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Understanding how sedimentary basins respond to seismic-wave energy generated by earthquake events
is a significant concern for seismic-hazard estimation and risk analysis. The main goal of this study is
assessing the vulnerability index, Kg, as an indicator for liquefaction potential sites in the Nile delta basin
based on the microtremor measurements. Horizontal to Vertical spectral ratio analyses (HVSR) of ambi-
ent noise data, which was conducted in 2006 at 120 sites covering the Nile delta from south to north were
reprocessed using Geopsy software. HVSR factors of amplification, A, and fundamental frequency, F, were
calculated and Kg was estimated for each measurement. The Kg value varies widely from south toward
north delta and the potential liquefaction places were estimated. The higher vulnerability indices are
associated with sites located in southern part of the Nile delta and close to the branches of Nile River.
The HVSR factors were correlated with geologic setting of the Nile delta and show good correlations with
the sediment thickness and subsurface stratigraphic boundaries. However, we note that sites located in
areas that have greatest percentage of sand also yielded relatively high Kg values with respect to sites in
areas where clay is abundant. We concluded that any earthquake with ground acceleration more than
50 gal at hard rock can cause a perceived deformation of sandy sediments and liquefaction can take place
in the weak zones of Kg � 20. The worst potential liquefaction zones (Kg > 30) are frequently joined to the
Damietta and Rosetta Nile River branches and south Delta where relatively coarser sand exists. The HVSR
technique is a very sensitive tool for lithological stratigraphy variations in two dimensions and varying
liquefaction susceptibility.
� 2017 Production and hosting by Elsevier B.V. on behalf of National Research Institute of Astronomy and
Geophysics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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Fig. 1. (A) Egypt map shows study area (black triangle). (B) Study area map shows the distinct lateral variation in the Bilqas formation in the Nile delta (El-Fayoumi, 1987)
and three longitudinal lines show microtremor measurements (diamond purple points) used in this study.
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1. Introduction

Damages caused by the recent earthquakes are concluded as a
direct result of local geological conditions affecting the ground
motion (Nakamura, 2000). This effect is controlled by a variety of
factors, including proximity to source, rupture characteristics and
directivity, acoustic impedance contrasts, near-surface soil proper-
ties, and basin structural configuration. Best approach for under-



1 Silt & Clay, 2 graded sand & gravel with clay lenses, 3 Clay,  4 Limestone 

Fig. 2. (a) Longitudinal cross section from south to north of the study area. (b) Key map for cross section (A–A0) (after Elewa, 2010).
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standing ground conditions is through direct observation of seis-
mic ground motion, but such studies are restricted to areas with
relatively high rates of seismicity. Because of these restrictions in
other methods, such as high rates of seismicity and the availability
of an adequate reference site, several studies suggest that ambient
noise, or weak motions, can be used to identify areas that might
amplify earthquake ground motions in advance of earthquake
occurrence (e.g., Nakamura, 1989, 1997). After an introduction of
the Nakamura’s technique (H/V technique; Nakamura, 1989), a
renewed great attention was paid for estimating dynamic charac-
teristics of ground and structures using microtremor, since clear
and reliable information was provided by very simple and inexpen-
sive noise measurements.

The structure of northern Egypt was built during Oligocene and
early Miocene times and has remained since then almost inactive
except for minor tremors and earthquakes along some of the older
lines (Said, 1981). The potential seismic risk of the Nile delta is due
to the amplification of the ground motion caused by the presence
of soft basin sediments. The area recently suffered extensive dam-
age and casualties due to a M 5.9 earthquake, occurred on 12 Oct.
1992, located 25 km southwest of Cairo (El-Sayed et al., 1998). The
biggest losses were recorded in Cairo and the Nile delta basin. Sev-
eral thousand people were killed or injured and thousands of
buildings were totally collapsed and damaged. Liquefaction was
detected in many places at and around the epicentral area. Earth-
quakes that are located within the Egyptian territory can generate
ground acceleration up to 0.15 g (150 gal) in the Nile Delta basin
(El-sayed et al., 2001).

In this study, we analyzed the site response using the HVSR
method and calculated Kg values based on the microtremor data
conducted in 2006 for estimating the potential liquefaction sites in
the Nile delta. Data was reprocessed using Geopsy software (2012)
to estimate the Amplification (A) and fundamental frequency (F0)
factors for each observation point. Kg index was estimated for each
site based on Nakamura (1996, 1997, 2000) technique.

2. Geologic setting

Nile Delta is one of the largest deltas in the world, covering
22,000 km2 of area (Wright and Coleman, 1973) and represents
more than 60% of the inhabited area of Egypt. It begins near Cairo
and extends both west and east as it forms the inverted Greek let-
ter delta (D) shape that is bounded by the Mediterranean Sea
(Fig. 1). The Nile Delta is a wave dominated delta system, as clas-
sified by Galloway (1975). It saw three different main avulsions
during the Quaternary: the older Proto-Nile, the Pre-Nile, and the
Neo-Nile, occurring prior to the modern Nile River flowing today
(Rizzini et al., 1978; Said, 1981). The modern Nile Delta reached
its current configuration approximately 10,000 years ago (Rizzini
et al., 1978). The Delta region can be broadly subdivided into three
zones. The first zone is the southern province which constitutes as
a portion of the upward zone. This zone is characterized by rela-
tively thin sedimentary cover and by development of the graben
- like structure. The second one is the central province which coin-
cides with the central portion of the down warp zone and which is
more of a syncline orium feature. The third zone is the thrusting
zone which occupies the northern portion of the Delta and is char-
acterized by the presence of a thrust fault oriented in the northeast
direction. According to Shata and El Fayoumy (1969) the sedimen-
tary section in Delta area and its fringes has a thickness of more
than 10,000 m of which about 5000 m belong to Neogene.

The Quaternary Nile sediments lie over Pliocene or older sedi-
ments (Said, 1990). It constitutes the main water-bearing forma-
tions in the Nile delta. These sediments classified into Bilqas
formation in the upper and Mit Ghamr formation in the lower.
The Bilqas formation belongs to Holocene age and consists mainly
of clay and silt. In the south delta, Bilqas formation is relatively
thin and coarse; its thickness ranges between 15 and 25 m. Toward
the north it becomes thick and fine, its thickness reaches more
than 50 m. Bilqas formation shows distinct lateral variation from
sand or silt facies in the south to clay facies in the north (El-
Fayoumi, 1987) as shown in study area of Fig. 1. Mit Ghamr Forma-
tion of Pliocene–Pleistocene constitutes the main aquifer of the
Nile delta. It consists mainly of sand and gravel with occasionally
thin clay interactions. The sand and gravel are more common in
the southern part where clay is dominant in the north with occa-
sional discontinuity and interaction of sand and gravel. The thick-
ness of Mit Ghamr formation gradually increases toward the north
and northeast. It ranges from 100 to 400 m in the south, from 500
to 700 m in the middle and reaches maximum thickness exceeding



Fig. 3. Flowchart shows the computation steps of the H/V ratio (http://www.geopsy.org/documentation/geopsy/hv.html).
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900 m in the north (Serag El-Din, 1989). Fig. 2 shows a longitudinal
cross section of the Nile delta was developed by Elewa (2010).

3. Data analysis and processing

This study used the microtremor measurements of 120 sites in
Nile delta that conducted by the authors and professional work
team of National Research Institute of Astronomy & Geophysics in
2006. Fergany and Bonnefoy-Claudet (2009) discussed the data
acquisition in detail. The measurements were done using two
broadband seismological stations individually on three parallel
profiles as shown in Fig. 1. Although thesemeasurements were pro-
cessed and analyzed using JSsesame tool (http://jsesame.software.
informer.com) by Fergany and Bonnefoy-Claudet (2009), we repro-
cessed it again using GEOPSY code, progressively, more conven-
tional techniques are included to offer a high quality data

http://jsesame.software.informer.com
http://jsesame.software.informer.com
http://www.geopsy.org/documentation/geopsy/hv.html


Fig. 4. An example of the microtremor H/V curves. Dashed lines are the maximum and minimum amplification and continuous line is the average amplification value.

Fig. 5. Contour map of the fundamental frequency peak derived from HVSR.

Table 1
Strain dependence of dynamic properties of soil (Ishihara, 1978).
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processing (http://www.geopsy.org). The main purpose of repro-
cessing data is using advanced tool to enhance the natural signal
and minimize the artificial noise that may be included in the previ-
ous results of Fergany and Bonnefoy-Claudet (2009). The computa-
tion of the H/V ratio was described in Fig. 3 that follows different
steps: (a) record a 3-component ambient noise signal, (b) select of
the most stationary time windows, (c) compute and smoothing of
the Fourier amplitude spectra for each time windows, (d) average
the two horizontal component, (e) compute the H/V ratio for each
window and (f) compute the average H/V ratio.

The clarity and stability of the H/V peak frequency value and
curve are the first requirements concern the reliability of the H/V
results. Reliability implies stability, i.e., the fact that actual H/V
curve obtained with the selected recordings, be representative of
H/V curves that could be obtained with other ambient vibration
recordings and/or with other physically reasonable window selec-
tion. Processing of 120 free-field microtremor measurements in

http://www.geopsy.org


Fig. 6. Contour map of the peak amplitudes derived from HVSR.

Fig. 7. Contour map of the Kg index derived from HVSR results (Fig. 4 and 5).
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the Nile delta showed that 96 of them fulfilled the nine criteria
defined and discussed in detail by SESAME (2004) for reliable
results of H/V peak frequency and curve. The main reason for dis-
regarding the other 24 measurements is the parameter that may
influence H/V results without possible control, such as nearby
structures, underground structures, or in situ soil-sensor coupling.

Fig. 4 shows an example of the reprocessed HVSR amplification
with picking the fundamental frequency at Nile delta. The frequen-
cies of peaks determined at 96 points were graphed in Fig. 5 as a
contour map of the fundamental frequency. The frequencies of
the observed HVSR peaks are distributed in the range of 0.75–
4.6 Hz, but most of them (61 points) are in the range 0.75–1 Hz,
and 33 points are below 2 Hz and only two points above 2 Hz.
The amplitude of the HVSR peaks were picked at the 96 points
and used for contouring a map of the amplification of sediments
in the Nile delta (Fig. 6). These amplifications are distributed in
the wide range of 2–7, but most of them (57 points) are in the range
3–5. If we correlate the fundamental frequency and amplification
maps (Figs. 5 and 6), we noted that the high amplitudes joined to
the low frequencies, as it is a remarkable in the south Nile delta.



Fig. 8. Classed map of Kg index in the Nile delta basin.
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The results of this study, Figs. 5 and 6 were compared with that
obtained by Fergany and Bonnefoy-Claudet (2009), Fig. 6. We can
appreciate that more a distinctive variation in F0 and A0 from south
and north of delta basin in this study.
4. Assessment of liquefaction potential

HVSRhasbeenwidelyused to estimate thenatural frequency and
soil amplification (Nakamura, 1997, 2000, 2008; Bard, 1999; Gosar,
2007; Fergany and Bonnefoy-Claudet, 2009). The main advantages
of HVSR method are easy to use in anytime and anywhere, low-
cost measurement, and estimate the frequency of sediment directly
without having to know the geology and shear wave velocity
structure beneath the surface using inversion tool (Herak, 2008;
Triwulan et al., 2010; El-Hady et al., 2011). Further, the use ofmicro-
tremor was later expanded to identify the vulnerability index for
ground (Nakamura, 1996, 1997, 2000, 2009; Daryono et al., 2009).

Vulnerability index for ground (Kg) is derived from strains of
ground (c) in time of earthquakes (Nakamura, 1997) as follow:

c ¼ Kg � ab ½in 10�6� & Kg ffi A2
g=Fg ½in 10�6� ð1Þ

where ab is the acceleration of basement ground, Ag is amplification
factor, Fg is the proper predominant frequency of surface ground.

Based on the above equation, the effective strain can be esti-
mated by multiplying Kg value with maximum acceleration of
basement ground ab in Gal (=cm/s2) and can be considered as an
index to indicate easiness of deformation of measured points,
which is expected to be useful to detect weak points of the ground.

Table 1 shows relationship of shear strain c to ground disasters
compiled by Ishihara (1978). It indicates that from c = 1000 � 10�6

ground begins to show non-linear character and in
c > 10,000 � 10�6 large deformation and collapse occur.

The authors applied thismethod to themicrotremor observation
sites in Fig. 1 andHVSR resultswerepresented in Figs. 5 and6 for cal-
culating Kg values. The Kg values have a wide range from 3 to 53.
Fig. 7 shows a contour map of Kg values. We appreciated that the
Kg values are over than 20 in the southern part of the basin and the
highest Kg values joint to the places adjacent to the branches of the
river. However, the smallest Kg values (<12) are common in the cen-
tral of the basin toward the north direction.
5. Results and discussion

A reprocessing of microtremor measurements that were carried
out in 2006 was done using Geopsy code for calculating HVSR of
each observation point in the Nile Delta basin. Amplification
factors and fundamental frequencies were estimated and pre-
sented in contour maps (Figs. 5 and 6), where A varies from 2 to
7 and F ranged from 0.75 to 4.6 Hz. The large amplification and
low frequencies are common in the southern part of the Nile Delta.
The amplification factor and fundamental frequency were used to
calculate the Kg value for assessing the potential liquefaction in
the basin. The Kg values were presented in a contour map
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(Fig. 7), where its value varies widely from place to place entire the
basin. The higher values of Kg (>20) are generally common in the
southern part of the Nile delta in relative to that in the northern
part. To estimate the worst potential liquefaction places, we pre-
sented Kg values in a classed map (Fig. 8). The worst potential liq-
uefaction zones (Kg > 30) are frequently joined to the Damietta and
Rosetta Nile River branches and south Delta.

To interpret these significant results, we discussed the HVSR and
Kgvalues inviewof the stratigraphic lithologyandgeologic settingof
theNileDelta. NileDelta is theunique site in Egypt that is favored for
accumulation and preservation of the Quaternary sediments (Said,
1981). The Quaternary subsurface section of the Nile Delta has been
subdivided by many authors (Said, 1981; De Wit and Van Stralen,
1987; Zaghloul et al., 1977) into two rock units on the basis of their
lithological composition. The section includes from base to top Mit
Ghamr and Bilqas formations (Rizzini et al., 1978). The Mit Ghamr
formation (are mainly sands with clay and gravel interbeds with
middle Pleistocene age (Said, 1981). The thickness ofMit Ghamr for-
mation gradually increases toward the north and northeast. It
ranges from100 to400 m in the south, from500 to700 min themid-
dle and reaches maximum thickness exceeding 900 m in the north
(Serag El-Din, 1989). Bilqas formation (Holocene) is dominated by
sand, silt and clay interbeds; the sediments are more calcareous in
the northern part of the Nile Delta. Also peat layers have been
encounteredwithin the sediments of the Bilqas formation. Themax-
imum thickness of this formation is about 77 m (Zaghloul et al.,
1977). According to the latitudinal and longitudinal cross sections
of Fig. 2, the geological units of the Nile Delta aquifer are as follows:
(a) Top unit of Holocene clay aquitard, (b) Quaternary (Pleistocene)
and late Tertiary gravel and sand unit (aquifer) and (c) Basal unit of
Pliocene clay aquiclude.

We compared the fundamental frequency and amplification con-
tour maps in Figs. 5 and 6 with the general sediments thickness.
Unexpected results of increasing fundamental frequency and
decreasing amplification are common toward the north of the Nile
delta; however, the thickness of sediments increases from 200 m
in the south to�1000 m in thenorth. Tounderstand these surprising
results, we compared F and A contour maps with sediment units of
the longitudinal cross section in Fig. 2. We inferred that the rela-
tively lower F (�1 Hz) values, in the south delta, are due to response
to thewhole Holocene and Pleistocene formations (�200 m), where
the texture of the lithostrategraphic units is similarly, and thehigher
A values are due to the high impedance ratio between Pleistocene
and Pliocene formations. However, the higher F values to the north
delta are due the response to the Holocene formation only
(�50 m) and the lower A values are due to the low impedance ratio
betweenHolocene and Pleistocene formations. Based on F andA val-
ues in Figs. 5 and 6, lithostratigraphic map (Fig. 1), and longitudinal
cross section of the Nile Delta (Fig. 2), Kg index values (Figs. 7 and 8)
are in a good agreement with fluvial plain of Nile delta. Where, it is
commonly known that liquefaction susceptibility of sand is more
than that of clay; clay ismore resistance for liquefaction during cyc-
lic earthquake. We concluded that the worst potential liquefaction
zones (Kg > 30) are frequently joined to the Damietta and Rosetta
Nile River branches and south Delta. Based on Eq. (1) and Table 1,
we concluded that any earthquake shakes the ground with acceler-
ation more than 50 gal at hard rock can cause a perceived deforma-
tion of sandy sediments, and liquefaction can take place in theweak
zones of Kg � 20. The HVSR is a sensitive technique for lithological
stratigraphy variations in twodimensions and can be used as a pow-
erful tool for microzonation studies.
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