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Quantifying seismic source, site
and path parameters using body
wave spectral inversion: a case
study from southwestern Saudi
Arabia

Saleh Qaysi*

Department of Geology & Geophysics, College of Science, King Saud University, Riyadh, Saudi Arabia

This study aims to investigate the seismic source characteristics, path attenuation
(including geometrical spreading and intrinsic attenuation), and site effects
of earthquakes in southwestern Saudi Arabia, with the goal of improving
understanding of the region’s crustal structure and seismotectonic processes.
The broadband seismic network in southwestern Saudi Arabia, equipped with
highly sensitive sensors and extensive station coverage, provides an excellent
framework for a comprehensive investigation of seismicity distribution, site
response, seismic wave attenuation, and source spectra of earthquakes with
local magnitudes (M,) ranging from 2.5 to 4.8 recorded between 2000 and
2023. A Spectral Inversion Method (SIM), constrained by a reference site, was
applied to decouple site response, attenuation effect, and source characteristics
from observed P- and S-wave spectra using iterative least squares analysis.
The site responses derived from P- and S-wave spectral inversion reveal strong
variability across stations located on contrasting geological settings of the
Arabian Platform and Arabian Shield. P-wave amplification is generally higher
and peaks at 8-15Hz, while S-wave amplification and H/V spectral ratio
peaks show close agreement, indicating that the H/V method reliably captures
the fundamental site resonance controlled by shallow shear wave velocity
structure. Frequency-dependent attenuation was quantified using empirical
relationships, Q, = (112+1.1)f 04099 and Q, = (199 +2.9) f (9809 "indicating
significant frequency dependence and suggesting a seismically active and
structurally heterogeneous crust in the southwestern Arabian Shield. The
displacement source spectra deviate from the classical ™ source model,
displaying a steeper high-frequency decay that more closely resembles an
w™ spectral falloff. advanced source parameters, including seismic moment
(Mg), corner frequency (f-), moment magnitude (M,,), source radius (r), and
stress drop (Ao), were estimated from corrected displacement spectra of P-
and S-waves over the frequency band 0.8—-50 Hz. The seismic moment ranges
from 2.12x10" to 3.7x10™ N.m, source radii from 1451 to 493.3m, and
corner frequencies from 3 to 10.2 Hz. Stress drop values vary from 0.002
to 1.06 MPa (P-wave) and 0.005-2.54 MPa (S-wave). The relatively low stress
drops may reflect the influence of active Red Sea rifting and fluid upwelling
beneath the Arabian Shield, contributing to the reactivation of pre-existing
zones of weakness within the study area. This study provides a comprehensive
assessment of seismic source and attenuation properties in the southwestern
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Arabian Shield. The obtained parameters are essential and crucial for earthquakes
risks and disasters that affected the western Saudi Arabia urban development.
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spectral inversion, stress drop

1 Introduction

The Arabian Plate lies within a highly complex and tectonically
active region, bordered by several dynamic plate boundaries. Along
its western margin, the Arabian Shield is diverging from the
African Plate, leading to ongoing seafloor spreading in the Red
Sea and Gulf of Aden (Figure 1A). The southern part of this
shield forms a geologically significant triple junction, where the
Red Sea, Gulf of Aden, and East African Rift System intersect
(Abdelfattah et al., 2020). The study area, situated along the eastern
coast of the Red Sea in western Saudi Arabia, is part of the
Arabian Shield’s continental margin and is geologically marked by
Cenozoic basalt fields, magmatic intrusions, and a variety of fault
systems. These features create crustal heterogeneities and structural
complexities. Seismic activity across the Arabian Shield is believed
to result from stress transfer associated with regional tectonics,
including Red Sea rifting, and from the upwelling of magma linked
to the Afar mantle plume (Coleman et al., 1983; Coleman, 1984;
Craig et al., 2011; Abdelfattah et al., 2019). The region is dominated
by NW-SE normal faults and NNW-SSE sinistral strike-slip faults
of the Najd Fault System (Abdelfattah et al., 2019), which are
conjugated with ENE-WSW trending Pan-African transform faults
exhibiting dextral motion (Al Ganad et al., 1994; Johnson, 1998;
Vita-Finzi, 2001; Fournier et al., 2007). Although this area frequently
experiences low-magnitude earthquakes, it has also been impacted
by several significant seismic events. Examples include the 1941 Asir
earthquake (M, = 6.25) near Jizan (El-Isa and Al-Shanti, 1989),
and the 1982 northern Yemen earthquake (M, = 6.0), which
caused nearly 1,900 deaths (Langer et al., 1987). While previous
studies have explored the regions tectonics and seismicity (e.g.,
Qaysi et al., 2023; 2025; Abdelfattah et al., 2024; Rehman et al., 2019;
Al-Ahmadi et al.,, 2014), detailed quantitative analyses of seismic
wave attenuation, particularly frequency-dependent body wave
quality factors (Q), remain limited. Additionally, site amplification
effects have not been thoroughly characterized, despite their crucial
role in ground motion prediction. This study addresses these gaps
by employing the Generalized Inversion Technique (Andrews, 1986)
to analyse broadband seismic waveform data recorded by the Saudi
National Seismic Network (SNSN) in the southwestern Arabian
Shield. This approach allows for the spectral decomposition of
earthquake records into source, path, and site components, enabling
independent estimation of the geometrical spreading and intrinsic
attenuation along the propagation path, site amplification, and
source spectra. In addition, Horizontal-to-Vertical Spectral Ratio
(HVSR) analyses are used to validate the site response estimates
derived from the inversion process. Through this analysis, the study
provides new insights into the frequency-dependent attenuation
properties, local site effects, and the source characteristics of
earthquakes in the region. The results contribute to the development
of region-specific ground motion models and enhance seismic
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hazard assessments. Given the increasing seismic activity, rapid
urban expansion, and critical infrastructure development along the
Red Sea coast, the outcomes of this study are essential for supporting
effective earthquake risk mitigation and guiding informed decision-
making by public authorities, engineers, and planners.

1.1 Geology and tectonic framework

Saudi Arabia’s geological structure is broadly divided into
two principal provinces, the Arabian Shield and the Arabian
Shelf. The Arabian Shield occupies roughly 30% of the country’s
landmass in the west and is primarily composed of crystalline
Precambrian basement rocks (Stoesser and Camp, 1985). In
contrast, the Arabian Shelf, covering about 60% of the territory in
the east, consists mainly of Phanerozoic sedimentary successions
(Brown et al., 1989). This study focuses on the southern Arabian
Shield, adjacent to the Red Sea Rift, a major active divergent plate
boundary separating the Arabian and African plates. The Shield
is geologically dominated by Neoproterozoic to early Cambrian
igneous and metamorphic rocks (Kellogg and Beckmann, 1984;
Johnson et al., 2011), intruded by granitoids and partially covered
by Cenozoic basaltic lava flows. Sedimentary belts fringe these
basement rocks, forming distinct lithological units of intrusive
complexes, stratified sequences, and volcanic assemblages (Al-
Shanti and Mitchell, 1976) (Figure 1B). Tectonically, the Arabian
Plate is highly active, currently moving away from the African
Plate, which leads to ongoing seafloor spreading in the Red Sea
and Gulf of Aden (Aldamegh et al., 2009, Al-Damegh et al., 2004).
This dynamic setting is associated with frequent seismic activity,
particularly along the Red Sea margin, where earthquakes exceeding
Mw 7.0 and focal depths within the upper 20 km of the crust have
been documented (Al-Amri and Rodgers, 2012; Kiuchi et al., 2019).
These observations reflect the continuing rifting and divergence
of the plate boundary. The geological evolution of the Arabian
Shield is closely tied to the fragmentation of the African craton,
specifically the Mozambique Belt during the Late Proterozoic
(Kazmin et al., 1978). This event was followed by the formation
of ensimatic island arcs, preserved today in the volcanic and
sedimentary records of the Hijaz, Asir, and Midyan terranes.
Geochemical and isotopic studies suggest these terranes formed
through oceanic accretion processes (Jackson and Ramsay, 1980).
Over time, five distinct terranes amalgamated to form the Arabian
Neocraton (Stoeser and Camp, 1985; Blasband et al., 2000;
Johnson, 2003; Hargrove et al., 2006; Bamousa, 2013). Significant
tectonic events during this period include the collision of the
Hijaz and Asir terranes, marked by the Umgq Suture, and the
convergence of the Afif and ArRayn terranes, which produced NE-
trending thrusts and folds (Shimron, 1984). A post-collisional phase
followed, characterized by intra-cratonic magmatism, emplacement
of biotite granites, molasse deposits, and ensialic volcanic activity
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FIGURE 1

setting of the study area modified from Abdelfattah et al. (2024)

(A) regional tectonic elements modified (After Lashin et al., 2023). and the location of the study region represented by black circle (B) Geological

(Calvez et al.,, 1982). Following a prolonged period of tectonic
quiescence and regional subsidence, the onset of Red Sea rifting
during the Tertiary reactivated the western boundary of the Arabian
Plate. This initiated the current phase of tectonic divergence from
Africa and convergence toward Eurasia (Powers et al., 1966). Today,
the Red Sea Rift remains the dominant zone of tectonic activity,
marked by active faulting, volcanism, and crustal deformation.
These ongoing processes continue to shape the structural and
seismic evolution of the Arabian Plate, underscoring the region’s
complex and dynamic geotectonic setting.

1.2 Spatiotemporal distribution of
seismicity and data selection

Extensive seismic monitoring in southwestern Saudi Arabia
has been made possible through the rapid deployment, expansion,
and upgrading of the Saudi National Seismic Network (SNSN)
(Figure 2A). This effort has significantly improved the spatial and
temporal monitoring of the ongoing seismic activity in the region
up to the present day. Initial analyses have primarily focused
on mapping the spatial distribution of seismicity. Earthquake
hypocentres were determined using the Hypo-inverse algorithm
(Klein, 2002), within the Atlas software package, incorporating
station coordinates, an appropriate crustal velocity model, and
manually picked P- and S-wave arrival times as input parameters.
The resulting hypocentre catalogue was used to construct a
seismicity map covering the period from 2000 to 2023 (Figure 2A).
The map clearly illustrates that seismicity is concentrated along the
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Red Sea spreading axis, with additional inland clusters forming
distinct seismic zones and trends, particularly in the Asir region
and northern Yemen. Overall, seismic activity is densest along
the Red Sea rift zone. A comparison with more recent seismicity
data (Figure 2B) confirms the persistence of these patterns over
time. In this study, we selected a dataset of 200 local earthquakes
with local magnitudes ranging from 2.5 < M; < 4.8, and focal
depths between 0 and 30 km. These events represent both intraplate
and interplate seismicity. The initial event parameters, magnitude,
location, and depth are utilized to assess seismicity distribution,
the geometrical spreading and intrinsic attenuation along the
propagation, site response, and source spectral characteristics. The
dataset is dominated by smaller-magnitude events 2.5 < M; <
3.0 (134 earthquakes) and only 20 earthquakes with magnitude
range 3.0 < M; <4.0 (56 earthquakes) and only three earthquakes
have M; > 4.0. Figure 3 summarizes the earthquake dataset and
station coverage employed in this study. The analyzed events span
a moderate local magnitude range and are predominantly shallow
as illustrated in panel (A). The spatial distribution of earthquakes
in longitude and latitude as shown in panels (B) and (C), indicates
broad areal coverage across the study region, ensuring adequate
source-receiver geometry for stabilizing the generalized inversion
technique (GIT). Panel (D) presents the number of events recorded
at each seismic station, highlighting variations related to station
location and data availability, while confirming that most stations
provide sufficient observations for statistically reliable estimation of
source parameters, path attenuation, and site response. All waveform
data were recorded at a sampling rate of 100 Hz and stored in
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SEED format. Data selection followed strict criteria based on the
recommendations of Ren et al. (2013). The hypocentral distance
of selected earthquakes is limited to 10-300 km to balance near-
field and far-field attenuation effects, the minimum hypocentral
distance of 10 km was selected based on previous seismic hazard
modelling, where near-field effects such as directivity and high-
frequency amplification are typically observed within 10-15 km
from the source (e.g., El-Isa et al., 1984; Al-Amri, 1994; AL-
Amri et al., 1998; El-Isa, 2015; Grimaz and Malisan, 2014; Ali and
Abdelrahman, 2022). Additionally, this choice helps to achieve a
relatively uniform spatial distribution of events in our analysis.
The Signal to Noise Ratio (SNR) greater than 5, and each event
recorded by a minimum of five stations. Ultimately, the dataset used
in the inversion analysis consists of 200 earthquakes recorded across
20 seismic stations. These events satisfied fundamental location-
quality criteria, including an RMS residual less than or equal to
0.6 s, an azimuthal gap less than 180° and a minimum number
of P- and S-wave arrivals. Waveform processing was carried out
using the Seismic Analysis Code (Goldstein and Snoke, 2005).
Raw seismograms were first converted from SEED to SAC format,
after which P-wave arrivals were manually picked on the vertical
component and S-wave arrivals on the two horizontal components.
Instrument responses were removed using station’s pole-zero files
(Figure 4A). For spectral analysis, we applied FFT windows of
1.28 s for P waves and 2.56 s for S waves, along with pre-event
noise windows of equal duration (Figure4B). Each waveform
was tapered with a 1% cosine window, detrended to remove
mean and linear trends, and zero-padded prior to transformation
to increases frequency resolution through interpolation in the
frequency domain, without altering or smoothing the spectral
amplitudes. The 1.28 s for P-wave and 2.56 s for S-wave windows
were analyzed using a frequency band of 0.7-45 Hz, consistent
with the effective anti-aliasing cutoff of the instruments and only
spectra with a signal to noise ratio greater than five were used,
to ensure that only spectra with a signal amplitude at least five
times larger than the background noise were retained, providing
reliable spectral estimates (Figure 4C). Fourier amplitude spectra
were then computed by averaging the three components for both
signal and noise windows in the frequency band from 0.78 to 45 Hz
(Havskov and Alguacil, 2004). The final spectra were smoothed
using a 5.0 Hz Parzen window (Figure 4D). The amplitude spectra
were computed with a frequency resolution of 0.78 Hz. This 5.0 Hz
window covering 65 spectral points for the P-wave and 129 points
for the S-wave. At each frequency, the Parzen window performs
weighted averaging of these points, which effectively suppresses
high-frequency fluctuations, which is important step due to the short
time windows used for the signals.

2 Methods
2.1 Spectral Inversion Method (SIM)

The Spectral Inversion Method using a reference site is employed
to estimate site response, source parameters, and path attenuation
simultaneously (Ren et al., 2018). The reference site was selected
for its low-noise characteristics and representative geological
conditions, while the velocity model was based on regional crustal
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structure and previous studies. SIM is relatively straightforward
to implement and provides robust results when applied to high-
quality data from a dense seismic network (Andrews, 1986; Iwata
and Irikura, 1988). However, its reliability depends on the choice
of reference site, station distribution, data quality, and the number
of available events. A key limitation is that only events recorded
at the reference site can be used to estimate source parameters,
excluding other events even if they are recorded at other stations
(Moya and Irikura, 2003). Adequate spatial coverage of events is
therefore essential to ensure unbiased estimates of site, path, and
source effects. The recorded seismogram reflects the combined
effects of the earthquake source, propagation path, and local site
conditions. A primary challenge in source studies lies in decoupled
these contributions from the observed waveform. The Spectral
Inversion Method (SIM), originally introduced by Andrews (1986),
proposed that the observed power spectrum can be expressed as
the product of three components, the source term, site response,
and path effect including geometrical spreading. Andrews later
refined this model by incorporating frequency-dependent inelastic
attenuation into the formulation. Since then, SIM has been widely
adopted in studies of seismic attenuation (e.g., Hasemi et al., 1997),
site characterization (e.g., Tsuda et al., 2010), and source property
analysis (e.g., Dutta et al, 2003). In the frequency domain the
observed amplitude spectrum Oj;( f) recorded at station j from event
i, is given by,

0;; (N = SNG(NHP;( s (1)

Where §;(f): source spectrum, G;(f): site response, P;(f): path
effect, including attenuation and geometrical spreading. Andrews
(1986) suggested modelling the path attenuation (the geometrical
spreading and intrinsic attenuation along the propagation path)
via a frequency-dependent quality factor Q(f). Taking the natural
logarithm (In) of both sides of Equation 1 yields a linearized form,

1t
InS; +1In G; + 0 =In[O,R;] )

where ;;, the travel time from source to receiver. R;; The geometrical

lj >
spreading factors. Equation 2 is first used to construct a system
of linear equations in matrix form (Equation 4) to solve for the
source term, site term, and frequency-dependent attenuation at each

analysed frequency.
[A] [X] = [d] 3)

The kernel matrix [A] contains the coefficients representing
the contributions of the source term, site term, and the travel-
time term associated with frequency-dependent attenuation. Each
row of [A] corresponds to a single observation, defined as the
Fourier amplitude recorded for a specific event-station pair at a
given frequency. Each column of the unknown parameter vector
[X], represents one of the model parameters being solved for,
namely, the source terms, site terms, and the 1/Q(f) value at that
frequency.[d] vector of observed logarithmic spectra. Because this
inversion problem is underdetermined, a trade-off arises between
the source and site terms. To mitigate this, a reference site is selected
where the site response is assumed to be known. In this study,
we adopted the Tathlith (TATS) broadband station located in the
Arabian Shield and previously used as a reference site and assigned
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FIGURE 2

(A) The southwestern Saudi Arabia seismic Stations with the background seismicity distributed from 2000 to 2023 (B) Epicenter map of 200 selected
earthquakes represented by colored stars and the distribution of seismological stations represented by red triangles in the study area.

its site amplification factor as G,,/(f) =2, accounting for the free-
surface effect (Iwata and Irikura, 1988).

This equation forms the basis for constructing a system of
linear equations that can be solved using least squares inversion
to estimate Q(f). Once Q(f) values are obtained for individual
frequencies, Equation 4 is then applied as to fit these results to a
power-law model, allowing estimation of the reference quality factor
Qo at 1 Hz and the frequency-dependence exponent a,

QAN =Qo f* (4)

Here, Q, represents the quality factor at 1 Hz, and alpha a
describes its frequency dependence. The observed displacement
spectra are modelled using Brune’s source model (1970):

Q

= (5)
L+ (f11)°

Si(H)

where Q,, low-frequency spectral level, proportional to seismic
moment M. Brune’s model is widely used in seismology because
it provides a simple and physically meaningful representation of
earthquake source spectra, characterized by a flat low-frequency
plateau and a high-frequency decay. It allows robust estimation of
key source parameters, such as seismic moment, corner frequency,
source radius, and stress drop, which are central to our analysis.
Using Brunes circular fault model and standard theoretical relations
of Andrews (1986), Brune (1970), Eshelby (1957), and Kanamori
(1977), the dynamic source parameters including seismic moment
(My), corner frequency (f.), moment magnitude (M), source
radius (r), and stress drop (Ao), can be derived from the
displacement spectra for the studied earthquakes.
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2.2 Horizontal to Vertical Spectral Ratio
(H/V SR)

The H/V spectral ratio (HVSR) method, an extension of
Nakamura’s (1989) technique, is widely used to evaluate subsoil
properties from ambient noise and has also been applied
to earthquake recordings to assess site characteristics (e.g.,
Luzi etal., 2011; Harinarayan and Kumar, 2020). In this study, HVSR
was estimated from S-coda wave windows extracted from seismic
records. The coda waveforms were pre-processed by applying a 1%
cosine taper at both ends to minimize edge effects and spectral
leakage, and by removing the mean and linear trend prior to Fast
Fourier Transform (FFT) analysis. FFT was applied to the three
waveform components, North-South (NS), East-West (EW), and
Up-Down (UD), to obtain the frequency-domain spectra, which
were then smoothed using a Parzen window to reduce spectral
fluctuations. For each event, the root mean square (RMS) of the
horizontal components (NS and EW) was computed, and the HVSR
was calculated as,

(NS)? + (EW)?

H/V spectral ratio =
? (UD)?

(6)

This formulation assumes that horizontal components are more
sensitive to local site effects and geological layering than vertical
components (Langston, 1979; Nakamura, 1989). Finally, the average
HVSR curve and the predominant frequency at each station were
obtained by averaging the H/V ratios across all qualifying events
recorded at that site.
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FIGURE 3

number of recorded events at each seismic station.

Overview of the earthquake dataset and the recorded seismic station used in the current study. Panel (A) shows the depth-local magnitude distribution
of the analyzed events. Panels (B) and (C) illustrate the spatial distribution of earthquakes in longitude and latitude, respectively. Panel (D) presents the

3 Spectral inversion results

The Spectral Inversion Method (SIM) with a reference site is
widely recognized as an effective approach for separating source,
path, and site effects. However, its reliability strongly depends
on factors such as the quality and quantity of the dataset, as
well as the suitability of the chosen reference site. A robust
inversion requires well recorded events and careful validation,
ideally involving multiple reference stations (e.g., Ren etal., 2013). In
this study, the high-quality data and good spatial distribution of the
SNSN network enabled such an evaluation. Two stations exhibiting
relatively stable H/V curves including DJNS and TATS, were initially
tested as potential reference sites (Figure 5). The inversion was
performed two times, each time using one of these stations as the
reference, and their preliminary H/V spectral ratio curves were
taken as the respective site responses. The results were found to be
highly consistent across the two stations, confirming the robustness
of the inversion. A known limitation of the SIM, is that event
selection is constrained by the requirement that earthquakes must be

Frontiers in Earth Science

recorded at the reference station (Moya and Irikura, 2003). Among
the tested stations, TATS recorded the largest number of selected
events and exhibited a stable amplification level of approximately
2.0 across the frequency range, therefore, it was adopted as the final
reference site. By utilizing 200 events with high quality recordings,
validating the initial source parameters, and selecting a reference
site with a stable site amplification, the stability and reliability of
the inversion were ensured. Using the spectral inversion approach,
the observed spectra were decomposed into source, site, and path
contributions, including attenuation effects, based on both P- and
S-wave displacement amplitude spectra.

3.1 Site characteristics of seismic stations

The seismic stations analysed in this study are distributed
across contrasting geological environments. Several stations are
located on the Arabian Platform, where Quaternary sedimentary
deposits are expected to enhance ground motion amplification,
while others are situated on the Arabian Shield, characterized
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FIGURE 4

spectra for the calculated displacement source spectra (red curves).

Data processing sequence illustrating (A) Example of the observed three-component seismograms recorded at the NAMS seismic station for the 20
December 2008 earthquake (M, = 4.3). (B) Example of the cut window of pre-signal noise is taken immediately before the P onset with a length of
1.28 s, the cut signal window of the P-wave with the same length, and the cut signal window of S-wave with length 2.56 s (C) Examples of the
calculated signal-to-noise ratio at each station that recorded the 20 December 2008 earthquake M, = 4.3, (D) the Fourier amplitude spectra derived
from three-component seismograms for noise (dashed brown curve), P-signal window (black curve), S-signal window (blue curve) with their smoothed

by hard Precambrian basement and metamorphic rocks, where
site amplification is generally lower. Figure 6 shows the spectral
amplification curves for 18 SNSN stations (BAHS, BESHS, FRJS,
FRAS, LBNS, LTHS, KNGHS, RYNS, DRBS, ENMS, FRSS, JAZS,
NAMS, NJRNS, RHWAS, WHBS, BLJS, and DJNS), comparing P-
wave (red), S-wave (blue), and H/V spectral ratio (black) results
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over the frequency range 0.7-45 Hz. The P-wave site responses
exhibit pronounced amplification at most stations, with peak
values ranging from approximately 1.5-8.0. The largest P-wave
amplifications are observed at stations FRJS (07.8), FRSS (U6.5),
and DRBS (05.5), with peak frequencies predominantly clustered
between eight and 15 Hz, suggesting a strong influence of local
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FIGURE 5
Preliminary evaluation of the selected reference sites for spectral

inversion analysis using H/V spectral ratios. The TATS station (black
curve) and DJINS station (red curve) exhibit flat H/V responses,
indicating their suitability as reference sites.

site resonance. In contrast, S-wave amplification is generally weaker
and more variable, rarely exceeding values of about 3.0 at stations
such as BESHS, ENMS, NAMS, RYNS, and NJRNS. Higher S-
wave amplification levels are observed at NJRNS (U15), RHWAS
(011), and JAZS (09.0), indicating localized site conditions that
enhance shear wave resonance. The H/V spectral ratio curves display
dominant peaks that, in most cases, coincide with the primary
amplification frequencies identified in the S-wave site responses.
This consistency indicates that the H/V peaks primarily represent
the fundamental resonance frequency controlled by the shallow
shear wave velocity structure. The close correspondence between
the H/V peak frequencies and the S-wave amplification supports
the reliability of the spectral inversion results and confirms that
the H/V method provides an independent and robust estimate of
site resonance characteristics. Site amplification at a given seismic
station may show different amplitude and frequency characteristics
for P- and S-wave phases because these wave types interact
differently with near-surface geological structures. P-waves, which
are sensitive to compressional properties and fluid content, often
resonate differently from S-waves, whose behavior is controlled
mainly by shear modulus and contrasts in shear wave velocity.
As a result, P- and S-wave spectra at the same site may peak at
different frequencies and exhibit different amplification levels (e.g.,
Tsuno, 2021; Parolai et al., 2004; Kato et al., 1992; Hartzell, 1992;
Castro et al., 2004). At several stations, the P-wave amplification
peaks are comparable to, or even exceed those of the S-waves.
This effect is commonly associated with near surface impedance
contrasts that strongly influence vertical motion. When stiff layers
overlie softer sediments, or when significant velocity contrasts
occur at shallow depth, vertically incident P-waves can interact
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efficiently with these boundaries, producing pronounced vertical
resonance (Ameri et al., 2011). Additional P-to-S conversions
near the surface may further redistribute energy and enhance P-
wave amplification. Consequently, resonance frequencies inferred
from P-waves are often higher than those derived from S-
waves Ameri et al.,, 2011), which is consistent with the patterns
shown in Figure 6. Similar mechanisms have been documented
at sites characterized by thin sedimentary cover or strong shallow
velocity gradients (e.g., Nakano and Kawase, 2023; Tsuno, 2021;
Parolai et al., 2004). These contrasting patterns reflect strong site
effects and significant geological variability across the region. This
is consistent with the broader geological division of southwestern
Saudi Arabia into two principal zones: the Arabian Shield, composed
of hard igneous and metamorphic rocks, and the Arabian Platform,
consisting of softer, unconsolidated sedimentary deposits such as
sand and alluvium (Alhumimidi, 2020; Abdelfattah et al., 2024).
According to Abdelfattah et al. (2021), seismic stations along
the southern Red Sea coast are predominantly located on the
Arabian Shield, while those farther inland lie within the Arabian
Platform. The observed amplification peaks between 8 and 15 Hz
are indicative of site-specific resonance effects associated with
variations in sediment thickness and shear wave velocity. Stations
such as FRSS, and FRJS, which exhibit sharp and high amplification
peaks, are likely underlain by soft sediments that enhance seismic
wave trapping and resonance. These variations underscore the
impact of local geological and geotechnical conditions, such as
sediment thickness, rock type, and fault structure, on seismic
wave amplification. These findings have critical implications for
seismic microzonation, ground motion modelling, and earthquake-
resistant design, particularly in urban areas with complex subsurface
structures.

3.2 Seismic attenuation and tectonic
activity

Seismic wave attenuation in the southwestern Arabian
Shield was further investigated using spectral inversion of
P- and S-wave displacement spectra. Attenuation arises from
intrinsic absorption, caused by thermal energy loss, and from
scattering due to heterogeneities in the medium. In the upper
crust, attenuation is typically frequency-dependent and is
commonly expressed as Q(f) =Q,f%, where Q, is the quality
factor at 1Hz and a, represents the frequency dependence
(De Lorenzo et al, 2013; Havskov and Ottemoller, 2010;
Mandal et al.,, 2004; Giampiccolo et al., 2003; Mak et al., 2004;
Mahanama et al.,, 2024). The spectral inversion of high quality
earthquake recordings yielded Q, = (112+2.09) (1.0420.034) g p.
waves (Figure 7A) and Q, = (199+1.9)f (0.98£0.045) 131 §-waves. The
quality factor values range from 309 to 6,744 for P-waves and from
1,122 to 18,143 for S-waves. P-waves generally exhibit lower Q values
than S-waves, with an average Q,/Q, ratio of approximately 1.5,
indicating stronger attenuation for P-waves (Yoshimoto et al., 1993;
Sandvol et al., 2007; Sato et al., 2002). The frequency dependence
of seismic attenuation was evaluated for both P- and S-waves at the
study stations. P-wave attenuation (Qp), increases approximately
linearly with frequency in a log-log plot, as shown in Figure 7A,
with a high coefficient of determination (R*> = 0.95), indicating
that a power-law model reliably captures the P-wave frequency
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FIGURE 6
Presents site response analyses from 18 seismic stations, comparing amplification effects using P- wave (red curves), S-wave (blue curves), and H/V SR
(black curves). Each subplot represents a different station, labeled at the top of each graph.
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dependence. In contrast, S-wave attenuation (Qg), exhibits a clear
deviation from linearity at low frequencies (Figure 7B). To assess
the robustness of the inferred attenuation parameters with respect
to the choice of reference station, we repeated the inversion
using an alternative reference station (DJNS). The resulting P-
and S-wave attenuation trends remain highly consistent with
those obtained from the TATS reference station (Figures7A,B).
This consistency demonstrates that the inferred path attenuation
is stable and not sensitive to the specific choice of reference
station. Although a linear fit was applied to estimate the frequency
dependence exponent («) in Equation 3, the low-frequency portion
of Qg shows nonlinearity. This behavior is attributed to shallow
impedance contrasts, frequency dependent scattering, P-to-S energy
conversions in near-surface sediments, and the presence of thin
sedimentary layers relative to S-wave wavelengths. Consequently,
the linear fit for Qg, represents the high frequency trend, while
deviations at low frequencies reflect the complex influence of near
surface geological structures. Nonlinear and piecewise frequency-
dependent attenuation has been observed globally using non-
parametric GIT approaches (e.g., Dang et al., 2025; Izgi et al., 2024;
Zhu et al, 2024; Castro et al, 1990; Raoof et al, 1999; Hough
and Anderson, 1988). In general, attenuation shows relatively
flat trends at low frequencies that transition to steeper decay at
higher frequencies, reflecting a shift from intrinsic attenuation
dominance to scattering effects with increasing frequency (Hanks
and Wyss, 1972; Aki and Richards, 2002; Sato et al, 2012;
Pezeshk et al., 2018). Globally, Castro et al. (1990) reported that
the frequency dependence of Qg between 0.8 and 6.8 Hz in Mexico
does not follow a simple linear relation. Similar departures from
linear frequency dependence have been observed in other regions:
Raoof et al. (1999) in southern California, Dang et al. (2025)
in the Sichuan Basin, Izgi et al. (2024) in Central Anatolia,
Turkey, and Zhu et al. (2024) in New Zealand all documented
increased scatter and apparent nonlinearity at low frequencies.
Locally, in the southern Arabian Shield, Qaysi et al. (2023)
observed comparable trends, with coda attenuation exhibiting
enhanced scatter and nonlinearity at low frequencies. These
studies collectively indicate that nonlinear, piecewise frequency-
dependent attenuation is a widespread phenomenon, occurring
consistently across diverse tectonic settings and frequency ranges.
The high R? values (0.95 for P-waves, 0.75 for S-waves) and low
standard errors confirm the robustness of the fitted models and
the reliability of the inversion process. The study area is primarily
underlain by exposed Precambrian metamorphic basement rocks
and extensive volcanic fields (Harrat), which form a discontinuous
belt across the Arabian Shield (Abdelfattah et al., 2020; Shoji
and Kamiyama, 2002; Takemura et al, 1991; Coleman and
McGuire, 1988). These geological features contribute to pronounced
lateral heterogeneity, which enhances both scattering and intrinsic
absorption of seismic waves. Thermal anomalies in the lower
crust may further reduce P-wave attenuation relative to S-
waves, consistent with previous studies (Al-Damegh et al., 2004;
Pasyanos et al., 2009). These results confirm that the southwestern
Arabian Shield exhibits frequency-dependent attenuation typical
of tectonically active upper crusts. The observed Q, values
suggest a seismically active regime. Empirically, regions with
Q, <200, considered highly active, whereas values above 600
indicate stable zones (Kumar et al, 2015; 2021). The derived
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Q, of 112 for P-waves and 199 for S-waves supports the
classification of the southwestern Arabian Shield as a tectonically
active domain. The average Q;/Q, ratio of approximately 1.5
(Figure 8), further indicates that intrinsic attenuation is the
dominant mechanism, influenced by complex crustal composition
and fault related processes. Geological and tectonic conditions,
including Precambrian basement rocks, Harrat volcanic fields,
and thinned continental crust extending offshore into the Red
Sea, contribute to strong lateral heterogeneity and localized high-
stress release. Consequently, intraplate earthquakes in this domain,
where attenuation is relatively low, may produce high seismic
hazard compared to plate boundary regions (Hosny et al., 2023;
Abdelfattah et al., 2014). The derived Q values are consistent with
other tectonically active regions. For instance, Qaysi et al. (2023)
reported a coda-based S-wave model of Q,=(75 + 13)]‘(0'811'0'14),
while global comparisons include Northeast India with Q=
96.8 fl'o3 (Padhy et al.,, 2011; Padhy, 2009), South Central Alaska
with Q =96 fl‘06 (Dutta et al., 2003), and Southeastern Tibet with
Q=151.2 fl'o6 (Wang et al., 2018; Sedaghati et al., 2019). Overall,
the spectral inversion results confirm that seismic attenuation in
the southwestern Arabian Shield is strongly frequency-dependent,
with lower Q values and higher attenuation rates reflecting an active
tectonic regime and complex geological structure.

3.3 Source characteristics and dynamic
parameters

Following correction for site and the geometrical spreading
and intrinsic attenuation along the propagation path effects, the
displacement source spectra of each event were analysed. For
earthquakes with magnitude >2.5, the P-and S-wave displacement
spectra showed a rapid decay below 11 Hz (Figures 9A,B). The
displacement source spectra deviate from the classical w™ source
model, displaying a steeper high-frequency decay that more closely
resembles an @™ spectral fall-oft (Figures 10A,B). This enhanced
attenuation at higher frequencies may indicate increased energy
dissipation, additional radiation effects, or site-specific influences
(e.g., Abdelfattah et al., 2014; Kaneko and Shearer, 2014; Uchide and
Imanishi, 2017; Wang et al., 2018; Ma et al., 2022). The key source
parameters, namely, corner frequency (f,) and seismic moment
(M,), were estimated from the spectral fitting. Seismic moment
was determined from the average spectral amplitude within the
1.56-3.12 Hz band. Using Equation 5 and the velocity model from
Rodgers etal. (1999), along with radiation pattern corrections of 0.52
and 0.63 for P- and S-waves respectively (Aki and Richards, 2002),
M, ranged from 3.1445 x 10" to 1.23 x 10'* N.m for P-waves, and
2.12x 10" to 3.7 x 10" N.m for S-waves. The moment magnitude
(M), converted using the empirical relation from Kanamori (1977),
exhibited strong linear correlation with local magnitude (M),
as shown in Figure 11;

Myy,_p=(0.84£0.011) M; +(0.13+0.014) (7)

Myy_s = (1.03£0.019) M, — (0.43 +0.025) (8)

Comparison of P- and S-wave moment magnitude yielded
plotted
ranged between

a ratio of My_p=0.93My_q,
The

as in Figure 11C.

estimated corner frequencies 3.0
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FIGURE 7

(A) P-wave attenuation model (Q;) obtained from inversion, shown as a function of frequency. Red and Brown circles represent Q, values on a
logarithmic scale (Log10) using TATS and DJINS station sites, respectively, with a reference attenuation value Q4 = 112, and a frequency dependence
exponent a = 1.04. The black line indicates the linear fit to the data. (B) S-wave attenuation model (Qg) derived from inversion, also plotted as a
function of frequency. Blue and gray circles represent Qs values on a logarithmic scale (Log10) using TATS and DJINS stations sites, respectively, with a
reference attenuation value Q, =199, and a frequency dependence exponent a = 0.98.

FIGURE 8
The attenuation ratio between P and S-wave.

and 10.2Hz for P-waves and 3.0-9.0 Hz for S-waves. As
expected, f. decreased with increasing M, (Figures12A,B),

and the following empirical scaling relations were
obtained;

LogM,, = (~3.5+0.13)Log f._p+ (15+0.11) )
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LogM,, ¢ = (~5.4+0.14)Log fo ¢+ (16.2%0.12) (10)

These derived scaling relationships M« f:}; for P-waves
and M,a f.>* for S-waves, exhibit deviations from the classical
self-similarity model M,a f.°, which is widely reported in the
literature (e.g., Wang et al, 2019; Sille and Wéber, 2013). This
deviation suggests potential complexities in source processes
or structural heterogeneities that affect the scaling behaviour,
particularly in the investigated region. Comparison of P- and S-
wave corner frequencies yielded a ratio of f: ~1.1 ff (Figure 13C),
consistent with theoretical predictions and global observations (e.g.,
Son and Chaves, 2025; Saadalla et al., 2025; Hatch et al., 2018;
Huang et al, 2016; Huang et al, 2017; Madariaga, 1976;
Molnar et al., 1973). Using the Brune (1970) model and assuming a
shear wave velocity of 4,000 m/s, the source radius was estimated to
range from 145.1 t0 493.3 m (P-waves) and 164.4-493.3 m (S-waves)
as illustrated in Figures 13A,B. Comparison of P- and S-wave source
radius yielded a ratio of r,_, =0.95r, ; (Figure 13C). Regression
between source radius and seismic moment revealed linear
scaling;

LogM,, p=(3.5+0.22)Logr, _p+(4.03+0.12) (11)

LogM,, ¢=(5.4+0.13)Logr, ¢~ (1.1%0.02) (12)

Stress drop (Ao) was then calculated using M, and the
corresponding source radius, assuming a circular fault model
(Eshelby, 1957). For earthquakes of M; 2.5-4.3, the stress drops
derived from P- and S-wave spectra varied between 0.002 and
1.06 MPa (mean 0.11 MPa) and 0.005-2.54 MPa (mean
0.12 MPa), respectively. These values are characteristic of low stress-
drop, similar to those reported in the Arabian Shield and Red Sea
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FIGURE 9

The stacked displacement source spectra for earthquakes > 2.5 obtained by the spectral inversion of P-wave (A). The stacked displacement source
spectra for earthquakes > 2.5 obtained by the spectral inversion of S-wave (B).

FIGURE 10

Example of the theoretical model fitting with the inverted displacement source spectra for earthquakes obtained by the spectral inversion of P-wave
(A). and the displacement source spectra fitting obtained by the spectral inversion of S-wave (B).

rift system (e.g., Abdelfattah et al., 2020; Allmann and Shearer, 2009;
Schloz, 1990; Ruff, 2002). Generally, Ao increased with increasing
M, (Figures 14A,B), Comparison of P- and S-wave stress drop
yielded a ratio of Ao — p = 2.1 Ao — S (Figure 14C), and the following
empirical scaling relations were obtained;

LogM,,_p=(1.1£0.05)log (Ao—p)+(13+0.8) (13)

LogM_p=(12£0.11)log (Ao —s) + (13 £0.09) (14)

The observed low stress drops likely reflect brittle crustal
conditions and the influence of deep-seated fluids and inherited
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weaknesses along rift-related structures. Our estimates match
previous results in the Arabian Shield (e.g., Abdelfattah et al., 2020;
Abdelfattah et al., 2019; Saadalla and Hamed, 2022). Comparative
studies in the Red Sea (e.g., Hofstetter and Beyth, 2003: 0.82 + 0.78
MPa; Kebede and Kulhdnek, 1989: 0.12 + 0.01 MPa) support our
findings. Our estimate of stress drop is consistent with the results
of Archuleta et al. (1982), Mori and Frankel (1990), and Tajima and
Tajima (2007) for earthquakes of Mw [ 4.0. The low stress drop
of small sized earthquakes reflects that the crust is characterized
by brittleness and proneness to high strain accumulation due to
the presence of barriers and asperities that control the rupture
process of earthquakes in the fault zone. It is noteworthy that the
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FIGURE 11

(A) Plot of the calculated P-wave moment magnitude versus the assigned local magnitude M, in the catalog. (B) plot of the calculated S-wave moment
magnitude versus the local magnitude M, in the catalog, the solid red line represents the regression relation given by Equations 6, 7. The relation
between the moment magnitude, obtained for P and S-wave inversion analysis illustrated in panel (C).

FIGURE 12

Plot of the logarithm seismic moment in dyne.cm versus the logarithm corner frequency in Hertz using P-spectra (A) and S-spectra (B), The solid red
line represents the regression relation given by Equations 8, 9, the corner frequency ratio obtained for P and S-wave inversion analysis illustrated in plot
(C).

FIGURE 13
Plot of the logarithm seismic moment in dyne.cm versus the logarithm source radius in meter using P-spectra (A) and S-spectra (B), The solid red line
represents the regression relation given by Equations 10, 11, the source radius ratio obtained for P and S-wave inversion analysis illustrated in plot (C).
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FIGURE 14
Plot of the logarithm seismic moment in dyne.cm versus the logarithm stress drop in bar using P-spectra (A) and S-spectra (B), The solid red line
represents the regression relation given by Equations 12, 13. The stress drop ratio obtained for P and S-wave inversion analysis illustrated in panel (C).

upper crust of the area of interest is characterized by the roughness
magmatic.

4 Discussion

The application of the Spectral Inversion Method (SIM) with a
reference site approach has proven highly effective for separating
source, path, and site effects in the seismic analysis of southwestern
Saudi Arabia. The choice of TATS as the reference station, based
on its stable and flat site response, enabled reliable decomposition
of spectral data from 200 well-recorded earthquakes. The spectral
decomposition highlighted notable site amplification variability
across the SNSN stations. P-waves generally exhibited higher
amplification peaks compared to S-waves, particularly within the
8-15 Hz frequency band. The differences between P- and S-wave
amplification and dominant frequencies reflect the higher sensitivity
of S waves to near surface shear wave velocity contrasts, whereas P-
wave amplification is more influenced by impedance contrasts and
higher frequency resonance effects. The dominant peaks observed
in the H/V spectral ratio curves generally align with the S-wave
amplification frequencies, suggesting that the H/V method reliably
captures the fundamental resonance frequency associated with
shallow shear wave velocity structure. These peaks are interpreted as
resonance effects in soft sedimentary layers, predominantly affecting
stations situated on the Arabian Platform. In contrast, stations on
the Arabian Shield, composed of Precambrian crystalline rocks,
displayed lower amplification, confirming the significant role of
local geology and sediment thickness in shaping site response
characteristics. The close correspondence between H/V peak
frequencies and S-wave amplification validates the spectral inversion
results, demonstrating that combining both methods provides a
robust, independent assessment of site response characteristics.
Path attenuation analysis including the geometrical spreading
and intrinsic attenuation along the propagation path, showed a
clear frequency-dependent behavior, with derived models of Q, =
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11219 and Q, = 199%8. These relationships and the observed
QS/QP = 1.5 ratio are consistent with attenuation dominated
by intrinsic mechanisms, such as thermal absorption and fluid-
related processes, rather than scattering alone. The derived Q
values are relatively low, reflecting the tectonic activity of the
region, particularly within the Arabian Shield. These results are
comparable to other tectonically active regions, further validating
the inversion approach. Source parameter estimation revealed that
the displacement spectra deviate from the classical w™ model,
instead displaying a steeper high-frequency decay approximating an
w ™ fall-off. This observation suggests increased energy dissipation,
possibly due to complex rupture dynamics or radiation pattern
effects. The estimated moment magnitudes (My,) showed strong
correlation with local magnitudes (M} ), and corner frequencies were
inversely proportional to seismic moment, as theoretically expected.
The derived scaling relationships, M« f:f; for P-waves and
M, f;“ for S-waves,

S
(M,a f.?), indicating deviations from circular crack assumptions

are deviated from the self-similarity model

and potential influence of heterogeneous rupture processes. These
deviations may reflect the influence of crustal complexity, fluid
presence, and non-uniform stress distribution along faults. As seen
in Figures 11-13 the distributions of calculated moment magnitude
of P- and S-wave vs. local magnitude, seismic moment vs. corner
frequency, and seismic moment vs. source radius exhibit vertically
banded patterns, reflecting the discretization of local magnitude
values. This discretization, along with the observed scatter, can
be attributed to measurement uncertainties in local magnitude,
the variability in corner frequency estimation, and the signal-
to-noise limitations for smaller events. To quantify these effects,
we calculated the typical standard deviations of estimated source
parameters from repeated spectral fits as shown in Equations 8-14.
These considerations provide a more realistic assessment of the
variability in the derived earthquake source parameters. Stress drop
estimates ranged between 0.002 and 2.5 MPa, with mean values
around 0.11-0.12 MPa, consistent with low to moderate intraplate
and rift-related seismicity. The spatial variability in stress drop
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suggests heterogeneity in crustal strength and strain accumulation,
potentially influenced by inherited structures, fault barriers, and
fluid migration. These findings are comparable to those in the Red
Sea and other segments of the Arabian Shield. Geologically, the study
region is marked by exposed basement rocks, extensive volcanic
fields (Harrats), and lithospheric thinning toward the Red Sea, all of
which contribute to the observed attenuation and source behavior.
The combination of rough, fractured crust and thermal anomalies
enhances both absorption and scattering effects, thereby modulating
seismic wave propagation and energy release.

5 Conclusion

o The comprehensive analysis of seismicity in the Arabian
shield region, supported by the continuous expansion
and modernization of the SNSN, has provided a detailed
understanding of the seismic activity. The recorded
seismic events, primarily concentrated along rift zone
of the red sea, and clustered distribution in the crust
region of the southwestern region of the Arabian shield
(intraplate).

« Seismic wave attenuation in the region follows a frequency-
dependent relationship, with low Q values suggesting a highly
heterogeneous crust and fault zones.

o The site response analysis further reveals significant

(8-15 Hz),

seismic wave propagation

amplification ~ at  moderate  frequencies
underscoring the complex
characteristics in the region. The close correspondence
between H/V peak frequencies and S-wave amplification
validates the spectral inversion results and emphasize the
importance of considering both P- and S-wave behavior,
alongside H/V measurements, to fully characterize site-
specific amplification effects.

o The inversion of source spectra has allowed for the estimation
of critical seismic parameters, including seismic moment,
corner frequency, source radius, and stress drop. The
derived scaling relationships suggest that seismic moment
is proportional to the source radius and inversely proportional
to the corner frequency, consistent with global observations.
Importantly, stress drop values generally increase with
moment magnitude but show no strong correlation with
source depth.

o The of

characteristics, site response, and source parameters is

integration seismicity  patterns, attenuation
essential for seismic hazard assessment in the southwestern
part of the Arabian shield.

« A multidisciplinary approach integrating seismology, geodesy,
and tectonic studies is necessary for a comprehensive
understanding of the study region’s seismogenic potential.
Such an approach enhances probabilistic seismic hazard
analysis (PSHA), identifies faults capable of generating
significant earthquakes, and strengthens early warning
systems. The findings from this study contribute to real-
time earthquake monitoring, ground motion prediction,
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and mitigation strategies, ultimately reducing seismic risk
in the region.
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