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Abstract

The single-station Rayleigh surface wave group velocities and electrical resistivities are two data sets that we
cooperatively employ to image the near surface (< 40-m) anomaly structures. We numerically simulate the corresponding
field measurements where the anomaly structures are assumed to have two-dimensional (2D) variations. The surface
waves are represented by fundamental mode dispersion curves, and the electrical resistivities are assumed to be measured
by using direct currents. We consider two types of anomaly structures, i.e., cavity and ore body. These two
heterogeneities are easily distinguished from the surrounding geomaterial by their distinct physical properties. The cavity
is characterized by low seismic velocity and high electrical resistivity, while the ore body is characterized by high
seismic velocity and low electrical resistivity. The Rayleigh surface wave data is assumed to be collected throughout the
classical common-shot gather. Multiple electrodes, multiple core cables, and multiple arrays are assumed to be used in
the electrical survey. Both surface wave group velocities and electrical resistivities are shown to properly invert the
anomalous structures in the subsurface. The surface wave group velocities have good horizontal resolution, while the
corresponding vertical resolution is somewhat lower. The electrical resistivities have good resolution for shallow
structures, but the resolution becomes somewhat reduced with increasing depth.
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1. Introduction

Geophysical inversion technologies have shown significant progress in delineating the physical properties (e.g.,
density, magnetic permeability, electrical conductivity, seismic velocity, attenuation, anisotropy) of the Earth’s
subsurface [1-9]. Consistent and comprehensive information about the subsurface is the most important goal to
achieve in these geophysical inversions. The target depth can range from a few meters near the surface [10] to tens of
kilometers in the crust and uppermost mantle system [11], and even thousands of kilometers on a global scale [12].
There are different methods that geophysical technology employs to explore the subsurface, i.e., electrical, gravity,
magnetics, electromagnetics, and seismic. In these methods, the Earth is treated as a closed unknown system affected
by some sort of energy (artificial or natural), which is dependent on the specific method applied, and then the Earth’s
response to the energy field is measured via some receivers deployed at different locations in the survey area. These
receivers with response functions specific to the used method may be located on the free surface, in the downhole or at
the ocean bottom. In some potential field applications (i.e., gravity and magnetics), airborne surveys are conducted
using an aircraft flying at some altitude [13].

* Corresponding author: ozcancakir@sdu.edu.tr
d-} http://dx.doi.org/10. 28991/HEF-2022-03-01-01
» This is an open access article under the CC-BY license (https://creativecommons.org/licenses/by/4.0/).

© Authors retain all copyrights.


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1989-6922

Journal of Human, Earth, and Future Vol. 3, No. 1, March, 2022

Numerous physical processes actively deform the Earth's structure, such as convections, rifting, subductions,
collisions, isostasy, melting, magmatism, volcanism, earthquakes, subsidence, landslides, weathering, and erosion.
These processes are largely driven by the movement of the lithospheric plates, i.e., plate tectonics. Some of these
processes (e.g., subsidence, weathering) mostly deform the shallow subsurface while the other ones (e.g., subductions,
collisions) are effective in the deep Earth structure with length scale reaching hundreds of kilometers. Therefore, the
(unknown) Earth system, which may be considered either local (meters) or regional (kilometers), is truly three-
dimensional (3D). There exist structural discontinuities in the horizontal and vertical directions. In the simplest case of
one-dimensional (1D) multi-layered Earth media, the structural discontinuities occur mainly in the vertical direction
[14]. In a fold-and-thrust belt (i.e., subduction and collision zones), the layer boundaries are folded and are displaced
over some distances, creating discontinuities in the lateral direction, i.e., faults, nappes, and transitional slopes. In
depositional environments, there may be clay and sand packets in the gravel background, creating 3D heterogeneities.
Similarly, underground cavities (filled with air, water, soil, or rock), ore deposits, salt domes, sinkholes, partial melts,
and fluids are some other 3D anomalies in the subsurface. To better understand the Earth’s internal structure and
composition, geophysical and geological data acquired by theoretical computations (modeling), laboratory tests
(trials), and field surveys should be cooperatively utilized. Surface geological findings, geochemical studies, and
information based on rock samples obtained from drill wells are combined with geophysical inversion efforts [15-17].

Different geophysical methods are sensitive to diverse physical properties of the subsurface [18]. For instance, the
seismic method is primarily sensitive to underground velocity variations while the geoelectrical method is sensitive to
electrical resistivity anomalies and the gravity method to density differences. The seismic method is essentially
divided into four subsections, i.e., reflections, refractions, surface waves and receiver functions [19-24]. Joint
inversions of seismic data obtained from applications of different seismic methods provide reliable information for the
underground velocity structure. The seismic literature includes many such successful applications, e.g., joint inversion
of reflections and surface waves [25], joint inversion of refractions and surface waves [5], joint inversion of P and S
receiver functions [26], joint inversion of receiver functions and surface waves [27], joint inversion of Rayleigh and
Love surface waves [28]. The seismic method is often combined with other geophysical methods, e.g., combined
interpretation of reflections, refractions, surface waves and electrical resistivities [29], combined interpretation of
refractions, surface waves and electrical resistivities [30], combined interpretation of seismic data (refraction and
reflection) and potential fields (gravity and magnetics) [31], combined interpretation of electrical resistivities and
surface waves [32]. There exist studies integrating various geophysical methods in one survey area, e.g., integrated
analysis of gravity, magnetics, electrical resistivity, induced polarization, refraction, reflection, and ground penetrating
radar [33].

Joint and cooperative analysis of the Earth’s subsurface utilizing various geophysical methods gain support
throughout the geosciences [34, 35]. We consider fundamental mode group velocity dispersion of Rayleigh surface
waves and electrical resistivities to solve the underground structural heterogeneities. We assume that the observed
Rayleigh surface waves are obtained from a traditional common-shot gather, i.e., pattern of single shot and linear
geophone array. The group velocity dispersion curves are realized by the single-station analysis like the methodology
(i.e., Multiple Filter Technique — MFT or Frequency—Time Analysis - FTAN) frequently employed in the earthquake
seismology [11, 36, 37]. The single-station group velocity curve represents the average velocity structure between the
source and receiver (geophone). Such group velocity curves attained at several geophone locations can be employed to
solve the lateral velocity variation (two-dimensional — 2D) beneath the geophone array. The geoelectrical method
considered in conjunction with the Rayleigh surface waves is based on examining the electrical conductivity
anomalies developing from variations between rock units in the subsurface [38-42]. We follow a similar scheme to the
surface waves for the electrical resistivity inversion. The apparent resistivity pseudo-section is computed based on a
resistivity Earth model [14, 43], which is then inverted to estimate the underground (2D) resistivity-depth formation.
Herein we are primarily interested in estimating the size and shape of near-surface buried objects (i.e., ore body and
cavity) using Rayleigh surface waves and electrical resistivities in manner of cooperative inversion.

2. Materials and Methods

We consider one numerical model to test the performance of Rayleigh surface waves and electrical resistivities in
delineating the 2D subsurface heterogeneities. The model structure is illustrated in Figure 1. In the background, the
Earth structure is assumed to have a multi-layered formation and then this layered structure is assumed to be perturbed
by 2D heterogeneities. In Figure 1 (upper panel), the shear-wave velocities (m/s) and electrical resistivities (2 m) are
shown. The other model parameters (both seismic and electrical) are listed in Table 1. The layer thickness (h),
compressional-wave velocity (Vp), shear-wave velocity (Vs), density (d), shear-wave quality factor (Qs),
compressional-wave quality factor (Qp) and electrical resistivity (p) are these model parameters utilized in the
numerical calculations. As listed in Table 1, the electrical resistivity in the second layer is represented by two different
values (i.e., 100 Q m — low resistivity and 1000 Q@ m — high resistivity), which are used to test the inversion effect of
low and high resistivities above the considered anomaly structures.
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Figure 1. The multi-layered model structure in the near surface perturbed by 2D heterogeneities (cavity and ore body) are
shown in the upper panel. The common-shot gather employed to collect Rayleigh surface wave data using vertical
geophones is illustrated in the lower panel.

Table 1. The layer parameters for the multi-layered background model are listed. The compressional-wave quality factor is
setto Qp = 2Qs

Layer number h (m) Vp (m/s) Vs (m/s) d (gricmd) Qs p (@ m)
1 5 700 400 1.6 50 400
2 5 1210 700 1.7 100 100-1000
3 25 1560 900 1.8 100 500
4 5 1900 1100 2.0 200 2000
5 0 2100 1200 2.0 200 800

Figure 2 depicts the interaction between incident seismic surface waves and a buried cavity. The incident surface
waves are Rayleigh type created by a seismic source located on the left. The cavity with a rectangular cross-section is
assumed air filled. The incident Rayleigh surface waves are back-scattered (reflected and diffracted) by the cavity
structure [44-48]. The reflected surface waves travel in the reverse direction towards the source, which are not shown
in Figure 2 (section marked as before). The diffracted surface waves (see black arrows outside the anomaly in Figure
2) mostly created by sharp edges on the anomaly structure are more energetic [49-51]. Some of the incident surface
wave energy is converted into body waves traveling as trapped air waves inside the cavity (see black arrows inside the
anomaly in Figure 2). Most of the incident surface wave energy interacting with the cavity continue as accumulated on
the border wall between the cavity and the surrounding geomaterial (see blue arrows in Figure 2). These focused
surface waves around the upper boundary of the cavity couple to the surface waves directly traveling between the
ground surface and the cavity. The other half of the incoming surface wave energy around the lower boundary of the
cavity travel coupled to the surface waves below the cavity. The short wavelength (or high frequency) surface waves
with relatively shallower depth penetration do not interact with the buried cavity. The total surface wavefield (i.e.,
leaving surface waves in Figure 2) on the right includes direct (incident) surface waves plus these surface waves
modified by the presence of the cavity structure. The scattered energy off the cavity causes increased amplitudes in the
section above the anomaly while the latter case causes decreased surface wave amplitudes in the section marked after
in Figure 2 [52].
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Figure 2. Surface waves propagating towards a buried cavity with rectangular cross-section are shown. Incident surface
waves from the left (source), diffracted surface waves off the cavity, and surface waves propagating away from the cavity
are illustrated [50, 52]. The cavity scatters the incoming surface waves and traps them inside as converted air waves.
Seismic amplitudes on the receivers above the cavity are higher and surface waves leaving the cavity area are attenuated.
Vertical and horizontal dimensions of the cavity are exaggerated for better visualization.

In Figure 1, the first heterogeneity with 20-m length at around 40-m distance represents a cavity in the depth range
from 15-m to 20-m (i.e., thickness of 5-m). The second heterogeneity with again 20-m length at around 80-m distance
stands for an ore body in the depth range from 20-m to 25-m (i.e., again thickness of 5-m). Both anomalous structures
are assumed to have rectangular cross-sectional area. The cavity corresponds to the subsurface conditions with low
velocity represented by Vs=720 m/s and high electrical resistivity represented by 0,=10000 Q m in the respective depth
range. The ore body is assumed to yield high velocity (i.e., Vs=1200 m/s) and low electrical resistivity (i.e., o=10 Q
m) conditions. In the depth range from 10-m to 35-m (i.e., background), the shear-wave velocity (Vs) is assumed to be
900 m/s while the electrical resistivity (p) is assumed to be 500 Q m. The Rayleigh surface waves passing through the
vicinity of the cavity are relatively slower [53]. We assume a low velocity depth section from 15-m to 20-m to replace
the cavity structure, i.e., Vs=720 m/s, which is computed from 900*[20/(2.5+20+2.5)] m/s where the surface waves on
the cavity wall are considered to travel extra 5-m. The other seismic parameters within the cavity are set to the
following values, i.e., Vp=1200 m/s, d=1.20 gr/cm®, Qp=10, Qs=5. Within the ore body the Rayleigh surface waves
are relatively faster [47] for which we assume Vs=1215 m/s. For the ore body the other seismic parameters are
assumed as follows, i.e., Vp=2100 m/s, d=2.10 gr/cm?, Qp=9000, Qs=3000. Therefore, we model both anomalies as
filled cavity where the first one is filled with low velocity material (-20% perturbation) and the second one with high
velocity material (35% perturbation). In terms of the electrical resistivity, the filling material of the first cavity has
ultra-high resistivity (10000 Q m) while the second cavity is filled with ultra-low resistivity material (10  m).

2.1. Surface Wave Method

We utilize the group velocity dispersion curves to invert the velocity structure beneath the geophone spread. The
group velocity dispersion curves are obtained in a manner like the single-station approach commonly employed in the
earthquake seismology. The travel time between the source (x1) and receiver (x2) can be expressed as follows [54].

x2 1 X2

t= f ——dx = f s(x)dx (@)
u(x) x1

where the distance range from x1 to x2 represents the travel path, u(x) is the group velocity, and s(x) stands for the

group slowness. We employ a discretized version of Equation 1. The discretization is based on the data acquisition

system (i.e., common-shot gather) illustrated in Figure 1 (lower panel). Equation 2 is the result of this discretization

process.
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Here m describes the number of geophones and grid points. The group slowness computed from the single-station
(observed) group velocity is given by S; (known) and S; (unknown) defines the group slowness at a grid point. S,
(Known) denotes the average group slowness corresponding to the pathway from the source to the base geophone
indexed as b (see Figure 1 — lower panel). The base geophone could be selected as the first geophone or some other
geophone in the array. The system in Equation 2 is solved for S; at each surface wave period.

In real applications, the single-station (observed) group velocity curve can be obtained from the MFT (Multiple
Filter Technique) analysis applied on the observed waveforms [14, 55]. Herein we do not apply the MFT, but rather
simulate the observed slowness (S;) by forward solving the system in Equation 2. The S; values are computed using
the theoretical velocity-depth profile (S;) below each grid point. For this computation the linear system in Equation 3
is utilized.

[‘S;] q1 g 0 O 0 0 1151
917 [ ][ 1
5;2 qz 42 42 0 - 0 0 || 52
513 — q:3 Sy +| q3 q:s qs . 0 ' 0 I 5:3 Ax 3)
SLL lQIJ la, @ a oq 0 |l51J
LST J dm lqm Am Adm qm QmJ S
m

where L =m—1and q; = 1/(x;, +iAx), i = 1,2,..,m — 1,m. Once the single-station group slowness values (S;)
are computed from Equation 3, we employ Equation 2 to determine the group slowness values (S;), which are then
inverted for the velocity-depth profiles underneath grid points (Figure 1 — lower panel).

2.2. Geoelectrical Method

We utilize an open-source software by Blanchy et al. (2020) [56] to perform the Electrical Resistivity Tomography
(ERT). This software (ResIPy along with graphical user interface — GUI and Python application programming
interface — API) provides many utilities such as design of electrode spacing, triangular or quadrilateral mesh
generation using certain shapes (i.e., flat layers, rectangles, and polygons), selection of electrode array, forward
modeling, inversion parameter setting, data inversion, plotting and saving of inversion results. For the geoelectrical
method we employ a linear electrode array with 64 electrodes and 2-m electrode spacing. The subsurface is digitized
using a triangular meshing where flat layers and rectangular anomaly shapes are used. Figure 3 shows the
corresponding numerical model, which is a digitized version of the analytical model introduced in Figure 1 (upper
panel). In Figure 3, the triangular meshing gets coarser with depth since the sensitivity of geoelectrical data decreases
with increasing depth. The color scale on the right indicates the resistivity values assigned for each subsurface depth
section coded by different colors. The third color (i.e., light brown) in the color scale is labeled R, which represents
two different resistivity values (i.e., 100 and 1000 2 m) in the second layer from the top. The latter is in accordance
with the case discussed in Figure 1 (upper panel). In Figure 3, there are 64 black dots indicating electrode positions on

the ground surface.
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Figure 3. Numerical model along with triangular meshing used for geoelectrical inversion is shown.

The electrode arrays utilized in the electrical resistivity inversions are shown in Figure 4. All four electrode arrays
are simultaneously utilized where the Dipole-Dipole array with a=2 and n=29 is represented by 870 quadrupoles in the
apparent resistivity pseudo section. The number of quadrupoles for the Wenner array with a=21 is 651. The
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Schlumberger array with a=2 and n=30 is represented by 870 quadrupoles. The Multi-Gradient array with a=2, n=62,
and s=62 is represented by the highest number of quadrupoles, i.e., 18445.
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Figure 4. Electrode arrays used in the electrical resistivity tomography are shown. Electrical current is introduced into the
subsurface using current electrodes A and B, and the voltage difference is measured via M and N potential electrodes.
Geometrical relationship between current and potential electrodes are designed according to free parameters (a, n, s) shown
alongside each array.

3. Numerical Results

Constructively interfering P (compressional waves) and SV (vertically polarized S waves) create Rayleigh surface
waves. Constructive interference takes place between multiply reflected and refracted P and SV waves. There are also
wave type conversions at the velocity discontinuities in the wave propagating media, i.e., from P-to-SV and SV-to-P.
The Earth structure has a multilayered nature, which can be studied by the inversion of surface wave dispersion [57].
The Rayleigh surface waves impinging upon some heterogeneity in the Earth are scattered both in forward and
backward directions. We simulate the forward scattering effect by considering low/high velocity zones in the
subsurface (Figure 2), which leads us to obtaining approximate seismic images of the heterogeneous structures. In case
of electrical resistivity, these heterogeneous subsurface structures with high resistivity repel the electrical currents
away from the anomaly while these heterogeneous structures with low resistivity attract the electrical currents towards
the anomaly. These two different electrical behaviors allow us to obtain approximate electrical image of the
heterogeneous subsurface.

3.1. Surface Wave Inversion

The single-station group velocity dispersion curve is generally extracted from the observed surface waveforms by
applying the multiple filter technique — MFT [55, 58]. As stated above, we follow a different method. The single
station group velocities are theoretically computed from Equation 3 and then Equation 2 is used to convert these
theoretical group velocities into group velocities at discrete points in the geophone array (see lower panel in Figure 1).
We simulate the seismic noise conditions via the relation u = @ + o(r — 0.5) where u is noise-added group velocity
(m/s), u is unperturbed group velocity (m/s) computed from Equation 2, r gives random number (0 < r < 1),and ¢ =
30 m/s describing the error bound. Some of the resulting group velocity dispersion curves (both single-station and
discrete-point) at several distances (i.e., source-receiver distances given by 20-m, 40-m, 60-m, 80-m, and 100-m) are
illustrated in Figure 5. The geophone array is designed as having 64 geophones with 2-m geophone spacing and 2-m
offset to the first geophone. The system in Equation 2 is solved for the geophone sub-array from geophone #10 (20-m)
to geophone #60 (120-m), which is our target area under which the velocity-depth inversion is considered. The base
geophone is set to be geophone #9 with 18-m distance from the source. This 18-m distance may not be good enough to
resolve deeper propagating (long wavelength) surface waves in which case the offset to the first geophone can be
increased to, for instance, 10-m or longer by moving the source in the backward direction (to left in Figure 1, lower
panel). The number of geophones can be increased to, for instance, 96 to cover these areas not covered by 64-
geohpone array. The last two cases are a matter of field survey design.
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Figure 5. Dispersion curves (random noise added) and velocity-depth profiles at distances of 20-m, 40-m, 60-m, 80-m, and
100-m from the seismic source are shown. At each distance, dispersion curves are illustrated in the upper panel while
velocity-depth profiles in the lower panel. Green color dispersion curve (marked single-station) represents the single-station
group velocity curve obtained from Equation 3 and purple color dispersion curve (marked discrete) stands for the group
velocity curve obtained from Equation 2. Purple color velocity-depth profile (marked theoretical) shows the theoretical
model obtained from Figure 1 (upper panel) and green color velocity-depth profile (marked discrete) depicts the inverted
velocity-depth profile.

In Figure 5 (upper panel at each distance point), the purple color dispersion curves represent the single-station
group velocities at the corresponding source-station distance. The green color dispersion curves give the discrete-point
group Vvelocity curves, which are inverted for the velocity structure beneath the respective point. The differences
between the single-station and discrete-point group velocity curves result from the perturbing effect of
inhomogeneities (i.e., cavity and ore body) in the wave propagating media. The lower panel at each distance point in
Figure 5 shows the two velocity-depth profiles where the purple color profile stands for the theoretical model while
the green color profile shows the inverted model. The perturbed Earth structure involve sharp velocity discontinuities
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along with low and high velocity zones. The surface wave group velocities can invert these anomalous depths.
However, the resolution power is relatively lower since the corresponding surface waves with wavelength around 60
m, which is computed from 600-m/s phase velocity and 10-Hz frequency, is three times longer than the heterogeneity
length (i.e., 20 m). Comparable wavelength to the heterogeneity size would result better resolution.

Figure 6 summarizes the group velocity inversion results in terms of 2D shear-wave velocity cross section where a
rich color scale is used to show the velocity variations in detail. The model structure boundaries along with matching
shear-wave velocities are displayed in Figure 6 where the two anomalous structures (cavity and ore body) are clearly
visible throughout the color contrast with respect to the surrounding geomaterial. In general, the horizontal resolution
is higher than the vertical resolution. The anomaly boundaries in the horizontal direction are better resolved than these
boundaries present in the vertical direction. Both anomaly structures appear thicker than their actual size in the vertical
direction (5-m). Note that on the 2D cross section particularly the deeper ore body is represented by lower seismic
velocities (~1050 m/s) than the actual velocity at 1200 m/s. The latter is related to the lower resolution power of longer
wavelength surface waves modeling the ore body (see Figure 5). The two flat layers near the surface (shallower than
10-m) are resolved well. The short wavelength (or high frequency) surface waves propagating near the surface are
effective to achieve this higher resolution. There are also two other deeper velocity discontinuities at 35-m and 40-m
depths. The velocity discontinuity at 35-m depth involves a velocity jump from 900 m/s to 1100 m/s while the other
velocity discontinuity at 40-m depth is moderate involving a velocity jump of 100 m/s. The discontinuity at 35-m
depth is resolved poorly and there exist some uncertainties at these depths below heterogeneity locations, i.e., it is
upraised below the cavity and is depressed below the ore body. The discontinuity at 40-m depth is also resolved
poorly. The depth confusion caused by the anomaly structures above is also evident for this depth range.
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Figure 6. Shear-wave velocity cross section (2D) obtained from inversion of group velocity dispersion curves corresponding
to the scheme outlined in Equations 2 and 3 is illustrated. Both heterogeneous structures (cavity and ore body) have 20-m
length.

3.2. Electrical Resistivity Inversion

The theoretical model parameters for electrical resistivities in the subsurface are presented in Figure 1 and Table 1.
For both forward and inverse electrical resistivity computations we utilize the software package provided by Blanchy
et al. (2020) [56]. In the numerical resistivity computations, we simultaneously use four different multiple electrode
arrays (i.e., Dipole-Dipole, Wenner, Schlumber, and Multi-Gradient) with 64 electrodes and 2-m electrode spacing,
which gives 126-m profile length. The apparent resistivity values corresponding to the model structures are computed
under random noise (3%) conditions. The true resistivity values are obtained by inverting the apparent resistivity
pseudo-section. The inversion technique that we currently employ can resolve the heterogeneity structures and the
layer thicknesses and resistivities particularly near the surface. We present the inverted resistivities in the form of 2D
cross sections where the theoretical model parameters (anomalous structures and layer interfaces) are superimposed on
each cross section. The change of the inverted resistivities with depth are depicted using a rainbow color scale.

Figure 7 shows the apparent resistivity pseudo section obtained after forward modeling of the model structure with
the resistivity value of 100 Q m in the second layer from top (see Figure 1, upper panel). In the pseudo cross section,
the resistivity-depth distribution is represented by 20836 pseudo depth points where the number of pseudo depth
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points contributed by each electrode array is given in Figure 4. The Multi-Gradient array is represented by the highest
number of pseudo depth points. The inverted resistivity values corresponding to the resistivity data in Figure 7 are
illustrated in terms of a 2D cross section in Figure 8. The two anomaly structures at 40-m and 80-m distances are
clearly visible on the inverted cross section. The high resistivity anomaly on the left is depicted by the tones of red
color and the low resistivity anomaly on the right by the tones of blue color. However, the rectangle shape of each
anomaly is poorly imaged on the inverted cross section where the sharp edges are not recovered well by the inverted
resistivities, and the anomaly structures are inverted deeper than their actual depths. The depth error is ~2 m for the
shallower anomaly while it is ~4 m for the deeper anomaly. As indicated by an arrow, there appears a false high
resistivity (~1200 Q m) packet to the right on the cross section. In addition, the depth section to the left around the
high resistivity anomaly is inverted with resistivities higher (~1200 Q m) than the model structure (500 Q m).
Although there is some roughness in each layer, the resistivity-depth distribution indicates clear evidence for the
occurrence of two horizontal layers in the near surface. Our theoretical model includes two other horizontal layers
placed below the anomalous structures (see Figures 1 and 3 and Table 1) where the deeper layer represents the half-
space. The resistivity cross section in Figure 8 does not show any sign of these two deep layers since the electrical
currents do not properly reach this depth range.
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Figure 7. The resistivity cross section (2D) relating to the model structure (Figure 1 upper panel and Table 1) is shown in
terms of the apparent (observed) resistivity values. Electrical resistivity in the second layer is 100 Q m.
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Figure 8. The resistivity cross section (2D) relating to the model structure (Figure 1 upper panel and Table 1) is shown in
terms of the true (inverted) resistivity values. Electrical resistivity in the second layer is 100 Q m.

For the next resistivity modeling we increase the resistivity value in the second layer 10 times (i.e., 1000 Q m). The
resulting apparent resistivity pseudo section obtained after forward modeling of the model structure is shown in Figure
9. The same number of pseudo depth points (i.e., 20836) along with the same set of electrode arrays (i.e., Dipole-
Dipole, Wenner, Schlumberger, and Multi-Gradient) are also employed for this numerical test. Note that the apparent
resistivity pseudo section in Figure 9 is quite different than that in Figure 7. The pseudo section in Figure 9 indicates
better the locations of the anomaly structures, which is the result of the resistivity difference in the second layer.
Figure 10 shows the resulting 2D resistivity cross section obtained after the resistivity inversion. The inverted cross
section clearly shows the two anomaly structures, i.e., high resistivity anomaly portrayed in red color at 40-m distance
and low resistivity anomaly portrayed in blue color at 80-m distance. In a similar manner to Figure 8, the inverted
cross section poorly resolves the actual rectangle shape of anomaly structures. The sharp edges appear smoothed out.
However, depths to the anomaly structures are determined better in this example. Both anomalies appear a little deeper
than their actual positions. To the left and right there appear some false high resistivity (~900 Q m) depth sections on
the cross section. The latter is a result of poor data coverage in the resistivity measurements (see Figure 9), which is
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also the case with the former example (see Figures 7 and 8). In this example, the roughness revealed by the inverted
resistivities in the first two layers from top is higher compared to the former example, but the cross section still serves
some evidence for the existence of two horizontal layers in the near surface. The two deep layers (i.e., one layer over
half-space — see Figures 1 and 3 and Table 1) is again not resolved in the resistivity cross section (compare Figure 8
and 10). Since the electrical currents do not penetrate depths below ~30 m, these two deep layers are not properly
inverted. Increased profile length (for instance 200-m) along with increased number of electrodes (for instance 128)
may help resolve layers as deep as 50 m.
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Figure 9. The resistivity cross section (2D) relating to the model structure (Figure 1 upper panel and Table 1) is shown in
terms of the apparent (observed) resistivity values. Electrical resistivity in the second layer is 1000 Q m.

o 3200
il 400 Ohm m A
-5 1600
1000 Ohm m .
-10 ’g
-800 £
_-15+
£ 2 __ S
= 500 Ohm m [ 1400 =
&-25 £ 2
| 2]
5t 200 @
o o
-35 ——
2000 Ohmm b
“40 : , 800 Ohmm — : ,
0 20 40 60 80 100 120 50

Distance [m]

Figure 10. The resistivity cross section (2D) relating to the model structure (Figure 1 upper panel and Table 1) is shown in
terms of the true (inverted) resistivity values. Electrical resistivity in the second layer is 1000 Q m.

4. Discussions and Conclusion

The two modern geophysical methods, i.e., Rayleigh surface waves and electrical resistivities are frequently used in
determining the physical properties of the subsurface structure. In the current study, we examine how effectively these
two methods work together. The real earth shows low frequency (e.g., flat-lying layers) plus high frequency (e.g.,
inclusions such cavity, ore body, melt, sink hole, fluid, salt) structural features. Herein, we primarily focus on
inclusions (i.e., cavity and ore body). These heterogeneities with variations in two-dimensional (2D) space are
assumed embedded in the layered Earth (see Figure 1, upper panel). The Rayleigh surface waves are represented by
fundamental mode dispersion curves while the electrical resistivities are assumed to be measured by direct currents.
Both surface wave and electrical resistivity measurements are numerically simulated along with forward and inverse
solutions.

We model both cavity and ore body as filled cavity. If the cavity is air-filled, then the corresponding seismic
velocity is very low, i.e., seismic waves do not propagate effectively inside the cavity and the corresponding electrical
resistivity is very high, i.e., electrical currents do not flow effectively inside the cavity. We approximate the very low
seismic velocity of the air-filled cavity with a low seismic velocity. In a similar manner, we approximate the very high
electrical resistivity of the air-filled cavity with a high electrical resistivity. We then apply the classical normal mode
theory to compute the group velocity dispersion curves [59, 60]. The mathematical theory employed by Blanchy et al.
(2020) [56] in the software package of ReslPy works effectively with high resistivity models. These two
approximations for the seismic velocities and electrical resistivities are reasonable to represent the cavity in the
subsurface. The case of the ore body is different than the cavity. The cavity is again filled, but this time with a high
velocity and low resistivity geomaterial, i.e., inside the ore body the surface waves are fast, and the electrical currents
flow easily. Both normal mode theory and ResIPy work effectively to model the physical properties inside the ore
body.
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In Figure 11, we consider two more models to represent the cavity and ore body structures in the subsurface. In the
first model (upper panel), both heterogeneities are represented by 15-m length while in the second model (lower
panel), the length is decreased to 10-m. The cavity structure in the first model is represented by a shear-wave velocity
at 675 m/s, i.e., 900*[15/(2.5+15+2.5)] m/s. The shear-wave velocity in the second model is set to 600 m/s; i.e.
900*[10/(2.5+10+2.5)] m/s. In both models, the shear-wave velocity in the ore body structure is kept unchanged at
1200 m/s. Both cavity and ore body are also kept at the same thickness, i.e., 5-m. In general, to detect a subsurface
anomaly is more difficult when the anomaly size becomes smaller, and the anomaly depth increases. In Figure 11, we
try to show that the surface wave group velocities are still effective to detect these anomalous structures even if the
anomaly sizes are considerably decreased. The resolution performance illustrated in Figure 11 imply that these
anomalous structures even with 5-m length can be resolved in the surface wave group velocity inversion. We should
mention that we currently consider only moderate noise conditions described above. In real applications, severe noisy
conditions may prevail in which case smaller and deeper anomalies may not be properly resolved.
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Figure 11. Shear-wave velocity cross sections (2D) obtained from inversion of group velocity dispersion curves
corresponding to the scheme outlined in Equations 2 and 3 are illustrated. Upper panel: both heterogeneous structures
(cavity and ore body) have 15-m length and lower panel: 10-m length.

We extend the inversion test outlined in Figure 11 to the electrical resistivities. The high (10000 W m) and low (10
W m) electrical resistivity values considered for the cavity and ore body, respectively, as well as thickness (5 m), are
kept unchanged, but the corresponding anomaly length is decreased in the same way as shown in Figure 11. However,
for the case of electrical resistivity, we examine only one length reduction, i.e., the anomaly length is decreased from
20-m (see Figures 7 to 10) to 12-m. The new results for the electrical resistivity inversions are illustrated in Figure 12,
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where we use two panels to present the results. These two panels differ according to the resistivity value assigned to
the second layer from the top (see Figure 1). The upper panel displays the inversion results obtained with 100 W m
and the lower panel with 1000 W m. The upper panel in Figure 12 shows that despite the decreased length, the two
anomalous structures are still distinguishable on the resistivity cross section. However, there is a possibility that these
two higher resistivity packets indicated by the white arrows may be mistakenly interpreted as some real anomaly. The
lower panel in Figure 12 reflects a somewhat different resistivity cross section than the one in the upper panel, which
is the result of increased resistivity in the second layer, i.e., 100 W m versus 1000 W m. In the lower panel, the two
anomalous structures are better isolated (i.e., color contrast) from the surrounding geomaterial, although the depth
extent shows some uncertainty. As the two black arrows indicate, there exist two low resistivity packets that may be
mistaken as real anomalies. In each panel, the near surface resistivity-depth distributions evidence the two-layer
structure. To better model the electrical resistivities in Figure 12 and those in Figures 8 and 10, one needs to create
finer meshing in the subsurface than presently utilized (see Figure 3). The latter requires higher memory (RAM) and
more processing (CPU) capacity than we currently have. Therefore, we were not able to pursue the calculations in
Figure 12 further.
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Figure 12. The resistivity cross sections (2D) are shown in terms of the true (inverted) resistivity values. The anomaly
(rectangular shapes) length is decreased to 12-m. Electrical resistivity in the second layer is 100 Q m (upper panel), and
1000 Q@ m (lower panel).

Table 2 lists some lithologies along with the pertinent seismic velocities and electrical resistivities where the
mentioned classifications (high or low) are relative to the surrounding geomaterial. The cases relevant to the air-filled
cavity and ore body are discussed above. A hard rock environment in the subsurface would mean high seismic velocity
and high electrical resistivity. On the other hand, a sand and clay packet in the subsurface would mean low seismic
velocity and high electrical resistivity. These different combinations of high and low seismic velocities and electrical
resistivities are effective for identifying the physical characteristics of the subsurface anomaly structures. The current
study shows that the Rayleigh surface wave method and the electrical resistivity method can be used together to tell
the difference between the different lithologies in Table 2.

Table 2. Different subsurface heterogeneity structures and the corresponding relative seismic velocities and electrical
resistivities [61-64]

Lithology Seismic velocity Electrical resistivity
Hard rock environment High High
Sand and clay packet Low Low
Air-filled cavity Low High
Ore body High Low
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Herein we emphasize the importance of multiple geophysical methods employed in an integrated manner in solving
inversion problems of a survey area. Different geophysical methods (e.g., electromagnetics, magnetics, gravity,
seismic, and electrical) show sensitivity to different physical properties (i.e., density, permeability, conductivity,
velocity, porosity, anisotropy, attenuation, and resistivity) in the Earth. In this respect, one geophysical method may
somewhat fail to locate the target anomaly at the correct size and depth. Another geophysical method with better
horizontal and vertical resolution power may help to clarify such ambiguities. Disturbing field conditions (e.g.,
weather, noise, electrical wiring, humidity, paving, and infrastructure) may render a preferred geophysical method
unsuccessful. Hence, various geophysical methods that are cooperatively employed should be more beneficial than if
these methods are applied on their own.
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