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Abstract: Wetlands are of immense importance for archaeological research due to excellent preservation conditions for organic material. However, the detection and registration of archaeological
remains in waterlogged areas, such as peatlands, bogs, mires, or lakeshores are very challenging.
Alternative methods that can support traditional archaeological registrations and that can help to
survey wetlands more efficiently are needed. One goal of the “Arkeologi på nye veier” (Archaeology
on new ways) project, initiated by Nye Veier AS, was to develop and test a practical solution for
non-invasive geophysical surveys in wetland environments in support of traditional archaeological
investigations. For that purpose, a custom GPR system for wetland investigations was assembled,
tested and applied at Gausdal (Flekkefjord municipality, Agder county) in Norway within the
E39-southwest infrastructure project. The GPR survey resulted in promising data, clearly showing the buried remains of an old road within the investigated area. This case study demonstrated
the potential of GPR measurements in peatlands as a valuable asset for archaeological registration
projects in such environments. However, despite these first encouraging results, wetlands remain
very challenging environments, and realistic expectations, as well as a good understanding of the
potential and limitations of this approach are a prerequisite for meaningful surveys.
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1. Introduction
Within the framework of the road development project E39-southwest between the
Norwegian cities of Kristiansand and Stavanger, the state-founded construction company
Nye Veier AS in cooperation with the Directorate of Cultural Heritage (Riksantikvaren) initiated the project “Arkeologi på nye veier” (Archaeology on new ways). One goal of this project
was to test different non-invasive prospection and investigation methods for exploration
archaeology, and to integrate them into the traditional archaeological surveying approach.
The Norwegian cultural heritage law (Kulturminneloven §9) obligates an archaeological
evaluation in case of planned public and larger private developments, as well as changes
in zoning plans of a certain area. The goal of the archaeological evaluation is to assess
whether the planned development conflicts with automatically protected cultural heritage
monuments (i.e., all monuments and artefacts pre-dating the year 1537). The results of
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the evaluation form the basis for the respective county archaeologists and responsible
archaeological museums, to make further decisions on the subsequent procedure, and to
plan archaeological excavations where necessary.
In 2020, Agder county, the University of Oslo (UiO), and the Norwegian Maritime
Museum (NMM) conducted archaeological registrations connected to the E39 development
project in Flekkefjord municipality, Agder county. The Norwegian institute for cultural
heritage research (NIKU) supported these investigations with geophysical archaeological
prospection surveys using motorised ground-penetrating radar (GPR) arrays and multichannel magnetometry, as well as analyses of airborne laser scanning data [1]. Only some
smaller areas covering a total of 3.5 ha with open grassland were suitable for motorised
geophysical prospection surveys. The main regions that are affected by the infrastructure
project consist of mountainous, forested areas with several lakes and wetlands.
Over the past decade, large-scale high-resolution motorised geophysical archaeological prospection have been gradually introduced into Norwegian cultural heritage
management [2–5]. Challenges for archaeological prospection in Norway are that the
targeted structures are mostly rather small (such as postholes or pits) and often difficult
to distinguish from natural features in the ground. Experiences made on dry land have
shown that the most effective near-surface geophysical survey method for archaeological
geophysical prospection in Norway is high-resolution GPR on a larger scale, in order to
detect many of the hidden structures and to obtain a spatial understanding of them in
their geological context. The potential of magnetic prospection is highly limited, as in
many parts of the country, shallow bedrock adversely affects the results. Even though
large areas of Norway are covered with wetlands, no larger geophysical archaeological
prospection surveys have been conducted in such environments so far. Therefore, practical
tests of a suitable prospection method and the extension of a non-invasive geophysical
archaeological prospection approach into wetlands have been the focus of this research
project.
Waterlogged archaeological sites can offer excellent preservation conditions for organic
material compared to other drier sites, and therefore are of potentially great importance for
archaeological and environmental research ([6], p. 12). A problem is that most of these sites
are not responsive to conventional prospection techniques, such as aerial photography,
topographical surveys, or field-walking. Trial excavations and mechanical trenching are
the traditional methods within archaeological registration projects in such environments,
but they are invasive, and often rather difficult to perform. There exists a dire need for
additional non-invasive methods that can supplement the traditional archaeological registration approach and that are easy to apply. Categories of cultural heritage encountered in
wetlands, as well as problems and possibilities connected with commissioned archaeology
at such sites have already been described by Lagerås in 2003 [7].
Geophysical surveys in wetlands are tricky and non-trivial, as all the usual challenges
encountered in archaeo-geophysics, such as field procedure, necessary contrasts between
target material and surrounding soil, or depth of burial are accentuated in waterlogged
environments. Schmidt et al. [8] mentioned in the EAC guidelines the use of geophysics in
archaeology that electric conductivity and magnetic susceptibility measurements, as well as
GPR surveys, are possible methods with at least some potential in wetland environments,
but they are generally rather pessimistic towards the actual benefits of such methods there.
“Geophysical techniques are overall less successful in wetland evaluation. Structural
remains (such as pile dwellings, trackways) in organic sediments, in particular, are
often not detectable with geophysics. Traditional dry-land geophysical techniques are
best applied in areas of relative dryness and shallow overburden (‘islands’, or wetland
margins), and features so detected may then have some indirect bearing on the likely
location of significant sites elsewhere. Aerial photographs and remote sensing (Donoghue
and Shennan 1988, Cox 1992), linked with augering and test trenching, can offer the
best overall evaluation, geophysics being applied for the examination of specific shallow
or marginal sites.” ([8], p. 48).
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Wetlands are defined as “all kinds of wet soils or shallow waters from fresh water lacustrine to salt marine environments” ([9], p. 162), and thus comprise a huge variety in their
characteristics, ranging from peatlands, such as limnic peats, mires and bogs, to coasts
and lakeshores. Therefore, it is self-evident that there cannot exist one single method that
fits for all of these environments, but that local site-specific conditions always have to be
considered.
In general, the potential of the GPR method for geoarchaeological investigations of
wetlands is considerable [10]. GPR surveys have been tested and used for quite some time
already for the study of bogs and ponds [11,12], mapping peat depth [13,14], and studying
peat stratigraphy [15]. Regarding archaeological prospection in wetlands and bogs [16],
the use of GPR has been reported by several authors over the past two decades [17–20],
even for the detection of organic material in waterlogged sediments [21].
Based on these published experiences and some earlier positive results with individual
GPR profiles collected across Norwegian lakes [22], as well as readily accessible GPR
equipment, it had been decided to use and test the GPR method for dense 2.5D surveys
and 3D imaging of structures in wetlands within this project. The goal was to see how far
GPR surveys with closely spaced measurements can resolve structures buried or sunken
in the bog/wetland, compared to most earlier work which has mainly been based on
the measurement and analysis of individual 2D GPR profiles. Aside from exploring the
suitability of the GPR method for 3D GPR surveys in wetlands, the aims for the here
presented case study were to find a practical solution for a corresponding, simple-to-use
GPR survey system. To achieve these goals, NIKU assembled a GPR system that could
efficiently and easily be deployed in wetland environments. Initially, it was also considered
to test a drone-mounted GPR system operated at very low altitude, but that was prevented
in the investigation areas due to low-rise vegetation in the form of 0.5 m–2 m tall grass and
bushes. Instead, different GPR antennae from two GPR manufacturers were tested at a
first case study site, to gain experience and to find the most suitable system. Subsequently,
further GPR wetland surveys have been conducted within the E39 infrastructure project at
Gausdal in 2020.
2. Materials and Methods
2.1. Description of the GPR System Used
For the intended GPR surveys in wetlands, it was first necessary to find a technical
solution suitable for investigations in such environments. The system should be easy to
operate in uneven terrain, permitting surveys along straight, parallel lines. Furthermore,
the electronic components should be protected against the water, with the entire system
ideally being able to float wherever necessary. In order to generate a 3D data volume,
the possibility of performing a 2.5D survey consisting of numerous parallel straight lines
acquired in a bustrophodonical measurement pattern over a defined area was considered
necessary. The traditional GPR survey approach, relying on a staked-out measurement grid
on the surface of the survey area, involving measurement tapes and cord lines, is unpractical
in wetlands due to the variable height of the low-rise vegetation and the soft or watercovered ground surface. Therefore, a RealTime Kinematic Global Navigation Satellite
System (RTK-GNSS) solution was used for digital navigation. To overcome the technical
challenges, a single-channel GPR system was mounted in a sled, which provided stable
measurement conditions for surveys on wetland. For precise, automated data-positioning,
the GPR system was time-triggered and connected with a Septentrio Altus NR3 RTK-GNSS.
Data acquisition was managed via the corresponding control unit of the respective
GPR system. For reliable navigation of the GPR system and to make sure that the survey
lines were straight, parallel sections without gaps in-between, the position data of the RTKGNSS system were split and, in parallel, connected to a field tablet computer (Figure 1) run
by navigation software LoggerVis developed by Ludwig Boltzmann Institute for Archaeological Prospection and Virtual Archaeology (LBI ArchPro) visualising the measured lines
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on a screen. This wetland GPR system setup was initially tested at Farriseidet in Larvik,
and Table 1 presents the antennae and data acquisition parameters.

Figure 1. Setup of the GPR system for survey on wetland at Gausdal: The GPR antenna and
RTK-GNSS receiver are placed in a sled, which is towered over the uneven, wet terrain. The GPR
control unit and a tablet computer for navigation is carried in front of the operator. Image: Manuel
Gabler, NIKU.
Table 1. Systems and acquisition parameters used for the data presented.
Dataset

Scans/m

No. Samples

Time Window [ns]

Gausdal MALÅ GX 450 MHz

ca. 50

433

84

Farriseidet MALÅ GX 160 MHz

ca. 50

293

130

Farriseidet MALÅ GX 450 MHz

ca. 50

433

84

Farriseidet Noggin 250 MHz

ca. 10

277

110

Farriseidet Noggin 500 MHz

ca. 10

333

66

The purpose of these practical field trials was to test the general setup of the system on
wetland in order to evaluate its suitability and fieldworthiness, to gain practical experience,
and to compare both data quality and GPR pulse penetration of the different GPR systems
and antennae. Based on these results, which are described in detail in Section 4.1, it has
been decided to use the Guideline Geo MALÅ GX 450 MHz antenna system for further
wetland GPR investigations at Gausdal.
2.2. Data Processing and Visualisation
Processing and visualisation of the collected GPR data was carried out using the
software ApRadar developed by the LBI ArchPro and the Central Institute for Meteorology
and Geodynamics in Vienna. This highly specialised software is designed for the processing
of large-scale GPR data to generate GPR depth-slices, used for further data interpretation.
It permits the efficient application of various GPR data-processing algorithms for enhanced
subsurface imaging. Commonly applied data-processing steps [23] using ApRadar are
position assignment and corresponding data interpolation, time-zero computation and
corrections, band-pass frequency filtering, spike and background removal (overall or
determined over a running, suitable distance range), amplitude gain corrections, 2D or
3D migration, 1D or 2D depth-conversion after velocity analysis, and Hilbert transform).
The generated output are several stacks of georeferenced GPR depth-slices (5, 10, 20, 30,
40 and 50 cm thickness). Preliminary results can be generated for quality control minutes
after completion of the fieldwork. Modern workstations permit the processing of very large
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data sets covering hundreds of hectares of data [5]. Currently, ApRadar does not offer an
interactive visualisation of the 2D GPR profile sections, which is why Sandmeier’s ReflexW
software [24] was used for velocity analysis through hyperbola-fitting. Profile sections
were plotted after processing in ReflexW using the GPR Viewer software provided by Larry
Conyers. For detailed analysis and spatial interpretation, the resulting GPR depth-slice
images were loaded into ESRI ArcMap 10.2.2.
3. Survey Sites
3.1. Gausdal
Gausdal is a small village in the Flekkefjord municipality in the western part of
Agder county. It is situated in a narrow valley with steep slopes, running from Lake
Lølandsvatnet in the northwest to Lake Årsvatnet in the southeast. The topography within
and surrounding the village is undulating, with some exposed bedrock outcrops and, for
the most part, rather agriculturally poor soils. Several sections along the western side of
the valley and directly south of the village are susceptible to retaining water, and therefore
are rather boggy, although efforts have been made to drain these areas to use them for
agriculture. The area has been continuously inhabited from at least the late Middle Ages,
but it is likely that permanent settlement dates further back in time. A few Stone Age finds
and scattered features dating back to the Iron Age were found during recent archaeological
investigations. However, intensive, long-term agriculture has had a large impact on the
area, and it is likely that other buried archaeological remains have been destroyed.
With regard to the archaeological record of more recent times, the situation is better:
Gausdal has several rather large headlands and turnrows along field boundaries, as well as
the well-preserved sections “Town road” leading south from the village toward Årsvatnet
over partly boggy terrain and small mires. The road is perhaps better described as a track
way that was used for transport and communication from communities around Gausdal
to Flekkefjord, which is the nearest coastal town, until the road that follows Årdalen
from Lølandsvatnet down to Flikka was built in 1870 ([25], pp. 151, 356, 357). It seems
that between Gausdal and Årsvatnet, the “Town road” was only improved to allow for
heavier traffic close to the village, where it is about 190 cm wide, with a paved road surface
made up of 7–15 cm large, irregularly shaped stones that are set between two rows of
larger stones that are 20–40 cm in size (Figure 2). Although the road was built in a mire,
the excavations found no indication of a construction beneath the stones to support the
road surface. The GPR investigations in that area were conducted on 25–27 August 2020,
and in particular, fields A and B (Figure 3) showed clear structures in the data and are
further described in that article. The ground was completely waterlogged and overgrown
with grass, but was in general easy to walk on with wellies.
3.2. Farriseidet
Farriseidet is a small land bridge between lake Farris in the north and Larviksfjord to
the south in the town of Larvik, Vestfold and Telemark county. Over centuries, this area
has constituted an important nodal point, and therefore is rich in finds from different time
periods. In 2008, the Norwegian Maritime Museum conducted maritime archaeological
registrations in connection with a road construction project, which led to the detection
of numerous, earlier unknown archaeological finds [26]. One area south of Lake Farris
shows clear linear/rectangular structures in the topography. Today, the area consists of
peatland along the lakeshore. In periods with low water levels, it is possible to walk over
the structures. Archaeologists of the NMM conducted investigations by test trenching, and
registered clearly defined stone structures that were covered with about half a meter of
peat ([26], p. 45f). The function of these large structures is unknown, but it is assumed
that they might have been fish-basins belonging either to the manor of Fresjegodset in
the period 1540–1653, or to the Linaaes manor in the 19th century ([27], p. 125f). Another
theory is that these structures are connected to shipping and could possibly relate to the
remains of ship halls.
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As this site is located in a wetland containing known buried archaeological remains,
with easy accessibility, it was chosen as a test site for the wetland GPR trials. Parts of this
test area were investigated with four different GPR antennae on 17 and 18 June 2020. At
that time, the ground was completely water-saturated and overgrown with grass and reeds,
but it was possible to walk on it with rubber boots.

Figure 2. Excavation trench from Gausdal clearly showing the stone-set road remains in the mire.
Image: Emma Norbakk, Agder county.
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Figure 3. Overview of the bog-areas that have been investigated with GPR at Gausdal (marked in
beige). Fields A and B showed positive prospection anomalies that are described in detail in this
article. Coordinates are in ETRS 1989 UTM 32N.

4. Results
4.1. Results of the GPR Test Surveys Conducted at Farriseidet
The investigations at Farriseidet showed that the setup of the GPR system in a sled
worked very well in the wetland environment. Protecting the instruments and keeping the
electronics safe and dry while simultaneously ensuring close ground-coupling for the GPR
antenna, it could easily be dragged over the wet and uneven terrain. The sled followed the
operator steadily along the intended survey lines due to the rigid connection of the towing
bars. On shallow water areas, it was even able to float. The only limitation was actually the
ability of the operator to walk in the mire without getting physically stuck. The field tablet
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computer in front of the operator for visual guidance enabled good navigation control
over the survey lines and data acquisition. However, even though the sled was generally
running smoothly, in areas with very bumpy terrain and low vegetation, it was exposed to
some side motions. As the RTK-GNSS receiver was mounted in the sled, it followed the side
motions and the absolute data positioning was still very accurate. However, due to these
lateral variations in position, it was not meaningful to apply the commonly recommended
25 cm cross-line profile spacing for dry land, and 50 cm spacing was used instead.
The test measurements conducted with the four different GPR antennae showed that
all of them are suited for investigations in wetlands. Based on a visual comparison of
the GPR profiles in ReflexW, both depth penetration and data quality of the two different
systems (Guideline Geo MALÅ and Sensors & Software) were quite similar (Figure 4)
and showed only some variations in terms of the signal-to-noise ratio. As expected,
the level of detail was greatest in the 500 MHz antenna. However, the depth-penetration
of the 450 MHz, 250 MHz and 160 MHz antennae was substantially greater. The Sensors
& Software antennae suffered from external high-frequency radio noise caused by the
RTK-GNSS mobile phone connection nearby placed. All tested antennae were high-quality
professional GPR systems that are known to produce excellent data. Figure 4 presents
profiles that should not be used to judge the quality of the system, but rather reflect what,
under the specific challenging circumstances, was achieved in this case.
Of all four tested antenna systems, the MALÅ GX 450 MHz provided a clear depiction
of the top interface of the underlying bedrock, as well as detailed internal structures within
the body of the bog. In comparison, the data of the 160 MHz GX appear, in this situation,
rather chunky, with obviously more dominant low-frequency content and fewer details.
Similarly, the Noggin 500 MHz shows good signal penetration and crisp, detailed data,
while the 250 MHz centre frequency antenna lacks finer detail and suffered from some
external high-frequency noise.
The connection with a RTK-GNSS for data-positioning and time-triggering instead of
odometer-triggering is a standard solution for both GPR systems. The Sensors & Software
250 MHz system stopped recording the RTK-GNSS data, and the MALÅ 450 MHz antenna
had a connection error during the test measurement. The split parallel GNSS position data
stream used for navigation worked well during the entire measurement, and therefore, this
error was not realised directly in the field. While the issue with the MALÅ 450 MHz was
simply a disconnected cable, it could not be reconstructed if the problem with the Sensors
& Software system was based on an operating error or a technical issue.
As the GPR measurements were time-triggered, the in-line GPR trace spacing depends
on the sampling frequency and the walking speed of the operator. Between the two tested
systems, the Guideline Geo MALÅ GX system offered a higher sampling rate per second
(20 Hz vs. 1 Hz), enabling a better in-line measurement density, as shown in Table 1.
Due to the above-mentioned issues with the parallel data collection, only data from
the Sensors & Software 500 MHz antenna and the MALÅ GX 160 MHz antenna could
be processed and imaged into 3D GPR depth-slices. For the 2D migration and time-todepth conversion, the signal velocity was determined to 6 cm/ns through hyperbola fitting,
and the data were processed into 10 cm thick depth-slices. Both antennas worked well
for the imaging of the present archaeological structures and revealed the location of the
previously known stone structures covered by peat at Farriseidet in approximately 20–
40 cm depth (Figure 5). Due to the shallow depth of burial of the structures, the higher
frequency antenna resulted in a more defined image of the stone structures. Based on the
visual analysis of the GPR profiles, the MALÅ GX 450 MHz antenna provided the clearest
picture of the top of the underlying bedrock, and detailed internal structures within the
bog. As the archaeological situation at Gausdal is similar to Farriseidet, with archaeological
structures expected to be located at shallow depth, it was decided to use the MALÅ GX
450 MHz system for the following investigations at Gausdal within the framework of the
E39 project.
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Figure 4. Comparison of GPR profiles from the survey area at Farriseidet acquired with different GPR antennae. All profiles
show the reflection from the top of the bedrock, as well as internal structures in the peat. From top to bottom: Sensors
& Software Noggin Plus 500 MHz, MALÅ GX 450 MHz, Sensors & Software Noggin Plus 250 MHz, MALÅ GX 160 MHz.
Note that the 500 MHz data were only recorded down to 60 ns, and that the 160 MHz profile was recorded along a slightly
deviating track (parallel but 3 m to the south of the other profiles), which explains the difference in the appearance of the
bedrock reflection. While the 450 MHz appears as a good compromise regarding imaging resolution and depth penetration,
all antennae worked well in the waterlogged soil, and under more controlled circumstances, the data quality of all systems
would be expected to be much greater. Images were generated with GPR Viewer, courtesy of Larry Conyers.
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Figure 5. GPR depth-slices from 20–40 cm depth acquired with the Guideline Geo MALÅ 160 MHz (left) and Sensors &
Software 500 MHz antenna (right) at Farriseidet. The hidden stone structures, that are known from earlier archaeological
investigations, are imaged as reflective, black features in the GPR data (marked with red ellipses). The extent of the survey
area was reduced after initial identification of the relevant structures in the 160 MHz antenna data. Coordinates are in ETRS
1989 UTM 32N.

4.2. GPR Investigations at Gausdal
The GPR surveys conducted at Gausdal worked well in all of the test areas. The GPR
pulse penetration depth varied due to the depth down to the bedrock, but reached down to
2 m with good data quality throughout. Two areas showed very clear structures in the GPR
depth-slices, and were additionally investigated with excavations, as described in more
detail below. The results from the other areas are not relevant for this article but can be
found in the project report [1].
Field A (Figure 3) was of primary interest, as parts of the “Town road” (Figure 2) that
dates back at least to the 19th century had been discovered with help of test trenches dug
prior the GPR investigation. The trenches had been refilled and the later GPR investigations
in the same area could clearly identify the road remains and map its course within the
surveyed field. In the GPR data depth-slice images from 15–55 cm depth, this road is visible
as a linear, 2 m wide, reflective anomaly that is oriented in NW-SE direction (Figure 6). The
GPR profiles show varying depths of the mire down to 1.5 m maximum, indicating that
the road was originally already built on wetland. This is in line with the findings of the
excavations conducted earlier in the area. In one excavation trench, the road surface which
was 1.9 m wide was found under about 10 cm of topsoil in a location where the mire was
90 cm deep, underlain with bedrock. An interesting aspect was the fact that the refilled
excavation trenches were no longer visible in the GPR data after only three months, which
is explained by the complete water saturation of the soil and the corresponding lack in
contrast regarding the relative dielectric permittivity (RDP) (cf. [10], pp. 69–72).
To locate the continuation of the road, additional smaller GPR surveys in the mires
along the Gausdal valley were conducted. Unfortunately, it was not possible to track the
exact location of the road in any of the other investigated areas. In a mire further to the
south (marked as Field B in Figure 3), a reflective linear structure in the N-S direction was
clearly visible in the data at approximately 50–60 cm depth. Prior to data migration and
velocity analysis, it appeared possible that this structure could be caused by remains of
the road. However, after more careful data processing and analysis, the linear anomaly
has been interpreted as being caused by a modern cable or pipe (Figure 7). To verify this
interpretation, a small test trench was dug, which confirmed that the buried structure
is a modern cable that had not been marked in the corresponding infrastructure map
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(Figure 8). Despite the negative archaeological outcome, it was a positive confirmation of
the functionality and potential of the GPR method in wetland environments.
Another test area that previously has not been mentioned, demonstrated a clear limitation of this survey approach for prospection in wetland environments: due to overgrown
sinkholes in the mire, it was simply not possible to safely walk over the area. Therefore,
the safe collection of any meaningful GPR data was not possible there. It was considered to
test a drone-mounted GPR system to overcome this issue, but a low-altitude flight would
not be possible due to the local vegetation in the investigation areas. An alternative option
to overcome this problem would be to conduct surveys in such difficult terrain in the
winter when the ground is frozen and snow-covered [28].

Figure 6. The GPR depth-slice (15–55 cm depth) from Field A at Gausdal clearly showing the anomaly
caused by the buried remains of the old stone-paved road as a 2 m wide, strongly reflective linear
structure running in the NW-SE direction. The red marked areas show the location of the excavation
trenches. Coordinates are in ETRS 1989 UTM 32N.
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Figure 7. The GPR depth-slice (50–60 cm depth) from Field B at Gausdal clearly showing the cable as
a strongly reflective, 50 cm wide linear structure in approximately the N-S direction. The red marked
area shows the location of the excavation trench. Coordinates are in ETRS 1989 UTM 32N.

Figure 8. The excavation in Field B confirming the presence of a modern cable that had been detected
with GPR. Image: Claes Olof Johan Uhnér, UiO.
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5. Discussion
The results of the test surveys show that 2.5D GPR measurements can be conducted
successfully on wetland for archaeological prospection, offering additional possibilities for
archaeological investigations. The quality of the GPR signal was good within the watersaturated soils, and the chosen solution with a towed sled, automatic data-positioning, and
additional digital navigation worked well. Some high-frequency noise was observed in the
Sensors & Software data, probably induced from the RTK-GNSS mobile phone connection
for retrieval of the correction signal. Buried remains of a stone structure at Farriseidet, as
well as of a historic road and a modern cable in a mire in Gausdal could clearly be mapped
and identified in this case study. However, it has to be considered that the discovered
archaeological features were stone-set structures close to the surface in a shallow mire.
These are favourable conditions for GPR prospection, and the positive results must be seen
in this perspective.
In the same field where the road was detected at Gausdal, four 2 m wide search
trenches were excavated and refilled prior to the GPR survey. While the traces of such large
trenches can normally be clearly identified in GPR data collected under dry conditions on
land, in this water-saturated wetland environment the trenches were not visible anymore
in the GPR data three months after excavation. This illustrates the challenges encountered
regarding geophysical contrast of archaeological features in wetland environments.
Conyers ([10], pp. 69–72) discusses the excellent depth-penetration of GPR pulses and
good resolution of the GPR method in partly or fully freshwater-saturated peat bogs and
swamps, which are due to the low electric conductivity and RDP values as high as 70 (with
fresh water having a RDP of 80, see Table 2). The decreased wavelength of the GPR pulses
(Table 3) in waterlogged media offers greater vertical imaging resolution for the separation
of interfaces and other encountered structures. According to Conyers, soil water content
and its distribution in the subsurface is the most important parameter when it comes to the
generation of GPR reflections ([29], p. 34).
The RDP is expressed as

√

c
,
v
with c as the speed of light (0.2998 m/ns) and v as the velocity of the radar pulse in
the material (measured in m/ns). The reflection coefficient R of a GPR pulse reflection
occurring at an interface between the overlying medium 1 and the underlying medium 2 is
√
√
RDP1 − RDP2
√
R= √
,
RDP1 + RDP2
RDP =

with RDP1 being the RDP of the overlying material and RDP2 representing the underlying
material [29]. Thus, in water-logged peat bogs and wetlands with only little relative changes
of the RDP between successive layers, little or no reflections are generated. While the GPR
method should be able to image the interface between organic layers and underlying
bedrock, or of stone structures embedded within the stratification, it will be challenging to
image reflections between different layers of similar water saturation if no substantial RDP
differences are caused by changing geochemistry.
As it can be seen in Table 2, changes in water saturation significantly affect the value
ranges of the dielectrical constant and electrical conductivity. When soil is water-saturated,
the difference in RDP between soil layers disturbed or undisturbed by excavation activities
become too small for any significant reflection of the GPR pulse to be generated. A potential
organic archaeological layer in wetland will most likely have similar geophysical properties
as the surrounding material, making it impossible or very difficult to distinguish it using
GPR measurements. On dry land however, refilled trenches, pits or postholes can be
detected by GPR measurements due to the relative change in pore volume of the disturbed
soil and contained soil humidity. On the other hand, the Table also shows a clear difference
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between the parameters of stone towards the wet soil. That enables a high chance for
detecting stone structures, as demonstrated by the results presented above.
Another challenge of GPR prospection in wetland is GPR pulse attenuation α, which
is computed as a function of the RDP and the electrical conductivity (σ) [30]:


σ
α = 1.69 · √
.
RDP
Based on the large value ranges for water-saturated soil, the pulse attenuation α of, for
example, cultural layers in freshwater, can vary from 0.021 to 1.9 db/m. This demonstrates
that due to the large variability of the geophysical properties of water-saturated soils, it
is nearly impossible to generalise whether the GPR method can successfully be used in a
particular wetland area or not. This project had the goal to investigate the general practical
applicability of the GPR method in wetlands and should not be seen as a comparison of
antennae, which would have required a more laboratory-like setting. No further invasive
analyses of the soil in the investigated areas have been conducted. However, it would be
the logical next step to include soil parameter analysis and further trials in different types
of wetland.
Table 2. Material properties in different relevant media after Conyers [29] and Leckebusch [http:
//gpr-parameters.ch (accessed on 28 May 2021)]. The relatively high dielectric pemittivity of peat and
cultural layers in fresh water explains the difficulty in detecting organic structures in water-logged
environments, despite the electrical conductivity still offering contrasts. The underlying bedrock or
stone structures within the peat, mostly granite, again show sufficient deviation to warrant strong
reflections.
Material

RDP

v [m/ns]

Conductivity σ [mS/m]

Air

1

0.2998

10−11

Freshwater

80

0.03

0.1–1

Ice

3–4

0.17–0.15

0.1–5

Dry sand

3–5

0.17–0.13

0.0001–1

Saturated sand

20–30

0.20–0.0.5

1–10

Clay

5–40

0.13–0.05

100–1000

Permafrost

4–5

0.15–0.13

0.1–0.5

Peat

45

0.04

40–300

Saturated bog

70

0.04

0.1–5

Cultural layer—fresh water

65–75

0.04

0.1–100

Granite

5–15

0.13–0.08

0.001–10

Table 3. Wavelength λ in [m] as function of frequency and RDP, respectively pulse velocity (cf.
Conyers [10], p. 23). The vertical imaging resolution is dependent on the wavelength, and Conyers ([10], p. 25) pointed out that under real-world conditions, one wavelength separation is required
for resolution, instead of the theoretical minimum of a quarter wavelength.
RDP

v [m/ns]

160 MHz

250 MHz

450 MHz

500 MHz

1

0.30

1.88

1.20

0.67

0.60

5

0.13

0.81

0.52

0.29

0.26

45 and 70

0.04

0.25

0.16

0.09

0.08

80

0.03

0.19

0.12

0.07

0.06

At the two test sites, the data quality and GPR pulse penetration depth were satisfying,
with reflections recorded from down to 2 m depth in the water-logged soil. However, since
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the crossline data resolution had to be reduced from 25 cm to 50 cm due to the very uneven
and bumpy terrain, the spatial sampling, and thus, imaging conditions suffered. Therefore,
a general point to consider in the case of wetland investigations is a reduced imaging
resolution caused by a larger-than-desirable cross-line sample spacing. Nevertheless, if one
has realistic expectations regarding the potential of GPR surveys in wetlands, they can be an
effective means for archaeological investigations. It is unrealistic to expect the detection of
smaller organic structures, such as those associated with postholes or smaller pits, but large
stone structures caused by pavings, embankments, and house foundations or larger stonefilled cooking pits in shallow bogs or at lakeshores can most likely be successfully detected
with the help of GPR. Likewise, changes in geochemistry and differences in clay content or
clay layers could become detectable due to the different RDPs and conductivities involved.
The presented approach is rather easy to apply and enables the efficient investigation of
approximately 3000 m2 per day with 50 cm cross-line spacing, thus offering a relatively
fast, non-destructive method for archaeological investigations of selected areas in bogs or
wetland. Care should be taken in order to avoid electromagnetic interference between the
RTK-GNSS radio antennae and the recorded GPR spectrum through physical distancing of
the radio antenna from the GPR antenna.
6. Conclusions
The presented project had the goal of developing and testing a stable and efficient GPR
system for archaeological 2.5D surveys in wetlands. Using a towed sled containing the GPR
and automatic RTK-GNSS positioning system including digital navigation worked very
well in the investigated areas. The GPR signal quality was very good in the water-saturated
soils and the approach permitted the investigation of approximately 3000 m2 per day with
50 cm cross-line and 2 cm in-line GPR trace spacing.
The stone structure at Farriseidet known from earlier test trenching and the buried
historical road in the mire at Gausdal were clearly detected and imaged in the GPR data.
Even though road remains could not be found in the other surveyed areas, the detection of
an earlier unknown modern cable demonstrated the functionality of the GPR approach
in wetland environments. The inability of the method to detect traces of three-month-old
excavation trenches is explained by the lack of contrast in the water-logged environment,
illustrating the challenge to detect features other than those which are strongly reflecting.
In general, the experiences and observations made in this project fit well with earlier
results reported from other projects utilising GPR in wetland environments. Such surveys
are challenging and the variety of possible archaeological structures that can be found is
clearly limited, compared to surveys on dry land where variable soil moisture can provide
more nuanced results. However, with realistic expectations and correct handling of the
equipment, 2.5D GPR surveys offer a powerful asset for archaeological investigations in
wetlands. Further research dealing with the effect of different types of water-logged soils
and associated archaeological features on GPR data would be needed. To this end, as the
next logical step, high-resolution, extensive 2.5D GPR test surveys should be conducted in
combination with multi-offset electromagnetic induction measurements as those possible
with the DualEM 21HS Sensor, in order to exploit in these challenging environments both
dielectric permittivity, as well as apparent electrical conductivity contrasts. We shall be
back in the bog.
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