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We invert Love surface waves and electrical resistivities to cooperatively examine the physical properties of 
the depth range shallower than 50-m. To analyze this depth range is essential for earthquake mitigation 
efforts. The shear-wave velocity (VS30) is particularly important to describe the dynamic characteristics of 
shallow Earth. The Love surface waves are treated in terms of both phase and group velocities. The phase 
velocities are obtained from the slant stacking while for the group velocities the multiple filter technique is 
utilized. A typical shot-gather is assumed to simulate the field collection of the surface wave data. The phase 
velocity curve represents the average structure beneath the geophone spread. The group velocity curve 
represents the average structure from the source to the geophone. In a single-station fashion, for each 
geophone location one group velocity curve is obtained. A linear system is set up to convert these single-
station group velocity curves into local group velocity curves at grid points. The latter group velocities are 
inverted to attain the shear-wave velocity cross section. A similar approach is adopted to study the electrical 
resistivity structure of the underground. We simulate the field application using a theoretical model. Multiple 
electrode Pole-Pole array is assumed for the field collection of the resistivity data. The apparent (measured) 
resistivity values are inverted to attain the true resistivity structure in terms of a cross section. The inverted 
structures are one-dimensional reflecting depth dependent shear-wave velocities and electrical resistivities 
underneath the studied region. 
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1. INTRODUCTION 

The physical properties of the near surface structure are major concern 
for engineering and economic geology, civil engineering, environmental, 
and archaeological investigations. The prospected depth range may 
change from a few meters to a few thousand meters from the surface. The 
field surveys reaching depths of a few thousand meters are primarily 
designed to detect the occurrences of ore minerals and hydrocarbon fuels 
as well as geothermal and groundwater resources (Kana et al., 2015). In 
case of building large-scale engineering structures such as transportation 
tunnels, subways, suspension bridges, the depth range to explore the 
foundation may extend from a few tens of meters to hundred meters 
(Bac ic  et al., 2020). In archeological and environmental studies, topmost 
a few meters of the Earth are mostly investigated (Dumont et al., 2017). 
The geophysical methods (i.e., seismic, electrical, gravity, magnetics, and 
electromagnetics) are frequently employed to measure the needed 
physical parameters (e.g., elasticity modules, anisotropy, attenuation, 
density, electrical conductivity, magnetic permeability) of the Earth. The 
measurements are mostly made by instruments deployed at the free 
surface, inside the drilled wells and at the ocean bottom. The collected 
data are then solved to characterize the underground structure (Bitri et 
al., 2013; Gao et al., 2018; Pan et al., 2019; Pan et al., 2020; Mi et al., 2020).  

A particular geophysical method is only sensitive to certain physical 

properties of the investigated media. For instance, the seismic method is 
primarily sensitive to elastic parameters expressed by P (compression) 
and S (shear) velocities of the propagating media while the density is 
secondarily effective in the wave propagation. The gravity method may 
help distinguish between dense ore deposits and lighter host rock. On the 
other hand, the electrical resistivity method is primarily sensitive to 
porosity, permeability, groundwater, salinity, conductive and resistive 
mineral content of the media. Insufficient sensitivity of a particular 
method along with limited data may result in the non-uniqueness of the 
geophysical inversion. Different geophysical methods applied in an 
integrated manner may help alleviate the sensitivity problem while 
improving the inversion quality (Gaz dova  et al., 2015). In this respect, 
different seismic methods (i.e., reflection, refraction, and surface waves) 
may be jointly employed to determine the velocity structure beneath the 
survey area (Onyebueke et al., 2018; Senkaya et al., 2020). The latter 
approach providing more data and different perspective to the project is 
likely more beneficial than that one of these methods is applied alone in 
the field. Sedimentary basins with certain alluvial buildup above the 
bedrock pose earthquake hazard since seismic waves may spend more 
time in these basin valleys through which multiply reflections and 
refractions bounce back from the basin boundaries (Furumura et al., 
1997). The basin geometry and the respective layered structure could be 
examined using seismic and gravity methods (Silahtar et al., 2020). 
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Love surface waves and electrical resistivity method have found many 
applications in geosciences (Ronczka et al., 2017; Çakır et al., 2019; 
Chianga et al., 2021). We cooperatively consider these two data sets to 
interpret the subsurface underneath an interested area. For the seismic 
data we consider a classical shot-gather (i.e., combination of single shot 
and linear geophone array). Traditionally surface waves recorded on such 
a geophone array are analyzed to get the phase velocity dispersion curve 
using the method of Multichannel Analysis of Surface Waves and then the 
corresponding dispersion curve is inverted to attain the one-dimensional 
(1-D) S-wave velocity-depth profile representing the average seismic 
velocity structure beneath the geophone spread (Xia et al., 1999; Park et 
al., 2001; Yuan et al., 2014). The MASW method is non-invasive and cost-
effective as it is applied either in a passive or active fashion in the field. In 
case of active application, the seismic source is a vibroseis, sledgehammer 
or weight drop. The passive version (ReMi) carried out along different 
geophone arrays (i.e., lines, circles, rectangles, triangles) utilizes cultural 
or ambient noise (human and industrial activities, construction, cars, 
machines, winds, waves) as vibration sources (Silahtar and Kanbur, 2021; 
Pancha and Apperley, 2021). We consider the active MASW, and 
additionally single-station (group velocity) approach frequently applied 
in earthquake seismology. 

Relevant to this work there exist many studies in the literature employing 
both surface wave and electrical resistivity methods to image the 
subsurface. For instance, some researchers have utilized full waveform 
inversion of SH – horizontally polarized shear-waves and Love surface 
waves to determine the near-surface Earth structure (Yan et al., 2020). In 
a similar work, have investigated the near-surface structure beneath a 
location with archaeological significance by applying full waveform 
inversion of SH- and Love-wave data (Schwardt et al., 2020). A group 
researcher has jointly employed dispersion curves of both Rayleigh and 
Love surface waves to determine the shear-wave velocities of shallow 
Earth materials (Yin et al., 2020). Some researchers have utilized three-
dimensional electrical resistivity tomography to study the hydrothermal 
structure beneath the Solfatara Crater in Italy (Gresse et al., 2017). Pawlik 
and Kasprzak have employed the electrical resistivity tomography to 
investigate the biomechanical effects of trees (Pawlik and Kasprzak, 
2018). Some researchers have used the electrical resistivity tomography 
to image the deep three-dimensional structure beneath the Campi Flegrei 
caldera in Italy (Troiano et al., 2019).  

Herein we are primarily interested in imaging the layered geophysical 
structure within the topmost 50 m or shallower Earth. This depth range 
is especially critical for assessing the earthquake hazard in a region, i.e., 
foundation shear strength characterized by VS30 (Borcherdt, 2012; 
Thitimakorn and Raenak, 2016; Hollender et al., 2018). We first discuss 
how the Love surface waveforms are treated to obtain the (phase and 
group velocity) dispersion curves and then the inversion strategy on these 
dispersion curves to attain the shear-wave velocity structure is outlined. 
The Love surface waves representing the actual waveforms propagating 
in the Earth are simulated by forward solutions using a representative 
Earth model. The same strategy is followed for the electrical resistivity 
inversion, i.e., forward computation of representative (calculated or 
apparent) resistivities on a layered resistivity model and then inversion 
of apparent resistivities for structural assessment.  

2. SH-WAVES AND ELECTRICAL RESISTIVITY: METHODS 

A geophysical survey includes three main steps, i.e., field measurements 
(surveying), data processing (inversion), and interpretation of results for 
geological structure principally characterized by existence, location, 
shape, and size. The most suitable geophysical method (s) must be chosen 
so that the fundamental understanding of the physical properties of the 
geological target and the surrounding media are properly established. 
The measurement could be occasionally performed on a laboratory 
sample collected from the field. However, the result could be quite 
different from in situ measurement since the laboratory conditions may 
not exactly simulate the real conditions in the field. Herein we consider 
theoretical modeling of in situ measurements. 

2.1 Love surface waves inversion 

The seismic surface waves primarily sensitive to S-wave (shear) velocities 
are frequently used in exploring the velocity structure in the Earth 
(Erduran et al., 2007; Çakır, 2019). The Rayleigh surface waves consist of 
constructive interference of P (compressional) and SV waves (vertically 
polarized) multiply refracted and reflected in a layered half-space. There 
are also wave-type conversions from P-to-SV and SV-to-P. On the other 
hand, the Love surface waves, which we currently consider, also include 
multiply refracted and reflected waves in a layered half-space, but the 
constructive interference takes place between SH waves (horizontally 

polarized) (Xia et al., 2012). A sledgehammer vertically hitting the surface 
creates Rayleigh surface waves propagating near the surface within the 
ground. To create Love surface waves is somewhat challenging since the 
sledgehammer must be used to deliver a horizontal impact onto an object 
(e.g., concrete or metal block) firmly pushed against the surface laying 
down horizontally. There exist various source systems to create SH-waves 
used in the reflection, refraction, MASW studies (Haines 2007; Vanneste 
et al., 2011; Wright, 2012; Lawton et al., 2013; Mahvelati et al., 2021). 
Figure 1 illustrates the shot-gather geometry along with the SH-wave 
source and the horizontal geophones. 

 
Figure 1: SH-wave field acquisition geometry. SH-wave energy source (a 

sledgehammer horizontally hitting the metal plate) and horizontal 
geophones are used. The metal plate is firmly pushed against the ground 

by the application of the vertical force F. Both source and receivers 
(geophones) are placed on the surface. 

To model Love surface waves could be performed by seeking a fit between 
the observed and the calculated waveforms in which these source 
parameters regarding the source type (i.e., double-couple, single force, or 
explosion), source time history, magnitude, depth, offset, and attenuation 
are needed (Kasamatsu et al., 2021). Another method, which is 
independent of the source information, is to model the dispersion curves 
extracted from the waveforms. We employ the second approach where 
both phase and group velocity dispersion curves are employed. The 
surface waves are composed of fundamental mode plus higher modes. In 
the modeling, to include the higher modes, which have greater vertical 
propagation depth compared to the fundamental mode, can significantly 
improve the resolution power of the inversion (Shapiro et al., 2001; Xu 
and Beghein, 2019).  

By employing the Multichannel Analysis of Surface Waves (MASW) we 
extract the phase velocity dispersion curve from a common-shot wave 
gather (Figure 1). The related method was proposed where an array of 
seismic traces is slant stacked in the 𝑝 − 𝜏 domain (i.e., phase slowness-
intercept time) and then transformed into the spectral 𝑝 − 𝜔 domain by 
Fourier transform over the intercept time (McMechan and Yedlin, 1981). 
The stacking procedure in includes the superposition of multiple surface 
wave modes (Mokhtar et al., 1988). The phase velocity stack values 
plotted as a two-dimensional (2-D) function of 𝑝 and 𝜔 show the largest 
values from which the phase velocity dispersion curve of a particular 
mode is picked (Herrmann, 2002; Çakır et al., 2019). To attain the phase 
velocity dispersion curve, we also utilize the weighted preconditioned 
Linear Radon Transform – LRT on the shot gather. Compared to the slant 
stacking – SS, the LRT is shown to enhance the resolution in the dispersion 
image by more than 50% (Luo et al., 2008). 

After the phase velocity curve is obtained using the MASW over an array 
of geophones, we move to analyzing the individual waveforms recorded 
at each geophone. The group velocity dispersion curve representing the 
average wave propagation between the source and the geophone is 
obtained in a single-station fashion frequently applied in earthquake 
seismology. We employ the Multiple Filter Technique – MFT to extract the 
group velocity dispersion curve from the observed waveform 
(Dziewonski et al., 1969; Herrmann, 1973). The narrow-band Gaussian 
filter 𝑒𝑥𝑝[−𝛼(𝑓 − 𝑓𝑐)2 𝑓𝑐

2⁄ ] is used to filter the observed waveforms in the 
frequency domain where 𝑓𝑐 is the filter center frequency. Here,  𝛼 = 35 is 
the filter parameter trading off resolution between the frequency and 
time domains. The phase velocity curve is inverted to obtain the 1-D 
velocity structure beneath the geophone array and then this velocity 
structure is utilized as initial model in the iterative least-squares 
inversions of the group velocity curves. In this way, one phase velocity 
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curve (i.e., MASW) and multiple group velocity curves (i.e., single-station 
approach) are cooperatively utilized to delineate the velocity structure 
laterally beneath the geophone array. 
 
2.2 Electrical resistivity tomography 

The electrical resistivity studies have found many applications in 

geophysics such as determining the depth of bedrock and mapping its 

relief, exploring the strength of sedimentary layers for foundations, 

identifying the sedimentary layers, prospecting for groundwater, studying 

the ancient underground cities, and determining the geometry of a 

landslide (Coşkun et al., 2016b; Cardarelli and Donno, 2017; Kowalczyk et 

al., 2017; Crook et al., 2008; Issah et al., 2018; Coşkun et al., 2016a). The 

method is based on mapping the conductivity anomalies arising from 

differences between adjacent rock units. Figure 2 shows some typical 

resistivities of rocks, minerals, and other Earth materials. The subsurface 

geology includes rock units with conductivities changing from highly 

conductive (less than 1 Ω m in cases of sulfide accumulates associated 

with volcanic activity or graphite) to highly resistive (over 1000 Ω m in 

cases of metamorphic and igneous rocks). Values outside these ranges in 

Figure 2 are also possible depending on the specific field conditions 

(Palacky, 1988).  

 
Figure 2: Typical electrical resistivity values found for Earth materials 

(Carbajal, 2014; Palacky, 1988). 

The deeper weathered layer between the water table and the bedrock 

surface (i.e., saprolite) has the resistivities in the range 2-200 Ω m. The 

weathered layer near the surface above the water table is less conductive 

with resistivities in the range 200-2000 Ω m. The duricrust with thickness 

in the range from a few millimeters or centimeters to several meters is 

highly resistive (between 2000 and 30000 Ω m). The glacial sediments 

with gravel, sand and tills show resistivities in the range 50-10000 Ω m 

while clays accumulated in lakes developed after the withdrawal of 

glaciers are conductive (5 to 100 Ω m). In case of sedimentary rocks where 

the electrical resistivity spans a wide range, the electrical conductivity 

depends on several properties of the media such as clay and other 

minerals content, porosity, water saturation. For instance, shales more 

conductive than limestones, dolomites, and conglomerates (1000 to 

100000 Ω m) have a rich clay content that causes low resistivity (5 to 30 

Ω m).   

The basic data collection method in the field includes two electrodes used 

to inject a direct or a low frequency alternating current to the ground 

supplied by a battery or some other source of electric power. An ammeter 

connected to these two current electrodes is used to measure the amount 

of current flow in the system. Two other electrodes at some distinct 

locations are attached to the ground to measure (via a voltmeter) the 

potential differences created by the electrical resistivity structure in the 

Earth. A geometric factor, which is a function of positions of current and 

potential electrodes, is utilized to convert the measured potential 

difference into (apparent) resistivity value. Such a reading with this four-

electrode array is repeated at many different locations at the surface from 

which a pseudo cross-section is constructed (Coşkun, 1994). Modern 

geophysical applications employ Electrical Resistivity Tomography – ERT 

where the pseudo cross-section measured via a multichannel and 

multielectrode system (see Figure 3) is inverted into the subsurface 

resistivity distribution (Stummer et al., 2002; Colella et al., 2004).  

 
Figure 3: A representative sketch of a multichannel and multielectrode 
system typically used in electrical resistivity measurements (Coşkun et 

al., 2016a). 

We utilize a synthetic model made of multiple layers over a half-space and 
calculate the consequent electrical response on the surface using the 
RES2DMOD forward modeling program (Loke, 1997; Orlando, 2013). The 
model is considered to represent the electrical resistivity-depth profiles 
in the real Earth. The apparent resistivity pseudo-section response, which 
is noise free, is then treated as input data for the inversion program 
RES2DINV (Loke, 1997). An electrode spacing greater than required, 
target depth, resistivity difference between the target and the host media, 
and noise are those issues that may cause resolution weaknesses in the 
inversion (Coşkun et al., 2016a). A traditional data collection technique 
uses certain configuration of current and potential electrodes (e.g., 
Dipole-Dipole, Schlumberger or Wenner array).  Alternatively, all possible 
electrode configurations of data may be merged into a particular dataset 
that allows collection of large amounts of data substantially enhancing the 
resolve of the subsurface inversion (Coşkun et al., 2016a and 2016b). 

3.  NUMERICAL RESULTS 

The real Earth has a multi-layered structure. The layer interfaces may 
show one-dimensional (flat), two-dimensional (dipping), or three-
dimensional (topographic) variations and within each layer there may 
exist three-dimensional heterogeneities (i.e., inclusions such as sinkhole, 
cavity, ore body, salt, melt, fluid). In fault zones, the layered structure is 
deformed across compressive, tensional, and shearing forces where the 
layer interfaces are folded and displaced by reverse faults (compressive), 
normal faults (tensional) or strike-slip faults (Roche et al., 2020). There 
exist shallow Earth structures showing complex geological formations 
created by various tectonic forces (more specifically fold-and-thrust 
belts), (Poblet and Lisle, 2011). For these geologically complex regions 
one needs to employ diverse techniques including three-dimensional 
seismic, computer and laboratory modelling to image the main structural 
features. Herein we focus on relatively simple Earth structure that could 
be approximated by 1-D model. In our modeling effort, we are mainly 
interested in how accurately the thickness, depth, and physical parameter 
(i.e., shear-wave velocity or electrical resistivity) of a layer are inverted. 
We assume that the Earth structure is measured via the group and phase 
velocities of Love surface waves and the electrical resistivity. We select 1-
D model to test the effectiveness of these data in delineating the surveyed 
Earth structure.  

3.1 Inversion results for the model structure 

The model structure as listed in Table 1 is designed to represent the 
lithologic variation in an alluvial deposit, which includes relatively young 
unconsolidated sediments (i.e., erosional clay, silt, sand, and gravel) 
deposited in a sorted manner by water flow. The multi-layered model is 
assumed to have eight layers with 40-m thickness over the half space. The 
model structure is described by layer thickness, shear-wave velocity (Vs), 
density, shear-wave quality factor (QS) and electrical resistivity.  
 
3.1.1 Love surface waves modeling 

 
Surface wave propagation includes multiple modes, i.e., fundamental 
mode plus higher modes. Currently we utilize only fundamental mode – 
FM and those effects from higher modes in the waveforms are suppressed 
through the applied procedures in the data processing. If the separation 
of the FM from the higher modes is impossible, then the observed (or 
extracted) dispersion curve may be different than the actual one (Levshin 
and Panza, 2006; Gao et al., 2016). The FM energy travels close to the free 
surface where the depth penetration increases with increasing period or 
wavelength (Ojo et al., 2017). The higher modes propagate deeper than 
the FM and hence a deeper seismic source excites more higher mode 
energy than a source near the free surface (Nishida et al., 2008). In 
earthquake seismology, it is a common practice to utilize shallow 
earthquakes (i.e., focal depth ≤ 50 km) to alleviate the interference 
problem of higher modes in the surface wave dispersion analysis for the 
seismic structure (Jin and Gaherty, 2015). 
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Table 1: Model of alluvial deposits. The layered resistivity model is prepared based on the observations (Amaya et al., 2016). The shear-wave velocities 
– Vs are adopted from (Kanlı et al., 2006). 

Layer number Thickness 

(m) 

Vs 

(m/s) 

Density 

(gr/cm3) 

Quality factor 
(QS) 

Resistivity 

(Ω m) 

Lithology 

1 5 200 1.6 80 400 Topsoil 

2 5 350 1.8 80 50 Clay and Sand 

3 5 450 1.8 100 200 Sand and Clay 

4 5 500 1.8 100 130 Gravel and Sand 

5 5 550 1.8 100 100 Gravel and Sand 

6 5 600 1.9 100 300 Gravel 

7 5 750 1.9 120 50 Sand and Clay 

8 5 800 1.9 140 50 Sand and Clay 

9 ∞ 850 1.9 160 30 Clay 

 
Figure 4: Phase (left panel) and group (right panel) velocity dispersion 
curves for the model structure in Table 1 are shown. The fundamental 
mode – FM is labeled n=0 and then higher modes are labeled with 

increasing numbers, i.e., n=1, n=2, n=3, and so on. 

We utilize the source code package to compute the surface wave 
observables, i.e., dispersion curves and synthetic seismograms 
(Herrmann, 2002). The same code package is also utilized for extracting 
the phase and group velocity dispersion curves and inverting these 
dispersion data for the velocity-depth profile via the damped least-
squares. The phase and group velocity curves are obtained by using the 
slant stacking and multiple filter technique, respectively (McMechan and 
Yedlin, 1981; Dziewonski et al., 1969; Herrmann, 1973). In Figure 4, we 
present the multimode phase and group velocity dispersion curves 
conforming to the Love surface waves propagating in the model structure. 
The frequency band ranges from 2 Hz to 50 Hz in which there exist seven 
dispersion curves, i.e., fundamental mode plus six higher modes. The 
phase and group velocities in the range 100-1000 m/s are shown on the 
left and right panels, respectively. The phase velocity curves are well 
separated from each other and there does not exist any mode kissing 
event (Gao et al. 2016). The group velocity curves are also separated, but 
there exist some higher modes mingling at high frequencies (>27 Hz) and 
low group velocities (<400 m/s – see the ellipse). The mode mixing 
between different modes (i.e., fundamental, and first higher) around 
group velocity of 200 m/s at high frequencies (>31 Hz – see the black 
arrow in Figure 4) causes interference problem as explained below. In 
Figure 5, we show the synthetic seismograms consistent with SH-waves 
propagating in the model structure. The minimum offset and the 
geophone spacing (constant) are both set to 2-m. The source and the 
receivers (geophones) with linear alignment are placed on the surface 
(see Figure 1) where the wavefield sampled at 0.0025 s is recorded by 48 
horizontal geophones with maximum offset set to 96-m. 

Figure 6 (left panel) shows the result of slant stacking – SS applied to the 
synthetic seismograms illustrated in Figure 5. The fundamental mode – 
FM phase velocity curve extracted by the SS is indicated by a white line 
connecting black dots marking the red color area (maximum stack) on the 
dispersion image. The result of Linear Radon Transform – LRT with 
weighting and preconditioning as applied to the synthetic seismograms in 
Figure 5 is shown in Figure 6 on the right panel where the theoretical 
multi-mode phase velocity curves corresponding to the model structure 
are shown by these blue lines superimposed on the dispersion image. The 
fit between the solid circles and the first blue line (right panel) shows that 

the FM phase velocity curve is estimated well for frequencies greater than 
~5 Hz. Some first higher mode energy is also evident for frequencies 
greater than ~38 Hz as indicated by the black arrow. Therein the blue 
color arrow indicates the interference effect by the first higher mode 
while the red color arrow shows how the FM dispersion curve is disturbed 
by this interference. In Figure 5, the first geophone is located at 2-m, and 
the last geophone at 96-m, which corresponds to a lateral extent of 94-m 
represented by the FM phase velocity curve shown in Figure 6. In case that 
the Earth structure beneath the geophone array is heterogeneous, then 
this dispersion curve characterizes the average structure. 
 

 
Figure 5: Seismic traces showing SH body waves and Love surface waves 
corresponding to the model structure in Table 1. See text for more 
explanation. 

 
Figure 6: Phase velocities in the model structure (Table 1) computed 

from seismograms in Fig. 5 are shown. The left panel corresponds to the 
method of slant stacking (white line). In the right panel, the method of 
linear radon transform weighted and preconditioned is used (solid 

circles). 

In Figure 7, we show the inversion results corresponding to the FM phase 

velocity curve in Figure 6. The inversion procedure is 1-D and utilizes the 

damped least-squares technique. Herein we omit the details regarding the 

inversion method that can be found elsewhere (Herrmann 2002; Çakır, 

2018). The 1-D inversion is iterative that is initiated from a simple model 

of multiple layers having velocities gradually increasing from 800 m/s at 

the surface to 900 m/s in the half-space (blue color dashed line in Figure 
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7). The resulting velocity-depth profile fitting the theoretical (or 

observed) dispersion values (open circles) is given by the red color line. 

We consider noise free conditions in the current inversions and thus a 

perfect dispersion fit between the theoretical (open circles) and inverted 

(red color) is obtained. The latter model structure is used as initial in the 

following 1-D inversions based on the group velocity curves.  

The FM phase velocity curve in Figure 6 is obtained by the multichannel 

analysis of surface waves (MASW) using two analogous methods (i.e., SS 

and LRT). Now we move to the analysis of surface waves using the 

classical single-station approach where the surface wave recording at 

each geophone is individually treated to attain the FM group velocity 

curve corresponding to the pathway from the source to the receiver. This 

procedure, which requires the source information, gives us multiple FM 

group velocity curves corresponding to the multiple recording 

geophones. The source timing (or zero time) is accurately transmitted to 

the seismograph through the trigger cable, and the source and geophone 

locations are measured according to a coordinate system set up in the 

field (see Figure 1). Depending on the development of constructive 

interference, the high frequency (or short wavelength) surface waves are 

first created near the source and then the frequency band extends to these 

low frequencies (or long wavelengths) with propagation gradually away 

from the source. The wavelength determines the depth penetration of 

surface waves, i.e., surface waves travel deeper with increasing 

wavelength.  

 
Figure 7: 1-D inversion result for the phase velocity curve in Figure 6 is 
shown. Vs stands for the shear-wave velocity (m/s). The horizontal axis 

shows the period (s). 

For the single-station analysis we utilize surface wave recordings at 

receivers in the distance range 30-80 m, i.e., currently these geophones 

numbered from 15 to 40 (see the check marks in Figure 5). The long 

wavelength surface waves at distances shorter than 30-m are not well 

developed hindering the resolution of the deep structure. On the other 

hand, the short wavelength surface waves at distances longer than 80-m 

are more attenuated resulting low resolution of the velocity structure 

near the surface. Therefore, the distance range selected as 30-80 m is 

evaluated optimal to constrain the 40-m thickness above the half-space in 

the model structure. In case that the target depth extends deeper than 40-

m, then these geophones at distances longer than 80-m are required in 

the dispersion analysis to consider amplitudes with relatively longer 

wavelengths. In Figure 8, we show the result of multiple filter technique – 

MFT applied to the recording at 44-m distance (i.e., geophone #22 

indicated by a star – see Figure 5). Since a detail of MFT is provided 

elsewhere, we only show the MFT results herein (Herrmann, 2002). The 

FM group velocity curve (white line) is obtained by connecting the solid 

squares marking the middle of the red color area (maximum amplitudes) 

on the dispersion image. Before applying the MFT, the surface wave 

spectral amplitudes |𝐹(𝜔)| were treated using the following functional, 

which helps boost the week amplitudes. 

 

In Eq. (1), 𝛿 = 𝑚𝑒𝑎𝑛|𝐹(𝜔)| ∗ 5/100 is the pre-whitening factor and 𝛾 =

0.5 chosen from the range 0 ≤ 𝛾 ≤ 1. If 𝛿 ≫ |𝐹(𝜔)|𝛾, then 𝐹̃(𝜔) converges 

to 𝐹(𝜔) scaled by 𝛿−1 (Wang and Pavlis, 2016). 

 
Figure 8: Multiple filter technique – MFT applied to the synthetic 

seismogram at a geophone (#22 in Figure 5) is shown. 

The fundamental mode – FM group velocity curve obtained in Figure 8 is 

inverted for 1-D shear-wave velocity structure of the wave propagating 

media between the source and the receiver (i.e., geophone #22). The 

inversion result (red line) is illustrated in Figure 9 where the initial model 

received from Figure 7 is depicted by the blue dashed line. Since the 

theoretical model structure (Table 1) is 1-D, the inverted (red line – 

obtained from group velocity) and the initial (blue dashed line – obtained 

from phase velocity) model structures closely match as expected. 

However, the two shear-wave velocity structures are still slightly different 

from each other particularly below the 25-m depth. This is mainly 

because the group and phase velocities compared to each other have 

different resolution power changing with depth (Young et al., 2011). The 

theoretical (or observed) group velocity curve indicated by the triangular 

symbols in Figure 9 shows some fluctuation at short periods < 0.1 s (or 

high frequencies > 10 Hz). This is due to the first higher mode interfering 

with the fundamental mode in the mentioned period range (see the three 

arrows in Figure 6). This interference effect becomes less effective at 

faraway geophones from the source since the higher modes with short 

wavelengths are steadily attenuated with propagation distance.  

We repeat the data processing illustrated in Figure 9 for the other 

geophone recordings in the array from geophone #15 to geophone #40, 

which yields 26 FM group velocity curves analogous to classical single-

station approach. We apply the procedure defined in Eq. (2) to convert 

these single-station dispersion curves into a set of local dispersion curves 

at each grid point with constant spacing set to 2-m, which is the same with 

the geophone spacing. In the current design, the linear system in Eq. (2) 

has 26 rows consistent with the number of single-station (observed) 

group velocity curves and 26 columns corresponding to the number of 

grid points.  Figure 10 illustrates the data processing scheme utilized in 

Eq. (2). Herein, Figure 10 is only representative, and the actual number of 

geophones and grid points changes according to the specific problem 

under consideration. The system in Eq. (2) is valid for one surface wave 

period and is repeatedly solved for every other surface wave period to 

construct the respective period dependent dispersion curve at each grid 

point. 

where m is the number of geophones and grid points, 𝑆𝑖̅ represents the 

single-station (observed) group slowness, and 𝑆𝑖  stands for the group 

𝐹  𝜔 =
 𝐹 𝜔  𝑒𝑗𝜑  𝜔 

 𝐹 𝜔  𝛾 + 𝛿
                                                                                                                           (1) 

 
 
 
 
 
 
 1 0 0 0 0 0 0 0 0 0 0
 1 1 0 0 0 0 0 0 0 0 0
 1 1 1 0 0 0 0 0 0 0 0

⋮
 1 1 1 1 1 1 1 1 1 1 0
 1 1 1 1 1 1 1 1 1 1 1 
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slowness at a grid point attained by solving the linear system in Eq (2).  

Eq. (2) can be solved by damped least squares method, i.e., (𝑨𝑇𝑨 + 𝑰)𝒔 =

𝑨𝑇𝒔̃ where  is the damping parameter used to subdue the noise effect, 𝑨 

with dimension (𝑚𝑥𝑚) and lower triangular form is the system matrix, 𝒔 

is the unknown slowness vector, and 𝒔̃ is the known slowness vector 

corresponding to the righthand side in Eq. (2). 𝑆0 represents the average 

(group) slowness corresponding to the wave propagation media from the 

source to the first geophone (i.e., currently geophone #15) utilized in Eq. 

(2). We compute 𝑆0 from the 1-D velocity-depth profile obtained from the 

inversion of the phase velocity curve shown in Figure 7. Alternatively, 𝑆0 

can be computed from the 1-D velocity structure obtained from the 

inversion of the group velocity curve at geophone #15. However, 𝑆0 values 

attained from the latter approach may suffer from the higher mode 

interference especially at high frequencies (e.g., see Figure 9). Note that 

the lateral resolution in Figure 10 can be increased by decreasing the 

geophone spacing (i.e., ∆𝑥). 

 

 
Figure 9: 1-D inversion result for the group velocity curve in Figure 8 is 
shown. Vs stands for the shear-wave velocity (m/s). The horizontal axis 

shows the period (s) 

 
Figure 10: The data processing system designed to convert single-

station group velocities at geophone locations into local group velocities 
at grid points is illustrated. 

Figure 11 shows the cross-sectional result of Eq. (2) applied to the 
geophone recordings (see the check marks in Figure 5) each treated as a 
single station recording. The shear-wave velocities (m/s) of the multi-
layered 1-D model structure (Table 1) are superimposed on the cross 
section along with the layer interfaces. A rich color scale is employed to 

show the change of the inverted shear-wave velocities with depth. The 
near surface layers are well resolved in terms of both layer thickness and 
shear-wave velocity since the high frequency (or short wavelength) FM 
surface wave energy can probe this depth range. The resolution is 
somewhat lower for the deeper layers since these layers are probed by 
gradually lower frequencies (or long wavelengths). The resolution loss is 
particularly evident for the interface sharpness between the layers. In the 
model structure, the shear-wave velocities steadily increase with depth 
and there exist some velocity jumps (mainly 50 m/s) across the layer 
interfaces.  The velocity jump corresponding to the first interface (i.e., 150 
m/s) at 5-m depth is well resolved while the other velocity jump with the 
same rate at 30-m depth is not resolved as sharp as in the model structure. 
In addition, the half-space velocity is estimated ~50 m/s lower than the 
actual velocity (850 m/s). For the other layers especially deeper ones the 
shear-wave velocities are estimated 10-20 m/s lower than the actual 
velocities. 

 
Figure 11: The cross section obtained for the shear-wave velocities in 

the model structure is shown. See the text for more explanation. 
 

3.1.2 Resistivity modeling 

We compute the theoretical apparent resistivity pseudo-section (i.e., 

forward modeling) of the multi-layered resistivity model in Table 1 for 

which we utilize the finite differences in the source code package 

distributed (Loke, 2014). The finite difference method is used with grid 

cells equal to one half the electrode spacing. The multiple electrode Pole-

Pole array is used with 3-m electrode spacing.  The number of electrodes 

is set to 44, and then the profile length is 129 m. In the numerical 

computations (i.e., apparent resistivity values), we consider the noise free 

conditions. In field applications, there exist three procedures used to 

explore the subsurface features, i.e., electrical horizontal profiling, 

electrical vertical profiling, and electrical vertical sounding (Coşkun, 

1994).   

The horizontal profiling is mainly conducted to explore the near surface 

properties of the underground where a fixed electrode spacing is used 

while the electrodes are moved from place to place to make a series of 

apparent resistivity measurements. However, with the latter profiling 

technique only limited stratigraphic information in the vertical direction 

is provided to the reader. In the vertical profiling, a range of inner 

electrode and electrode spacings are chosen. A profile is continually 

measured by increasing the electrode spacing. In this way, at each step 

deeper portions of the underground are measured to generate the 

respective apparent resistivity pseudo-section. The vertical electrical 

sounding (VES), which may be suitable for investigating the uniform 

horizontal layers, is used to explore the stratified media using electrode 

arrangements that include systematic increments of depth probing. 

We estimate the true resistivity structure by inverting the apparent 

resistivity pseudo-section (Figure 12) where the source code package 

delivered is utilized (Loke, 2002; 2004). This algorithm employs least-

squares inversion along with two-dimensional smoothing. A quasi-

Newtonian technique is used to reduce the number of numerical 

calculations in the modeling (Loke and Barker, 1996). The current 

inversion technique is effective to estimate the layer thicknesses and 

resistivities particularly near the surface (Figure 13). The resistivities of 
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the multi-layered 1-D model structure (Table 1) are superimposed on the 

cross section along with the layer interfaces. A rainbow color scale is used 

to show the change of the inverted resistivities with depth.  

 
Figure 12: The resistivity cross section corresponding to the model 
structure in Table 1 is shown in terms of the apparent (observed) 

resistivity values. 

 
Figure 13: The resistivity cross section corresponding to the model 
structure in Table 1 is shown in terms of the true (inverted) resistivity 

values. See the text for more explanation. 

In Figure 13, the inverted resistivity values deviate from the actual ones 
particularly at those depths from 10-m to 30-m where the resistivity 
quickly changes with depth. On the other hand, the thickness and 
resistivity of the first layer and the resistivity of the ninth layer (i.e., half-
space) are well inverted (compare to Table 1). The yellow strip seen at 4-
m is a false anomaly resulting from the inversion process. The layer 
thickness and the resistivity in the eighth layer is well resolved in the 
inversion, but the resistivity of the seventh layer, which has the same 
resistivity value with the eighth layer, is overestimated at ~120 Ω m 
instead of actual 50 Ω m. Among the other electrode arrangements 
reported in the literature (e.g., Wenner, Schlumberger, Dipole-Dipole) we 
have found the Pole-Pole arrangement most suitable for the modeling of 
the considered multilayered resistivity structure within the near surface 
Earth (Milsom, 2003). 

4. DISCUSSIONS 

The current study focuses on numerical experiments performed on one-
dimensional model structure. The Love surface wave data consists of only 
fundamental mode – FM and these higher modes are practically absent on 
the waveforms because of the source placed on the free surface. If the 
source depth is increased to a few meters (e.g., 5-m), then the higher 
modes (fundamental mode plus three higher modes) become visible on 
the phase velocity dispersion image as shown in Figure 14. Note that the 
second and third higher modes are only visible when the maximum 
frequency is revised to 100 Hz instead of 50 Hz considered above. The 
additional three higher modes besides the FM provide better vertical and 
horizontal resolution of the wave propagating media since then the short 
wavelengths probing the deeper Earth structure are considered in the 
velocity inversion. For instance, the FM at 8 Hz and the first higher mode 
at 20 Hz probe almost the same depth range, but the resolution power 

brought by the first higher mode is 2.5 (i.e., 20/8) times more than the FM 
(see the purple lines in Figure 14). 

 
Figure 14: Multi-mode phase velocities in the model structure 

computed by setting the source depth to 5-m. The left panel corresponds 
to the method of slant stacking (white lines). In the right panel, the 

method of linear radon transform weighted and preconditioned is used 
(solid circles). 

The real earth has multi-dimensional heterogeneities, which are high 
frequency embedded structures (i.e., inclusions such as cavity, sink hole, 
salt, fluid, melt, ore body). The embedding low frequency structure can be 
approximated by multiple layers with sub-horizontal interfaces. Herein 
we are primarily interested in the low frequency structures, but the 
current approach should also be effective on the high frequency 
embedded structures, especially when the higher modes are included in 
the modeling efforts. However, the Love surface wave higher modes come 
with some expense since one needs to set up the SH-wave source (see 
Figure 1) below the free surface level. To locally excavate the Earth as deep 
as 5-m (i.e., digging a trench) could be a solution. The latter procedure is 
expensive but rewarding. 

In the numerical experiments, we did not consider the effect of the 
geophone impulse response. In case that the geophone impulse response 
shows the range of frequencies with amplitude and phase effects, then 
one needs to remove the instrument effect from the recordings so that 
only the ground motion is modelled for the velocity structure of the 
underground (Hons and Stewart, 2006). The field surface wave 
experiment typically utilizes 4.5 Hz geophone in which the instrument 
correction may be redundant for frequencies greater than 4.5 Hz (natural 
frequency) because of the flat response. If the latter is not valid, then the 
response curves provided by the manufacturer (i.e., amplitude and phase) 
can be considered to remove the instrument effect. 

The current approach is based on isolating the different modes on the 
dispersion image. The higher modes may interfere with the fundamental 
mode – FM and the higher modes may interfere with each other (Dal 
Moro, 2020). In these cases, the mode isolation process could be quite 
difficult (e.g., see the right panel in Figure 4). The multi-mode phase 
velocity dispersion curves obtained by slant stacking or linear radon 
transform (e.g., see Figure 14), which are comparatively free of mode 
interference effects (e.g., see the left panel in Figure 4), could be used to 
estimate the locations of the multi-mode group velocity curves on the 
dispersion image. An alternative method could be full waveform 
inversion, but this approach requires source information, excessive 
computational time (CPU), and may be incompetent when the wave 
propagating media includes strong heterogeneities (Levshin and Panza, 
2006). 

A contemporary resistivity application in the field employs multi-
electrode measurement system along with a commonly used traditional 
electrode array (e.g., Pole-Pole, Dipole-Dipole, Wenner, Schlumberger), 
which is the approach adopted herein.  More recent field applications 
(Coşkun et al., 2016a, 2016b) have started using multi-channel resistivity 
acquisition systems, which are more competent since for each current 
injection into the ground all other electrodes are used to measure the 
voltages corresponding to all electrode arrays. Therefore, more useful 
data are efficiently collected drastically increasing the inversion quality. 
Herein, in the resistivity modeling, we employ 44 electrodes, 3-m 
electrode spacing and 129-m profile length. Both vertical and lateral 
resolution in the inverted resistivity can be increased by adjusting all 
these three parameters to new values, i.e., the number of electrodes 
increased to (for instance) 101, electrode spacing decreased to 2-m, and 
the profile length increased to hundreds of meters. Currently, we do not 
have computational power to perform the resistivity modeling beyond 
what is presented. 
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Different geophysical methods (e.g., seismic, resistivity, gravity) are 
sensitive to different physical properties of the underground (i.e., velocity, 
conductivity, density). A combination of different geophysical methods 
may be useful to distinguish the lithologies. A combination of seismic and 
resistivity methods may help resolve circulation of the fluids within the 
Earth. A low seismic velocity and high electrical conductivity may 
correspond to the presence of fluids (Iwamori et al., 2021). A low seismic 
velocity and high electrical resistivity may indicate the existence of voids 
while a high seismic velocity and low electrical resistivity may result from 
the occurrence of ore deposits. Therefore, multiple geophysical methods, 
which are jointly utilized, may be more advantageous than that these 
methods are applied alone. 
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