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Abstract In the last two decades, the horizontal-to-vertical (H/V) spectral ratio of

seismic noise technique has been widely used for site-effect estimation and geophysical

exploration through the soil fundamental frequency. Usually, only one peak is observed in

the H/V spectral ratio, but in some cases, a second peak can also be obtained. Nevertheless,

to date, the peaks at higher frequencies are rarely studied in detail. Geological and geo-

physical data are especially needed to better explain the presence of this second peak,

which normally is neglected. An extensive survey of H/V measurements was conducted in

the Llobregat river delta, located to the south of Barcelona. At most sites, two clear peaks

were identified: one at low frequencies (\1 Hz) and the other at higher frequencies

([1 Hz). To understand this behaviour, a seismic noise array and active surface wave

measurements have been conducted to obtain a shear-wave velocity profile (Vs) up to the

bedrock. Two impedance contrasts have been detected: the first one at a shallow depth and

the second one between the soft sedimentary cover and the bedrock. During the modelling

process, the theoretical H/V computed from the obtained Vs models fits well with the

experimental H/V peaks. The results from this study show that the structure of shallow

quaternary layers can clearly change the shape of the H/V ratio, producing two clear peaks

in some situations. In this case, the contact between the low-velocity clay layer and the

gravels with a high seismic wave velocity produces a shallow impedance contrast related to

the second peak observed in the H/V ratio. Comprehension of these secondary peaks could

avoid a misreading of the soil fundamental frequency that could produce errors in a site-

effect evaluation or in the calculation of the bedrock depth. Finally, we show that passive

seismic techniques provide the quaternary overburden and bedrock geometry in urban

areas and allow for the limitations of other geophysical techniques in these environments to

be overcome.
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1 Introduction

Understanding the geological architecture of the Mediterranean deltas is essential, as they

constitute unstable sedimentary systems usually subjected to high population stress

(Stanley 2001). In this context, their characterisation is relevant to different fields, such as

the exploitation and protection of groundwater resources or earthquake ground-motion

amplification studies due to soft sediments.

The Llobregat delta (NE of the Iberian Peninsula) is strategically relevant to the

Barcelona urban area and the surroundings, as it supports a major industrial settlement

together with transportation infrastructures, such as highways, railways, the Barcelona

harbour and the airport. In addition, the Llobregat delta represents one of the most

important surface and groundwater resources in this area (Custodio 2012).

Most geological loggings conducted in the Llobregat delta are restricted to the Qua-

ternary sediments due to their strategic importance in engineering constructions or water

resources (Gámez et al. 2009). The meticulous reviews of the publications addressing the

geology of the Llobregat delta (e.g., Lafuerza et al. 2005; ICC-IGC-CUADLL 2006;

Liquete et al. 2008; Gámez et al. 2009 and references therein) note that, currently, few

boreholes have reached the pre-Quaternary basement in the emerging delta. In the central

part of the delta, there are kilometric areas without any borehole that has crossed the

summit of the pre-Quaternary basement. From a geophysical point of view, the intensive

urbanisation makes more difficult the use of electromagnetic surveys to image deep

structures and faults due to the low-quality data (Jie et al. 2000). In addition, the presence

of salt water intrusion masks the lithological–electrical resistivity relationship because the

electrical properties heavily depend on the fluid content (Falgàs et al. 2011; Slater et al.

2000; Nguyen et al. 2009). On the other hand, P-wave seismic surveys revealed a strong

signal attenuation due to the presence of organic material (Benjumea et al. 2006).

To study the structure of subsoil, passive seismic techniques are proposed as alternative

techniques in a deltaic environment to characterise the sediments on top of the bedrock.

One of these passive techniques is the horizontal-to-vertical (H/V) spectral ratio of seismic

noise proposed by Nogoshi and Igarashi (1970, 1971). The H/V method computes the ratio

between the Fourier amplitude spectra of the horizontal and vertical components of seismic

noise measurements. It is generally accepted that this spectral ratio provides a good esti-

mation of the soil fundamental frequency (f0). Revised by Nakamura (1989), this quick,

reliable and low-cost technique has been applied in many regions for site-effect estimation

(Lermo and Chávez-Garcı́a 1993; Bard 1999; Fäh et al. 2001; Bonnefoy-Claudet et al.

2009; Castellaro and Mulargia 2009).

Recently, the H/V method has been highly recommended within the SESAME project

(site-effect assessment using ambient excitations) after a detailed study of its implications

(Bonnefoy-Claudet et al. 2006; Bard 2008; Chatelain et al. 2008; Haghshenas et al. 2008).

The application of this method is particularly suitable for regions with low seismicity

because it is difficult to record a convenient number of earthquakes at rock and sediment

stations in a short period of time to obtain an empirical transfer function of the soil

locations, as is the case in Barcelona (Lachet and Bard 1994; Cadet et al. 2011; Goded

et al. 2012). From this methodology, fundamental frequencies can be obtained, but it is

important to consider that the H/V ratio amplitudes cannot be related to actual soil

amplification factors due to the effect of the local seismic noise sources on the H/V

amplitude (Lermo and Chávez-Garcı́a 1993; Cid et al. 2001; Le Brun et al. 2001; Bon-

nefoy-Claudet et al. 2006).
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In addition to site-effect assessment, the H/V seismic noise technique has been tested

as a fast and efficient way to obtain the bedrock geometry as a geophysical exploration

method (Ibs-von Seht and Wohlenberg 1999; Delgado et al. 2000; Parolai et al. 2002).

This method uses a f0-bedrock depth empirical relationship to calculate the overburden

thickness. Some studies have verified that the joint interpretation of H/V surveys and

traditional geophysical methods provides more insights and reduces the uncertainties in

surface models, becoming an effective tool for recognising and characterising the

lithologies and structures of subsoil (Kühn et al. 2010; Benjumea et al. 2011; Gabàs et al.

2014).

The other passive method included in this work is the array technique. This technique

records simultaneous seismic noises with multiple seismometers forming a geometry, such

as triangles or circles. In recent years, the array technique has become a widespread tool to

compute shear-wave velocity (Vs) (Asten and Henstridge 1984). This success comes from

the easiness to use passive sources as well as from the possibility of investigating deep

sedimentary structures at a lower cost compared with cross-hole, downhole or S-wave

refraction techniques. The main assumptions behind an array analysis are that seismic

noise is mostly composed of surface waves and that the ground structure is approximately

horizontally stratified (Tokimatsu 1997). In a one-dimensional heterogeneous medium,

surface waves are dispersive and show a variation in the apparent velocity with frequency.

The data processing for obtaining a Vs profile from noise array measurements is divided

into two main steps: deriving the spectral curve characteristics of the propagating waves

(namely, a dispersion curve or auto-correlation curves) and inverting this curve to retrieve

the soil structure.

The objective of this paper is to discuss and demonstrate the ability of combined passive

seismic techniques (H/V and array) to detect the bedrock depth and to characterise the

sediments structure in a deltaic environment where other geophysical techniques failed due

to the specific characteristics of this sedimentary medium (organic sediments, saline

intrusion, etc.). To achieve this objective, the following steps have been performed:

(a) Review the available passive seismic information

(b) Correlate and interpret the previous and new H/V data with borehole information

(c) Evaluate the shape of the H/V spectral ratio of the new data

(d) Analyse the new array data to provide the shear-wave velocity information of the

quaternary and neogene layers up to the bedrock

(e) Obtain new and relevant interpretation of the sedimentary delta system using the

correlation between H/V and array data, which allows us to understand the delta

system better.

2 Geological Settings

The Llobregat is a 156.5 km-long Mediterranean river with a 4,950 km2 catchment basin.

Its headwaters are in the Eastern Pyrenees, and it outlets to the south of Barcelona city

forming a delta plain after having crossed the Catalan Coastal Ranges. The waters (surface

water and groundwater) from the Llobregat alluvial and deltaic plain represent a resource

of capital importance for the sustainable development of the Barcelona metropolitan area

(Vázquez-Suñé et al. 2006).

The Llobregat emerging delta plain (Fig. 1) is covered by the superficial sediments of

Quaternary age related to the evolution of this part of the SW of the Mediterranean margin
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(Liquete et al. 2008; Gámez et al. 2009). According to these authors, the Quaternary

sediments of the Llobregat delta are organised by the depositional sequences associated

with the sea level changes during the Quaternary. These sequences are recorded in many

coastal plains worldwide (Blum et al. 2013). The shallowest sediments of the emerging

delta are linked to the global stabilization of the sea level that started approximately 9 kyr

ago (Stanley and Warne 1994; Lambeck and Chappell 2001; Siddall et al. 2003). The

thickness of such Quaternary sediments increases seawards, from approximately 20 m at

the margin of the delta to approximately 100 m on the coastline (ICC-IGC-CUADLL

2006).

The Quaternary sediments of the emerging Llobregat delta plain overlie the Pliocene

deposits, which are composed basically of grey marine marls with sandy layers. Borehole

data (ICC-IGC-CUADLL 2006) indicate that the Pliocene deposits in the Llobregat delta

reach a thickness of more than 200 m.

Offshore seismic profiles (Roca et al. 1999; Garcı́a et al. 2011) indicate that near the

coastline of the Llobregat delta, the Pliocene and the Quaternary deposits define a

wedge-shaped succession prograding basinward up to 500 m thick. This succession

includes several sequences related to the post Messinian (Plio-Quaternary) eustatic

fluctuations that formed the modern Mediterranean continental shelves (Berné et al.

2004). The boundary between the Quaternary sequences and the Pliocene sequences in

the Llobregat shelf is not well established. The Plio-Quaternary succession of the

Llobregat delta rests unconformably on a faulted basement involving Palaeozoic,

Mesozoic and Cenozoic rocks (Roca et al. 1999; Gaspar-Escribano et al. 2004; ICC-

IGC-CUADLL 2006).

Fig. 1 Location of the study area (red circle) in a geological map of Barcelona region with some reference
names (Llobregat and Besòs Deltas, Barcelona Plain, Collserola Massif). Map is shown in UTM
coordinates, datum ETRS 89 31N
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3 Previous Work on Passive seismic noise in the Llobregat Delta

Different microzonation studies were conducted in the city of Barcelona (Cid et al. 2001;

Alfaro et al. 2001; Cadet et al. 2011). Some of these studies were based on the H/V seismic

noise technique. In these previous studies, fundamental frequencies higher than 1 Hz were

assigned to the Llobregat delta. As these results will be discussed in this work, the

acquisition and processing parameters used by the authors are included as follows. In

Alfaro et al. (2001), the seismic noise measurements were accomplished using a high

dynamic range accelerometer (Altus K2 of Kinemetrics) with a flat response up to 50 Hz

and a seismometer prototype with a flat response between 2 and 10 Hz. The seismic noise

measurements were recorded for 180 s. The dataset was analysed in 20 s time windows.

The H/V spectral ratio was computed in a range between 0.05 and 15 Hz. Cadet et al.

(2011) used a Lennartz LE-3D 0.2 Hz triaxial sensor and a CityShark acquisition system to

acquire seismic noise for 20 min using a sampling frequency of 100 Hz. In this case, the

H/V spectral ratio was calculated in a frequency range between 0.5 and 20 Hz.

Furthermore, in the same study, seismic noise array measurements were made at 17 sites

in Barcelona. Bedrock was not detected in the two seismic noise arrays corresponding to

the Llobregat delta (Rugbi and Prat arrays shown in Fig. 2). According to the expected

bedrock depth from geological information (Gámez et al. 2009), the soil fundamental

frequency in the Llobregat delta should be in a lower frequency range than the ones

obtained in these previous studies.

To understand this discrepancy between the soil fundamental frequencies from previous

work and geology, additional H/V measurements were distributed along the area; some of

them were made very close to or directly at the drilling sites where the soil column geology

is known (Fig. 2). The H/V measurements had been complemented with one seismic noise

Fig. 2 Location of the geophysical measurements. The H/V stations are indicated by green and purple
circles, these latter stations show the measurements carried out near boreholes with available stratigraphy
(HV-1 to HV-17 corresponding to boreholes BH-1 to BH-17). Red triangle indicates the location of the
seismic noise array. Seismic noise array measurements conducted by Cadet et al. (2011) are shown in blue
triangles. Map is presented in UTM coordinates, datum ETRS89 31N

Surv Geophys

123



array and active surface wave measurements to obtain a shear-wave velocity profile up to

the bedrock (Fig. 2).

4 Seismic Noise Data Acquisition and Processing

4.1 The H/V Method

Fifty-seven new H/V measurements were distributed along the Llobregat delta (Fig. 2).

Seventeen seismic noise stations were set up very close to or directly at the drilling sites

with known shallow soil geology, to a maximum of approximately 70 m in depth.

The seismic ambient noise vibrations were recorded using a six-channel Cityshark

datalogger connected to one Lennartz LE-3D 0.2 Hz triaxial sensor. The record length

ranged between 10 and 20 min with a sampling frequency of 100 Hz. The H/V ratio was

calculated using the Geopsy software (http://www.geopsy.org) developed during the

SESAME project (http://sesame-fp5.obs.ujf-grenoble.fr), as follows in (1):

H

V
¼ SNS þ SEW

2 � SV

ð1Þ

where SNS, SEW and SV are the magnitude of the smoothed Fourier spectrum of the north–

south, east–west and vertical components, respectively. The Fourier spectrum of each

component was smoothed in overlapped windows by 50 %. For further processing, only

the quiet sections of the seismic noise recordings were used. Therefore, portions of the time

sections with non-stationary signals have been removed by the STA/LTA anti-trigger

algorithm (Lee and Stewart 1981). The length of the time series window was 60 s. The

criteria for the interpretation of the H/V peaks have followed the SESAME guidelines

(Bard and SESAME-Team 2004), such as:

1. The H/V peak amplitude (AHV) should be higher than 2.

2. One frequency (f-), lying between fHV/4 and fHV (the soil fundamental frequency),

exists, such that AHV/A(f-) [ 2, with A(f-) the H/V ratio amplitude at the frequency

f-.

4.2 The Array and Active Surface Wave Techniques

Seismic noise array and active surface wave measurements were made in the vicinity of a

borehole that reaches the Pliocene materials up to 100 m in depth. The array equipment

consisted of seven Lennartz LE-3D 0.2 Hz triaxial sensors and seven SARA SL06 seismic

recorders. The sampling rate was fixed at 200 samples per second. This wireless equipment

with GPS time allows recording the ground motion simultaneously. The sensors were

arranged into two equilateral triangles with two different radii to a common centre where

the seventh sensor was located. One triangle was rotated 60� with respect to the other one

to obtain a good azimuthal coverage (Fig. 3). The investigation depth of a seismic noise

array method depends on its radius (Okada 2003). To have a sufficient investigation depth,

the observation arrays consist of multiple triangular arrays paired with different radii. After

the first recording, the inner triangle was moved to a corresponding outer triangle with the

same centre, and a second time window was acquired. This procedure was repeated by

increasing the distance from the triangle vertex to the centre. Table 1 shows the radii of the

Surv Geophys

123

http://www.geopsy.org
http://sesame-fp5.obs.ujf-grenoble.fr


triangles used in this study. The record length depends on the radii of the arrays: the larger

the array aperture, the longer the record length (Table 1).

Complementary active surface wave measurements (MASW method) have been made

to obtain a higher resolution in the near surface layers. We set up 24 sensors of 4.5 Hz

distributed every 5 m in a linear geometry. A seismic profile was performed using a DMT

seismic recorder. The active source was a 5 kg hammer striking a metal base plate. Two

Table 1 Radius and record
length of the four arrays imple-
mented in this study

Array Name Radius (m) Record
length (min)

Array 1 R1 10 25

R2 25

Array 2 R2 25 40

R3 55

Array 3 R3 55 110

R4 100

Array 4 R4 100 130

R5 250

Fig. 3 Geometry used for the ambient noise array measurements performed in the Llobregat river delta; red
circles indicate positions of stations. Red star indicates the location of the borehole. Map is shown in UTM
coordinates, datum ETRS89 31N
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shots were located on each side of the profile (at 5 and 7.5 m off-set). The record length

was fixed at 1.5 s with a sampling interval of 0.25 ms.

The record of each seismic noise array measurement was analysed with the frequency–

wave number (FK) and spatial autocorrelation (SPAC) methods to obtain the dispersion or

autocorrelation curves. The FK method assumes that the surface waves contained in seismic

noise propagate in a plane across the receiver setup (Lacoss et al. 1969; Horike 1985). The

analysis of the dispersion characteristics of these waves is conducted in the frequency

domain. First, the arrival time differences between the sensors are obtained using a test

velocity vector (the velocity and the direction of propagation) and the relative position of the

sensors. Second, the signals are shifted according to this delay and stacked in frequency

domain. This process is repeated for the frequency, direction of propagation and velocity

ranges. The resulting plot is called a beam power (Capon 1969). To retrieve the dispersion

curve of the surface waves, a search for the maximum beam power is performed. Another

approach to analyse seismic noise is the spatial auto-correlation technique SPAC (Aki 1957;

Ohori et al. 2002; Roberts and Asten 2004). The SPAC technique assumes that the distri-

bution of sources in the noise wavefield is random in time and space. That allows for

applying a stochastic approach that does not attempt to identify individual sources. The

seismic noise processing includes calculating the spatial autocorrelation curves between the

sensor pairs. The average of the autocorrelation ratios is linked to the dispersion curve. Like

in the H/V method, the processing of seismic noise array data has been conducted by

following the guidelines proposed by the SESAME research group and using the Geopsy

package (http://www.geopsy.org). The MASW data were also analysed with Geopsy using

the FK method to retrieve the dispersion curve (DC).

5 Results

5.1 The H/V Method

The H/V ratio responses were obtained at each measurement point of the set of sites along

the studied area. Two main different topologies of the H/V curves were obtained. Some

sites show a clear single peak in the shape of H/V spectral ratio (Fig. 4a), whereas for the

remaining locations, two clear peaks in the H/V spectral ratio curves are observed, one at

low frequencies (\1 Hz) and the other at high ones ([1 Hz) (Fig. 4b, c). According to

Lachet and Bard (1994), a sharp seismo-acoustic impedance contrast ([2) between layers

is required to produce a peak in the H/V ratio. The frequency value of the first maximum of

the H/V spectral ratio represents the soil fundamental frequency of a site, and it is related to

the impedance contrast between the soft sedimentary cover and the bedrock. Usually, only

one peak is observed in the H/V spectral ratio, but in some cases, two clear peaks in the

H/V curves can be obtained, such as the results shown previously. Therefore, a large

acoustic contrast (density and shear-wave velocity) between two superficial layers could

cause the second soil resonance measured in the study area.

However, in the literature, peaks at higher frequencies are rarely studied in detail

(Guéguen et al. 1998; Le Brun et al. 2001; Picozzi et al. 2009). The higher resonance

frequencies are related to a shallower impedance contrast caused by a superficial layer,

which can behave independently of the entire soil column. Nevertheless, geological and

geophysical (e.g., boreholes with lithological descriptions or shear-wave velocity profiles)

data are especially needed to better explain the presence of this second peak, which

normally is neglected. Usually, this information is not available.
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Figure 5 shows the soil fundamental frequency and the frequency of the second peak in

the H/V spectrum throughout the study area. The soil fundamental frequency ranges

between 0.3 and 14.6 Hz, and the frequency range of the second peak is from approxi-

mately 1.1–2.6 Hz. The values and distribution of the second peak frequency fit well with

Fig. 4 Topology of the H/V curves observed in the study area: a single peak site, showing a clear peak
(HV-17); b double peak site; characterised by the presence of two peaks, (HV-11); c same as b but with the
second peak not fully significant (amplitude lower than 2), (HV-12). Soil fundamental frequency would
correspond to the 1st H/V peak. The H/V average spectral ratio is represented by a black solid line, dashed
lines indicate the associated standard deviations
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the Quaternary geology, as we will show next. The H/V ratio site responses obtained were

compared with the shallow geology from the boreholes (Fig. 6). It has been found that the

sites with two clear peaks in the H/V spectral ratio (HV-1, HV-2, HV-3, HV-6, HV-8, HV-

9, HV-11, HV-12 and HV-13) have a significant clay layer overlying a gravel deposit. The

clay thickness ranges between 10 and 40 m and extends over the Llobregat delta, but it

thins northeastward until it disappears (ICC-IGC-CUADLL 2006; IGC 2013); in this

sector, only one peak can be obtained (HV-4, HV-10, HV-14, and HV-17).

The H/V curves showing a second peak with an amplitude lower than 2 (Fig. 4c) could

correspond to a transition zone from a sector characterised by a distinctive clay–gravel

Fig. 5 Results derived from the H/V spectrum throughout the study area. Top soil fundamental frequency
values. Bottom second peak frequency values. Points without labels (green circles) indicate sites without a
second peak. Map is shown in UTM coordinates, datum ETRS89 31N
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contact to another one where this contact is lacking (HV-5, HV-7, HV-15, and HV-16). On

the basis of this ground truth, we can state that the presence of the second peak in the H/V

spectral ratio may be caused by the presence of the clay–gravel contact. To confirm that,

we obtain a shear-wave velocity profile to identify not only the soil/bedrock contact but

also the main acoustic impedance contrasts within the quaternary column.

5.2 The Array and Active Surface Wave Techniques

As the first step of array data processing, the H/V seismic noise analysis was performed at

each measurement station to evaluate the hypothesis of a horizontally stratified soil

structure. The same shape of the H/V curves over the entire frequency band implies a 1D

stratified soil structure. An example of the H/V curves corresponding to different stations

with a 25–55 m array aperture is shown in Fig. 7. In this case, the H/V curves show the

same shape over the entire frequency band, the soil fundamental frequency is 0.54 Hz, and

a second peak of approximately 2.0 Hz is observed. For all of the seismic noise array

measurement locations, the soil fundamental frequency ranges between 0.52 and 0.58 Hz,

and the frequency of the second peak varies between 1.8 and 2.0 Hz (Table 2). This

minimum variation of the frequency peaks indicates that the hypothesis of a horizontally

stratified soil structure is accepted.

The outputs of FK computations for each array configuration are shown in Fig. 8. The

minimum and maximum wave number limits for each array are determined from their

theoretical array response (Wathelet 2005). The dispersion curve is used only between

kmin/2 (kmin is the resolution limit of the array) and kmax (kmax being the aliasing limit of the

array) (the exponential curves in Fig. 8). Figure 8e shows the FK spectrum obtained from

Fig. 6 Boreholes profiles sorted from SW to NE; geological layers are identified in legend. The H/V spectra
corresponding to the measurements carried out at each borehole. The spectra have been grouped according
to their topology
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the active surface wave data (MASW). The dispersion curve from active experiments

covers a range of higher frequency than the dispersion curves from seismic noise data. An

example of the results of SPAC calculations is shown in Fig. 9a. In this case, the high

coherence between both results is supported by a good agreement between the FK dis-

persion curve and the maxima in the SPAC histogram (Fig. 9b).

The dispersion curves obtained with each array configuration are joined together with

the dispersion curve from the active MASW method to obtain a unique dispersion curve to

be inverted (Fig. 10). The standard deviation for each frequency was obtained from the FK

histogram for the passive data, and considering the dispersion of high amplitude energy in

the FK plot for the active part. As a result, the dispersion curve spans over a broad

frequency range from 1 to 30 Hz. The Rayleigh wave velocities range from 1,000 m/s at

the low frequency to 200 m/s at high frequencies. The resulting dispersion curve exhibits a

pronounced hump of approximately 2 Hz that needs to be carefully analysed before

Fig. 7 The H/V curves corresponding to different stations for the 25–55 m array aperture. For all locations,
the soil fundamental frequency value is 0.54 Hz and a second peak around 2.0 Hz is observed

Table 2 Soil fundamental fre-
quency (f0) and second peak
frequency (f2) values for all the
seismic noise array measurement
locations

Station name f0 (Hz) f2 peak (Hz)

R0S1 0.54 2.0

R1S2 0.54 1.9

R1S3 0.55 2.0

R1S4 0.55 2.0

R2S5 0.54 2.0

R2S6 0.54 2.0

R2S7 0.54 2.0

R3S2 0.53 1.9

R3S3 0.53 1.9

R3S4 0.54 2.0

R4S5 0.52 1.9

R4S6 0.54 1.9

R4S7 0.55 2.0

R5S2 0.55 2.0

R5S3 0.52 1.8

R5S4 0.58 1.9

Surv Geophys

123



inversion. One possibility is that this anomaly in the dispersion curve is related to the

expected velocity inversion within the soil column (De Nil 2005; Foti et al. 2003).

According to Ikeda et al. (2010), in a velocity inversion profile, the first higher mode of

dispersion curve is predominant in a frequency range. Under these conditions, the observed

dispersion curve is a combination of the fundamental and the first higher modes. On the

basis of these results, we can establish that the DC hump most likely belongs to the first

higher mode. This behaviour should be taken into account during the inversion process. To

eliminate the effect of the first higher mode, the dispersion curve between 1.5 and 2.4 Hz

was not included in the inversion process.

In contrast, the SPAC autocorrelation curves from each array have been jointly inverted.

The inversion processing of the dispersion curve from FK and the SPAC autocorrelation

curves has been done with Dinver software included in the Geopsy package based on a

neighbourhood algorithm process (Wathelet et al. 2004; Wathelet 2005). The inversion of

the dispersion and autocorrelation curves is performed assuming that the layering in the

subsurface is horizontal, as has been tested with the H/V method.

The results obtained from the H/V method have been used as constraints to obtain the

1D inversion model of shear-wave velocity. As a basic model parameterization, two soft

layers over a half-space model are selected, which is consistent with the analysis of the

Fig. 8 FK histograms (colour scale) with the selected dispersion curve (black) for all the array apertures a–
d. Exponential curves show the theoretical response of the array defining the resolution (continuous line)
and aliasing (dashed line) limits. e FK spectrum of the shot gather corresponding to the active surface wave
measurements (MASW method) applied in the Llobregat river delta
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H/V peak frequencies. A third layer is added to take into account the velocity inversion

detected in the dispersion curve (Fig. 10). Therefore, the soil profiles are represented by

three soil layers over the bedrock. The compressional and shear-wave velocities in each

layer are uniform except in the first layer, where a power law velocity increase is assumed.

This power law fits better with the gradual change observed in the dispersion curve for the

higher frequency range (Fig. 10). The parameter range for P-wave and S-wave in the

second and third layers allows for the velocity inversion.

Figures 11 and 12 show the match between the experimental curves (the black lines

with error bars) from FK and SPAC methods, respectively, and the modelled dispersion

and autocorrelation curves (colour coded) corresponding to the shear-wave velocity models

resulting from the inversion. For the whole dispersion curve, the overall shape of the curve

Fig. 9 a Autocorrelation curves from SPAC method. Examples with 25–55 m array aperture are shown.
b Comparison between histogram from SPAC method (colour scale) and dispersion curve from FK analysis
(black curve with error bars) for the same array aperture
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fits well. Moreover, for most rings, the experimental and modelled autocorrelation curves

match.

Shear-wave velocity models (Vs) from the surface to the bedrock have been obtained from

the seismic noise array analysis (Fig. 13). For both FK and SPAC methods, the soil profiles

are similar. The models with a minimum misfit obtained from the FK and SPAC analyses are

coherent in general (Table 3), with the main difference in the base depth of the third layer.

To constrain the interpretation, the inversion models were compared with a lithological

description corresponding to the Corderès borehole located 120 m northeast of the array

centre (Fig. 14). The first soil layer approximately 25 m thick and a mean shear-wave

velocity of 220 m/s can be related to a mixture of clay, silt and sand according to the

borehole description. Underneath this layer, a gravel and sand stratum that reaches

approximately 80 m in depth (according to drilling) is observed. That would correlate with

a layer of mean shear-wave velocity ranging between 890 and 1,250 m/s. Note that this

gravel stratum is characterised by a high shear-wave velocity. The Vs properties can be

explained by the dependency of Vs on the degree of compaction of the material due to the

weight of the overlaying material. Havenith et al. (2007) showed that the Vs of the gravels

changes with the thickness of the sediment cover, as a thicker gravel deposit shows a

higher Vs. In our case, a high Vs value can be expected as its thickness is significant.

Beneath this second layer, a soft layer can be formed with marls on top that can be related

to a mean shear-wave velocity of approximately 630 m/s. The impedance contrast between

the second and third layers produces a strong velocity inversion, which can be seen in the

dispersion curve (Fig. 10). Considering the information from the borehole, the bottom of

the third layer reaches at least 100 m in depth. Taking the information provided by the

array into account, this layer reaches up to 300 m in depth at least. This result cannot be

confirmed by any geological data. Considering the high shear-wave velocity (approxi-

mately 2,200 m/s) in the last layer, it can be interpreted as the bedrock or the seismic

basement. In summary, both Vs models are coherent with the soil column description of the

Fig. 10 Combined dispersion curve from each dispersion curve shown on Fig. 8 (black line). Theoretical
dispersion curves of fundamental (red) and first higher modes (blue) computed using shear-wave profile
obtained from the inversion of the dispersion curve
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borehole (the first 100 m). The main difference between the FK and SPAC results is the

bedrock depth. To discern which is the optimal model, the theoretical dispersion and the

H/V curves will be obtained in the next section.

At the present time, there is no global agreement about the penetration depth of a

seismic noise array. For example, the maximum investigation depth reached at each array

can be calculated from the maximum wavelength (kmax) divided by 3 (Cadet et al., 2011).

kmax is obtained by multiplying the low-frequency limit of the dispersion curve by the

corresponding phase velocity. In our case, the low-frequency limit of the dispersion curve

is 1.1 Hz, and the corresponding phase velocity is 1,000 m/s. Then, kmax is 1,100 m and

the maximum investigation depth would be 365 m. In contrast, Park et al. (1999) con-

sidered a penetration depth of the order of half kmax for surface waves; therefore, the

penetration depth of the array would be 550 m. In either case, these values are higher than

the depth where the bedrock is detected.

cFig. 12 Comparison between measured autocorrelation curves obtained with SPAC processing method
(black lines and error bars) and modelled autocorrelation curves (coloured lines) corresponding to the Vs

models resulting from autocorrelation curves inversion. Error misfit is colour code

Fig. 11 Comparison between measured dispersion curve obtained with FK processing method (black lines
and error bars) and modelled dispersion curves (coloured lines) corresponding to the Vs models resulting
from DC inversion. Error misfit is colour code
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6 Modelling

To understand the shape of the H/V ratio and validate the results obtained from the array

technique, the theoretical H/V ratios are retrieved using the Vs models from both FK and

SPAC analyses as input. A DC-forward software included in the Geopsy package is used to

compute the theoretical horizontal-to-vertical spectral ratios (TH/V) shown in Fig. 15.

A DC-forward computation is based on the eigenvalue problem described by Thomson

(1950) and Haskell (1953) and subsequently modified by Knopoff (1964), Dunkin (1965)

and Herrmann (1994). As expected with the presence of two high impedance contrasts in

the S-wave velocity profile, one deep (C300 m in depth) and the other shallow (*25 m in

depth), two levels of amplification are observed in the theoretical H/V spectra, one at low

frequencies (approximately 0.55 Hz) and the other at high frequencies (approximately

2.0 Hz). These results are consistent with the frequency values of the maximum amplitude

Fig. 13 Left Shear-wave velocity profiles obtained from the inversion of dispersion curve from both passive
and active experiments. Misfit is lower than 5.87. Right Shear-wave velocity profiles obtained from the
inversion of the autocorrelation curves with a misfit lower than 0.63

Table 3 Shear-wave velocity models (Vs) from surface to bedrock obtained by FK and SPAC analysis and
inversion processing

Description FK SPAC

Thickness (m) Vs (m/s) Thickness (m) Vs (m/s)

First layer Very soft 25 220 25 220

Second layer Stiff 48 1,250 62 890

Third layer Soft 227 630 263 630

Fourth layer Very stiff ? 2,200 ? 2,400
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Fig. 15 The theoretical H/V ratio at the array centre considering the models obtained in the FK analysis
(red curve), the SPAC analysis (blue curve) and the H/V curve obtained from seismic noise recorded in the
centre of the array (black curve)

Fig. 14 Lithological description of soil column describing the borehole located 120 m northeast of the
array centre
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in the experimental H/V spectral ratio, 0.54 and 2.0 Hz, respectively (Fig. 7). In particular,

the soil fundamental frequency obtained by the SPAC analysis (0.54 Hz) fits better than the

value obtained from the FK analysis (0.61 Hz). Regarding the second peak, the differences

between the two models are minimal. Therefore, the Vs profiles from the array technique

explain the peaks observed in the H/V spectral ratio. The peak at higher frequencies

(approximately 2 Hz) is related to the clay–gravel contrast, and the peak at lower fre-

quencies (approximately 0.55 Hz) is associated with the contact between the third layer

(composed of marls on top) and the bedrock.

In addition, the theoretical dispersion curves corresponding to the fundamental and the

first higher modes have been computed using the Geopsy package. These curves have been

overlapped on the experimental FK plots from the array and MASW data to understand the

origin of the observed energy maxima (Fig. 10). The theoretical fundamental mode fits

well with the experimental dispersion curve in the entire frequency range except in the

interval between 1.5 and 2.4 Hz, where the energy maximum of the FK histogram is

shifted towards the first higher mode. In contrast, the theoretical first higher mode curve is

coherent with the second clear maximum observed in the FK plot between 7 and 10 Hz and

the phase velocity approximately 300 m/s. This analysis validates the Vs model obtained

from the array and MASW survey.

7 Discussion and Conclusions

The results from this study show that the structure of shallow Quaternary layers can clearly

change the shape of H/V ratio, producing secondary peaks in some situations. This could

affect the soil fundamental frequency identification that can produce errors in a site-effects

evaluation or in the calculation of the bedrock depth in a geophysical exploration survey.

Therefore, it is critical to estimate a preliminary soil fundamental frequency from the prior

knowledge of geology. In this way, a suitable record length or seismometer natural fre-

quency can be fixed during fieldwork planning. In addition, the applications of other

exploration or modelling methods together with the H/V technique can help to avoid

misinterpretations of the soil fundamental frequency in this type of environments.

Furthermore, in this paper, we have shown that a detailed study of the full H/V shape

can provide information about surface geology. Regarding site-effect studies, the presence

of two clear peaks in the H/V spectral ratio means two important impedance contrasts

between layers. Therefore, a significant amplification of seismic waves produced by these

contrasts can be expected at these locations. Moreover, secondary peaks can have a

noticeable impact where low rise constructions are predominant, as they are more sensitive

to high frequencies. The distribution of secondary peaks has to be included in microzo-

nation studies, as the zonation of soil fundamental frequency does not fit the highest

damage observed in some cases, in contrast to the general expectation (Guéguen et al.

1998).

Taking into account these new results obtained in this work from seismic noise pro-

cessing and modelling, the high values of soil frequencies ([1 Hz) obtained from the

Barcelona seismic microzonation (Alfaro et al. 2001; Cadet et al. 2011) are related to the

clay–gravel contact present in the Llobregat river delta, not to the bedrock.

Concerning geological studies in a deltaic environment, analysing the H/V topology is

useful in delineating the clay–gravel contact and defining the transition zones between

sectors with different quaternary geology. This knowledge is critical to the groundwater

management in the Llobregat delta.
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We have demonstrated the utility of the array technique as an exploration tool in areas

with a velocity inversion in the soil structure. For example, the seismic refraction

tomography method has significant intrinsic limitations due to the presence of a high-

velocity layer over a low velocity, in this case, gravel over marl. In addition, the P-wave

seismic records from deltaic areas are marked by large zones lacking seismic penetration,

which has been attributed to the presence of shallow gas and which is long regarded as a

nuisance because of the extreme low seismic resolution and penetration (Missiaen et al.

2002). Under these conditions, the array technique has become very useful due to the low

attenuation of surface waves in presence of gas as well as the logistical advantages of using

seismic noise.

The Vs models obtained from the array and MASW survey have been validated in the

modelling section. First, the two theoretical H/V peaks fit well with the experimental H/V

peaks. Second, the theoretical dispersion curves are coherent with the observed maxima in

the FK plot.

Finally, we have shown that the array and the H/V techniques are suitable for urban

environments where other geophysical techniques are limited by anthropic noise and

logistic issues, providing the 3D mapping of the quaternary layers and bedrock geometry.

The subsoil characteristics of the Llobregat river delta are representative of the geology

found in many areas on the Mediterranean coast, as its geological structure is subject to the

Mediterranean Sea level changes. The study conducted in this paper will be useful in

interpreting the H/V spectral ratio in these areas, as similar shapes are expected.
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Falgàs E, Ledo J, Benjumea B, Queralt P, Marcuello A, Teixidó T, Martı́ A (2011) Integrating Hydro-
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