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In this paper we provide a comprehensive summary about the practical results
of the OTKA project K49604. 1. We calculated the consequences of incorrect posi-
tioning of the electrodes for various multielectrode systems. In practice these effects
were found to be negligible. The only exception is the case of rocky surface, where it
is impossible to put the electrodes in the desired positions. The errors can however
be kept within an acceptable range, if the electrodes of the linear arrays are put
off-set, at right angles from the measuring line. A five-six times larger off-set has less
effect than a certain mis-position along the line, connecting the electrodes. 2. We
carried out tensorial geoelectric measurements around the Cistercian Monastery at
Pilisszentkereszt. Areal measurements provide much more detailed and unambiguous
anomalies than 2D profile measurements, and the tensor invariant representation of
apparent resistivity anomalies provides a realistic picture about the lateral variation
of the subsurface resistivity, even in field circumstances. 3. We tested the applica-
bility of 3D electrical resistivity tomography (ERT) technique to detect landmines
in different soil conditions and at various depths. Metallic and non-metallic land-
mines buried in wet and dry soils had been synthetically modeled. According to the
inverted resistivity data using the dipole axial array in wet environment, it was pos-
sible to locate the metallic and non-metallic landmines as long as the noise level was
about 5%. 4. We elaborated moreover a geoelectrical procedure which is able to map
multidirectional fissure systems by combining geoelectrical profiling and geoelectri-
cal azimuthal measurements. Results received by using both the so-called null-, and
traditional arrays were jointly interpreted. The humidity of the fissures affects the
measured results significantly, and in a meaningful way. 5. We presented the so-
called standardized pricking probe (PP) surveying technique and demonstrated its
usefulness in an archaeological study. The PP images proved to be definitely more
close to the realistic shape of the buried chapel than the geoelectric and magnetic
measurements, and they also revealed more details about the subsurface than the
georadar. The optimum PP parameters: horizontal interval, pricking depth, observ-
able quantity and its way of presentation were optimized through field experiments.
For more details see the cited publications. The figures ever published in Hungarian
journals are not reproduced here.
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1. Studying of errors due to incorrect positioning of electrodes of
multielectrode arrays

As a first step of a systematic noise study we calculated the errors of geometrical
origin (i.e. errors, originating from a possible incorrect positioning of electrodes),
and the effect of these errors on various multielectrode arrays (Szalai et al. 2007,
2008a).

In realistic field conditions, in spite of the greatest possible care, the electrode
positions contain some inaccuracy: either in case of dense undergrowth, or varied
topography, or very rocky field. In all these cases, it is not possible to put the
electrodes in their theoretical position. As a consequence, the data will contain
some error. The extent of such inaccuracies was exactly determined by using a
laser distance meter. Then, we computed their effect on the resulting apparent-
and inverted resistivity data. It can be seen from the inverted pseudosections of
the PDP array, taking into account the actual positions of the electrodes and the
theoretical values of the geometrical factor, that the positioning errors may lead to
pseudo-anomalies of up to 20 pc even in those cases, when the differential distance
values |Fideal — T'real| are minimized. Ignoring the most inaccurate electrode positions,
the inverted results will still contain some pseudo-anomalies. It is a better solution
to minimize the x component of the differential distance |Tideal — Treal|, Where z is
the profile direction. Namely even an intentional off-position of the electrodes in
direction y hardly has any influence on the results.

As we found, the usual positional errors are insignificant. Where the normal
positional errors cannot be guaranteed, the aforementioned off-position provides
satisfactory results (Fig. 1). Keeping all these things in mind, the reliability of the
data will improve, even in case of high surface rockiness.

The aforementioned investigations were carried out for Wenner-a, Wenner-3,
pole-dipole and pole-pole arrays. In the light of our investigations, the usual as-
sumption about random noise seems to be an oversimplification: 1. The conse-
quences of the positioning errors on the pseudosection of apparent- and inverted
resistivities depend very much on the array geometry (the increasing order of these
effects is: PP, Wa, PDP, W/3); 2. the error propagates systematically and not ran-
domly. Consequently in the inverted resistivity images the size of the false anomalies
can be large.

It is worth confronting our conclusions and the numerical practice, since in
the numerical modelling practice 1. the random error is assumed be the same,
indifferently on the array, 2. to the forward-modeled data always a random error is
added.

In the light of our conclusions it would be especially important to investigate
in details, if the assumption of numerical modelling about a random error is at all
realistic.
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Fig. 1. The possible sources of positional inaccuracies, their effects, and the possibilities how
to avoid them

2. Development of an imaging technique from data of multielectrode
potential gradient mapping

We have elaborated a process for the three-dimensional interpretation of large
geoelectric data sets, which proved to be very successful in an archaeological in-
vestigation (Novék et al. 2005a, 2005b, Varga et al. 2008). Although this method
provides rather qualitative than quantitative results about the spatial distribution
of the subsurface, in many cases it is sufficient. It will be illustrated with examples
from the Cistercian Monastery at Pilisszentkereszt.

In the applied electrode array the equidistant grid of measuring or potential
electrodes is distributed over the investigated area, while the current electrodes are
at some distance. The relative electrode potential of each potential electrode is
measured for both current electrode directions. Then a tensorial data processing
is carried out. We determined various tensorial invariants, which proved to be
especially useful (Varga et al. 2008).

Special field studies showed that a change in the direction of current electrodes
results only in a change of 1.5-2% in the tensorial invariants.

According to numerical results, all “one-dimensional” invariants (e.g. gssq, Otrace;
Odet OF 01, ) provide true plan-view images. The “two-dimensional” invariants pro-
vide information about the characteristic sides and strike directions, while the
“three-dimensional” invariants delineates the corners, i.e. the abrupt change in the
strike directions. When controlling all these numerical results in the field, all “one-
dimensional” invariants proved to be useful, but the “multidimensional” invariants
were too noisy (Varga et al. 2008).
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Fig. 2. Inverted models using robust L; norm for buried metallic and non-metallic landmines in
wet and dry environments. ES is the electrode separation. P and M are the non-metallic (plastic)
and metallic landmines, respectively

3. Detection possibilities of landmines by using 3D geoelectric
measurements

We tested the applicability of electrical resistivity tomography (ERT) technique
to detect landmines in different soil conditions and at various depths (Metwaly et
al. 2008). Metallic and non-metallic landmines buried in wet and dry soils had been
synthetically modeled (Fig. 2, Metwaly et al. 2008). Two electrode configurations
(dipole axial and dipole equatorial) that are applicable to use with the towed capac-
itive electrode system were tested to choice the optimum acquisition parameters.
The electrode separations were set to be a function of landmine dimensions, while
the buried depths ranged between 1 to 3 times unit electrode separations.
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Fig. 3. Inverted models using robust L; norm for buried metallic (M) and non-metallic (P)
landmine in wet and dry environments with different percentage of noise

From the numerical simulations that were carried out using the 3D imaging
technique, we summarize the success and failures below. The inversion results using
the robust L1 norm least squares optimization method tended to produce relatively
sharp resistivity images of the landmines (Fig. 2). Both applied electrode arrays
were able to detect the metallic and even the non-metallic landmines either in wet
or dry soils methods with good vertical accuracy.

The inversion of contaminated resistivity data with different noise amplitudes
acquired for metallic and non-metallic landmines in different soil conditions and at
various depths have been tested, as well (Fig. 3, Metwaly et al. 2008). According to
the inverted resistivity data using the dipole axial array in wet environment, it was
possible to locate the metallic and non-metallic landmines as long as the noise level
was about 5%. The inverted images with high noise levels (10%) were distorted
and neither the metallic nor the non-metallic landmines could be clearly detected.
Conversely, in dry soil even if the resistivity data was highly contaminated with 10%
of noise amplitudes, the inversion results clearly showed the location of metallic and
non-metallic landmines.

Another test showed the capability of the ERT technique to locate landmines
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buried in different environments at three depths. The depths of the metallic and
non-metallic landmines were set to be equal to 1, 2 and 3 unit electrode separations.
Both landmine types in the wet and dry soils could be clearly detected. However,
with increasing buried depth the inversion results showed quite distorted images.
One possible solution for increasing the spatial resolution at this depth was to
increase the unit electrode separation relative to the landmine dimension. Similarly,
the inversion of noisy data for the same models and parameters showed that the
metallic mines at the three depth levels gave significant anomalies in both soil types.
However, the non-metallic landmines in wet and dry soils could be detected as long
as the depth is not greater than the double the electrode separations and the noise
level is lower than 10%. As either the buried depth or the noise level increased,
only the shallow non-metallic landmines could be detected in dry soil.

Based on the synthetic experiments, we conclude that: 1. the greatest advantage
of the electrical technique (ERT) in the field of landmine is that it works well in
wet environment where the other detection techniques like MD (metal detector)
and GPR (ground-penetrating radar) are perform poorly. 2. The ERT technique
is able to work effectively together with the classical landmine prospecting tools or
at least as a confirming tool for the suspicious landmine areas. 3. The horizontal
spatial resolution of the resistivity is actually a function of the electrode density
and reconstruction depth. Therefore, the landmine targets with dimensions greater
than the unit electrode separation and buried at depth equal or less than the unit
electrode separation have overestimated spatial resolution.

4. Investigation of multidirectional fissure systems

4.1 Detection of multidirectional fissure systems by using analogue model
measurements

We carried out analogue model measurements in order to develop a geoelectric
method to detect fissure directions in case of multiple fissured medium (Szalai et
al. 2009a, 2010). We confirmed the conclusions by Sauck and Zabik (1992) that the
method developed by Taylor and Fleming (1988) is not at all perfect. Moreover, we
demonstrated that the inefficiency of the Taylor and Fleming method is not due to
field noises; rather it has theoretical reasons.

When the anisotropy paradox — the basis of the Taylor-Fleming interpreta-
tion — was taken into account, the efficiency of analogue model results with the
increasing sediment thickness became less and less. At the same time, when the
anisotropy paradox was ignored, the efficiency increased with the thickness of the
overlying sediments.

We concluded from the analogue modelling experiments that either the very
long array lengths with the assumption of the anisotropy paradox, or the very
short array lengths with ignoring the anisotropy paradox should be applied. An
alternative solution could be that much more measurements and their statistical
data processing are carried out.
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4.2 Investigation of multidirectional fissure systems in field

We elaborated a geoelectrical procedure, namely a combination of profile- and
azimuthal measurements, which is able to map multidirectional fissure systems
(Szalai et al. 2005, 2006a). One should take into account the following facts:

— An optimal array length should be selected. (If the array length is too long, the
fissures can not be separated from each other, if it is too short, the detection
depth is not sufficient.)

— After a rainy period, the subsurface is wet, and the fissure effects dominate
over the bedrock topography. In this way it is easy to detect the fissures in
the bedrock. If the goal is a bedrock topography mapping, it is preferable to
carry out the measurements, when the subsurface is dry (Fig. 4).

— If the subsurface is wet, both the Wenner and MAN arrays are good fissure
indicators. The Wenner array provides more robust results, while the MAN
array is able to detect even the smaller anomalies. The best way is a joint use
of the two arrays.

— In case of an optimum array length, the correlation between the fissure di-
rections determined by profiling and azimuthal methods has been found to
be acceptable, in spite of the numerous disturbing effects related mainly to
the azimuthal measurements. The estimation of the direction is acceptable by
using the Schlumberger null array, if the azimuthal measurement site is much
closer to one of the fissures than to the neighbouring ones. In case of doubtful-
ness, the Schlumberger array should also be applied, even if its interpretation
is more ambiguous.

The most difficult thing in the interpretation is to correlate the anomalies at
the neighbouring profiles, in spite of the fact that the profile measurements were
completed by azimuthal measurements to determine the fissure directions. How-
ever, carrying out profile measurements by using Wenner- and MAN arrays, and
azimuthal measurements by using Schlumberger- and Schlumberger null arrays we
were able to map a multidirectional fissure system.

Although there are still many opened questions (first of all in the field of az-
imuthal measurements), the described procedure is perspective.

5. Standardized pricking probe (PP) surveying and its use in
archaeological prospection

We have discussed the PP technique and its application to archaeological pros-
pecting (Szalai et al. 2009b, 2011, Fig. 5). In PP measurements a metal rod with
a sharp peak is pushed into the soil to a given constant (e.g. 20-30 cm) depth. It
either penetrates into the soil gently or sticks in. In the first case we assign to the
pricking probe location a value of k = 0, while in the second case a value of k =1
is assigned.
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Fig. 4. Profile 6 (measurements started in a rainy, completed in a dry period) with the assumed
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lies were determined on basis of numerical modelling. Arrows show the corresponding anomalies.

The red line shows qualitatively the topographical changes of the bedrock surface. For the MAN
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Fig. 5. Scheme of the pricking probe (PP), and a photo about its field application. k = 0 if the
metal rod penetrates into the soil gently, while k = 1 if it sticks in
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Fig. 6. Results of three standard geophysical methods and of the pricking probe: a) geoelectric
method, b) magnetic method, ¢) georadar, d) pricking-probe

Successful reconnaissance measurements were carried out in case of dense un-
dergrowth, which would have been hardly possible with standard geophysical meth-
ods. In the detailed measurements the pricking probe proved to be also competitive
(Fig. 6). Only the georadar was able to provide high quality images about the
chapel walls, but some details are not seen, or seen less than in PP maps. The
imaging power of the PP technique, especially with a 60 cm pricking depth, proved
to be even superior to the applied geophysical methods.

It is also possible to carry out a gradual deepening, thus a so-called PP-sounding,
which makes possible to construct 3D images of the walls (Fig. 7). Among common
soil conditions the method can be universally applied, except in presence of signifi-
cant posterior debris distribution. For a deeper insight it is advisable to remove the
uppermost soil layer.

For archaeological reconnaissance measurements, i.e. to find buried archaeolog-
ical objects a rectangular grid with an interval of 1 m is recommended, while for a
detailed survey a rectangular grid with an interval of 50 cm is advisable.

We verified that the pricking probe method is very useful in archaeological
prospecting because it has several advantages: its field procedure and data pro-
cessing are simple, cheap and quick; since it does not need electronic instrument,
just a metal rode, there are no investment costs, and there is no chance of technical
failure; the method can be applied even among the most unfavourable field condi-
tions as bad weather, extreme topography, dense undergrowth, etc.; it is possible to
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Fig. 7. Sounding with the PP technique with pricking (penetration) depths of 10, 20, 30 and 60 cm

elaborate its sounding variant; it provides complementary information to the geo-
electric and georadar maps; it may show some details, remaining hidden by using
standard geophysical methods.

We inter-compared altogether four independent methods/techniques over buried
object. Most of the archaeological results come from the PP measurements, or they
can be seen the best in PP results. On basis of our results we highly recommend to
use the PP technique in archaeological prospection, because — at least in our case
— it proved to be competitive to standard geophysical methods, considering both
its imaging efficiency and economic issues.

On basis of pricking probe (PP) field results in the Homdd trench (Bakony Mts)
by Szalai et al. (2006b, 2008b), we think that the PP technique is able to provide
useful information for the depth distribution of karstic limestone bottom even at
the depth range 10-50 m, as well. Although the theoretical basis is not clear, the
PP results are well correlating with the known local structures and also with the
traditional geoelectric results.

Conclusions

In the frame of the OTKA project K49604 we have obtained the following prac-
tical results: 1. In the practice the incorrect positioning of the electrodes for various
multielectrode systems are negligible with the exception of a rocky surface, where it
is impossible to put the electrodes in the desired positions. The errors can however
be kept even in this case within an acceptable range, if the electrodes of the lin-
ear arrays are put off-set, at right angles from the measuring line. A five-six times
larger off-set has less effect than a certain mis-position along the line, connecting the
electrodes. 2. Our tensorial geoelectric measurements provided more detailed and
unambiguous anomalies than 2D profile measurements. 3. The 3D ERT technique
using the dipole axial array was able to locate in wet environment both the metallic
and non-metallic landmines as long as the noise level was about 5%. 4. We elabo-
rated a geoelectrical procedure which is able to map multidirectional fissure systems
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by combining geoelectrical profiling and geoelectrical azimuthal measurements. The
humidity of the fissures affects however the measured results significantly and in a
meaningful way. 5. We presented the so-called standardized pricking probe (PP)
surveying technique and demonstrated its usefulness in an archaeological study. The
PP images proved to be definitely more close to the realistic shape of the buried
chapel in the given case than the geoelectric and magnetic measurements, and they
also revealed more details about the subsurface than the georadar. The optimum
PP parameters: horizontal interval, pricking depth, observable quantity and its way
of presentation were optimized through field experiments.

Non-traditional geoelectric arrays and the PP technique have a significant po-
tential in non-destructive investigation of the near-subsurface. Many diverse appli-
cation are possible.
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