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Abstract

In recent years, near-surface geophysical prospection of archaeological issues such as
wooden shipwrecks or harbours in the littoral zone has gained increasing interest. So
far, in shallow water environments (water depth< 5m), seismic measurements usu-
ally have been chosen. The two methods geoelectrics and ground-penetrating radar
(GPR) have hardly been used for archaeological prospection in littoral zones and are
mostly known for their limitations in water environments. In addition, there is a lack
of knowledge on the physical parameters of the materials to be prospected, includ-
ing water-saturated, possibly weathered wood that was regularly used as construction
material in northern Europe.

My thesis is based on three published papers. In two papers, I systematically investi-
gate possible areas of application of the methods geoelectrics and GPR in the littoral
zone with regard to archaeological prospection. A special focus is towards the appli-
cation under field conditions. I investigate the methods’ limitations and conditions
under which they can be used individually or as a complementary method to seismics.
For this, I focus on aspects of measurement accuracy, spatial resolution, depth pene-
tration and material contrasts. The targeted prospection of the material wood with the
methods is treated in detail in the third paper.

First, application possibilities of geoelectrics were exemplarily investigated by in situ
measurements in the Baltic Sea and complemented by numerical resolution tests. Dif-
ferent measurement setups (towed vs. stationary and floating vs. lowered streamer)
were compared. My results show that the method is suitable, amongst others, to re-
solve archaeological stone settings and groundwater upwelling areas. However, it is
difficult to differentiate materials such as clay and sand in the sea bottom. This also
applies to the differentiation of various rock formations with a porosity < 15%. For sur-
vey measurements and geological issues, time-saving towed, floating electrode arrays
are well suited (spatial resolution on the seafloor > 2m for a conductivity of 0.3 Om
with a water depth of 1 m). Submerged electrodes should be used for archaeological
prospection (spatial resolution of 0.5 m-1m for the above conditions).

Second, the characteristics of GPR in water under field conditions were analysed based
on four different measurement locations. Depending on the conductivity and attenu-
ation coefficient of the water, penetration depths of 2m-4m were achieved, almost
independent of the antenna frequency (200 MHz and 400 MHz) and the presence of
organic material in the water column. The spatial resolution across profile direction is
in the dm-m range, depending on the penetration depth. Therefore, an antenna array
would have to be used for areal archaeological prospection with centimetre accuracy.
In addition, it is recommended to choose an antenna frequency of 400 MHz, which,
however, is disturbed massively by the effect of antenna ringing at water depths of
>2m. Numerous archaeological material contrasts such as peat and stone, sand and
gyttia, and wood and stone can be resolved.

The topic of the third part is “wood”. In order to evaluate possibilities of prospecting
archaeological wooden objects such as shipwrecks with GPR and geoelectrics, archae-
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ological wood was approximated by unweathered, water-saturated "modern" softwood
and hardwood. Its physical parameters were determined experimentally and material
contrasts were calculated, which were used for depth estimations to resolve wooden
objects with the methods. Both methods are suitable for the prospecting of wood in
freshwater. GPR shows weaknesses in the contrast of hardwood in saturated sand and
softwood in saturated clay. A 400 MHz antenna is able to resolve wooden objects of
0.1 m—0.5 m diameter at a depth of 1 m-3 m below the water surface. With geoelectrics,
wooden objects with diameters of > 0.5m can be detected at depths of > 0.5 m below
the water surface.

This thesis enabled an accurate evaluation of the limitations of geoelectrics and GPR
in water environments. This allows them to be used in the future for well-defined
research issues and, in particular, to complement seismic measurements.



Zusammenfassung

Seit einigen Jahren gewinnt die oberflachennahe geophysikalische Prospektion in Ufer-
zonen von archdologische Fragestellungen wie holzernen Schiffswracks oder Hafen
zunehmend an Interesse. Bisher wird im Flachwasserbereich (Wassertiefe < 5 m) zumeist
die Methode Seismik gewahlt. Die beiden Methoden Geoelektrik und Georadar wur-
den bisher kaum fiir die archdologische Prospektion in Uferzonen eingesetzt sind haupt-
sachlich fur ihre Einschrankungen im Flachwasserbereich bekannt. Zudem fehlen
Kenntnisse uber die physikalischen Parameter der zu prospektierenden Materialien,
u.a. wassergesattigtes, moglicherweise verwittertes Holz, das als Baustoff in Nordeu-
ropa diente.

Meine Arbeit basiert auf drei veroffentlichten wissenschaftlichen Artikeln. In den er-
sten beiden Artikeln untersuche ich systematisch die moglichen Anwendungsgebiete
der Methoden Geoelektrik und Georadar im Uferbereich hinsichtlich archaologischer
Prospektion unter Feldbedingungen. Ich erforsche die Einschrankungen und Bedin-
gungen, unter denen diese einzeln oder auch als zusatzliche Methode neben der Seis-
mik eingesetzt werden konnen. Dazu betrachte ich Aspekte der Messgenauigkeit,
raumlichen Auflosung, Tiefeneindringung und Materialkontraste. Die Prospektion
des Materials Holz wird im dritten Artikel im Detail behandelt.

Zuerst wurden die Moglichkeiten der Geoelektrik beispielhaft durch in situ Messun-
gen in der Ostsee ausgelotet und durch numerische Auflosungstests erganzt. Ver-
schiedene Messsetups (bewegtes vs. ortsfestes und schwimmendes vs. abgesenktes
Elektrodenkabel) wurden verglichen. Meine Ergebnisse zeigen, dass die Methode u.a.
geeignet ist, archdologische Steinsetzungen und Grundwasser-Austrittsgebiete zu de-
tektieren. Schwierig ist es, Materialien wie Ton und Sand zu differenzieren. Dies
trifft auch auf die Unterscheidung von verschiedenen Gesteinsformationen mit einer
Porositit < 15% zu. Fur Ubersichtsmessungen und geologische Fragestellungen sind
gezogene, schwimmende Elektrodenauslagen gut geeignet, da sie sehr zeitsparend
sind (raumliche Auflosung am Meeresboden > 2 m fur Leitfahigkeit 0,3 (Jm mit einer
Wassertiefe von 1 m). Fur archdologische Prospektion sollten abgesenkte Elektroden
verwendet werden (raumliche Auflosung von 0,5 m-1 m fiir obige Bedingungen).

Als zweites wurden die Besonderheiten von Georadar im Wasser unter Feldbedingun-
gen anhand von vier verschiedenen Messlokationen analysiert. Je nach Leitfahigkeit
und Dampfungskoeffizient des Wassers wurden Eindringtiefen von 2 m—4 m erreicht,
nahezu unabhidngig von der Antennenfrequenz (200 MHz and 400 MHz) und dem
Vorhandensein von organischem Material in der Wassersaule. Die rdaumliche Auflo-
sung quer zur Profilrichtung liegt je nach Tiefe im dm-m Bereich, sodass fur die flachen-
hafte zentimetergenaue archaologische Prospektion ein Antennenarray verwendet wer-
den musste. Zudem empfiehlt sich die Wahl der Antennenfrequenz von 400 MHz, die
allerdings bei Wassertiefen von > 2 m massiv durch den Effekt des Antennenklingelns
gestort wird. Es konnen zahlreiche Materialkontraste wie Torf und Stein, Sand und
Gyttia sowie Holz und Stein aufgelost werden.

Das Thema der dritten Veroffentlichung ist ,Holz“. Um Moglichkeiten der Prospek-
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tion von archaologischen Holzobjekten wie Schiffswracks mit Georadar und Geoelek-
trik zu bewerten, wurde archédologisches Holz durch unverwittertes, wassergesattigtes
,modernes“ Hart- und Weichholz approximiert. Dessen physikalische Parameter wur-
den experimentell ermittelt und Materialkontraste berechnet, die fur die Tiefenab-
schatzungen zur Erkundung von Holzobjekten mit den Methoden verwendet wur-
den. Beide Methoden sind fur die Prospektion von Holz insbesondere in SufSwasser
geeignet. Georadar zeigt Schwachen beim Kontrast von Hartholz in gesattigtem Sand
und Weichholz in gesattigtem Ton. Georadar (400 MHz) ist in der Lage, Holzobjekte
von 0,1 m—-0,5m Durchmesser in 1 m—3 m Tiefe unter der Wasseroberflache aufzuldsen.
Mit Geoelektrik konnen Holzer mit einem Durchmesser von >0,5m in > 0,5 m Tiefe
unter der Wasseroberflache detektiert werden.

Mithilfe der Arbeit konnen die Einschrankungen von Geoelektrik und Georadar im
Flachwasserbereich genau eingeschatzt werden. Damit konnen sie zukunftig fiir genau
definierte Fragestellungen eingesetzt werden und insbesondere die Methode Seismik
erganzen.
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1 Introduction

Und das Thema heute, es heil3t
Holz.

(275ers, Holz, 2016)

1.1 Motivation

Near-surface geophysical prospection of targets from meter to centimeter size has been
successfully carried out on land for many years (Linington, 1963; Mommsen, 1986;
Stumpel, 1988), especially for archaeological issues, e.g. house fundaments, graves
and fortifications. In addition, there are applications from the field of engineering
geophysics (Mellett, 1995; Wightman et al., 2003), e.g. the maintenance of pipes and
highways and from explosive ordnance clearance for recovering munitions and bombs
(Butler, 1997; Bowers and Bidwell, 1999). Geophysical methods used frequently on
land are magnetics, geoelectrics, ground-penetrating radar (GPR) and seismics (so far
less used for objects than for landscape reconstruction) (Beblo, 1997; Knodel et al.,
2013; Johnson, 2004). These methods offer different physical parameters to resolve
the material contrast between the target and its surrounding material and different
limitations in depth penetration and spatial resolution. Depending on the object ma-
terial, dimensions, depth and the environmental parameters, the methods show cer-
tain strengths and weaknesses (see section 1.2). Thus, especially the combination of
methods offers several advantages (Woelz et al., 2004; Wunderlich et al., 2015a). As an
example, archaeological constructions often consist of various materials such as e.g.
stones and wood that can be distinguished using different methods. Another point
is, that the physical properties of typical materials in the subsurface are well known
(Schon, 1983; Butler, 2005), but often have a wide range, so that ambiguities can be
excluded more successfully using several methods.

In recent years, interest in the prospection of marine and limnic (archaeological) is-
sues in the centimetre to decimetre range and in water depths of less than 10m has
increased e.g. (Kritikakis et al., 2015). However, there are still few approaches since
the 1980s to resolve those structures. This includes, for example, the prospection of the
harbours of Haithabu (Stumpel and Meissner, 1982) and Alexandria (Goddio, 1998).
Other targets were archaeological shipwrecks, ports and geoarchaeological evidence of
port environments (Passaro, 2010; Fediuk et al., 2019; Seeliger et al., 2013).

In addition, objects that were submerged due to rising sea level or river relocations
were prospected (Miller et al., 2009; Simyrdanis et al., 2016; Seeliger et al., 2014).
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Other problems included the recovery of logs (Jol and Albrecht, 2004) and of objects
for the investigation of accidents (Ruffell, 2006, 2014) and the search for explosive
ordnance (Arcone et al., 2010). Investigations regarding the morphology, stratigraphy
or bathymetry of lakes, rivers and coastal waters as well as freshwater upwelling below
the seafloor have been more regularly published (Manheim et al., 2004; Arcone et al.,
1992; Sellmann et al., 1992)

It will be desirable to apply all methods approved on land in the water in order to have
the largest selection of methods available here as well. However, due to the physical
parameters of the water column as well as the sensitivity of the methods, the condi-
tions for the application of the methods in water sometimes change considerably. The
most widely used method in shallow water of <10m depth is seismics, whose spa-
tial resolution in the centimetre range benefits from the presence of a water column
as frequencies in the kilohertz range can be used here (Bull et al., 2005; Plets et al.,
2009; Wilken et al., 2019). Magnetics can be applied in shallow water with appropri-
ate equipment, since the water column has a negligible magnetization and therefore
the physical parameters do not change (Klein, 2011; Boyce et al., 2004). This is differ-
ent with the methods geoelectrics and GPR. The decreased specific resistivity of the
water column with increasing salinity has a limiting influence on the applicability of
these methods (Loke et al., 2013; Arcone, 1995). So, they have been used less so far
for issues in the littoral zone. Moreover, the remaining potential application areas
have not been systematically investigated yet. In detail, the advantages and disadvan-
tages of the methods as well as their current fields of application are described in the
next section. The water column also affects the material parameters of submerged ob-
jects and their surrounding soil. The physical parameters, such as the seismic velocity,
density, the specific resistivity and the dielectric permittivity are well known for the
materials water-saturated sand, clay and weathered rocks can be found in numerous
literature (Schon, 1983; Butler, 2005). However, the physical parameters of resistivity
and dielectric permittivity are not sufficiently known for many other water-saturated
materials, e.g. wood. As wood is a very common building material for ships and houses
in Northern Europe (McGrail, 2014; Crumlin-Pedersen, 2004; Diener, 2012), there are
also many archaeological wooden targets that show a wide range of wood species and
possible weathering. The knowledge on the parameters of water-saturated wood is
therefore very important. In summary, the application of the geophysical methods
geoelectrics and GPR in the littoral zone still offers opportunities for development,
especially for wooden targets.

1.2 State of the art of geophysical methods applied in
the littoral zone

This chapter provides an introduction of the currently used geophysical methods in
the littoral zone and of their advantages and disadvantages. In addition to a brief
discussion of depth penetration and spatial resolution, the current application fields
of the methods are presented.
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1.2.1 Seismics

In this method, longitudinal seismic waves (P-Waves) are mechanically induced from
various sources, e.g. a pinger and propagate at different velocities, according to the
material in the subsurface. They are sensitive to changes in elastic subsoil properties,
which are the elastic, shear and bulk modulus and the Poisson’s ratio as well as to
changes in the density. The travel time of P-waves, which are reflected at interfaces in
the subsurface, is registered with a hydrophone and then evaluated. Usually, the travel
time is converted to the depth scale using the velocities.

A great advantage is that there is only low attenuation of the seismic waves in water.
Therefore, measurement frequencies in the kilohertz range can be applied depending
the required resolution and depth penetration of a problem (Stimpel and Meissner,
1982). Disadvantages of the method are the interference of the measured signal by
multiple reflections of the seafloor, as well as an attenuation of the signal by gases in
the subsurface (Whiticar et al., 1986) or vegetation in the water column (Kovacs, 1991).

The resolution is in the decimeter range. For single channel measurements, a measure-
ment frequency of 4kHz and a water velocity of v = 1500 7%, the spatial resolution in
profile direction after migration is 10 cm (Fediuk et al., 2019; Wilken et al., 2019). An
improvement of the horizontal resolution across the profile direction to those in profile
direction can be achieved by multi-channel systems (Bull et al., 2005; Gutowski et al.,
2008). At a frequency of 4 kHz, the depth penetration of the method in water-saturated
sandy sediments below a 2m-10m thick water column is more than 25 m below the
sea surface (Fediuk et al., 2019). This is the main reason it is the most commonly used
method in the littoral zone so far.

First experiences with seismic prospection in shallow water (depth <10m) were ac-
quired by investigating a shipwreck (McKee, 1973) and the harbour of Haithabu (Stum-
pel and Meissner, 1982). Currently, numerous applications are known in harbour en-
vironments (Miiller et al., 2009; Fediuk et al., 2019), for the prospection of shipwrecks
(Plets et al., 2009; Gren et al., 2015; Wilken et al., 2019) and for wooden poles (GRON
et al., 2007).

1.2.2 Magnetics

Magnetic measurements record changes of the earth’s magnetic field (Knodel et al.,
2013) due to variations in the subsurface. The changes are caused by induced and
remanent magnetization (Le Borgne, 1955).

The advantage of the method is that the magnetization of the water column is negligi-
ble, and the application in water is well realisable when using waterproof equipment.
Also, the method can cover large areas in a time-saving manner using arrays of mul-
tiple sensors (Fassbinder, 2009). For that, total field magnetometers or gradiometers
are used. Disadvantages are that the method does not provide direct information on
depth of the object of interest and that, for example, materials with ferromagnetic
properties such as iron waste or volcanic rocks can mask surrounding structures due
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to their large anomalies. The measurement coverage is dependent on the handling and
navigability of the equipment (Scollar et al., 1990). Due to the water column, there is
an increased distance of the sensors to magnetic anomaly sources, which reduces the
signal strength. Depending on the bathymetry, the measured signals are of irregular
strength, which can lead to erroneous interpretation of the data without any correc-
tions (Blakely, 1996).

The depth resolution of the method depends, among others, on the position, size and
susceptibility of the object in the soil. On average, signals can be received from 1 m—
2m depth below the magentic sensors and from objects of metre to centimetre size.
The data coverage usually is in the centimeter range in profile direction and in the
decimeter range across the profile.

Only in recent years there have also been initial approaches for the reconstruction of
archaeological targets in shallow water, e.g. a sunken military ship (Passaro, 2010)
and the harbour piers of Caesarea Maritima in Israel (Boyce et al., 2004). Passaro
(2010) used the Overhauser magnetometer "Sea Spy", towed 20 m behind a boat, which
provides total field measurements. The sensor position, as well as influences of the
bathymetry and of diurnal variations were corrected in the data before they were in-
terpolated on a 10 mx10m grid. Boyce et al. (2004) used the same measurement setup
and a similar data processing. Here, the data was interpolated to a 3 mx3 m grid. Mag-
netic prospection with centimetre resolution was done by Klein (2011), presenting a
study of magnetic prospection in the harbour basin of Elaia, Turkey and by Wunder-
lich et al. (2015b), surveying the harbour basin of Grof3 Stromkendorf.

1.2.3 Geoelectrics

With geoelectrics, changes in the electric resistivity of the subsurface are detected
(Knodel et al., 2013). These are caused, for example, by a change in porosity, water or
electrolyte content. In the standard application, a four electrode layout is used to inject
a current into the ground at two points. The resulting potential field is measured from
the other points. Since the subsurface is heterogeneous, an apparent resistivity value
of a soil volume is measured. The specific resistivity distribution of the subsurface can
therefore only be determined by inversion approaches. The method is used both in 1D
for depth sounding and in 2D, 2.5D and 3D for earth resistivity tomography (Beblo,
1997). However, the equivalence principle, which describes ambiguous solutions of
the modelling of the subsurface, must always be considered for the interpretation of
data.

A major advantage of the method is that it can be applied in most environmental con-
ditions. The (saline) water column allows a very good coupling of the electrodes to
the water layer and provides new opportunities to use different measurement setups
(floating vs. lowered and towed vs. stationary electrodes). These can be used de-
pending on the application where faster (floating, towing) or very precise (lowered,
stationary) measurements are required. A disadvantage is that the apparent resisitiv-
ity can be seen as a weighted average of the resistivity of all bodies through which
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the current flows. Since the current flows mainly through the water, the bottom be-
low the water column hardly contributes to the measured values. In the following
inversion it is hardly possible to determine the correct specific resistivity of the soil
or even to resolve variations of the specific resistivity in the soil. This can be over-
come by a very long measurement setup, which in turn, makes the measurements very
time-consuming.

The water depth, water conductivity, measurement configuration and the electrode
layout influence the spatial resolution and the depth of penetration of the method. The
resolution is usually in the decimetre to metre range. Most archaeological prospection
studies have average penetration depths up to about 5m below the water surface.

There are only a few specific applications on archaeological prospection in the Mediter-
ranean area of Roman wall fundaments (Seeliger et al., 2014; Kritikakis et al., 2015;
Simyrdanis et al., 2016). In this context, the feasibility of the method for prospecting
wall foundations was systematically tested for the first time (Simyrdanis et al., 2015).

1.2.4 Ground-Penetrating Radar

Ground-penetrating radar (GPR) is sensitive to changes in the dielectric permittiv-
ity and the specific resistivity of the soil. The sensitivity of the method for changes
in the magnetic permeability is mostly neglected under the assumption that the soil
has a constant permeability. The permittivity refers to the polarisation capability of a
material by electric fields. A unique aspect of water is that it is the material with the
highest permittivity of approx. 81. GPR antennas transmit electromagnetic waves into
the ground, which are partly reflected, absorbed or transmitted by interfaces caused
by changes of above parameters. The travel times and amplitudes are recorded. The
GPR frequency spectrum ranges from 30 MHz to 3 GHz (Kovacs, 1991).

Advantages of the method are a fast and simple application of the land equipment in
the water. In addition, the data can be examined on site. Furthermore, because water
has such a high permittivity, the contrasts to other materials are strong. The major
disadvantage of the method is the growing attenuation of the electromagnetic waves
with increasing salinity of the water. Thus, the method cannot be used at all in the sea
and brackish water. In addition, GPR antennas are actually built for low permittivity
environments, (e.g. granite with a permittivity of 3). This results in antenna ringing in
the water, which reduces data quality, and a frequency decrease of about 25 % (Kovacs
et al., 1985).

The spatial resolution as well as the depth penetration of the method is mostly fre-
quency dependent. For a prospection of archaeological objects in water, frequencies
of 200 MHz-400 MHz MHz are mainly used. Therefore, the spatial resolution is in the
centimetre to decimetre range. The depth penetration is a few metres.

So far, only the strong contrast between ice and groundwater (Schwamborn et al., 2002;
Annan and Davis, 1977) and geological issues (Sellmann et al., 1992; Sambuelli and
Bava, 2012; Sambuelli et al., 2009) have been prospected. For some years now, there
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have also been a few applications for the localization of objects, e.g. wood and ord-
nances (Jol and Albrecht, 2004; Arcone et al., 2010). In addition, the location of a
jet ski was reconstructed (Ruffell, 2006) and walls were searched for in the Black Sea
(Abramov and Vasiliev, 2004).

1.3 Study aim

The previous sections show that there are promising objectives in the shallow water
(depth <10m) and that several geophysical methods are available for this purpose.
Thus, studies on applications in shallow water are increasing, but methodological in-
vestigations have so far always been limited to the respective problem. In particular for
the methods geoelectrics and GPR, there are no systematic studies whether and under
which conditions they can be used for archaeological prospection complementary or
alternatively to seismic measurements, considering the limitations due to the physical
parameters of the water column. In addition, the materials of potential targets, espe-
cially wooden constructions in the surrounding soil, have not yet been systematically
investigated according to their physical parameters.

For geoelectrics, the methodological approach of some studies was mainly focused to
overcome the influence of the water column for the respective problem. A common ap-
proach has been to compare inversion results of synthetic 2D data (Simyrdanis et al.,
2015; Orlando, 2013). Simyrdanis et al. (2015) are the only ones to study archaeologi-
cal issues, such as underwater wall fundaments below a salty water column, differenti-
ating between measurement configurations as well as between submerged and floating
electrodes. Another approach was to calculate vertical sounding curves (VES) approx-
imating shallow water two-layer and three-layer cases for respective problems (Kwon
et al., 2005; Orlando, 2013). As a third approach, Mansoor and Slater (2007) calcu-
lated sensitivity kernels for various electrode configurations in a homogenous sub-
surface and investigated measurement uncertainties. Only Lagabrielle (1983) showed
VES curves for submerged and floating electrodes, for various scenarios in the soil,
regardless of one specific issue. What is missing is an integrated analysis of field mea-
surement uncertainty, theoretical spatial resolution of vertical sounding curves and 2D
profiles for two and three/four layer geology models, as well as sensitivity and inver-
sion reproducibility analyses for different measurement setups of a marine geoelectric
system.

In contrast to geoelectrics, some methodical studies have been published for the prospec-
tion of GPR in water, which allow general conclusions to be drawn on the behaviour of
the method in water. This was mostly done for antenna frequencies below 100 MHz.
The behaviour of a GPR antenna in water including frequency reduction and the effect
of ringing is well known (Kovacs, 1991). Various studies have been carried out to es-
timate the depth penetration of different antenna systems depending on water depth,
conductivity and lake bottom parameters (Annan et al., 1977; Sellmann et al., 1992).
The antenna radiation characteristics and their resulting footprint size (as a function of
water depth) have also been determined in various approaches, both theoretically and
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practically for a 50 MHz antenna (Arcone, 1995; Sellmann et al., 1992), as well as for
the 200 MHz antenna (Wensink et al., 1990). There are hardly studies that specifically
address the requirements for the prospection of archaeological issues in water (using
400 MHz and 200 MHz antennas) and take into account the measurement conditions
in the field. This includes, for example, the influence of noise caused by turbulence, as
well as of organic material on the penetration depth. Further points are the resolution
in the water and the expected material contrasts.

For the archaeological material wood, the seismic parameters of softwood and hard-
wood in weathered and unweathered state and its material contrasts to different sur-
rounding materials have already been investigated very precisely in two studies (Dix
et al., 2001; Arnott et al., 2005). However, the electric resistivity and the dielectric
permittivity of wood, which is also used as a construction material (McGrail, 2014;
Crumlin-Pedersen, 2004; Diener, 2012), is mostly known from investigations of the
wood industry (Niemz and Sonderegger, 2017; Kollmann, 1968; Skaar, 2012). Here,
most studies focus on wood moisture contents of 0-30% (Peyskens et al., 1984), which
are not representing the expected higher moisture content of fully water-saturated (ar-
chaeological) wood. The studies focussing on fully water-saturated wood do not cover
all aspects regarding the influence of structural orientation and the distinction be-
tween hardwood and softwood (Niemz and Sonderegger, 2017). In addition, the values
of the electrical resistivity and dielectric permittivity are usually not determined us-
ing a four point geoelectrical array or a GPR antenna (Niemz and Sonderegger, 2017).
So far, no research has been done to determine the electrical resistivity and dielectric
permittivity of water-saturated softwoods and hardwoods, taking into account all the
above mentioned points, as well as to determine and evaluate the material contrasts of
different woods to various environmental materials.

From the above aspects, the central theme for this thesis follows:

What can we expect in terms of depth penetration, resolution and detectable material
contrasts in shallow water (depth <10 m) for the prospection of archaeological issues
regarding

i) Geoelectrics
ii) GPR
iii) The material wood, using above methods

and which further fields of application arise?

1.4 Thesis outline

The three research questions defined in section 1.3. are discussed in the following
chapters based on three scientific papers, which form the main body of this thesis.

1) The applicability of an inverse Schlumberger array for near-surface targets in
shallow water environments
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Fediuk, A., Wilken, D., Thorwart, M., Wunderlich, T., Erkul, E., and Rabbel, W.
Remote Sensing 2020, 12(13), 2132.

2) Ground-Penetrating Radar measurements in shallow water environments- a case
study

Fediuk, A., Wilken, D., Wunderlich, T., and Rabbel, W.

Remote Sensing 2022, 14(15), 3659.

3) Physical parameters and contrasts of wooden objects in lacustrine environment:
Ground-penetrating radar and geoelectrics

Fediuk, A., Wilken, D., Wunderlich, T., and Rabbel, W.

Geosciences 2020, 10(4), 146.

The first paper focuses on the applicability of geoelectrics in shallow water. We sys-
tematically investigate shore-parallel measurements of a multi-electrode streamer in
a brackish water column of about 1 m and 0.3 QOm. An inverse Schlumberger config-
uration as a compromise between horizontal and vertical resolution is used. Different
measurement setups are distinguished (mobile vs. stationary as well as floating vs.
submerged). As a preliminary step, we determine the measurement accuracy. This is
followed by the determination of the resolution of layer thickness and resistivity for
the prospection of three to four layers (1D) and objects (2D), as wells as of the inversion
reproducibility. Therefore, we use amongst others forward modelling and sensitivity
calculation of synthetic data.

In the second paper we investigate specific features of GPR measurements in shal-
low water at different survey locations, as well as the methodological requirements
for archaeological prospection. We use measurements of a 200 MHz and 400 MHz an-
tenna at four different measuring locations with different water depths, conductivity
and ground material parameters: A swimming pool, a river, a flooded gravel pit and
a pond. The noise level in the water column and at the end of the radargram allows
conclusions to be drawn on the penetration depth. We check the influence of organic
material in the water column on the measurements. In addition, we test different
resolution criteria theoretically and practically and study the antenna radiation char-
acteristics. Material contrasts that can be expected during archaeological prospections
are calculated.

The possibilities of prospecting submerged archaeological wooden structures such as
shipwrecks using geoelectrics and GPR are analysed in the third paper. For this pur-
pose, the electric resistivity and the dielectric permittivity of wood are determined in
relation to the water saturation in a laboratory experiment with "modern" wood pieces
and geophysical equipment. Therefore, we use a first assumption that modern water-
saturated wood is comparable to unweathered archaeological wood. We distinguish
different wood types and anisotropy directions. From these data, contrasts of water-
saturated wood to various surrounding materials are calculated and compared with
seismic material contrasts. Furthermore, a depth estimation for the detection of wood
with GPR and geoelectrics is done.
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2 The applicability of an inverse
Schlumberger array for
near-surface targets in shallow
water environments

Abstract We investigate the applicability of offshore geoelectrical profiling in the lit-
toral zone, e.g., for archaeological prospection, sediment classification and investi-
gations on coastal ground water upwelling. We performed field measurements with
a 20m long multi-electrode streamer in inverse Schlumberger configuration, which
we used to statistically evaluate measurement uncertainty and the reproducibility of
offshore electric resistivity tomography. We compared floating and submerged elec-
trodes, as well as stationary and towed measurements. We found out that apparent
resistivity values can be determined with an accuracy of 1% to 5% (10) depending on
the measurement setup under field conditions. Based on these values and focusing
on typical metre-scale targets, we used synthetic resistivity models to theoretically in-
vestigate the tomographic resolution and depth penetration achievable near-beach un-
derneath a column of brackish water of about 1 m depth. From the analysis, we con-
clude that offshore geoelectric sounding allows the mapping of archaeological stone
settings. The material differentiation of low-porosity rock masses <15% is critical.
Submerged wooden objects show a significant resistivity contrast to sand and rocks.
Distinguishing brine-saturated sandy sediments from cohesive silty-clayey sediments
is difficult due to their equal or reversed resistivity contrasts. Submarine freshwater
discharges in sandy aquifers can be localized well, though difficulties may occur if the
seafloor encounters massive low-porosity rock masses. As to the measurement setups,
submerged and floating electrodes differ in their spatial resolution. Whereas stone
settings of 0.5m to 1 m can still be located with submerged electrodes within the up-
permost 4 m underneath the seafloor, they have to be >2m if floating electrodes are
used. Therefore, we recommend using submerged electrodes, especially in archaeo-
logical prospection. Littoral geological and hydrogeological mapping is also feasible
with floating electrodes in a more time-saving way.

2.1 Introduction

In recent years, various research issues in shallow water environments were investi-
gated by marine electrical resistivity tomography (ERT). The method is sensitive to
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lateral and vertical changes in the subsurface electric resistivity and can be used to
address materials, especially in extremely shallow water and gassy environments. In-
vestigations include issues such as local groundwater upwelling in coastal areas (Man-
heim et al., 2004) and geological variations of the subsoil (Okyar et al., 2013; Snyder
and Wightman, 2002) as well as metre-scale investigations prospecting archaeolog-
ical objects, such as wall fundaments or ancient harbor installations (Papadopoulos
et al., 2016; Simyrdanis et al., 2018). In a shallow water environment, geoelectric mea-
surements can be performed under excellent coupling conditions due to low water
resistivity values and uniformly good contact of the electrodes to the medium. This
allows stationary measurements as well as continuously towed measurements. Towed
measurements show a faster and denser measurement coverage and therefore enable
the survey of larger areas in less time than stationary measurements, whilst the po-
sitioning of the measurements is more imprecise (Passaro, 2010). However, the main
limitation of the method also results from the low apparent resistivity values of the
water, which is reducing the depth penetration (Lagabrielle, 1983).

Several studies investigated different aspects concerning the applicability of marine
geoelectrical measurements for different measurement configurations and setups re-
garding the resolution. Simyrdanis et al. (2015) compare inversion results of synthetic
two-dimensional (2D) data for isolated underwater wall fundaments in a homogenous
subsurface below a salty water column at 0.5m to 2m water depth. They differ be-
tween a Dipole-Dipole, Schlumberger and Pole-Dipole configuration as well as be-
tween submerged and floating electrodes. They recommend a Pole-Dipole or Schlum-
berger configuration and did not notice any difference for submerged and floating elec-
trodes up to 1 m water depth. According to the study, objects have to be twice as wide
as the electrode spacing to be resolved properly. A priori information, especially about
the water depth, improves the results. However, incorrect a priori information can eas-
ily falsify the results. Orlando (2013) compare one-dimensional (1D) vertical electric
sounding (VES) curves of floating and submerged electrodes for a three-layer case for
both Schlumberger and Dipole-Dipole configuration. A higher contrast of the mid-
dle layer to its surrounding can be resolved with both setups and configurations more
easily, no matter whether the resistivity values are larger or smaller than the surround-
ing. For small resistivity contrasts, the most feasible setup or configuration changes.
Additionally, the study shows VES curves of a Wenner a configuration submerged to
the bottom of an approximated shallow water two-layer case, with a maximum sub-
bottom resistivity of 10 Om. For streamer lengths <20 m and sub-bottom resistivity
values >7 (OOm, small uncertainties of the apparent resistivity can induce errors esti-
mating the sub-bottom resistivity. VES curves approximating shallow water two-layer
cases are also presented in Kwon et al. (2005) for a Dipole-Dipole configuration. This
study also considers that a streamer length >20m is required in order to be able to
resolve resistivity values >7 Qm in the subsurface, but this in turn influences the spa-
tial resolution. A study to overcome the limitations of deeper water (~50m) is pre-
sented in Baumgartner (1996), designing a “fishing rod streamer” which is a vertical
Pole-Pole configuration. Mansoor and Slater (2007) calculated sensitivity kernels for
various electrode configurations in a homogenous subsurface, e.g., a modified Wenner
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a configuration, which is preferable to a Dipole-Dipole configuration regarding depth
penetration. They estimated measurement uncertainties by calculating the relative
standard deviation of tie points in the measured profiles that include the forward and
backward directions. A mean average uncertainty of 3.5% was observed.

Based on all this background, the presented study provides, for the first time, an inte-
grated analysis of all field measurement uncertainty, theoretical spatial resolution of
vertical sounding curves and two-dimensional (2D) profiles for two- and three/four-
layer geology models, as well as sensitivity analyses for different measurement setups
of a marine geoelectric system. We examine the ability of different measurement se-
tups (mobile vs. stationary and floating vs. submerged electrodes) of a multi-electrode
streamer of inverse Schlumberger configuration to reconstruct shallow water subma-
rine stratigraphy. This includes:

i) Repeated measurements of parallel near-shore profiles in about 1 m water depth
in different measurement setups to obtain a dataset that enables the statistical
inquiry of measurement uncertainties and inversion reproducibility.

ii) Theoretical considerations based on forward modelling and inverse modelling to
estimate the spatial resolution and depth penetration in 1D and 2D resistivity
model data.

Following the studies of Simyrdanis et al. (2015) and Orlando (2013), we use field
measurement uncertainties to investigate the spatial resolution from layer resistivity
and thickness from 1D forward modelling and inversion for different layer models.
We provide information about the required streamer length and the depth resolution
of layers. Furthermore, the 2D spatial resolution of multiple non-isolated objects be-
low a water column are also considered. The paper starts with the investigation of the
measurement accuracy and inversion reproducibility of field data before focusing on
synthetic data to investigate the resolution and depth penetration for 1D cases, fol-
lowed by the investigation of the spatial resolution of a 2D case.

2.2 Methods

2.2.1 Measurement configurations, Field measurements and
Investigated Materials

To investigate the applicability of geoelectrical measurements in shallow water envi-
ronments, a 20 m long multi-electrode streamer was used on test profiles conducted
parallel to the Baltic Sea coastline. Due to its short length, it is easy to handle with
two persons in about 1 m water depth without using a boat. An inverse Schlumberger
configuration was used. The current electrodes C1 and C2 are positioned in the mid-
dle of the streamer and the potential electrodes P1a-P1b to P8a—-P8b are symmetri-
cally spaced to the sides around the streamer midpoint (Table 2.1, Figure 2.1a). This
enables simultaneous measurements on all potential electrode pairs during current in-
jection, meaning that one complete sounding curve of apparent electric resistivity is
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Figure 2.1: Left column: Schematic view of different measurement setups including
stationary floating electrodes (setup F, a), stationary submerged electrodes
(setup S, b) and towed floating electrodes (setup T, c¢). Right column: Im-
ages of two-layer (2L, d) respectively three-layer cases (3L, e) approximat-
ing metre-scale targets. “C” indicates the current electrodes and “P” the
potential electrodes of the streamer.

recorded during each measurement cycle. The sounding was performed with RESECS
(Resistivity Electrode Control System) multi-channel geoelectric unit and stainless-
steel electrodes (see also Figure 2.2b). All equipment was manufactured by the com-
pany GeoServe in Kiel, Germany. The following three experimental setups were inves-
tigated:

i) Stationary floating electrodes (Figure 2.1a, setup F)
ii) Stationary submerged electrodes (Figure 2.1b, setup S)
iii) Continuously towed floating electrodes (Figure 2.1c, setup T)

For positioning, we used a Leica 1200 Smart Rover RTK-GNSS (manufactured by Le-
ica Geosystems, Heerbrugg, Switzerland). For the towed measurements, streamer co-
ordinates were registered at the front part of the streamer. For the stationary mea-
surements, the coordinates were recorded at the streamer midpoint. A 40 m long test
profile was conducted in the Eckernforde Bay, Baltic Sea, Germany (Figure 2.2a), in a
distance of 6 m from the shore. The water depth was about 1 m underneath the profile,
with the sea bottom dipping 10° from the beach. The resistivity of the brackish water
was 0.3 (Om, measured with a digital conductivity meter GMH 3430 (manufactured
by Greisinger, Regenstauf, Germany). The sea bottom consisted of medium sand. To
investigate the measurement uncertainty under field conditions, we repeated the mea-
surements 8 times for setup T and 16 times for setup F and S (Figure 2.2b) and tested
the reproducibility of the electric tomography with the collected data.
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Kiel
Germany

Hamburg

Figure 2.2: a) Location of Eckernforde Bay in Germany, b) Profile using setup F in
Eckernforde Bay, Baltic Sea, Germany. Ranging-poles mark the profile of
40 m length in which the 20 m long, inverse Schlumberger multi-electrode
streamer is positioned.

Electrode pair Half electrode layout L/2 [m]

C1-C2 +0.25m
Pla-P1b +0.75m
P2a-P2b +1.25m
P3a-P3b +1.75m
P4a-P4b +2.50m
P5a-P5b +3.50m
P6a-P6b +5.00m
P7a-P7b +7.00m
P8a-P8b +10.00m

Table 2.1: Inverse Schlumberger configuration used for Eckernforde repetition mea-
surements.

Furthermore, we use modelled datasets of a two-layer (2L) case (Figure 2.1d), repre-
senting an integral sea bottom/sediment rock resistivity, and a three- and four-layer
(3L/4L) case (Figure 2.1e) representing possible thin layers embedded in the sea bot-
tom, e.g., an archaeological object in the sea floor. The specific resistivity of the water
column corresponds to brackish water of the Baltic Sea. For the 2L case, we usually
assume a water column of 1 m, which for some investigations we vary from 0.2 m-2 m.
The specific resistivity of the second layer was varied from 1 (Qm-1000 (Qm. This in-
cludes materials such as fully saturated clay and sand (saturation of 1) of about 1 Om
(Schon, 1983). Porous, weathered rocks, e.g., limestone, show specific resistivity val-
ues of about 100 (Qm, whereas unweathered rocks such as granite are up to 1000 Qm
(Schon, 1983). Another possible field of application is the upwelling of groundwa-
ter below the sea floor. According to Archie’s law (Archie et al., 1942), freshwater-
saturated sand shows a specific resistivity of about 100 Qm.
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For the 3L/4L case, we again define a brackish water column of 1 m. The subsurface
shows values of 1 Om and 10Qm for this case. A specific resistivity of 10 (Qm cor-
responds to saturated sandy soil (saturation 0.3) (Schon, 1983). A layer of variable
thickness, which again shows resistivity values of 1 QOm-1000(Qm, is inserted into
the subsurface at variable depths. This range includes possible archaeological stone
settings from 100 (Om-1000 Om in sandy or clayey environments, depending on the
material and weathering. Furthermore, targets such as extended wooden construc-
tions, e.g., shipwrecks, are considered (Figure 2.1e). Fediuk et al. (2020b) determined
a specific resistivity of wood of about 210 QOm in fresh water of 21 QOm. If this ratio
is applied to brackish water, water-saturated wood is about 3 QOm in this case. Both
aims shall conclude in the most appropriate measurement setup to resolve the above-
mentioned fields of application, including subbottom layers and objects of meter-scale
extend issues.

2.2.2 Repeated field measurements
Measurement uncertainty

We repeated the stationary measurements for the floating (F) and submerged (S) se-
tups 16 times on each position before we moved the cable 1 m to the next point on the
profile. Mean values and relative standard deviations were calculated for each posi-
tion and electrode spacing. The towed measurements (setup T) were repeated eight
times in both forward and back direction (with and against wind direction) for two
measurement cycle lengths of 0.25s and 0.5s (see Figure 2.3). The RTK-GNSS (global
navigation satellite systems) coordinates were smoothed using a spline interpolation
before they were assigned to the streamer midpoint. The profile data was divided into
bins, for which again mean values and relative standard deviations were calculated.
The inline bin size was chosen to be 30 cm, which corresponds to the streamer dis-
placement during the delay time of 0.8 s between two measurements for an average
pulling velocity of 0.4 %*. The delay time consists of the longest selectable measure-
ment cycle of 0.5s (see Figure 2.3) and the internal data storage time of 0.3s. For a
better comparison of setup T with setup S and F, where a measurement was taken
each meter, an inline bin size of 1 m for setup T was chosen as a second option. We
differentiate between five error sources, all of which are dependent on the electrode
array distance. Therefore, we will exemplarily focus on the maximum error of the 7"
electrode pair with a half potential electrode distance of L/2 = 7m.

Noise As it is common for geoelectric instruments, the injected currents and related
potential differences are reversed in polarity during one measurement cycle and fol-
low typical rise and decay time functions (Figure 2.3). The recording unit evaluates
the quality/noise level within the time intervals of the plateaus of the step functions
and accepts or declines a single apparent resistivity value due to a selectable threshold.
Single events, such as water waves, contribute to the noise level and are thus recorded
by the acquisition unit. We quantify “noise” as the standard deviation of a single mea-
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surement within the time intervals of two half cycles (Figure 2.3, yellow line) during
a measurement cycle of 0.25s or 0.5s (Figure 2.3, red line) from their average value
corresponding to the measured resistivity value.

Smearing effects In setup T, the continuous movement of the electrode streamer
causes a spatial “smearing” of data values along the profile (“inline”) during one cycle.
This also affects the standard deviation of the single measurements within the intervals
of two half cycles (Figure 2.3, yellow line) and can therefore not be distinguished from
noise. Therefore, we do not consider this effect separately. It results in an increased
standard deviation for setup T and is included in the term “noise”.

positive half cycle

8

negative half cycle

Injection current [mA]

positive half cycle

oy

negative half|cycle

easured potential m

differences [mV]

Time [s]

="

Measurement cycle 0.5s/0.25 s
Current injection

Calculation of the mean value and
deviation of current and potential

Figure 2.3: Sketch of a geoelectric measurement cycle, showing a) the strength of the
injected current and b) the measured potential differences with time within
the time window of two half cycles. The red line describes the full length
of either 0.5s or 0.25 s used for the measurements. The blue box highlights
the time interval of current injection. The yellow line shows the interval for
the calculation of the mean measured value of current and potential, from
which the standard deviation is given, defining the measurement noise.

Streamer deflections Uncertainties in apparent resistivity are also caused by de-
flections of the electrode streamer that result from wind and swell, especially during
towed prospections. Streamer deflections change the electrode spacing and, there-
fore, the geometry factor required for computing the apparent resistivity values. To
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estimate this error type, we assume a relative inline displacement e = 10cm of each
streamer end with respect to their midpoint (Figure 2.4). Since the length b of the
streamer remains constant, this displacement causes a deflected streamer that we as-
sume to be approximated by the shape of a circle segment, such that the streamer
midpoint is displaced by a distance, a, orthogonally from the inline direction. In this
geometry, the streamer is an arc segment of length b and its ends are connected inline
by a secant of length s. The midpoint displacement a can be calculated using the center
angle of the arc a and the circle radius r according to:

2-r—V4-r2-52
a= 5 (2.1)

From this, the geometry factor k can be calculated from the symmetrical distance of
f =C1P7a=C2P7band g=C1P7b = C2P7a (Figure 2.4) for floating electrodes:

kfloating = ( T 1 1 (2.2)

and for submerged electrodes using the mirror source technique, depending on the
water depth t,:

47
ksubmerged:(l_l_l+l+l_l_l+l) 2:3)
f g g f"h i iTh
2 Fipr A2 2, CoP7”
h:\/(Z-tw) +C1P7a :\/(Z-tw) +C2P70b (2.4)
1= \/(2 . tw)z + C1P7b2 = \/(2 ) tw)z + C2P7a2 (2.5)

The uncertainty for the apparent resistivity of an electrode pair results from the dif-
ference of the geometry factor for the straight and deflected cable and the arithmetic
mean value for the repeated measured current and voltage.

Effective water-level variations There are two effects, which we combine into an
“effective water-level variation”. The first one is swell, which displaces the electrodes
in the vertical direction, thus changing their distance to the sea bottom. It depends
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Figure 2.4: Simplified drawing of measurements carried out parallel to the coastline
causing a deflected streamer, approximated by the height of a small circle
segment. « is the centre angle of the arc, r is the circle radius, b is the
length of the streamer, s is the secant, a is the orthogonal displacement
from the midpoint, e is the relative inline displacement. C1 and C2 are
the current electrodes, P7a and P7b are the potential electrodes, f is the
distance between P7a and Cl1 respectively P7b and C2, g is the distance
between P7a and C2 respectively P7b and C1.

on the speed, lengths and heights of the water waves. The second effect is the possi-
ble variation of bathymetry in the crossline direction, which affects the measurements
through the varying crossline deflections of the streamer. Quantifying these effects in
an exact way would require, besides bathymetry, accurate knowledge of the 3D po-
sitions. As this is hardly achievable, we attempt to estimate the order of magnitude
of the resulting uncertainties by assuming that they can be modelled by the tempo-
ral variation of an “effective water-level”. For this purpose, we compute the apparent
resistivity values for a set of two-layer (2L) models. The thickness of the upper layer,
identified with the water column of 0.3 (OOm resistivity, is varied between 0.8 m and
1.2m in intervals of 10 cm. At an average water depth of 1 m, the curves correspond to
an effective water-level variation of + 10 cm and + 20 cm. For the bottom layer, resistiv-
ity values of 1 (Qm and 100 Om were chosen. A bottom resistivity of 1 QOm corresponds
to saturated sand or clay, whereas a bottom resistivity of 100 Qm corresponds to satu-
rated limestone (Schon, 1983). In order to estimate the measurement uncertainty for
the different setups, an effective water-level variation of 5 cm was assumed for setup S,
of 10 cm for setup F and of 20 cm for setup T. The uncertainty is defined to be the dif-
ference between apparent resistivity of the average water depth and of the maximum
water displacement.

Repeatability of profile locations To complete the considerations on the errors of
the three measurement setups (F,S,T), the general positioning uncertainty of the mid
streamer point was evaluated in inline and cross-line directions using the data of setup
T, which is assumed to have the largest uncertainties in positioning. This was esti-
mated using the deviations of the GNSS (global navigation satellite systems) coordi-
nates from the mean profile track, the possible streamer deflections and the inline
“smearing interval length” of data due to the streamer movements during a measure-
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ment cycle for setup T. The positioning uncertainty provides effective water-level vari-
ations in a sloped seafloor, similar to cable deflections, and thus uncertainties in ap-
parent resistivity. They have been summarized above in point (d). In addition, the
positioning uncertainty restricts the prospection of laterally limited objects.

Inversion reproducibility

We tested the reproducibility of inversion results from eight repeated profiles in Eck-
ernforde Bay for all three setups. The inversions were carried out with the software
RES2DInv (Loke and Barker, 1996). We did not provide a priori information with the
inversion for setup F and T. However, the specification of water depth and water resis-
tivity was required for setup S. From the inversion results of eight repetition profiles,
mean values and standard deviations were determined for each setup. For setup T, an
inline data bin size of 1 m was compared to a lower bin size of 30 cm.

1-1000 Om 1-1000 Om 1-1000 Om
1-1000 Om 1-1000 Om 1-1000 Om

Figure 2.5: Subsurface models used for forward calculations in the 2L case for a) a
shallow water environment, setup F, b) a shallow water environment, setup
S and ¢) an onshore environment, as well as in the 3L case for d) a shallow
water environment, setup F, e) a shallow water environment, setup S and
f) an onshore environment.

2.2.3 Resolution of layer thickness and resistivity in 1D media

We investigated the resolution of layer thickness and resistivity for our inverse Schlum-
berger streamer with different measurement setups based on numerical studies of 1D
cases with 2L and 3L/4L models and on field measurement uncertainties. This in-
volved:

* Forward modelling of layered media, to investigate which apparent resistivity
values and layer thicknesses can be differentiated due to field measurement in-
accuracies in a number of scenarios for setups F, S and T.
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 Stochastic inversion of the forward modelled data for setups F and S to investi-
gate how the results of the forward modelling affect equivalent solutions of layer
thickness and resistivity during the inversion.

Forward modelling of layered media

In order to understand the characteristics of geoelectric measurement curves in shal-
low water, we calculated Schlumberger sounding curves comparing shallow-water and
onshore settings. To approximate sediment and rock below a water layer, we have de-
fined three possible 2L scenarios (Figure 2.5a—c). They correspond to shallow water
(Figure 2.5a, b) and to onshore settings (Figure 2.5c). The shallow water settings are
based on the 2L case shown in Figure 2.1, with a brackish water column of 1 m depth
and a second layer of material varying from saturated clay to granite. Specific resis-
tivity values from 1 (Om-1000 OOm were chosen in irregular steps. Offshore archaeo-
logical features are often sanded in shallow depth underneath the seafloor (see also
Figure 2.1e). Targets such as wrecks or harbor constructions may extend horizontally
over several meters, but much less in depth. This motivated us to make an attempt to
assess the arrays’ ability to locate this type of target. Therefore, we have defined three
3L cases (Figure 2.5d-f), again comparing shallow water (Figure 2.5a, b) and onshore
settings (Figure 2.5c). Here, we included a 1 m thin sea-bottom layer over a half-space
thought to represent an archaeological feature. The third layer satisfies the criteria
for moistened sand. In the onshore scenario, the 1 m thick water layer was replaced by
moistened sand, and the other layer parameters were kept constant. The measurement
configurations selected were setup F (Figure 2.5b) and S (Figure 2.5¢) for shallow water
settings. For the onshore settings, electrodes at the surface were used. The formulae
for computing theoretical sounding curves were derived for the Schlumberger config-
uration. However, because of the reciprocity theorem, they also apply to the inverse
Schlumberger configuration. They are given in the Appendix 2.6, where floating and
submerged electrodes are differentiated. Based on the sounding curves, we followed
further considerations to investigate which specific subsurface resistivity values can
be resolved based on the measurement uncertainty of the three measurement setups
using forward modelling:

i) We calculated the required streamer length for an inverse Schlumberger config-
uration to differentiate the specific resistivity of the subsurface from a 2L case.
We distinguished between a shallow water and an onshore scenario, in which the
depth of the first layer is varied.

ii) We defined a 2L shallow water scenario with a brackish water column of 1 m
depth and a subsurface resistivity of 1 Om, respectively 10 Om. The streamer
used for the field measurements in section 2.2.1 was chosen for the measurement
configuration. We inserted a layer of variable thickness and resistivity into the
homogeneous half-space of the 2L case at a variable depth, resulting in a 3L or 4L
case. We investigated the conditions at which the layer can still be differentiated
from the homogeneous half-space.



22 2 The applicability of an inverse Schlumberger array

Required streamer length in the 2L case We calculated the required streamer
length to differentiate between subsurface resistivity values with a tolerance of 100%.
First, we calculated the apparent resistivity for specific resistivity values of 1 (Om-
1000 Om as a function of the electrode layout of 1 m—1000m. Then, we calculated
the apparent resistivity values for the doubled resistivity values described above for
the same electrode layout. For each streamer length, the apparent resistivity values
are subtracted from each other. The required length is reached when this difference
is more than three times larger than the field measurement uncertainty, depending on
the measurement setup.

Resolution of a layer in the sea bottom (3L/4L case) To determine the resolution
of a layer in the sea bottom, we calculated sounding curves for the 3L/4L case within
the following ranges: The specific resistivity of the layer ranges from 1 Om-1000 Qm
and thickness of the layer is 0.1 m—1.8 m. The depth of the layer is 0 m—10 m below the
1 m deep sea bottom and the specific resistivity of the half-space is 1 (Qm and 10 QOm.
Then, the quotient is calculated from the 3L/4L case with an embedded layer and the
2L case (with a sea bottom resistivity of the half-space). For eight quotients for each
measurement curve, the variance with respect to the value 1 is calculated and then
a one-sided F-test is done. Thus, 2L and 3L/4L curves can be separated from each
other with a probability of 95% if the calculated variance is greater than a multiplied
factor (here, 2.1, depending on the degrees of freedom) of the squared measurement
accuracy. The measurement accuracy depends on the chosen measurement setup.

Calculation of equivalent model solutions by stochastic inversion by particle
swarm optimization

After examining sounding curves, we wanted to investigate to what extent measure-
ment uncertainties affect ambiguities of inversion results. We applied stochastic inver-
sion as a statistical approach to quantify equivalent model solutions within a defined
parameter space. For this purpose, we chose the particle swarm optimization method,
after Millonas (1994). It was applied to minimize the misfit between modelled sound-
ing curves and our exemplary curve, measured at Eckernforde bay, and to explore the
space of suitable models at the same time. Furthermore, interdependencies of the
subsurface parameters can be quantified. Here, so-called particles (different models,
;) of a “swarm” (a certain number of models) are randomly chosen and then move
through the parameter space searching for minimum misfit solutions within a value
range. The moving corresponds to adding a movement vector, v;, to each particle of an
iteration step t. The new particle (comprising the subsurface parameters (resistivity p;
and thickness h;, of a layer 1)) of iteration f + 1 is then

rﬁt+l:(pllp21”'1h11h2"")t+1:n—/it"_i)t (26)

The search direction 7; of each particle consists of a weighted sum of the initial search
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direction or search direction of the last iteration, the direction to the individual best
solutions of one particle, m;, as well as the direction to the global optimum solution of

the whole swarm, M.

U, = WUy + 17 - (i g = 11y + o7 - (11 — 1) (2.7)

where w and ¢, ¢, are weighting factor, and 7] and 7, are uniformly distributed ran-
dom number vectors out of (0,1), that randomize the search direction. The basic par-
ticle swarm optimization used here is extended by an option that resets the whole
swarm, if stagnation occurs, and a local search algorithm starting at mg after each
swarm movement, following the approach of Wilken and Rabbel (2012). Based on the
huge amount of forward calculations done for a particle swarm optimization, an esti-
mate of the probability density function of the model parameters can be determined,
enabling to calculate an expected model solution as well as the variance of the model
parameters (main diagonal of the covariance matrix). Furthermore, possible trade-offs
between model parameters can be investigated (other entries of the covariance matrix)
(Wilken and Rabbel, 2012). To apply the method for a geoelectric 2L case, using both
setups F and S, we first created 300 random model solutions each consisting of three
parameters: the specific resistivity of the first (p;) and second layer (p;) and the depth
of the first layer (h;). The parameter range or search space is defined from the 2L
model solution of an exemplary sounding curve recorded from the Eckernforde test
profile with setup F using the software IX1D by Interpex. The parameter values are
0.3+0.290m and 80 + 790m for the resistivity values of the first and second layers,
and 0.9 £ 0.5m for the depth of the first layer. The method was also applied for a 3L
case for setup F and S, for which again 300 random model solutions were created con-
sisting of five parameters: the specific resistivity of the first (p;), second (p,) and third
layer (p3), as well as the first and second layer thickness (h; and h;). Here, the parame-
ter range corresponds to that of the 2L case, extended by a third layer. It is defined by
0.3+£0.290m, 80+790m and 10 + 90Om for the resistivity values of the first, second
and third layers respectively, and 0.9 + 0.8 m for the layer thicknesses. To enable the
swarm to leave local minima, the swarm is randomly redistributed after 25 iterations
if the global misfit change is <6-107°. In total, the misfit values of 1800 models of the
first six iterations are used to calculate the probability density function. The variance
of each model parameter is defined as the square of the covariance matrix. A normal-
ized correlation matrix was calculated from the covariance matrix to identify possible
correlations of the subsurface parameters.

2.2.4 Spatial resolution in 2D media

To investigate the spatial resolution of 2D applications below the sea bottom, we ap-
plied two approaches:

* Calculate sensitivity kernels for setup F, S under consideration of the water col-
umn.
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* Perform checkerboard tests for setup F, S.

Sensitivity kernels

The sensitivity kernel describes the effect of a single point-shaped resistivity anomaly
on the potential or measured potential difference for a given electrode geometry. It
depends on the relative positions of the anomalies and electrodes, the resistivity dis-
tribution of the background and the anomaly contrast to this background. Loke and
Barker (1996) considered the potential of an electric monopole, at which a unit-current
(1 A)is fed into a homogeneous half-space. They showed that the change 6V of the po-
tential V at an observer position caused by an anomalous resistivity volume ® can be
calculated by:

oV = 6—5 VV.-VV'dt (2.8)
pPTJo
where p is the background resistivity, op is the resistivity difference of the anomalous
volume with respect to the background and V’ is the “adjoint potential” of an electric
monopole placed at the observer position. Considering a 2D medium with electrode
and anomaly placement in the x-z-plane, the sensitivity kernel for the monopole po-
tential is:

,8V

FC(X,Z) =p %

(2.9)

The sensitivity kernel for the Schlumberger array is then the summation of the four
combinations between current electrodes C1 and C2 and the exemplary chosen poten-
tial electrodes P1la and P1b:

Fscntum(%,2) = Fcipia— Feipis — Feapria + Feapib (2.10)

For electrodes at the surface, the potential V can be calculated by using the half-space
formulas (see Appendix 2.7). For submerged electrodes, the full-space formulas for
the potential V (see Appendix 2.7) and the mirror source technique have to be used:

Fsub,ClPla = PClPla,full +FC1P1a,mirror (2-11)

Sensitivity kernels were calculated for a water layer of 1 m depth and 0.3 Qm over a
half-space media of 10 (Qm by equation 2.8).

Checkerboard tests

After calculating the 2D sensitivity kernels for our inverse Schlumberger streamer, we
used synthetic data to verify the results. In Simyrdanis et al. (2015), numerous in-
vestigations on isolated objects in a homogeneous half-space have already been done.
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We are particularly interested in the spatial resolution of multiple small-scaled ob-
jects, that are aligned in both lateral and vertical direction, and in the resulting limi-
tations of the different measurement setups. For this purpose, a checkerboard test is
useful, where numerous objects are located with vertical and lateral distance. We dis-
tinguished between three synthetic subsurface models of 30 m length and 4 m depth,
approximating both onshore and shallow water scenarios. The checkerboard pattern
consists of 1 mx1 m large bodies with alternating resistivity values of 1 (Jm and 10 Om
in the sub-bottom. These values correspond to typical contrasts in the subsurface, such
as wet sand to weathered rock. They are well-resolvable using our inverse Schlum-
berger streamer in the 1D case, so that the focus can be set on the 2D resolution. An
additional water column of 1 m depth and 0.3 (Qm was implemented for the shallow
water case. Again, setups F and S were compared using a 20 m Schlumberger array. As
the forward modelling was performed with the software RES2DMOD (Loke, 2002), we
used an equal electrode distance of 1 m. Nevertheless, this is comparable to our array
due to the same streamer length and a similar minimum electrode spacing. The hori-
zontal and vertical cell spacing was 0.25m and 0.5 m. Noise of 1% and 2% was added
to the data for the measurement setup S and F. The inversion was done with the soft-
ware RES2DInv (Loke and Barker, 1996). In cases where the checkerboard test could
not provide a spatial separation between the objects, the object arrangement was var-
ied (i.e., using no vertically arranged objects, an increased object size or a larger lateral
object spacing) to investigate the possibilities of each measurement setup.

2.3 Results

2.3.1 Repeated field measurements

In the following sections, results of the repeated field measurements are presented.
First, the measurement uncertainties are shown before focusing on the reproducibility
of 2D inversion results.

Measurement uncertainty

The measurement errors from the 2D repeated measurement profile for setups S, F
and T are shown in Figure 2.6 and in Tables 2.2 and 2.3. Figure 2.6a—c show pseudo
sections of arithmetically averaged apparent resistivity values from repeated measure-
ments for eight pairs of electrodes (y-axis) and 40 positions along the profile (x-axis).
The apparent resistivity values increase with larger electrode spacing, indicating the
transition from the water column to the sea-bottom. The pseudo sections of all three
setups are compatible, showing apparent resistivity values of 0.5(Om-4 QOm. The ap-
parent resistivity values of setup S are slightly higher due to the proximity of the
electrodes to the sea floor. The relative (1 o) standard deviations occurring for each
electrode layout and profile position are displayed in Figure 2.6d—f. The maximum
uncertainties are of the order of 1% for the static measurements and a few percent for
the moving system. In particular, we found the stationary setups S and F showing
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Figure 2.6: Comparison of mean values a)-c) and relative standard deviations d)-f)
from repeated measurements for eight electrode pairs (y-axis) along the
profile (x-axis). Left column: setup S (submerged), centre column: setup F
(floating), right column: setup T (towed).

average uncertainties of <0.8% and <1.5% respectively, whereas the moving setup T
showed uncertainties < 5%. The values are given numerically in Table 2.2. The uncer-
tainties increase with depth for stationary measurements. Noticeable are disturbances
affecting all electrode pairs at particular profile positions. Setup T shows the largest
uncertainties for the fourth to sixth electrode pair

in the middle of the measurement profile. Table 2.2 also summarizes further investiga-
tions of the setup T regarding a possible impact of various measurement cycle lengths
of 0.25s and 0.5 (see Figure 2.3), of the chosen inline bin sizes of 30 cm and 1 m re-
spectively, and of the towing direction with or against the wind on the measurement
uncertainties. None of the aspects have a significant influence on the occurring un-
certainties. However, a short measurement cycle of 0.25s for towed measurements is
rather obstructive, whereas setup F is not dependent on the measurement cycle (Table
2.3).

In the next step, we investigated possible uncertainty sources. Table 2.4 summa-
rizes three assumed error components for the exemplary electrode pair P7a-P7b, with
L/2 = 7m for all measurement setups. The noise was derived from the field mea-
surements, whereas deviations due to streamer deflections and water-lever variations
were theoretically estimated. With relative uncertainties of approximately 1%, 2%
and 5% for setup S, F and T, the noise is equal to the average measurement accu-
racy for the electrode pair P7a-P7b. Thus, for larger electrode layouts, we assume
that other sources of error will only contribute to the maximum recorded uncertain-
ties. For the shortest layouts (L/2 = 0.75m), as an example, the noise for setup F is
0.3%, so that other sources of error are more evident here. Figure 2.7 compares mea-
surement uncertainties of setup F from field data shown in Figure 2.6 and Table 2.2,
with theoretical uncertainty calculations based on estimations made in section 2.2.2,
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Measurement Configuration Rel. stand. Deviation (10)
Setup F 0.8% (L/2=10m)

Setup S 1.4% (L/2 =10m)

Setup T, 1 m bins

With wind, measurement cycle 0.25s 3.7% (L/2 =2.5m)

Setup T, 30 cm bins

With wind, measurement cycle 0.25s 4.3% (L/2 =2.5m)

Setup T, 30 cm bins

With wind, measurement cycle 0.25s 4.3% (L/2 =2.5m)

Setup T, 1 m bins
Against wind, measurement cycle 0.25s 4.2% (L/2 =2.5m)
Setup T, 1 m bins
Both directions, measurement cycle 0.25s 5.4% (L/2 = 2.5m)
Setup T, 1 m bins
With wind, measurement cycle 0.5 s 3.1% (L/2 =2.5m)
Setup T, 1 m bins
Both directions, measurement cycle 0.5s  3.5% (L/2 = 2.5m)

Table 2.2: Summary of relative standard deviations for different measurement setups
arithmetically averaged from 40 measurement positions for the most af-
fected electrode layout (L/2[m], see Table 2.1). Additional aspects such as
the bin size, the towing direction depending on the wind and the measure-
ment cycle length are listed.

Measurement Cycle Rel. stand. Deviation (10)

Is 2.2%
0.5s 1.3%
0.25s 1.4%
0.2s 1.1%

Table 2.3: Relative standard deviations (10) for various measurement cycles of setup
F. The values are determined from a single measurement position for an
electrode layout of L/2 = 10m.

Setup Noise and Streamer de- Water level Total error
smearing viations variations

SetupS  0.03Qm (1%) 0.04Qm (1%) 0.15Qm (5%)  0.22 Qm (7%)
SetupF  0.07Qm (2%) 0.040m (1%) 0.3Qm (11%)  0.41 Qm (14%)
Setup T 0.120m (4%) 0.040m (1%) 0.450m (16%) 1.61 Om (21%)

Table 2.4: Measurement errors resulting from noise, streamer deflections and water-
level variations are estimated for an electrode of L/2 = 7m and compared
among the measurement setups.
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Figure 2.7: Sounding curves of a 2L case for various water depths (coloured curves) and
a first layer resistivity of 0.3 Om and a second layer resistivity of a) 1 Om
and b) 100 Qm. Errors of setup T (blue error bars), setup F (red error bars)
and streamer deflections (black error bars) from Eckernforde Bay repetition
measurements are added.

including water-level variations and streamer deflections. The effective water-level
variations are shown by colored vertical electrode sounding (VES) curves and appear
to affect the apparent resistivity values more than streamer deflections (Figure 2.7, red
error bar, relative errors of 2%). The influence of water-level variations on the appar-
ent resistivity increases with increasing subsurface layer resistivity (compare Figure
2.7a, computed for 1 (Qm, and Figure 2.7b for 100 Qm). Measurement uncertainties
obtained from the repeated profiling with setup T (Figure 2.7, black error bar) are
within the range of effective water-level variations of 10 cm for a subsurface resistivity
of 1 OOm, and uncertainties of stationary measurements (Figure 2.7, blue error bar) are
even smaller. Compared to the calculated water-level variations on a subsurface re-
sistivity of 100 QOm, the measured uncertainties are of little weight. Thus, we assume
that water-level changes occur locally and do not change the total water column, as
considered in the calculation. On the contrary, for resistivity values ~1 QOm, the height
of the water column might be incorrectly determined by +10cm due to measurement
uncertainties. Since Table 2.4 includes the maximum possible impact of water-level
variations and cable deflections, the estimated measurement uncertainties are signif-
icantly higher than the observed uncertainties. As observed with the repeated field
measurements, setup T shows the largest uncertainties followed by setup F and setup
S.

To conclude the section, the repeatability of profile locations of setup T was evaluated
in inline and cross-line directions. The maximum inline position deviation of +50cm
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results from “smearing effects” of £30cm and from errors due to streamer deflections
of +10cm. A histogram of crossline GNSS coordinate deviations, d, from the mean pro-
file track (see also Figure 2.3) is shown in Figure 2.8. The cross-line profile track error
of 50 cm was defined as twice the standard deviation and complemented by cross-line
streamer deflection deviations of +1m for the fourth electrode pair of L/2 = 2.50m
(see also Figure 2.4). This results in a maximum error of +1.50m within the cross-line
direction. Within this range, we expect measurement errors due to water-level vari-
ations or smearing of the apparent resistivity caused by a possible 3D distortion of
target locations.
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Figure 2.8: Histogram of GNSS (global navigation satellite systems) coordinate devia-
tions d, of all towed profiles from the average measurement profile calcu-
lated from a regression curve of the coordinates.

Inversion reproducibility

After investigating the repeatability of measurement values of a profile and possible
sources of uncertainties, the reproducibility of 2D inversions of the same profile is con-
sidered. In Figure 2.9a—c, the arithmetical average of eight individual inversion results
from the repetition profiles are compared for setup S (Figure 2.9a), setup F (Figure
2.9b) and setup T (Figure 2.9¢c). In general, the average inversion results of setup S, F
and T are similar with regard to the water resistivity, water depth and lateral resistiv-
ity distribution in the subbottom, showing a lateral trend from low resistivity values
of 50 Om at the left profile side to resistivity values of >150 (Qm at the right profile
side. The water column corresponds to the onsite measurements regarding depth and
resistivity. For setup S, slightly higher values of the water and subbottom resistivity
were observed. In Figure 2.9d-f, the relative standard deviations of the inversion re-
sults are compared for the three setups. The water column is well reproduced with all
setups, showing deviations <5%. The reproducibility of subsurface resistivity values
is almost comparable to those of the water column with deviations <10% for setup F.
In comparison, setup T shows increased relative standard deviations of >10% in the
subsurface. Setup S shows local deviations of >20%.
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Figure 2.9: Comparative plotting of arithmetical average values (a-c) and relative stan-
dard deviations (d-f) of eight 2D inversion results calculated from repeti-
tion profiles of Eckernforde Bay with the software RES2DInv. a), d) setup
S (submerged), b), e) setup F (floating) and c), f) setup T (towed).

2.3.2 Resolution of layer thickness and resistivity in 1D media
Forward modelling of layered media

We investigated the spatial resolution of our Schlumberger array (largest half electrode
distance, L/2 = 10m, see Table 2.1) by comparing the theoretical sounding curves of
possible onshore and shallow water environments for different layering of 2L and 3L
cases (Figure 2.10). We then focused on a 2L case, where we basically investigated the
influence of varying sea-bottom resistivity and water depths for the three setups on
the required streamer length. Then, we turned to a 3L/4L case were we investigated
the resolution ability of the setups with respect to a layer in a homogenous sea-bottom
thought to represent an archaeological feature.

Sounding curves for the 2L and 3L case

As shown in Figure 2.10, for the shallow water 2L scenarios, the variation span of ap-
parent resistivity due to sea-bottom resistivity is reduced by a factor of 100 compared
to the variation of “true” sea-bottom resistivity within the observation window of the
streamer system (red boxes in Figure 2.9). In a first assumption of the measurement
uncertainties, all setups are able to distinguish between sea bottom resistivity values in
the range of 1 Om-10(0m. However, sea-bottom resistivity values of >10(m appear
to be almost undistinguishable. The main difference between the setups S and F is vis-
ible for array lengths <5m and for subsurface resistivity values <5Qm. In this case,
setup S shows apparent resistivity values of a full-space environment. This is different
for the onshore case (Figure 2.10c), where the higher resistivity of the surface layer
enables a differentiation of bottom-layer resistivity values according to first estimates
in the range of 1 (Om-200 Om, given the same uncertainties and spread lengths as in
the shallow water case. Indeed, the ratio of the resistivity of the top layer to the max-
imum resolvable resistivity of the bottom layer is in both cases about the same (about
0.5%) and approximately equal to the measurement uncertainty. In the 3L case, for
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specific resistivity values of the middle layer of 1 (Qm-1000 (Qm, the resulting range of
apparent resistivity values is 70 times higher in the onshore scenario (4 (Qm-70(m,
Figure 2.10c) than in the shallow water scenario (2.1 Qm-3 Qm, Figure 2.10a, b) for
our streamer length. The maxima of the 3L sounding curves are far out of the streamer
length for the shallow water scenario. Therefore, 2L and 3L sounding curves are quite
similar, depending on the subsurface. This issue is discussed in detail in the section
below. The difference of setup S (Figure 2.10e) and setup F (Figure 2.10d) in the shal-
low water scenario is again visible for small array lengths <2m and low subsurface
resistivity values < 5 Qm.

Required streamer length in the 2L case

Figure 2.11 shows the required streamer length to resolve the specific resistivity of the
subsurface in a shallow water 2L case with a tolerance of 100% considering the mea-
surement uncertainty. Variations of the water column from 0.2 m—2m and the differ-
ences of the setups S, F and T were evaluated. There is a significant difference between
the shallow water scenario (Figure 2.11a—c) and the onshore scenario (Figure 2.11d). In
the onshore scenario, specific resistivity values >100 QQm with a surface layer thickness
up to 2m can be resolved with our electrode array of 20 m length. In the shallow wa-
ter scenario, a specific resistivity of about 10 (Qm can be well resolved in water depths
depending on the measurement setup (0.4 m—-2m). The required streamer length in-
creases with increasing resistivity contrast from the bottom to the top layer. In the
onshore scenario, this increase can be observed from a specific resistivity of 10 Om. In
contrast, due to the top layer of 10 QQm, for specific resistivity values of 1 (Om-10 Qm,
there is a little decrease in the required streamer length. Furthermore, for the shal-
low water scenarios, setup S can resolve a specific resistivity that is seven times lower
than setup T for an equal streamer length and water depth. A duplication of the water
depth requires twice the streamer length in order to resolve the same specific resistiv-
ity values.

Resolution of a layer in the sea-bottom (3L/4L case)

Figure 2.12 shows the required parameters to differentiate an embedded layer from
the surrounding sea-bottom. A brackish water column of 1 m was used to calculate
the maximum depth in which variable layer resistivity values and thicknesses can be
resolved due to the measurement uncertainties. For all measurement setups and layer
resistivity values, the relation between the layer thickness and its maximum resolvable
depth can be described by limited growth functions. For setup S and F, the maximum
layer depth is not reached at any investigated layer resistivity and thickness in a sea-
bottom of 1 Om. For setup T, this applies to resistivity values larger than 200 Qm.
The maximum detection threshold of approximately 8 m depth is reached from a layer
thickness of 0.5 m (Figure 2.12b). Setup S shows the lowest measurement uncertainty.
Here, resistivity values >20 (Om can be resolved for layer thicknesses >0.5m in more
than 10 m depth below the sea-bottom (Figure 2.12a). For setup F, this applies to
resistivity values >100(Qm (Figure 2.12c). For a sea-bottom of 10 (m, the limited
growth curves for specific resistivity values of 50 Om-100 Om and 2 (Om-5(m are in
the same range (Figure 2.12d). Here, comparable layer thicknesses and layer depths
can be resolved. From all investigations, the lowest depth resolution is reached here,
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which is due to the lower contrast of the layer resistivity values to the sea floor.

Calculation of equivalent model solutions by stochastic inversion using particle
swarm optimization

In the last section, we have shown that in shallow water environments, the sounding
curves of an inverse Schlumberger configuration for both 2L and 3L/4L cases with
varying specific resistivity values in the sea-bottom are close to each other. Due to
measurement uncertainties for each setup, specific resistivity values in the subsurface
cannot be properly differentiated. Consequently, ambiguities will occur during the
inversion. In this paragraph, we focus on the question of how significant these am-
biguities are. For this purpose, we analyzed two exemplary 2L and 3L models. The
2L model is based on the 1D inversion result of a measurement curve taken from the
profile of Eckernforde Bay. There is a water layer of 0.3 Om and 0.9 m depth, as well
as a sediment resistivity of 80 QOm. For the 3L case, we have assumed a second layer
of 90cm and 80 (m, as well as a half-space resistivity of 10 (Om. The measurement
uncertainties of the setups S and T were used to weight the inversion solutions.

Resolution of sediments below the water column (2L case)

In the stochastic inversion, six iteration steps were stored for each model. From the
pool of all solutions, those with a relative deviation of <14% to the reference model
were selected to be shown in Figure 2.13a for a better visualization of the inversion am-
biguities for setup F. The particular least-square misfit of the model solutions to the
true model (black line) is color-coded, and the maximum relative misfit of 14% was
normalized to 1. There are slight ambiguities in p; and #; and a wider range of ambi-
guities in p,. These observations can also be quantified by statistical analysis. Table 2.5
summarizes the expected model (see also Figure 2.13a, white dashed line) and its vari-
ance of the subsurface parameters. It becomes apparent that the method is sensitive to
the resolution of the water column. In the sea-bottom, on the other hand, limitations of
the method have to be accepted if the array length is not increased. Furthermore, the
correlations of the subsurface parameters can be derived from the statistical analysis.
Figure 2.13b shows the normalized correlation matrix of the subsurface parameters of
the 2L case for setup F. The main diagonal of the pattern shows the correlation of the
parameters with themselves (variances). The remaining pattern describes the corre-
lation coefficients between the subsurface parameters. A large correlation coefficient
causes a high dependence of a subsurface parameter on another in the inversion result.
In the 2L case, the parameters p; and h; show this dependence. The correlations offer
chances to improve inversion ambiguities by providing information on a parameter
(e.g., the water depth) during the inversion. The unambiguous solution of the other
parameter (e.g., the water resistivity) is derived from this. However, it also includes
risks in the case that erroneous information is given for a parameter in the inversion.
An erroneous specification of the water depth results in an incorrect water resistivity.
If incorrect a priori information on both water resistivity and depth is given, this will
have an impact on the sea-bottom resistivity. In a 2L case, setup S shows the same
results as setup F with regard to both ambiguities and correlation coefficients.
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2L case, setup F

2L case, setup S

3L case, setup F

3L case, setup S

hy 0.9+0.09m 0.9+£0.1m 0.9+0.14m 0.92+0.14m
10.4% 10.6% 14.8% 14.76%
hy - - 1.8 £ 0.41m 1.88 + 0.41 m
22.8% 21.51%
p1 0.3+0.040Om 0.3 +£0.040Om 0.3 +£0.050m 0.3 +0.050m
14.6% 14.7% 15% 15.1%
p2 783 +250m 83 +31.30m 85.1 £2840m 76.9+37.540m
31.9% 37.7% 33.3% 48.8%
P3 - - 12.3 +30m 11.9 £3.90m
24.5% 32.8%

Table 2.5: Expected model and variance calculated from all models saved during the
stochastic inversion using six iteration steps. The subsurface parameters
layer thickness h; and resistivity p; are distinguished for the 2L and 3L case
as well as for setup F and setup S.

Resolution of a layer in the sea-bottom (3L case)

The analysis of inversion ambiguities in the 2L case was also applied to the 3L case
for setup S and F (Figure 2.13c, d). The results for the 2L and 3L case show parallels
and again, the setups hardly differ. The three additional subsurface parameters en-
large the range of possible inversion solutions, and due to measurement uncertainties,
the equivalence principle applies. The water column is also best reproducible with
<15% variance. For all sea-bottom parameters, there are the same restrictions as in
the 2L case, with >20% variance. In addition to p; and h;, the parameters hy and h,,
as well as p, and p3, also correlate with each other. The correlations provide addi-
tional options to limit inversion ambiguities. The resistivity of the second layer can
also be restricted in case the resistivity of the homogeneous half-space in the area sur-
rounding the prospected objects is known. In contrast to the 2L case, the water depth
directly influences the thickness of the second layer. Consequently, erroneous a priori
information on the water depth has an increased impact on the sea-bottom.

2.3.3 Spatial resolution in 2D media

In the previous sections, we have investigated the resolution of layer thickness and
resistivity for 1D sounding curves by forward modelling and stochastic inversion. The
next step is to focus on the resolution of objects with defined lateral dimensions in 2D
measurements for the three measurement setups. Therefore, the sensitivity kernels of
the streamer configuration were calculated and inversion results from synthetic data
approximating numerous objects were evaluated.
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Sensitivity kernels

Sensitivity kernels are dependent on the electrode configuration and show a sequence
of positive and negative sensitivity areas, from which conclusions can be drawn about
the spatial resolution of subsurface targets. The 2D sensitivity kernels of our inverse
Schlumberger array in a water column of 1 m depth and 0.3 Om above a subbottom re-
sistivity of 10 (Qm are compared for setup F (Figure 2.14a) and setup S (Figure 2.14b).
Both setups show a typical Schlumberger sensitivity pattern with its sequence of posi-
tive and negative sensitivity values in lateral direction and the change of positive sen-
sitivity values in vertical direction, that describes the good compromise of vertical and
lateral resolution of the method. However, for setup F, the lateral highly sensitive
area of the array (see black frames in Figure 2.12) is found within the water column.
At the seafloor, the sensitivity values remain slightly positive for half array lengths
<L/2 = 3.5m. It is only half array lengths >L/2 = 5m that show low negative sensitiv-
ity values in the sea-bottom. For setup S, the sensitivity kernels adapt to a full-space
environment with a negligible influence from the sea surface boundary. This is no-
ticeable by the pattern around the potential electrodes being minimally orientated
towards the sea surface. The sensitivity values of setup S are also in accordance with
those of setup F. However, the sequence of positive and negative sensitivity values can
be observed in the water column as well as in the seafloor. In addition, at the seafloor,
the width of the positive sensitivity cone in the middle of the array is different for the
two setups: It is 2m for setup F and 0.5 m for setup S. However, the maximum depth
of the positive sensitivity cone in the middle of the streamer for a half array length of
L/2 = 10m differs only slightly for the two setups. It is about 4 m from the sea surface
and provides a first estimation of the depth penetration of the array. The alternating
positive and negative sensitivity areas in the sea-bottom for setup S is essential for
a sufficient resolution of objects, including their specific resistivity and dimensions.
Thus, setup S is superior to setup F, especially in the resolution of small-scale objects
or the differentiation of numerous laterally separated objects. The positive sensitivity
area of setup F in the sea-bottom ensures that objects of a certain size can be resolved.
However, in case of small object dimensions and large resistivity contrast from object
to the surrounding seafloor, blurring has to be expected. The smallest width of objects
that can be resolved by setup S and F is estimated to be about 0.5 m and 2m from the
lateral extent of the positive sensitivity cones at the seafloor. Thus, with a brackish wa-
ter column of 1 m, the difference in the lateral resolution of objects below the seafloor
is a factor of four among the setups.

Checkerboard tests

After evaluating the sensitivity of the array, we investigated the spatial resolution of
multiple objects laterally and vertically arranged in detail using synthetic data. Figure
2.15 combines the results of the checkerboard tests for an onshore environment (Figure
2.15a) and for a shallow water environment for setup S (Figure 2.15b) and setup F
(Figure 2.15¢,d). Looking at Figure 2.15a in detail, the top row of the checkerboard
pattern is resolved properly and the subsurface resistivity values of 1 Om and 10 Om
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are reproduced correctly, whereas the second row’s pattern is blurred and a half-space
resistivity value of 3 (Om is reached. Thus, objects underlying other structures at the
surface are hidden, as the second row of the checkerboard pattern can be resolved
when the first row is removed. The checkerboard tests approximating a shallow water
environment show different results. For setup S, the top row of the checkerboard
pattern can still be resolved, although the objects become slightly blurred due to the
water column. Additionally, the resistivity values are reduced compared to the original
pattern. The inversion results show resistivity values of 0.5(0m and 50m above a
half-space resistivity of 1 (Qm. Setup F cannot reproduce the checkerboard pattern but
shows a horizontally blurred stripe of increased resistivity of 3 (Qm, which indicates
the pattern of the first row. Below that, the resistivity values decrease. Based on the
results, we modified the checkerboard pattern for this setup and found that vertically
arranged objects generally have a significant negative effect on the results. In this case,
a minimum object size of 2m x 2m and a lateral distance of more than 2 m is required
for the separation of objects. Figure 2.15d shows an exemplary object of this size with a
lateral separation of 4 m. To resolve numerous objects in the sea-bottom, an increased
lateral distance between them is required.

2.4 Discussion

Based on the results, we discuss the applicability of our inverse Schlumberger streamer
with regard to measurement uncertainty, spatial resolution, depth penetration and
inversion ambiguity. We also discuss the most suitable measurement setup.

2.4.1 Repeated Field Measurements

Discussing the measurement uncertainty of different setups, setup S shows the highest
reproducibility due to its fixed electrode positions on the seafloor, from which they are
largely independent of sea surface waves. For setup F, wind, swell and short periodical
waves are of greater importance. Setup T is affected by streamer deflections (Figure
2.4) and possible resulting water-level variations, which cannot be avoided during the
continuous walk along the profile. Furthermore, inline “smearing” effects that occur
from a towed streamer movement during a measurement cycle result in higher errors
of <5% (10) compared to the other setups. A similar measurement error of 3.5% (10)
was observed in Mansoor and Slater (2007) for a modified Schlumberger streamer,
which also had a length of 20m. Setup S and F show the highest relative errors for
large electrode layouts. This is because the electrodes resolving the heterogeneous sea
bottom cause larger errors than the electrodes resolving small resistivity variations of
the water column. Additionally, the measured potential decreases with increasing ar-
ray length, amplifying noise. However, stationary repeated measurements also show
deviations equally affecting all electrode pairs at one profile position. This can be
explained by waves from passing ships that occur spaciously along the surf zone. A
surprising feature is that for setup T, the largest measurement errors were recorded
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for the middle electrode lengths, which is due to the measurement procedure parallel
to the coastline (Figure 2.4). Two persons keep the measurement streamer in track
at both ends, whereas the middle of the streamer is hardly manageable and deflects
towards the beach, affecting the middle electrode pairs imaging the transition from
water column to the sea bottom. As the sea floor slopes down 8.5° towards the sea,
the water depth changes, about 15 <= perpendicular to the beach, which results in
the largest uncertainties for the middle electrode pairs. The high measurement uncer-
tainties in the middle of the profile are because, at the profile beginnings in forward
and backward directions, the streamer was still held straight, which reduces the un-
certainties. The application of shorter measurement cycles of 0.25s instead of 0.5s
for a tighter data coverage with setup T is not appropriate - the resolution limits of
the method cannot be improved any more. We can improve the data quality when
avoiding streamer deflections and measurements affected by long-period waves in the
surf zone. Figure 2.7 and theoretical error estimations for the electrode pair L/2 =7m
in Table 2.4 confirm that measurement uncertainties can hardly be estimated—our
approaches provided overestimations of uncertainty sources. This is due to sea-level
changes, e.g., long-periodical waves, which occur spatially and do not affect the entire
sea surface, as expected for the theoretical estimations. Possible streamer deflections
change permanently along the profile, and thus, errors are also smaller. Furthermore,
uncertainty sources affect each other. A deflected cable causes water-level variations at
the same time, which in turn influences the noise level. In summary, the measurement
uncertainties cannot be corrected. Therefore, it is important to pay attention to a tidy
measurement procedure and calm water conditions.

2.4.2 Spatial resolution

An inverse Schlumberger streamer applied in shallow water environments shows lim-
itations in the resolution of layers, respectively object dimensions, and resistivity due
to the water column. The evaluation of sounding curves of a 2L case shows that only
for a specific resistivity up to 1 QOm does the apparent resistivity coincide with the spe-
cific resistivity of the second layer within our streamer length. Resistivity values up to
10 OOm can still be differentiated. Similar restrictions are also known for other geoelec-
trical configurations from the studies of Orlando (2013) and Kwon et al. (2005), in-
vestigating VES curves for Wenner a and Dipole-Dipole configurations. Both studies
use a water resistivity of 1 (Om and a maximum sea bottom resistivity of 10 Qm; never-
theless, the limitation of the “conventional” measurement configurations are already
apparent in this case. The foremost improvement would be to increase the streamer
length and therefore the electrode layout. With regard to the measurement streamer
manageability and increased measurement and position uncertainties for large array
lengths prospecting a big subsurface volume, this idea is not practical. Furthermore,
coast-parallel measurements become more challenging with a long streamer. A study
to overcome the limitations is presented by Baumgartner (1996). However, the ap-
proach is suitable for water depths of several meters and sufficient space across profile
directions. Thus, “classical” measurement configurations should be chosen according
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to their sensitivity with regard to the respective issue. Simyrdanis et al. (2015) suggest
the Pole-Dipole and Schlumberger configuration in the prospection of archaeological
objects. Orlando (2013) found a high sensitivity of the Dipole-Dipole configuration
for thin layers below the sea floor. Numerous factors can improve the resolution of
each measurement configuration, such as the measurement setup, and thus the mea-
surement uncertainties, as well as a low water column and a low resistivity in the sea
bottom. As an example, in a 3L case, with setup S, it is possible to differentiate be-
tween layer resistivity values that are approximately 5 times larger than for setup F,
for the same depth and thickness of the layer. A duplication of the water layer allows,
under otherwise equal conditions, to resolve resistivity values in the second layer of a
2L case decreased by the factor 2. Simyrdanis et al. (2015) also investigated the influ-
ence of the water depth. For instance, a water column of 1 m or 2 m makes a difference
as to whether an isolated object of 5m x 2m in size can be resolved at a depth of 3m
or not using a 48 m long Pole-Dipole streamer. The resolution of layers in the sea
bottom is more affected by the specific resistivity of the half-space than by measure-
ment uncertainties. A specific resistivity of 1 Om or 10 Qm of the half-space defines
the resolution of a layer of 50 (Qm and 0.5 m thickness in depths >10m or <4 m below
the sea floor. Previous knowledge on the subsurface material is therefore useful for
the success of measurements. In addition to the measurement uncertainty, the sen-
sitivity of measurement setups is important for 2D measurements of lateral-limited
objects. Thus, the lateral and vertical sensitivity of setup S and F in the sea bottom
point out their advantages and disadvantages. These differences of the measurement
setups are more important for numerous objects than for isolated objects. Simyrda-
nis et al. (2015) compare synthetic data representing meter-scale, isolated targets for
submerged and floating electrodes of different measurement configurations. Their in-
vestigations show that submerged and floating electrodes both show good results for
a varying target size and target depth for water depths of 1 m. The inversion results
show that for submerged electrodes, the targets are located in greater depths than for
floating electrodes. Floating electrodes show larger resistivity contrasts for a Schlum-
berger configuration than submerged electrodes. However, for complicated structures
in the subsurface, they recommend using submerged electrodes. This suggestion can
be confirmed from our investigations. With numerous objects laterally or vertically
arranged, setup S provides a significant advantage. This also affects the prospection of
objects in an unknown, heterogeneous sea bottom, with possible natural rock deposits.
Setup F often blurs or does not resolve these structures. Due to the water column, the
specific resistivity values of the inversion results do not correspond to the material of
the objects for both setups.

2.4.3 Depth of penetration

The depth of penetration of our inverse Schlumberger array cannot be generalized, but
depends on many factors: Measurement uncertainty, object or layer dimensions, depth
and resistivity, as well as the resistivity of the surrounding material. In this study, we
followed two approaches that provide information about the depth penetration in a
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brackish water column of 1 m. We calculated sensitivity kernels of our array for float-
ing and submerged electrodes. They define the change in apparent resistivity when
the specific resistivity of a small volume in the subsurface is modified. Based on the
calculations, our array is sensitive for both submerged and floating electrodes down
to a depth of about 4m. This can provide a first approximation for the planning of
measurements. However, layers can also be resolved in larger depths. In our second
approach, we have investigated the change in apparent resistivity due to an embedded
layer in a homogeneous half-space, below the sea floor. In general, for lower resistivity
values of the half-space, a layer can be resolved in greater depth. The approach also
shows that there is a maximum depth of penetration regardless of layer thickness and
resistivity. The maximum depth penetration was reached with setup T for layer thick-
nesses of 0.5m and specific resistivity values of 1000 (Qm in depths of approximately
9m for a half-space resistivity of 1 Om. In our investigations, the maximum depth
penetration for setups S and F was not reached here. For a half-space resistivity of
10Qm, a layer resistivity of 1000 Qm and thickness of 2m, the penetration limit for
setup F is approximately 8 m. It is essential that the sea bottom above the embedded
layer is homogeneous. Our investigations using checkerboard tests show that for nu-
merous objects laterally positioned, underlying layers are blurred. This effect should
also be considered when debris has to be expected on the sea floor, for example.

2.4.4 Inversion ambiguity

The results of the stochastic inversion show that the strengths of marine geoelectric
measurements are the prospection of the water column. Therefore, the method is suit-
able to investigate stratifications in the water column (caused by salinity and temper-
ature). Objects in the water column can also be an area of application. Despite this,
the method is challenging, as most issues focus stratification or objects in the subsur-
face. Here, the inversion results of the subsurface layers are ambiguous and therefore
limited in interpretation. Simyrdanis et al. (2015) also report artefacts appearing in
the inversion results. The correlation of subsurface parameters shows that a priori in-
formation in the inversion offers both advantages and disadvantages. As an example,
Simyrdanis et al. (2015) confirms that for synthetic data, artefacts in the sea bottom
can be reduced by specifying parameters of the water column. However, compared to
field measurements, in this study, the specifications of water depth and resistivity are
well known. In general, for 2D field investigations on the inversion reproducibility of
the measured profile in Eckernforde, the results of the stochastic 1D inversion could
be observed. This includes a well reproducible water column, as well as an identical
lateral trend in the sea bottom for each measurement setup, showing different repro-
ducibility. The difference in the deviations of setup F (<10%) and T (>10%) can be
explained by measurement uncertainties. Setup S shows the lowest inversion repro-
ducibility due to slightly erroneous a priori information on the electrode depth with
respect to the water column, which is required here. This result is from the measure-
ment uncertainty for determining the water depth in the Eckernforde Bay of 10 cm.
Simyrdanis et al. (2015) and Orlando (2013) had similar experiences, observing these
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effects for erroneous a priori information of the water column of 0.5 m. However, the
setup is required to resolve numerous meter-scale objects. Therefore, lots of effort
should be invested in the measurement of the water depth. Since even a low water
column is usually stratified, no a priori information should be provided on this. Due
to the ambiguities and a limited spatial resolution, an inline measurement distance
of 1 m is more reasonable than that of 0.3 m for setup T. An inline measurement dis-
tance of 0.3 m can even cause more artefacts in the inversion results. Therefore, less
data should be used for the inversion of setup T and the measurement setup should
be applied for survey profiles only. In summary, measurement uncertainties do not
affect average sea bottom structures. However, they can falsify the determination of
the subsurface material. Inaccurate a priori information has a much more significant
effect than measurement errors. Also, with other setups, only minimum specifications
of subsurface parameters should be used.

2.4.5 The preferable measurement setup for prospecting a 2L
respectively 3L/4L case

We suggest the following measurement setup for a 20m long inverse Schlumberger
streamer to investigate a layer or objects below a 1 m deep brackish water column: To
prospect a 2L case, setup T is useful and time saving. A limited resolution of specific
resistivity values > 10 (Om has to be considered. Therefore, lateral/vertical changes in
the inverted profiles should be interpreted rather than absolute specific resistivity val-
ues, so that the larger measurement uncertainties compared to setup F are not relevant.
The prospection of multiple objects larger than 2m x 2m x 2m is enabled with setup
F/T. The setup is easier to handle than setup S, area measurements are possible with
less effort and there is no precise specification of the electrode depths necessary. An
example is provided in Passaro (2010), prospecting a military vessel of 30 m length and
15m width. The objects’ dimensions of 21 x 2 in profile direction and into depth cor-
respond to the sensitivity of setup F, as shown by the sensitivity kernels and checker-
board tests. The minimum object width of 2 m across the profile is based on possible
streamer deflections. Setup S is appropriate for objects smaller than 2m x 2m x 2 m.
However, we first suggest survey profiles in the surrounding area with setup T or F
to collect information on the water stratification, bathymetry and the resistivity of the
half-space in the sea bottom. This information can be taken from the inversion results,
if any a priori information is given and if the sea bottom is homogeneous and less than
10 Om. Based on this, we can estimate for which object resistivity and depth we can
expect changes in sounding curve compared to those of a homogenous half-space. In
the next step, measurements should be performed with setup S. Electrodes submerged
to the seafloor provide the lowest measurement and positioning uncertainty. However,
the electrode depth has to be measured with centimeter precision and the geometry
factor has to be corrected if necessary. If possible, a priori information should be given
for the electrode/sea bottom depth, not the water resistivity during the inversion. To
decrease the number of equivalent inversion solutions, it can be useful to include in-
formation on the half-space resistivity in the inversion. This is useful for 1D and 2D
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analyses. Again, due to the water column, specific resistivity values in the inversion
result decrease.

2.5 Conclusion

From our investigations regarding measurement uncertainty, spatial resolution, depth
penetration and inversion ambiguities of an inverse Schlumberger streamer, we can
draw conclusions on possible applications for offshore geoelectric sounding in the
littoral zone. For example, marine geoelectric measurements are feasible for map-
ping archaeological stone settings embedded in sand, due to a sufficient resistivity
contrast. However, the material differentiation between low-porosity rock masses is
hardly possible for effective rock porosities of <15%. Wood constructions of meter-
scale dimensions, such as remains of boats, can be well-distinguished from rocks. A
sufficient material contrast to the (sandy) subsurface depends on a low weathering de-
gree. Submarine freshwater lenses and discharges in sandy aquifers can be localized
well. However, if the seafloor encounters massive low-porosity rock masses, difficul-
ties in the differentiation may occur. Considering the differentiation between cohesive
silty-clayey sediments and sandy sediments, their resistivity contrasts may be equal or
even reversed compared to onshore investigations. With regard to the measurement
setups, we recommend using submerged electrodes, especially for the prospection of
meter-scale objects, e.g., archaeological issues. Littoral geological and hydrogeological
mapping is also feasible with floating electrodes in a more time-saving way, accepting
a decreased spatial resolution. Thus, geoelectric prospection in shallow water is a fea-
sible complement to other geophysical methods, especially in situations where their
use is limited. For high-resolution acoustic/seismic methods, this might be due to the
presence of gases in the sediment, whereas magnetic measurements might be limited
by nearby ferromagnetic structures or objects.

2.6 Appendix A

2.6.1 Resolution of layer thickness and resistivity from forward
modelling of layered media

In horizontally layered media, the potential V, of a single point source at the surface
is given by Parasnis (2012):

Vi(x) = 12%’%(1 + LOOK(A)]O(/\x)d/\) (2.12)
I o0

=27 ). T(M)]o(Ax)d A (2.13)
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with T(1) = po (1 + 2K (1)) (2.14)

T(A) is the resistivity transform, K () is the kernel function, describing the "character-
istic function", ] is the Bessel function of the zero order, A is the integration variable,
x is the distance between source and potential electrode, p, is the specific resistivity
of the first layer and I is the current. For the Schlumberger configuration, the appar-
ent resistivity p, is obtained by measuring the spatial derivate of the potential of both
current electrodes as a function of distance of the potential electrodes L:

_wl*U _ ml?AV

p“(L)_TT:TE (2.15)
_ 2ml?oV 516
T I a_Xx:L ( )
=pl(1+2L2f K(A)J1 (AL)Ad A (2.17)
0
-2 [ TR an (2.18)
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J1 is the Bessel function of first order, and [ is the distance between the potential elec-
trodes. The resistivity transform, T(A), for a media with n horizontal layers is de-
scribed in Lagabrielle (1983); here, Ty, for a floating electrode setup differs from Ty,
for a submerged electrode setup at the bottom of the first layer:

B uoRo
Ty (M) = p0(12—1 —uoRo) (2.19)
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Toup () = p1—5— (Lt o)1+ aRy) (2.20)
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with the resistivity values py and p; of the first and second layers. Using the electric
reflection coefficient k at the i, layer interface,

k=P P o -1 (2.21)
Pi+1 T Pi

the depth attenuation of the sub-bottom layer with a thickness of ¢;

up=e % (i=1..n—1)(and) (2.22)
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the depth attenuation of water layer with the thickness h
uy = e M (2.23)

the electric resistivity function R; at the i;;, layer interface below the electrodes can be
calculated by the recursion formula:

ki+Riuiyr .
= DL G20/ n—2) (2.24)
b1+ kiR
starting at the lower most interface with
Ry =ku (2.25)

2.7 Appendix B

2.7.1 Sensitvity kernels

We present the formulas in the case of a layer over the half-space, where Vj is the
potential observed in the first layer and V; in the half-space. The formulas for the
floating case are given by Bhattacharya and Patra (1968):

Ipg . -z ke 2\ Az | —Az
VO(xP'ZP;xC):EJ; e +m(€ +e ) ]O(A(XP—Xc))d/\ (226)

and
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o0
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h is the water depth, py is the resistivity of the first layer, k is the reflection coefficient
at the water/sea bottom interface, A is the integration variable, x¢ is the position of the
current electrode, xp is the position of the potential electrode, zp is the depth of the
potential electrode and Jj is the Bessel function of the zero order. For the submerged
case, we find:

I 0 ke—2Ah
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where z¢ is the depth of the current electrode.
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Figure 2.10: Comparison of Schlumberger sounding curves for a 2L case (top row) and
a 3L case (bottom row). 2L case: fixed top layer of 1 m depth and 0.3 Om
for a) setup F, b) setup S and 10 Om for c) an onshore scenario. The re-
sistivity of the second layer varies from 1 QOm-1000Qm. 3L case: fixed
top layer of 1 m depth and resistivity values of 0.3 Qm for d) setup F, e)
setup S in a shallow water environment and 10 (Qm for e) an onshore sce-
nario. Resistivity values of the second layer (1 m depth) vary from 1 Om-
1000 Om, the third layer is fixed with 10 Qm. Red box: array length used
within the field measurements.
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Figure 2.11: Required streamer length (y-axis) to resolve the specific resistivity of the
homogeneous half space of a 2L case (x-axis) with a tolerance of 100%.
We differentiate between a shallow water (a-c) and an onshore scenario
(d) and the measurement setups S (submerged, a), T (towed, b) and F
(floating, c-d). We use water depths from 0.2 m-2m
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Figure 2.12: Plot of the maximum depth to which a layer of variable thickness and
resistivity can be differentiated from the surrounding sea-bottom. The
depth is defined as the distance between the sea floor for a brackish water
column of 1 m to the upper edge of the layer. The sea-bottom shows resis-
tivity values of 1 Om (a-c) and 10 OOm (d). The measurement uncertainties
of setup S (submerged, a), F (floating, c-d) and T (towed, b) are compared.
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Figure 2.13: Left column: Model results from the stochastic inversion, color-coded by
their misfit values and normalized to the relative misfit of 14%. The black
line represents the true model; the white dashed line represents the ex-
pected model. Right column: normalized correlation matrix of the sub-
surface parameters. Case 2L and setup F (a-b), case 2L and setup S (c-d),
case 3L and setup F (e-f) as well as case 3L and setup S (g-h) are distin-
guished.
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Figure 2.14: Comparison of sensitivity kernels from the inverse Schlumberger array
used for repetition measurements in Eckernforde Bay, Germany, consist-
ing of eight electrode pairs (Table 2.1). a) setup F and b) setup S are com-
pared, the lateral highly sensitive area is framed in black.
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Figure 2.15: Left column: Synthetic checkerboard pattern of 1 mx1 m size with subsur-
face resistivity values of 1 (Qm and 10 Om, an additional water column of
1 m depth and 0.3 Qm resistivity for shallow water measurements. For d),
one row of 2m x 2 m pattern size and a lateral distance of 4 m was chosen.
Right column: 2D inversions of synthetic checkerboard data. a) Onshore
electrode setup, b) setup S, c) and d) setup F.



3 Ground- Penetrating Radar
measurements in shallow water
environments- a case study

Abstract In this study, we investigate GPR measurements in freshwater of less than
5m at four different locations to derive rules of thumb in terms of depth penetration,
resolution and material contrasts of the method for 200 MHz and 400 MHz antennas
under field conditions. The objective is to improve the attractiveness of the method for
archaeological issues in water, as there are hardly any studies on this subject so far. The
depth penetration of 2 m—4 m is negligibly influenced by the choice of the 200 MHz or
400 MHz antenna. Organic material in the water column also does not affect the wa-
ter depth, but offers new fields of applications for mapping and volume estimation
of biomass in lakes with GPR. The horizontal resolution in the cm range in the direc-
tion of the profile and in the dm range across the profile could not be improved by
the narrow antenna radiation pattern of <30° at the 3dB level. In crossline direction,
the use of an antenna array would be necessary here. Still, the narrow antenna pat-
tern reduces side reflections. Most common archaeological material contrasts can be
resolved with the method. The method shows reflection coefficients >0.1 for materials
of <80% porosity to the water column and for materials of <25% porosity and of >45%
porosity to water-saturated sand. Large reflection coefficients also show, for example,
granite to sand and gyttia to wood. The water column has a considerable effect on the
data quality of the 400 MHz antenna from a depth of 2m due to the antenna ringing.
Furthermore, multiples must be expected in a water column <0.5m. The method can
especially complement the common geophysical methods seismics and geoelectrics to
exclude material ambiguities. The major advantage is the simple setting of the land
equipment in the water.

3.1 Introduction

Ground-penetrating radar has been successfully applied for archaeological prospec-
tion of objects on land since the 1970s (Vickers and Dolphin, 1975; Kenyon and Be-
van, 1977; Bevan, 1977). Although interest in submerged anthropogenic constructions,
such as ancient harbour facilities, has gained much archaeological interest, the method
has been used only rarely for archaeological prospection in the shallow water zones.
The common geophysical approach in marine and lacustrine archaeological investi-
gations is seismic/acoustic measurements, providing a spatial resolution in the cm
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range and a depth of penetration of more than 20 m (Fediuk et al., 2019; Bull et al.,
2005; Gutowski et al., 2008). In recent years, geoelectric investigations were also used
for the detection of archaeological objects in shallow water (Seeliger et al., 2014; Kri-
tikakis et al., 2015; Simyrdanis et al., 2016). Here, an average spatial resolution in the
dm-to-m range is achieved. Still, there are some situations where the usability of the
common seismic and geoelectric methods is limited, and the application of GPR mea-
surements in water appears to be advantageous.

These advantages are as follows:

a) Seismic measurements may not be possible due to an extremely shallow water
column (Ruffell, 2006; Delaney et al., 1992), may be affected by multiples, or
may be attenuated by a gassy subsurface (Whiticar et al., 1986). In particular,
Delaney et al. (1992) as well as Lin et al. (2010) suggested a joint application of
the methods GPR and seismics in shallow water.

b) In the presence of organic material in the water column, Kovacs (1991) and
Shields et al. (2004) were able to investigate the underlying bathymetry more
accurately with GPR than with seismic surveys.

c) A variety of material contrasts from submerged archaeological structures can
be better resolved with GPR than with seismics. An example is the reflection
coefficient of oak wood to wet sand (Fediuk et al., 2020b).

d) Special equipment is necessary for marine seismics and geoelectrics (Wilken et al.,
2019; Fediuk et al., 2020a), whereas standard GPR antennas can be used in the
water without much additional time and financial effort. In contrast, for GPR,
only an appropriately watertight box is required, in addition to a small boat (Jol
and Albrecht, 2004; Abramov and Vasiliev, 2004).

The main factor limiting the regular application of GPR in water is the high atten-
uation of electromagnetic waves with increasing salinity of the water (Annan, 2003).
Thus, there are only few examples investigating marine archaeological targets with
GPR. Leckebusch (1998) was able to detect the archaeological layer of the bronze-age
settlement “Greifensee-Boschen”, Switzerland, on a prospection area of 11 m x 18 m.
Fuchs et al. (2004) contribute to the landscape reconstruction around a submerged
archaeological site, distinguishing between beach and glaciolacustrine clay deposits.
Abramov and Vasiliev (2004) developed a submerged GPR equipment for archaeologi-
cal investigations of submerged stonewalls in 2 m depth below a 1 m saltwater column.
Some other studies focus on the detection of sunken objects in freshwater and below
the bottom, for example, logs (Jol and Albrecht, 2004), jet skis (Ruffell, 2006), and mu-
nition (Arcone et al., 2010), usually using 200 MHz and 400 MHz GPR antennas for a
centimetre - to decimetre-scale resolution. In other areas of application, several studies
using offshore GPR measurements were carried out, for example, in the prospection
of ice shields and geological issues. The first GPR measurements on ice took place
since the 1960s (Waite and Schmidt, 1962) and were investigating arctic regions, for
the determination of ice thicknesses (Annan and Davis, 1977). Other offshore appli-



3.1 Introduction 53

cations of GPR have been the detection of groundwater (Arcone et al., 1992) and of
thermal boundaries (Stevens et al., 2008). Powers et al. (1999), Buynevich and Fitzger-
ald (2003) and Moorman and Michel (1997) present investigations on the morphology,
stratigraphy, and bathymetry in coastal ponds. Further applications are presented by
Gorin and Haeni (1989), focussing on riverbed scour and Costa et al. (2006), moni-
toring stream discharge. To improve the depth penetration, Park et al. (2004) used
a 5m submerged 400 MHz antenna to prospect riverbed scour in 8 m depth. There
are different studies determining the sedimentary type, for example, from diffraction
hyperbola velocities presented by Sambuelli and Bava (2012), and from determining
reflection coefficients based on the ratios of reflected signal strengths from sediments
and a reference aluminium plate (Lin et al., 2010).

Within the context of geological and ice shield investigations, extensive research has
been carried out on the physical impact of the water column on GPR measurements
for antenna frequencies of 60 MHz-150 MHz and water depths of more than 5m (Ko-
vacs, 1991; Schwamborn et al., 2002; Arcone, 1995; Sellmann et al., 1992). Within
these studies, parameters such as the spatial resolution, depth of penetration, and an-
tenna pattern, as well as specific effects such as a frequency reduction and an antenna
impedance loading, are discussed. Effects that occur specifically in water, such as the
“ringing” (horizontal stripes in the water column as a consequence of the high dielec-
tric contrast between air and water), are regularly described. A more detailed overview
will be given in the following sections.

In the rare archaeological case studies using limnic GPR, there is no rule of thumb for
practical considerations with respect to, for example, penetration depth or resolution.
Moreover, if there would be such a rule, would it hold true for very different measure-
ment locations with respect to water depth, water conductivity, and organic matter
content in the water column? To answer these questions, we present four datasets us-
ing offshore GPR in different limnic environments and using two typical antenna fre-
quencies (200 MHz and 400 MHz). With the help of these datasets we focus on three
thematic issues.

i) The depth of penetration of GPR measurements depends on numerous factors,
such as subsurface material and antenna properties. Is it still possible to deter-
mine basic rules of thumb for field applications? How do organic materials, such
as leaves in the water column, affect the depth of penetration?

ii) Up to which degree can archaeological constructions be spatially resolved within
the possible depth range? Which aspects have to be considered regarding the
resolution along and across profile directions?

iii) For which archaeological material contrasts is the GPR method particularly suit-
able compared to seismics and electrics? Which additional areas of application
arise?

To answer the three questions, we compare the results of previous studies and of the-
oretical considerations with our data measured under field conditions. For the third
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aspect, we determine theoretical archaeological material contrasts from both common
sub-bottom and archaeological construction materials and compare these to our field
data.

3.2 Measurement locations

To answer the three issues of penetration depth, spatial resolution, and material con-
trasts of water-based GPR measurements under field conditions, we surveyed GPR
profiles with both 400 MHz and 200 MHz antennas from GSSI and an SIR 4000 regis-
tration unit at four different locations. The measurement locations differ in terms of
water depth, water conductivity, and subsurface materials, as well as movement and
stratification of the water column.
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Figure 3.1: GPR profiles comparing the 400 MHz and 200 MHz antenna from GSSI
using a SIR-4000 registration unit at the measurement location “Flooded
gravel pit”. The data was processed with ¢, correction, bandpass filter, fk-
filter, background removal and trace normalizing. The lake bottom is high-
lighted yellow; remarkable noise in the water column is framed blue.

The first chosen measurement location (“Flooded gravel pit”) is situated near Worth
at Rhine, Rhineland-Palatinate, Germany (Figure 3.1). Here, the gravelly shoreline
slopes steeply to the centre of the lake (yellow line), and we find the largest water
depths >4 m at all locations. Figure 3.1 shows exemplary measurement profiles of the
200 MHz and 400 MHz antennas at slightly different locations in the “flooded gravel
pit”. This feature is useful for answering the question of the penetration depth as
a function of the antenna frequency and the attenuation coefficient due to the water
column. The noticeably high noise content in the water column, especially for the
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400 MHz antenna (blue frame), invites us to analyse the data quality in relation to the
water depth and the antenna frequency.

The second location chosen for GPR measurements, "Swimming pool" (Figure 3.2), is
weather protected and can be used for repeated measurements under constant con-
ditions (water temperature, water conductivity). The sloping ground (yellow dashed
line) is tiled. The question of the penetration depth for different antenna frequencies
can be also investigated here. In addition, it was possible to lower a pipe of 7 cm diam-
eter (red circle) in a controlled setting. From this, as well as from steps leading into the
pool (blue frame), it was possible to address the issue of the spatial resolution under
field conditions here.

0

TWT time [ns]

a

Profile length [m]

Figure 3.2: GPR profiles comparing the 400 MHz and 200 MHz antenna from GSSI us-
ing a SIR-4000 registration unit at the measurement location “Swimming
Pool”. The data was processed with t, correction, bandpass filter, fk-filter,
background removal, and trace normalizing. The pool bottom is high-
lighted with a yellow dashed line, steps to the pool are framed blue and
a lowered piped is marked with a red circle.

The third location "River", a section of the Altmiihl River, Bavaria, Germany (Figure
3.3), is the only measurement location with flowing water. Its subsurface (yellow line)
mostly consists of sand or sandbars (Figure 3.3b). At some spots, larger boulders ap-
pear in clusters (Figure 3.3a) or fish pass below the antenna. The resulting diffraction
hyperbolas (red circles) are again well suited for analysing the spatial resolution un-
der field conditions. In addition, especially in very shallow water <30 cm, further
measurement effects are visible in form of multiples (Figure 3.3b, green dotted lines),
which must be considered when planning GPR measurements in water.

The last measurement location (“Pond”) near Graben, Bavaria, Germany (Figure 3.4)
is the flooded remnant of a collapsed trench. Its moderately sloping subsoil (yellow
line) consists of mud, (i.e. silty sediments and gyttia), due to leaves and wood from
surrounding trees. According to Corradini et al. (2020), gyttja is a combination of or-
ganic and inorganic materials precipitated from a lake water column via biogeochem-
ical processes. Larger branches or tree trunks also cause diffraction hyperbolas (red
circles). These conditions are again suitable for investigating the questions of depth
penetration and spatial resolution. The most striking feature, however, is that differ-
ent amounts of organic material can be found in the water column at various parts of
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Figure 3.3: GPR profiles comparing the 400 MHz and 200 MHz antenna from GSSI us-
ing a SIR-4000 registration unit at the measurement location “River”. The
two antenna frequencies were used to prospect different sections of the
river with varying water depths. The data was processed with t, correc-
tion, bandpass filter, fk-filter, background removal, and trace normalizing.
The river bottom is highlighted with a yellow (dashed) line, diffraction hy-
perbolas are marked with a red circle; multiples are emphasized via green
dotted lines.

the pond. There are parts with no organic material in the water column (Figure 3.4b,
blue frame) as well as parts where no boat engine could be used due to the organic
material in the water column (Figure 3.4b, green frame). From the direct comparison
of lake bottom amplitudes, we can determine how much organic material in the water
column scatters the GPR measurements and thus reduces the measured amplitudes in
the radargram.

In addition, the subsurface materials sand, gravel, mud and tiles of all four measure-
ment locations were used to investigate the issue of expected material contrasts. The

most important environmental and measurement parameters of all locations are sum-
marized in Table 3.1.

3.3 Methods

This section first introduces the field equipment of the 200 MHz and 400 MHz antenna
from GSSI and the standard processing applied to the data. In the second step, we fo-
cus on the study procedure. Sections 3.3.2 and 3.3.2 discuss the depth penetration,
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"Flooded "Swimming "River" "Pond"
gravel pit"  Pool"
"R B e
Water column Stagnant Stagnant, Flowing Stagnant
Vertical
stratified
Ground material Gravel Tiles Sand Mud
Water depth 1.2-5m 0.8-4m 0.2-0.4m  0.6-1.5m
Water resistivity 24.9 Om 11.2Om 17 Om Unknown
Antenna 400& 400& 400& 400 MHz
200 MHz 200 MHz 200 MHz
Stacking 16 16 16 16
Range 240ns 120ns 120ns 120ns
Number of Samples 822 411 411 411
dt 0.292ns 0.292ns 0.292ns 0.292ns
Average wave 3358 355 359 3358
locity (according to
diffraction hyper-
bolas in the water
column)

Table 3.1: Comparison of water and soil properties and of the measurement setup for
the GPR investigations at four different measurement locations: Swimming
pool, Pond, River system and Flooded gravel pit.
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Figure 3.4: GPR profiles using a 400 MHz antenna with a SIR-4000 registration unit at
the measurement location “Pond”. The data was processed with ¢, correc-
tion, bandpass filter, fk-filter, background removal, and trace normalizing.
The bottom is highlighted with a yellow (dashed) line, diffraction hyperbo-
las are marked with red circles. Parts of much and no organic material in
the water column are emphasized via green and blue frames.

while in section 3.3.2, the preliminary considerations on attenuation are made. Sec-
tions 3.3.2 and 3.3.2 address the issue of spatial resolution and of material contrasts,
respectively.

3.3.1 GPR data acquisition and standard processing
Field Equipment

For the field measurements, 200 MHz and 400 MHz antennas from GSSI were used in
combination with the SIR 4000 registration unit from GSSI. One measurement system
(Figure 3.5a) included a small inflatable boat with an inflatable catamaran attached to
the front. The antenna was fixed in a floating box, which was installed in the catama-
ran. The system was moved by an electric engine or manual rowing. The positioning
for the measurement locations pond and river was realized using a total station with
automatic target tracking. Thus, a coordinate was collected averagely each 30 cm. As
an additional option, an RTK-DGPS (real-time kinematic differential global position-
ing system) was used for the measurements at the flooded gravel pit. In another setup
for measurements in the swimming pool, only the floating box was used (Figure 3.5b).
It could be towed inline in forward and backward directions with ropes. The ropes
were marked each metre and used for manual positioning of the antenna with the help
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Figure 3.5: a) Standard GPR acquisition system that consists of a floating box contain-
ing the GPR antenna, which is attached to a catamaran, which in turn is
navigated by an inflatable boat using an electric motor. The positioning is
realized with a total station. b) Measurement setup of a 200 MHz antenna
in the swimming pool, using a floatable box. The position was set by hand
each metre, based on rope markers.

of measuring tapes on the edge of the pool.

Standard processing

Unless specified otherwise, the following standard processing with optional steps was
applied to all data:

Set coordinates;

* Interpolation to a constant trace interval (2 cm);
e Zero-time correction;

* Geometric spreading correction;

* Band pass filtering (50-100-800-850 MHz for the 400 MHz antenna and 25-50-
400-425 MHz for the 200 MHz antenna);

» K-High pass (cutoff wavenumber k = 0.1 %),
* Background removal (subtracting the mean trace);

e Amplitude normalization with respect to the maximum amplitude for a better
visualization;

* Optional: Attenuation correction;

* Optional: Kirchhoff migration - The average water wave velocities listed in Table
3.1 were determined using diffraction hyperbolae. Thus, the travel times could
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be converted to depth using the following equation:

two —way — traveltime

depth = water veloctiy - 5

(3.35)

3.3.2 Study procedure
Attenuation effects

Before addressing the question of maximum sounding depths of waterborne GPR mea-
surements, we compile the equations summarizing the major effects causing amplitude
decay during wave propagation. We assume that the water column is almost homoge-
neous and that the lake bottom can be approximated by a local plane interface. In this
case, the following equation applies to the amplitude A of the sea bottom reflection for
near-vertical incidence angles (Annan, 2005).

A(s) = AgRL gmals=s0) (3.36)
S

where s is the length of the reflected ray path; Ay = A(sg) is a reference amplitude
measured at near distance sy from the source, including all instrumental effects; R is
the reflection coefficient at the lake bottom; and « is the water attenuation coefficient.
The amplitude decay along the ray is described by the geometrical spreading term 1/s
and the attenuation term e~**, with the latter combining both intrinsic absorption and
scattering losses. If the lake bottom is variable in depth and its reflexion coefficient R is
constant, a can be determined from lake bottom reflection amplitudes A]- (j=12...)
picked along the radar section. Rearranging Equation 3.36 for each picked amplitude
value enables computing a through the slope of the regression line fitting

log(s;A;) = [log (soAgR) + asg] — as; (3.37)

where s;A; =5;A(s;)(j = 1,2,...) are the spreading-corrected picked amplitude values.
Ray length s; = vt; is computed from the two-way-traveltime ¢; of the reflection and the
radar wave velocity v. The square-bracket term on the right-hand side we define as the
constant b, which is the impact of the reflexion coefficient and the antenna parameters
on the depth penetration, defined in Section 3.3.2.

The amplitudes of electromagnetic waves can be attenuated not only intrinsically (
i.e., by electric conduction and dielectric relaxation), but also by scattering (Annan,
2005). This may occur especially in lacustrine environments showing an increased
density of floating organic particles of diameters much smaller than the wavelength.
To account for these different attenuation effects we express the attenuation coefficient

via Wunderlich and Rabbel (2013):
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T
= — 3.38
o= 35 (3.38)

where A is the wavelength, and Q is the quality factor, which is defined by
1 lost energy 1 1 (3.39)

= = + =
Q 2m-maximum stored energy per cycle Qi Qs

where 1/Q;,; and 1/Q,, represent the intrinsic and scattering portions of energy loss
per cycle (Annan, 2005).

For a signal of angular frequency w, the intrinsic quality factor Q;,; can be determined
via Wunderlich and Rabbel (2013)

Qint=—"— (3.40)

where o is the electric conductivity, and €’ and €” are the real and imaginary parts of
complex dielectric permittivity.

For applying these equations to the interpretation of field measurements, o has to
be determined, for example, by a conductivity meter. For our frequency range from
200 MHz to 400 MHz, €’ corresponds to the value of the static permittivity €, in water
and is temperature dependent (Schwan et al., 1976). At a water temperature of 10°C
it is €; = 84, while at a water temperature of 25 °C the value is €; = 78. In water, €” can
be determined via the Debye relaxation model (Schon, 1983):

”_ (65 - eoo) CwT
R 340

where €, is again the static permittivity, 7 is the relaxation time of the water molecules,
and €, is the high-frequency permittivity. The parameters 7 and €, are also depen-
dent on temperature and have been determined empirically in laboratory experiments
(Kaatze, 1989). For a water temperature of 10 °C they are e, =5.5and 7 = 12.68-10712.
For a water temperature of 25 °C they are €., = 5.2 and 7 = 8.27 - 10~!2. Unlike many
other studies, we investigate and consider the impact of €”.

Once the attenuation coefficient a and intrinsic quality factor Q;,; have been deter-
mined and we assume a constant reflection coefficient in the subsurface, we suppose
that we can quantify the scattering portion of energy attenuation by inserting and re-
arranging Equations 3.38 to 3.40 into

1 da o+we”

- 3.42
Qs, e we’ ( )
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The application of Equation 3.37 to the field examples will provide us insight into the
actual signal attenuation in waterborne GPR measurements. Therefore, we investigate
the measurement locations “Flooded gravel pit”, “Swimming pool” and “Pond”. Fur-
thermore, we investigate whether Equation 3.42 can be used under field conditions to
differentiate between the ratios of the intrinsic and scattering attenuation. We test this
using a profile at the measurement location "Pond", where the organic content in the
water column due to leaves and branches of surrounding trees is increasing. For this
purpose, the GPR data is spreading- and attenuation-corrected with the intrinsic at-
tenuation coefficient. Then, the amplitudes of the lake bottom are picked and divided
by Ag along the profile to analyse the reflection coefficient of the lake bottom. Changes
in the reflection coefficient should indicate the influence of scattering attenuation.

Maximum sounding depth

For estimating the maximum sounding depth, we need to relate the site-specific atten-
uation and spreading effects to the actual noise levels. An inspection of the field data
shows that we find two sorts of noise in offshore GPR data: First, a coherent ringing
occurring at all travel times that probably results from coupling the GPR antenna to
a very low permittivity medium or from interaction between antenna and water ve-
hicle or both (Type 1, water ringing, NC). Second, this is common, mostly random,
electronic and environmental noise that increasingly dominates the record towards
increasing travel times (Type 2, common noise, NR). However, the first factor in par-
ticular can be significantly reduced through appropriate processing (e.g. band pass fil-
tering and background removal according to Section 3.3.1). For quantifying the mean
achievable signal-to-noise ratios (S/N)reqn, We compute the envelopes of the processed
radargrams and from that form the quotient of the mean amplitude of a selected time
window to the reference amplitude Ay from Equation 3.36. Representative amplitudes
N¢ of the coherent noise (Type 1) are determined in a time window between the direct
wave and lake bottom reflection, which is considered free of reflections, except in cases
where scattering from floating organic particles is visible. Representative amplitudes
Ny of the random noise (Type 2) are determined in a time window at the very end of
the envelope traces. Then, the mean observed S/N ratio is

2
Ay
2
Mean

(S/N)ptoan = (3.43)

where N,,,,,,, = mean{Nc, Ng}.

The maximum ratio S/Ny,, can be calculated analogously by N,,;,, with N,,,;,, = min{N¢, Ng}.
For estimating the maximum sounding depth z,,,, we assume vertical wave propaga-
tion, so s = 2z; and we define a threshold S/N ratio of 1 to be reached for reliable signal
identification
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A? (5 = 2ZMax)

2
NMin

(S/N)ppr = =1 (3.44)

The maximum sounding depth can be estimated using the logarithmic expression 3.37
and considering

Sj = 2" Zpfax (3.45)
and
A=1-Nyi, (3.46)
It follows that
log (2 -1+ zpaxNpin) = [log(soAgR) + asg] = 2azpray (3.47)

by solving it numerically or graphically for a reflection coefficient of R = 1. For the
field examples the solution is found as the crossing point of the regression line from
Equation 3.37, (right-hand side), and the function on the left-hand side of Equation
3.47. Since reflection coefficients may be << 1 we take a closer look at them in Section
3.4.4 and then reconsider the penetration depth issue in Section 3.5.1. The approach
is applied at the measurement locations “Flooded gravel pit”, “Swimming pool” and
“Pond” with different soil and water parameters.

The spatial resolution in field applications

To evaluate the spatial resolution of GPR measurements in water, we start by con-
sidering the common half-wavelength concept defining the subsurface volume, from
which back-scattered signals would interfere constructively at the receiver. For the
present GPR case, it has to be specified that the transmitter and receiver positions co-
incide (“zero-offset” case) and that “wavelength” may be understood as “wavelength
at center-frequency”. This volume has a thickness of a quarter wavelength and a di-
ameter of the 1st Fresnel zone. The radius I of the 1% Fresnel zone is given by

zZA A2 v [t
z_w/7+ﬁ~§\g (3.48)
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Figure 3.6: Schematic drawing of the resolvable areas (horizontal resolution) following
from different criteria: 2D/3D survey without migration (1st Fresnel zone,
blue), 3D survey after 3D migration (the % criterion, pink), 2D survey with
inline migration only (green). In addition, the footprint estimated from the
3 dB threshold of the inline antenna radiation pattern is shown for water
depths > 1 m (red dashed line).

where z is target depth, v is radar wave velocity, f is the center frequency of the signal,
A =v/f is wavelength, and t = 2z/v the two-way travel time (TWT) (e.g., (Schwamborn
et al., 2002).

Equation 3.48 does not include the effects of radiation patterns of the GPR antennae
and possible improvement through digital processing, which we will address below.
Still, it can be applied for basic estimates of resolution. However, for applying the
equation to water surveys, one must take into account that the center frequency of
the signal may be significantly reduced compared to the nominal antenna frequency
due to the process of impedance loading (Kovacs, 1991). The reduction of center fre-
quency may be 25% or more (Kovacs, 1991). For the antennae used in the present
study, we found a center frequency reduction of 400 MHz to 300 MHz and of 200 MHz
to 150 MHz. According to Equation 3.48, this effect leads to an increase of the radius
of the 1st Fresnel zone and a reduction of resolution compared to measurements on
land, where we have no frequency reduction. However, this shortcoming is overcom-
pensated by the strong reduction of radar wave velocity in water (~ 3.4 $3) compared
to soils on land (typically > 7 <% for sandy soils). Therefore, despite the frequency re-
duction, Fresnel zones can be expected to be about 1/3 or more smaller in water than
on land, and the resolution accordingly better.

The Fresnel zone consideration applies to non-migrated zero-offset sections. Through
digital migration (i.e., downward continuation of the receiver plain to z = 0), the res-
olution of GPR records can be improved up to the theoretical limit of A/4 in both
horizontal and vertical directions (Equation 3.48 for z = 0). However, for field con-
ditions, A/3 to A/2 are more realistic estimates (Schwamborn et al., 2002). This is in
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water 8 cm-11 cm for the 200 MHz antenna and 3 cm-6 cm for the 400 MHz antenna.
As A = v/f, the decrease of velocity and frequency in water compared to land act in
the same way as outlined above.

If GPR data are acquired only along profile lines (“2D measurements”), migration can
be performed only inline, too. In this case, the resolvable area is smaller inline than
crossline. This situation is sketched in Figure 3.6 (green line) in comparison to the
1st Fresnel zone (blue line, no migration) and A/4 criterion (pink line applying to 3D
data after 3D migration). Areal 3D measurements, which would allow a 3D migration,
can hardly be realized with a single antenna and DGPS positioning. For this, a fixed
antenna grid would have to be built as described by Annan and Davis (1977).

So far, we have not considered changes of the width of the radiation pattern of the
antenna when comparing land and water applications. The width of the downward di-
rected radiation cone is strongly affected by the critical refraction angle at the air-water
or air—soil interface at the antenna bottom. It is given by

Y :sin_l[i]] (3.49)

€r

and changes from 6.5° for air-water to >15° for air-soil interfaces. Therefore, the ap-
plication of GPR antennae at the water surface leads to a considerable focusing of the
downward directed beam. In the context of this article, we want to investigate whether
this smaller footprint of the antenna radiation pattern could improve the resolution.
This would be the case if the downward directed coil was narrower than the cone of
the 1st Fresnel zone.

Antenna radiation patterns are strongly dependent on the details of antenna construc-
tion. Therefore, we performed exemplary measurements under lab and field condi-
tions and compared them to the subsurface far field solution for a dipole antenna
placed on top of a dielectric half space. After (Smith, 1984), this radiation pattern
is given by

. . —jkir
E(6) = w’pokyp cos(0) e ikh 1-kipsin®0 T ¢

3.50
| dmer ( )

with

2k21 k%l —sin29
Ty=T,, = (3.51)

12)
k%l cos6 + ‘/kgl —sin?0

where w is the radian frequency, y the magnetic permeability of the vacuum, k; is the
wavenumber in water, k, is the wavenumber in air, ky; = ky/ky, p =1 -dl (where I is
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the current amplitude and d! the infinitesimal dipole element length). / is the electric
dipole height above half-space and Tj is the TM dielectric-air transmission coefficient,
r is the distance from antenna to object, and 0 is the angular offset.

For the calculation of the footprint I, we use the angular aperture 03,5 at which the
radiated energy has decreased by half compared to the centre point, which is at the
3db threshold.

12 = taﬂ(93d3) -h (352)
where h is the water depth, and 05,5 is the angular aperture at the 3dB threshold.

For measuring exemplary antenna radiation patterns, we sounded under water objects
under varying radiation angles using a GSSI 400 MHz antenna. A lab-type experi-
ment was conducted with an aluminum pipe lowered at the measurement location
“Swimming pool”. In a field experiment, we analyzed random objects found in the
water column of the measurement location “Pond”, most likely fishes. The process-
ing applied consisted of spreading and attenuation correction. Then, the corrected
amplitudes of the diffraction hyperbolas were picked and plotted versus the angular
distance. The resulting E-field antenna patterns were then compared to the theoretical
values from Equations 3.49 and 3.50. Coming back to the goal of evaluating the achiev-
able spatial resolution, we determined the width of the amplitude spots resulting from
migrated diffraction hyperbolas recorded with the 200 and 400 MHz antennas of GSSI.
The “width” refers to the range where amplitudes > “=" :mplltudes. We used diffrac-
tion hyperbolas of all measurement locations in different (water) depths. These values
were then compared to the width of the footprints resulting from the antenna radiation
pattern.

Material contrasts in field applications

To theoretically determine material contrasts, which can be expected during geophys-
ical prospection of archaeological objects in water, we chose two reference materials:
fresh water and water-saturated sand. For these two materials, we define their rela-
tive dielectric permittivities €,._yarer and €yof_sana in Table 3.2 according to literature
values.

For these reference materials, the reflection coefficients to
a) Inorganic materials;
b) Organic materials;

c) Specific archaeological materials;
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Material Relative Volumetric
dielectric water content
permittivity [vol%]

Fresh water 81 -
Saturated 20 45
Sand

Table 3.2: Physical parameters of dielectric permittivity and volumetric water content
of the reference materials freshwater and saturated sand based on data from
Schon (1983) and Annan (2003).

are determined. We assume full water saturation for all materials and neglect effects
of a varying water saturation of 60-100% in the lake bottom, which was determined
in studies by Menounos (1997) and Avnimelech et al. (2001). In step a), we focus
on clay-free, water-saturated rocks and determine their physical parameters €,,. as a
function of their volumetric water content 6 instead of porosity @, because above a
certain degree of porosity a suspension, rather than a porous solid, is obtained.

The CRIM equation of saturated state (Wyllie et al., 1956) applies here

€rock = [(1 -0)- VE€matrix +D- €ref_water]2 (3-53)

where €,,41rix 1 the permittivity of the rock matrix, and €,¢¢_yqrer is that of the pore
water. For the rock matrix material, quartz was chosen. Its physical parameters are
defined based on literature values, as shown in Table 3.2.

From that, the TE reflection coefficients r. , neglecting the influence of the magnetic
permeability and the electric resistivity on GPR reflectivity, are determined according
to Schon (1983).

- VEref — VE€mat
°r VEref + VEmat

where €,,¢ are the reference materials, and €,,,; are the target materials.

(3.54)

The determination of the relative dielectric permittivity of the inorganic material clay
(as well as for step b), the organic materials peat and gyttia) is complex and not sub-
ject to the well-defined correlations as for clay-free rocks. Therefore, reference works
usually refer to studies in which the material parameters are determined empirically
based on in situ field measurements. Depending on their composition, the physical
parameters of the materials can cover wide ranges of values. All values taken can be
found in Table 3.3. In the last step c), two specific archaeological materials were cho-
sen: wood and granite. Their material parameters are again taken from literature and
can be found in Table 3.3.



68 3 GPR measurements in shallow water environments- a case study

Material Relative Volumetric
dielectric water content
permittivity [vol%]

Rock matrix 4.2 <1
(quartz)

Clay 10-40 50-85
Peat 40-60 70-95
Gyttia 60-70 90-95
Wood 20-40 50-60
Granite 8-11 <2

Table 3.3: Physical parameters dielectric permittivity and volumetric water content of
the reference materials of different target materials. The values are based on
data from Schon (1983), Annan (2003), Corradini et al. (2020), Fediuk et al.
(2020b) and Knodel et al. (2013).

3.4 Results

3.4.1 Attenuation effects

Table 3.4 shows the attenuation coefficients @ determined from field data at three mea-
surement locations using Equation 3.37. For two locations, the attenuation coefficients
were also calculated using Equation 3.38 to 3.40 and are presented in Table 3.4. The
direct comparison of the measured attenuation coefficients shows that there is a dif-
ference of a factor two for the attenuation coefficient between the “Pond”, which is the
most conductive, and the “Flooded gravel pit”, which is the least conductive measure-
ment location. Thus, noticeable differences in attenuation must also be considered in
fresh water environments. The theoretical attenuation coefficients (Equations 3.38 to
3.40) agree quite well with the measured values (Equation 3.37). Possible deviations
can be explained, for example, by measurement inaccuracies that affect Equation 3.37.
However, it is noticeable that the frequency dependence given by Equations 3.38 to
3.40 (approx. 25% between the 200 MHz and the 400 MHz antenna) is not relevant for
the field data.

For a better comparison of the theoretical frequency-dependent attenuation coefficient
with the values from field data, the swimming pool measurement location was inves-
tigated in more detail, as shown in Figure 3.7. The theoretical attenuation coefficient
with and without considering €” (blue and red line, respectively) was plotted against
the measurement frequency. The values determined from measured data are shown in
yellow bar graphs and are almost identical for both frequencies. The theoretical values
considering €” are slightly below the measured values in the case of the 200 MHz and
slightly above in the case of the 400 MHz antenna. Neglecting €”, however, has effects
both for the 200 MHz and especially the 400 MHz antenna. On the one hand, the atten-
uation coefficient is not varying with frequency anymore. In addition, the theoretical
attenuation coefficient is significantly lower: about 25% compared to the measured
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Location Attenuation Attenuation Attenuation Attenuation
(eq. 3.37) (eq. 3.38-3.40)  (eq. 3.37) (eq. 3.38-3.40)
400 MHz 400 MHz 200 MHz 200 MHz

Flooded 1.75 1.9 2.02 1.1

gravel \

pit

Swimming 2.43 2.6 2.42 2.1

pool

Pond Q 3.71 - - -

Table 3.4: Comparison of the attenuation coefficients for the measurement locations
“Flooded gravel pit”, “Swimming pool” and “Pond”. They were determined
based on field data using Equation 3.37 and additionally calculated with
Equations 3.38 and 3.40.

data. A possible explanation for this could be that the temperature and conductivity
measured at the surface of the swimming pool do not correspond to the average values
of the water column.

i [ ] (equation 3.3)

E L m— v (€quation 3.4- 3.66) with €"
: 3 i — ¢ (€QUation 3.4- 3.66) without €"
S | -
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Figure 3.7: Comparison of the measured (yellow bar) and calculated attenuation co-
efficients (blue and red line) at the measurement location swimming pool
(approx. 25°C) for the 400 MHz and 200 MHz antennas. For the calculated
attenuation coefficients, the imaginary part of permittivity is taken into ac-
count in one case (blue line) and neglected in the other (red line).

Now that the intrinsic attenuation has been determined, we move on to the contri-
bution of scattering attenuation in the water column to GPR data and whether it can
be determined from a radargram. For this purpose, we analyse a profile of the mea-
surement location "Pond" with increasing organic material in the water column due to
forest intrusion (see Section 3.2). Figure 3.8a shows, based on GPR data, the increasing
organic material in the water column with profile length. For this purpose, the abso-
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lute reflection amplitude was summed up from the water surface to the lake bottom
(blue lines). This was repeated every 5 m along the profile. The proportion of reflection
amplitudes in the water column increases significantly towards the end of the profile,
where the greatest amount of organic material is also seen in the radargrams. There-
fore, we establish here a relationship between the radar amplitude and the organic
material. We neglect noise effects here, which would affect all traces equally..
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Figure 3.8: a) Amount of absolute reflection amplitude (summed up from the water
surface to just below the lake bottom) at 5m intervals along the profile at
the measurement location "Pond", recorded with a 400 MHz antenna from
GSSI. b) Plot of the reflection coefficient of the lake bottom along the pro-
file.

For the evaluation of the lake bottom material, the reflection coefficient R along the
profile is shown in Figure 3.8b. A significant amount of organic material in the water
column, and thus of scattering attenuation, should reduce the reflection coefficient of
the lake bottom, especially towards the end of the profile. In the first part of the profile,
however, it scarcely changes, which indicates a homogeneous substrate, which might
be gyttia due to the low reflection coefficient of 0.01 (compare with Section 3.4.4). To-
wards the end of the profile, R becomes more dispersive and increases up to 0.08. This
indicates a material change, probably an increased amount of foliage/wood on the lake
bottom (see Section 3.4.4), presumably in a weathered state. Consequently, even small
changes in the reflection coefficient are more relevant than the negligible scattering
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Location S/N ratio S/N ratio S/N ratio S/N ratio
Type 1 Type 2 Type 1 Type 2
400 MHz 400 MHz 200 MHz 200 MHz
Flooded \ 13 dB 38 dB 19 dB 27 dB
gravel pit
Swimming 17 dB 38 dB 20 dB 35dB
pool
River — 33 dB 68 dB 39 dB 60 dB
33 dB - - -

Pond Q

Table 3.5: Comparison of the mean GPR signal/noise ratio type 1 (water ringing)
and type 2 (common noise) of processed data at the measurement loca-
tions “Pond”, “Swimming Pool”, “River” and “Flooded gravel pit” and the
antenna frequencies 200 MHz and 400 MHz. The values are given in dB
(10- log(S/NMean))-

attenuation. Thus, we can only differentiate intrinsic and scattering attenuation under
optimal, e.g. laboratory conditions.

3.4.2 Maximum sounding depth

The mean signal/noise (S/N) ratio of type 1 (water ringing) and type 2 (common noise)
at each location and for both antenna frequencies are summarized in Table 3.5. The
following rule of thumb applies to both types of noise: The deeper the water column
and the more turbulent the water (e.g. in the flooded gravel pit or due to swimming
pool pumps, the lower the average S/N ratio of the water column. The “River” shows
the best S/N ratio. The difference between the S/N ratio of type 1 in the water col-
umn and the S/N ratio of type 2 at the end of the trace is apparent at all measurement
locations. Their difference ranges from a factor of 10 to 100. The S/N ratio type 1 is
characterised by the "ringing" of both antennas in the water column. This affects the
400 MHz antenna more than the 200 MHz antenna. The S/N ratio type 2 (common
noise) at the end of the radar traces, however, is slightly higher for the 400 MHz an-
tenna than for the 200 MHz antenna. Thus, the penetration depth will be about the
same for both antenna frequencies, but in particular the data quality will be worse
in the water column for the 400 MHz antenna than for the 200 MHz antenna. The
conclusions are consistent with the observations from the radargrams.

For the maximum S/N ratio, the tendencies of the average S/N ratio are mostly con-
firmed. The order of magnitude is 107 for type 1 and 10® for type 2. This is used
to determine the maximum penetration depth in the second step. For this purpose,
the left term of Equation 3.47 is used, in which the penetration depth is taken into
account in addition to the maximum S/N ratio of types 1 and 2. To avoid confusion
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Figure 3.9: Determination of the maximum penetration depth and its standard devia-
tion (grey shading) for three measurement locations. The maximum pene-
tration depth is defined as the intersection of the exponential fitted curve
(grey solid line) through picked amplitude values with depth (coloured
solid lines) and of the maximum noise level for type 1 and 2 (dotted lines).
The “Swimming pool” (blue line), “Pond” (red line) and “Flooded gravel
pit” (green line) are distinguished. The standard deviation of the max-
imum penetration depth is defined as the intersection of the deviation of
the fitted exponential curve (dashed lines) and of the respective noise level.
A distinction is made between a) the 400 MHz antenna and b) the 200 MHz
antenna from GSSI.

with the S/N ratio from Table 3.5, we use the term "noise level" for the left term of
Equation 3.47. The results can be seen in Figure 3.9, where the spreading-corrected
and picked amplitudes from the horizons are plotted against the depth. Results are
available for the measurement locations “Pond” (red), “Swimming pool” (blue) and
“Flooded gravel pit” (green). The 400 MHz (Figure 3.9a) and the 200 MHz antennas
(Figure 3.9b) are differentiated. The penetration depth is defined as the intersection of
the fitted curve with the dotted lines of the respective noise level. The noise level type
1 is coloured yellow, the noise level type 2 is coloured black. The highest penetration
depth is achieved for type 2. The dashed lines mark the standard deviation of the fit-
ted exponential curves. The standard deviation of the maximum depth penetration is
defined as the difference of the intersections of the noise level with both dashed lines.
Both the maximum depth penetration and its standard deviation are shaded grey in
the image. The parameters of the fitted curves [log(spAgR) + asg] and —a - 2, as well
as the maximum achieved depth penetration and its standard deviation, are listed in
Table 3.6.

The approach worked especially well for the "Pond" and the "Swimming pool", as only
very small standard deviations of 0.06 m were obtained for the depth penetration. The
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Location log (spAoR)+asy —a-2  Max. depth Std. of depth
penetration [m] penetration [m]

400 MHz

Pond Q 10 -7.4 1.9 0.06

Swimming 9.3 -4.8 2.6 0.05

pool

200 MHz

Swimming 11.2 -4.8 2.5 0.06

pool

Flooded 8.6 -4 3.5 0.18

gravel pit \

Table 3.6: Comparison of the constant parameter [log(sgA¢R) + asy] (impact of the re-
flexion coefficient and the antenna parameters on the depth penetration)
and of the attenuation «, as well as of the maximum depth penetration and
its standard deviation, for the 200 MHz and 400 MHz antennas from GSSI
calculated from GPR profiles at three measurement locations.

flooded gravel pit, however, shows larger deviations of 0.18 m. This might be due to
an increased noise level or a change of the reflection coefficient at the sub-bottom. All
in all, penetration depths of 1.8 m—3.5m, determined from the maximum S/N ratio
of Type 2, were achieved, depending on the measurement site for the 200 MHz and
400 MHz antenna. In a visual comparison with the radargrams of Section 3.2, the re-
sults agree quite well, since both antenna frequencies of 200 MHz and 400 MHz show
penetration depths of 2m-4m, depending on the type of reflectors. At the measure-
ment location "Pond", reflections can be seen up to approx. 1.6 m, which is slightly less
than determined in Figure 3.9 (1.8 m). This may be due to changing parameters below
the lake bottom, which additionally decrease the depth of penetration. For the mea-
surement location "Flooded gravel pit", reflections can be optically tracked up to 4m,
which is slightly further than the penetration depth of 3.5m determined in Figure 3.9.
In the case of measurement location “River”, multiples due to the very shallow water
depth and the strong bottom reflector affect the radargrams.

The results show that the attenuation has the highest influence on the penetration
depth. A yfactor of 2 in the conductivity of freshwater at the measurement locations
“Pond” and “Flooded gravel pit” show a difference in the penetration depth by a factor
of 1.5. The measurement location "Swimming pool" demonstrates that the antenna fre-
quency has negligible influence on the penetration depth. The attenuation coefficients
are almost the same for both frequencies in this example. The S/N ratio is slightly
better for the 400 MHz at the end of the trace than for the 200 MHz antenna. On the
other hand, the constant b, consisting of the specific antenna parameters as well as the
reflection coefficients and depths, which are the same for both frequencies, is slightly
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better for the 200 MHz antenna than for the 400 MHz antenna. Thus, in this particu-
lar situation, the penetration depth is not crucial in the choice of antenna frequency.
Rather, attention must be paid to the data quality in the water column, since ringing
effects, especially with the 400 MHz antenna, must be expected at water depths >2m.
The spatial resolution also has an important impact on antenna choice, which will be
investigated in the next Section.

3.4.3 Spatial resolution

In Figure 3.10, we first compare the theoretical spatial resolution using the Fresnel
zone width (blue line) and the 3 dB threshold of the antenna radiation pattern (red
line). It is noticeable that at shallow water depths <1 m, the footprint of the antenna
radiation pattern is smaller than that of the Fresnel zone. Here, an improvement of
the horizontal resolution would be possible due to the antenna radiation pattern. At
larger water depths >1 m, the distribution is reversed.

The horizontal resolution values determined from the width of migrated diffraction
hyperbolas are shown as black points in Figure 3.10, too. Regardless of the measure-
ment location and the antenna frequency, this data can be fitted through the following
relation (green line):

Leasured = \/target depth- A (3.55)

The fitting curve (green) is parallel to the line showing the width of the Fresnel zone
(blue), so the horizontal resolution obtained in the field is lower than expected from
the Fresnel-zone-based estimate. In addition, it seems to be independent from the
footprint of the antenna radiation pattern. The intersection point between this curve
and the 3dB threshold of the antenna radiation pattern is at a water depth of 1.10m
for the 400 MHz antenna.

A comparison of the theoretical antenna radiation pattern with the radiation pattern of
the 400 MHz from GSSI measured at locations “Pond” and “Swimming pool” is shown
in Figure 3.11. The antenna pattern and the radiation angle at the 3dB threshold are
almost identical to those of the far field solution for a dipole (Equations 3.50 and 3.51).
Only the critical angle cannot be defined with certainty, so it must be assumed that
near- and far-field components are superimposed.

Figure 3.12 shows, for the 400 MHz antenna, how the 30 cm wide pool steps (green cir-
cle) of the "Swimming pool" were used to determine the horizontal resolution in inline
direction under field conditions shown in Figure 3.10. For this purpose, the width of
the envelope of the migrated and unmigrated measurement data was compared. Fig-
ure 3.12 (a,c) shows the radargrams, and Figure 3.12(b,c) the envelopes of the data.
The data from Figure 3.12(a-b) is unmigrated, while that of Figure 3.12(c-d) migrated.
In our example, the width of the lowest step is 33 cm for the migrated data and 40 cm
for the unmigrated data. For the migrated data, the deviation is therefore 3 cm from
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Figure 3.10: Comparison of the horizontal resolution vs. the water depth based on
the footprints of the first Fresnel zone (blue) and of the 3dB threshold of
the antenna radiation pattern (red). Furthermore, the horizontal resolu-
tion under field conditions was determined (black dots) and fitted (green)
based on the width of migrated diffraction hyperbolas in different water
depths.

the steps and thus within the vertical resolution (%) For the non-migrated data, the
deviation is 10 cm to the steps and thus slightly better than the resolution according
to the Fresnel criterion (see Figure 3.10).

From our results, we can conclude that the Fresnel zone width is a robust estimate
resolution under field conditions. The predicted effect of the narrowing of the an-
tenna radiation pattern for water applications could be verified, but it does not seem
to lead to an improvement of the spatial resolution of the reflection images at shallow
target depth <1 m. This might be caused by the near-field component of the antenna
radiation pattern, which we did not consider in our investigations

To further improve the horizontal resolution to that of the vertical resolution in the
centimeter range, a 3D radar survey would have to be conducted using antenna arrays.
This is because the precise positioning of single antennas with a cruising boat is diffi-
cult for larger survey areas but a precondition for gaining resolution increase through
3D migration. Another option would be to build a fixed coordinate system, as done by
Leckebusch (1998), with ropes and wooden slats in the water.
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Figure 3.11: Comparison of directivity functions from far-field approximations, E-
plane, air-water interface (black line), as well as from the experimental
estimate at the measurement locations “Pool” (blue line) and “Pond” (red
line). The 400 MHz antenna from GSSI was used.

3.4.4 Material contrasts in field applications

Figure 3.13 shows the physical parameter relative permittivity as a function of the vol-
umetric water content. Note that 0 vol% volumetric water content represents the rock
matrix, and 100 vol% volumetric water content the fresh water (assuming full satura-
tion). At the bottom of lakes, a layer of mud (that is, a layer of suspended organic or
non-organic material) may form, which may show a gradual increase or a stratifica-
tion in density with depth. Suspensions show a volumetric water content larger than a
critical value that causes material fragments or grains to be completely surrounded by
fluid such that they lose their mechanical stiffness (e.g., Mavko et al. (2020)). A typical
order of magnitude of critical water content is 50% for sandy grain size (e.g., Mavko
et al. (2020)). At the lake bottom, a stratification of different stages of the suspension
could possibly occur. The curve of the relative permittivity (Figure 3.13) increases with
increasing volumetric water content from the value of the rock matrix to the value of
the freshwater. Figure 13 is required for the determination of the reflection coefficients
in the next section.

Figure 3.14a shows the GPR reflection coefficients R from the reference material fresh-
water to various other subsurface materials, calculated according to Tables 3.2-3.3.
Figure 3.14b analogously shows the reflection coefficients of the reference material
water-saturated sand to other subsurface materials. The lines show the material con-
trasts of the reference materials to clay-free rocks depending on their volumetric water
content. The dashed line corresponds to a negative reflection coefficient, the solid lines
to a positive reflection coefficient. In Figure 3.14a, the reflection coefficients approach
zero with increasing volumetric water content. In general, the method provides useful
contrasts, which we define as R>0.1, between freshwater and the materials granite,
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Figure 3.12: a)-b) Unmigrated and c)-d) migrated GPR signal (a,c) and envelope (b,d)
of steps from the measurement location “Swimming pool”. The 400 MHz
from GSSI with the registration unit SIR 4000 was used.

sand, clay, and wood. However, the reflection coefficients of the organic materials
peat and gyttja are low, especially for gyttja R is smaller than 0.1, and slightly better
for peat. For the reference material water-saturated sand (Figure 3.14b), the method
generally shows large reflection coefficients again. The contrasts to clay-free rocks
decrease for medium porosities and increase for low and high porosities. The zero
transition then corresponds to the physical parameters of our defined water-saturated
sand. The contrasts of water-saturated sand with the materials gyttja and granite are
>0.1. In addition to the detectability due to a high enough contrast, another aspect is
the differentiation between different materials, such as wood, clay, and peat, which can
be difficult with GPR.

Table 3.7 summarises the results of the reflection coefficients between all materials
shown in Figure 3.14. Here, material contrasts with absolute values of the reflection
coefficient |R| > 0.1 show a check mark. Parenthesized checkmarks indicate the ma-
terial contrasts whose absolute value of R is possibly <0.1. Methods whose absolute
value of R is always <0.1 show a cross in the table. The table shows that most mate-
rial contrasts can be sufficiently resolved with GPR (e.g., sand, peat, wood, and gyttja
to granite, as well as wood and sand to gyttja). GPR shows its largest deficits in the
differentiation of peat, gyttja, and wood, that is, all organic materials.
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Figure 3.13: The physical parameter of relative permittivity (based on the CRIM for-
mula) is shown as a function of the volumetric water content.

3.5 Discussion

3.5.1 Maximum Sounding Depth

The average depth penetration we determined from all measurement locations was
2m-2.6 m for the 400 MHz antenna and 2.5 m-3.5m for the 200 MHz antenna for wa-
ter conductivities of 0.04 %—0.09 % Our results are in good agreement with previous
GPR studies in freshwater. For the 200 MHz antenna, Ruffell (2006) achieved a pene-
tration depth of 4m, Shields et al. (2004) a penetration depth of 4m-5m and Jol and
Albrecht (2004) a penetration depth of 3 m, while Park et al. (2004) achieved a pen-
etration depth of 4m with the 400 MHz antenna before lowering it to the bottom to
prospect even deeper targets. In all studies, no specific conductivity data was pro-
vided. Arcone et al. (2010) achieved a remarkable high depth penetration of 6 m—8 m
with a very low conductivity of 0.004 % when using a 200 MHz antenna. Finally, low-
ering the antenna to the bottom can increase the depth penetration to the values above
plus the thickness of the water column. Studies of Park et al. (2004) demonstrated this
successfully.

In our study, we found that if only the conductivity but not the imaginary part of
the permittivity €” is considered, the theoretical attenuation coefficient is reduced by
approx. 25% compared to measured values. In other studies, which also calculated
the attenuation coefficient based on reflection amplitudes as well as on conductivity
measurements, excluding €”, different results were found. For example, Sambuelli
et al. (2009) observed a very small error of 2% between the fitted and the calculated
attenuation coefficient. In a study by Lin et al. (2010), the value of the fitted attenu-
ation coefficient was even lower than the calculated value. The various results show
that punctual conductivity measurements in the water column may not indicate its
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Figure 3.14: Absolute values of negative (dashed line) and positive (solid line) GPR

average.

reflection coefficients. The reference materials a) freshwater and b) water-
saturated sand are distinguished. Their material contrast to clay-free
rocks of various porosities is shown in the form of lines. In addition, their
contrast with various other (in)organic and archaeological materials such
as clay, granite, wood, sand, bricks, peat and gyttia is presented as bars.
The values are calculated according to Tables 3.2-3.3.

Our approach assumed a reflection coefficient of R = 1. As shown in Sections 3.4.2 and
3.4.4, however, many reflection coefficients are significantly lower and range between
|R| = 0.1 and |R| = 0.5. For a well-resolvable reflection coefficient of R = 0.1, the pen-
etration depth would be reduced by 16% and 18%, which is 0.3 m and 0.45m for the
400 MHz and 200 MHz antennas, respectively.
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Fresh | Sand Clay Peat Gyttia Wood Granite
water
Fresh v4 v (V) X v v
water
Sand | | | (V) | v | v | (V) | v
Clay | | | AR Y,
Peat | | | Y
Gyttia | | | | | K4 v
Wood | | | | | | |

Table 3.7: The suitability of GPR for resolving contrasts between the materials fresh-
water, sand, clay, peat, gyttja, wood and granite. Material contrasts of
|R| > 0.1 labeled with a check mark. When it might be that |R| < 0.1, the
checkmarks are parenthesised. Material contrasts of |R| < 0.1 show a cross.

In our chosen method for determining the penetration depth, the various soil, antenna,
and water parameters do not have to be known. In addition, this is the only approach
that takes into account the noise level and thus the field conditions. A very similar
approach was applied by Annan et al. (1977) by using the radar range equation. In
this case, all antenna and target parameters were known. An alternative concept has
been found by Sellmann et al. (1992), in which for unknown target and system pa-
rameters, the maximum possible relative amplitude decrease is estimated. The value
is determined from a recorded trace in the field and its maximum depth penetration.
The number of attenuation components in this range (geometrical spreading, water
and sediment conductivity. and layer thickness, as well as reflection coefficients from
the water-sediment interface) are estimated and added up. This maximum amplitude
decrease can now be used to determine the depth penetration in other subsurface sce-
narios. In contrast to our study, this approach also takes into account the parameters
of the lake bottom and not only the water column up to the lake bottom and not only
the water column up to the lake bottom.

Our study shows that the choice of antenna frequency of 200 MHz or 400 MHz does
not affect the depth penetration much. In critical conditions, the choice of a 200 MHz
antenna is certainly appropriate, but the antenna ringing and thus the noise level and
the data quality in the water column also play an important role. Our experience is that
for water depths of 2m and more, the data quality of the 400 MHz antenna becomes
very poor, and the 200 MHz antenna provides much more reliable values. Similar ex-
periences were reported by Ruffell (2006), who found that for water depths deeper
than 6 m, and for all antenna frequencies (100 MHz-400 MHz), the antenna ringing
was too large for successful investigations. He did not use the 400 MHz antenna at all
because, as in our case, the ringing for the 400 MHz antenna became large at a water
depth of 2m and more, but the data information content was hardly better than with
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the 200 MHz antenna. Here, we had different experiences, especially in the resolution
of objects (see Sections 3.3.2 and 3.4.3). At shallow water depths, the reflection am-
plitudes are significantly sharper with the 400 MHz antenna than with the 200 MHz
antenna. Moreover, other studies were able to perform GPR measurements in water
depths of more than 6 m (Arcone et al., 2010). However, the study of [53] observed
antenna ringing with both 200 MHz and 500 MHz antennas. We have also made good
experiences in reducing antenna ringing with trace averaging and low pass filtering
(see Section 3.3.1), which has also been confirmed by Moorman and Michel (1997) and
Porsani et al. (2005). Another improvement in data quality that we also noticed in
our study was the stacking of GPR traces (16 times). Positive experiences were also
reported by Moorman and Michel (1997) and Porsani et al. (2005) with 32 times stack-
ing.

Regarding organic material in the water column, Kovacs (1991) and Shields et al.
(2004) have also found that it has little or no effect on the penetration depth of GPR in
the water.

3.5.2 Spatial resolution and antenna directivity

In our study, we were able to achieve spatial resolution in the centimeter range in the
horizontal and vertical directions and to resolve branches and fish. It basically follows
the curve of the 1st Fresnel zone width. We could verify the theoretically predicted
radiation pattern and its narrowing in water compared to land applications. However,
a corresponding positive effect on the resolution could not be recognized. Due to the
narrow beam, however, fewer side reflections might be expected. Similar experiences
were made in other studies when resolving objects. Among other things, Leckebusch
(1998) was able to resolve reeds and dirt particles, while Ruffell (2014) was able to
resolve a beverage can with the 200 MHz antenna, Jol and Albrecht (2004) found tree
trunks of various diameters, and Arcone et al. (2010), achieved a vertical resolution of
<20 cm for the 400 MHz antenna and of <30 cm for the 200 MHz.

The question on how exactly the depth of the lake bottom can be determined was an-
swered by Moorman and Michel (1997). The bathymetry was determined with 3%
and the sediment thickness with 15% precision. In each case, errors in the velocity
assumption of the radar waves in the water column and the lake bottom were con-
sidered. Kovacs (1991) discussed the antenna beam footprint due to the critical angle
regardless of the antenna frequency. He made a rule of thumb for water depths <5m,
for which a footprint diameter of 0.2 - water depth can be assumed. To achieve a min-
imal footprint, the antenna would have to be raised above the water, but this would
significantly reduce the energy transmitted into the water.

First Sellmann et al. (1992) and a little later Arcone (1995) presented a detailed inves-
tigation of the antenna radiation characteristics in water. Here, the the steady-state,
subsurface far field solution for an interfacial infinitesimal dipole of Smith (1984),
was used. It was compared to those of a transient, finite-size, resistively loaded ar-
ray (50 MHz). Their experience was that the second approach was more accurate and
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resulted in an even narrower antenna radiation pattern. They also calculated the foot-
prints in different water depths for a 50 MHz antenna. In addition, a comparison was
made between a theoretically calculated and a practically determined antenna radia-
tion characteristic of a 200 MHz antenna. These were in good agreement. In addition,
Wensink et al. (1990) investigated, both theoretically and practically, the antenna radi-
ation characteristics of a 200 MHz antenna in tank experiments at different depths up
to 2.5m. The height of the antenna above the water column was also varied. Their out-
come was that far-field conditions have not fully developed at a depth of about 2.5m,
which also agrees with our experience. Our measurements do not confirm the observa-
tion of Wensink et al. (1990) that better agreements between theory and practice could
be achieved by raising the antenna to higher levels above the water surface.

3.5.3 Material contrasts

Our results show that a range of archaeological material contrasts can be resolved
with GPR (e.g. stone and wood). This is also confirmed by numerous other studies.
Abramov and Vasiliev (2004) were able to detect wall foundations, partly of stone and
partly of clay, in the sandy subsoil of the Black Sea. Leckebusch (1998) detected the
archaeological layer of a former settlement, while Jol and Albrecht (2004) and Arcone
et al. (2010) found logs in sandy and gravelly soil. High contrasts between sand and
metal were also detected by Arcone et al. (2010). However, some material contrasts,
although apparently sufficient, cannot be resolved. With Leckebusch (1998), the di-
electric permittivities of an archaeological layer, wooden poles, and lacustrine chalk
were determined using TDR measurements. Although there was a sufficient difference
in permittivity between the lacustrine chalk and wooden beams, this material con-
trast could not be resolved. This was justified by the possible influence of magnetic
permeability.

A direct address of the material is hardly possible with the method. Sambuelli et al.
(2009) attempted to calibrate reflected bottom amplitudes using samples and TDR
measurements. However, this did not succeed and was explained by the size of the
subsoil materials (e.g. pebbles). Their size is approximately in the range of the wave-
length of the GPR antenna, so that Mie scattering rather than Rayleigh scattering is
to be expected here. Mie scattering is hardly correctable and changes the reflection
amplitudes. A better result was achieved by Lin et al. (2010), who compared reflection
amplitudes of unknown sub-bottom materials to known metal plates using both GPR
and seismic methods. They were able to determine reflection coefficients and to draw
conclusions on the sediment porosity. Finally, a material identification was successful
using a joint inversion of the two methods. Other techniques were used by Arcone et al.
(2010) to obtain information on the subsurface materials. To distinguish wood from
metal, their wavelet shape was intensively compared. In addition, the permittivity of
the materials was calculated from diffraction hyperbolas in the subsurface. In addi-
tion, TDR measurements (Arcone et al., 2008) were compared with the CRIM equation
(Wyllie et al., 1956) and studies on the water content of lake sediments (Menounos,
1997).
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In general, GPR measurements should be verified with the help of samples, drillings,
TDR measurements, and, for example, the comparison of trace signatures. To exclude
ambiguities, a second geophysical method can also be used, as with Lin et al. (2010).
GPR measurements, on the other hand, can also be used to exclude ambiguities in seis-
mic and geoelectric measurements. Furthermore, for critical material contrasts such
as water-clay, wood-clay and sand-peat, they may even achieve better results than the
other two methods. Our experiences from the study also show that GPR in water of-
fers several more fields of application. The exemplary location "Pond" shows that GPR
could be used to determine the biomass and thus the siltation of lakes and rivers. For
this, the next step would be to quantify the organic mass in the water and calibrate the
results with the radargrams. Possible scattering effects would have to be considered.

3.6 Conclusion

In our study, we gained experience with GPR measurements at four different survey
locations in order to generate rules of thumb for the further application of GPR for ar-
chaeological prospection in terms of penetration depth, resolution and material con-
trasts. Due to the limitations of depth penetration, with 200 MHz and 400 MHz an-
tennas floating on the water surface, GPR is only suitable for <3 m—6 m shallow fresh-
water, but can complement the common geophysical methods in water (i.e. seismics
and geoelectrics), especially in order to exclude ambiguities. The advantage compared
to the traditional methods is the easy application of the onshore equipment in water,
for which, in the simplest case, only a waterproof box is needed. The high resolu-
tion is in the cm range in the direction of the profile and in the dm range across the
profile. The narrow antenna radiation pattern in water cannot further improve the
resolution across the profile, but we expect fewer side reflections than on land. Many
archaeologically relevant material contrasts can be resolved, including sand/stone and
gyttia/wood. The material contrasts sand/clay and water/gyttia are possibly not dis-
tinguishable. The depth penetration is hardly influenced by the choice of the antenna
frequency of 200 MHz or 400 MHz. Organic material in the water column also has
no significant effect on penetration depth. Instead, this offers a new field of appli-
cation for the method, which can potentially be used to study the siltation of lakes.
The influence of the water column on the GPR antenna designed for onshore mea-
surements appears especially in the form of antenna ringing for the 400 MHz antenna
in water depths >2m, reducing its data quality. In addition, multiples must be ex-
pected in water depths of <0.5m. A stable GPR signal was mostly only achieved by 32
times stacking. To reduce the depth penetration limitations of the water column, the
antenna could be lowered. However, the effort of lowering the antenna removes the
advantage of the simple application of the land equipment in the water compared to
other methods.
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4 Physical Parameters and Contrasts
of Wooden Objects in Lacustrine
Environment: Ground Penetrating
Radar and Geoelectrics

Abstract We investigate how suitable ground penetrating radar (GPR) and geoelectrics
are to prospect the remains of submerged wooden archaeological constructions in the
water column. For this purpose, we determined the contrasts of electric resistivity and
dielectric permittivity from measurements on present-day wood samples, serving as
simplified approximations of water saturated and undegraded archaeological wood.
As common substitutes of hard and soft construction wood, we investigated oak and
spruce wood. The electric resistivity and dielectric permittivity were determined with
increasing moisture content from small-scale electric and GPR measurements using
a Wenner « array and a 2 GHz Palm antenna in a watering experiment. In a water-
saturated state, resistivity values of <270 (dm and relative dielectric permittivity val-
ues of >20 were observed. The anisotropy effects and deviations of the wood species
were seen to be up to 30%. On the basis of this, the relative material contrasts of wood
with respect to fresh water, sand, and clay were calculatedand compared to values
found in the literature for seismic contrasts. Geoelectric, GPR, and seismic measure-
ments show contrasts of 0.3 to 0.8, -0.4 to 0.2, and -0.24 to 0.35, depending on the
surrounding material and structural orientation of the wood. The highest contrasts
were found for wood in fresh water, followed by clayey and sandy subsoils. On the ba-
sis of the determined contrasts, analytical calculations were performed showing that
an object of 0.5m diameter can be detected at depths beween 0.5m and 1.5m with
geoelectrics (Schlumberger) and at depths between 0.5m and 3 m with ground pene-
trating radar measurements (400 MHz).

4.1 Introduction

In recent years, the geophysical prospection of archaeological targets has been ex-
tended to amphibious terrains and shallow water environments. Current research is-
sues include prospecting anthropogenic harbor installations (Muller et al., 2009; Woelz
et al., 2009; Fediuk et al., 2019) and geoarchaeological indications of harbor environ-
ments (Seeliger et al., 2014; Wunderlich et al., 2018), as well as archaeological objects
submerged due to sea-level variations or river relocations (Simyrdanis et al., 2015). A
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major construction material used in the past was wood, which was used for building
ships, buildings, jetties, etc. Using locally available wood species, wooden buildings in
Central Europe were often made of oak. Conifers were used in Scandinavia. The prop-
erties of individual wood species were used for specific components, e.g., of ships.
Thus, ship wrecks often consist of a variety of hard and soft woods (McGrail, 2014; Di-
ener, 2012; Crumlin-Pedersen, 2004). In onshore archaeological prospection, five geo-
physical methods are well established: magnetics, seismics, electromagnetic induction
(EMI), geoelectrics (mostly electric resistivity tomography (ERT)), and ground pene-
trating radar (GPR). In offshore environments, mostly hydro-acoustic/seismic meth-
ods are used (Wilken et al., 2019). Here, the contrasts of woods have been intensively
studied. In Arnott et al. (2005), the seismic reflection coeffcients of wood in differ-
ent weathering grades were calculated. They show large differences in the reflection
coeffcients, caused by the weathering degree and the subsoil. Therefore, with seis-
mic methods, wooden archaeological remains can sometimes be detected excellently,
sometimes not. As an example, it is hard to prospect moderately degraded oak in
clay. However, seismic methods can be complemented or replaced by ERT and GPR
measurements. We recognized the potential of lacustrine GPR to image small-scale
wooden structures from a sample profile showing multiple reflections that come from
trunks and branches in the water column. Similar experiences were noted in Jol and
Albrecht (2004) while searching for submerged lumber with GPR. They recognized
diffraction hyperbolas caused by lumber both above and below the lake bottom within
organic sediment. ERT and GPR become especially attractive in cases of extremely
shallow water and gassy environments. For addressing the material or the degree of
preservation of objects, the methods can be used as they are sensitive to lateral and
vertical changes in the subsurface electric resistivity and dielectric permittivity. How-
ever, the high conductivity of the water column results in a limited depth penetration.
In Simyrdanis et al. (2015) and Kritikakis et al. (2015), ERT studies are presented,
and in Arcone et al. (2010) and Ruffell (2006), GPR studies are presented investigating
submerged nonwooden objects. Their results show that both marine ERT and GPR are
suitable methods to resolve objects within the meter scale, e.g., wall fundaments and
bombs. In Lin et al. (2010), the authors offer an approach to determine subsurface
material contrasts based on the GPR signal strengths from sediments and a reference
aluminum plate. However, there is no study investigating wooden material contrasts
for marine and lacustrine ERT and GPR measurements.

Several studies, summarized in Niemz and Sonderegger (2017), Kollmann (1968) and
Skaar (2012), investigated the electric resistivity and dielectric permittivity of wood
with increasing wood moisture content. In Stamm (1927); Lin et al. (1965) among oth-
ers, it is observed that there is a decrease in the electric resistivity with increasing wood
moisture. In Kuroda and Tsutsumi (1982), the effects of fiber orientation are consid-
ered. However, most studies focus on wood moisture contents of 0-30 %, which do
not represent the higher moisture content expected in archaeological wood (Peyskens
et al., 1984). An increase in permittivity is noted, for example, in Trapp and Pungs
(1956). They investigated spruce wood for different measurement frequencies (in both
the MHz and GHz range) and wood-moisture contents. In James (1975), they carried
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out similar investigations for Douglas fir. In Kroner and Pungs (1952), they considered
the influence of fiber direction on the dielectric permittivity of dry wood. However, es-
pecially for fully water-saturated wood, which is comparable to archaeological wood,
the studies do not cover all aspects regarding the influence of structural orientation
and the distinction between oak as a hardwood and spruce as a softwood. In addition,
the electrical resistivity of wood is usually determined using a resistance meter with
two electrodes (Skaar, 2012). The dielectric permittivity is determined using plate
capacitors (Niemz and Sonderegger, 2017). Thus far, none of the studies have used
small-scale geophysical methods such as geoelectric four electrode arrays and GPR an-
tennas for that purpose. Therefore, in this study, we bride this gap and investigate
to what extent ERT and GPR are suitable to prospect the remains of submerged or
wooden constructions in the water column with respect to physical material param-
eter contrast. We follow the approach asking whether wood can be detected based
on the assumption that modern water-saturated wood is comparable to unweathered
archaeological wood. Using this assumption, we can neglect the manifold properties
of archaeological wood, including degradation, which are often unknown during field
prospection. For further simplification, we consider oak and spruce wood, two typical
representatives of hard and soft wood, showing fundamental structural differences.

Regarding the aforementioned background, our study has three aims:

i) Investigating electric resistivity and dielectric permittivity of modern oak and
spruce wood with increasing water moisture contents considering three direc-
tions of anisotropy in a long-term experiment. For this purpose, we used small-
scale geophysical equipment and compared the results to previous laboratory
studies;

ii) Calculating the physical material contrasts of wood compared to different em-
bedding materials, such as water, clayey subsoil, and sandy subsoil, for ERT and
GPR measurements and comparing them to seismic material contrasts based on
the work of Arnott et al. (2005);

iii) On the basis of the determined contrasts, we performed analytical calculations to
investigate the depth penetration and applicability of the ERT and GPR methods
for the prospection of wooden objects in water.

4.2 Materials and Methods

4.2.1 Preliminary Considerations to Determine Wooden Material
Properties

For the determination of material contrasts of wood in different subsurfaces in the
field, certain preliminary considerations are required regarding the variations of water-
saturated wood. Therefore, we consider the parameters that influence the electric re-
sistivity and dielectric permittivity which can be observed in the experiment. Wood
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is an inhomogeneous, anisotropic, and capillary porous composite material of macro-
, micro-, and submicron structure (Niemz and Sonderegger, 2017; Kollmann, 1968;
Skaar, 2012). Inhomogeneities result from differences in the raw density, irregular
water absorption of wood during the experiment, and anisotropic axes because of dif-
ferent structural orientations, among other things. Differences in the raw density are
due to various wood species and due to irregular early and late growth rates in the
microstructure. The average kiln-dry density for spruce wood is 0.43 %, whereas for

oak wood an average value of 0.63 % is defined in Niemz and Sonderegger (2017).
Three anisotropy axes define the macrostructure: (1) in fiber direction; (2) radial; and
(3) tangential to the annual rings across the fiber direction (Figure 4.1). Anisotropy
affects both the water absorption process and the investigated physical parameters.
Therefore, in the context of the study, integral values of electric resistivity and dielec-
tric permittivity were determined along each of the three main structural directions
and for both hard and softwood. Thus, different types of cutting and orientations of
objects in the subsurface are taken into account. The wood moisture absorption can
be divided into three different states (Niemz and Sonderegger, 2017; Kollmann, 1968).
The kiln-dry state of wood has a 0% wood moisture content. In the fiber saturation
state, the microstructure and submicron structure are fully saturated with bound wa-
ter, showing a wood moisture content between 22% and 35%. We focus on the third
state, in which the macrostructure becomes water saturated with free water. The ex-
pected maximum wood moisture content of 200% for spruce and of 111% for oak
depends on the kiln-dry density and the maximum weight of the fiber-saturated state
(Niemz and Sonderegger, 2017). The wood moisture content u is the relation of the
mass from wet wood m,, to the mass from kiln-dry wood m,:

u=" "M 00 (4.56)
mgy

Furthermore, we have to expect a faster moisturization of spruce wood than oak wood
during the watering process and an irregular expansion of the wooden cell walls until
maximum fiber saturation is reached. In the fiber direction, the swelling rate is <0.5%
and in the direction across the fiber, the swelling rate is >5% for both wood species
(Niemz and Sonderegger, 2017).

4.2.2 Experimental Setup

In the first step, the physical parameters electric resistivity p; and dielectric permittiv-
ity €, were determined as a function of the wood moisture content # in a nine-month
watering experiment. We applied the geophysical methods geoelectrics, using Wen-
ner «a resistivity measurements (WA), and GPR, using a 2 GHz antenna in a suitable
small-scale setup. The measurements were performed on two 10cm x 10cm x 10 cm
cubes of oak and spruce wood. The measurements were performed on three side sur-
faces of the cubes corresponding to the main directions of anisotropy along the fiber as
well as radially and tangentially to the annual rings across the fiber direction (see Fig-
ure 4.2). The size of the cubes was chosen to fit the geometric demands of the 2 GHz
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Figure 4.1: Anisotropy axes of wood: (1) in the fiber direction; (2) in the direction
across the fiber, radial to the annual rings; (3) in the direction across the
fiber, tangential to the annual rings

GPR antenna (9.2cm x 9.2 cm), whereas larger cubes would not be suitable because
of the longer moisture saturation time. At the beginning of the experiment, the kil-
ning method described in Niemz and Sonderegger (2017) was used to dry the wood to
mass constancy at 103 + 2°C. The wood cubes were then placed into a tank of fresh
water with an average electric resistivity of 19 + 0.4(Om and a temperature of 17 +
0.7 °C so that thermal conductivity effects could be ignored. At regular intervals, the
wooden cubes were weighed and the wood moisture content was determined using the
reference mass. This was done first daily, and then weekly, after the gradient of each
curve significantly decreased. Additionally, the wooden cubes were measured with a
caliper to document the swelling a, which is the expansion of each side of the mois-
turized cube in relation to those in the kiln-dry state. The cube expansion is required
to calculate the dielectric permittivity from GPR measurements. Each measurement
was repeated ten times and the Gaussian law of error propagation (Bartsch, 1982) was
used to calculate the statistical error of the wood moisture content u for the first mea-
surement of our experiment in a dry state, for the fiber-saturated state and for the
maximum saturated state. In the dry state, the measurement error of the mass from
wood results from inaccuracies in the electronic scale of Am; = 0.5g. For the fiber-
saturated as well as for the maximum saturated state, measurement errors result from
the drying process of the wood during the one hour (approximately) measuring pro-
cedure. The arithmetical average weight difference between the beginning and ending
of the measurement was delta m, = 3g in fiber-saturated state and delta m, = 9g in
the saturated state. The time series of the wood moisture content u, the swelling a, the
density d, as well as the electric resistivity and permittivity were fitted with mathe-
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matical functions and compared to previous laboratory studies (Niemz and Sondereg-
ger, 2017; Kollmann, 1968; Skaar, 2012). Obvious options were low-order polynomial
functions and (limited) exponential growth, respectively, decay functions, and the sum
of an exponential and a polynomial function. After some trials, the increasing wood
moisture content u with time t was fitted by the sum of a limited exponential growth

and a polynomial function of first ordera+b-t—c- ed. The swelling a depending on
the wood moisture content u was fitted by a limited growth curve of type a—b-e< . The
correlation coefficients of the fits are of the order of 0.98 in all cases. From the mass of
the moisturized wood and the wood cube volumes, the density d was determined and
fitted by a linear curve a-x+b. Then, the electric resistivity and dielectric permittivity
of the woods were examined. As a result of the internal wood structure of the spruce
cube, the radial and tangential components in the direction across the fiber could not
be clearly distinguished, which is why we expect to obtain average values of anisotropy
for the two orthogonal sounding directions for this wood type.

1)

"
‘A_C

wd 0T
wd 0T

2)

Figure 4.2: Schematic drawing of: (a) the setup for electric resistivity measurements
of wood using a Wenner a configuration; (b) 2 GHz Palm antenna used for
dielectric permittivity measurements of wood. Anisotropy axes of wood
are highlighted: (1) in the fiber direction; (2) in the direction across the
fiber, radial to annual rings, (3) in the direction across the fiber, tangential
to annual rings.

3)

4.2.3 Determination of the Electric Resistivity

For investigating the electric resistivity of the wood cubes, a four-electrode array made
from screws (diameter 1 mm) with a Wenner a configuration of 1 cm electrode dis-
tance was centered on three sides of the cube corresponding to the main directions
of anisotropy (Figure 4.2a). The current I and the voltage U were measured with
a C.A. 6470 unit (manufactured by Chauvin Arnoux), arithmetically averaging ten
repetition measurements. Assuming a homogeneous electric resistivity distribution
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throughout the block (in the current anisotropy direction), the specific electric resis-
tivity was then defined by Ohm’s law (Telford et al., 1990). To estimate statistical
errors in the dry state, fiber-saturated state, and maximally saturated state (exemplar-
ily for spruce wood in the fiber direction), the Gaussian error law was again applied.
Therefore, errors of the geometry factor k = 27a = 0.0628 with an electrode spacing a
of 1 cm can be estimated by electrode spacing inaccuracies of 0.1 mm, resulting in an
error of Ak = 6.3-107*. Measurement errors for the current I[A] and the voltage U[V]
were defined as standard deviations from the ten measurement repetitions, and were
caused by the resolution accuracy of the registration unit and by errors of the electrode
coupling. The measurements could be fitted by a limited exponential decay curve of
type a+b-e . To ensure that the measurements were not affected by the boundary sur-
faces of the 10cm x 10 cm x 10 cm wood cubes, we used the program pyGIMLi (Rucker
et al., 2016) to calculate the geometry factor of the Wenner « array for the special situ-
ation of a cube, considering the six free surfaces of the probe. This was compared with
the geometry factor calculated for the common half-space. To quantify the anisotropy
effects in and across the fiber direction, we calculated the relative standard deviations
of the arithmetic average of all the measurement directions for each wood moisture
content.

4.2.4 Determination of the Dielectric Permittivity

The relative dielectric permittivity €, was determined using a 2 GHz Palm GPR an-
tenna (GSSI) connected to the registration unit SIR 30 (GSSI). The device setup uses
two antennas in one housing which cannot be used for transmission but for reflection
measurements. The relative dielectric permittivity €, is defined by the ratio of the per-
mittivity of a material € to the permittivity in free space €. It is inversely proportional
to the square of the GPR velocity v (Butler, 2005). We determined €, via the radar wave
velocity v = 25, where s is the side length of the cube and t is the two-way travel time of
the radar wave reflected from the cube surface opposed to the side of the antenna (Fig-
ure 4.2 b); t corresponds to the travel time difference between the signal amplitudes
of the direct and reflected waves. To enhance the reflection amplitude, we mounted a
metal sheet at the bottom of the wooden cube. The metal sheet has a reflection coeffi-
cient of -1, which is much stronger than the reflection coefficients of possible internal
wood interfaces. Figure 4.3a shows that for moisture contents <20% the travel times
of the direct wave and the reflection from the base of the cube are so small that the
signals interfere. Consequently, the standard use of first breaks to pick the direct wave
(i.e., interference of air and ground wave) and the reflection of the metal sheet is not
possible, wherefore we chose to pick the maximum signal amplitude. To estimate the
measurement accuracy in this low moisture range, the experiment was also conducted
with a 50 cm long spruce piece of the same log as the 10 cm long piece (Figure 4.3b).
Additionally, this longer piece was used to estimate the inaccuracy that results from
picking the first maxima of the wavelets (Figure 4.3b, option 1, green line) instead of
the first breaks (Figure 4.3b, option 2, yellow line). The measurement uncertainties
of the GPR measurements were again estimated via the Gaussian error propagation
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law, considering deviations of the travel time and of the dimensions of the wood. The
travel time error At = 0.01ns is defined as the standard deviation of the picked time
difference between the signal amplitudes from ten repetition measurements. Errors of
the dimensions of the wood cubes As = 0.05cm are caused by inaccuracies using the
caliper and an irregular expansion of the wood during the watering process. The cal-
culated dielectric permittivity values could be fitted by an exponential curve of type
a+b-ec. Anisotropy effects were also considered, using the same approach as for the
electric resistivity.

Wood moisture content [%] Wood moisture content [%]
0O 46 72 97 105 114 130 0 10 18
12 I
, 20/ : 1)
— 10 — Direct wave |
c =
= | = 40
E 20 = 2)
= = eql ]
60 1)
30 metal sheet ! Reflection from 1
M i e
40
0 5 15 35 61 118 240 0 2 5
E Wood watering days m Wood watering days

Figure 4.3: Wiggle plot of spreading corrected radar signals that change with increas-
ing wood moisture content for: (a) spruce wood cube of size 10 cmx 10 cm x
10 cm in the fiber direction (red and blue marks highlight the picked am-
plitudes); and (b) spruce wood cube of size 10cm x 10cm x 50 cm in the
fiber direction. Here, two possible definitions of the travel time through
the wood cubes for kiln-dry and moisturized wood are compared: (1) the
maximum signal amplitude from the direct wave respectively wood-metal
interface (green); and (2) the zero position before the respective signal am-
plitude (yellow).

4.2.5 Determination of Relative Material Parameter Contrasts

In the next step, relative contrasts of the electric resistivity and dielectric permittivity
from the submerged wood in three different subsurface materials were determined.
Following Arnott et al. (2005), we selected fresh water, sandy subsoil, and clayey sub-
soil as the hypothetic embedding materials for the wooden objects. The parameters
for water-saturated oak and spruce wood for three anisotropy directions were taken
from the experiment. However, the maximum wood moisture content was not reached
by the end of the experiment. Therefore, the values of the electric resistivity and the
dielectric permittivity were extrapolated to the expected maximum wood moisture
content using the fitted curves. The parameters of the embedding material were taken
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Embedding Electric Dielectric
Material Resistivity Permittivity
Freshwater 21 Om (Schon, 1983) 81 (Schon, 1983)
Saturated sand 75 Qm (Schon, 1983; Archie et al., 1942) 20 (Annan, 2003)
Saturated clay 40 Qm (Knodel et al., 2013) 40 (Annan, 2003)

Table 4.1: Reference values of the electric resistivity and dielectric permittivity for the
embedding materials freshwater, saturated sand, and saturated clay.

from literature and are summarized in 4.1. Especially, saturated sands and clays show
a large possible value range, so that exemplary values were chosen for our investiga-
tions. In order to determine the specific resistivity of a sandy subsoil, Archie’s law
(Archie et al., 1942) was used assuming a water resistivity of 21 Om. The relative
material contrast for the geoelectric measurements depends on the specific electric
resistivity of the wood p;,, an of the subsurfacep; (Telford et al., 1990).

pss - psw
r, = ——— 4.57
P Pss+ Psw (4.57)

Neglecting the influence of the magnetic permeability and the electric resistivity on
GPR reflectivity, the effective GPR material contrasts correspond to the reflection co-
efficients depending on the relative dielectric permittivity of the wood €,,, and of the
subsurface €, (Butler, 2005).

VeErs — €
re, = ~—— 2 (4.58)
V 67’5 + erw
The relative seismic material contrasts are also equal to the seismic reflection coeffi-

cient, depending on the seismic velocity (v,,) and density of the water layer (d,,) and of
the subsurface layer (v, and d;) (Telford et al., 1990).

_dsrvg—dy vy,
ds-vs+dy, vy,

(4.59)

Ts

4.2.6 Geophysical Detection Swell of Wooden Targets in Lacustrine
Environment

On the basis of the parameter contrasts of wood embedded in soils and freshwater, we
finally discuss the implications of the depth range, in which wooden objects can be
detected through geoelectric and GPR measurements. This depth detection swell does
not only depend on the parameter contrasts but also on the instrumental sensitivity,
the ambient noise level, the shape of the objects, and in case of GPR, the attenuation
of the up- and downward travelling waves. For this estimate, we assume: (1) that
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the shape of the wooden objects can be approximated by spheres or long horizontal
cylinders oriented orthogonally to the sounding profile; and (2) that the wooden ob-
jects are embedded in a homogeneous half space. In these cases, the geoelectrical and
GPR ground responses can be estimated analytically. The formulae given below can
be derived by simple algebra for GPR from equations provided in Davis and ANNAN
(1989) adn Hilterman (1975) and the geoelectric sounding in Schlumberger configura-
tion were provided in Topfer (1969). Ideal measuring conditions are assumed. For the
geoelectrical detection swell of spheres and horizontal cylinders, we obtained

1
+201\°
Telectric_sphere = (M : u) “hy (4.60)
Po—pP1
and
5
0t pP1
Telectric_cylinder = (M : ﬁ) -hy (4.61)

where Tejectric_sphere 18 the radius of the sphere, rojectric_cylinder 1S the radius of the cylin-
der, pg is the specific resistivity of the half-space, and p; is the specific resistivity
of the sphere/cylinder. h is the midpoint depth of the sphere/cylinder and zrpp =

ho = Telectric_sphere/cylinder 1S the depth to the top of the object. M = % is the mea-
surement accuracy within 95% bounds, % is the relative standard deviation of the

measurements, and p, is the apparent resistivity. The GPR detection swell of spheres
and horizontal cylinders is

-1
TGPR_sphere = (pe—Zazmp_ - 1) Ztop (4-62)
2240p
and
—2az R2 -
TGPR_cylinder = Pe mp—z -1 Ztop (4-63)
Ztop

where 7Gpr_sphere is the radius of the sphere, rGpr_cylinder is the radius of the cylinder,
zrop is the depth to the top of the object, P is the GPR system performance, R is the re-
flection coefficient, and a is the absorption coefficient. We estimated the GPR detection
swell for a 400 MHz antenna, which can be used to prospect targets a few meters below
the subsurface and is regularly used in the geophysical prospection of archaeological
objects. In contrast, the 2 GHz antenna used in the experiment has a depth penetra-
tion within the decimeter range and is usually not used during field measurements.
However, the experiment could only be carried out using a 2 GHz antenna due to the
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95

Geoelectric Freshwater Saturated sand  Saturated clay
ps of half space 21 0Om 40 Om 750m

ps of wood 250 Om

GPR Freshwater Saturated sand  Saturated clay
GPR velocity of half space 3.3 ¢ 755 5%%
Attenuation of half space 0.1 %B 0.17 %B 10 %B
Reflection coefficient -0.34 -0.06 -0.17

wood/embedding material

Table 4.2: Summary of the material parameters assumed for the wood and the embed-
ding material, freshwater, saturated clay, and sand to discuss the implica-
tions for the depth range.

antenna and wood dimensions. As discussed in section 4.4.3, dielectric permittiv-
ity values increase with lower measurement frequencies. Comparing the frequencies
of 400 MHz and 2 GHz, this effect does not significantly change the detection swell.
Therefore, we used the measured dielectric permittivity values of the experiment. The
material parameters assumed for the wood and the embedding material, i.e., freshwa-
ter, saturated clay, and sand, are listed in 4.2. The technical resolution limits of the
field units (electronic noise) and the ambient noise level are critical. For these, we as-
sumed that the geoelectric response of the embedded objects is detectable if it exceeds
the background by 2%. For the GPR, we assumed a practical system performance of
96dB.

4.3 Results

4.3.1 Water Absorption, Swelling, and Density Increase of
Moisturized Wood during the Experiment

Figure 4.4a shows the development of the wood moisture content for oak u, (blue) and
spruce wood u; (red) depending on the watering time t of the wood cubes. During the
measuring period, none of the wooden cubes reached their maximum wood moisture
content. The experiment was terminated at a final wood moisture content of 100% for
oak and of 130% for spruce wood. The increasing wood moisture content for oak wood
u, and spruce wood u; with time t was approximated by the functions summarized in
Table 4.3. The wood density d shows a linear increase (Figure 4.4b; for the fitting
function see Table 4.3; for the mean values see Table 4.4). The swelling of oak and
spruce as due to an increasing wood moisture content u is shown in Figure 4.5 across
the fiber in radial (a) and tangential directions (b), and in the fiber direction (c). It can
be fitted by limited growth curves (Table 4.3). Directional differences in the swelling
are especially apparent in and across the fiber directions. In the fiber direction (Figure
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4.5c), there are only minimal changes of less than 0.5%. In the direction across the
fiber, an increase of > 4% was found for oak and spruce wood in the direction across
the fiber (radial, Figure 4.5a; tangential, Figure 4.5b). The experimentally determined
masses, density values, dimensions, and volumes of the wood cubes in kiln-dry and in
their maximally saturated state are listed in Table 4.4. The measurement uncertainties
of the wood moisture content u are <1% in the dry and fiber-saturated state, and <3%
in the maximum saturated state.

1401 11
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Wood moisture content u

0.5 d, = 0.003 u,+ 0.38
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Figure 4.4: (a) Wood moisture content of oak (blue) and spruce wood (red) plotted
against the wood watering time in days. (b) Development of wood density
depending on the wood moisture content for oak (blue) and spruce (red).

4.3.2 Electric Resistivity

The results of the measurements of electric resistivity for oak and spruce wood with
increasing wood moisture content are presented in Figure 4.6 and in Table 4.5. There
is a limited exponential decay of the specific resistivity with increasing wood moisture
content, for which the fitting functions are given in Table 4.6. The two wood types
and the three main anisotropy directions show distinctly different values. The specific
resistivity of oak wood converges to a minimum value of about 250 (Qm, which is also
approximated by the asymptotes of the fitted curves. The spruce wood also converges
to a minimum resistivity value of about 1 (Qm. For the uncertainties of the derived
electric resistivity values, we obtained an almost constant value of <3.5% for all in-
vestigated states. The possible effects of the cube surface boundaries on the geometry
factor and thus on the measurements are within the range of the measurement errors
and can be neglected. The anisotropy of electric resistivity is largest in the dry state.
Measurements in the fiber direction are slightly less resistant compared to the mea-
surements from the direction across the fiber. At higher wood moisture content, the
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Fitted u Corr. Fitted « Corr. Fitted d Corr.

Curve Coeff. Curve Coeff. Curve Coeff.
Oak, || Fiber 1Qu— 0.05- 0.98
eTi5
1 Fiber, radial 71.04 + 1 10.05 - 0.98 0.0047u, + 1
to annual 0.15-t— 0.47 - e304 0.56
rings 61.68-
eTIT2
1 Fiber, 10.14 - 0.99
tangential to 0.52- ¢4
annual rings
Spruce, || Fiber 10.07 - 0.96
0.03-emd
1 Fiber, radial 94.99 + 1 10.36 - 0.98  0.0031u,+ 1
to annual 0.17 -t - 0.71-e355 0.38
rings 80.12-
e TT9T
1 Fiber, 10.45; 0.97
tangential to 0.7 - e%06

annual rings

Table 4.3: Summary of curve parameters fitting the wood moisture content u, swelling
a, and density d for oak and spruce wood in three measurement directions.

Spruce Spruce Oak Oak
Kiln-Dry  Moisturized Kiln-Dry Moisturized
(u=0%) (4=200%) (u=0%) (u=111%)

Mass [g] 375.0 867.5 525.5 1055
Density [ 5] 0.39 0.80 0.57 1.04
Volume [cm?] 955.38 1080.79 923.21 1014.02
Length || fiber 10.04 10.07 9.95 10.00
[cm]

Length 1 fiber, 9.70 10.32 9.63 10.02
radial [cm]

Length 1 fiber, 9.81 10.40 9.63 10.12

tangential [cm]

Table 4.4: Summary of physical wood properties for oak and spruce wood in the kiln-
dry and in the saturated state.
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Figure 4.5: Swelling a of oak (blue) and spruce wood (red) depending on the wood
moisture content (a) in the direction across the fiber, radial to annual rings,
(b) in the direction across the fiber, tangential to annual rings, and (c) in
the fiber direction.
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Figure 4.6: Electric resistivity of (a) oak and (b) spruce depending on the wood mois-
ture content in the fiber direction (blue error bar), in the direction across
the fiber, radial to annual rings (red error bar), and in the direction across
the fiber, tangential to annual rings (yellow error bar). The equations of the
fitted curves can be found in Table 4.6.

anisotropy effects become smaller. The anisotropy effects of the wood have a maximum
of 15%.
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Spruce Spruce Oak Oak
Kiln-Dry Moisturized  Kiln-Dry Moisturized
(u=0%) (u=200%) (u=0%) (u=111%)

|| Fiber >25000Om  790m >35000Om 3120m

1 Fiber, radial >25000m 297 QOm >35000m 2720m

to annual rings

1 Fiber, tang. >25000m 270Q0m >35000Om 286 Om

to annual rings

Table 4.5: Summary of electric resistivity values for oak and spruce wood in the kiln-
dry and in the fully saturated state (extrapolated).

4.3.3 Dielectric Permittivity

Figure 4.7 presents the results of the dielectric permittivity with increasing wood mois-
ture content. Again the wood types oak (Figure 4.7a) and spruce (Figure 4.7b) as well
as the three anisotropy measurement directions are distinguished. The measurement
uncertainties are 5%, 4%, and 2% for the kiln-dry, fiber-saturated, and maximally sat-
urated states, respectively. The offset that results from picking the first maxima of the
wavelets (Figure 4.3b, option 1) instead of the first breaks (Figure 4.3b, option 2) is
about 5% in the dry state and about 20% in maximum saturated state. For oak wood,
we found an exponential increase in the relative dielectric permittivity with moisture
content (Figure 4.7 and Table 4.6). The three measurement directions show a relative
dielectric permittivity of 2 in the kiln-dry state. For the maximally reached wood
moisture content in the experiment, the relative dielectric permittivity increases to
12-22 according to fiber direction. The dielectric permittivity values extrapolated to
full water saturation are summarized in Table 4.7. As a result of the unsteady measure-
ment curve for the tangential direction across the fiber of the spruce wood, we used
an estimate instead of the extrapolation. The ratio of the three measuring directions at
the last measured value was maintained. This suggests that anisotropy effects become
larger with increasing wood moisture content. The minimum and maximum permit-
tivity values for all measurement directions of spruce wood are slightly lower than
those of the oak. The anisotropy effects of the GPR measurements have a maximum of
30%.

4.3.4 Relative Material Parameter Contrasts

From the investigations of the electric resistivity and the dielectric permittivity of
moisturized wood extrapolated from the experiment, the relative material contrasts of
wood in different subsoils could be calculated using additional literature values. Fig-
ure 4.8 and Table 4.8 summarizes the results, which distinguish between geoelectrical
(Wenner «) and GPR material contrasts of wood in fresh water, a clayey subsoil, and a
sandy subsoil. Figure 4.8 is based on the tangential direction across the fiber. Table 4.8
provides the variation of contrasts when additionally considering the fiber direction
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ps: Fitted Curve  Corr. €,: Fitted Corr.
Coeff. Curve Coeff.

Oak, || Fiber 310.0 + 8068 -3 0.99 ~—9.5+9.9. ¢85
1 Fiber, radial to 270.8+16520-¢T2  0.99 1+1.6-e51%
annual rings
1L Fiber, tangential ~ 278.5+7549-¢T 1 ~7.6+9.2-eT05 (.99
to annual rings
Spruce, || Fiber 52+ 45783 0.95 —4.6+6-¢925  0.99
| Fiber, radial to 294+11120-¢2  0.87 1.2+41.3-e505 1
annual rings
1 Fiber, tangential ~ 266.9 +8592-¢%  0.94 ~0.1+1.5-¢52 0.98

to annual rings

Table 4.6: Summary of curve parameters fitting the electric resistivity and dielectric
permittivity measurements for oak and spruce wood in three measurement

directions.

Spruce Spruce Oak Oak
Kiln-Dry  Moisturized Kiln-Dry  Moisturized
(MZO(VO) (MZZOO(VO) (MZO(VO) (u:111%)

|| Fiber 1.8 47 2 27

1 Fiber, radial to 1.8 37 2 15

annual rings

1 Fiber, tangential 1.8 41 2.1 20

to annual rings

Table 4.7: Summary of dielectric permittivity values for oak and spruce wood in the
kiln-dry and in the fully saturated state (extrapolated).
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Figure 4.7: Dielectric permittivity of (a) oak and (b) spruce depending on the wood
moisture content in the fiber direction (blue error bar), in the direction
across the fiber, radial to annual rings (red error bar), and in the direction
across the fiber, tangential to annual rings (yellow error bar).

and the radial direction across the fiber. In addition, relative seismic material con-
trasts whose physical parameters were taken from Arnott et al. (2005) are listed. The
pine wood used in the study of Arnott et al. (2005) is listed as spruce wood for reasons
of comparability of soft and hard woods. Comparing the three methods, the largest
parameter contrasts can be expected for the geoelectric measurements, followed by
GPR, and seismic measurements. For all methods, the highest material contrasts for
nonweathered wood can be found in water, followed by a clayey, and sandy subsoil.
For both GPR and seismic measurements, there are exceptions where the surrounding
materials cause very low contrasts. This applies in particular to the contrast of oak
wood compared to a sandy subsoil and of pine wood compared to a clayey subsoil.

4.3.5 Geophysical Detection Swell of Wooden Targets in Lacustrine
Environment

Figure 4.9 a shows the linear relationship between the body diameter and its maxi-
mum detection depth for geoelectric measurements. A wooden body of the diameter
0.5m can be detected at a depth of 0.5 m-1.5m. The shape of the body is more impor-
tant than the surrounding material. The deepest objects can be detected in fresh wa-
ter, followed by saturated clay and saturated sand. For GPR measurements, an object
with a diameter of 0.5m can be detected at between 0.5m and 3m in depth (Figure
4.9b). The surrounding materials show a stronger influence on the results, whereas
the curves for cylinders and spheres are in similar value ranges. The deepest penetra-
tion is reached in freshwater, followed by saturated sand. In particular, saturated clay
shows a high attenuation. There is a clear difference between the methods. In con-
trast to geoelectrics, GPR measurements can detect diameters of >10cm at depths of
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Figure 4.8: Comparison of relative material contrasts of oak wood (a) and spruce wood
in tangential the direction across the fiber (b) to fresh water (left), sandy
subsurface (middle), and clayey subsurface (right) for geoelectrical (Wen-
ner «, blue), ground penetrating radar (GPR) (green), and seismic measure-
ments (yellow).

0.5m-2.75m. For a 400 MHz antenna and for diameters >0.5 m, the maximum depth
penetration is reached, whereas geoelectrical measurements are not limited here.

4.4 Discussion

4.4.1 Swelling and Density Increase of Moisturized Wood during
the Experiment

Swelling

The percentage of wood swelling observed in our experiment coincides with studies of
Niemz and Sonderegger (2017) and Skaar (2012). They found a linear swelling until
the fiber-saturated state was reached (at a wood moisture content of 30% and 23% for
spruce and oak wood, respectively). After that, the curve converges to a maximum
limit. In our experiment, a linear increase in swelling of the same order was observed,
too. The linear swelling was observed until a wood moisture content of 50% and 30%
was reached for oak and spruce wood, respectively. These differences can be explained
by the irregular water absorption of the wooden cube during the watering process in



4.4 Discussion 103

ERT GPR Seismics

Oak/ fresh water 0.86t00.87 -0.4t0-0.27 0.35
Spruce/ fresh water 0.87t0 0.58 -0.19t0-0.14 0.18
Oak/ sandy subsoil 0.56 to 0.61 -0.07 to 0.07 -0.06
Spruce/ sandy subsoil 0.6 to 0.3 0.15t0 0.21  -0.24
Oak/ clayey subsoil 0.74t00.77 -0.24t0-0.1 0.2
Spruce/ clayey subsoil 0.76 to 0.33 -0.01to 0.04 0.01

Table 4.8: Comparison of the reflection coefficient of unweathered oak and spruce
wood with the subsoil and the water column for the following methods: elec-
tric resistivity tomography (ERT), GPR, and seismics. For ERT and GPR, the
range of material contrasts determined in the radial direction across the fiber
(first value) and in the fiber direction (second value) are given. The seismic
reflection coefficients were calculated for pine instead of spruce wood.
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Figure 4.9: Estimation of the maximum detectable depth position of a spherical (solid
line) and cylindrical (dashed line) wooden body as a function of its di-
ameter x. (a) Geoelectrical (Schlumberger) and (b) GPR investigations
(400 MHz) as well as the subsurface materials fresh water (blue line), clay
(black line), and sand (red line) are distinguished.

our experiment. By the time the fiber-saturated state was reached in the wood core,
the edges of the cube showed a higher wood moisture content than the maximum fiber
saturation. The maximum swelling limit depends on the anisotropy direction and
type of wood. Oak as the denser wood shows the greater swelling. The experimentally
determined swelling in the fiber direction fits well with the values from Niemz and
Sonderegger (2017) (see also Table 4.9). However, the internal wood structure of the
spruce cube does not allow a clear separation of radial and tangential anisotropy axes
in the direction across the fiber for the chosen measurement directions on each side
of the wood cubes. Thus, the radial and tangential directions across the fiber show an
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Swelling Experiment Literature
Spruce, || Fiber 0.29% 0.2% - 0.4%
Spruce, 1 Fiber, radial 6.4% 3.7%
Spruce, 1 Fiber, tangential 6% 8.5%

Oak, || Fiber 0.5% 0.3% - 0.6%
Oak, 1 Fiber, radial 4% 4.6%

Oak, 1 Fiber, tangential 5.1% 10.9%

Table 4.9: Comparison of wood swelling observed during our experiment and from the
studies in Niemz and Sonderegger (2017).

Measurement Errors Wood Type Anisotropy
State Kilndry = Wet Kiln Wet Kiln Wet
dry dry
Electric <3% <2% 30% 15% 15% 5%
Resistivity
Dielectric <5% <5% 3%- 3%- 7% 32%
permittivity 19% 19%

Table 4.10: Weighting of the influences of measurement errors, wood types, and
anisotropy effects on the measured values of electric resistivity and dielec-
tric permittivity.

average value of the reported values in the literature. For oak wood, the swelling in the
direction across the fiber remains smaller than presented in Niemz and Sonderegger
(2017). This may have been caused by incomplete wood moisture saturation.

Density

Focusing on the average raw density of the woods, Niemz and Sonderegger (2017)
reports average values of 0.43 % and 0.63 % for spruce and oak, respectively. The

wood cubes used for our laboratory experiment show values of 0.39 % and of 0.57 CI%
for spruce and oak wood, respectively. Hence, they represent their respective wood
types. The observed linear density increase of the wood cubes with increasing wood
moisture content during the experiment corresponds to investigations presented in
Kollmann (1968).
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4.4.2 Electric Resistivity
Experimental Data

The decrease in the electric resistivity with moisture content in our experiment is in
accordance with the studies in Kollmann (1968),Skaar (2012) and Lin et al. (1965). In
Kollmann (1968), the specific resistivity is determined as a function of the moisture
content for redwood. The study states that kiln-dry wood is a good isolator and that
there is a linear relationship between the logarithm of the specific resistivity and the
wood moisture content up to fiber saturation. At fiber saturation, the curve converges
towards 80 (Qm. The same trend is also observed in our experiment. A constant de-
crease in the electric resistivity can be observed until a wood moisture content of 50%
for spruce and of 33% for oak was reached. Then, the values converge towards 250 Om
for both oak and spruce, which could be fitted by exponential decay curves. Deviations
of the asymptotes of the fitted curves from the average values of the measurements are
within the limits of the measurement inaccuracies of 3%.

Anisotropy

We determined higher anisotropy effects of 15% for experimental measurements in
the fiber-saturated state (30% wood moisture content) than at the maximum wood
moisture content reached (120% wood moisture content). Here, anisotropy effects of
5% become almost negligible (see also Table 4.10). A comparable study in Niemz
and Sonderegger (2017) investigated the specific electric resistivity in the directions
along and across the fiber for a wood moisture content of 9% for copper beech. The
significantly higher observed anisotropy effects of 110% are possibly related to the low
wood moisture content of 9% used in the study.

Wood Species

We also consider the relative standard deviations of the arithmetical averaged electric
resistivity from the two types of wood. In our experiment, differences between the two
wood types of 30% were obtained in relatively dry condition (see Table 4.10). With
a maximally reached wood moisture content of 130%, the value decreases to 15%, so
that the differences between the wood types become smaller. In order to compare the
results with the literature, again a study in Niemz and Sonderegger (2017) was taken
into account. Here, deviations of 57% were observed for a wood moisture content of
20%, which are again significantly larger than our experimentally determined values.
From this, it can be concluded that there are also large inhomogeneities within a wood
species that are caused by age and density differences as well as different parts of the
internal trunk structure.
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Wood Moisture Content Experiment Literature

0% 1.8 1.7
30% 3.2 3.5
80% 6.1 7

Table 4.11: Comparison of dielectric permittivity values of spruce wood depending on
the wood moisture content observed during our experiment and in Niemz
and Sonderegger (2017).

4.4.3 Dielectric Permittivity
Experimental Data

In our experiment, we could see an increase in dielectric permittivity observed in
Trapp and Pungs (1956) and James (1975). The dielectric permittivity as a function of
the wood moisture content is discussed in detail for spruce wood (in the radial across
fiber direction) in Niemz and Sonderegger (2017) and Trapp and Pungs (1956). The
results of Niemz and Sonderegger (2017) are summarized in Table 4.11. The observed
results of our experiment agree with those of the literature. Spruce wood showed
higher permittivity values than oak wood (see Table 4.7) due to its higher reached
maximum wood moisture content. In our experiment, the highest permittivity values
were obtained in the fiber direction, followed by the tangential and radial direction to
the annual rings in the direction across the fiber. This is comparable to the values in
Peyskens et al. (1984). In Kroner and Pungs (1952), the dielectric constant in the direc-
tions with and across the fibers for kiln-dry spruce and oak wood is also investigated.
A permittivity of 3.06 was obtained for spruce in the fiber direction, whereas permit-
tivity values of 1.98 and of 1.91 were obtained for the radial and tangential directions
across the fiber. Oak wood shows a dielectric permittivity of 2.86 in the fiber direction,
of 2.3 in the radial direction and of 2.46 in the tangential direction across the fiber. In
addition to the measurement errors of less than 5%, the deviations compared to the
reference literature values are within the scope of the inaccuracy, which is caused by
picking the maximum signal amplitude instead of the first break of the signal ampli-
tude. Our results apply to the GHz range. A discussion of the change in permittivity
with the measurement frequency is given in Skaar (2012) and Trapp and Pungs (1956).
The dielectric permittivity of spruce wood in the radial direction at a wood moisture of
96% is about 10 for a measurement frequency of 400 MHz and about 7 for a measure-
ment frequency of 2 GHz (Trapp and Pungs, 1956). Thus, we expect slightly higher
permittivity values for lower measurement frequencies used during field prospections
than in the experiment. This also affects the material contrasts. However, our results
regarding the resolution of wood in various embedding materials and the influence of
wood species and cutting directions on the material contrasts remain unchanged.
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Anisotropy

In order to derive anisotropy coefficients of hard and soft wood from the literature,
which we defined as relative standard deviations between the measured values of the
three anisotropic directions, we refer to Peyskens et al. (1984) and Kroner and Pungs
(1952). In Kroner and Pungs (1952), they investigated the dielectric permittivity of
oak and spruce for the three anisotropy axes of kiln-dry wood. On the basis of these
results, we calculated an anisotropy effect of 28% for spruce wood and of 11% for
oak wood. Our experimentally measured data shows lower anisotropy effects of 8%
for kiln-dry wood (see Table 4.10). To investigate the anisotropy effects for a wood
moisture content of 30%, we considered the study of Peyskens et al. (1984). Here, the
dielectric permittivity was investigated for the three anisotropic directions for pine
wood. On the basis of these results, we calculated a relative standard deviation of 27%,
which fits well to the anisotropy effects of 20% to 37% observed in our experiment.

Wood Species

To investigate the influence of different wood species on the dielectric permittivity
with increasing wood moisture content in the literature, we refer to Niemz and Son-
deregger (2017) and Kroner and Pungs (1952). In Kroner and Pungs (1952), they inves-
tigated the dielectric permittivity for kiln-dry oak and spruce wood in three anisotropy
directions. On the basis of these results, we calculated relative standard deviations of
5% to 18% depending on the measurement axis. Furthermore, we used Niemz and
Sonderegger (2017) to differentiate between deviations of wood species in moisturized
state in the fiber direction. For spruce and birch wood, we calculated deviations of
11% for a wood moisture content of 30%, and deviations of 18% for a wood moisture
content of 80% from the study. From the dielectric permittivity values observed in
our experiment, deviations of 3% to 19% (see Table 4.10) were reached for dry and
moisturized wood.

4.4.4 Relative Material Parameter Contrasts

Our investigations show that GPR and seismic measurements have an equal amount
of advantages and disadvantages in the resolution of fresh water-saturated, unweath-
ered wood in different embedding materials. In particular, material contrasts of hard-
wood compared to sand and softwood compared to mud clay are difficult to prospect.
The wood species and the structural orientation of the wood contribute to whether
a wooden objected can be found. For geoelectric measurements, we cannot distin-
guish between the influences of the wood species and the structural orientation of
wood on the material contrasts. This is different with GPR measurements. Here, the
type of wood and the structural orientation show different effects on the material con-
trasts. Moreover, the wood species have a stronger influence on the contrasts than
the structural orientation of the wood. The described differences of the measurement
methods can be explained by the varying the maximum wood moisture content of the
wood species. The electrical resistivity values observed during the experiment did
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not change significantly for higher saturation rates. The dielectric permittivity, on the
other hand, increaseds proportionally to the maximum wood moisture content of the
respective wood species. In this study, we do not consider the effect of weathered wood
on the contrasts. Compared to moisturized wood, even lower electric resistivity values
and higher dielectric permittivity values are to be expected for weathered wood. Thus,
we can assume that material contrasts of weathered wood compared to fresh water be-
come smaller, whereas contrasts compared to a sandy or clayey subsoil might increase.
This will also affect the depth range. Therefore, in a freshwater environment, weath-
ered wood can be prospected at shallower depths than unweathered wood. In a clayey
or sandy subsurface, this might be reversed. As a result of the increased material con-
trasts, weathered wood can possibly be prospected at greater depths than unweathered
wood.

4.4.5 Comparison of Measurement Methods

For geoelectric measurements, sufficient material contrasts can be expected for hard
and soft wood compared to all investigated embedding materials regardless of the
structural orientation of the wood. With this method, cylindrical objects of diame-
ters >2m can be prospected in depths >3 m. The method is limited to the resolution
of objects > 0.5m for depths of >0.5m. However, the method can hardly distinguish
between wood species and cutting directions. GPR is suitable for prospecting objects
of 10 cm-50 cm diameter in depths of 1 m—3m. There are limitations for the depth
penetration of clayey soil. Under certain conditions (depending on the wood species,
structural orientation of the wood, and embedding materials), material contrasts may
be too low to be detected. The method is suitable to distinguish heterogeneities of
wood species and structural orientation within an object. Seismic and GPR measure-
ments show similar material contrasts. The major advantage of seismic measurements
is the depth penetration in saline water, whereas GPR measurements are unsuccessful
in this media. Limitations are possible in very shallow water and in gassy subsurfaces.

4.4.6 Conclusions

In our study, we define the scopes of application of geoelectrics and, GPR, supple-
mented byand seismics to prospect submerged wooden archaeological objects in a
shallow water environment. Therefore, we had to experimentally determine changes
in the dielectric permittivity and the electric resistivity of wooden samples for a large
range of wood moisture contents. We systematically distinguish hard and soft woods
as well as three main measuring axes with small-scale geophysical measurements. The
dielectric permittivity increases by 90%, while the electric resistivity decreases by 90%
with a 130% change in wood moisture content. When comparing the three main mea-
suring axes, anisotropy effects of up to 30% for dielectric permittivity measurements
and up to 15% for electric resistivity measurements occur. Different types of wood also
account for a change of up to 20% in dielectric permittivity measurements and up to
30% in the electric resistivity measurements. The calculated material contrasts from
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wood compared to the embedding materials (freshwater, saturated clay, and sand)
show the potential of the methods to complement each other. ERT generally shows
the highest material contrasts. Here, differences in wood species and structural orien-
tation of the wood do not significantly affect the material contrasts. This is different
with GPR measurements; here, material contrasts depend on the wood species and the
structural orientation of the wood. GPR and seismic measurements show especially
low contrasts of oak wood compared to saturated sand and of spruce wood compared
to saturated clay. However, seismics is the preferable method in saline water. Depth
estimates show that geoelectrics is particularly suitable for cylindrical objects (>0.8 m
in diameter) at depths of >2 m and in a clayey environment. For spherical objects with
diameters <0.8 m at depths of <2m, the GPR prospection of wood embedded in satu-
rated sand and freshwater with a 400 MHz antenna is suitable. In general, wood can be
most successfully prospected in freshwater, followed by saturated clay and sand. For
further investigations on the prospection of submerged archaeological wood, it will be
necessary to calculate the material contrasts of weathered wood.
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5 Conclusion

Geophysical prospection of archaeological issues in the littoral zone will continue to
have an increasing importance in the upcoming years, since many underwater sites
have not yet been surveyed or even discovered. This thesis might contribute to a more
frequent application of geoelectrics and GPR commonly used on land to the water
environment. The characteristics of the methods in this medium are now much better
known than before and were compared to the most commonly used method seismics.
The advantages of seismics (see below) in comparison to GPR and geoelectrics will
remain, so it will continue to be the most widely used method. However, it is now
possible to precisely quantify and classify the previously known limited sensitivity of
GPR and geoelectrics in the water column. Thus, it is possible to use the methods
under precisely defined conditions, primarily as an additional method to complement
seismic measurements, or also on their own. For an evaluation of the methods, it was
especially important to know in detail the physical properties of the materials to be
prospected in the subsurface and to deduce the corresponding material contrasts. By
focusing on the material wood, an important basis was set for the most frequently
used archaeological building material in northern Europe. A similar approach would
be useful for other materials such as bricks.

In the following, the most important advantages and disadvantages of the three mea-
surement methods are summarised. This allows a first brief assessment of the choice of
method for possible upcoming research issues, especially of wooden targets, in water.
Previously known arguments are supplemented by the results from this thesis. The
suitability of the methods for the detection of different material contrasts is addition-
ally summarised in Table 5.1.

a) Seismics
Advantages:

* There is a high resolution in the cm-dm range with deep penetration >20m (at a
measurement frequency of 4 kHz).

* Almost all archaeological materials are resolvable (e.g. sand and stone, gyttia
and wood).

* The data collection is fast, basic on-site evaluation is possible.

* Arrays can be used for area coverage and for resolution in the cm range across
the profile direction.
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Disadvantages:

The analysis of data recorded in extremely shallow water depth <50 cm might be
difficult due to multiples.

In the presence of gas, there is no penetration of the method into the subsurface.

The Equipment for using the method in water may not be available at small com-
panies.

The resolution of the material contrasts sand- clay, sand- wood and clay-wood is
poor

Ambiguities of reflection coefficients of water- peat and water-gyttia cause mate-
rials not to be addressed with certainty.

b) Geoelectrics

Advantages:

The equipment and data evaluation scheme is partly known/available from land,
only a (sub)water electrode streamer is required.

Different measurement configurations and setups can be flexibly used depending
on the research issue.

The method is particularly well suited for the material contrasts sand- stone,
clay- wood.

Towed, floating electrode arrays are timesaving and show a spatial resolution on
the sea-floor > 2m for a conductivity of 0.3 (Om with a water depth of 1 m. Sub-
merged electrodes show a spatial resolution of 0.5 m-1 m for above conditions.

Wooden objects with diameters of > 0.5m can be detected at depths of > 0.5m
below the water surface.

A Special evaluation scheme considers the specificities of water.

Disadvantages:

An electrode streamer of more than 20 m is required, this needs lots of space and
people to handle it.

A spatial resolution in the cm range is hardly possible.

The resolution of the material contrasts clay and sand as well as of various rock
types with a porosity < 15% is poor.

There is a high influence of the water column on the specific resistivity values
in the subsurface, so that specific resistivity values in the subsurface or the true
depth of objects could be incorrect.
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Ambiguities of reflection coefficients of sand-clay and sand-gyttia cause materi-
als not to be addressed with certainty.

The resolution of vertically complex structures or structures below high-resistance
layers is poor.

Due to the equivalence principle, it might not be possible to distinguish between
2, 3 or 4 layers.

The water layer is challenging for inversion programs, a standard analysis is
not sufficient (better proceed from 1D to 2D analysis and decide individually,
whether and how a priori in-formation is included.

c) Ground-penetrating radar

Advantages:

The land equipment can be used quickly and without special knowledge in a
water environment.

There is a high resolution in the cm to dm range in profile direction, that can be
reached across profile direction with an antenna array.

The method is hardly affected by organic material in the water column.

The method is particulary well-suited for material contrasts of freshwater-stone,
sand-gyttia and clay-gyttia.

A 400 MHz antenna is able to resolve wooden objects of 0.1 m—0.5m diameter at
a depth of 1 m-3 m below the water surface.

The penetration depth of 1 m-3 m in fresh water could be enlarged by lowering
the antenna.

Disadvantages:

The penetration depth is low, especially at high salinities.

The resolution of the material contrasts peat-gyttia, sand-clay and clay-wood is
poor.

Ambiguities of reflection coefficients of sand-stone and sand-wood cause materi-
als not to be addressed with certainty.

Multiples might occur in shallow water depth <50 cm.

The spatial resolution in the dm-m range across profile direction is too low for
archaeological prospection

The use of an array or a lowered antenna to improve the spatial resolution or
depth penetration might be very elaborately and therefore possibly ineffective.
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Subsurface Geoelectrics GPR Seismics
material contrasts

Clay- Granite
Peat- Gyttia
Peat- Wood
Peat- Granite
Gyttia- Wood
Gyttia- Granite
Wood- Granite

~— ~— ~— ~—
~

Fresh water- Sand Vv v v
Fresh water- Clay (V) v (V)
Fresh water- Peat Vv (V) v
Fresh water- Gyttia X X v
Fresh water- Wood v v v
Fresh water- Granite v v
Sand- Clay (V) (V) (V)
Sand- Peat (V) v v
Sand- Gyttia v v v
Sand- Wood v4 (V) (V)
Sand- Granite Vv v v
Clay- Peat (V) (V) v
Clay- Gyttia v v v
Clay- Wood v (v (V)
v (v v
v (v (v
v V4 v
v v v
v v v
v v v
v v v

Table 5.1: The feasibility of the geophysical methods geoelectrics, GPR and seismics
with regard to the prospection of different material contrasts in aquatic en-
vironments. There are checks for all materials with [R|>0.1. When |R| might
be < 0.1, the checks are parenthesised. For materials with |[R|<0.1, crosses
are used.



6 Outlook

In this section, research ideas are presented that exceed the framework of this thesis
and that might complement and improve the previous investigations. First, outlooks
for the methods geoe-lectrics and GPR applied in the littoral zone are shown, before
further possibilities to investigate and prospect the material wood are discussed. Fi-
nally, a possible application target is provided.

6.1 Geoelectrics

To investigate the application of geoelectrics in the littoral zone in this thesis, I used
a Schlumberger configuration. Of course, other configurations are also possible here,
which will bring quite different sensitivities with them. In addition, potential ap-
plications of a Schlumberger streamer were mainly investigated based on theoretical
considerations, except for measurement uncertainties that were determined from field
data. It is now essential to gather further experience with the practical application
of the method, as well as to enhance and verify the conclusions regarding depth pen-
etration, spatial resolution and the preferable measurement setup that were drawn
from the theoretical considerations. This includes, for example, the handling of the
measurement equipment with and without using a boat, as well as the prospection of
targets of different dimensions, depth and materials. An application example is pre-
sented in section 6.4 more detailed. During the measurements, my suggested prospec-
tion scheme should be followed. Floating, and possibly towed electrodes should be
used for overview profiles providing information on the subsurface material and wa-
ter column, as well as for large-scale applications such as the resolutions of ground
water upwelling areas below the sea bottom. Submerged electrodes should be used for
detailed measurements of areas of interest, especially for the prospection of decimetre-
scale archaeological constructions. These inversion results should be carefully supple-
mented with a priori information from the overview profiles.

In my thesis, I have considered geoelectric prospections in 1D and 2D. Further analy-
sis should also include 2.5D and 3D prospections, in particular for complex structures,
both in and across the profile. This leads to the question of the required distance be-
tween measurement profiles in order to track objects over several profiles. Further-
more, it has to be investigated to what extent this distance can be realized using the
three measurement setups. For shore-parallel measurements, I noted that with an in-
clined seabed, the water volume to the sides of the measurement profile is different.
An evaluation of these profiles would require some analysis of whether the vicinity to
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the beach affects the measured data and how the results can be corrected if appropri-
ate.

The large resistivity contrast between the water column and the sea bottom is chal-
lenging for the inversion of geoelectric data that was prospected in the littoral zone.
Thus, the choice of an appropriate inversion software is essential. The software should
provide reasonable inversion results which are not affected by boundary effects, with-
out specifying a priori information on the water column for floating electrodes. At the
same time, for the evaluation of submerged electrodes, a transparent specification of
a priori information (in order to test each parameter specification individually) in the
inversion process is required. It is particularly important that the specification of the
water depth is not necessarily related to the specification of the water resistivity. So
far [ observed strengths and weaknesses in the programs RES2DINV (Loke and Barker,
1996) and BERT (Ricker et al., 2006; Gunther et al., 2006) regarding the two aspects,
a further evaluation of the established inversion programs should be done.

The approach used in my study is not only relevant for meter-scale, respectively ar-
chaeological targets. It can easily be transferred to issues of a larger dimensions in
water depths >5m, e.g. issues on the stratigraphy or freshwater upwelling in the sub
bottom. For an increased depth of the water column, preliminary considerations are
essential concerning these targets as well.

6.2 Ground-Penetrating Radar

After I used four exemplary measurement locations to theoretically analyse the use
of GPR for archaeological prospection in water, further studies should focus on pos-
sible targets and gain experience with them. Especially after we have theoretically
determined the material contrasts to be expected for the prospection of archaeological
targets in water with GPR, these should also be verified in practice.

A challenge that could be seen in a radargram with a very low water column < 50 cm
and a high reflection coefficient at the river surface due to sand and pebbles is the
occurrence of multiples. Here, it is necessary to consider how these should be dealt
with. Approaches from seismic investigations could be followed, e.g. (Schwardt et al.,
2021).

My study showed that organic material can be well imaged in the water column. In
addition, the bottom of the water hardly shows any deviations in the amplitudes, re-
gardless of whether material is found in the water column or not. This indicates that
the method is well suited for both documenting and possibly quantifying the siltation
of lakes. This would require a concept of how the amplitudes can be calibrated with
the actual organic mass, of course taking into account scattering effects. In addition
to archaeological prospection, this may provide a new field of application for GPR in
water.

Both the resolution across profile direction and the penetration depth in water might
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be improved. The resolution across the profile direction would be significantly im-
proved by using a GPR array. The penetration depth could be improved by reducing
the water column by lowering the antenna. Both would imply a considerable technical
effort that would require a reconsideration of how a GPR array could be manoeuvred
and controlled on the water or possibly even under the water. The increased effort
should be reasonable for the respective problem.

6.3 Material contrasts of wood

For the investigations on the prospection of wood in aquatic environments, in this
thesis archaeological wood was approximated by modern, freshwater-saturated wood.
This experiment could be repeated using salt water to determine material contrasts of
wooden objects in the sea. In this case, only geoelectric material contrasts have to be
considered, as the high attenuation due to salt water does not allow the application of
GPR. Further useful approaches would include the influence of the weathering degree
and measurements on excavated archaeological woods in order to map and quantify
its characteristics. A similar procedure is already known from studies determining
seismic velocities of archaeological woods (Dix et al., 2001; Arnott et al., 2005). The
final step would consider the prospection of archaeological woods of different sizes
and orientations in situ.

Weathering of wood has various sources (e.g. bacteria, mushrooms) and the degree
of weathering can be classified in different ways. It correlates to the density of fully
water-saturated wood. Thus, the laboratory experiment in which the physical parame-
ters electrical resistivity and dielectric permittivity were determined depending on the
water saturation could be continued. Hence, in case of a full water saturation of the
wood pieces the parameter’s dependence on the wood density could be determined.
An acceleration of the weathering process, e.g. by adding bacteria or fungi should be
considered. I expect lower specific resistivity and higher dielectric permittivity values
for weathered wood, so that the material contrasts decrease to fresh water and possibly
increase to saturated clayey and sandy soils. The influences of anisotropy directions
and wood species remain to be examined.

To determine the physical parameters of excavated archaeological woods, it must be
considered that excavated wood shows a great variability regarding age, wood species,
weathering and cutting direction. Thus, a sufficient number of samples of each cate-
gory must be examined in order to obtain a reliable result. This is very time-consuming
because all categories must be taken into account, but are not necessarily known after
the excavation or when the wood is stored in a water basin until conservation (e.g. the
type of wood and its density). In contrast to my experiment, the wood pieces are not
cubic and cannot be cut. Besides the mass of the wood, the volume, which is essential
to know for calculating the wood density, must be determined with a 3D scanner, for
example. However, the scanning of wet wood is difficult, so that the wooden surfaces
would have to be dried. Another problem is the unknown dry mass of the wood. It
is therefore not known, to what extent the weathering degree of the wood, the tree
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growth or possible air inclusions have an influence on the current density. A full water
saturation of the wood must be ensured for conclusions on the weathering degree, but
the larger the object, the less likely is a full water saturation. After the excavation of
archaeological wood, the degree of saturation is not known and usually the wood is not
stored in the water tanks for long enough to exclude air inclusions and to achieve com-
plete water saturation. All in all, to minimize the effort in determining the physical
parameters of excavated archaeological woods, a reasonable approach must carefully
be chosen and adapted to the scope of possibilities.

The last step includes measurements of archaeological woods in situ with different
sizes, orientations and in various surrounding material with the methods geoelectrics
and GPR. Again, it must be taken into account that the wood might be weathered, but
not necessarily fully saturated with water.

6.4 Example of application: A Viking age ship in
Hadebyer Noor, Schleswig, Germany

In chapters 2 to 4 I have mostly theoretically investigated the application of geo-
electrics and GPR in the littoral zone with a specific focus on the prospection of ar-
chaeological wooden targets. In the last step I would like to give an outlook on the
prospection of a target, in which the theoretical considerations could be synthesised
and first results may be promising. It is an in situ well preserved cargo ship from the
Viking Age, the so called "Wreck III" that is well investigated from diving exploration
(Kramer, 2000). It is located in the "Hadebyer Noor", a brackish water bulge (specific
resistivity of averagely 1 OOm of the Schlei close to the well-known Viking settlement
Haithabu, Schleswig, Germany (see Figure 6.1). The ship was built in the local area
from oak wood, is 22 m long, 5.5 m wide and about 80 cm high. It is situated at a depth
of 2.2m-3.12 m below the water surface and partially rises from the soil into the wa-
ter column. In the surrounding area there are also poles and other in situ findings of
various wooden structures.

The most commonly used method, seismics, is well suited for this objective, both in
terms of depth penetration and spatial resolution. Therefore, seismic reflection mea-
surements (for profile location see Figure 6.1) were carried out with a 3D “Ping-Pong”
array (Wilken et al., 2019). However, the material contrast between the oak ship wreck
and the surrounding presumably muddy soil might be difficult to resolve according
to Arnott et al. (2005). This also would explain the results of Figure 6.2a, in which
the shipwreck shows only slight anomalies. However, the bathymetry results as sec-
ondary information could be useful for further investigations with geoelectrics. I used
this method as the second, which is suitable both in terms of spatial resolution and
the material contrasts to be expected, since the application of GPR is unpromising
due to the salinity of the water. However, it is possible that the depth penetration of
geoelectrics is critical or that the true depth of the target is distorted. Here, the in-
verse Schlumberger streamer with length and configuration of chapter 2 was chosen.
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To achieve a higher sensitivity in the bottom, the electrodes were lowered by 1 m in
the water column. The towed profile can be seen in Figure 6.1b). First results were
obtained with the inversion program BERT (Rucker et al., 2006; Gunther et al., 2006)
without providing a priori information. An anomaly of increased resistivity of 4 Om
compared to the surrounding bottom resistivity of 2(Om can be observed at the lo-
cation where the wreck has been roughly located by divers (Figure 6.2). The result
was confirmed by repetition profiles. No similar anomalies were observed in the geo-
electric profiles in the surrounding environment. However, since the anomaly is much
deeper than known, further processing and analysis of the data is required to verify the
preliminary results. In the next step, the bathymetry should be included as a priori in-
formation in the inversion and compared to the previous results. This should confirm
whether the anomalies are caused by the material of the subsoil or by the shipwreck
whose true depth could be better estimated then as well. The measurements should
also be repeated with stationary, totally submerged electrodes, as the best resolution
can be expected here. This example shows how important the combination of methods
is in the water and how seismics in this case can provide a priori information for geo-
electrics, that might resolve the material contrast from the shipwreck to the bottom,
but cannot provide its real depth.
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Figure 6.1: Location of Haithabu (red star) near Schleswig in Germany and detailed
map of the location of "wreck III" in the Hedeby Noor (Kramer, 2000)
(coloured orange). The geoelectric profile is coloured black, the seismic
profile is coloured white.
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Figure 6.2: a) Seismic profile (white line in Figure 6.1), crossing the "wreck III". A 3D

“Ping-Pong” array (Wilken et al., 2019) was used. b) Geoelectric profile
(black line in Figure 6.1), that crosses the "wreck III". A 20m long inverse
Schlumberger configuration was used, whose electrodes were lowered 1m
into the water column.
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