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Abstract
Seismic site effects are related to the local lithology, which modulates seismic waves and can enhance their amplification. For this
reason, the horizontal-to-vertical ratio (H/V technique) was used to characterize them in the urban area of Nador. Ambient noise
was measured at 190 different sites in order to characterize the sedimentary deposits from a seismic point of view, with further
reference to 53 available geotechnical boreholes. The first investigation on site effects in Nador city, presented in this study, gives
fundamental frequency values between 2.1 and 5 Hz and an amplification factor range between 2.5 and 11.4. No amplification is
found in rock soils except for some small areas where weathered soils exist. The obtained results are compared with the H/V of a
groundmotion recorded in two stations. In general, results are in agreement and show that some areas display the phenomenon of
amplification during a seismic action. The seismic vulnerability indices were also estimated, and values between 1 and 47 were
obtained, indicating that the zones where the sediments overlie basaltic rocks are highly vulnerable, given the high impedance
contrast. This microzonation study is a case study for the seismic risk assessment of Nador, ultimately contributing to urban
planning and risk mitigation by defining suitable areas for building.
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Introduction

The Nador city is situated in the northeast of Morocco, along
with the Alboran Sea (Fig. 1). It is considred a seismically
active area in North Africa due to the convergence of the
Eurasian and Nubian plates (Buforn et al. 2004; Koulali
et al. 2011; Kariche et al. 2018). The results of the numerous
studies classified the city as the moderate seismic hazardous

area in Morocco (Nakhcha et al. 2006; Peláez et al. 2007;
Cherkaoui and El Hassani 2012).

The damage pattern in urban areas depends mainly on the
characteristics of the earthquake, the site effect, and the vul-
nerability of structures. The site effects can modulate the seis-
mic waves and therefore increase building damage, as oc-
curred in numerous regions of the world: for instance, the 17
January 1995, the Kobe earthquake (Mw 6.9) (Esper and
Tachibana 1998); 17 August 1999, Kocaeli earthquake (Mw

7.4) (Rathje et al. 2006); 17 January 1994, Northridge earth-
quake (Mw 6.7) (Boore et al. 2003); 19 September 1985,
Mexico earthquake (Mw 8.1) (Mayoral et al. 2019); 21
May 2003, Algiers earthquake (Mw 6.8) (Hamdache et al.
2004); and 24 February 2004, Al-Hoceima earthquake (MW

6.3) (Douiri et al. 2015).
In this context, the study of the characteristics of soil is

important for assessing the seismic effect, which is a good tool
to assess the seismic hazard in terms of the amplification
(Horike et al. 2001; Bonnefoy-Claudet et al. 2006;
Haghshenas et al. 2008; Foti et al. 2011 ; Parolai 2012).

The site response can be characterized by differents analyt-
ical and experimental methods. Numerical calculations are
based on boundary element methods and finite element
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methods (Beskos 1987; Anandarajah et al. 1995; Semblat
et al. 2000) adapting the analysis of waves propagation; others
include the time-domain nonlinear (NL) method and the
frequency-domain equivalent-linear (EQL) method (Park
and Hashash 2008; Groholski et al. 2016). Site response in
terms of amplification can also be determined using empirical
equations by averaging the residuals between the observed
and predicted peak ground acceleration (PGA) and spectral
acceleration (SA) values for various periods (Douglas 2001;
Campell 1981; Fukushima and Tanaka 1990). Therefore the
use of ground motion prediction equation (GMPE), which is
an empirical function based on earthquake characteristics
(magnitude, distance from seismic source to the site, and local
site conditions…) has become a very common technique to
assess the site response and adopted for several studies in the
world (Gulkan and Kalkan 2002; Gulkan and Kalkan 2005;
Bindi et al. 2007; Ulutaş and Özer 2010; Ulutaş et al. 2011;
Hamdache et al. 2019). It is important to highlight that ground
motion prediction methodologies without any accounting for
the source factors are inadequate. For instance, Ma et al. (2018
and 2019) concluded that ground motion values are closely
related to the source focal mechanism, noting that magnitude
has an exponential effect on the distribution of the PGV and
PGA values. A detailed comparison of the importance of focal
mechanism solution in this type of studies was also provided
by Douglas et al. (2007).

On the other hand, two categories of experimental methods
exist: reference site (Borcherdt 1970) and non-reference site
techniques (Bard 1995). The principle of the reference site
method is comparing the nearby sites records and the refer-
ence site installed on the rocky soil. The observed difference
between the sites is considered due to local site effects (Jarpe
et al. 1989). This technique is impractical in regions where
seismic activity is low or moderate and can be applicable only
to data from dense and large network stations.

In the absence of data from reference sites, techniques con-
sidering a non-reference site such as the horizontal-to-vertical
(H/V) spectral ratio method are widely used to overcome this
lack of data. Nogoshi and Igarashi 1970 were first to introduce
this technique, and it was developed by Nakamura (1989) to
estimate the site response of S waves, and it was proposed for
interpreting ambient seismic noise measurements. This meth-
od was supported to determine site response for surface de-
posits and for microzonation studies (Lermo et al. 1994,
Konno and Ohmachi 1998, Mucciarelli 1998; Strollo et al.
2011; Lachet et al. 1996; Talhaoui et al. 2004 ; Rosa-Cintas
et al. 2017). In decades, this method has become popular for
assessing local seismic responses having several advantages
over other geophysical methods (seismic refraction: RF; spec-
tral analysis of surface waves: SASW; multichannel analysis
of surface waves: MASW; and refraction microtremor:
ReMI…).

Fig. 1 A Satellite view and location of Nador city. B The nearest earthquakes since 1045 (Mw ≥ 4) (CNRST source)
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Many studies (Duval et al. 2001; Panou et al. 2005a, b;
Pilz 2009; Clavero et al. 2017) have also used the
horizontal-to-vertical ratio technique (Nakamura 1989) on
ambient vibrations to determine the frequency (F0) and the
amplification factor (A0) of ground motion so as to gauge
site effects. The (F0) of the soil and the frequency derived
by the H/V technique show good consistent (Albarello and
Lunedei 2010).

The studies of seismic risk in the Rif region of Morocco
demonstrated that the damage is due principally to local site
amplification and type of the buildings (Talhaoui et al. 2004;
Douiri et al. 2015).

According to the Moroccan code (RPS 2000, revised in
2011), the Nador city is classified as an area of high seismicity
in the Moroccan, with the PGA values of 0.17 g for a return
period of 475 years. Intensity VII was felt in Melilla (1926)
(15 km from Nador), while intensities VIII and IX were felt
during Al-Hoceima earthquakes (Mw=6.0 and Mw=6.4 in
1994 and 2004, respectively). These earthquakes occurred
near Nador, and they resulted a loss of lives and produced
significant damage (Cherkaoui and El Hassani 2012).

Also known as “Europe’s gateway,” the city of Nador is the
largest economic and touristic zone in northeastern Morocco,
with a population over 565,000 (HCP 2017). The study region
is classified as a biological and ecological place of interest and
also as a RAMSAR site of international importance (under the
RAMSAR Convention) since 2005 (Haddouti and Zerrouki
2016). It accommodates new construction and development
projects (resorts, hotels, harbor, bridges, and various railway
networks), mainly managed by the Agency for the
Development of the Marchica Lagoon (http://www.
agencemarchica.gov.ma).

From a geological standpoint, the Neogene Basin of
Nador composed by two main units can be differentiated
(Faure-Muret 1992). The first formation is situated in the
Nador-Bouarg Basin, covered by deposits of recent
Quaternary, formed by the sedimentary rocks (clays, silts,
and sands) from alluvial, lagoon origins, and the reliefs
surrounding the basin (Fig. 2). The new city of Nador lies
on the Bouarg Plain, characterized by sediment deposits
in the top layer. The paleo-valleys, produced by sub-aerial
erosion during the Messinian, is composed by the con-
glomerates surmounted by marine silt and sandy marine
deposits of the Plio-Quaternary (Achalhi 2016).

To the north and northwest, a massif called the Gourougou
Mountain (of Tortonian to Messinian age) was formed in the
wake of volcanic and tectonic events. This volcanism limits
the Nador Basin, constituting the basement of the Bouarg-
Nador Basin, yet it continued with the eruption of alkaline
basalt within the broader framework of Eastern Rif
magmatism (El Bakkali et al. 1998). The results of the seismic
reflection survey, depicted in Fig. 3, show that the basement is
at a depth of 740 m (Ammar et al. 2007).

The analysis of the 53 geotechnical boreholes (Fig. 2) pro-
vides the lithology and the thickness of the shallowest layers
that enabled us to characterize the volcano-sedimentary se-
quences in the Nador region.

We classified the different types of soils into three catego-
ries (Fig. 4):

The soft sediments with the thickness up to 40 m compose
the category (a). These soft soils are mainly fluvial and littoral
sediments susceptible to liquefaction due to the high com-
pressibility of the clay and limestone (Youd and Perkins
1978; Delgado et al. 1998). These sediments have a shear
wave velocity (Vs) ranging from 100 to 500 m/s. The area
near Azougagh River contains significant sediment infill of
recent accumulation.

The category (b), found near the Gourougou Mountain,
comprises two layers. The shallow layer is formed by sedi-
mentary rocks (clay and sandy clay colluvium) whose thick-
ness varies between 4 and 8 m, derived from the geotechnical
boreholes. The volcanic rocks and basalts constitute the sec-
ond layer. The origin and the properties of the two layers are
totally different, especially in terms of density, reflected by the
impedance contrast between the sediments and the hard bed
rocks (Narayan 2010)..

The category (c), located in the west and northwest part of
the basin, is composed by a volcanic substratum. This unit
exists in the mountainous part, very dense, and the Vs is great-
er than 760 m/s (RPS 2000).

The present study, focusing on the urban area of Nador,
improves upon the soil classification proposed by Moroccan
seismic code (RPS 2000), arriving at an estimation of site
effects based on ambient vibrations, earthquake records, and
geotechnical boreholes in the region.

Data and methodology

H/V technique to characterize site response

The horizontal-to-vertical ratio (H/V) technique using spectral
ratios of ambient vibration data is widely applied for
microzonation studies (Mubin and Nurcahya 2014, Lachet
et al. 1996, Panou et al. 2005a, b, Talhaoui et al. 2003,
Parolai 2012; Poggi and Fäh 2016; Ali and Kim 2016;
Rosa-Cintas et al. 2017). This passive technique was intro-
duced by Nogoshi and Igarashi (1970) and developed by
Nakamura in 1989 (Nakamura 1989), who introduced the
spectral ratio between the horizontal and vertical
components of ambient noise recordings, at different
frequencies, in the study area. Two explanations have been
proposed regarding the origin of ambient noise. Nakamura
(1989) claims that the horizontal-to-vertical spectral ratio
(HVSR) mainly reflects S-wave resonance in the soft surface
layers, providing the estimation of site amplification.
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Nakamura’s interpretation has been contradicted by studies
relating the spectral ratio to the ellipticity of Rayleigh waves
(Bard 1998). Both interpretations, however, confirm that the
technique captures the relationship between fundamental fre-
quency and soil depth and is therefore useful for site response
evaluation (Lermo et al. 1994) and reliable assessment of
ground motion characteristics in soft sediment soils
(Mucciarelli and Gallipoli 2004; Zaslavsky et al. 2008). The
advantages of this method are its low cost, fast survey perfor-
mance, and adequacy for urban areas, not requiring earth-
quake data (Lermo et al. 1994; Duval et al. 2001 ; Panou
et al. 2005a, b ; Mucciarelli 2008; Parolai 2012).

In essence, this method records ambient vibrations in two
orthogonal-horizontal directions plus the vertical one.
Analysis entails computing the Fourier spectrum for each

signal, after which the different signals are processed to obtain
an equivalent spectrum, with a peak corresponding to the fun-
damental frequency (F0) of the soil according to a given am-
plification (A0). The resulting amplification is underestimated,
however (Lachet et al. 1996; Strollo et al. 2011) not necessar-
ily coinciding with the ground amplification level obtained
from earthquake records (Bonilla et al. 1997; Horike et al.
2001; Satoh et al. 2001).

Data acquisition and processing

For the purpose of this experiment, 190 background noise
recordings were conducted in the urban center and area sur-
rounding Nador town during the period September 2016 to
August 2018. Ambient vibrations were recorded using three

Fig. 2 Map of the main
geological units of the study area
and spatial distribution of the
geotechnical boreholes available
around
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component CMG-6TD seismometers (Guralp Systems 2017)
and a laptop with the software SCREAM 4.6, allowing for
visualization of the records in the field and pre-treatment and
verification in situ to ensure a correct recording.

The location of measurement is selected considering the
lithology, satellite images, and in the vicinity of the geotech-
nical drillings around the urban center. The distance between
the measurement sites is ranging from 23 to 70 m and the
recording time from 45 to 60 min for most sites. The geopsy
software is carried out to H/V analysis. We use band pass filter
in order to filter the recorded noises between 0.2 and 20Hz.
We erase the time windows containing transients using the
anti-triggering algorithm option; temporal windows of 25 s
were selected, as well as short-term average (STA) and long-
term average (LTA) window durations of 2 and 30 s, respec-
tively. The H/V spectrum was calculated by dividing the root
mean square of the Fourier amplitude spectrum of the hori-
zontal components (FNS and FEW ) by the vertical component
spectrum (Fz) as shown in Eq. (1) (Delgado et al. 2000).
Konno and Ohmachi smoothing was also used, to achieve

clear spectrum peaks (Konno and Ohmachi 1998).

H=V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

FNS2 þ FEW2
p

2FZ
ð1Þ

The identification of reliable H/V curves and H/V peaks
was done following the guidelines of the SESAME European
Research Project (Bard et al. 2004). The requirement for reli-
able H/V curves primarily depends on having a significant
number of cycles and a large number of measurement win-
dows. The condition F0 > 10/lw must be satisfied, where F0 is
the fundamental frequency and lw the window length. The
total number of significant cycles nc should be larger than
200 with nc = lw·nw·F0, where nw is the number of windows.
The verification of the reliability of the H/V peak is also per-
formed considering the following requirements (Bard et al.
2004):

– The H/V peak amplitude must be higher than 2 (A0 >2).
– There exists F− ∈ [F0/4, F0] | AH/V (F−)< A0/2 (F− =

frequency between F0/4 and F0).

Fig. 3 Cross section obtained by deep seismic reflection in the Gourougou complex and the Nador Basin (Ammar et al. 2007)

Fig. 4 The three different types of
stratigraphic columns obtained
from the geotechnical boreholes
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– There exists F+ in [F0, 4F0] | AH/V (F+) < A0/2 (F+ =
frequency between F0 and 4F0).

– Fpeak[AH/V (F) ±σA(F)] = F0± 5%, (σA(F) is the factor by
which the mean AH/V(F) curve should be multiplied or
divided, AH/V(F) represents the maximumH/V amplitude
of each selected individual window, and the standard de-
viation σF of H/V peak frequency estimates from individ-
ual windows.

– σF > ε (F0) (ε(F0) is the threshold value for the stability σF
> ε (F0)).

– σA(F0) > θ (F0); [θ (F0) is the threshold value for the
stability condition σA(F) > θ (F0)].

Also, recommendation is to take into account the condi-
tions of stability and reproducibility related to anthropic and
weather conditions duringH/Vmeasurements. The stability of
the measurements in this study was confirmed by repeated
measurements at the same place and on different dates
(September 2016 to August 2018); the obtained average fre-
quency must to be identical at the same site at different times.

Results and discussion

The site responses were measured at 190 sites in the urban
area of Nador (Fig. 5). The measurements confirmed by
criteria for the clarity and reliability of the H/V peak (Bard
et al. 2004) and clearly exhibiting peak amplification (A0 ≥
2.5) were considered representative, in this case just 30% of
the H/V measurements (Table 1 and Fig. 5). The rest of the
H/V curves did not show any clear amplification, and the
spectra are represented by flat curves with a very low ampli-
fication (Figs. 6 and 7), and therefore these measurements are
not considered. The absence of clear H/V peaks is due to the
fact that Quaternary sediments are heavily compacted in these
areas. Furthermore, flatness or very low H/V amplitude is
considered to indicate an absence of large effects, leading to
a slight underestimation of the real amplification (Haghshenas
et al. 2008). Our suggestion is to not consider resonance fre-
quency from such peaks unless additional information is avail-
able (earthquake data, shear wave velocity, etc.).

For H/V curves exhibiting amplification, we noted the
presence of a single H/V peak. The fundamental frequency
values of H/V spectrum range from 2.1 to 5 Hz. In the west,
we found values above 3 Hz, although as wemove to the relief
even the depth of soft sediments decreases. Most of F0 values
between 2 and 3 Hz (40 sites) are located in the northern part
of the Azougagh river, representing silt-loamy soil. We corre-
lated the presence of the predominant H/V peak with the ex-
istence of sedimentary rocks and of loose materials, i.e., silt
and clays. Figs. 7 and 8 a and b present the results classified in
light of the different types of curves and frequency values
obtained.

Fundamental frequencies

The fundamental frequencies values obtained are depicted in
Fig. 9. Values are ranging between 2.1 and 5 Hz, approxi-
mately. The fundamental frequency values describe the sur-
face lithology, which is covered by loose sands, limestone,
and sandy clay materials. Borehole in sediment layer shows
the thickness of silts and clays to be over 40 m near the shore-
line; it decreases as we move away to the west and to the
Gourougou Mountain. Large fundamental frequency values,
between 3.6 and 5.0 Hz, explain the decrease in sediment
thickness, following the relationship (Nakamura 2008):

F0 ¼ VS

4H
ð2Þ

where Vs is the average shear wave velocity (m/s) and H is the
sediment thickness.

Around Azougagh River, the existence of different sedi-
ments (alluvial, colluvium, and marine sediments) makes
comparison difficult. We observe low fundamental frequency
values on the eastern part (near the lagoon). These values
increase gradually toward the west, along the Azougagh
River. The same formation contains a large range of frequency
values, and different peaks can be distinguished, possibly ow-
ing to the complex geological setting. Recently, large funda-
mental frequency ranges have been reported in different stud-
ies, e.g., from 0.27 to 3.7 Hz in Málaga city (Clavero et al.
2017) and from 0.5 to 8 Hz in Blida (Bouchelouh et al. 2017),
in the similar geological formations.

Soil structure resonance is obtained by taking the frequen-
cy of the structure closest to the frequency of the supporting
soil (Takewaki 1998). This finding, derived from observation
of past earthquakes, is analogous to the similarity between
the natural period of a building and that of the supporting
soil, which was linked to significant response amplifica-
tions on buildings and serious damage in Mexico, 1985.
That is, the phenomenon sheds light on the relationship
between the characteristics of structure and soil and can
be represented by modifying the dynamic properties of
the building.

An empirical expression for estimating the natural periods
for RC buildings under the Moroccan seismic code (RPS
2000, revised in 2011) is the following:

T ¼ 0:075 H¦ ð3Þ

where T being the natural period of building and H is the
building height.

The outstanding buildings within Nador vary in height
from 4 to 22 m (i.e., from 1 to 7 floors). The natural
periods for RC buildings must be included in the range
0.2–0.8 s, approximately. The comparison between
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Table 1 Results obtained for sites showing a clear amplification

Site no. Latitude Longitude Altitude (m) Fundamental frequency F0 (Hz) H/V peak amplitude (A0) Vulnerability index (Kg) Period (s)

6 35.1365 −2.9306 8 2.8 5.0 8.8 0.36

7 35.1369 −2.9250 9 3.2 4.0 5.0 0.31

12 35.1419 −2.9411 11 2.8 5.6 11.0 0.35

18 35.1511 −2.9467 19 2.8 7.8 22.0 0.36

19 35.1515 −2.9441 18 3.1 3.8 4.7 0.33

36 35.1566 −2.9487 21 2.8 6.1 13.5 0.36

41 35.1662 −2.9451 2 2.8 8.6 26.4 0.36

42 35.1606 −2.9510 25 2.7 7.2 19.2 0.37

43 35.1627 −2.9402 22 2.8 6.8 16.6 0.36

58 35.1613 −2.9463 28 3.1 3.9 4.9 0.32

60 35.1691 −2.9570 40 2.8 9.6 33.2 0.36

62 35.1709 −2.9399 34 3.5 3.0 2.6 0.28

63 35.1721 −2.9343 24 2.8 10.8 41.4 0.35

67 35.1822 −2.9259 8 3.4 5.0 7.5 0.30

70 35.1794 −2.9388 65 2.9 6.0 12.6 0.35

79 35.1918 −2.9330 42 2.9 5.6 11.1 0.35

84 35.1959 −2.9375 50 2.8 8.9 28.3 0.36

87 35.1982 −2.9416 69 2.8 11.0 44.0 0.36

89 35.1980 −2.9369 16 3.3 4.0 4.8 0.30

92 35.2002 −2.9281 47 2.8 11.4 47.1 0.36

93 35.2029 −2.9452 98 2.9 8.9 27.8 0.35

99 35.2143 −2.9010 37 2.8 7.8 21.8 0.36

100 35.2097 −2.9046 28 2.1 4.9 11.5 0.48

102 35.2091 −2.9023 22 2.5 4.7 8.8 0.39

113 35.1706 −2.9190 2 2.8 5.1 9.5 0.36

133 35.1540 −2.9440 21 4.3 8.0 15.0 0.23

134 35.1570 −2.9260 15 3.7 4.4 5.1 0.27

135 35.1570 −2.9220 12 2.7 9.2 31.2 0.37

139 35.1660 −2.9420 24 2.8 9.0 29.3 0.36

140 35.1640 −2.9480 28 2.7 10.0 37.6 0.38

141 35.1740 −2.9410 42 3.1 3.3 3.4 0.32

144 35.1840 −2.9250 2 2.6 4.2 6.8 0.38

146 35.1990 −2.9270 11 2.8 4.2 6.3 0.36

148 35.146 −2.942 19 2.7 6.7 16.4 0.37

149 35.149 −2.941 17 2.7 7.0 18.0 0.37

150 35.153 −2.94 14 2.7 7.0 18.3 0.37

152 35.153 −2.932 9 4.8 2.5 1.3 0.21

154 35.1770 −2.9370 22 2.7 4.1 6.3 0.37

157 35.163 −2.943 21 2.6 6.4 16.0 0.39

161 35.16 −2.942 23 2.8 8.1 23.5 0.36

162 35.163 −2.954 28 2.9 9.4 30.5 0.34

164 35.168 −2.915 2 2.8 6.9 16.8 0.35

167 35.163 −2.915 5 2.7 9.0 30.1 0.37

168 35.165 −2.939 11 2.5 3.8 5.6 0.40

172 35.162 −2.912 3 2.7 6.8 16.9 0.37

173 35.174 −2.937 18 2.8 10.1 36.1 0.35

174 35.176 −2.942 28 2.6 8.2 25.8 0.38

175 35.162 −2.92 9 2.7 6.3 15.0 0.37

178 35.17 −2.943 17 3.1 4.0 5.1 0.32
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predominant periods obtained from ambient noises and
natural periods of buildings present a juxtaposition of
values—ranging between 0.2 and 0.5 s— that could

produce resonance soil-structure phenomena during a
seismic action. This means that buildings ranging from
1 to 3–4 floors are the most vulnerable to damage by

Table 1 (continued)

Site no. Latitude Longitude Altitude (m) Fundamental frequency F0 (Hz) H/V peak amplitude (A0) Vulnerability index (Kg) Period (s)

179 35.168 −2.947 17 2.7 4.0 5.7 0.37

181 35.182 −2.944 25 2.8 10.0 35.7 0.36

182 35.173 −2.944 23 4.0 3.3 2.6 0.25

190 35.169 −2.936 14 3.1 3.8 4.6 0.32

NAD st 35.151 −2.919 7 2.8 8.0 22.9 0.36

Fig. 5 Measurement sites
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earthquakes. Such information is vital for engineers and
urban designers: buildings should be designed so that the
period of the structure does not coincide with the pre-
dominant period of the underlying soil.

Amplification factor

Based on the amplification results, the values can be classified
in two categories (Fig. 10).

Type I: places with significant amplification (> 4.0) They cor-
respond to resonance frequencies in the range between 2.1 and
4.3 Hz. The highest amplification factor is equal to 11.4, at site
P92.

Most of these sites are located westward, in areas contain-
ing basalt under the soft sediment, as can be seen through the
nearby geotechnical boreholes (Fig. 2).

Clear H/V peaks with higher amplification values correlate
with important contrasts between the soil layer and bedrock

Fig. 6 H/V results (P100). a H/V
spectral ratio; b vertical column is
the peak frequency and std
deviation around peak.
Amplitude represented by the
black line and the std

Fig. 7 A Examples of flat curves.
B Examples of non-clear peaks.
Locations of measurements are
shown in Fig.5. The average
amplitude is represented by the
black
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(Bard 1999). Certain places, e.g., P84, P93, P99, and P100,
situated in areas classified as hard rock, also show significant
amplification. Field observations at these sites confirm the
presence of weathered soils or the existence of old quarries
overlying the volcanic substratum (Fig. 12). This implies that,
in addition to substratum characteristics, the lithological clas-
sification, and thickness of the sediment, it is important to

appraise local site conditions regarding the presence or ab-
sence of weathered soils.

Type II: places with low amplification: 2.5 < A0 ≤ 4.0 These
amplification levels are observed in 10 sites (including P152,
P182, and P190) (Fig. 11). Almost all lie west of the city,
where colluvium and gravel are found. Thin sedimentary

Fig. 8 aMain types of clear peakwith frequency ranging from 2 to 3 Hz. The average amplitude is represented by the black line and bmain types of clear
peak with large frequencies, from 3 to 5 Hz. Locations of measurements are shown in Fig.5. The average amplitude is represented by the black
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layers characterize these sites. The H/V curves are more or
less flat, with low amplification at certain frequencies. Large
fundamental frequencies are obtained mainly in this category.

Fig. 13 gives the observed amplification factors as a func-
tion of frequency. No clear correlation is observed between
the frequency and the amplitude. Altogether, 83% of frequen-
cies with higher amplification values range roughly between
2.5 and 3.0 Hz; this interval of fundamental frequencies con-
tains widely disperse amplification results, reaching values
close to 12. Outside the range 2.5–3.0 Hz, with the exception
of two sites having a fundamental frequency equal to 4.3,
amplification is not high.

Seismic vulnerability indices

The seismic vulnerability index (Kg) estimates the susceptibil-
ity of a layer to deformation (Daryono et al. 2009). This pa-
rameter is given by the formula (Nakamura 1997):

Kg ¼ A0
2

F0
ð4Þ

where A0 being the amplification factor and F0 the funda-
mental frequency.

Previous studies (Daryono et al. 2009; Mubin and
Nurcahya 2014; Livaoğlu et al 2017) show a good correlation

between the seismic vulnerability of soil and the distribution
of damage caused by an earthquake. The Kg index is very
helpful for identifying areas considered to be weak zones dur-
ing strong ground motions (Sunaryo 2017). Nakamura (1997)
also proposed this index to quantify the vulnerability of soil to
liquefaction. Determining the Kg values is potentially useful to
quickly appraise the soil deformation susceptibility of surface
ground by means of microtremors. Nakamura (2008) states
that areas with Kg values above 20 are exposed to major dam-
age tied to soil deformation.

The values of this parameter, as computed in this study,
are presented in Fig. 14, revealing some vulnerable zones.
Out of 53 values, the maximum Kg is found at site P92 in
the northern part of the city. This region is covered by
colluviums at the foot of Gourougou Mountain. The distri-
bution of Kg values in Nador is irregular, even within the
same quaternary sediments. Most high Kg values (>20)
were found west of the city, an area characterized by high
amplitude, whereas other sites having values under 20 may
be found near the coast or rivers, or in the mountains. Such
areas may generate less damage. Differences in the obtain-
ed values may be related to irregularities of the lithology
and the existence of weathered soils and diverse sedimen-
tary deposits of river or lagoon origin. Moreover, the geo-
technical properties of each site (thickness, density, frac-
tured rocks…) contribute to this variation. The obtained Kg

Fig. 8 continued.
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values show that the town of Nador could suffer potential
damage due to soil deformation in certain areas.

Alboran Sea, 2016: a strong ground motion record

The National Center for Scientific and Technical Research of
Morocco (CNRST) handles two accelerometric stations in
Nador. One station (NAD) is located in the area of the present
study (soft soil), whereas the second one (ZGH) is located on
the substratum (hard rock) (Fig. 1). They recorded the ground
motion during the (25 January 2016) MW 6.3 Al-Hoceima
earthquake. This earthquake was the largest event recorded
in the region over the past decade, originating some 90–
100 km away from Nador. Depicted in Fig. 15 are the accel-
eration records of the two nearby stations.

Themaximum acceleration values recorded were 20.0, 47.0,
and 34.9 cm/s2 for the NAD station and 50.5, 54.4, and 61.9
cm/s2 for the ZGH station, respectively, for the V, NS, and EW
components. The durations of the signals from the Husid plot
are 21.2 and 16.1 s, respectively, for the NAD and ZGH sta-
tions. The longer duration in the NAD station as compared with
the ZGH station could be attributed to the dispersion and the
multipath propagation between the source and the basin (Singh
and Ordaz 1993; Shapiro et al. 1997; Iida and Kawase 2004),
which implies that the basin of Nador could involve greater
amplification than Zeghanghan (nearest city).

The predominant frequency obtained from the coda of
earthquake motions showed a better correlation with
microtremors than other parts of earthquake records
(Upadhayay and Mori 2013). We used the coda wave from

Fig. 9 Distribution of the
fundamental frequency (F0)
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Fig. 10 H/V amplitude (A0)
results

Fig. 11 Types of H/V curves exhibiting low amplification: 2.5 < A0 ≤ 4.0. The average amplitude is represented by the black line and the standard
deviation by dashed lines
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the strong motion signal to process the H/V curves, likewise
using Geopsy software, applying the same parameters as in
the microtremor measurements—with the exception of the
temporal window—in order to obtain a representative
spectrum.

As seen in Fig. 16, the H/V spectrum inNAD station shows
a sharp and clear peak, the fundamental frequency being 2.6
Hz, with amplification near 8. The station is located in
Quaternary soft sediments. The processing performed on the
rocky site (ZGH station) shows an H/V spectral ratio featuring
an absence of amplification peaks.

The H/V curve from the ambient noise recorded close to
the NAD seismic station at site 135 was compared with results
in the NAD record (Fig. 17). Very similar results were seen for
the resonant frequencies (2.6 Hz vs. 2.8 Hz) and amplifica-
tions (8.0 vs. 9.5). In general, the fundamental frequency de-
rived from earthquake signals tends to come very close to the
fundamental frequency obtained from microtremors, whereas
there is no clear correlation between amplification obtained
from these two types of data, being in line with the result
described by Duval et al. (2001). The clear peaks obtained
from the two methods show a large impedance contrast

Fig. 12 Weathered soil and old carry overlying the volcanic

Fig. 13 Observed amplification factors as a function of fundamental
frequency
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between the sedimentary cover and the bedrock (Pilz et al.
2009).

Conclusion

This work constitutes a preliminary microzonation of the city
of Nador. It provides fundamental frequencies, soil amplifica-
tion, and ground vulnerability indices. Horizontal-to-vertical
(H/V) measurements were used to quantify soil response, in a
broader context of anticipating local seismic hazard. To this
end, background noise recordings in the Nador urban area
were analyzed, from more than 190 sites. An interpretation
relative to the variations of the H/V spectral amplitude ratios
in terms of local lithology is proposed.

The stability of the measurements was confirmed by re-
cords covering several months (September 2016 to August
2018) as well as some repeated measurements. The average
fundamental frequencies obtained were identical at a given
si te under the same condit ions of measurement .
Accordingly, the predominant frequency in the urban area is
between 1.1 and 4.8 Hz, with an amplification factor ranging
from 2.5 to 11.4. The fundamental frequency obtained on the
basis of a strong motion record in Nador was 2.6 Hz, with an
amplification value near 8. In general, these values agree with
the values from nearby microtremor measurements.

Amplification is observed in particular around the
Azougagh River and, in some mountainous areas, in both
cases, characterized by alluvium or river deposits. In some
sites of the study area, we noted that amplification varies
due to factors such as the composition of soil layers, whose
density, velocity, and thickness appear to affect the impedance
contrast.

Fig. 14 Distribution of the vulnerability indices in the study area

Fig. 15 Recorded acceleration at NAD and ZGH stations for the 25 January 2016, Alboran earthquake (6.3 MW)
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Envisaging its role in future seismic hazard assessment, the
vulnerability index was also taken into account here. We ob-
tained values between 1.3 and 43. Values above 20 indicate
vulnerable areas that may present significant soil deformation
during a seismic action. Such areas would be largely located at
the foot of the GourougouMountain (to the west of the city) or
near the river. This research furthermore points to the substan-
tial influence of site effects in view of earthquake ground
motion records. Given its soft and thick underlying sediments,
the city is vulnerable to the phenomenon of amplification
during a seismic action. It is advisable to improve upon this
survey using further geophysical techniques, especially to de-
termine the Vs30 parameter. Arriving at more complete infor-
mation on ground characteristics would be beneficial and rel-
evant for urban planning and engineering undertakings in the
region. In sum, the determination of parameters such as those
provided here can amount to a valuable contribution in the

context of microzoning this seismic region in northeastern
Africa.
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