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Abstract

Direct current electrical resistivity method has experienced significant breakthroughs
during the last decades with the development of advanced instrumentation and
sophisticated inversion algorithms. These have substantially benefitted the field of
archaeological prospection to extract quantitative information for the buried archae-
ological material in a complete three-dimensional (3-D) context. The obvious continu-
ation of past human occupation and associated settlements in the ultra-shallow part
of coastal zones generated the necessity to compile methodologies for mapping sub-
merged cultural assets. This study investigates the efficiency of dynamic floating and
submerged 3-D Electrical Resistivity Tomography (ERT) for mapping archaeological
relics buried beneath the sediments in ultra-shallow marine environments. Extensive
testing is performed through numerical simulation and 3-D inversion of synthetic
apparent resistivity tomographic data. The generic resistivity model including a com-
plex resistive structure embedded in a stratified conductive environmental regime
simulated typical scenario of an archaeological feature submerged below the sea
water layer. Different array configurations including Dipole-Dipole (DD), Gradient
(GRD), Reciprocal Wenner (RecWEN) and Wenner-Schlumberger (WS), which can be
appropriately programmed for continuous off-shore measurements with associated
multichannel resistivity instruments, are validated in order to determine the most
efficient one for such surveys. Densely spaced multiple parallel two-dimensional
(2-D) ERT lines along a single direction composed the survey layout to extract the
3-D apparent resistivity data set for the different electrode arrays using a 3-D finite
element program. The synthetic tomographic data were corrupted with 3% Gaussian
noise and inverted with an iterative smoothness constrained inversion algorithm. The
comparative results from the various tested arrays manifest the superiority of the
DD in reconstructing the optimum resistivity inversion model for both the floating
and submerged survey modes. Additional tests were made concerning the resolving
capabilities of ERT with variable seawater thickness and target characteristics.
Although accurate ‘a priori’ information regarding the water resistivity and thickness
are essential for constraining the 3-D inversion, erroneous estimation of these
parameters can result to misleading results, especially for submerged survey modes.
The simulation of floating and submerged 3-D ERT surveys through synthetic model-

ling documented the benefits of such approach in reconstructing structured cultural
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1 | INTRODUCTION

The direct current resistivity survey method was pioneered more than
a century ago (Schlumberger, 1912). The last three decades substan-
tial advancements of the method included the construction of new
multielectrode/multichannel systems (Imaduddi et al., 2019) and the
compilation of automated reconstruction algorithms able to run in
microcomputers (M.H. Loke & Barker, 1996). Thus, nowadays, resis-
tivity prospection is widely used to image buried targets ranging from
millimetre to kilometre scale.

The additional research in the field of developing experimental
procedures to generate optimized array protocols that carry higher
resolving power and exhibit larger investigation depth than commonly
used electrode configurations, pushed further resistivity method to
image and monitor the subsurface geoelectrical properties (Stummer
et al., 2004). Thus, the efficient completion of 2-D, 3-D and even 4-D
electrical resistivity tomography (ERT) surveys for solving hydro-
geological, environmental, engineering and mining problems was made
feasible, illuminating the subsurface complexity which otherwise
would not be possible with traditional 1-D field and interpretation
approaches (M.H. Loke et al., 2013). Inevitably, within the last two
decades, these aforementioned innovations enriched archaeological
geophysics with specific developments and numerous applications of
ERT, in imaging and reconstructing the hidden built and natural archa-
eoenviornment in diverse landscapes (Arato et al., 2015; Osella
et al, 2005; N. Papadopoulos, 2019; Szalai et al., 2011; Vafidis
et al., 1999; Yilmaz et al., 2019).

A complete 3-D survey involves the distribution of the electrodes
in regular or arbitrary positions in space, measuring the potential dif-
ferences along all possible directions (M.H. Loke & Barker, 1996). One
of the earliest efforts of 3-D ERT in archaeological applications
involved the physical image reconstruction of subsurface resistivity
discontinuities in a probabilistic sense (Di Fiore et al., 2002; Mauriello
et al., 1998). Although this approach can handle the subsurface resis-
tivity complexity, it is not practical even today for routine applications
due to the limitation imposed by the logistics. Thus, the geophysical
community placed a substantial research effort to define alternative
efficient survey strategies and optimum processing flowcharts to

image the archaeological structures in a complete 3-D context. The

material in shallow off-shore environments. Finally, the results of a 3-D dynamic
floating ERT survey from a submerged archaeological site in Greece verified the
theoretical outcomes, proposing at the same time techniques to overcome problems
that can occur due to the unique conditions of the ultra-shallow marine environment.
Overall, this work enhances the conclusion that 3-D marine ERT is a robust method
to reconstruct submerged archaeological structures related to ancient built environ-

ment in ultra-shallow marine regions.

3-D inversion, archaeology, modelling, resistivity

reconstruction of cultural assets like buildings, tombs, multilayer set-
tlements and burial mounds was based on the collection of 3-D data
sets composed of a series of static parallel (Al-Saadi et al., 2018;
Cifuentes-Nava et al., 2013; Drahor et al., 2007; N.G. Papadopoulos
et al, 2006, 2007, 2010) or radial 2-D lines (Chen et al., 2018;
Tsourlos et al., 2014), accompanied by the implementation of 3-D
resistivity inversion algorithms.

In urbanized environments with limited space to deploy parallel
lines, the apparent resistivity can be captured form ‘L’- and ‘corner’-
shaped profiles that surround surface obstacles. Tejero-Andrade
et al. (2015) investigated the resolving capabilities of such tech-
niques using heuristic rules for choosing the electrode confi-
gurations. The results with synthetic and real data signified the
sensitivity of such deployments for deeper objects and the respec-
tive lower resolution for shallower resistive anomalies. Abdullah
et al. (2019) made a step further to the specific concept, defining
optimized configurations that maximize the model resolution along
the perimeter of a confined area.

The development of computerized mobile quadripoles contrib-
uted in the extensive mapping of large areas combining high spatial
resolution and reduction in survey time (Panissod et al., 1997). The
Automatic Resistivity Profiling (ARP) comprised a specific variant of
such a dynamic system allowing continuous measurements over
several depths of investigation, in order to perform an exhaustive
3-D geoelectrical exploration (Dabas, 2008). N.G. Papadopoulos
et al. (2009) explored the limitations and possibilities of the 3-D resis-
tivity inversion of ARP data signifying its complementarity in the
quantitative interpretation of the buried archaeological features. In
areas with extreme resistive surface materials, where it is difficult to
use conventional resistivity metres to inject the galvanic current into
the subsurface, dynamic capacitively coupled systems can be used for
rapid 3-D coverage (O. Kuras et al., 2007, 2018).

The continuous evolvement of fully automated algorithms for the
3-D inversion of resistivity data also benefited the efficient mapping
of the archaeolandscape. The collection of high-resolution 3-D tomo-
graphic data generated the necessity of proposing fast inversion
methodologies, minimizing the computer memory requirements.
Brinon et al. (2012) presented a two-step approach by first fitting a
1-D electric model on the data over the entire surveyed area and
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subsequent localized 3-D interpretation to enhance the information
context of specific features. N.G. Papadopoulos et al. (2011) proposed
a fast and memory efficient 3-D inversion algorithm using geometric
criteria to calculate the significant part of the sensitivity matrix and an
iterative routine to solve the least squares equations. Glindogdu and
Candansayar (2018) published a comprehensive study with numerical
modelling and a real example from a Turkish archaeological site
regarding the effects of different stabilizers on the 3-D resistivity
tomographic inversion.

Moving on, a different environment waterborne resistivity sur-
veys in areas covered with either brackish or saline water involve
a number of electrodes attached on the water bottom or on a
streamer towed by a boat to log high density and quality data. The
accurate interpretation of such data sets poses new challenges in
terms of processing flowcharts, because the conductive nature of
the water layer has a significant effect in the actual resistivity mea-
surements that must be incorporated in any modelling procedure
(Baumgartner, 1996; Lagabrielle, 1983; M.H. Loke et al, 2019;
M.H. Loke & Lane, 2004).

The literature includes a number of diverse ERT investigations in
aquatic environments like the mapping of water bed sediments
(Orlando, 2013; Sumintadireja & Irawan, 2016; Yang et al., 2002), the
delineation of fracture zones inside resistive bedrock (Tassis
et al., 2020) and the correlation of sub bottom geological formations
with inverted resistivity (Psomiadis et al., 2009; D.F. Rucker
et al., 2011). The geotechnical characterization of submerged lithologi-
cal formations prior the construction of infrastructures (Dahlin &
Loke, 2018; Kwon et al, 2005; D.F. Rucker & Noonan, 2013),
the parametric evaluation of groundwater-seawater interactions
(Carretero et al., 2019) and the monitoring of artificial solute tracers
within streambed sediments (Clemenence et al., 2017) also show the
variability of such surveys. Lee et al. (2018) presented a comprehen-
sive methodology for the real time tracking of underwater moving
objects in relatively large investigation depths as a complementary

approach to acoustic methods.

2 | THREE-DIMENSIONAL ERTIN
AQUATIC ENVIRONMENTS: NUMERICAL
MODELLING AND INVERSION

Nowadays ERT investigations comprise an integral part of any archae-
ological project, mapping on-shore buried cultural antiquities in a
non-destructive manner. However, this technology had so far minimal
contribution towards the understanding of the past dynamics in ultra-
shallow wetland environments. K. Simyrdanis et al. (2015) presented
the first systematic effort to investigate the efficiency of ERT in imag-
ing isolated submerged structural remains in very shallow saline water
environments based on synthetic modelling and field experiments.
Loddo et al. (2016) outlined some methodological issues on the
applicability of 2-D ERT for archaeological prospection in shallow
marine environments. Fediuk et al. (2020) investigated the measure-

ment uncertainty and sensitivity of the inverse Schlumberger for

reconstructing the submerged resistivity using 1-D and 2-D numerical
models and field measurements.

ERT was also successful to outline submerged shipwrecks using
quasi-3-D or full 3-D inversion processing approaches, through its
lower resistivity signature with respect to saline or brackish water
background, using towed floating mobile arrays (Passaro, 2010) or
static submerged modes (K. Simyrdanis et al, 2018). Bouchette
et al. (2014) studied the applicability of 3-D electrical impedance
tomography for underwater applications completing experiments in a
small water tank and sinking different objects in various horizontal
and vertical positions. K. Simyrdanis et al. (2016) investigated the part
of the Hellenistic submerged archaeological site of Olous in Crete
(Greece) through a dense network of closely spaced submerged static
ERT lines.

It is evident that the underwater environment provides an almost
ideal case for resistivity surveying because there is no problem in
obtaining good electrode contact. The implementation of a 3-D ERT
survey in water-covered areas follows similar guidelines as in the case
of 2-D submerged resistivity imaging. The measuring modes can be
classified in two main categories that differ in the installation of the
electrodes, either floating on the water surface or being in direct con-
tact with the sea-bottom.

Both alternatives can be combined with a stationary or a dynamic
configuration. Stationary variant involves the anchoring of the
multimode electrode cable between two fixed positions, maintaining
the stability of the array throughout the tomographic data collection
along different lines. On the contrary, mobile surveys include the
towing of the electrode cable behind a boat with steady speed to
gather continuous 2-D scans along predefined transects.

The choice of submerged or floating survey modes depends
mainly on the water column thickness, the variations of the seabed
and the properties of the submerged targets. Floating dynamic
systems have the obvious advantage of faster surveying speed and
extensive area coverage. However, in shallow archaeological
sites, submerged modes (static or dynamic) are preferable for map-
ping isolated archaeological structures, because they can efficiently
account for the effect of the conductive sea layer (K. Simyrdanis
et al., 2015).

The purpose of this work is to extract the resolving properties of
arrays that are suitable for submerged or floating dynamic ERT mea-
surements using any modern multichannel resistivity instrumentation.
This study will test electrode configurations able to measure simulta-
neously the potential differences in multiple receiving pairs with a
single current injection. Figure 1 shows schematically the electrode
layouts for Dipole-Dipole (DD), Gradient (GRAD), reciprocal Wenner
(RecWEN) and Wenner-Schlumberger (WS) using a cable with totally
13 equidistant take-outs, where two of them are used as current
sources and the potential measurements are made on the remaining
11 electrodes. The cable is towed behind a boat moving with a spe-
cific speed, collecting successively 10 resistivity measurements with
increasing distance between the potential and current dipoles, gradu-
ally covering the subsurface stratigraphy along a continuous 2-D

dynamic line. Ultimately, the 3-D imaging of the resistivity properties
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FIGURE 1 Schematic representation of the different electrode arrays that are tested in this work for dynamic ERT survey. A streamer cable
for a 10-channel resistivity instrument is used where the potential measurements are logged in 11 electrodes (blue dots) with a single current
injection from the two source points (red dots). The unit electrode distance between the 13 electrodes is a = 1 m. The white dots indicate the
relative position of the apparent resistivity data, whereas the yellow dots show the respective measurements from a specific current injection
[Colour figure can be viewed at wileyonlinelibrary.com]
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below the seabed was facilitated through the completion of multiple
similar 2-D lines along a specific direction (Figure 2).

The 3-D resistivity model in Figure 3 simulates a two layer stratig-
raphy below the water surface confined within a modelling space of
20m x 15m x 5 m in the X, Y and Z directions, respectively. The
value of 0.2 Ohm-m was assigned to the saline water layer and
the resistivity of the submerged layers gradually increases from 1 to
10 Ohm-m. The first submerged layer is 2.5 m thick and lies exactly
below the seabed. This layer hosts a rectangular prism with resistivity
5 Ohm-m and 1-m thickness that represents the relics of a complex
building with inner compartments separated by small walls, occupying
a total area of 7 m by 5 m. The thickness of the conductive water
layer was variable to evaluate its effect in the inversion images. The
rectangular prism could be placed in different depths below the sea-
bed to test the vertical and horizontal resolving capabilities of the
floating or submerged aquatic resistivity investigation. The outline
and the actual horizontal and vertical position of the structure are
indicated with a solid line in the respective inversion model depth
slices.

The 336 electrodes were evenly distributed on the nodes of a
20 m by 15 m rectangular area with 1 m spacing in both the X and
Y directions. The DD, GRAD, RecWEN and WS array measurements
along a single 2-D profile were taken with the explicit layout shown in
Figure 1, using a current dipole and 10 receiving dipoles for each one

buoys

sea bottom

sea bottom

FIGURE 2
at wileyonlinelibrary.com]

of the different electrode configurations. The data sets describing the
3-D apparent resistivity variation for DD, GRAD, RecWEN and WS
included 2,160, 1,440, 1,350 and 1,440 points, respectively, after
merging 16 dynamic parallel 2-D lines along the X direction.

The program RES3DMODx64 (M.H. Loke, 2014) was the basis to
calculate the response of the resistivity models for specific electrode
configurations and extract the synthetic apparent resistivity data with
a 3-D finite element solver. The forward modelling mesh had
100, 80 and 15 nodes in the X, Y and Z directions. Four mesh lines
were used between the electrodes to give more accurate results and
extra 10 nodes at the sides of the mesh along the X and Y directions,
with progressively increasing spacing, to simulate the infinite distance
from the sources. Out of the 15 vertical nodes, nine were used for
eight model layers, either below the water surface or below the sea-
bed, depending on actual measuring mode. The simulation of the
floating survey mode was made feasible by assigning the water resis-
tivity of 0.2 Ohm-m to one or more of the eight model layers. On the
contrary, for the submerged mode an extra superficial model layer
with variable thickness was used to assign the fixed water resistivity.
The simulated synthetic tomographic apparent resistivity data for the
different electrode arrays were corrupted with 3% Gaussian noise on
the modelled apparent resistivity values.

The model grid used for the data inversion had 20 by 15 cells
with 1 m width in both the X and Y directions and eight layers 0.5 m

Floating Gri

lllustration of a 3-D floating or submerged marine ERT survey along a dense grid of parallel 2-D lines [Colour figure can be viewed


http://wileyonlinelibrary.com

PAPADOPOQULOS kT AL.

FIGURE 3 Resistivity model in three dimensions showing the saline water layer and a stratified medium below the seabed. The layer below
the seabed includes a resistive prism that simulates the remains of a submerged archaeological structure [Colour figure can be viewed at
wileyonlinelibrary.com]
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thick each, giving a total of 2,400 model cells. For the 3-D inversion,
RES3DINVx64 (M.H. Loke, 2017) was used to reconstruct the sub-
merged resistivity model employing an iterative smoothness con-
strained least squares optimization algorithm. The resistivity estimate

Xk 4 1 at the k + 1th iteration is given by

-1
Xk+1 =Xk +dx =X + [(JkTJk +/‘LkCTC)] JkT[Y — F(Xk)], (1)

where y is the measured data vector with the apparent resistivity
values (logarithm), Ji is the Jacobian matrix estimate that contains the
partial derivatives of the measured data (logarithm of apparent resis-
tivity) with respect to the logarithm of the model resistivity, dx, is the
model resistivity (logarithm) correction vector, F (x,) is the forward
modelling operator that calculates the response of a resistivity model,
C is the stabilizing matrix which describes the smoothness pattern of
the model (deGroot-Hedlin and Constable, 1990) and Ay the Lagrang-
ian multiplier that balances data misfit and model roughness. The
inversion algorithm terminated when a specific number of iterations
was reached (5-6) or the root mean square error (RMS) between the
real and modelled apparent resistivity data was below a given thresh-
old based on the estimated data noise (e.g., 3%).

In aquatic surveys, the seawater and the seabed comprise a dis-
tinct interface with rapid and sharp resistivity change across this
boundary. Thus, the thickness and the resistivity of the saline water
layer are crucial parameters that need to be measured with accuracy
and included in the modelling and inversion procedure. For the case
of floating aquatic surveys, the first modelling layer (out of the eight)
was used to assign the seawater resistivity value and constrain the
inversion and the depth resistivity slices in this case referred below
the surface of the water. On the other hand, an extra superficial
modelling layer was added for the inversion of the submerged ERT
data to account for the effect of the water medium and the plots in

this case referred below the sea bottom.

3 | INVERSION RESULTS
3.1 | Comparison of different electrode
configurations and floating versus submerged mode

Previous, 2-D ERT numerical and experimental results showed that
floating survey modes are quite successful to map isolated archaeo-
logical structures in relative shallow marine environments, where the
water layer is less than 1 m thick (K. Simyrdanis et al., 2015). Thus, in
order to test the efficiency of the different floating electrode arrays in
mapping underwater structural objects, a thickness of 0.5 m was used
for the saline water layer.

Figure 4 shows the first four inverted resistivity depth slices, up
to the depth of two meters below the water surface, which were
extracted from the respective 3-D inversion models for the floating
DD, GRAD, RecWen and WS arrays. The modelling and inversion pro-
cedure was constrained by assigning the known resistivity value of

0.2 Ohm-m to the first modelling layer. After five iterations, the
models from all the different arrays exhibited comparable RMS errors
(2.74-2.85%), but the respective resistivity distributions showed dis-
tinct differences.

The DD model exhibits the optimum reconstruction of the shape,
the small vertical walls and the thickness of the structure in the depth
slices of 0.5-1.5 m (Figure 4a). GRAD array shows the general outline
of the prism in the second and the third depth slices, but it was not
capable to extract finer details like the small vertical segments that
divided the submerged structure into two main compartments
(Figure 4b). RecWen seems to faintly track the small walls oriented
vertically to the direction of the survey lines, showing at the same
time strong linear inversion artefacts at the left and right sides of the
model due to insufficient data coverage (Figure 4c). WS was the least
successful because the inversion model shows unformatted and
compact resistivity signature in the position of the buried structure
(Figure 4d).

A slightly harder environment using a thicker water layer (1 m)
was used to compare the inversion models from the different arrays
for the submerged mode. The resistivity depth slices below the sea
bottom for the respective electrode configurations are shown in
Figure 5. Although the DD generated the largest RMS error (3.12%)
among all the other reconstructed models, it was the most successful
in extracting the actual quantitative attributes of the submerged
structure within the depth of 1 m below the sea bottom (Figure 5a).
GRAD and RecWen depth slices have comparable resistivity images
giving a bulk representation of the submerged feature without any
finer resolution (Figure 5b,c). The insufficient lateral data coverage for
the RecWen is attributed with the vertical linear resistive artefacts in
the respective depth slices (Figure 5c). As in the case of the floating
mode, WS was the least effective in imaging the size and the dimen-
sions of the structure (Figure 5d).

The general comparison between the floating (Figure 4) and sub-
merged (Figure 5) inversion models show the clear superiority of the
DD array in imaging the shape, the horizontal dimensions and the ver-
tical extent of the submerged structure. The other arrays either have
resistivity signatures that show a vague representation of the feature
or the reconstructed model does not show a regular geometric shape
that could be attributed to well preserved archaeological relics. It is
also obvious that the models from the submerged mode give a stron-
ger resistivity response of the structure because the sensors are
directly attached to the sea bottom and thus closer to any potential
submerged target. Furthermore, all the models indicate fade remnants
of the buried building in the deeper depth slices due to the smooth-
ness constraints imposed to stabilize the inversion and the decreasing
resolution with depth of the resistivity survey which does not allow
the accurate positioning of the lower limit of the building.

The calculation of the model resolution matrix (R) can provide an
extra mathematical tool for the quantitative verification of the above
general remarks on the efficiency of each different electrode array.
Using linear approximations, the relation between the inverted model
resistivity (based on the solution of the smoothness constrained

least-squares equation), and the true resistivity is approximated by
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FIGURE 4 Inversion images from the floating survey mode with water layer 0.5 m thick and water resistivity 0.2 Ohm-m. Depth slices
extracted from the 3-D inversion models of the synthetic data sets for the floating arrays: (a) dipole-dipole, (b) gradient, (c) reciprocal Wenner
and (d) Wenner-Schlumberger [Colour figure can be viewed at wileyonlinelibrary.com]

Xmodel & RXerue, Where R = (JTJ + ACTC)~YJ"J (Friedel, 2003). The model
resolution matrix is considered as a filter through which the inversion
method attempts to resolve the subsurface resistivity. In the ideal
case of perfectly resolved inverted cells, the diagonal elements (R;)
will have the value 1.0 and the off-diagonal O. In other words, the
diagonal elements give the degree of resolution, whereas the off diag-
onal elements indicate the cross-correlation with the neighbouring
model cells. Normally, the resolution is illustrated by plotting the
values of the diagonal elements of the R matrix using a value of about
0.05-0.1 (5-10%) as a cutoff value to show non-resolvable regions in
the inversion model.

Figure 6 shows the resolution matrix for all the submerged arrays

which was calculated for the last iteration of the inversion procedure.

The 3-D distribution of the resolution values show that no array
carries the necessary information context to resolve any structure
below the depth 2 m below the seabed where the resolution values
are less than 0.1. However, DD generated relatively higher resolution
values which was actually reflected in the respective inversion models
and its efficiency to reconstruct the submerged resistivity model
(Figure 6a). GRAD and RecWEN have comparable investigation
depths reaching no more than 1 m below the seabed, but RecWEN
has limited horizontal resolution due to the actual survey pattern and
the relative position of current and potential dipoles (Figure 6éb,c). The
limited resolving power of WS in detecting isolated resistive struc-
tures is also verified with the relatively low model resolution values
that rapidly decay after the second depth slice (Figure éd). The
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FIGURE 5 Submerged survey mode with water layer 1.0 m thick and resistivity 0.2 Ohm-m (not represented in the respective depth slices).
Depth slices extracted from the 3-D inversion models of the synthetic data sets for the submerged arrays: (a) dipole-dipole, (b) gradient,
(c) reciprocal Wenner and (d) Wenner-Schlumberger [Colour figure can be viewed at wileyonlinelibrary.com]

respective plots (not shown here) of the model resolution values for
the floating arrays also lead to similar conclusions on the resolving
capabilities of the different electrode arrays.

3.2 | Effect of water layer thickness

The structural remains were placed within the background resistive
medium below sea water layers with variable thickness ranging from
0.5 to 1.5 m. The actual values for the water resistivity and thickness
were constrained into the inversion process, and the respective layers

are indicated in the inversion reconstructed models (Figure 6a-c). The

purpose was to illustrate the effect of the saline environment
and investigate the maximum water thickness, to which ERT would
be effective in locating isolated resistive targets for the floating
survey mode.

In this case, the DD protocol was used for three different water
thickness values (0.5, 1.0 and 1.5 m), and the 3-D inversion results are
shown in Figure 7a-c. The reconstructed resistivity sections signify
the severe decrease of the resolving capability for the floating mode
to map the isolated targets with increasing the thickness of the water
layer. Although the DD floating inversion model with water layer
0.5 m shows relatively larger RMS error (2.78%), it exhibits the opti-
mum resolution in outlining the submerged structure. If the seawater
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FIGURE 6 Model resolution values for the submerged electrode arrays of (a) dipole-dipole, (b) gradient, (c) reciprocal Schlumberger and
(d) Wenner [Colour figure can be viewed at wileyonlinelibrary.com]

layer exceeds the thickness of 0.5 m, it is actually impossible to recon-
struct the archaeological body and the tomographic image retrieves
information only for the horizontal stratigraphy and the transition
from the sea to the background layer.

A similar comparative study was also performed for the sub-
merged mode using the DD array, assuming an uppermost water layer
with increasing thickness (Figure 8). The resistivity and the thickness
of the saline water layer were accounted during the modelling and
inversion of the tomographic data. In all the tested cases, the inver-
sion converged to submerged resistivity models with technically the
same RMS error (2.93-2.96%). The depth slices for the different
models illustrate the general outline of the building recovering at the

same time its vertical continuation within the depth of 0.5-1.0 m

below the seabed. Obviously, the resistivity signature of the structure
is stronger when the overlying water layer is thinner (Figure 8a,b).
However, the modelling results manifest the extraordinary resolving
power of the method to locate archaeological structures even in chal-
lenging cases with the presence of relatively thicker water layers

(Figure 8c,d).

3.3 | Vertical resolution

The vertical resolving capabilities of floating survey modes were
investigated using a 0.5 m thick water layer. When the structure is
actually buried in the depth slices of 1.0 m-2.0 m below the water
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FIGURE 7

Effect of variable thickness of water layer in the resolving capabilities of the floating survey mode using the DD array (a) water

thickness: 0.5 m, (b) water thickness 1.0 m and (c) water thickness 1.5 m [Colour figure can be viewed at wileyonlinelibrary.com]

surface, the DD inversion model outlines its general shape but at the
same time underestimates its burial depth which is projected closer to
the water surface starting to appear in the depth layer of 0.5-1.0 m.
In a real situation, this would eventually cause a misleading interpreta-
tion regarding the actual burial depth of the upper surface of a specific
architectural structure (Figure 9a). The situation is even worse in the
case where the feature lies within the layers of 1.5-2.5 m below
the sea surface. In such a case, the inversion model is not capable of
extracting any valuable information related to the existence of the
submerged structure, documenting the critical influence of the water
layer in essentially diminishing the vertical resolving power of any
floating survey (Figure 9b).

The comparative analysis of the respective submerged resistivity
inversion models, assuming an upper water layer with thickness less
than 3 m, manifest the efficient vertical resolution of the final ERT
images in cases where the top of the submerged structures lies in the
depth layer of 0.5-1.0 m below the sea bed (Figure 10a,c). Thicker
water layers (>3 m) have progressively larger influence in the inversion
depth slices, eventually masking the top of the building for extreme
water layers (5 m) and generating compact resistive enclosures in
the deeper slices (Figure 10d,e). For the thinner water layer (1 m),
the resistivity image shows similar artefacts with the respective float-
ing mode, where the inversion model underestimates the actual burial
depth of the feature projecting its upper surface closer to the sea bed
(Figure 10a). Furthermore, submerged inversion models actually do

not carry the necessary information context to resolve features buried

in depth layers more than 1.0 m below the seabed (Figure 10b),

regardless the thickness of the upper layer, based on respective
modelling and inversion tests using water layer with variable thickness

(not shown here).

3.4 | Effect of erroneous measurement of water
thickness

The bathymetric variations of the seabed are usually measured with a
sonar device which is connected and synchronized with the resistivity
instrumentation during the floating or submerged dynamic ERT sur-
vey. The compiled digital bathymetry model is then used to extract
the thickness of the water layer in different horizontal positions and
incorporate this information in the modelling and inversion processing
of the tomographic ERT data. Inaccurate measurement of this param-
eter can risk compromising the quality and the clarity of the final resis-
tivity inversion images. The floating and submerged DD models,
respectively, with 0.5 m (Figure 4a) and 1.0 m (Figure 5a) thickness for
the water layer, were used to test the effect of erroneous assignment
of this parameter in the 3-D inversion results. The seawater resistivity
was kept fixed in these examples and equal to 0.2 Ohm-m as it was
originally assigned.

Over-estimating (Figure 11a) or under-estimating (Figure 11b) by
50% the actual water depth of 0.5 m for the floating mode had serious
effects in the final resistivity image because the actual burial depth of
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FIGURE 8 Reconstructed 3-D resistivity inversion models of the submerged DD array for water layers with thickness (a) 2 m, (b) 3 m, (c) 4 m
and (d) 5 m. The slices refer to the depth below the seabed. The water layer is not shown in the respective depth slices [Colour figure can be
viewed at wileyonlinelibrary.com]

the structure is projected deeper to the slice 1.0-1.5 m below the
seawater. The distortions are even more severe for the case of
the submerged models where measuring the actual thickness of 1 m
of the water layer with an error of 50% (Figure 11c,d) masked
completely the submerged structure leading to questionable interpre-

tation regarding the actual resistivity distribution.
3.5 | Effect of erroneous estimation in water
resistivity

The resistivity of the water layer is also an important physical parame-

ter for the marine archaeological surveys that is measured with a high

precision conductivity meter. Once more the floating and submerged
DD models, respectively, with 0.5 m (Figure 4a) and 1.0 m (Figure 5a)
thickness for the water layer were employed to evaluate the influence
of erroneous estimation of the sea water resistivity in the resistivity
images. In this case, the water thickness of 0.5 and 1.0 m for the float-
ing and the submerged modes, respectively, remain unchanged.

Figure 12a,b shows that floating inversion models are rather
insensitive to an over or underestimation of the seawater resistivity
by 50%, because the inversion models have comparable accuracy with
resistivity image when the actual water resistivity and thickness
values were used. On the other hand, submerged ERT measurements
show that inversion artefacts and resistivity distortions appear

when assigning erroneous information for the seawater resistivity
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FIGURE 9 Vertical resolving capabilities of a floating ERT survey in locating submerged structures below the sea water surface assuming a
constant water layer with thickness 0.5 m [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 12c,d). The underestimation and overestimation of the water
resistivity by at least 20% result in the failure of the method to locate
the target. These tests clearly demonstrate the importance of incorpo-
rating valid information for the water depth and its resistivity within
the inversion procedure in order to reconstruct resistivity models that

correspond to the actual subsurface conditions.

4 | FIELD CASESTUDY

The submerged archaeological site of Olous, in the eastern part of
Crete Island (Figure 13a), formed the living lab to validate the
modelling ERT results with real data from a respective small grid
(Figure 13b). Given the limited references to the city in the ancient
texts, most of the historical knowledge about its history is derived
from the available epigraphic, numismatic and archaeological evi-
dence. A votive pit is currently the most ancient feature and dates the
establishment of the settlement to the Archaic period. Regarding
the Hellenistic period, the epigraphic evidence attests the existence
of a wealthy harbour town in a strategic location. Most of the sub-
merged architectural remains related to buildings of the town have
been attributed to that period. Recent in situ underwater surveys and
investigations located and mapped part of the currently submerged
Hellenistic fortification of Olous including a wall and a potential,
defining the southern limit of the harbour (Theodoulou, personal
communication).

The Roman Imperial period is attested by cemetery tombs in the
surrounding area to the west, by two fragments of inscribed marble
statues of the 2nd 3rd century Common Era (CE) and by scattered
pottery finds. Parts of the submerged architectural remains are also
attributed to this occupation phase of the settlement. A basilica with

a mosaic pavement and dedicatory inscriptions dating back to the

7th c. CE manifest the Early Byzantine period. The Venetian period is
characterized by the functioning of a large salt pan complex, which
was probably established in Byzantine times, and nowadays has been
completely abandoned (Theodoulou, personal communication).

The experimental floating dynamic survey was completed in a
small part of the submerged archaeological site. The 40 m by 20 m
off-shore grid was laid out above a known underwater wall
(Figure 13b), in an effort to explore the efficiency of the approach and
validate the modelling results. The grid was surveyed with a dense
network of 21 parallel ERT transects with 1 m inter-line distance. A
cable with 13 equidistant sensors every 1 m was kept floating on the
surface of the sea with a number of plastic buoys. The dipole-dipole
array with one transmitting dipole close to the instrumentation and
10 receiving dipoles with gradually increasing distance from the cur-
rent electrode pair was used to capture and store the underwater
resistance readings. The sea water resistivity was measured 0.17
Ohm-m with a high precision handheld conductivity meter. The water
thickness within the grid, measured with a real time kinematic GNSS
system, was fairly constant ranging from 0.46 to 0.54 m with an aver-
age value of 0.5 m.

The 13 connectors at the one end of the cable were plugged to a
10-channel electrical resistivity instrument, which was placed inside
a floating apparatus along with an external battery, a toughpad and a
GPS. The floating device was constructed with a waterproof plastic
box, and its interior was divided in compartments using polystyrene
for extra isolation and levitation to safely store the instrumentation.
The whole apparatus could sustain weight more than 30 kilos. Four
elongated wooden sticks with supporting buoys at the edges were
placed for stability purposes. The boat's shallow draft (approximately
0.1 m) permitted rapid data acquisition on top of the archaeological
relics even in very shallow water depths. This proved to be really use-

ful because the survey could be undertaken in areas very close to the


http://wileyonlinelibrary.com

14—l—Wl LEY PAPADOPOULOS T AL.

Submerged mode

(a) Water Thickness: 1m, DD, 5 Iter, RMS=2.97%

2.00 6.00 1000 1400 1800 x 2.00 6.00 1000 1400 18.00 x 6.00 1000 1400 1800 x 200 6.00 1000 1400 1800 x

oy ;;[ @

| (X A MOW B! B0 X3 [

y Layer 1, Depth: 0.00-0.50 m. y Layer 2, Depth: 0.50-1.00 m. y Layer 3, Depth: 1.00-1.50 m. y Layer 4, Depth: 1.50-2.00 m.

2.004

4.004

10.004

12.004

14.00,

(b) Water Thickness: 1m, DD, 5 Iter, RMS=2. 96%

0.00. 9_.00 s_po 1q.oo 14..00 1q.oo x 0.00. 00 10 00 14 00 1l 00 x 0.00. z‘uo 6..00 1q.00 14I.00 ‘IB..W 2 ¢ 0.00. ?_IMI 6..00 10..00 ul.oo 1l‘.00 x
= w - -
2.00 2.004 2.00 > 2.00
4.004 4.00 4.00. 4.00.
6.00 6.00 6.00 6.00
8.004 8.00 8.00 8.00.
10.00- 10.00 10.00. 10.00.
12.00 12.00- 12.00. I t ' 12.00.
14.00 14.00- 14.00 14.00.
y Layer 1, Depth: 0.00-0.50 m. y Layer 2, Doplh. 0.50-1.00 l'll. y Layer 3, Depth: 1.00-1.50 m. y Layer 4, Depth: 1.50-2.00 m.
(c) Water Thickness: 2m, DD, 5 Iter, RMS=2.96%
0.00. ?_.00 s.po 10‘.00 14..0“ ‘WI.W x 0.00. ?_.00 G.Pﬂ 10|.00 14 00 1I 00 x 0.00 2.‘00 6..00 1(')‘.00 IJI.M ‘II..W x 0.00 ?_IIW 6.,00 10..00 1‘.‘” 1!..00 x
2.00 2.004 2.00. ‘ 2.00.
4.00 4.004 4.00 4.00.
6.00 6.004 6.00. 6.00
8.00 8.00] 8.00 8.00
10.00- 10.00- ' 10.00. 10.00.
12.00- 12.00 12.00. 12.00.
14.00- 14.00 14.004 14.00.
y Layer 1, Depth: 0.00-0.50 m. y Layer 2, Depth: 0.50-1.00 m. y Layer 3, Depth: 1.00-1.50 m. y Layer 4, Depth: 1.50-2.00 m.
(d) Water Thickness: 3m, DD, 5 Iter, RMS=2.86%
0.00 2.(’00 5.‘00 10.00 14..00 18.00 x 0.00. 2.00 64‘00 10.00 14..00 10..00 x 0.00. 2.]00 6..00 10‘400 14].00 18..00 x 0.00. 200 6..00 10.400 14.00 1!].00 x
2.004 2.004 2.00- hd ; . v ‘ 2.00. !
4.00 4.004 4.00 ‘ 4.00.
6.00 6.00 6.00 6.00
8.00 8.00 8.00 ' 8.00.
10.00- 10.00 10.00. | 10.00.
12.00 12.00 12.00. 12.00.
14.00{ 14.00{ 14.004 )‘ 14.00
y Layer 1, Depth: 0.00-0.50 m. y Layer 2, Depth: 0.50-1.00 m. y Layer 3, Depth: 1.00-1.50 m. y Layer 4, Depth: 1.50-2.00 m.
(e) Water Thickness: 5m, DD, 5 Iter, RMS=2.86%
0.00. 200 6.00 10.00 14.00 18.00 x 0.00. 200 6.00 10.00 14.00 18.00 x 0.00. 200 6.00 10.00 14.00 18.00 x 0.00. 200 6.00 10.00 14.00 1800 x
2.004 2.004 2.004 : . ' - 2.00
4.004 4.004 4.00 4.00.
6.00 6.00 6.00 6.00
8.00 8.00 a.oo. 8.00.
10.00 10.00- 10.004 10.00.
12.00 12.00 12.00. . . . 12.00.
14.00 14.00 14.004 } 14.00. ‘
yL:yw1D.|ﬁ|0MH)50m y Layer 2, Depth: 0.50-1.00 m. y Layer 3, Depth: 1.00-1.50 m. y Layer 4, Depth: 1.50-2.00 m.
----------I:------
0.20 027 0.37 0.50 0.68 093 13 17

Resistivity in Ohm.m

FIGURE 10 Vertical resolving capabilities of a submerged ERT survey in locating structures below the seabed surface assuming a variable
water layer with thickness 1.0 m (a, b), 2.0 m (c), 3.0 m (d) and 5.0 m (e) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11 Effect of over and under estimating the thickness of water layer in the 3-D inversion resistivity models for the floating and the
submerged survey mode with the DD array [Colour figure can be viewed at wileyonlinelibrary.com]

seashore without being hindered by protruding stones or structures
on the sea bottom and very close to the water surface (Figure 13c,d).
Figure 14 shows the resistivity models from the surveyed grid in
Olous constraining the inversion with the actual, the overestimated
and the underestimated parameter values for the thickness and the
resistivity of the topmost water layer. A common resistivity color scale
was used for all the different depth slices for direct comparison of the

respective models which exhibited comparable and relatively low

RMS errors (4.22-4.48%). The horizontal slices refer to the depth
below the free sea water surface; thus, the first layer corresponding
to the water layer was omitted from the presentation for simplicity.

A rectilinear resistive feature characterizes the central section of
the grid that is correlated with the continuation of the visible wall
crossing the area along the south-north direction. The wall is regis-
tered within the second and third depth layers from the sea surface;
thus, excluding the water layer, the wall is buried up to 1 m below the
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Effect of over and under estimating the resistivity of water layer in the 3-D inversion resistivity models for the floating and the

submerged survey mode with the DD array [Colour figure can be viewed at wileyonlinelibrary.com]

The underestimation and overestimation of the actual thickness

sea bed. Within the same depth range, the southern and northern
edges of the grid respectively, outline two west-east linear resistive
segments that are attributed to walls vertically oriented to the main
south-north structure. The compact resistive region at the west,
which is clearly observed up to the depth layer 2.0-2.5 m below the
sea surface (or 1.5-2.0 m below the sea bed), is probably related to a
collapsed structure with a relatively poor preservation level or a floor

of an older building (Figure 14a).

of the water layer for more than 50% resulted in respective inversion
artefacts, masking the archaeological structures in the second depth
layer and expanding the resistivity range in the deeper layers
(Figure 13b,c). On the other hand, the erroneous assignment of the
sea water resistivity, even exceeding 50% of the actual value, has a
minimal or nonexistent effect on the final 3-D resistivity inversion

models (Figure 14d.e).
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FIGURE 13 (a) Google Earth satellite image showing the geographic location of the submerged archaeological site of Olous in eastern Crete.
(b) Outline of the grid that was laid out in the shallow marine area in Olous to test the efficiency of 3-D floating ERT survey. (c) Integration of the
multichannel resistivity instrumentation with a GPS, a toughpad and 12 V battery inside floating box. (d) ERT survey along a single line using
plastic buoys to float the cable on surface of the sea water [Colour figure can be viewed at wileyonlinelibrary.com]

The above results document the benefits of the floating survey through the extensive ERT numerical modelling facilitated its success-
modes in reconstructing the built cultural material in ultra-shallow off- ful implementation in the submerged archaeological site of Olous. The

shore environments. The comprehensive knowledge that was gained results revealed the hidden submerged ancient walls as resistive
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FIGURE 14 Depth slices extracted from the 3-D resistivity inversion model of the floating ERT tomographic data from the grid in the
archaeological site of Olous using (a) the actual values for the water resistivity and thickness, (b) underestimating the water thickness,
(c) overestimating the water thickness, (d) overestimating the water resistivity and (e) underestimating the water resistivity [Colour figure can be

viewed at wileyonlinelibrary.com]

targets within the highly conductive marine context, verifying at the
same time the modelling experiment outcomes.

5 | CONCLUSIONS

This work validated the effectiveness of dynamic floating and sub-
merged 3-D ERT survey modes to reconstruct and map complex
archaeological structures in ultra-shallow marine environments. This
was first approached by creating a generic resistivity model simulating
a complex archaeological building within a stratified conductive back-

ground environment. The 3-D inversion of the noisy synthetic

apparent resistivity tomographic data showed the robustness and
superiority of the Dipole-Dipole, in relation to the other tested arrays,
to reconstruct the simulated archaeological building both for the float-
ing and the submerged modes.

Numerical modelling results showed that floating and submerged
survey modes can be used equally successfully in cases where the
thickness of the water layer is less than 1 m. When the water thick-
ness exceeds 1 m, the submerged survey mode should be the primary
choice to outline isolated and complex archaeological targets. Con-
straining the 3-D inversion of the floating and submerged ERT data
with the thickness and the resistivity of the seawater layer is impor-

tant to accurately reconstruct a valid resistivity model below the
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seabed. On the other hand, erroneous information overestimating or
underestimating about 50% the actual values of the water thickness
and resistivity can cause severe distortions in the inverted images
leading to inaccurate interpretations.

A dipole-dipole dynamic floating ERT survey was completed
within a small marine grid in the submerged archaeological site
of Olous in Greece. The 3-D inversion was constrained with the
resistivity and thickness of the sea water layer. The respective
depth slices outlined a complex building with vertical and horizontal
walls reaching the depth of 1 m below the seabed. The inversion
of the real data with erroneous a priori information regarding the
resistivity and the thickness of the water layer created respective
artefacts verifying and enhancing the numerical modelling simula-
tion results.

In general, this work shows the applicability, the potential and the
constraints of the 3-D ERT in mapping archaeological structured
material, like walls or buildings, in ultra-shallow marine environments.
These results can provide the guide to plan the optimum ERT marine
survey depending on the characteristics of the potential targets and
the respective environmental complexity. Combining these general
guidelines with modern and sophisticated 3-D inversion algorithms
(M.H. Loke et al., 2020) that minimize the processing time of very
large aquatic tomographic data can render ERT a novel tool in
the service of archaeological investigation of coastal and shallow
marine sites. The general guidelines can be integrated in wider geo-
archaeological projects (Beck et al., 2021) to extract quantitative new
information about submerged cultural material that is inaccessible to
the standard mapping techniques, mapping the vertical stratigraphy
and identifying potential geomorphological features that are useful to
reconstruct the dynamics and evolution of coastal and shallow sub-
merged archaeological sites.
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