications: (1) spatial extension to 3D; and (2)
temporal extension by precise repetition of measurements,
commonly with fixed sensor installations (monitoring).

Improvements Regarding Spatial Representation.
Several approaches are used to obtain 3D distributions of

geophysical properties: (1) measurements covering the
complete half-space of the subsurface with corresponding
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3D data processing/data inversion; (2) several parallel and/
or orthogonal survey lines with corresponding 3D
migration/inversion; and (3) survey lines with 3D interpola-
tion. Whereas the first approach is often time-consuming
and costly, and the third approach may not provide addi-
tional insight compared to analysing the survey lines
individually, the second approach is feasible for most geo-
physical techniques. Such applications have increased
recently (e.g. GPR: Brosten et al., 2009; ERT: Rödder and
Kneisel, 2012), allowing for detailed permafrost and
active-layer mapping in 3D. In all cases, the measurement
effort is higher than with single survey lines. Application
is facilitated through fast data acquisition systems, such as
GPR systems mounted on sledges/mats including specifi-
cally designed rough-terrain antennae, or multi-channel
ERT systems which measure up to ten different four-
electrode combinations, ‘quadrupoles’, at the same time
(Wilkinson et al., 2012). However, planting electrodes/
geophones on a 3D grid is still time-consuming, and installation
time scales linearly with the number of sensors used (Rödder
and Kneisel, 2012).
Airborne geophysical surveys, usually involving EM in-

duction sensors, are also used to map geophysical properties
over large areas. For instance, an airborne multi-frequency
EM survey was used by Minsley et al. (2012) to map the
regional-scale permafrost distribution in the Yukon Flats
area, Alaska, inverting around 500 000 individual EM
soundings. This approach, though costly, enables the devel-
opment of detailed regional-scale images of permafrost
distribution and its vertical extent.

Monitoring.
Monitoring pilot studies using geophysical methods in

permafrost terrain were started during the late 1990s–
2000s, especially using ERT with permanent electrode
arrays (Hauck, 2002; Kneisel et al., 2008). In several cases,
changes in subsurface ice content in mountain permafrost
terrain were detected over a time span of up to ten years
(e.g. Hilbich et al., 2008; Isaksen et al., 2011). Other appli-
cations of ERT monitoring include permafrost rock walls
(Krautblatter et al., 2010), glacier forefields (Kneisel et al.,
2008), rock glaciers and talus slopes (Hilbich et al., 2009;
Kneisel and Schwindt, 2008). Recently, an operational
ERT monitoring network was installed within the Swiss
permafrost monitoring network PERMOS, which now in-
cludes ten ERT monitoring stations in the Swiss Alps
(http://www.permos.ch). Continuous, automated ERT mon-
itoring systems for permafrost regions were recently intro-
duced, utilising a solar panel-driven ERT system to
monitor 2D resistivity changes on a daily basis (Figure 1;
Hilbich et al., 2011). Pilot studies have also been initiated
for resistivity monitoring using CCR (Wilkinson et al.,
2011).
Multi-channel GPR has been used to monitor the unfro-

zen water content distribution in the active layer (e.g.
Westermann et al., 2010). In contrast to standard GPR
surveys, where one set of transmitter and receiver antennae

is used, multi-channel GPR uses several receiving and/or
several transmitting antennae. This way, multiple measure-
ments from the same reflector point at a certain depth are
obtained, but with different pathways for the EM pulse
(Wollschläger et al., 2010). As in standard, but time-
consuming, (CMP) surveys, the ambiguity of not being able
to resolve EM propagation velocity and depth of the reflec-
tor at the same time can be resolved.
Refraction seismic monitoring is a method with potentially

high logistical requirements, but it promises to unambiguously
detect ice loss caused by permafrost degradation. Hilbich
(2010) tested the technique successfully in fine-grained
and coarse-grained permafrost terrain. As a result of the large
P-wave velocity contrast between ice (3500m/s), water
(1500m/s) and air (300m/s), and owing to the propagation of
seismic waves through the solid (ice or soil/rock matrix) phase,
large changes in ice content can be more clearly detected by
seismic monitoring than with ERT (Hilbich, 2010).

Reducing Ambiguity – Improvements in Data Processing.
There have been numerous improvements in the process-

ing capability of geophysical data (e.g. processing time,
accuracy, reliability, representativeness, joint interpreta-
tions/inversions), which are now reported in the geophysical
literature (e.g. Day-Lewis et al., 2005; Maurer et al., 2010;

Figure 1 Monthly specific resistivity values from the inversion results of
continuous electrical resistivity tomography measurements at Schilthorn, Swiss
Alps. The values are shown along one-dimensional profiles at the B14 borehole
location (virtual boreholes). Modified after Hilbich et al. (2011).
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Wilkinson et al., 2012). Here, I comment briefly on
permafrost-related improvements.
Most of the uncertainty inherent to geophysical surveys

stems from the under-determined inversion problem (i.e. the
geometric constraint of trying to infer a multitude of
subsurface model parameters from a limited number of surface
measurements, usually with unknown measurement accuracy).
Krautblatter et al. (2010) showed in an ERT case study from the
German Alps that error models (i.e. spatial representations of
measurement errors obtained for a specific measurement pro-
file) may be used to constrain the inversion model and thereby
reduce ambiguity. In addition, or as an alternative, in-situ sub-
surface data from boreholes may be used to constrain the inver-
sion model (Fortier et al., 2008). Similarly, laboratory data (e.g.
Draebing and Krautblatter, 2012; Overduin et al., 2012) can be
used to relate known geologic or thermal conditions to geo-
physical properties and also to constrain the inversion.
The reliability of inversion models can be assessed by vari-

ous methods (‘appraisal methods’; Oldenburg and Li, 1999).
These include, for example, forward-inverse cycles, which
consist of repetitive forward calculations of virtual measure-
ment data from a synthetic model (e.g. apparent resistivities
calculated from a specific resistivity model) and subsequent
inversion of these virtual measurements to find the model
which best fits the real observations for a given measurement
geometry (Fortier et al., 2008; Kneisel et al., 2008).
Forward-inverse cycles have also been used to analyse the the-
oretical potential of detecting ice content changes in the sub-
surface for a given monitoring method, measurement
configuration and inversion algorithm (Hilbich et al., 2009).
In addition, the depth-of-investigation method (Oldenburg
and Li, 1999) and/or the analysis of resolution and sensitivity
matrices are frequently used to assess the trustworthiness of
the results, especially for larger depths (Fortier et al., 2008;
Hilbich et al., 2009; Wilkinson et al., 2012). Nevertheless,
there can always be large uncertainty in the interpretation of
geophysical surveys due to ambiguities in relating geophysical
properties uniquely to material composition, such as the well-
known problem of differentiating between ice and rock in elec-
trical and seismic surveys (Hauck et al., 2011).

POST-INVERSION PROCESSING

In general, the application of geophysical methods to per-
mafrost problems consists of three steps: (1) field measure-
ments; (2) data processing, specifically data inversion; and
(3) interpretation in the periglacial/geological/hydrological
context. Recently, an additional processing step has often
been included that is, in effect, post-inversion processing.
It is important and necessary to determine the relation be-
tween the geophysical property that has been measured –
electrical resistivity, seismic velocity or permittivity – and
the permafrost property of interest – ice content, water
content or ground temperature (Kneisel et al., 2008). Such
relations are usually applied to fully processed geophysical
data, hence the term post-inversion processing.

There are well-used relations, or mixing rules (e.g. the
complex refractive index model (CRIM) formula, relating
permittivity to water content), and Archie’s law relating
electrical resistivity to porosity and saturation for determin-
ing water content; similarly, there are relations between
seismic P-wave velocity and porosity/water content
(Carcione et al., 2007). For a few geophysical methods,
such as gravimetry, there are direct relations between the
measured property (density) and the permafrost property
(ice content) (Hausmann et al., 2007).
As a specific permafrost approach, Hauck et al. (2011) com-

bined several existing relationships into a so-called four-phase
model, yielding ice, water and air content within the subsurface
from ERT and seismic inversion results for a given porosity
model (Figure 2). The approach is especially useful if data col-
lected in a monitoring programme are used to yield temporal
changes in the phase contents, because, under such conditions,
porosity may be considered constant. Hausmann et al. (2007)
who combined seismic, GPR and gravimetry measurements
to calculate ice content and porosity values for a rock glacier
in the Austrian Alps were able to distinguish lateral ice content
differences of ten to 15 per cent within the rock glacier body.
Finally, using laboratory data on electrical resistivity changes
during the freezing of ground materials, Krautblatter et al.
(2010) estimated temperatures within permafrost from ERT
measurements for a site in the German/Austrian Alps. All the
above approaches aim at quantifying changes in ice content
or temperature using only non-invasive geophysical data.

APPLICATIONS

The applications of geophysical techniques to permafrost
problems are diverse, not only regarding the methods used,
but also with respect to the purposes of investigation (geo-
technical, climatological, geomorphological, hydrological),
the terrain types examined (lowland, mountain and marine/
coastal environments) and the spatial scale of the study.
Innovative case studies using geophysical techniques were

presented by: Overduin et al. (2012) to detect the degradation
of near-shore subsea permafrost; Langston et al. (2011)
regarding hydrological pathways in the presence of ice within
moraines and rock glaciers in mountain catchments; Scapozza
et al. (2011) and Kneisel and Schwindt (2008) to detect inter-
nal air circulation in periglacial talus slopes; Schwamborn et
al. (2008) to define patchy permafrost occurrences in volcanic
material in maritime Antarctica; Lewkowicz et al. (2011),
Isaksen et al. (2011) and Rödder and Kneisel (2012) regard-
ing local, heterogeneous occurrence of permafrost and its
corresponding subsurface temperature in Yukon, Norway,
and Switzerland; and Sedov et al. (2008) for monitoring
industrial impacts on permafrost in Siberia.
Quantitative comparisons of geophysical field data with

thermal subsurface models are especially useful to con-
strain both parameterisations of thermal models and
under-determined parts of geophysical inversion models
(Scherler et al., 2010; Fortier et al., 2011).
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CONCLUDING REMARKS AND OUTLOOK

Recently, a number of studies have applied geophysical
methods to permafrost-related problems. The majority of
these studies apply ERT, seismic or GPR techniques. Con-
sequently, these three techniques have seen several impor-
tant technical developments, especially regarding their 3D
spatial representation, monitoring capabilities and potential
for quantitative permafrost interpretation.
Apart from these well-established methods, several new or

rediscovered geophysical techniques may be applied more
often in the future, especially if data-processing techniques
can be improved and surveying costs can be reduced. These
techniques may include NMR, SP monitoring, complex resis-
tivity methods, airborne EM methods and gravimetry.
With respect to application, increasingly detailed infor-

mation is being drawn from geophysical surveys, including
quantitative estimation of water storage, ice contents, water
flow and temperature. In the future, we can expect not only
joint interpretation, but also joint processing of geophysical
monitoring data and thermal/hydrological models (e.g.
assimilating geophysical monitoring data in models of

permafrost evolution or by constraining geophysical inver-
sion with permafrost thermal/hydrological model outputs).
While the increased use of geophysics in permafrost

studies is welcome, further collaboration between the per-
mafrost and geophysical communities is needed to ensure
that appropriate methods are chosen, realistic objectives
are set and data-processing standards are met. Over-
processing with unrealistic accuracy levels during inversion
should be avoided and, most importantly, data should not be
over-interpreted beyond the level of the accuracy and reli-
ability of the methods used to obtain the data.
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