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Shear-wave velocity structure from MASW and SPAC methods. The 

case of Adra town, SE Spain 
 

ABSTRACT 

 

The damage distribution in the town of Adra (south-eastern Spain) during the 

1993 and 1994 Adra earthquakes, magnitude Mw5.0 and maximum intensity degree of 

VII (European Macroseismic Scale), was mainly concentrated in the southeast sector, 

where low-diagenetic (soft) sediments outcrop. As new urbanizations are planned in that 

sector, a soil classification based on the shallow shear-wave velocity (Vs) structure is 

needed. For the purpose of earthquake disaster mitigation, the Spatial Autocorrelation 

(SPAC) and the Multichannel Analysis of Surface Waves (MASW) methods were used 

to propose integrated 2D Vs models for the seismic response characterization of shallow 

geology. Joint inversion of H/V spectral ratios of ambient noise, interpreted under the 

Diffuse Field Approach, and dispersion curves derived from the SPAC method allowed 

to obtain more constrained models. Both, SPAC and MASW methods provided similar 

results for the surveyed geological formations. From these models, a classification of 

the geological formations has been carried out in terms of Vs30 values and Eurocode 8 

(EC8, 1998) classes. Lower Vs30 values in the 180-360 m/s range were found in the 

southeastern sector of the town, where soft sediments outcrop and some building 

damage was reported from the 1993-1994 earthquakes. The highest Vs30 values above 

800 m/s appear at the northern sector, where the hardest rocks outcrop and no building 

damage was reported. The combination of the well-suited Vs database prepared for 

different geological formations with the 1:5,000 scale geological mapping was a step to 

obtain a detailed soil microzonation map of Adra. It gives a new predictive insight into 

the building damage distribution, which will contribute to the appropriate urban 

planning of the future growth of the town. 

 

Keywords: Spatial autocorrelation (SPAC) method, Multichannel analysis of surface 

waves (MASW) method, geological mapping, Vs30, site amplification, Adra town. 

 

 

1 Introduction 
 

Southeastern Spain is the zone with the highest seismic hazard in the Iberian 

Peninsula (Fig. 1a), as pointed out by Vidal (1986). In this region, Adra typifies a 

medium-size town of 24,700 inhabitants with historical seismic records. The town 

recorded the complete destruction of most buildings during an earthquake in 1522 with 

intensity IEMS = IX in the European Macroseismic Scale (EMS scale) (Benito et al. 

2007). During the 1993 and 1994 small earthquakes (magnitude Mw ~ 5.0) several 

buildings, mainly sited in the southeastern sector of the town, suffered grade 3 damage 

(EMS scale), whereas grade 2 damage was reported for many buildings across the 

whole town (Navarro et al. 2007, Fig. 1b). Since new urbanizations were planned in 

southeastern sectors characterized by low-diagenetic (soft) geological materials 

susceptible of seismic amplifications (Alcalá et al. 2002; Navarro et al. 2002, 2007) 

Civil Defence of Adra promoted seismic microzonation studies as an essential tool to 

identify the factors influencing the building damage distribution. 
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Fig. 1. (a) Location of Adra town within the Alpine Betic Cordillera in southeastern Spain. (b) Building damage distribution after 
the 1993 and 1994 Adra earthquakes, modified from Navarro et al. (2007); SPAC arrays (labeled from A1 to A4), MASW 

profiles (labeled from M1 to M13), and two geological cross-sections (labeled I-I’ and II-II’) are included. (c) Geological map 

of Adra at scale 1:5,000, modified from Alcalá et al. (2002). (d) Geological cross-sections I-I’ and II-II’, modified from Alcalá 
et al. (2002) and Navarro et al. (2007); legend for geological materials as in (c). AC: Alpujárride Complex. MS: 

Mediterranean Sea. 
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Within this framework, the shallow shear-wave velocity (Vs) has become a good 

quantitative indicator of geological material stiffness, useful for soil microzonation of 

urban areas for earthquake disaster mitigation (Martínez-Pagán et al. 2014). Vs is a key 

parameter in dealing with mechanical properties of subsurface materials (Olona et al. 

2010; Duffy et al. 2014; Lorenzo, Hicks and Vera 2014; Yilmaz 2015), ground 

amplification, and liquefaction potential phenomena in earthquake events (Chang et al. 

2011; Tarque et al. 2013; Vella, Galea and D’Amico 2013). Vs models have been 

applied to seismic hazard assessment since ground amplification, which may cause most 

earthquake-related damages, often changes with shallow ground stiffness (Park, 2013). 

In particular, the National Earthquake Hazard Reduction Program (NEHRP 2001) in the 

USA and the Eurocode 8 (EN 1998) in Europe adopted the average Vs in the top 30 m 

(usually denoted by Vs30) as the fundamental ground parameter to be considered for the 

structural design of buildings against earthquake events (Mahajan 2009). Actually, the 

International Building Code (IBC) published the same classes in 2000 (Martínez-Pagán 

et al. 2014). This is based on the premise established from empirical studies that the top 

30 m comprise the most influential layers for the shaking ground response (Park 2013). 

In general, a site with a lower Vs30 would be subjected to a greater ground 

amplification. The Spatial Autocorrelation (SPAC) (Aki 1957), the inversion of 

Horizontal-to-Vertical spectral ratio (HVSR) of ambient noise (e.g. García-Jerez et al. 

2016) and the Multichannel Analysis of Surface Waves (MASW) (Park, Miller and Xia 

1999) are different methods widely used to provide 1D and 2D Vs models of subsurface 

geological materials which can be integrated for Vs30 subsurface classification maps. 

The MASW method (Park et al. 1999; Xia, Miller and Park 1999) has been applied to a 

wide range of geotechnical problems for mapping the 2D Vs structure (Suto 2013), such 

as detecting cavities (Miller et al. 1999), searching for bedrock structure (Carnevale et 

al. 2005), examining water seepage (Ivanov et al. 2006), monitoring ground 

improvement (Burke and Schofield 2008), and recently, in earthquake hazard studies 

(Sairam et al. 2011; Eker, Akgün and Koçkar 2012; Kolat, Ulusay and Suzen 2012; 

Panzera and Lombardo 2013; Martínez-Pagán et al. 2014). 

The MASW method depends on Rg-wave analysis for retrieving near-surface Vs 

models. Usually based on the inversion of surface-wave dispersion curves by local 1D 

forward modelling, the MASW method has often been applied to laterally varying sites 

(Boiero et al. 2013) as well as on long and continuous seismic lines or profiles 

(Martínez-Pagán et al. 2014). The SPAC is a passive-source method which takes 

advantage of the energy in the elastic waves which make up the ambient noise 

wavefield. These surveys are often performed by using high-quality seismometers with 

good signal-to-electronic noise ratios down to low frequencies, 2D array setups which 

account for possible anisotropic ambient source distribution, and longer recording time. 

Like MASW, the standard SPAC method involves Rayleigh-wave dispersion curve 

retrieval from vertical-component records. Recent extensions to 3-component analysis 

have been developed by García-Jerez et al. (2008a, 2010) and García-Jerez, Luzón and 

Navarro (2008b). The HVSR was proposed by Nakamura (1989) as a rough estimation 

of the seismic response of the subsoil from three-component records of ambient noise at 

a single seismic station. Recently, sophisticated modelling and inversion schemes have 

been developed to take full advantage of the HVSR(f) curve for subsurface 

investigation. Since this quantity is very sensitive to the presence of sharp seismic-

velocity contrasts, combination of HVSR and dispersion curves in joint inversion 

schemes provides better constrained models. 
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In this article, punctual 1D- and continuous 2D-Vs models of subsurface 

geological materials are derived from SPAC and MASW methods, and used to build up 

the Vs30 subsurface classification map of Adra town. To this end, four SPAC arrays 

were performed at open spaces providing a 1D Vs model at each site. Vs cross-sections 

were performed from MASW surveys along main streets of Adra, passing through the 

SPAC array sites. The detailed 1:5,000 scale geological map performed by Alcalá et al. 

(2002) was of assistance to support (1) the selection of sites for SPAC and MASW 

surveys, (2) the accurate interpretation of Vs models, and (3) the discussion of the 

integrated Vs30 map. The Vs models and the existing soil predominant period map have 

been compared and therefore used for interpretation of the damage distribution reported 

by Navarro et al. (2007). 

This paper is organized as follows. Section 2 comprises the geological setting of 

the study area. The field methods and analytical procedures for SPAC and MASW 

methods are introduced in Section 3. Section 4 contains the results of the geophysical 

surveys and the derived maps. The relationship between Vs30 distribution and the local 

geology is discussed in Section 5. Finally, the main conclusions are presented in Section 

6. 

 

2 Geographical and geological setting 
 

Adra is a coastal town located in the Almeria province in southeastern Spain 

(3º00’-3º02’ W, 36º44’30”-36º45’00” N, 0-50 m.a.s.l.). Irrigated agriculture in 

greenhouses is the main economic driver, which has attracted new population in last 

years. As a consequence, new urbanizations have occupied the fertile plains 

traditionally devoted to irrigated crops in the south-eastern sector of the town (Fig. 1b). 

The Spanish National Institute for Statistics (INE 2017) reported 24,700 inhabitants in 

2017. 

From a geological point of view (Fig. 1a), the study area belongs to the 

Alpujárride Complex from the Internal Zone of the Betic Cordillera (Aldaya, Baena and 

Ewert et al. 1983; Sanz de Galdeano 1997; Alcalá et al. 2002). As a consequence of the 

convergence between the African and Eurasian Plates, a great displacement of crustal 

and sub-crustal (Internal Betic Zone) took place ending with the collision of the Internal 

and External Betic Zones during the early Miocene (Sanz de Galdeano et al. 1995; 

Alcalá et al. 2013). In the study area, the active tectonics controls the basement uplift 

rate and faulting style, the combination of the active tectonics and sea-level changes 

control the accommodation space for the Late Miocene and Quaternary sedimentary 

record (Goy and Zazo 1986; Sanz de Galdeano et al. 1995), and some human-induced 

actions have determined high erosion and sediment-supply rates during the last 2.500 

years (Alcalá et al. 2002; Paz et al. 2017). This combination of natural and human-

induced geological processes controls the spatial distribution and ranges of Vs in south-

eastern Spain urban areas (Benito et al. 2007; García-Jerez et al. 2007; Navarro et al. 

2007, 2014; Martínez-Pagán et al. 2014). 

Alcalá et al. (2002) classified the geological record of Adra town into twelve 

geological formations attending to age, origin, geometry, and mechanical properties 

reported by Aldaya et al. (1983), Goy and Zazo (1986), Sanz de Galdeano et al. (1995), 

and Navarro et al. (2002). The two pre-orogenic formations included low to medium 

grade metamorphic hard rocks (basement) as Palaeozoic mica-schists and quartz-schists. 

The ten post-orogenic formations included Pliocene to Quaternary sediments 
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unconformably deposited over the basement from East to West in the middle and 

southern sectors of the town (Figs. 1c and 1d). Based on the different (often low to very 

low) diagenetic degree and mechanical properties, Alcalá et al. (2002) classified these 

post-orogenic formations as: (1) a Pliocene shoreline deltaic formation composed of 

poorly rounded pebbles into a sandy-clayey matrix at the eastern sector; (2) five 

Pleistocene continental and marine formations disposed as alternation of three 

generations of continental glacis composed by fine silts, sands, and gravel into a red 

silty-clayey matrix, and two sandy and gravel-rich marine terraces at different elevation 

with respect to current sea level; and (3) four Holocene formations as: (a) Adra river 

alluvial fan deposits composed by fine sands, silts, and gravel and located at the eastern 

sector; (b) colluvial fan deposits filling the gullies that mark the town from East to 

West; (c) present marine terrace composed of fine sands; and (d) anthropogenic fillings. 

This detailed geological background is the basis for a predictive Vs distribution 

in Adra town (Navarro et al. 2007). Attending to common mechanical properties 

deduced from geotechnical surveys, Alcalá et al. (2002) classified the twelve pre-

orogenic and post-orogenic formations into nine geological-seismic formations (Table 

1). From 55 N-values from 30 standard penetration tests (SPT) and 49 real density 

values (dry estimation), tentative ranges of Vs for post-orogenic Pliocene to Quaternary 

sediments (Table 1) were deduced by using the expressions of Imai (1981) and 

Kokusho (1987). The rationale used for the classification of twelve geological 

formations and nine geological-seismic formations is described in Alcalá et al.  (2002) 

and partially in Navarro et al.  (2002, 2007). 

 
Table 1.  Clustering of the twelve geological formations identified in Adra town into nine geological-seismic formations as in 

Alcalá et al. (2002) and Navarro et al. (2007). The tentative average Vs value for each geological-formation seismic was 
deduced from Imai (1981) and Kokusho (1987) expressions. 

 
 

3 Methods 
 

The methodology chosen in this study, which is based on shear-wave velocity 

measurements, relied on two seismic methods: the MASW method (Park et al. 1999; 

Xia et al. 1999), and the SPAC method (Aki 1957) enhanced with the inversion of the 

horizontal-to-vertical spectral ratio (HVSR) of ambient noise for diffuse wavefields 

(Sánchez-Sesma et al. 2011).  
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3.1 SPAC method and inversion of HVSR of ambient noise 

The SPAC measurements were carried out at four open spaces, hereafter called 

A sites (Fig. 1b). Vertical ground motion components excited by ambient noise were 

recorded at the surface by using circular-shaped arrays. For this, five high-sensitivity 

VSE-15D sensors surrounding a sixth central sensor with the same characteristics (Fig. 

2a) and a SPC-35 digitizer (Fig. 2b) were used. This system provides an acceptable 

response for frequencies between 0.25 and 70Hz. Additional 3-component 

measurements were carried out at the array centres to compute the HVSR of ambient 

noise. The array radii (r) ranged from 3 to 25 m. Different radii were used depending on 

the thickness of existing geological formations, available geophysical data, and 

dimension of the enabled open areas (Table 2). Longest wavelengths which should be 

resolved with the SPAC method are in the order of λmax ~ 15-16 rmax (SESAME, 2005). 

The expected maximum investigation depth (zmax) is between λmax/3 and λmax/2. The 

aliasing limitations of the SPAC method are expressed by the oscillating nature of the 

Bessel function, showing multiple solutions for arguments larger than ~ 3.6. Thus, given 

a dense azimuthal sampling of the wavefield, the aliasing wavelength is approximately 

given by λmin ~ 1.8 rmin (SESAME, 2005). 

 

 

 
 

Fig. 2.  (a) SPAC sensors deployment at an open site. (b) SPC-35 digitizer. (c) Portable vibrator seismic source. (d) Land-streamer 
system with the geophones being towed through streets. (e) Small tractor situated at the head of the land-streamer to easily 

move all the system. 

 
Table 2.  Characteristics of the SPAC array setup and dispersion curves at the array sites. 
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3.1.1. Data processing 

Cross correlation between records on the circle and the central station were 

calculated in frequency domain to obtain the SPAC coefficient (f,R) (Aki 1957). Some 

examples of SPAC coefficients for different array radii are shown (Fig. 3). 

 

 
Fig. 3. Examples of SPAC curves obtained at arrays A1 and A2 for some array apertures. 

  

Then, the phase-velocity of the Rayleigh wave, c(f), was computed by using 

Geopsy software (Wathelet 2005) for each frequency from the equation: 

 

   (1) 

where, 0J represents the zero-order Bessel function and R is the radius of the 

array. All the solutions are represented in a c vs. frequency diagram. Then, the 

dispersion curve corresponding to the fundamental mode of Rayleigh-waves is 

manually picked taking into account the aliasing limit for each ring (Fig. 4). 

The HVSR of ambient computed at the array center were interpreted following 

the diffuse field approximation (Sánchez-Sesma et al. 2011). Under this approach, the 

power spectrum of motion at an arbitrary point x and along any Cartesian axis m, Pm(x; 

ω), is proportional to the imaginary part of the corresponding Green’s function at the 

source, Im[Gmm(x, x, f)]. Thus, the spectral ratio can be interpreted as: 

  

.                     (2) 

 

The methods and algorithms for theoretical simulation and inversion of HVSRs 

described in García-Jerez et al. (2013, 2016) and implemented in hv-inv software were 

used to obtain 1D Vs models for each site from joint inversion of HVSRs and dispersion 

curves. 

 

3.2 MASW method 

About 3.5 km of linear transects were laid out through the streets of Adra (Fig. 

1b) for MASW profiles. Location of these transects was chosen attending to the 

geological structures described by Alcalá et al. (2002). The MASW method was 

performed in both the active and passive modes (Park 1995). The combined use of 

active and passive forms of the MASW method allowed greater penetration depths and 

better resolutions of the Vs profiles (Park and Miller 2008).  
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Fig. 4. Picking of dispersion curves from SPAC method. Green and blue cells indicate coincidence of solutions of Eq. (1) resulting 

from different radii. Black line shows the picked dispersion curve. The aliasing limit, computed as λmin = 1.8 rmin, is shown 

with dotted line. The theoretical λmax boundary would be outside the frequency-velocity range shown (lowest frequencies of 

the dispersion curves are determined by the data quality). 

 

For active-mode MASW measurements, shallowest resolvable depth of 

investigation (zmin) is approximately between λmin/3 and λmin/2, where λmin ~ 2*Δx, 

being Δx the receiver spacing. The expected maximum investigation depth (zmax) is 

approximately from λmax/3 and λmax/2, where λmax  corresponds in practice to the array 

length (Foti et al. 2017). Active surveys typically provide dispersion curves in a 

relatively high frequency (short wavelength) band (usually 20-50 Hz).  

A Wacker Neuson BS60-4s vibratory rammer was used in our measurements 

(Fig. 2c) in order to generate more powerful seismic source. To reach high productivity 

in terms of transect surveyed length per day, a towed land-streamer was built by using a 

heavy-duty fire hose (Fig. 2d), which enabled collecting data in a roll-along mode. 

Passive Roadside MASW method has been implemented with a linear receiver 

array deployed along roadsides (Park and Miller 2008). Passive datasets were recorded 

for all the landstreamer positions (Fig. 1b). Recording time was 2 sec and the signal was 

sampled with a rate of 500 sps. The measurements contain at least the passing of a 

vehicle during each recording.  The estimated minimum investigation depth (zmin) for 

this method is related to receiver spacing (Δx): zmin = m*Δx  with 1/3 ≤ m ≤ 1.0 

(http://www.masw.com/ACQ-PassiveRoadside.html). On the order hand, the maximum 

investigation depth (zmax) is related to array dimension (L): zmax = L/m, with 1.0 ≤ m ≤ 

3.0. The passive dataset may increase the maximum wavelength since lower frequencies 

are obtained from ambient noise, which allows increasing the explored depth. In 

general, passive surveys allow the measurements of the dispersion curve from low 

frequencies (typically 0.2-5 Hz) to intermediate frequencies (around 10-30 Hz), 

depending, among other factors, on equipment, array geometry and array size (Foti et 

al. 2017). 

A total of 24 geophones (12 of 28Hz- and 12 of 4.5Hz natural frequency) were 

interleaved and screwed onto metal plates with 2 m spacing. The offset (distance 

between the seismic source and the first geophone) was 4 meters. The acquisition array 

of 46 m in length was displaced 10 meters between consecutive shots using a small 
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tractor (Fig. 2e). The recording unit was the SUMMIT II Compact unit from DMT, 

Germany. 

 

3.2.1. Data processing 

The SurfSeis software package from the Kansas Geological Survey, USA was 

used to process the seismic data. This software enabled us to retrieve a dense series of 

dispersion curves from which local 1D Vs models are obtained through an inversion 

process as in Park (2013) and Boiero et al. (2013). Dispersion curves of combined 

active and passive forms of the MASW method (Fig. 5) were manually picked from 

each shot gather after applying the wavefield transformation into the frequency-velocity 

domain described by Park et al. (1999). For each MASW profile, a 2-D MASW image 

was obtained integrating all 1-D Vs models following a standard procedure similar to 

the common-mid-point (CMP)–style data acquisition (Park et al. 1999; Xia et al. 1999). 

The 2-D MASW images are laterally continuous 2-D Vs cross-sections where the x-axis 

is the horizontal location, y-axis is depth, and the colour scale bar represents the value 

of Vs in a discernible range. 

 

 
 
Fig. 5. Dispersion images from MASW M10 Profile. The white dots represent the dispersion picks that are further used for 

inversion in (a) mode active; (b) mode passive; and (c) mode active + passive. Dashed black lines correspond to the theoretical 

minimum wavelength for the array setup.  
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MASW provides Vs information of ground materials by processing Rayleigh-

type surface waves that are dispersive when travelling through a layered media. This 

dispersion property is determined from a material’s Vs (by more than 95%), P-wave 

velocity (< 3%), and density (< 2%). The accurate evaluation of the dispersion property 

is most important with any surface-wave method in this sense (Park 2013). Surface-

waves provide the highest possible signal-to-noise ratio (SNR) in any type of seismic 

approach. Consequently, the field operation for data acquisition and subsequent data 

analysis become extremely simple and effective, almost ensuring the most reliable 

results (Sairam et al. 2011; Park 2013; Yilmaz 2015). As an example of seismic quality 

data, Figure 6 depicts four dispersion curves combining the active and passive MASW 

methods in which the fundamental mode curves are clearly observable. Those 

fundamental mode curves were picked to generate a 2D Vs model by using the Xia et 

al. (1999) algorithm, based on a least-squares approach, inbuilt in SurfSeis. Finally, the 

2D Vs models were averaged over the 30 m top to compute Vs30 (Park 2013) from the 

equation: 



=

=

n

i i

i

v

h
Vs

1

30
30 ,      (3) 

 

where hi and vi denote the thickness (in meters) and shear-wave velocity of the i-th 

layer, in a total of n, existing in the top 30 m. 
 

 
 
Fig. 6.  Dispersion images from (a) MASW Profile M1; (b) MASW Profile M12; (c) MASW Profile M11; and (d) MASW Profile 

M9. The white dots represent the dispersion picks that are further used for inversion. 

 

 

4 Results 
 

Dispersion curves from SPAC measurements carried out in four open sites (Fig. 

1b) show frequency range from 2.9 to 40.1 Hz and phase velocity values varied between 

204 and 581 ms-1 (Table 2, Fig. 4). The maximum depth of investigation (zmax), 
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obtained from λmax, presents values ranging from 23.4 m (point A3) to 110 m (point 

A1). In all cases, the picked dispersion curves are within the theoretical wavelength 

range defined in section 3.1 and show a continuous shape, considering the reliable 

solutions generated by each radius.  

Regarding MASW method, the depth of investigation (zmax) can be estimated 

from the maximum wavelength (λmax) of the dispersion curves picked from combined 

active and passive images (Fig. 6). The frequency range is between 2.8 and 43.0 Hz. 

Phase velocity values varied from 259 to 1198 ms-1 (Table 3, Fig. 4). The maximum 

wavelength shows values between 86 and 168 m. Considering the zmax = λmax/2 

approximation, the maximum depth of investigation varies from 43 m (point M9) to 84 

m (point M1). 

From active and passive MASW measurements, 341 1-D Vs profiles with depths 

greater than 30 m were calculated. These results allowed to obtain 13 2-D cross-

sections. Then, average Vs30 values have been computed (Table 4).  

 
 

Table 3.  Characteristics of the MASW array setup and dispersion curves at the array sites. 

  
Table 4. Average Vs30 values obtained from MASW profiles in Adra town. 

  

 
These low-frequency seismic data, together with the inversion of the HVSRs, 

constrain well the deeper layers (e.g. down to about 90 meters for the SPAC #A1). 

Experimental dispersion curves and HVSRs, calculated at the array centres are 

compared with the simulated counterparts for the inverted models in Fig.7. 
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Fig. 7. Experimental dispersion curve (blue line) and theoretical dispersion curve (red line) for each SPAC point (left column); 

Experimental HVSR (blue line) and theoretical HVSR (red line) at each SPAC point (right column). 

 

Both the SPAC method and the combination of the active- and passive-mode 

MASW processing described in the Methods section were able to gather reliable 

seismic information from the ground surface to 30 m depth (Fig. 8). However, the 

dispersion curves from MASW measurements exhibit a wider frequency range when 

compared to their SPAC counterparts. Hence, the analysed MASW frequency band 

ranged from minimum values comparable to those obtained with the SPAC method to 

frequencies above 30 Hz, implying a better resolution of MASW seismic data into the 

first few meters depth (Park 2013). 

The 1D Vs models provided by the two seismic methods show a similar patterns 

of material stiffness variation with depth. Some small shift could be observed in the 

comparison between these 1D Vs profiles, especially at the deepest horizons but even 

so, they were able to characterize the soil according to the Eurocode-8 (EC8, 1998) 

classification with great agreement (Fig. 8). Table 5 summarizes this soil classification 

in terms of the Vs30 parameter and their geological correlation at each of those four 

measurement sites. 1D Vs models show the highest shift with depth among them, 

probably induced by geological heterogeneities, as deduced from borehole data 

described by Alcalá et al. (2002) and Ground Penetration Radar (GPR) profiles by Paz 

et al. (2017) (Fig. 8c). In any case, the shift of the 1D Vs models does not alter the 

agreement in terms of EC8 Class, characterizing the site as B1-type (500-800 m/s). In 
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fact, similar Vs30 values were obtained independently from SPAC (569 m/s) and 

MASW (580 m/s) methods, which agree well with Vs values found for similar 

lithologies in other urban areas in south-eastern Spain (Alcalá et al. 2002; García-Jerez 

et al. 2007; Navarro et al. 2007; 2014). 

 
Table 5.  Summary of the Vs30 values obtained from SPAC and MASW techniques and assigned soil-class classification according 

to the Eurocode-8 (EN 1998) standards. 

 

 
 

Fig. 8. 1-D Vs (m/s) best fitted models from (a) MASW Profile M1 and SPAC array A1; (b) MASW Profile M12 and SPAC array 
A2; (c) MASW Profile M11 and SPAC array A3; and (d) MASW Profile M9 and SPAC array A4. 

 

For simplicity, only two representative MASW profiles (MASW profiles M1 

and M10) are displayed in Fig. 9.  

The MASW profile M1 shows the spatial variation of Vs up to 43 m depth. This 

profile was laid-out on a flat area of the town so that topographic correction was not 

required. The profile M1 exhibits a low velocity layer (LVL) in the uppermost 10 m 

characterized by a relatively sharp transition boundary of velocities below 450 m/s, 

which is thicker than the observed in the northernmost sector (Fig. 9b). 
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Fig. 9. 2D Vs (m/s) models for MASW Profiles M1 (a) and M10 (b) with existing geological information (for shallower meters) and 
deduced geological features after surveying (for deeper meters) overimposed; location of profiles as in Fig. 1b. AC: 

Alpujárride Complex. 

 

 

5 Discussion 
 

Detailed geological information inferred from the 1:5,000 scale geological cross-

sections I-I’ and II-II’ (Fig. 1d) was superimposed on the 2D Vs models for MASW 

profiles M1 and M10 (Fig. 9). According to the geological information, the LVL in M1 

corresponds to low-diagenetic (soft) Holocene deposits, mostly sand and silt from the 

Adra river alluvial fan. Some pockets with Vs values below 250 m/s are embedded into 

an upper low-velocity layer (coloured white in Figure 9a), which correspond to a 

gravel-rich sandy alluvial deposit, as corroborated from GPR surveys (Paz et al. 2017). 

The LVL overlays a medium velocity layer (MVL) with Vs values in the 450-650 m/s 

range associated to Pleistocene glacis with a thickness slightly above 10 meters. 

Underlying this medium velocity layer, a third layer attributed to Pliocene materials 

with different elastic properties determines the increase of Vs above 950 m/s. At the 

lower left corner of the profile, the highest Vs values (> 1000 m/s), are attributed to the 

weathered Palaeozoic schist bedrock, as deduced from direct observations, borehole 

data, and GPR surveying (Alcalá et al. 2002; Navarro et al. 2007; Paz et al. 2017). This 

interpretation of the bed-rock location is well supported because similar Vs values have 

been found in other seismic cross-sections at a similar depth with checkable presence of 

Palaeozoic schist. The M1 Vs profile increases understanding of subsoil characteristics 

and improves the in-depth position of some expected normal faults described by Alcalá 

et al. (2002) and finely defined in its shallowest tract by Paz et al. (2017). This normal 

fault occurrence explains well some slight shift observed when following the 

Pleistocene and Holocene boundary (Fig. 9a). In general, Vs values of MASW profile 

M1 identifies the poor subsurface mechanical properties of the geological materials 

described in that sector and supported by Alcalá et al. (2002) and Navarro et al. (2007). 

The M10 profile shows the influence of geological materials with better elastic 

properties in terms of Vs. With Vs above 1000 m/s, the Palaeozoic schist hard rock 

appears shallower on the right-hand side of profile. The presence of shallowest 

Palaeozoic schist displaying better surface mechanical properties in terms of seismic 
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amplification justify why no building damage was reported in northern sector of the 

town during the 1993 and 1994 earthquakes. The thickness of layers assigned to 

Pleistocene glacis II (G2), which is characterized by Vs values in the 400-500 m/s 

range, tends to decrease northward. The Pleistocene glacis I (G1) underlying the G2 has 

been mapped in the north of the town. G1 provides Vs values in the 400-600 m/s range 

as shown at the top on the left-hand side of the profile in Figure 9b. According to 

geological data the Pleistocene terraces I (T1) and II (T2) underlying G1 and G2 could 

be characterized in terms of Vs, varying T1 in the 500-800 m/s range and T2 in the 450-

600 m/s range, respectively. Based on the geological information a set of small faults 

whose occurrence explains the abrupt lateral Vs changes have been drawn. The MASW 

profiles in general and this M10 profile in particular have helped to delineate other 

additional minor faults. 

Velocity boundaries at 180, 360, 500, and 800 m/s in Vs30, taken from the 

Eurocode 8 (1998) soil classes, were adopted to represent the shallow shear velocity 

structure of Adra, following other works such as Navarro et al. (2008, 2014) and 

Martínez-Pagán et al. (2014). Our findings show that the continental glacis overlying 

the Palaeozoic hard rocks at the northernmost sector of the town produce Vs30 values 

above 800 m/s, qualifying that area as EC8 Class A-type. H/V measurements carried out 

by Navarro et al. (2007) showed the lowest soil predominant periods (0.10 to 0.30 s) at 

that sector, as result of the higher mean velocities (apart from a shallowest soft layer of 

4-5m) of the hard rock which give the best mechanical condition in terms of site 

amplification (Yilmaz 2015) in Adra town. It is noteworthy that buildings did not suffer 

any damage in that sector. Adjacent to the northernmost sector and with similar seismic 

characteristics spreads, the northwest sector of the town reflected Vs30 in the 500-800 

m/s range within the EC8 Class B1-type. This Vs30 range correlate well with the 

presence of Pleistocene glacis in that sector. Nevertheless, some significant building 

damage occurred in specific locations in the eastern sector of the town where the soft 

Holocene Adra river alluvial fan and some colluvial fans outcrop. Kanli et al. (2006) 

showed that the usefulness of Vs distribution maps for different depths in earthquake 

hazard studies: the presence of softer materials in the first few meters depth may 

influence the building damage probability level. It is important to note that Navarro et 

al. (2007) demonstrated the occurrence of visible microtremor resonant phenomena in 

that sector of the town since soils with predominant periods around 0.20 s coexisted 

with four-storey buildings having the same period. Some of them were severely 

damaged during the Adra 1993-1994 earthquake sequence (Fig. 10). The analysis of 

microtremor measurements is a quick, easy and inexpensive way to assess the dynamic 

behaviour of building structures based on the fact that microtremor spreads on the 

building structure and is amplified at soil predominant periods close to the natural 

period of the building (Panzera et al. 2016). Another important point is the main 

building damage distribution zone located in the transition among the G2, classified as 

EC8 Class B1-type, and the Holocene Adra river alluvial fan and colluvials fans, 

classified as EC8 Class C-type (180-360 m/s). This transition area is characterized by 

Vs30 values in the 360-500 m/s range within the EC8 site Class B2. Additionally, the 

hard rock in this transition area is affected by a huge density of conjugated small faults, 

(Paz et al. 2017), which may tend to decrease their mechanical properties.  

From the transition area to the southern sector of the town, the thickness of 

Holocene formations increases progressively, involving Vs30 values from 180 to 360 

m/s consistent with EC8 Class C soils. These values suggest possible shaking 
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amplifications during an earthquake due to weaker soil characteristics. Indeed, these 

soft alluvial and colluvial materials are covered by recent anthropogenic unconsolidated 

fillings in specific locations (Alcalá et al. 2002; Paz et al. 2017) (Figs. 1c and 1d). In 

addition, the increasing depth of the soft sediment-bedrock boundary towards the south-

eastern sector of the town determines the increasing of predominant periods (greater 

than 0.5 s), highlighting that this sector of the town is highly prone to seismic 

amplification of the low-frequency spectral components (Fig. 10). Since that sector had 

not yet been urbanized, no building damage was reported there during the Adra 1993, 

1994 earthquake sequence. However, these findings should be taken into account by the 

municipality of Adra, because the town is currently growing towards that sector. 

 

 
 

Fig. 10. Average Vs30 (m/s) map Adra town following the Eurocode-8 (EN 1998) criteria, with the overimposed distributions of 

soil predominant periods (s) and damaged buildings after the 1993 and 1994 Adra earthquakes, both modified from Navarro et 

al. (2007).  

 

Following similar studies (Kanli et al. 2006), we propose an alternative 2D 

representation of the Vs profiles to show the average shear-wave velocity distribution at 

different depths (5, 10, 15, 20, 25, and 30 m), following increments of 150 m/s (Fig. 

11). Interestingly, average Vs down to 5 m depth (Vs05) shows that almost all the 

damaged buildings fall into the 150-450 m/s range. Nevertheless, we observe that these 

damaged buildings still fall into the zone with Vs20 from 150 m/s to 450 m/s. This can 

be explained because normal faults increase up to 20 m the thick of soft sediments in 

this sector (Fig. 1d). It is relevant to note that few damaged buildings fall into zones 

with average Vs above 600 m/s (even for Vs05). In general, the Vs zones correlate well 

with boundaries and thicknesses of recognized geological formations and faults. This 

feature allows to propose the geology of the town as a basic supporting data for 

predictable Vs. 
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6 Conclusions 
 

This study compares independent dataset obtained through MASW and SPAC 

methods to perform reliable seismic microzonation studies of assistance for seismic 

hazard management in urban areas. The combination of these two seismic methods 

allows compiling a huge amount of shallow Vs data, which represented valuable 

information to perform a detailed microzonation map of Adra town. The existing 

detailed geology was a key piece of information to support the interpretations. 

 

 
 

 

Fig. 11. Average Vs30 (m/s) distribution maps of Adra town down to (a) 5 m depth; (b) 10 m depth; (c) 15 m depth; (d) 20 m depth; 

(e) 25 m depth; and (f) 30 m depth. Damaged buildings after the 1993 and 1994 Adra earthquakes are overimposed. 

 

Results from SPAC and HVSRs analysis under the diffuse field approximation, 

and those from active and passive MASW surveys in coincident sites provided similar 

Vs30 models, leading to similar soil-type classifications in terms of Eurocode 8 (EN 

1998). The joint application of these methods allows a suitable cross-checking of data 

as a prerequisite to provide accurate results. Four SPAC arrays located into the 
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trajectories of four MASW profiles were conducted for accurate 1D Vs models used for 

cross-checking.  

Turning to the MASW method, the land-streamer system proved to be a useful 

tool for gathering a huge amount of seismic data from the ground surface to 30 m depth. 

This capability enabled a more exhaustive and consistent soil classification of Adra 

town following EC8 criteria. The MASW method was a suitable method to detail the 

geological changes induced by fault systems previously identified in surface, which 

determine the different magnitude of Vs recorded at short distances in some sites. Note 

that this is an ongoing study so information from new geotechnical boreholes could be 

added to improve the interpretation of 2D Vs models deduced from existing MASW 

profiles. Nevertheless, the 2D Vs models were consistent with the existing geological 

information. The seismic site classification map for Adra town showed the best soil 

properties at northern sectors, corresponding to EC8 site Class A; this was expected 

because the Palaeozoic schist bed-rock is shallower or outcropping and no damage was 

reported in the 1993-1994 Adra earthquakes sequence in this sector. On the contrary, 

significant building damage occurred in EC8 B1-type sectors composed of Holocene 

Adra river alluvial fan in which resonant phenomena were evidenced from previous 

microtremor records. Most of building damages took place in a transition area 

characterized as Site Class B2, which corresponds to Holocene Adra river alluvial fan 

and colluvial fans of increasing thickness towards the southern sector of the town. This 

area has been classified as EC8 Class C-type. Larger predominant periods (greater than 

0.5 s) were found in this zone, which is highly prone to shaking amplification during an 

earthquake and resultant liquefaction. 

The detailed soil characteristic maps based on the Vs distribution is useful for 

site safety evaluation studies addressed to future urban planning. It is important to 

highlight that proper structural designs and construction practices should be conducted 

as Adra town expands toward the southeastern sector. 
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