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Abstract
Aswan area in South Egypt experiences continuous seismic activity due to seismogenic active faults, particularly Kalabsha 
and Seiyal active EW faults. The seismic site characterization is not properly identified, although the presence of high-density 
distribution of earthquake stations. The present study investigates fourteen earthquake stations of the Egyptian National Seis-
mic Network, as well as six microtremor measurement sites. We analyzed ground motions due to seismogenic active faults 
recorded at surface from these fourteen earthquake stations. We measured microtremors for up to 120 min with portable seis-
mometers at six sites in the vicinity of the High Dam area. The horizontal-to-vertical spectral ratios of earthquakes (EHVSR) 
and microtremors (MHVSR), their plots as a function of frequency and direction of motion, and diffuse field inversion are 
used in the study. Therefore, we could provide an obvious understanding of the site characterization including resonance 
frequencies, directional amplifications, and back-calculated subsurface velocity structures at these stations and sites. We 
found three predominant amplification directions of NS, EW, and NE–SW due to the horizontal components of the seismic 
waves. These amplification directions are near-transversal ~ transversal to the NS and EW strikes of the active fault system 
in the study area. In time–frequency analyses of the records, this directionality is observed clearly for S-wave and surface 
wave time windows. We validated the diffuse field inversion process not only using fitting between observed and inverted 
EHVSRs and MHVSRs, but also using available geological 2D cross sections and hydrological information in Aswan area.
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Introduction

In south of Egypt, many metropolitan areas, and megas-
tructures (e.g., High and Aswan Dams, and Benban Solar 
Park) are built near Aswan Governorate. Benban Solar Park 
is currently the fourth-largest solar power plant in the world. 

A realistic quantification of the seismic site characteriza-
tion is necessary for an efficient assessment of seismic haz-
ards that is related to the seismic damage. The active fault 
zones affect the estimation of earthquake seismic hazard, 
and consequently evaluating the seismic risk analyses. The 
seismic site characterization due to fault zones has impor-
tant implications on earthquake hazard causing amplified 
motions near faults due to guided waves, which in turn 
increase seismic damage. Pioneering studies conducted by 
Li et al. (1990; 1994) on the San Andreas Fault zone to ana-
lyze guided waves related to fault zone increase the interest 
toward this field. Reinforced interference of seismic waves 
in fault zones is strongly responsible for generating high 
amplification and dispersive energy starting from S-waves 
to later seismic arrivals (Ben-Zion and Aki 1990; Igel et al. 
1997). Additionally, the existence of low-velocity zone (i.e., 
flower fault structure) is attributed to the fracturing and its 
subsequent occurrence of fault and clay-rich fault gouge, 
increased porosity, crack dilatation, pore-fluid concentration, 
and remineralization (Ben-Zion 1998; Hickman et al. 2005).
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Recently, the horizontal-to-vertical spectral ratios 
(HVSR) of both earthquake (EHVSR) and microtremor 
(MHVSR) data are used by Rigano et al. (2008), Di Giulio 
et al. (2009), Pischiutta et al. (2017), Panzera et al. (2017), 
Burjánek et al. (2012), Panzera et al. (2019), Tortorici et al. 
(2019), and Kakhki et al. (2020) to reveal the site response 
related to fault zones. They observed high amplification in 
the normal direction to the prevailing fault strike. At the 
Santa Caterina area in Italy, Panzera et al. (2020) studied the 
site response using the tectono-stratigraphic setting, and they 
observed high directional HVSR amplification of eight in the 
normal direction of the dominant North–South fracture zone. 
At the Victoria fault in Malta, high directional HVSR ampli-
fication could not been observed by Villani et al. (2018) 
through their geophysical investigation, which is a contra-
dict to the previous studies. Their results were interpreted 
and connected with the present fault zone inactivity (i.e., 
expressed as ~ 0.6 Myr ago). Along the Vado di Corno fault 
in Italy, Pischiutta et al. (2017) observed a prevailing high 
amplification in the normal direction to the active normal 
faults, which occurred during the L'Aquila 2009 earthquake. 
Moreover, strong directional horizontal amplification at 1 
Hz is observed from microtremor measurements and close 
to the Pernicana highly fractured fault zone, Mount Etna, 
Italy (Di Giulio et al. 2009). The distribution of earthquake 
stations along and across both active and inactive fault zones 
provides a good possibility to identify fault zone-related site 
response. Modest variations in geotechnical and/or physi-
cal properties of fault zone (e.g., fault length, fault width, 
velocity contrasts between fractured and unfractured rocks, 
and seismogenic depth and extent) could produce guided 
waves (Fohrmann et al. 2004). A small set of waveforms is 
used by Li et al. (1990; 1997) to investigate the fault zone 
guided waves up to 100 m wide of low-velocity fault struc-
ture, which is extending to the seismogenic depth. Shallow 
fault zone could generate guided waves, and consequently 
intense directional horizontal amplification because of very 
deep ground motions and outside the fault zone (Fohrmann 
et al. 2004).

Considering these valuable previous studies, the present 
paper is presenting seismic site characterization due to direc-
tional active fault structures at Aswan area in south of Egypt. 
In this paper, we contribute a detailed analysis of ground 
motion directionality in site response observed using dataset 
of 14 earthquake stations and 6 microtremor measurement 
sites. We analyze the seismic records obtained at both earth-
quake stations and microtremor measurement sites. First, 
site response is estimated using the most common HVSR 
technique. Our findings show significant directional high 
horizontal amplification, which we consider as being the 

related effects of the existence of active fault zones in the 
study area. The dominant directions of fault zones in south 
of Egypt, and particularly at the study area, are North–South 
(NS) and East–West (EW). Here, we explain that the direc-
tionality is highly exhibited when the data are rotated in the 
directions parallel and perpendicular to the fault zones. In 
addition, the seismic site characterization is predicted in the-
oretical modeling using diffuse field concept of both earth-
quake scheme (Kawase et al. 2011; Nagashima et al. 2014) 
and microtremor scheme (Sánchez-Sesma et al. 2011a). Our 
back-calculation results are reliable because of the reason-
able degree of fitness between predicted HVSR curves and 
their corresponding observed curves, accompanied with rea-
sonable inference when superimposed with regional geo-
logical, tectonic, and hydrological setting in Aswan area. 
Finally, we provide an updated seismic site characterization 
associated with the resulting ground motion directionality 
at each station and site in the study area.

Geological and tectonic setting

As depicted in Fig. 1 (modified after EGSMA 1981), dif-
ferent geological features are existed in the study area. 
The marine limestone and chalk Sinn El-Kaddab plateau 
is broad, flat Eocene bedrock at surface, remote region ele-
vating 300–350 m above the Nile Valley, and structurally 
influenced by the NS and EW fault system (Issawi 1968). 
The Cretaceous to Eocene layers that underlie the plateau 
are exposed east of the plateau and in the bordering scarps, 
which include shales of the Dakhla and Esna Formations; 
shale, marl, and limestone of the Kurkur, Dungel, and Garra 
Formations. The Cretaceous to Eocene Nubian formation 
underlies the plateau, which is composed of sand and sand-
stone interbedded with clay and shale, and uncomfortably 
overlies the Precambrian granite basement. This basement is 
exposed east of the study area as Aswan hills due to uplifting 
and regional faulting (Issawi 1968). Gabal Marawa is a cap 
of resistant limestone and exposed on the very low-relief 
Nubian plain with 274 m elevation (Issawi 1978).

As exhibited in Fig. 2, the study area is dominated by 
late Cenozoic NS and EW orthogonal strike-slip fault sys-
tem (Stern and Abdelsalam 1996; Thurmond et al. 2004). 
The slip rates of EW faults are ≈ 0.03 mm/year, whereas 
those of NS faults are 0.01–0.02 mm/year. The age of the 
EW and NS faults is still a controversy (Hamimi et al. 
2018). The northwest faults are considered as inactive 
faults (e.g., Dabud fault). The EW faults are Seiyal and 
Kalabsha faults, whereas the NS faults are Gable El-Barqa, 
Kurkur, Khor El-Ramla, Abu Dirwa, and Gazelle faults 
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(Isswai 1978). This orthogonal fault system was reacti-
vated during two compressional events of the Santonian 
and late Eocene events (Guiraud and Bosworth 1999). 
Kalabsha and Seiyal faults are 12 Km apart and have a 
right-slip movement. The slip rates of the EW faults are 
≈ 0.028 mm/year and maximum expected magnitude val-
ues are 7 MS. Left lateral strike-slip movement is prevail-
ing along Gabal El-Barqa, Kurkur, Khor El-Ramla, Abu 
Dirwa, and Gazelle faults. The slip rates of the NS faults 
are ≈ 0.006 mm/year, and maximum expected magni-
tude values are 6.25 ± 0.25 MS. The NS fault system has 
very low degree of seismic activity compared with the 
EW fault system in the region. At the intersection area 
between Kalabsha and Khor El-Ramla faults, numerous 
microearthquakes are observed due to deep interactions 
between the two faults (Fig. 2).

Because of rise in Nasser Lake level, the groundwater lev-
els in the Nubian formation, which is the largest groundwater 

reservoir in Egypt, are rising, too, due to lake seepage. At the 
study area, numerical modeling for the groundwater depth 
in the reservoir has shown variation from ≈ 68 to 106 m 
(Woodward Clyde 1985), whereas Kim and Sultan (2002) 
estimated 160 m depth. The eastern end of the Kalabsha 
fault and segments of the Khor El-Ramla fault submerged 
in the lake, where maximum pore-pressures of 7 bars. They 
suggested that the fractured basement has high effective 
hydraulic conductivity and low effective storage coefficient, 
and consequently affecting seismic activity in the study area 
(Omar et al. 2019).

Data set

Earthquake data from the Egyptian National Seismic Net-
work (ENSN) are obtained. Only 21 seismogenic events 
occurred in the period between 2007 and 2020 are selected 

Fig. 1   Geological map of the study area modified after, EGSMA (1981)
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and studied in the present research work (Table 1). These 
seismic events have moment magnitude (Mw) between 3.0 
and 4.6 and depths between 0.35 km and 16 km recorded 
at 14 seismic stations, as shown in Fig. 3. Each earthquake 
station is installed on surface and instrumented with a three-
component Trillium 40 or Trillium 240 seismometer, record-
ing with sampling frequency rate of 100 Hz. The epicentral 

locations and magnitudes of these events are obtained from 
the ENSN catalog.

The waveform quality of each ground motion was tested 
using signal-to-noise ratio (SNR, Eq. 1), with defining the 
pre-event and the whole signal windows based on the onset 
arrival time of P-wave. Figure S1 is showing examples of 
Fourier amplitudes of signal and noise at two stations with 

Fig. 2   Tectonic map of Aswan area (red lines are fault traces), accompanied with epicenters of approximately 10,000 earthquakes (blue circles) 
recorded between 2000 and 2021
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the nearest and farthest hypocenter distances. Accordingly, 
waveforms having SNR greater than 2 in all the frequency 
bands of 0.1–1.0 Hz, 0.1–10.0 Hz, and 0.1–30.0 Hz are used 
to ensure that only accepted quality waveforms are included 
in the further analyses.

where N is the pre-event Fourier amplitude, and the S is the 
whole signal Fourier amplitude.

Microtremor data are obtained from field measurements 
carried out during two field campaigns in the winter sea-
sons of 2019 and 2020 at six sites in the study area (Fig. 3) 
using three-component Trillium Compact 120s seismometer 
and a Taurus Portable recorder. These field measurements 
were avoided during the mid-day periods to ensure the most 
appropriate conditions for operating the instruments (i.e., 
temperature ≈ 23°C). Other precautions were considered 
too, such as avoiding external wiring, windy days, and 
recording nearby heavy vehicles. Figure S2 is showing an 
example of raw and filtered time series of microtremor meas-
urements at site A and accompanied by field measurement’s 

(1)SNR = 10LOG10

�∑

S2

∑

N2

�

,

photo. Continuous background noise measurements were 
recorded for duration between 60 ~ 120 minutes during day-
time at each measurement site with a sampling frequency 
rate 100 Hz.

Methodology

Earthquake data processing

We studied 21 earthquakes with phase windowing of only 
S-waves and coda waves. Previous studies concluded lim-
ited dependence of the data sensitivity on the signal win-
dow duration (e.g., Douglas et al. 2010; Ktenidou 2010). 
In the present study, the window’s length is 100 s and must 
be tapered to ensure the infinite signal assumption when 
performing the Fourier transform on a finite window. The 
onset arrival time of S-waves is manually picked; thus, this 
will guarantee accurate delimitation of the phase windows. 
The selection of this constant phase window duration ( Wd ) 
of 100 s is mainly depending on the fact that the funda-
mental resonance frequency must be greater than ten times 

Table 1   List of earthquakes 
used in the present analysis. 
(Sta.) indicates the numbers of 
stations out of the 14 stations 
that recorded each earthquake

No. Date/time Lat. Long. Depth (km) Mag. Sta.

1 2007/04/12 14:17:41.20 23.573 32.695 7.00 3.0 1
2 2007/04/12 14:19:22.60 23.572 32.698 8.30 4.2 1
3 2010/06/22 08:22:07.23 23.716 32.629 0.35 3.2 7
4 2010/11/07 09:54:34.15 24.002 32.847 2.00 4.6 7
5 2010/11/16 02:37:25.55 23.579 32.773 3.08 3.2 4
6 2010/11/30 10:23:26.02 23.563 32.788 3.38 3.0 7
7 2011/02/19 13:59:27.90 23.357 32.681 10.97 3.2 8
8 2011/04/14 06:53:23.37 23.590 32.754 0.44 3.1 8
9 2011/05/12 09:06:55.73 23.577 32.787 0.30 3.2 8
10 2011/06/13 08:08:10.64 23.457 32.593 16.00 3.3 8
11 2012/09/12 18:36:58.47 23.539 32.711 9.58 3.0 14
12 2013/05/17 10:39:27.49 23.668 32.712 3.22 3.2 13
13 2013/06/18 09:26:49.40 23.576 32.720 3.28 3.1 13
14 2013/06/19 16:21:24.94 23.581 32.781 5.03 3.1 13
15 2013/10/27 13:21:43.20 23.566 32.731 0.35 3.4 13
16 2014/02/02 13:31:24.32 23.369 32.675 3.53 3.5 10
17 2014/10/18 10:55:32.17 23.575 32.789 1.96 3.1 9
18 2014/10/18 22:02:09.35 23.578 32.786 1.41 3.0 9
19 2015/11/21 10:47:04.08 23.585 32.780 3.60 3.2 12
20 2015/11/21 10:53:23.00 23.581 32.783 4.13 3.1 12
21 2020/08/15 03:49:57.82 23.579 32.714 8.70 3.3 8
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the significant cycles (i.e., wavelengths) in each window. 
For example, a window length of 100 s contains only ten 
wavelengths of period 10 s. If the number of wavelengths 
( Sc ) necessary to secure an acceptable Fourier spectral reso-
lution, then the minimal reasonable frequency ( fm ) for the 
Fourier amplitude spectra is given by Eq. 2:

Earthquake waveforms in the present study were baseline 
corrected and bandpass filtered in the range 0.1 –30.0 Hz 
using Butterworth filter prior to calculating the Fourier 
spectra applying 5% cosine-tapering window function. 

(2)fm = Sc∕Wd.

Fig. 3   Location map for the earthquake stations (Black triangles), the 
microtremor measurement sites (blue circles), the fault traces (red 
lines), the 21 seismic events used in the present study (black crosses), 

the 1 – 9 boreholes for groundwater data (orange circles), and GG' line 
is a geological 2D cross section obtained from Mekkawi et al. 2005 
and plotted in Fig. 15
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The Fourier spectra are smoothed using a Konno–Ohm-
achi (Konno and Ohmachi 1998) window with a constant 
smoothing parameter, b = 40. Thus, the important informa-
tion in each spectrum will be secured for further diffuse 
field inversion process. Because the algorithm of diffuse 
field inversion (Kawase et al. 2011; Nagashima et al. 2014) 
processes the EHVSR applying geometric mean, the present 
EHVSRs are calculated with applying geometric mean on 
all obtained spectral ratios for each earthquake at each sta-
tion. This will result in one representative EHVSR curve 
for each station. Finally, the time–frequency spectrograms 
and the directional rotated EHVSRs are calculated at each 
earthquake station using GEOPSY software suite (Ver. 3.3.3, 
Wathelet et al. 2020, http://​www.​geopsy.​org). For calculat-
ing directional rotated EHVSR, we use the same b param-
eter of 40. The inter-earthquake variability among EHVSR 
spectra, which resulted from using different earthquakes, 
has been evaluated to check the confidence level of the pre-
sent data. The following series of equations are adapted to 
evaluate this inter-earthquake variability between different 
EHVSR spectra s(f ).

where si(f ) is the s(f ) for the i = 1,… , n earthquakes, and the 
index of ln is describing the natural logarithm.

This inter-earthquake variability occurs because difficul-
ties to separate the site response away from the associated 
source and path responses. Because the values of � are cal-
culated at each frequency point �(f ) , so that, the median and 
mean of these values of � are used to quantify this inter-
earthquake variability. These values are necessarily arbitrary 
and their exact threshold values are controversial.

Microtremor data processing

The microtremor time series have sampling frequency rate 
of 100 Hz and a duration of 60 –120 min from each meas-
urement site is processed using GEOPSY software suite 
(Ver. 3.3.3, Wathelet et al. 2020, http://​www.​geopsy.​org) to 
determine the MHVSR curves and their directional rotated 
MHVSR. Each microtremor time series is subdivided into 
unoverlapping time windows of 100 s. Certainly, the longer 
the selected subdivided time window, the higher the num-
ber of significant cycles or wavelengths considered for the 

(3)�ln =
1

n

n
∑

i=1

ln
[

si(f )
]

,

(4)ŝ(f ) = exp
[

𝜇ln

]
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√
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[
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Fourier spectra at the lowest analyzed frequency. Conse-
quently, the criteria and guidelines suggested by the Euro-
pean research project of SESAME (Bard and SESAME 
team 2004) are followed and fulfilled. As is the earthquake 
data processing, the waveforms are bandpass filtered in the 
range 0.1 –30.0 Hz using Butterworth filter with apply-
ing 5% cosine-tapering window function at both start and 
end of the time series. Based on fixed short time average 
(STA = 1 s) over long time average (LTA = 30 s), only the 
most stationary parts, which are less influenced by nearby 
or time-varying noises, are extracted, whereas the transients 
associated with nearby noise sources are eliminated. This 
step executed depending on visual inspection for all the time 
series waveforms. Smoothing filter on the computed Fourier 
spectra of each time window is applied using Konno–Ohm-
achi window, with the b parameter of 40. Also, for calculat-
ing directional rotated MHVSR, we use the same b param-
eter of 40. The resulting spectra of the geometric mean of the 
horizontal components are divided by their corresponding 
spectra of the vertical component in each time window. The 
final MHVSR for each measurement site is calculated by 
taking the mean of the logarithmic MHVSRs obtained from 
all the time windows.

When possible, the fundamental frequencies (first fre-
quency) are picked on the resulted six MHVSR curves. 
Verification of the stability of fundamental frequency and its 
peak amplitude is tested in compliance with criteria of Bard 
and SESAME team (2004). These criteria include funda-
mental frequency ( f0) < 10 significant cycles, the significant 
cycles ≥ 200, and low standard deviation for amplitude (≤ 2 
or ≤ 3for f0 > 0.5 or < 0.5 Hz, respectively).

Back‑calculation of velocity structures

The back-calculation of P- and S-wave velocity structures 
is executed based on two diffuse field inversion schemes 
specifically designed for EHVSR and MHVSR. Since micro-
tremors consist of mainly surface waves from randomly dis-
tributed point sources on the surface, so that, it is neces-
sary to use the imaginary part of the Green’s function at the 
same location of the observed site to obtain the diffusive 

Table 2   Initial subsurface P- and S-wave velocity structure (i.e., Vp 
and Vs) of Aswan area

Kebeasy et al. (1991) Mohamed et al. (2015)

VP (km/s) VS (km/s) Thickness (km) VP (m/s) Thickness (m)

2.1 1.22 0.25 873 –1341 5 –10
5.1 2.85 3.4 2164  –2467 20 –25
5.2 3.2 3.3
6.35 3.55 8.1
6.8 3.77 12.2

http://www.geopsy.org
http://www.geopsy.org
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energy density spectra (Sánchez-Sesma et al. 2011a). On 
the other hand, earthquake ground motions consist of mainly 
body waves, particularly, the S-wave portion from the deep 
sources is diffused. Kawase et al. (2011) showed that the 
resulting final representative EHVSR curve using many 
earthquakes should be calculated as the ratio of the abso-
lute value of the S-wave transfer function with respect to 
that of the P-wave transfer function with a constant that cor-
responds to the equipartition of energy at the seismological 
bedrock.

Eventually, the relevant interpretation of the diffuse field 
concept in Sánchez-Sesma et al. (2011a) for MHVSR and 
Kawase et al. (2011) for EHVSR should be discriminated 
from each other, because the nature of seismic wavefields 
and their predominant incident wave types are different. 
Lermo and Chavez-Garcia (1994) and Field and Jacob 
(1995) do not recommend similarity between EHVSRs and 
MHVSRs. Recently, Mori et al. (2015) established detailed 
comparisons between EHVSRs and MHVSRs through stud-
ying S-wave velocity inversion using pseudo-MHVSRs.

In the present study, P- and S-wave velocity structures are 
examined and back-calculated beneath each earthquake sta-
tion using EHVSR inversions running by FORTRAN code 
program developed by Nagashima et al. (2014), which is 
specifically designed for calculating the theoretical EHVSR 
based on the diffuse field concept.

Beneath each microtremor measurement site, the subsur-
face velocity structures are back-calculated using MHVSR 
inversions running by HV-Inv, which is a MATLAB code 
program developed by García-Jerez et al. (2016). Depend-
ing on the diffuse field approximation (Sánchez-Sesma et al. 
2011a), this HV-Inv is designed for calculating the theoreti-
cal MHVSR curves. This code program could be obtained 
from the HV-Inv project website (http://​www.​ual.​es/​Grupo​
sInv/​hv-​inv/).

From the literature, the deep and shallow subsurface 
velocity structures obtained from Kebeasy et al. 1991 and 
Mohamed et al. (2015), respectively (Table 2), provide an 
initial guess of the velocity structures and their constraining 
search space for Vp and Vs to feed into the back-calculated 
velocity structures. Several initial velocity structures are 
designed considering gradual increase in velocities from 
0 ~ 3000 m depth. The search space is constrained as ± 300% 
of the initial input velocity structures. Fitting between the 
observed and inverted EHVSRs and MHVSRs is considered 
as the main criteria to judge the reliability of the resulted 
inverted subsurface velocity structures.

Results and discussion

Earthquake stations

Figure 4 exhibits the EHVSR results at the 14 earthquake 
stations. One of the prominent seismic characterizations is 
the differences between the differently averaged EHVSRs of 
both horizontal components (i.e., EW and NS). Accordingly, 
the 14 stations are exhibiting frequency-dependent EHVSRs 
for frequencies lower than 10 Hz.

The whole 14 stations are characterized with higher 
EHVSRs of EW components at frequencies < 2 Hz, whereas 
both components are comparable at higher frequencies. 
However, MABD, NGAL, NGMR, and NNMR stations 
are exhibiting slightly higher EHVSRs of NS components 
at frequencies > 2 Hz. An exception to this is exhibited by 
NAHD, which has higher EHVSRs of EW component at 
all frequency bands. KSR and NWKL stations are excluded 
because the accepted events used in their averaged EHVSRs 
are 1 and 2 events, respectively. Their averaged EHVSRs are 
not considered as stable EHVSRs. According to the values 
of � , 12 earthquake stations could be categorized in two 
groups. MABD, MSM, NAHD, NGMR, NGRW, NKUR, 
NNAL, and NWAL have values of � ≤ 0.40. NGAL, NMAN, 
NNMR, and NSKD have values of � > 0.40. The azimuths 
between the accepted events and the corresponding stations 
are calculated. After that, we calculated the average and the 
standard deviation of these azimuths at each station. Figure 
S3 is showing correlation between the value of � and the 
corresponding average and standard deviation. Although 
the presence of outliers at stations of NNMR, NSKD, and 
NGMR, we could generally conclude that the value of � is 
influenced by the spatial distribution of events and the rela-
tive position of each station.

Figure 5 shows an example of the time–frequency analy-
ses at NNMR station. Most of the stations are character-
ized by concentrated ground-motion energy in the range of 
0.5 –10.0 Hz. The highest energy source is mainly produced 
from the time window of the S-waves and the consequent 
Coda waves. The horizontal components have significant 
contribution in the ground-motion energy whenever com-
pared with the corresponding vertical component. The 
directionality due to the dominant directions of fault zones 
in the study area is highly exhibited in the differently polar-
ized horizontal components. For example, NNMR station is 
showing highly concentrated ground-motion energy in the 
NS component (Fig. 5). Therefore, we used the rotational 

http://www.ual.es/GruposInv/hv-inv/
http://www.ual.es/GruposInv/hv-inv/


1127Acta Geophysica (2023) 71:1119–1148	

1 3

0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

KSR
No. earthquakes = 1 out of 5 recorded.
σmedian =  nan
σmean =  nan

EW/UD

NS/UD
0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

MABD
No. earthquakes = 5 out of 12 recorded.
σmedian =  0.19
σmean =  0.33

EW/UD

NS/UD

0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

MSM
No. earthquakes = 12 out of 14 recorded.
σmedian =  0.21
σmean =  0.23

EW/UD

NS/UD
0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NAHD
No. earthquakes = 15 out of 16 recorded.
σmedian =  0.40
σmean =  0.40

EW/UD

NS/UD

0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NGAL
No. earthquakes = 5 out of 8 recorded.
σmedian =  0.45
σmean =  0.47

EW/UD

NS/UD
0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NGMR
No. earthquakes = 7 out of 18 recorded.
σmedian =  0.12
σmean =  0.17

EW/UD

NS/UD

0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NGRW
No. earthquakes = 11 out of 17 recorded.
σmedian =  0.38
σmean =  0.35

EW/UD

NS/UD
0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NKUR
No. earthquakes = 13 out of 16 recorded.
σmedian =  0.33
σmean =  0.34

EW/UD

NS/UD

Fig. 4   The averaged EHVSR curves of horizontal components at the 14 earthquake stations. The number of accepted earthquakes out of the 
recorded earthquakes are given and accompanied by the � values
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EHVSR plots to conclude the dominant polarized horizontal 
directions. Figure 6 is exhibiting the achieved plotting results 
of the observed EHVSR spectral ratios that calculated after 
rotating the NS and EW horizontal components of motion 
from 0° (north) to 180° (south), as a function of frequency 
(x-axis) and direction of motion (y-axis). These rotational 
EHVSRs are plotted using independent earthquakes having 

high SNR at each station, because it was difficult to have 
one common earthquake recorded by all the stations and 
has accepted SNRs. For example, the 11th earthquake in 
Table 1, which is recorded by all the stations, has accepted 
SNR at only 3 stations. With regard to the resulting rota-
tional EHVSRs (Fig. 6), it appears that:

0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NMAN
No. earthquakes = 6 out of 18 recorded.
σmedian =  0.41
σmean =  0.39

EW/UD

NS/UD
0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NNAL
No. earthquakes = 8 out of 12 recorded.
σmedian =  0.25
σmean =  0.29

EW/UD

NS/UD

0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NNMR
No. earthquakes = 6 out of 10 recorded.
σmedian =  0.75
σmean =  0.72

EW/UD

NS/UD
0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NSKD
No. earthquakes = 9 out of 16 recorded.
σmedian =  0.41
σmean =  0.39

EW/UD

NS/UD

0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NWAL
No. earthquakes = 5 out of 7 recorded.
σmedian =  0.17
σmean =  0.21

EW/UD

NS/UD
0.1

1

10

0.1 1 10

EH
VS

R

Frequency (Hz)

NWKL
No. earthquakes = 2 out of 8 recorded.
σmedian =  0.09
σmean =  0.19

EW/UD

NS/UD

Fig. 4   (continued)



1129Acta Geophysica (2023) 71:1119–1148	

1 3

•	 Stations KSR, MSM, NAHD, NGRW, NNAL, NNMR, 
and NWAL appear to be characterized by single maxi-
mum amplitudes striking EW, and in some cases by max-
imum multimodal amplitudes (e.g., NAHD and NGRW).

•	 Stations MABD, NGAL, NGMR, NMAN, NKUR, 
NSKD, and NWKL appear to be characterized by mul-
timodal maximum amplitudes striking NE–SW, and in 

Fig. 5   Example time–frequency 
analyses associated with their 
corresponding velocity time 
series for the event 2014/02/02 
13:31 of Mag. 3.5 recorded at 
NNMR station
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some cases by single maximum amplitudes (e.g., MABD, 
NMAN, and NWKL).

Table 3 is summarizing the frequency ranges of the strikes 
of the maximum amplitudes deduced from the achieved rota-
tional EHVSR plots. There are congruences in the conclud-
ing remarks between Figs. 4 and 6, particularly in the low 
frequencies. The used events in this study are distributed on 
a localized zone in the study area, as shown in Fig. 3. This 
indicates slight differences among source characteristics and 
directions. This explains these congruences, despite average 
EHVSR curves (Fig. 4) are using many events, whereas rota-
tional EHVSR plots (Fig. 6) are using independent events. 
The high EW amplitudes (Fig. 4) are dominated at frequen-
cies lower than 2 Hz and indicate the presence of significant 
difference between the polarized horizontal directions due 
to deep structures. NGRW station is exhibiting its high EW 
amplitudes up to 6 Hz, whereas at NAHD station, the differ-
ence between the polarized horizontal directions is dominant 
in all frequency bands. This could be attributed to the impact 
of directionality not only on deep structures, but also on the 
shallow depths. In the literature (Fäh et al. 2001; SESAME, 
2004, Bonnefoy-Claudet et al. 2008), various interpretations 

for the EHVSR amplitudes are highly debated considering 
velocity or impedance contrasts and/or type of waves (e.g., 
Rayleigh, Love and body waves).

The resulting EHVSRs revealed dominant polarization 
in EW and NE–SW directions (Fig. 6). The variability in 
these polarized directions among earthquake stations could 
be caused by different site characterizations due to NS and 
EW active fault system in the study area. These dominant 
polarization directions in EW and NE–SW are transver-
sal –near-transversal to the NS and EW main strikes of the 
active fault system in the study area (Fig. 3). This relation-
ship between the dominant polarization directions and active 
fault system agrees with the interpretations in the literature 
proposed by Pischiutta et al. (2017); Panzera et al. (2020). 
Moreover, the observed amplification occurs dominantly at 
frequencies (0.5 –8 Hz) higher than the ones produced by the 
microtremor measurements. The wavelengths approximately 
equalize the width of the active faults in the study area cor-
responding to these dominant frequencies. Moreover, the 
P-wave and S-wave velocities in the fault zones are approx-
imately 5.10 and 2.85 km/s, respectively (Table 2). Con-
sequently, the estimated wavelengths are ranging between 
5.70–0.36 km.

Fig. 5   (continued)
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Fig. 6   Rotational EHVSRs at the 14 earthquake stations
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Fig. 6   (continued)
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Microtremor measurements

Figure 7 exhibits the MHVSR results at the 6 microtremor 
measurement sites. These resulting MHVSRs are charac-
terized by fundamental predominant broad peaks in the 

frequency range of 0.3 –1.0 Hz. These sites are exhibiting 
higher MHVSRs of NS components. An exception is site 
B, which is exhibiting higher MHVSRs of EW component.

It is important to know that sites A through F are locat-
ing in close vicinity and surrounding the High Dam area 
(Fig. 3). The MHVSRs at sites B, D, E, and particularly site 
F are exhibiting obvious sharp troughs. These local narrow 
troughs are occurring at 2 Hz frequency and having indus-
trial origin, which could be related to the anthropogenic 
sources in Aswan region. According to Bard and SESAME 
team (2004), we check the Fourier spectra of the individual 
three components at these sites. Figure 8 is illustrating with 
an example of raw spectra from each individual component 
at site F. In site F, clear and sharp peaks are exhibited on all 
orthogonal components at ≈ 16 Hz, whereas ≈ 2 Hz peak 
is exhibited only on the UD component. Therefore, we run 
damping test of the time-domain analyses using the Random 
Decrement method, which is adopted in GEOPSY software 
suite. Figure S4 is showing the damping results at site F 
in the low frequency range of 2.08 ~ 2.09 Hz and high fre-
quency range of 15.79 ~ 16.20 Hz. The UD component at 
frequency 2.08 Hz with very low damping of ≈ 0.17% is 
only witnessing an anthropogenic source. This conclusion 
is also verified in the time–frequency analyses of the UD 
component at site F (Fig. 9). This noise of anthropogenic 
origin is clear and continuous at ≈ 2 Hz. Sites A and C do 
not exhibit any of these industrial origin peaks because of 
their existence outside the impact area of these industrial 
origin sources (i.e., far away from the High Dam).

As deduced from Fig. 7, peaks of the fundamental res-
onance frequencies (f0) are ranging from 0.3 –1.0 Hz and 
not influencing by the industrial noise of the High Dam. 
In addition, the directionality is obvious in this frequency 
range. Moreover, the amplitude of the fundamental peaks 

Fig. 6   (continued)

Table 3   Summarized strike and frequency as deduced from rotational 
EHVSR plots

Station Strike (°N) Frequency range (Hz) Peak mode

KSR 45 –110 0.40–0.60 Single
MABD 90–150 0.40 –0.60 Single
MSM 60–120 1.00 –1.50 Single
NAHD 50 –110 0.50 –1.50 Multimodal
NGAL 0 –20 2.00 –3.50 Multimodal

160 –180
30 –90 0.35–0.60

NGMR 0 –10 0.65 –1.00
4.50–5.50

Multimodal

110 –170 0.65 –1.00
4.50 –5.50

NGRW​ 60 –110 0.50 –1.50 Multimodal
NKUR 110 –150 0.15 –0.25 Multimodal

5.00 –10.00
NMAN 0 –10 0.35 –1.00 Single

100 –150
NNAL 50 –110 0.65 –1.00 Single
NNMR 50 –110 0.40 –0.50 Single
NSKD 0 –60 0.50 –1.00

1.50 –2.00
Multimodal

170–180 0.50 –1.00
1.50 –2.00

NWAL 60–120 0.70 – 1.00 Single
NWKL 100–160 1.0 – 2.0 Single
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is higher than 2 and decreases to <  < half of the amplitude 
of the fundamental peaks in the frequency range of f0/4 –4 
f0. On the other hand, the troughs of frequencies 2 Hz are 
having industrial origin and existing at sites B, D, E, and F. 
Therefore, sites B, D, E, and F are excluded from further 
diffuse field inversion process because of their misleading 
impact on the back-calculated subsurface velocity structures. 
According to suggestions for processing and interpretation 

by Bard and SESAME team (2004), the resulting fundamen-
tal resonance frequencies at the 6 microtremor measurement 
sites are reliable.

Figure 9 shows the time–frequency analyses of typical 
three component noise records at site F. The ground-motion 
energy is concentrated in the low frequency range < 1 Hz 
and the high frequency range > 5 Hz. Most of the energy is 
observed in the horizontal components, particularly the NS 
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component. After performing similar time–frequency analy-
ses at the other microtremor measurement sites, consistent 
characteristics are also resulted.

Figure 10 is exhibiting the achieved plotting results of the 
experimental MHVSR spectral ratios that calculated after 
rotating the NS and EW horizontal components. The troughs 
of industrial origin sources could be eliminated because of 
using smoothing b parameter of 40. From the resulting rota-
tional MHVSRs, it appears that A, C, D, and E sites are 
characterized by multimodal maximum amplitudes in the 
frequency range between 0.5  and 1.0 Hz and striking NS 
(0 ~ 40 °N and 140 ~ 180 °N). These dominant polarization 
directions in NS are transversal to the EW main strikes of 
the active fault system, which are Kalabsha and Seiyal faults 
(Fig. 3). Site B is an exception and having single maximum 
amplitudes in the frequency range between 0.5 –1.0 Hz and 
striking NE–SW (30 –110 °N), whereas site F has its single 
maximum amplitudes in the same frequency range and strik-
ing NE–SW (110 –170 °N).

The difference between the EHVSRs and MHVSRs is 
attributed to the different nature of the wavefield for the 
earthquakes and microtremors. Body-wave contribution in 
EHVSRs is the major sources of earthquakes. Surface wave 
contribution in microtremors is dominant and work as ran-
dom distributed point sources with several loading direc-
tions. See Weaver (1985), Shapiro et al. (2000), Margerin 
et al. (2009), Sánchez-Sesma et al. (2011b), and Piña-Flores 
et al. (2021) for references. The existence of a diffuse field 
must comply with several physical conditions, particularly 
with the equipartition of energy. Each seismic wave of P-, 
SV-, SH-, Rayleigh-, and Love-type has a fixed associated 
energy and is proportional to the number of its modes as in 
surface waves only. The microtremor record can be viewed 
as stable random process because the microtremors are gen-
erally regular during the recorded day interval.

Remarkably, there are significant differences between 
EHVSRs and MHVSRs in their frequency and ampli-
tude characteristics regarding the fundamental and/or 
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predominant peak frequencies (compare Figs. 4 and 7). 
This is because EHVSRs are mainly associated with higher 
modes, whereas surface waves would not severely excited 
with these higher modes as appear in MHVSRs.

Back‑calculated velocity structures

Figure  11 shows the superimposition of observed and 
inverted EHVSR curves at the 12 earthquake stations. It is 
important to note that the geometrically averaged observed 

Fig. 9   Example time–frequency 
analyses associated with their 
corresponding velocity time 
series recorded at microtremor 
measurement Site F. (Note 
that reduced amplitude scale 
is used for the UD component 
to observe the industrial origin 
noise at frequency ≈ 2 Hz)
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EHVSR curves are used as input in the diffuse field inversion 
process; consequently, the geometrically averaged inverted 
EHVSR curves are resulted. Reasonable fitting could be 
achieved after several trials and several inputting initial 
velocity structures in lighting by Kebeasy et al. (1991) and 
Mohamed et al. (2015) (Table 2). Fig. 12 is exhibiting the 
theoretical vertical and horizontal transfer functions (i.e., PP 
and SH, respectively). Three amplification patterns could be 
categorized based on these transfer functions. The first pat-
tern is high amplifications as in MABD, NKUR, and NNMR 
stations around 3 Hz, 1.5 Hz, and 7 Hz, respectively. These 
amplifications could be related to the back-calculated veloc-
ity structures beneath each station. However, NNMR station 
is surrounded or in captive by NS faults (i.e., Kurkur and 
El-Baraqa faults) and EW Seiyal active fault. Consequently, 
its high amplification could be related to the constructive 
interference among incident seismic waves (i.e., generation 
of guided waves). The second pattern is medium amplifica-
tions as in MSM, NAHD, NGAL, NGMR, NMAN, NNAL, 
NSKD, and NWAL stations. In the literature (e.g., Li et al. 
2004, Korneev et al. 2003, to cite few among many oth-
ers), the seismogenic active faults of depths less than 10 km 
could work as fault zone waveguide, which is in agreement 
with the present study seismogenic earthquakes and their 
relevant resulting amplifications. The third pattern is low 

amplifications as in NGRW station. Fig. 13 shows the back-
calculated subsurface velocity structures (i.e., P-wave and 
S-wave velocities) at these 12 earthquake stations. Diffuse 
field inversion has been done on microtremor measurement 
sites A and C, and the resulting back-calculation MHVSR 
curves and their corresponding subsurface velocity struc-
tures are exhibited in Fig. 14.

The seismic bedrock is identified using the impedance 
contrast characteristics of S-wave and P-wave veloci-
ties (Thabet 2019 and 2021a), because these studies are 
applied and concluded based on 1743 sites with high 
variety of geological, lithological, and structural con-
ditions. Equations 6 and 7 are defining the impedance 
contrast characteristics of S-wave and P-wave as ICP and 
ICS , respectively. Moreover, seismic bedrock corresponds 
to S-wave velocity of ≥ 3000 m/s (Kawase et al. 2011). 
Applying a Poisson’s ratio of 0.25 for this seismic bedrock 
means P-wave velocity of ≥ 5200 m/s. Table 4 is summa-
rizing the P-wave and S-wave velocities of the seismic 
bedrock and the average overlying layers beneath each sta-
tion and site. Considering the achieved results from the 
earthquake stations, the averages of S-wave and P-wave 
velocities are 1394 ± 127 m/s and 2699 ± 369 m/s for the 
overlying layers and 3305 ± 225 m/s and 6575 ± 361 m/s 
for the seismic bedrock, respectively.

Fig. 9   (continued)
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Fig. 10   Rotational MHVSRs at the 6 microtremor measurement sites
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Fig. 11   Observed and inverted 
EHVSR curves at the 12 earth-
quake stations
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curves. Second is the slight variability of the seismic bedrock 
velocities (Vs ≈ 3305 ± 225 m/s, and Vp ≈ 6575 ± 361 m/s) 
for the 12 different earthquake stations, although the search 
space is set to ± 300% of the initial velocity structures. Addi-
tionally, these resulted seismic bedrock velocities agree with 
previous results by Kawase et al. 2011. This also indicates that 
diffuse field inversion process is reliable. As shown in Fig. 15, 
the third factor is the superimposing back-calculated velocity 
structures beneath NKUR station on the geologic 2D cross 
section (GG’ line in Fig. 3), which is obtained from Mekkawi 
et al. (2005). The top 100 m layers are interpreted as weathered 
sandstone and shale (Nubian formation) and have averages Vs 
and Vp of 425 and 1491 m/s, respectively. Till depth of 345 m, 
un-weathered sandstone and shale (Nubian formation) have 
averages Vs and Vp of 1036 and 1757 m/s, respectively. The 
seismic bedrock, which is composed of Precambrian metamor-
phic and plutonic rocks, has Vs and Vp of 3342 and 6753 m/s, 
respectively. Fourth is detecting the presence of groundwater 
from back-calculated velocity structures taking advantage of 
the seismic reflectivity parameter (SRP), which is defined by 
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Fig. 11   (continued)

where � is the density of each layer i (note: 1 is the surficial 
layer and ith for underlying layers).

The different seismic site classes in Aswan region are asso-
ciated through high variability of the overlying layers veloci-
ties. Although the initial velocities used in the diffuse field 
inversion are based on velocities obtained from Kebeasy et al. 
(1991) and Mohamed et al. (2015) (Table 2), our achieved 
velocities are significantly different. The inversion of an 
MHVSR or EHVSR curve has an important non-uniqueness 
problem (See Piña-Flores et al. 2017). For that purpose, the 
reliability of the present achieved subsurface velocity struc-
tures is proven due to the following four factors. First is the 
reasonable fitting between the observed and inverted EHVSR 
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Fig. 12   Horizontal and vertical 
(i.e., SH and PP, respectively) 
theoretical transfer functions at 
the 12 earthquake stations
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Thabet 2021b (see Eq. 8). The presence of groundwater is 
judged by the high SRP values, otherwise close to zero or 
negative SRP values are considered as lithological variations. 
The zero SRP is indicating inter-layer condition. For this pur-
pose, we used the groundwater data of the piezometric net-
work constructed and installed by the High and Old Aswan 
Dams Authority (HADA) in cooperation with the National 
Research Institute of Astronomy and Geophysics. Two bore-
holes are in the vicinity of NNMR station, whereas seven 
boreholes are in the vicinity of NGMR station (i.e., 1 – 2 and 
3 – 9, respectively, in Fig. 3). The theoretical groundwater level 
at NNMR station is 41 m and 440 m, as determined by SRP 
index. This estimation is similar to the observed groundwater 
levels in boreholes 1 –2, which are ranging between 49.5 m 
and 56.5 m. On the other hand, the theoretical groundwater 
levels at NGMR station are 18 m and 219 m, whereas the 
observed groundwater levels in boreholes 3 –9 are ranging 
between 71.2 m and 85.4 m. Although the present resulting 
subsurface velocity structures are considered as reliable, but 

these back-calculated velocities are nonunique satisfactory 
velocity structures (Fig. 16). 

where ICP and ICS are defined in Eqs. 6 and 7. 

Conclusion

This study provides an updated database for the seismic 
site characterization of fourteen earthquake stations, 
which belong to the Egyptian National Seismic Network 
(ENSN) and located in Aswan area, as well as six micro-
tremor measurement sites in the vicinity of the High Dam. 
Earthquake and microtremor analyses of EHVSRs and 
MHVSRs, respectively, accompanied with their rotated 
plots were performed to obtain resonance frequencies and 
the dominant amplification directions. The subsurface 
velocity structures beneath these stations and sites were 

(8)SPR = ICP − ICS,
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Fig. 13   Back-calculated velocity structures at the 12 earthquake stations
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determined using diffuse field concept of both earthquake 
scheme (Kawase et al. 2011; Nagashima et al. 2014) and 
microtremor scheme (Sánchez-Sesma et al. 2011a). The 
diffuse field inversion successfully and suitably retrieved 
the velocity structures in 12 earthquake stations and 2 
microtremor measurement sites but failed in 2 stations 
and 4 sites due to SNRs < 2, and noise of industrial origin 
(i.e., High Dam), respectively. The authors recommend 
much complex microtremor measurements in the vicinity 
of megastructures in the study area.

We observed that EHVSRs revealed dominant polariza-
tion in EW and NE–SW directions in the frequency range 
between 0.5 and 10.0 Hz, whereas MHVSRs revealed 
dominant polarization in NS and NE–SW directions in 
the frequency range between 0.3 and1.0 Hz. These domi-
nant polarization directions are near-transversal – trans-
versal to the EW and NS main strikes of the active fault 
system, respectively. The near-transversal – transversal 
relationship between the amplification directions which 
are resulting at both the 14 earthquake stations and the 
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Fig. 14   Observed and inverted MHVSR curves at sites A and C (upper panels), and their back-calculated velocity structures (lower panels)

Table 4   Summary of characteristics of the seismic bedrock and its 
corresponding overlying layers

Sta Depth to seismic 
bedrock (m)

Overlying layers 
averages (m/s)

Seismic bed-
rock (m/s)

Vs Vp Vs Vp

MABD 2433 1572 2671 3384 6737
MSM 2247 1311 2964 3115 6600
NAHD 2335 1357 2347 2663 5670
NGAL 2429 1529 2922 3324 6354
NGMR 2441 1392 2527 3500 6781
NGRW​ 2170 1243 2295 3386 6881
NKUR 2570 1499 2705 3342 6753
NMAN 2380 1277 2154 3291 6306
NNAL 2284 1288 2414 3370 6497
NNMR 1940 1483 3361 3486 6986
NSKD 2445 1555 3169 3367 6436
NWAL 2087 1228 2867 3436 6901
Site A 1085 954 1667 3451 5537
Site C 991 903 1564 2814 4418
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6 microtremor measurement sites, and the active fault 
system in the study area is in agreement with Pischiutta 
et al. (2017), Panzera et al. (2019), Tortorici et al. (2019), 
and Kakhki et al. (2020), to cite few among many oth-
ers. The difference between the EHVSRs and MHVSRs 
is attributed to the different nature of the wavefield for 
the earthquakes and microtremors.

The discussed results and methods demonstrate the utility 
of the need to continuously update the seismic site character-
ization for the Egyptian National Seismic Network stations, 
particularly those in the near vicinity of megastructures in 
Egypt.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11600-​023-​01016-5.
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