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Abstract: Electrical resistivity tomography (ERT) is a well-known geophysical method applied to
geological, hydrogeological and geoenvironmental research. To date, 2D ERT is still used much more
than 3D ERT, thanks to its greater immediacy, survey speed and lower complexity in processing and
inversion. However, the assumption of two-dimensionality of the underground structures can mean
that the effects of 3D structures on the 2D ERT can sometimes lead to gross errors in interpretation.
This work aims to evaluate these effects by testing synthetic and experimental models. Numerical
simulations are performed starting from different resistivity models, and from the results, 2D data
sets are derived to study and quantify the effects of 2D inversion on 3D structures. Tests simulating
prismatic resistive blocks with a vertical square section are presented. Prisms extend orthogonally to
the survey line. Depending on their length, they range from a minimum equal to the length of the
section (cubic resistive block) to infinity (2D prism). On these models, 2D and 3D electrical resistivity
tomography (ERT) surveys are simulated. The results show that resistive blocks with a limited
extension orthogonal to the profile are not effectively resolved by 2D ERT. Additionally, resistivity
values obtained from a 2D ERT inversion on a 3D resistive prism are underestimated more than those
obtained on the corresponding 2D prism when compared with the true value. This underestimation
increases with the three-dimensional characteristics. Furthermore, resistive blocks located near
the survey line but not crossed by it create artifacts that can lead to erroneous interpretations. A
field test performed on a calcarenite quarry, of which the three-dimensional geophysical model was
reconstructed, confirmed the results obtained by the synthetic tests, highlighting that the effects of
three-dimensionality can lead to the identification of artifacts in the vertical section or produce strong
errors in the estimation of depth and size, thus causing misleading statements.

Keywords: applied geophysics; electrical resistivity tomography; 3D structures; artifacts; cavity;
inversion

1. Introduction

Today, electrical resistivity tomography (ERT) is a widely used method in many ge-
ological and environmental applications [1]. It is often preferred to opt for 2D arrays
because they are easier and quicker to carry on compared with 3D arrays, especially in
urban environments. The latter requires not only the dense data coverage to be signifi-
cant, therefore having a higher acquisition cost, but also a consequent use of more memory
and powerful computers. This problem, however, is less important today than in the past,
thanks to the development of multi-channel data acquisition systems. In fact, for the opti-
mal exploitation of these characteristics, new and different arrays and acquisition methods
have been proposed for surveys that involve thousands of electrode positions [2-8], as well
as the use of more powerful computers and better-performing software [6,9].

When heterogeneity is present, three-dimensional imaging of 2D electrical resistivity
data sets should provide a more accurate and reliable picture of the subsurface than single
analyzed 2D ERTs [10] and generally increases the resolution of the resistivity survey [11].
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Another effective data acquisition strategy for 3D sensing is to combine perpendicular 2D
slices and interpret them together [11-14].

Unfortunately, 2D electrical resistivity tomographies are sufficient to derive realistic
subsurface models only when the subsoil is geologically quite simple [15]. Conversely,
when in the presence of structures that cannot be simplified as 2D with respect to the survey
line, such as complex geological structures or anthropogenic structures such as building
foundations or underground cavities, 2D surveys can produce misleading models due to
the three-dimensional nature of these structures [16,17]. Indeed, the 2D ERT inversion algo-
rithms assume that the electrical resistivity does not change in the direction perpendicular
to the ERT profile. When the subsoil does not respect this assumption, they generate 3D
effects [18,19] which should be quantified or at least recognized in 2D inversions.

While the effects of 2D structures on 1D resistivity modeling have been studied [20],
the effects of three-dimensional structures on 2D ERT are less understood [21,22].

Recently, some studies have been conducted on the topographical effects of embank-
ment structures located next to 2D apparent resistivity pseudosections [23-26]. However,
little information is available on the deformations of the 2D ERTs caused by underground
three-dimensional structures crossing the tomographic section or coming close to it [27,28].
In this regard, Hung et al. [29] investigated the boundary effects on 2D ERT by varying
some potential factors, such as the resistivity contrast, depth and size of buried objects
and electrode spacing.

This work aims to study the effects on the 2D ERT inversion of three-dimensional struc-
tures present below or near the survey line using data derived from synthetic models and
field measurements. For this purpose, several numerical simulations have been performed
on resistivity models with resistive blocks of a regular shape, and some parameters have
been calculated to quantify the 3D effects on the inversion reliability. Furthermore, based
on a detailed speleological study carried out on a quarry, a complex three-dimensional
model of the quarry was simulated. The results were considered and compared with the
field results for the same quarry.

2. Materials and Methods
2.1. Basic Electrical Resistivity Tomography, Forward Modeling and Inversion

Electrical resistivity techniques allow for estimating the distribution of the electrical
resistivity of the subsoil. They are essentially based on Ohm's two laws, from which we can
derive the following equation in vector form for the current flow in a continuous medium:

J=oV, )

where J is the current density, ® is the electric field potential and ¢ is the conductivity of
the medium, which is equal to the reciprocal of the resistivity p.

Equation (1) describes the relationships between the potential of the electric field
generated by an electromotive force, the current flowing through the ground and the resis-
tance of the subsoil. The latter depends on the distribution of the electrical resistivity in
the subsoil and on the positions of the electrodes. To perform a resistivity measurement,
an electric current I is generated in the ground by applying an electromotive force through
two current electrodes. The trend of the electric field is observed by measuring the poten-
tial differences AV with electrodes appropriately arranged on the surface. Considering
the subsoil as a homogeneous half-space, the apparent resistivity p, is calculated by the
following formula [30]:

pa =kAV /I, 2)

where k is a geometric factor which depends on the positions and shapes of the electrodes.

Opver the years, different electrode arrays have been conceived and used for resistivity
surveys, each having different characteristics and being suitable for different modeling
(1D, 2D or 3D). The advantages and disadvantages of each of these arrays depend on
many factors, including the sensitivity, signal-to-noise ratio, depth of investigation [31,32]
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and lateral coverage [33]. Recently, the use of multichannel systems has allowed connecting
up to several hundreds of electrodes at once, greatly reducing the survey time. This feature
has led to the need to choose arrays that allow the contemporary voltage measurements of
many potential dipoles for each current dipole, such as the Wenner-Schlumberger or linear
dipole-dipole arrays. Furthermore, optimized arrays for multi-channel acquisitions have
been proposed [2-5,7].

The forward problem of calculating the electric potential due to a point source located
in (x5, Vs, zs) consists of the solution of the following equation [34]:
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where p is the electrical resistivity at the coordinate point (x, y,z), ® is the potential at the
same point, j. is the electrical charge density and ¢ is the Dirac delta function.

Generally, forward modeling uses approximate approaches through finite difference [34-36]
or finite element [37] methods in which the subsurface is represented by a grid of meshes,
inside which the electrical resistivity is constant or varies linearly.

In ERT, the inverse problem is not linear and ill-posed, and it is generally faced by
solving the forward problem iteratively, starting from a simple initial model mg (usually a
homogeneous half-space) and minimizing the misfit between the measured and calculated
data. The most common approach applies, with appropriate modifications, the damped
least squares method [38] based on the following equation [39-41]:

71+ ADAq =]"Ag, @)

where Ag is the vector of the difference between the logarithms of the observed and
calculated apparent resistivities, Aq is the vector of the difference between the logarithm of
the resistivity of each mesh of the k 4 1" model and the same parameters of the k" model,
J is the Jacobian matrix of the partial derivatives of the apparent resistivities with respect to
the model parameters, A is a damping factor and I is the identity matrix.

When the number of parameters is too large, the damped least squares method tends
to be unstable [42]. The issues of poor posing and poor constraint of the inverse problem can
be addressed in different ways. If the subsurface resistivity is expected to change smoothly,
then the algorithm is modified by introducing smoothness constraints directly on the model
resistivity values. The resulting smoothness-constrained least squares method [43,44] has
the following mathematical form:

(J'J + AF)Aq = J' Ag — AFq, ()

where F is a linear combination of roughness filter matrices.

In the case in which the subsoil structures can be represented by homogeneous zones
separated by sharp boundaries, an Li-norm criterion can be used to produce “blocky”
models [45,46]. The optimization equation in Equation (5) is modified to

(JTR4J + AF)Aq = J'RyAg — AFrq, (6)

where R; and Fr are weighting matrices (see [46] for further details). The latter, also called
the blocky method or robust method, tends to resolve models in which the resistivity is
constant piecewise [43].

2.2. Design of Synthetic Models

The design of synthetic models was based on simplicity criteria aimed at quantitative
evaluation of the interpretative distortions that can arise when three-dimensional struc-
tures are investigated with two-dimensional resistivity surveys. The two-dimensional
approach inevitably leads to an incorrect estimate of the size and electrical resistivity of
the anomalous zone. It was therefore decided in the first phase to simulate resistive blocks
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of simple and regular shapes to obtain inverse models that would allow a quantitative
parametric approach and a systematic comparison between 3D resistivity models and the
corresponding 2D inverse models when 2D-ERT surveys were simulated.

For the 3D forward modeling, RES3DMOD software was used [47], considering the
finite element method and a grid of rectangular meshes in which 48 x 21 electrodes
space at 2 m in the x and y directions, respectively, were considered. For each designed
model, the apparent resistivity measurements related to a 3D data set were calculated.
The 3D electrical resistivity survey was simulated while considering the inline dipole-
dipole array, with the dipole length a ranging from 1 to 12 times the electrode spacing
and the dipole-dipole distance n ranging from 1 to 12 times the electrode spacing. This
array configuration allows a good resolution and reliability for the survey according to a
not-too-long acquisition time [7,48,49]. The dipole-dipole array allows, thanks to modern
multi-channel instruments, simultaneously acquiring many voltage measures with the
same current dipole input, thus allowing short acquisition times and, consequently, a large
number of measures which are difficult to acquire in reasonable times using Wenner or
Wenner-Schlumberger arrays.

From these data sets, some parallel 2D data sets related to the parallel profiles were
extracted and separately inverted to study and quantify the effects of 3D structures on
2D inversion, parametrically estimating the differences between 2D imaging and the
corresponding section of the 3D inverse model.

The first and simplest model considered was a resistive cube (10° Q-m) centered under
the grid of a size | = 8 m in a background rock of 100 )-m (Figure 1). The depth of the
upper face of the cube was /1 = 4 m. From the obtained 3D data set of calculated apparent
resistivities, some 2D data subsets were extracted, simulating many parallel 2D surveys
along the x direction placed at variable distance d between the center of the survey line and
the projection on the surface of the center of the cube.

Figure 1. Simulation of a 3D ERT survey on a model of a cube-shaped resistive block (10° Q-m)
buried in a background rock (100 3-m). The blue points indicate the electrode positions. The size I of
the cube is equal to 8 m. The depth of the top of the cube is 4 m. The thick blue line indicates the
considered 2D-ERT survey, carried out at an orthogonal distance d from the projection on the surface
of the cube’s center.

The second test (Figure 2) regarded a series of prism-shaped cavities with a square
vertical section of a size [ = 8 m and a length in the orthogonal y direction that ranged from
s = 8 m (the same as the first model) to s — oo, the latter being a 2D tunnel model of the
squared section (Figure 3) simulated with the RES2DMOD software [50]. In these cases,
the 3D electrical resistivity surveys were simulated while considering the same electrode
arrays and measurement sequences as those in the previous case. From each of these 3D
data sets, a 2D subset was extracted, simulating a survey that passed over the center of the
cavity and crossed it perpendicular to its width s (x direction).
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Figure 2. Simulation of a 3D ERT survey on a model of a prism-shaped resistive block (10° Q-m)
with the orthogonal width s not equal to the longitudinal and vertical sizes I in a background rock
(100 ©2-m). The size I of the square section is equal to 8 m. The depth of the top of the prism is 4 m.
The thick blue line indicates the considered 2D ERT survey carried out over the prism center in the
orthogonal direction to the length s of the prism.

Figure 3. Simulation of a 2D ERT survey (10° O-m)ina background rock (100 (2-m).

2.3. Parameters to Estimate the Inversion Reliability

The inversion of the calculated data was performed using the RES2DINVx64 [51]
and RES3DINVx64 [52] programs. To perform a quantitative comparison, the inversion
parameters were set to be the same for all the inversions made so that the results could
be correctly compared and discussed. An Li-norm robust model inversion constraint [46]
was used to obtain models capable of highlighting sharp boundaries with a high resistivity
contrast. This is the most appropriate method for delineating the shape of the anomalous
block. In this case, the discrepancy between the predicted and observed data was expressed
as the absolute error through the L{-norm normalized data misfit L1. We set a convergence
limit for the relative change in the Liy misfit equal to 2% and a maximum number of
iterations for the inversion equal to 10. For all simulations, the mesh sizes were chosen
to be equal to half the electrode distance for both the forward problem and the inverse
problem to take into account the abrupt resistivity changes of the models.

The evaluation of the results had to include a quantitative analysis of the defined pa-
rameters indicating the ability of the inverse model to approach the real situation. Therefore,
to evaluate the overall effectiveness of each inversion, some simple comparison parameters
were considered.

The first parameter is given by

__ Pprism (Is,d)

P = /
! Pprism(lzoo)

@)

where 0,5 (1,s,d) is the average value of the electrical resistivity calculated in the area
of the anomaly (the one in which the resistivity exceeded the background one by 15%
was considered), I is the square section size of the prism, s is its orthogonal size, d is
the orthogonal distance from the center of the prism at which the survey is carried out
and O prism (1,00) is the corresponding value when s — oo (tunnel model shown in Figure 3).
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Basically, P; gives the ratio between the resistivity anomaly caused by a 3D block with
a given vertical section and a given electrical resistivity and that caused by a 2D prism
with the same vertical section and resistivity. Consequently, this reflects how much the
three-dimensionality affects the electrical resistivity value of the anomaly obtained from
a 2D inversion, decreasing the estimate. To calculate the anomalous area, the threshold
of 15% was chosen following some tests to exclude small variations in resistivity in the
section, which may have been caused by noise or inaccuracy of the inversion.
The second parameter is given by

_ Pprism (l/ s,d)

P ,
2 Pprism(lro)

®)

where the section centered on the prism is considered for the denominator (d = 0) and P,
indicates how much the non-centrality of the 2D ERT with respect to the resistive block
affects the inversion. It was calculated only for the model of the cubic resistive block.

The third parameter considered is defined as

_ Zanom (lr 5, d)

P; = ,
Zprism (l/ 5, d)

©)

where Y ,.0m (1,5, d) is the area of the resistive anomaly (in which the resistivity exceeds the
background one by 15%) as shown by the inverse model and Y., (1, 5, d) is the actual area
of the prism section. P3, therefore, shows the percentage of the anomalous area detected
with respect to the real one.

3. Results: Discussion and Comparison

The discussion of the results first follows a qualitative approach, comparing the obtained
inverse models with each other and with the synthetic model, and subsequently a quantita-
tive approach, calculating the inversion reliability parameters previously described.

All the electrical resistivity sections are presented with the same logarithmic scale of
colors to facilitate comparison. This is highlight, with a rainbow scale, only the resistivity
values greater than the background resistivity (100 Q2-m). The smaller values instead were
rendered with shades of gray.

Figure 4 summarizes the inverse models obtained starting from the cube model (see
Figure 1). The 2D ERT surveys are related to electrode lines arranged at different values
of the orthogonal distance d between the survey line and the projection on the surface of
the center of the cube (Figure 4b—j). The results can be compared with the central section
(d/1 = 0) extracted from the 3D ERT inverse model (Figure 4a) in which the number of
iterations N;; = 4 and the normalized data misfit L1y = 1.12%.

In 2D inversions, a greater number of iterations than for 3D inversions is necessary
for the process to stop (Nj; ranging from 6 to 9), obtaining very low data misfit values
(0.15% < L1y < 0.19%). However, a low data misfit value does not indicate good results.
In fact, the 2D ERT results showed strong variations in the shape of the anomaly compared
with the true one. When the 2D survey was centered upon the cube, the height of the
anomaly was strongly underestimated, resulting in about half of the real height of the cube.
On the other hand, the width was determined with good precision (Figure 4b). When the
2D survey was performed lateral to the cube, the height of the anomaly increased, but its
width increased compared with the real one as d increased (Figure 4c—j). As expected,
the displayed resistivity value of the anomaly was always less than that of the cube.

However, while in the case of the central section of the 3D ERT the maximum resistivity
value was quite high (about 1000 ()-m, Figure 4a), in the 2D ERT, it was much lower, varying
from about 320 ()-m when d /I = 0 (Figure 4b) down to 106 Q)-m when d/I = 2 (Figure 4j).

Anyway, the effects of the resistive cube were still quite evident even if the 2D survey
no longer passed over the cube, or at least for non-excessive distances (0.5 < d/I < 1.5,
Figure 4e-h). This generates a misleading anomaly that can lead to errors in interpretation.
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Figure 4. Inverse models obtained starting from the 3D model of cube-shaped resistive block.
(a) Central section of the 3D ERT and (b—j) 2D ERT when varying the orthogonal distance d between
the electrode line and the projection in the surface of the center of the cube. The solid black line
indicates the boundaries of the cube when the section intersects it. The dashed black line indicates
the projection of the boundaries of the cube when it is not intersected by the section.

The effectiveness parameters Py, P, and P3, previously defined to quantify the effec-
tiveness of 2D inversions with respect to the real section, were calculated for each simulated
2D ERT. The results are shown graphically in Figure 5 for the cube-shaped resistive block
model. The value of P; was always very low (P; < 0.15) and decreased as d/I increased,
confirming the strong underestimation of the 3D anomaly when this was interpreted as
2D. The parameter P, which quantifies the effect of the non-centrality of the 2D ERT with
respect to the resistive block, decreased from 1 to about 0.5 when d/! increased from 0 to
2.5. The parameter Pj is related to the amount of anomalous area detected with respect to
the real one. This parameter surprisingly indicated that the extension of the anomalous
structure was underestimated when the distance d was less than half the dimension / of
the cube. It increased as d/1 increased until d/I reached 1.25 and then decreased, tending
toward zero for d/I > 2.

In short, the simulations relating to the model in Figure 1 show how the influence on
the inversion of a resistive block depends on its position with respect to the survey line.
As the distance between the resistive block and the survey line increased, the resistivity
contrast decreased, while the extent of the anomaly initially increased and then decreased
as well.
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Figure 5. Trend of the inversion effectiveness parameters Py, P; and P3, referring to the cube-shaped
model shown in Figure 1, as the ratio d/I between the orthogonal distance d and the side of the cube
I increases.

Figure 6 summarizes the 2D inverse models obtained starting from the 3D prism-
shaped models (see Figure 2). For these simulations, it was considered that the electrode
lines always passed above the center of the prism perpendicular to its axis. Therefore, the
orthogonal distance d between the electrode line and the projection on the surface of the
center of the cube was always equal to zero, instead varying the orthogonal width s of
the prism.

The number of iterations needed to stop the inversion was comparable to the previous
case (Nj; ranged from 6 to 10), while the data misfit was slightly higher (0.16% < Lin < 0.26%).
Additionally, for these inversions, there was no correlation between the low misfit values
and the likelihood of the inverse models.

The shape and value of the anomaly were close to those of the corresponding 2D
model (Figure 6a) when the ratio s/l > 4 (Figure 6b—d). For prisms with s/I < 3, the prism
was still identifiable, but its size and resistivity were progressively underestimated as
s decreased.

For the same prism-shaped models, the central sections extracted from the 3D ERT
inverse models are reported in Figure 7. In all these sections, d = 0 while the orthogonal
length s of the prism varied from 0 to 5 times the side ! of the square vertical section.

In the 3D inversions, the number of iterations Nj; ranged from 5 to 9, while the L;-norm
data misfit ranged from 0.07% to 0.20% and was generally less than that in the respective
2D inversions. For all models of prisms in which s > I (Figure 7b-i), the central sections
of the inverse 3D models showed the shape of the anomaly that closely approximated the
square section of the prism. The resistivity values of the anomalies, while continuing to be
significantly lower than those of the model, were only slightly lower than those shown by
the 2D ERT (Figure 7a). When s — [, the anomaly was flattened, and its resistivity was
significantly lower (Figure 7j).
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Figure 6. 2D ERT inverse models obtained starting from the 3D models of prism-shaped resistive
blocks, with different values for the orthogonal width s of the prism, where (a) s/I = co (2D model)
and (b—j) from s/l = 5to s/l = 1 (cube model). The orthogonal distance d between the electrode line
and the projection on the surface of the center of the cube was equal to zero for all the inversions.
The solid black line indicates the boundaries of the prism.

Figure 8 summarizes the trends of parameters P; and P3, calculated for the results
obtained from the models shown in Figures 2 and 3. Considering the 2D ERT of Figure 6
centered over the prism, Py (white circles) increased as s/! increased, approaching 1 when
s/l > 5. It follows that, considering the returned resistivity value, a prismatic structure
could be considered comparable to a two-dimensional structure when the ratio between
the length of the prism and the side of its section was at least equal to five. Parameter P53
(white squares) followed the same trend as Pj, albeit while showing higher values, and in
any case greater than one, except when the prism approached the dimensionality of a cube.
For all other values, the anomalous area was always overestimated, and this overestimation
increased with the perpendicular length s.
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Figure 7. Central sections (d = 0) extracted from 3D ERT inverse models obtained starting from
the 3D models of prism-shaped resistive blocks. (a) s/l = co (2D model) and (b—j) from s/l = 5
to s/l = 1 (cube model). The orthogonal distance d between the section and the projection on the
surface of the center of the cube was equal to zero for all the sections. The solid black line indicates
the boundaries of the prism.

Instead, considering the central sections of the 3D ERT in Figure 7, Py (black circles)
increased irregularly as s /I increased, approaching 1 when s/l > 5. It follows that, consid-
ering the returned resistivity value, a prismatic structure could be considered comparable
to a two-dimensional structure when the ratio between the length of the prism and the side
of its section was at least equal to five. P3 (black squares) showed the opposite trend to Py,
indicating that the overestimation of the anomalous area decreased as the perpendicular
dimension s increased, tending to double the real section when s tended toward infinity.

The test results for the model in Figure 2 clearly show that when the 2D ERT crossed
perpendicular to a 3D resistive structure, the resulting anomaly became similar to that
of a 2D structure having the same vertical section as its orthogonal length increased.
The resistivity anomaly produced became comparable with that of the homologous two-
dimensional block only when the orthogonal length of the block was at least five times the
side of its section.
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Figure 8. Trend of the inversion effectiveness parameters Py and Pj referring to the 2D ERT (white
squares and circles) and central sections of the 3D ERT (black squares and circles) crossing over
prism-shaped models shown in Figures 2 and 3 as the s/I ratio between the orthogonal width s of the
prism and the side of its square section / increased.

4. Field Test

A field test was performed on a calcarenite quarry located inside the “Parco delle
Cave” (Park of the Quarries) near the city of Marsala in Sicily (Figure 9). From the time
of the Phoenicians until today, this area has been exploited for the extraction of Marsala
Calcarenite (Middle-Inf. Pleistocene). This calcarenite is light yellow, homogeneous, well
cemented, scarcely fossiliferous and present in very thick banks with calcareous granules
and carbonate cement. The rock is vacuolar, highly porous and poorly fractured. The
Fodera quarry (Figure 9) is currently used for tourist and cultural activities. The quarries
in this area are mainly open-cast quarries, with almost regular shapes and sub-vertical
excavation fronts. Most of these quarries were filled, albeit partially, with waste materials
from excavation fronts of the same quarry or nearby. In the park, there are also several
underground cavities, located at different depths concerning the ground level, made by
excavating tunnels supported by pillars [53].

The quarry is developed in a series of tunnels and connected rooms, most of which
have been subjected to underground topographic surveys with tools and software used
for speleological activities. In particular, the Leica X310 laser distance measurer was used.
The cavities of this quarry are almost all accessible (there are at least three entrances),
and the hypogeal survey carried out allowed determining the shape and dimensions of
the voids, allowing one to draw the planimetric map (Figure 10, left) and four reference
sections (Figure 10, right) of the quarry.
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25m

Figure 10. 3D speleological model of the Fodera Quarry: (left) planimetric map, where the thick
black lines show the traces of the speleological sections (right) and the red dashed lines are the traces
of the carried out electrical resistivity tomographies.

Based on the speleological survey, a simplified 3D model of subsoil resistivity was real-
ized (Figure 11). Using RES3DMOD, we generated a discrete model of 120 m x 40 m x 50 m
with cells having horizontal dimensions equal to one meter (i.e., half the electrode spacing)
and a vertical dimension increasing with the depth. The predicted data were calculated
considering 60 electrodes along the x direction and 21 electrodes along the y direction. We
used the same array set as for the previously discussed models (electrode spacing equal
to 2 m, dipole length a ranging from 1 to 12 times the electrode spacing and dipole-dipole
distance 7 ranging from 1 to 12 times the electrode spacing).
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The modeled cave presents four main tunnels (indicated by the yellow letters H, ],
K and L in Figure 11) and several short galleries and rooms (letters from M to U) that
connect the main tunnels. For this model, we calculated the predicted apparent resistivity
measurements relating to the same previously discussed array data set. The predicted
data were inverted by RES3DINYV, using the same inversion parameters as for the previous
models and obtaining a data misfit equal to 3.95%.

In particular, we considered four parallel sections A—A’, B—B’, C—C’ and D—-D’
in correspondence with the speleological sections (Figure 11) and extracted from the
aforementioned sections of the 3D inverse model. These were compared with the 2D
models obtained by separately inverting only the calculated measures relative to the
parallel A—A’, B—B’, C—C’ and D—D’ lines, using RES2DINV.

Finally, of these four lines, two 2D ERTs (A—A" and C—C’) were actually carried out in
the field using the MAE X612-EM+ multichannel resistivity meter. Due to some subsidence
of the ground, which was probably caused by the collapse of the roofs of some cavities, it
was not possible to carry out lines B—B” and D—D’. The data obtained were used to make a
comparison between the simulated and observed data.

Figure 11. Perspective view of the simplified 3D resistivity model of the Fodera Quarry obtained by
RES3DMOD™ software. The yellow letters indicate the main rooms and tunnels. The blue dashed
lines indicate the traces of the simulated 2D ERTs.

Section A—A’ (Figure 12a) intersects tunnels H, | and L and the large chamber M
partially filled with waste material. Furthermore, tunnel N is present in the vicinity of the
survey line (Figure 11). Overall, the section of the inverse 3D model (Figure 12b) obtained
starting from the simulated data was faithful enough to the original geoelectric model.
In fact, the large chamber M was highlighted well in terms of its shape, as the two tunnels
H and L were highlighted by two smoother anomalies with lower resistivity values, while
tunnel | was incorporated into chamber M.

The inverse 2D model (Figure 12c) obtained starting from the simulated data while
returning a comparable data misfit value showed a lower adherence of the shapes and,
above all, an anomaly in correspondence with the projection on the section of chamber N,
which was not crossed by the section. The inverse model relating to the field measurements
(Figure 12d) was quite similar to that obtained from the simulated data, except for the more
superficial areas in which heterogeneous trends and higher resistivity values were noted.
This can be explained by the presence of fill materials and more fractured calcarenite, which
also justified the higher value of the misfit.
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Figure 12. Line A—A’ comparison between simulated inversion of 3D and 2D resistivity surveys and
2D inversion of field data. (a) Corresponding section of the 3D resistivity model. (b) Vertical section
of the inverse model obtained by simulating a 3D survey on the geophysical model. (c) Inverse model
obtained by simulating a 2D survey on the geophysical model. (d) Inverse model obtained by 2D
ERT field data.

Section B—B’ (Figure 13a) intersected the four main tunnels H, ], K and L, being
elongated perpendicular to the section, but it was also affected by the connecting gallery N
with a direction parallel to the section. Furthermore, gallery R was very close to the survey
line (Figure 11).
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The section of the 3D inverse model (Figure 13b) obtained from simulated data repre-
sented the geometric shapes of the intersected cavities quite well, although the anomalies
showed resistivity values well below the values of the model. The 2D inverse model
(Figure 13c¢) obtained from the simulated data, even if it showed a data misfit value similar
to that of the 3D model, was less faithful and had more blunt anomalies. Furthermore,
between x = 74 m and x = 92 m, there was an anomaly caused by gallery R not being
crossed by the survey.
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Figure 13. Line B—B’ comparison between simulated inversion of 3D and 2D resistivity surveys.
(a) Vertical section of the 3D resistivity model. (b) Corresponding section of the inverse model
obtained by simulating a 3D survey on the geophysical model. (c) Inverse model obtained by
simulating a 2D survey on the geophysical model.

Section C—C’ (Figure 14a) had a very complex shape. It intersected the main tunnels
H, ], K and L but also the connecting tunnel R and a small room P connected to gallery N.
Furthermore, the section passed close to gallery S, which connected H with J.

The section of the 3D inverse model (Figure 14b) from the simulated data figured
out the pattern of the tunnels intersected by the section very well, although the resistivity
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values were not always representative of the model values. The 2D inverse model from
the simulated data (Figure 14c) also had a similar data misfit in this case, was less clear
and showed more smoothed patterns, especially regarding the base of the cavities. Gallery
S, which was close to the line but not crossed by it, generated a clear anomaly joining H and
J. The depth of investigation achieved by the field survey was lower than the simulated one
because all the data with a pseudo-depth greater than 16 m were discarded, as they were
too noisy. Probably due to this, the resulting misfit was greater (L1y = 7.34%). However,
the result was similar, even if it was more approximate and with greater heterogeneity,
especially in the superficial part of the section.
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Figure 14. Line C—C’ comparison between simulated inversion of 3D and 2D resistivity surveys and
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2D inversion of field data. (a) Vertical section of the 3D resistivity model. (b) Corresponding section
of the inverse model obtained by simulating a 3D survey on the geophysical model. (c) Inverse model
obtained by simulating a 2D survey on the geophysical model. (d) Inverse model obtained by 2D
ERT field data.

Finally, section D—D’ intersected the main tunnels H, ], K and L and gallery S connect-
ing H to J. It was also close to gallery T, connecting H with J, and gallery U, connecting |
with K (Figure 15a).

In addition, in this case, although the data misfit values were comparable to each other,
the section obtained from the simulated 3D inverse model (Figure 15b) was much closer to
the geophysical model than the 2D inverse model (Figure 15c). Indeed, the latter clearly
showed the effect of the neighboring gallery U. Furthermore, the base of the tunnels was
not as sharply delimited.
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Figure 15. Line D—D’ comparison between simulated inversion of 3D and 2D resistivity surveys.
(a) Vertical section of the 3D resistivity model. (b) Corresponding section of the inverse model
obtained by simulating a 3D survey on the geophysical model. (c) Inverse model obtained by
simulating a 2D survey on the geophysical model.
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In summary, considering the simulated models, although the data misfit values of
the 2D inverse models were comparable to those of the 3D inverse model, the latter had a
greater likelihood. The sections of the 3D inverse model accurately represented the tunnels
and rooms in the corresponding section, and the complexity of the shapes of the tunnels and
chambers of the Fodera Quarry strongly affected the 2D inversions. These were influenced
by phantom anomalies generated by the three-dimensionality of the intercepted structures
and by the presence of other structures close to the investigation alignment. Moreover,
the results from the 2D ERT carried out in situ were also disturbed by variations in the
resistivity of the rock and by the detritus, which were not foreseen by the theoretical model.

Unfortunately, not having been able to acquire all four sections in the field prevented
us from performing a 3D inversion, or, more simply, from interpolating the 2D ERTs to
obtain a 3D model [54,55]. Therefore, we were limited to comparing the results relating to
sections A—A’ and C—C’ with the 2D and 3D simulations. However, the presented results
show that when the underground structures were very complex, as in this test site, the 2D
ERT did not give sufficiently realistic images, even if interpolated in a 3D model.

5. Conclusions

A series of simulations was performed on models characterized by rectangular section
resistive blocks, using the inline dipole-dipole array with a wide range of electrode spacings
and dipole-dipole distances and, consequently, a high amount of apparent resistivity data.
This choice allowed a very high resolution, together with a short survey time. Consequently,
it enabled the comparison between 2D and 3D inversion models with similar resolutions.

The use of parameters defined in Equations (7)—(9) allowed a numerical estimation of
the effects of the three-dimensionality, non-centrality of the resistive blocks and reliability
of each inversion model.

The results for the synthetic tests showed that the blocks with a limited extension
orthogonal to the survey line were not detected correctly by the 2D ERT. The 2D inver-
sion of a 3D resistive block underestimated the actual resistivity value much more than
the inversion of the corresponding 2D model with an unlimited perpendicular extension.
Furthermore, when the 2D ERT cut an anomalous structure perpendicular to its direction of
elongation, the effects of three-dimensionality decreased as the structures stretched perpen-
dicularly. The resistivity anomaly produced was comparable with that of the homologous
two-dimensional block only when the ratio between the orthogonal length of the block and
the side of its section was at least equal to five.

On the other hand, when the 2D ERT was carried out near (but not above) a resistive
block, this generally produced an artifact consisting of a low contrast resistivity anomaly in
correspondence with the section, with an area less than that of the section.

The effects of three-dimensionality can lead to interpretative errors, such as the de-
tection of false cavities or resistive blocks along the vertical direction or a wrong estimate
of the depth and dimensions of the structures, thus causing misleading statements. These
errors can be gross, especially if in the presence of very complex structures.

The results of the field test confirmed the considerations made for the simulations,
showing how in the case of complex structures, the 2D inversion was even less realistic
and more difficult to interpret than the 3D one. Ultimately, the simulations on the 3D
model of the quarry seem to suggest that, if the data coverage is dense enough, then
it might be advantageous to perform the 3D inversion rather than inverting each 2D
profile individually.
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