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ABSTRACT 
 

 

Surface waves typically constitute the dominant component of the seismic record, thus yielding 

the highest signal-to-noise ratio. Their propagation velocities are closely linked to the shear-wave 

velocity of the medium. In this study, we provide a review of the basics of surface wave analysis, 
focusing on Multichannel Analysis of Surface Waves (MASW). We illustrate this approach 

through four case studies representing common geophysical tasks. By incorporating basic surface 

wave dispersion analysis into standard refraction surveys, we aim to reduce solution ambiguity 
and enhance knowledge without incurring additional costs. 
 

In Case Study 1, we address the topic of vertical geophone natural frequencies and compare data 

acquired simultaneously, concluding that even with 10 Hz geophones, surface wave dispersion 
analysis can yield satisfactory results. 
 

Case Study 2 demonstrates that MASW analysis can successfully supplement the standard travel-

time tomography and help define geological interfaces. 
 

In Case Study 3, we demonstrate that obtaining P-wave and S-wave velocities from a single 
acquisition setup can aid in determining groundwater level. 
 

Case Study 4 showcases an example of joint passive and active MASW analysis, resulting in an 

extended shear wave velocity model. 
 

As our four case studies illustrate, when used appropriately and with an understanding of its 
limitations, MASW can serve as a powerful tool for subsurface investigation across various 

geological and geotechnical settings, significantly augmenting the knowledge derived from 

refraction data. 
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INTRODUCTION 

While the highest amount of seismic energy 

propagates in the form of surface waves, they are still 

rarely used in routine near-surface geophysical 

prospecting. Even though surface wave analysis is 

a classical research field in seismology (Evison et al., 

1960; Knopoff and Panza, 1977) and to a limited 

extent in near-surface geophysics as well (Gabriels et 

al., 1987; Jongmans and Demanet, 1993), they were 

generally considered as noise in the past. From today's 

perspective, a significant breakthrough in this field 

was the work of Park et al. (1998, 1999), who 

introduced an effective and straightforward method 

for processing surface waves, commonly known as 

Multichannel Analysis of Surface Waves (MASW). 

Since then, the number of articles describing their 

usefulness has dramatically increased; however, not 

many practitioners still recognize the benefits they 

bring. This article aims to demonstrate, through four 

case studies representing common geophysical tasks, 

how the inclusion of surface waves into standard 

refraction surveys could reduce solution ambiguity 

and expand the obtained knowledge at no additional 

cost. 

The seismic wave energy propagates 

predominantly as surface waves, either Rayleigh 

waves (oscillating in vertical and horizontal plane and 

hence detectable with vertical seismic sensors) or 

Love waves (oscillating in horizontal plane and thus 

requiring horizontal sensors). Although combination 

of both Rayleigh- and Love-wave microtremor 

methods could severely reduce ambiguities and 

improve the results (Dal Moro and Ferigo, 2011) the 

need of horizontal geophones, uncommon in most 

shallow seismic surveys, limits the usefulness of this 

approach. Therefore, the most common approach is 

using vertical sensors limiting the processing and 

interpretation to Rayleigh waves (Rw) analysis (Foti 

et al., 2018); hence, we also confine the discussion to 

this category. 

The utmost contribution of Rayleigh wave 

processing is determination of S-wave velocities 

(although on 1D model only). The changes in S-wave 

velocities are more sensitive to mechanical 
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disintegration of the geological environment then 

changes in P-waves (Barton, 2006) and their 

combination in the form of P/S wave ratio could be of 

utmost importance for hydrogeologists as one of the 

few methods for direct identification of ground water 

level (Pasquet et al., 2015). Another parameter which 

could be obtained from surface wave propagation is 

the quality factor QS (Zhou et al., 2020) although the 

complex effect of attenuation and dispersion could 

increase the uncertainty (Vavryčuk, 2008).  

The interpreted data comprise surface wave 

velocity spectra aimed at defining the phase (Lai, 

1998; Park et al., 1998; Ohori et al., 2002) or group 

velocities (Ritzwoller and Levshin, 1998; Kolínský et 

al., 2014). As shown in Figure 1, to achieve deep 

penetration, long-wavelength (low-frequency) data 

are required. Therefore, high-frequency active data 

(energy generated, for example, by a hammer strike) 

can be supplemented with low-frequency, long-

wavelength passive data (recording of low-frequency 

noise) and processed simultaneously (Tokimatsu et al., 

1992a; Park and Miller, 2005; Park et al., 2007). 

Currently, the most common method of surface 

wave processing is the Multichannel analysis of 

surface waves (MASW) introduced by Park et al. 

(1998, 1999). While this method may appear robust it 

has several shortcomings mainly connected with 

presence of higher modes which can lead to erroneous 

VS profiles determination (Dal Moro, 2023 and 

references therein). However, it is possible to 

overcome this problem by recording both, vertical and 

horizontal vibrations, and obtain reliable VS profiles 

(Dal Moro, 2014, 2020; Dal Moro and Ferigo, 2011). 

Nevertheless, multi-component observations demand 

multi-component geophones or multiple types of 

geophones further complicating the survey. In this 

context, we focused on the simplest approach suitable 

as an add-on to a standard refraction survey. 

The MASW was recognized as an efficient 

method for elastic property of near-surface materials 

investigation and has found wide applications such as 

bedrock mapping (Miller et al. 1999; Park 2016), 

marine environments investigation (Kaufmann et al., 

2005), hydrogeological studies (Suto, 2012; Pasquet et 

al., 2015), landslides (Suto et al., 2016; Strelec et al., 

2017), liquification potential analysis (Lin et al., 

2004), karst investigation (Debeglia et al., 2006), 

geotechnical site characterization (Penumadu and 

Park, 2005; Park, 2013; Abudeif et al., 2019) etc. 

MASW has also become very common tool for 

average shear wave velocity in the upper 30 m (Vs30) 

determination (Gaytan et al., 2020; Sairam et al., 2019; 

Hollender et al., 2018; Odum et al., 2013; Foti et al., 

2011). Kanli et al. (2006) were using MASW for Vs30 

mapping and soil classification in Turkey, Rahman et 

al. (2018) estimated Vs30 in 151 sites in Dhaka, capital 

city of Bangladesh using MASW as one of the 

methods. 
 

MULTICHANNEL ANALYSIS OF SURFACE WAVES 

Because of its simplicity and easy adoption, we 

focus here on the Multichannel analysis of surface 

waves (MASW), first introduced by Park et. al. 

(1999). This method utilizes dispersion property of 

surface waves for the purpose of VS profiling. It has 

found many useful applications so far (e.g., Xia et al., 

2002; Socco et al., 2010). In most cases, the processing 

is based on the analysis of the vertical component of 

Rayleigh waves, as they are easy to generate and 

detect although the Love waves could be used as well 

Fig. 1 Multichannel acquisition scheme showing seismic source (a sledgehammer), geophones (red triangles), 

source offset (Ox), length of the receiver spread (D) and receiver spacing (dx). Different wavelengths 

(λ(x)) of Rayleigh waves propagate from the source through a layered medium (where each layer has 

a different velocity v(x)) with a different depth of penetration.  
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 (Dal Moro and Ferigo, 2011). The active MASW is 

often the preferred approach, also because of the 

ability to control the source offset (Fig. 1). The most 

common frequency range in the active survey is 

between the 5-50 Hz (Park et al., 2002). When 

a deeper penetration is needed, the passive MASW 

allows extending the depth reach by recording low 

frequency components (<5-7 Hz) (Park and Miller, 

2005). A combination of the both approaches − the 

joint analysis of passive and active MASW (Dal Moro, 

2020) − we will discuss further in the text. 

The standard active or passive MASW process 

uses vertical component of Rayleigh waves and 

consists of the following steps: (i) a multichannel 

records acquisition, (ii) dispersion analysis and (iii) 

inversion analysis leading to the VS profile. In the 

active MASW method the surface waves are generated 

using an impact source (usually a sledgehammer). 

Whereas in the passive MASW approach (also called 

e.g., Microtremor Array Method), the source of 

surface waves are natural or artificial ambient 

vibrations (Aki, 1957; Tokimatsu, et al., 1992a). The 

main advantage of passive MASW are low frequency 

waves recorded and thus a deep penetration of the 

survey. 
 

(i) ACQUISITION 

The acquisition is done by a multichannel linear 

array consisting of low frequency vertical receivers, 

most common are the 4.5 Hz geophones. Maximum 

investigation depth (Zmax) is generally determined by 

the longest possible analysed wavelength λ max (Fig. 1): 
 

Zmax = 0.5 λ max                           (1) 
 

and by the length of the receiver spread (D), 

which is directly related to λ max and usually should be 

equal to or greater than Zmax: 

 

D = mZmax (1 ≤ m ≤ 3)                          (2) 
 

However, in active MASW the length of the 

profile also depends on the energy of seismic source 

and its offset (Ox, Fig. 1) as the surface waves 

generated by most active sources could easily become 

attenuated below a noise level at the far end of the 

receiver spread (so called far-field effects). In addition, 

the large values of the Ox and D increase the risk of 

higher-mode domination and reduce the fundamental 

mode S/N. However, Ox must be sufficiently large to 

avoid a near-flied effect. This effect occurs when 

a seismic source is located too close to the receiver 

array and the recorded signal is significantly altered, 

resulting in distorted waveforms. Dal Moro (2014) 

specifically recommends choosing a source offset 

between 5 and 20 m. A vertical stack (summation) of 

traces from multiple shots is recommended to suppress 

incoherent noise. 

Receiver spacing (dx) is related to the shortest 

wavelength (λmin) and therefore determines the 

shallowest resolvable depth of investigation (Zmin): 
 

Zmin = kdx (0.3≤ k≤ 1.0)                          (3) 
 

Dal Moro (2014) also shows that the number of 

channels to use for the MASW is not that relevant and 

should be kept between 12 and 24. 

For MASW surveys that utilize an impact point 

load to generate surface waves, the typical recording 

time (T) is 1-2 seconds. It is crucial to ensure that the 

entire surface wave signal is fully recorded across all 

channels. For near-surface geological applications, 

a sampling interval of 1 millisecond is generally 

adequate. 

The passive MASW method adopts the 

conventional linear receiver array or other offline 

geometry types such as circle, cross, square, 

triangular, etc. As noted by Park (2007) an array of 

significant asymmetric shape is not recommended due 

to bias toward a specific direction of incoming surface 

waves. 

The above-mentioned general rules for 

acquisition parameters are based on several 

independent studies (Park et al., 1999; Park et al., 

2002; Park and Carnevale, 2010; Dal Moro, 2014; Foti 

et al., 2014; Olafsdottir, 2016) and are intended solely 

for initial orientation. Practitioners should be familiar 

with the geological context of the investigated site, 

always start the survey with a test measurement and 

adjust the acquisition geometry accordingly. 
 

(ii) DISPERSION ANALYSIS 

The objective of dispersion analysis is to 

estimate dispersion curve(s) (DC) that represent the 

dispersion image and will be used in the next step as 

input for the inversion process. Dispersion analysis 

itself consists of two steps. The first step involves 

generating a dispersion image (Fig. 2b) from acquired 

seismic records (Fig. 2a) using one of the wavefield 

transformation method, e.g., the frequency–wave 

number (f–k) transform (Yilmaz, 1987), the slowness–

frequency (p–ω) transform (McMechan and Yedlin, 

1981) or the phase shift method (Park et al., 1998). The 

latter is the most common approach and as noted by 

Dal Moro et al. (2003), who compared the 

aforementioned techniques, the phase shift method 

stands out as a robust and effective technique, 

providing accurate fundamental mode phase 

velocities, even with a limited number of receivers. 

For passive surface wave processing, the spatial 

autocorrelation (SPAC, Aki, 1957) and f-k methods 

are commonly used. Furthemore, Park et al. (2004; 

2007) developed an imaging method similar to the one 

used in the active MASW. Nevertheless, the SPAC is 

one of the most commonly used methods because of 

its robustness, ease of implementation, and 

computational efficiency Hayashi et al. (2022). 

In the generated dispersion image different 

modes of surface wave propagation are recognized by 

their frequency content and characteristic phase 

velocity at each frequency. The second step of the 

dispersion analysis is to extract from the dispersion 

image the most representative dispersion curve(s) 
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Fig. 2 Overview of the MASW: a) Multichannel waves propagation record (shot gathers); b) Rayleigh waves 

dispersion image where the fundamental mode (yellow amplitudes) clearly dominates; 

c) the experimental (red line) and theoretical (black dashed line) fundamental mode dispersion curves of 

the inverted shear wave velocity model (d). Goodness of fit between both dispersion curves is 

characterized by the RMSE. Figure d) shows both initial (dashed line) and final (solid line) Vs models. 

This real data analysis example was recorded at a site dominated by quaternary sediments (loess and 

gravel beds).  

 

 
(Fig. 2c). Socco et al. (2010) summarized and 

discussed two main approaches dealing with the 

dispersion curve(s) extraction: (1) using only 

fundamental mode (M0) and (2) multi-modal 

approach using not only M0 but also higher mode(s) 

of propagation. Apparent (effective) dispersion curve 

(Tokimatsu et al., 1992b; Lai et al., 2014) is an 

example of the latter. The most common approach is 

using only Rayleigh wave fundamental mode 

dispersion curve as it usually dominates in the seismic 

record. With this approach practitioners need to be 

aware of potential risks such as not clear dispersion 

image or higher mode dominance (e.g., Tokimatsu et 

al., 1992b; Dal Moro, 2023). This extracted curve is 

called an experimental dispersion curve and is an input 

data to the next (iii) inversion analysis step. 

(iii) INVERSION 

The inversion analysis involves obtaining a shear 

wave velocity profile (Fig. 2d) by inversion of the 

experimental dispersion curve. The whole process 

starts by creating an initial Vs model (Fig. 2d) for 

which the theoretical dispersion curve is calculated 

and compared to the experimental DC. Based on 

curves difference the initial Vs model is modified. For 

the new model a new theoretical DC is calculated. 

This iterative process continues until the theoretical 

curve matches reasonably well with the experimental 

DC which is defined by the root means square error 

(RMSE). As reports Olafsdotir (2016) the inversion 

analysis contains three fundamental components (1) 

optimization technique to estimate an initial set of 

model parameters; (2) algorithm to compute 
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Fig. 3 Case study 1 site map. 

 
theoretical dispersion curves from assumed layered 

model; (3) algorithm to evaluate and minimize the 

misfit between the theoretical and the experimental 

dispersion curves. Here the most important difference 

is between global search methods (GSM, application 

examples included in Socco et al., 2010), and local 

search methods (LSM, e.g., Xia et al., 1999). The final 

shear wave velocity profile is the result of all three 

steps (i-iii) of the MASW analysis. 

 
CASE STUDIES 

In the following chapter, we explore the 

possibilities and advantages of using MASW in 

shallow seismic surveys, alongside standard seismic 

refraction tomography. We present four case studies, 

each representing a common geophysical task where 

surface wave analysis was employed as 

a complementary method, greatly improving and 

enhancing the standard tomography. 

 
CASE STUDY 1 

Geophones are usually specified by their natural 

frequency, i.e., the frequency at which the mass inside 

the geophone naturally oscillates. For surface-wave 

studies the low frequency geophones (e.g., with 4.5 Hz 

natural frequency) are generally recommended to 

b) c) 

a) 

Fig. 4 Geophone array geometry (a), the acquisition setting showing close positions of both 4.5 Hz (red) and 

10 Hz (blue) vertical geophones (b), response curves for 4.5 Hz, and 10 Hz geophones used in the test 

(c). 

 



M. Mazanec and J. Valenta 

 

126 

 

 

 

 

Fig. 5 Shot gathers (a and b) from the 94 m shot position, surface waves dispersion images (c and d), both for 

4.5 Hz (left panel) and 10 Hz (right panel) geophones. 

 

a)

)) 
b) 

c) d) 

record the long-wavelength deep penetrating part. 

However, not many practitioners use geophones with 

such low natural frequency, instead, the 10 Hz 

geophones are more common in shallow seismic 

refraction. The aim of the Case study 1 is to 

demonstrate that even the 10 Hz geophones can be 

used for such research. In the first case study we show 

comparison of two seismic datasets from the same 

seismic profile. The site was situated in the landslide 

zone in north-east Bohemia (Fig. 3). Seismic 

refraction data were acquired simultaneously using 

two types of vertical geophones with different natural 

frequency - 4.5 Hz (RTClark geophones RTC-4.5Hz-

395) and 10 Hz (Geospace, GS-20DX). As shown in 

the Figure 4b both types of geophones were placed at 

the same positions of the seismic profile in the very 

close proximity to each other so that their recordings 

are comparable.  

Seismic profile was 92 m long with 4 m 

geophones spacing (24 geophones of each type were 

used in total). Refraction data were acquired using 

10 kg sledgehammer shots on a metal plate every 

8 meters of the profile. To achieve a high signal/noise 

ratio for the surface waves analysis, 8 vertically 

stacked shots were performed in the shot points at both 

ends of the profile. The length of the seismic records 

was 1 sec to record all generated wave types (Fig. 4a). 

Figure 4c illustrates response curves for the 

geophones used in this study. As stated in Dean and 

Shem (2018) the 4.5 Hz and 10 Hz geophones differ 

substantially only in their natural frequencies not in 

the sensitivity. It is evident from the chart that below 

the natural frequency the sensitivity decreases rapidly. 

E.g., at 5 Hz the signal from the 4.5 Hz geophone is 

roughly three times larger than signal from the 10 Hz 

geophone. Nevertheless, the signal from the high-

frequency geophone can still be recovered with the 

cost of a lower S/N ratio. 

To compare the two acquired datasets (from 

4.5 Hz and 10 Hz vertical geophones) and show that 

surface waves analysis can be easily performed on 

the refraction data, we show in Figure 5 data from the 

seismic source shot position 94 m acquired with both 

types of geophones. Top panel (a and b) shows seismic 

shot gathers of both datasets. The two records are very 

similar, both in arrival times and amplitudes. They do 

not differ significantly in noise either. Lower panel 

(c and d) refers to surface waves dispersion images 
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Fig. 6 Final Vs models (a) for both 4.5 Hz (blue dashed line) and 10 Hz (red solid line); (b) 4.5 Hz and (c) 10 

Hz theoretical (black dashed line) and experimental (red solid line) Vs models’ associated dispersion 

curves and RMSE for both datasets. 

 
obtained using Phase-Shift method (Park et al., 1998). 

The pattern of both dispersion spectra is identical, with 

the 4.5 Hz geophones spectrum showing higher 

amplitudes in the low frequency zone around 5 Hz. In 

addition, the presence of higher mode(s) is more 

visible in 4.5 Hz dataset. On the other hand, the 10 Hz 

spectrum indicates higher amplitudes in the 20-30 Hz 

frequency zone providing easier characterization of 

the fundamental mode dispersion curve at higher 

frequencies and thus refining the shallow part of Vs 

model. Nevertheless, both datasets are very similar in 

the sense of recorded traces as well as the dispersion 

image. 

Next, fundamental mode dispersion curves of 

both datasets were picked and inverted into final Vs 

models using the non-linear least squares method 

(LSM) (Fig. 6a). Thirty meters of both Vs models are 

plotted in a single figure (red line refers to the 10 Hz 

geophones dataset and blue dashed line refers to the 

4.5 Hz geophones dataset) so that they can be 

compared. In the shallowest parts 0-5 m both Vs 

models follow the same trend with gradually low 

ascending velocity and their difference does not 

exceed 20 m/s. In the 5-11 m section the 4.5 Hz model 

shows a minute velocity inversion whereas the 10 Hz 

model continues in the ascending velocity trend. In the 

following section 11-17 m both models are almost 

identical with minor differences up to 10 m/s. From 17 

to 24 m both models follow the same trend with 

velocity inversion in the depth 20.8 m and subsequent 

velocity increase. The velocity variations here are 

larger, up to 40 m/s. In the deepest Vs models’ section 

24-30 m the 4.5 Hz dataset shows a more significant 

velocity increase than the 10 Hz, however the velocity 

values vary only by a maximum of 25 m/s.  

It can be seen that both velocity models are very 

similar with differences in the order of percentages. 

Both are following the same trend with several 

significant velocity drops (especially 11.8 m, 14.6 m, 

17.6 m) and bland velocity inversion (20.8 m). 

Figures 6b and c show Vs models’ associated 

experimental and theoretical dispersion curves. The 

a) 

b) c) 
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Fig. 7 Case study 2 site map. 

 

RMSE for the 4.5 Hz dataset is 2.29 % and 1.44 % for 

the 10 Hz dataset. The shape and velocity range of the 

two experimental curves highlights the similarity of 

the two datasets. 

The obtained results confirm that for basic 

dispersion analysis of surface waves, besides the 

recommended 4.5 Hz geophones (and possibly even 

lower natural frequency geophones), the standard 

10 Hz geophones common in the shallow refraction 

seismic can be used as well. As shown in Figure 5 the 

differences in the recordings and dispersion spectra of 

these two types of geophones are insignificant. Figure 

6 confirms this insistence as it shows that the resulting 

30 m Vs models (and DCs) obtained from the 4.5 Hz 

and 10 Hz datasets are very similar. Naturally, their 

difference will increase with the depth as the 

sensitivity of geophones rapidly decreases below their 

natural frequency. In addition, dispersive analysis of 

surface waves can be used retrospectively on already 

existing refraction data (if the dataset is suitable), thus 

reducing the ambiguity of the solution. 
 

CASE STUDY 2 

The result of the MASW is usually a 1D Vs 

model. Although the model describes only horizontal 

interfaces it can give a fundamental information for 

interpreting 2D or 3D models, results of other 

geophysical methods. The Case study 2 was focused 

to determine depth of weathering in the vicinity of the 

Benešov town (Fig. 7) as a part of the geological 

survey for construction of a new motorway.  

The geological background on the site was 

mainly composed of granitic rocks of the Central 

Bohemian Pluton. The granites and granodiorites are 

deeply weathered with weathering residua in situ, 

making it difficult to determine a weathering 

boundary. 

In this situation, often the shallow seismic 

refraction is the geophysical method of choice, 

because the change in velocity of seismic waves is the 

most reliable quantifier of the rock quality (e.g., 

Barton, 2006). However, the conventionally applied 

P-wave tomography may not always give satisfying 

results, especially when there a high thickness of in 

situ weathering residuum is present (Fig. 8). The 

smooth gradient resulting from the tomography 

processing does not help in interpretation. 

Nevertheless, the S-waves are much more sensitive to 

lithological changes and to rock disintegration and 

weathering than the P-waves (particularly, as 

described by Barton (2006), because they are not 

affected by changes in water saturation). Therefore, 

obtaining the S-wave velocity profile is extremely 

valuable in this case. 

The easiest way of determining the S-wave 

velocities is from the dispersion curve of Rayleigh 

waves, although the result is only 1D. As showed in 

the Case study 1 the dispersion curve can be easily 

obtained from the field data measured for the 

tomography processing if the fundamental 

requirements for the surface waves analysis (listed 

above) are met. Here we analyse the refraction datasets 

from profiles 3A and 4 both acquired with 10 Hz 

geophones with 2s long records and a sledgehammer 

as a seismic source. Therefore, the refraction 

tomography data acquired in the field can be used for 

both analysis with no additional cost. 

The result of the surface waves processing is 

a 1D model and therefore it is advisable to select for 

analysis only those parts of the profiles where the 

environment is close to the 1D model. In this Case 

study 2, these parts were the west part of the profile 

3A up to the x-coordinate 115 m and the SE part of the 

profile 4 from the x-coordinate 115 m further (Fig. 8). 

Example shot gather from both profiles as well as 

dispersion images are plotted in Figure 9 and resulting 

S-wave profiles for these two intervals are plotted in 

Figure 10. In contrast to P-wave tomography the 

results clearly show three distinct velocity interfaces 

each marking substantial changes in elastic properties 

of the subsurface. Comparing the depth to these 

interfaces with tomography profiles these interfaces 

could be approximated by certain P-wave velocity 

contour lines (in this case the following contour lines 
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Fig. 8 P-waves travel time tomography models of profile 3A (top) and profile 4 (bottom). Black triangles show 1D Vs 

models positions. Note the smooth velocity change making it difficult to determine the depth of the weathering 

interface. The heavy lines of velocity contour lines (1000, 2000, 3600 and 5200 m/s) approximate interfaces 

determined from S-wave velocity profiles. 

 

c) d) 

a) b) 

Fig. 9 Example of shot gathers -2.5 m from profiles P3A (a) and P4 (b); (c) and (d) dispersion image Phase shift transformed 

from the (a) and (b) shot gathers.  
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Fig. 10 S-wave velocity models determined from Rayleigh waves for selected parts of the tomography profiles 

from Figure 8. The horizontal dashed lines mark distinct velocity interfaces. 

were used: 1000, 2000, 3600 and 5200 m/s) and 

extrapolated to remaining parts of the profiles marking 

the completely weathered, partly weathered and sound 

granodiorites. These three categories can be roughly 

estimated from the S-wave velocities (approximately 

below 500 m/s, 500–1300 m/s, more than 1300 m/s). 

 
CASE STUDY 3 

Characterisation and monitoring of groundwater 

resources are mostly dependent on the presence of 

boreholes. However, their spatial distribution is 

generally sparse and drilling a new borehole is 

relatively expensive. As shown by Pasquet et al. 

(2015), geophysics can provide supplementary 

information and expand the understanding of aquifer 

systems using the joint analysis of pressure and shear 

wave velocities (Vp and Vs) especially by estimation 

of Vp/Vs or Poisson's ratios (Stümpel et al., 1984; 

Bachrach et al., 2000; Barton, 2006). Pasquet et al. 

(2015) carried out such seismic surveys under two 

hydrological conditions and concluded that both Vp 

and Vs models are consistent with the local (known 

from the borehole) stratification and Vp/Vs and 

Poisson's ratios show a satisfactory contrast for both 

flow regimes at depths consistent with the water table 

level. Konstantaki et al. (2013) highlighted in their 

study significant variations of Vp/Vs and Poisson's 

ratios that associated with the water table level. Recent 

studies confirmed that the evaluation of these ratios 

can be systematically carried out with refraction 

tomography using both P and SH waves (Turesson, 

2007; Grelle and Guadagno, 2009). 

In the Case study 3 we illustrate how surface 

waves obtained as a part of refraction data acquisition 

can easily serve as a useful tool for hydrogeological 

study. The data considered for the present case study 

were recorded near the Velké Chrášťany village in SW 

Slovakia (Fig. 11). The site is situated in the Pliocene 

Volkovce Formation (Joniak et al., 2020) dominated 

by sands, gravels and clays. The lithological profile 

Fig. 11 Case study 3 site map.  
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Fig. 12 P-wave travel time tomography model.  

 

Fig. 13 (a) Seismic array geometry - 24 geophones with 3 m spacing; (b) and (c) shot gathers for 79 m and -10 m shot 

positions; (d) and (e) dispersion images for 79 m and -10 m shot positions. 
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a) b) 

Fig. 14 (a) 1D Vp and Vs models (red and blue bold line respectively) with a water table level (blue dashed line); 

(b) Vp/Vs ratio with a water table level (blue line).  

 
according to the nearby borehole JS-186 consists of 

six meters of weathered rock and soil on the top 

followed by a one-meter-thick clay layer, then ten 

meters of gravel and gravel sands and from a depth of 

17 m the clay predominates. 

In order to establish the parameter Vs30 we 

acquired vertical component of Rayleigh waves 

(Fig. 13) and standard Vp refraction tomography data 

(Fig. 12). For that purpose, 4.5 Hz vertical geophones 

with three meters spacing (Fig. 13a) were used with 

a 10 kg sledgehammer as an active source. Shot 

gathers data (Figs. 13b and c) were processed in 

a standard MASW scheme – a dispersion images 

(Figs. 13d and e) were obtained using a phase shift 

transformation, and Rw fundamental mode dispersion 

curves from two shots on both ends of the profile were 

inverted using LSM to get the average Vs model 

(Fig. 14a).  

Refraction data were processed to a 2D travel 

time tomography model (Fig. 12) and a 1D Vp model 

was retrieved from the middle part of the tomography 

profile and plotted together with the 1D Vs model 

(Fig. 14a) from the dispersion analysis. From the 

nearby borehole JS-186 we were able to obtain a water 

table values (blue dashed line in Figure 14a. 

Correlation of hydrogeological data with Vp and Vs 

models in Figure 14a shows that there is a significant 

Vp increase in the water table depth. Figure 14b 

displays Vp/Vs ratio together with the 

hydrogeological data and shows that water table is 

characterized in the seismic velocity plot as a peak 

with the maximum Vp/Vs ratio reaching values over 

eight. A generally high Vp/Vs is to be expected here, 

Barton (2006) even observed values between 20 to 40 

in the case of unconsolidated sediments. Both 

observations are consistent with the assumption that 

the velocity of shear waves increases much less than 

the velocity of compressional waves in saturated soils, 

as declared e.g., in Grelle and Guadagno (2009). 

CASE STUDY 4 

In the previous case studies, we have presented 

possibilities offered by dispersive analysis of surface 

waves obtained by active acquisition during 

a conventional refraction seismic survey. In the Case 

study 4 we demonstrate how the active data can be 

effectively supplemented with an additional 

independent observation − a passive noise monitoring. 

The passive (ambient) MASW represents an 

additional independent dataset that can be effectively 

acquired in a short time without any further effort 

using the identical geometry of refraction receiver 

spread used for the tomography or active MASW. 

Passively acquired surface waves generated from 

natural or cultural sources are usually of a low-

frequency nature (1–20 Hz) and therefore provides 

information from depths that the active data is missing 

(Tokimatsu et al., 1992a; Park and Miller, 2005). In a 

subsequent joint analysis passively obtained dataset 

covers the low-frequency end of a dispersion curve 

and provides information from deeper parts of the 

environment whereas active data covers the higher 

frequency related to the subsurface layers. As stated in 

Park et al. (2007) this can result in a combined active-

passive analysis of surface waves to obtain both 

shallow (e.g., 1–20 m) and deep (e.g., 20–100 m) Vs 

information simultaneously and thus can significantly 

increase the depth reach of the survey. 

The data of Case study 4 (Fig. 15) were collected 

in NW-Czechia in the vicinity of the seismic station 

Skalice (SKAC) − a part of the RINGEN seismic 

monitoring network (Fischer et al., 2023; Káldy and 

Fischer, 2023). The site is situated in the Bohemian 

Cretaceous Basin within the Merboltice formation 

(Šafanda et al., 2020). Data were acquired using 24x 

4.5Hz vertical geophones (Fig 16. for tomography, 

active and passive MASW) with 4 m spacing and 

a 10 kg sledgehammer as an active seismic source. 

When the active data were acquired, the same 

geometry was used for a 20 min passive acquisition. 
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Fig. 15 Case study 4 site map.  

 

Fig. 16 P-wave travel time tomography model of the SKAC site.  

 
Figure 16 shows the travel time tomography 

profile suggesting that the geological environment 

could be considered 1D. To reduce the uncertainty of 

the tomography by increasing the number of 

observables, a dispersion analysis of surface waves 

was carried out (Fig. 17). The active MASW data were 

analysed in a standard way using the Phase shift 

method and picking the fundamental mode (Figs. 17 b 

and d). The passive data were transformed using 

SPAC (Figs. 17 c and e). For the inversion analysis the 

experimental dispersion curve was compiled from 

both active and passive dispersion curves. As shown 

in Figure 18b the low frequency part of the dispersion 

curve was constructed from the passive data whereas 

the high frequencies were defined by the active data 

processing. 

The resulting Vs model of the joint inversion of 

the passive and active MASW Rayleigh wave phase 

velocity is displayed in Figure 18a. The Vs model is 

generally consistent with the tomography model 

(Fig. 16). In the shallowest part, both show low 

seismic velocities corresponding to clays and the near-

surface weathered zone. A significant velocity 

increase is visible in both models at the depths of 

approximately 18 m and 30 m. Both probably 

corresponding to lithological changes in a sedimentary 

sequence. However, in the tomography model the 

deeper interface is very close to the bottom depth limit 

of the survey and hence the long-period components 

of the surface waves proving reliability of the resolved 

velocity model are extremely valuable. As the Vs 

model in Figure 18 shows there is very likely 

a significant interface (high velocity increase) at 

a depth of about 44 m that beyond the depth reach of 

the tomography. The last interpreted interface could 

represent a lithological change (to coarser and stiffer 

layers) in the Cretaceous sedimentary sequence. 

Unfortunately, due to the lack of relevant boreholes 

with adequate depth in the area we can only speculate 

about this explanation. 
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a) 

b) c) 

d) e) 

Fig. 17 (a) Geophone array geometry of the SKAC site; (b) active data shot gather from the -10 m source position; 

(c) 60 s passive MASW seismic traces; (d) active data dispersion spectra (e) passive data dispersion 

spectra. 

 
DISCUSSION  

Surface waves analysis and especially MASW is 

one of the easiest seismic methods that provides highly 

favourable S/N data, and therefore is more tolerant in 

parameter selection than any other seismic methods 

(Park et al., 2007). Furthermore, the MASW makes it 

cost and time effective to evaluate shear wave velocity 

in one, two (or three) dimensions (e.g., Olafsdotir, 

2016). A significant advantage is that this method can 

be generally used as a complementary method to 

standard seismic refraction. Both methods involve the 

estimation of subsurface velocity profiles. MASW 

estimates the shear wave velocity (Vs) profile using 

the dispersion characteristics of surface waves, while 

seismic refraction estimates the seismic velocity 

(P- wave or S-wave) profile by measuring the travel 

times of refracted waves. If the refraction acquisition 

meets the above listed MASW acquisition 

requirements (low frequency geophones, appropriate 

source offset, etc.), surface wave dispersion analysis 

can be performed on the same dataset. Thus, the output 

can be P-wave (e.g., from refraction tomography) and 

S-wave (retrieved from surface waves analysis) 

velocity models. These two observables complement 

each other since both P and S-waves are sensitive to 

different parameters of the rock environment (e.g., 

Barton, 2006) and both are retrieved from different 

methods/principles. Therefore, using surface waves 

analysis can reduce the non-uniqueness of the solution 

and help to better constrain the subsurface model. Both 

MASW and seismic refraction however require 

careful consideration of site-specific factors such as 
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geologic conditions, surface topography, and 

acquisition parameters to ensure accurate and reliable 

results. Proper data acquisition and analysis are crucial 

for both methods to obtain reliable subsurface 

information.  

In this study we illustrated on four case studies 

how inclusion of basic surface waves analysis into the 

standard refraction survey could decrease the 

ambiguity of solution and extend the obtained 

knowledge at no additional cost. By comparison of 4.5 

and 10 Hz geophone data (Figs. 5 and 6) in Case study 

1 we illustrated that it may be beneficial to incorporate 

surface wave dispersive analysis into the standard 

shallow refraction seismic process as a convenient 

complement requiring no additional equipment, data, 

or effort. We do not deny that low-frequency 

geophones are more suitable for surface waves 

dispersion analysis and allows to get information from 

deeper parts of environment. However, the lack of 

low-frequency geophones should not be a reason to 

reject this type of analysis, although it must be carried 

out with caution (Dean and Shem, 2018). Case study 

2 demonstrated that additional MASW analysis 

(Figs. 9 and 10) of refraction data can provide 

information about substantial changes in elastic 

properties of the subsurface, in this case velocity 

interfaces, not revealed by conventional tomography. 

In Case study 3 we showed that retrieving Vp and Vs 

from a single acquisition setup (Figs. 12 and 13) 

appears attractive in terms of time and equipment costs 

and can effectively provide supplementary 

information and expand the understanding of aquifer 

systems in accordance with Konstantaki et al. (2013) 

and Pasquet et al. (2015). In Case study 4 we pointed 

out that adding a passive MASW in the standard 

refraction scheme is virtually effortless (consumes 

only ~ +20 min) and can expand the penetration depth 

and add independent observable. Passive MASW data 

can be included in joint analysis with active MASW to 

obtain both shallow and deep Vs as we showed in 

Figure 18. This survey mode can be useful and 

convenient because of the significant advantage in 

field operations and coverage of wide range of 

wavelength components of Rayleigh waves (Park et 

al., 2007). 

Nevertheless, as any geophysical methods, the 

MASW has inevitable drawbacks. Dal Moro (2023) 

discussed the main shortcomings of this method and 

especially warned that: (1) the standard MASW 

approach is based on the personal (i.e., subjective) 

interpretation of the Rayleigh waves phase-velocity 

spectrum and (2) even in case data interpretation is 

correct, non-uniqueness of the solution obtained from 

inversion of just one observable remains a problem. 

The latter is also related to risk of lateral variations that 

can produce complex or meaningless velocity spectra. 

Author further highlighted the need for multi-

component analysis to overcome the ambiguities of 

single-component analysis. 

However, as the presented case studies show, 

even the simple MASW yields realistic results, if only 

the dispersion analysis of surface waves is performed 

carefully and the limitations are considered and 

obeyed. This includes especially the need to determine 

the shear wave velocity model only at depths 

corresponding to the intelligible part of the dispersion 

curve(s) and careful discrimination of individual 

modes. 

a) b) 

Fig. 18 Result of the joint inversion of the passive and active MASW Rayleigh wave phase velocity (a) retrieved 

Vs model and (b) related experimental (red bold line shows the part of the joint dispersion curve that was 

derived dominantly from passive data and blue line represents active MASW data) and theoretical 

(dashed line) dispersion curves and inversion RMSE. 
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CONCLUSIONS 

Surface waves analysis and especially MASW is 

a valuable and cost-effective seismic method for 

subsurface characterization. It has a wide range of 

applications and can provide useful information about 

the shear wave velocity profile. As we showed in four 

case studies significant advantage is that this method 

can be generally used as a complementary method to 

seismic refraction. It can expand the observables in 

a short time and with minimum effort. This can result 

in multi-objective joint analysis useful in e.g., 

geotechnical (Case study 2 and 4) and hydrogeological 

(Case study 3) studies and significantly decrease the 

ambiguity of solution. However, it is important to bear 

in mind its limitations and challenges, (as listed 

above). Proper data acquisition and analysis should be 

employed, and it is recommended to integrate MASW 

with other approaches and/or objectives and 

geological information for a comprehensive 

understanding of the subsurface. When used properly 

and with an understanding of its limitations MASW 

can be a powerful tool for subsurface investigation in 

various geological and geotechnical settings and can 

significantly expand the knowledge derived from the 

refraction data. It can also serve for practitioners as an 

introduction to surface waves analysis and can 

motivate them for further study in this field. 
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