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Sabkhas represent abundant topographic environments along the Arabian Gulf and are increasingly
relevant to hydrocarbon exploration and urban development. Their complex geological and
hydrogeological settings significantly control near-surface seismic properties, influencing seismic
velocity contrasts, attenuation (Q p '), and anisotropy. This study presents the first integrated
application of P-wave velocity (Vp), S-wave velocity (Vs), Vp/V g ratio, seismic anisotropy, and
Qp ' attenuation analysis in sabkha environments, applied to the mature coastal sabkha of Abu
Dhabi (CSAD) and the immature inland sabkha of Jayb Uwayyid (SJUW). Seismic refraction and
multichannel analysis of surface waves (MASW) were used to obtain Vp and Vg, compute the Vp /V ¢
ratio, and estimate seismic anisotropy and attenuation. Three distinctive zones were delineated in
both sabkhas using the produced tomograms. The shallowest dry zone with Vp<428 m/s, V5 <261 m/s
and ratios of 1-2 with a thickness of 1-5 m, respectively, a transition partially saturated zone with
Vp<1900 m/s, Vs <760 m/s and ratios of 1.5-2.5 extend up to 8 m in CSAD and 6 m in SJUW, a fully
saturated zone, extending below the partially saturated zone, is defined by higher velocities (Vp
>1900 m/s, Vs>760 m/s) and ratios increasing toward ~2-4.5 with depth. Q p ~* values reach up to
0.05 in both sabkhas, aligning with the hydrological zones, indicating fluid-related attenuation driven
by seawater-brine interactions at CSAD and artesian upwelling at SJUW from continental brines. The
uppermost parts of CSAD elevated velocities reflect a lithified hardground layer, while its elevated
anisotropy marks its complex sedimentary and hydrological evolution. These results highlight the
complexity of mature CSAD associated with elevated stratigraphy and hydrological conditions that
affect the seismic signal.

Keywords Sabkha, Multichannel analysis of surface waves (MASW), Seismic waves, Vp /V g» Seismic
attenuation, Anisotropy, Near-surface geophysics

Sabkha is an Arabic term commonly used to describe salt-encrusted flats covering sand, silt, or clay beds. These
soils are typically loose and underlain by hypersaline groundwater at shallow depth (< 1 m)2. They predominantly
consist of quartz, with main cementing minerals varying between aragonite, gypsum, anhydrite, and halite, or
a combination, and mineral concentrations vary spatially’. While sabkhas are a dominant topographic feature
in the Arabian Peninsula and North Africa, particularly in the coastal areas, these distinctive soils are widely
dispersed across the globe (Fig. 1a).

Sabkhas are classified into two types: coastal and inland based on their origin, solute sources, and hydrological
processes’. Coastal sabkhas, typical in shallow marine shelves (e.g., Arabian Gulf), are directly influenced by
seawater influx®. In contrast, inland sabkhas are associated with artesian flow from shallow aquifers, driven
by high permeability and positive hydraulic gradients®!!. These brines mix with present-day aquifers and
differ from the marine deposition processes (subtidal to supratidal) that form coastal sabkhas!>!3. Due to their
intricate geological history, sabkhas exhibit significant vertical and lateral heterogeneity. Therefore, a thorough
understanding of near-surface seismic wave behavior and its influencing factors is crucial for various applications,
including geotechnical uses, static corrections, time-depth conversion, and determining the depth of the water

1Department of Earth Sciences, Khalifa University, Abu Dhabi, United Arab Emirates. 2Department of Geosciences,
King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia. >Graduate School of Frontier Sciences, The
University of Tokyo, Tokyo, Japan. “email: ak.eleslambouly@gmail.com; 100059651 @ku.ac.ae

Scientific Reports|  (2025) 15:44623 | https://doi.org/10.1038/s41598-025-29863-w nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-29863-w&domain=pdf&date_stamp=2025-11-27

www.nature.com/scientificreports/

()

)

90° N

45° N 4

Pacific
=z Ocean
o
=
:‘3 A L
ctive Locations
45° S 4 @ Potential Locations
0° 45° E 90° E 135°E 180°E
b4
o
=
9 \“‘*\/.
N
Gulf of
Oman
b4
o
o
S ' '
Q 46°40'0" E 49°30'0" E 52°20°0" E 55°10°0" E 58°0'0" E

Fig. 1. Schematic maps illustrate the sabkha soil distribution globally and along the Arabian Gulf. (a) The map
highlights the coastal and inland sabkhas distribution and potential locations, the global sabkhas environments
compiled after Al-Amoudi and Abduljauwad®. (b) Regional map of sabkha distribution along the Arabian Gulf.
Highlighted areas represent the extent of sabkha soils. The sabkha locations along the Arabian Gulf are adopted
after Al-Amoudi, et al.’. Red rectangular boxes indicate the two study areas: Coastal Sabkha of Abu Dhabi
(CSAD) in the UAE and Sabkha Jayb Uwayyid (SJUW), located west of Dhahran city in eastern Saudi Arabia.
Both panels highlighted locations are populated from the published extents in Al-Amoudi and Abduljauwad*
and’and compiled in ArcGIS Pro Software®, The figures were created in ArcGIS Pro Software® (V3.6, https:/
/www.esri.com/en-us/arcgis/products/arcgis-pro/overview), a commercial geographical information system
software from ESRI.

table. From a geotechnical perspective, sabkha soils pose numerous challenges owing to their unique chemical
and physical characteristics'*!>. The most dominant problem with sabkha properties is the compressibility of
their sediments, which have a high potential to collapse due to salt dissolution. Additionally, hydration and
dehydration of unstable gypsum within sabkha deposits can cause substantial volumetric changes, potentially
damaging overlying infrastructure!®'”.

The seismic properties of sabkha vary with the maturity degree of sabkha, as it influences the amount of
evaporitic minerals and water content within the uppermost interval'8, Gates, et al.!” used seismic refraction at
the Texas Salt Flats and found compressional waves (Vp) in the ranges 910-914 m/s and 1890-1981 m/s above and
below the water table, respectively. Al-Husseini, et al.2’ obtained a Poisson’s ratio of 0.4 after performing seismic
noise analysis in the sabkhas in northeastern Saudi Arabia. Robinson and Al-Husseini?! also used seismic noise
analysis to study the sabkhas of Rub Al-Khali in southeastern Saudi Arabia and reported an average Vp and
shear waves (Vs) of 370 m/s and 190 m/s, respectively, above the water table. While the average Vp and Vs below
the water table are 1520 m/s and 420 m/s, respectively. Adel, et al.?? used multi-component seismic refraction
to characterize the sabkhas in the eastern Gulf of Suez. They reported Vp and Vs in the ranges 540-1000 m/s
and 200- 250 m/s, respectively, above the water table. Al-Shuhail and Al-Shaibani?® used seismic refraction
profiling to study the Aziziyah and Ar-Riyas sabkhas in eastern Saudi Arabia. They found the average Vp above
the water table is 300 m/s in both sabkhas. Below the water table, they obtained an average Vp of 1775 m/s in
the Aziziyah sabkha and 2150 m/s in the Ar-Riyas sabkha. Furthermore, Al-Shuhail and Al-Shaibani®* studied
the inland Sabkha Jayb Uwayyid (SJUW) in eastern Saudi Arabia using seismic refraction profiling. They found
that the Vp ranged from 500 to 700 m/s above the water table and from 2100 to 2500 m/s below it. Additionally,
they identified the bedrock at a depth of 100 m with an average Vp of 3350 m/s. El-Hussain, et al.”* conducted
seismic refraction and MASW (Multichannel Analysis of Surface Waves) surveys along a 3000 m length profile
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parallel to the coastline of the sabkha deposit at the port of Dugm in the Sultanate of Oman. They identified three
distinct subsurface layers within the shallow zone. The uppermost layer exhibited average Vp and Vs of 400 m/s
and 250 m/s, respectively. The intermediate layer demonstrated average Vp and Vs of 1300 m/s and 525 m/s,
respectively. The deepest of the three layers was characterized by average Vp and Vs of 2450 m/s and 750 m/s,
respectively. Al-Heety, et al.?® conducted a MASW study at the Mussafah Channel sabkha, located southwest of
Abu Dhabi City. Their findings revealed a near-surface dry layer characterized by a low Vs of 180 m/s. Beneath
this layer, a water-saturated layer was identified, exhibiting Vs values ranging from 220-360 m/s. At a depth of
6 m, a third layer was delineated, with Vs values between 360-750 m/s, extending to a depth of 17 m. A fourth
layer was detected at a depth of 20 m, with Vs values below 750 m/s, and was interpreted to consist of lithified
rock.

In a recent study by Eleslambouly, et al.?’, they discussed the variations in Vp in CSAD and SJUW using high-
resolution and conventional seismic refraction profiles in each sabkha, where the presence of evaporitic facies
can lead to high Vp in the weathered layer, this is followed by a partially saturated zone characterized by Vp
values lower than 950 m/s. Below this zone, a third fully saturated zone was identified with Vp exceeding 1800
m/s. Moreover, no previous studies focused on obtaining and integrating Vp and Vs relationship from surface
seismic data and their properties in sabkha soils. The integration of Vp and Vs can provide a more insightful
interpretation of the fluids and lithology properties, providing powerful imaging for the near subsurface of
both sabkhas. This study aims to resolve the complexity associated with near-surface geology, which is mostly
not captured by traditional seismic techniques. Moreover, this study aims to integrate seismic anisotropy and
attenuation parameters with seismic velocity measurements to enhance the characterization of both inland and
coastal sabkha environments.

Two seismic profiles were acquired to generate detailed 2D images of the subsurface properties within two of
the most extensive sabkha environments in the Arabian Gulf (Fig. 1b): the Coastal Sabkha of Abu Dhabi (CSAD)
and the Inland Sabkha of Jayb Uwayyid (SJUW). An integrated workflow was employed (Fig. 2), incorporating
two widely utilized near-surface geophysical techniques: seismic refraction, for the estimation of Vp, and
MASW, for the estimating Vs within the subsurface. Headwave arrivals and surface wave dispersion curves
were independently inverted to derive both Vp and Vs The Vp/Vis ratio was subsequently computed to extract
additional information regarding subsurface conditions. Furthermore, seismic analyses were conducted to
assess seismic attenuation (Qr ") and to Vp anisotropy to the fluid presence and properties in the subsurface.
The results not only refine and corroborate previous interpretations but also provide novel insights into the
elastic and anelastic properties of sabkha environments, thereby enhancing our understanding of their influence
on seismic wave propagation.

Study areas and general geology

This study examines two of the largest Holocene sabkhas in the Arabian Gulf: the supratidal zone of the mature
CSAD and the immature SJUW (Fig. 1b). The CSAD is located on the southern coastline of the Arabian Gulf in
the United Arab Emirates (UAE), extending over 150 km from Ra’s Sadr to Tarif, and extends up to 15 km inland.
The supratidal zone holds the thickest sabkha deposits and a fully formed sequence of evaporitic facies'® and is
underlain by a thin hardground (20-50 cm), mainly consisting of cemented skeletal fragments bound together
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Fig. 2. Workflow for seismic data processing and subsurface modeling. A flowchart illustrating the processing
steps applied to the collected data to obtain a 2-D subsurface for Vp, Vi, Vp/Vs, Q;l, and anisotropy models.
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by calcitic cement, which varies in degree and thickness with a trend shallowing in seaward direction®®. The
sabkha overlies a complex stratigraphic sequence of Holocene sediments that have undergone multiple episodes
of deposition and erosion?’. The sediment succession beneath the sabkha remains unexplored; however, several
studies have investigated the outcrops of the underlying formations?*-3!. Directly beneath the Holocene sabkha
deposits lies the Ghayathi Formation, composed of Late Pleistocene to early Holocene aeolian dune sands.
This formation consists of pale brown aeolianite and an unconsolidated palaeodune system, characterized by
poorly cemented carbonate sediments®2. Underlying the Ghayathi Formation is the Late Pleistocene Marawah
Formation, which is predominantly composed of carbonate rocks*. Beneath this, the Middle to Late Pleistocene
Madinat Zayed Formation comprises lightly consolidated quartzose red and brown aeolian dune sands, with
cementation ranging from poorly to fully cemented by gypsum?®!. The dominant subsurface facies beneath
the sabkha are expected to consist of alternating siliciclastic palacodunes and carbonate deposits, reflecting
rapid sea-level fluctuations during the Quaternary®. The regional bedrock of the Abu Dhabi Emirate is of
Late Miocene age and primarily consists of gypsiferous carbonate and mudstone lithologies*. This bedrock is
exposed at select locations due to tectonic uplift, particularly toward the Al Ain region, and exhibits features
indicative of erosional and karstic processes®>°.

The second study area is the inland SJUW, located in the Eastern Province of Saudi Arabia, west of Dhahran
City (Fig. 1b). The SJUW is among the largest inland sabkhas on the Arabian Peninsula. It is bordered by
peripheral dunes and sand sheets, and its surface features patches of thin salt beds, which are partially covered
by windblown sands®”. The sabkha sediments predominantly consist of unconsolidated, poorly sorted quartzose
sands, with fine- to medium-grain gypsum occurring both above and below the water table®. A bedded halite
deposit is present at depths ranging from 2.8 to 4 m, with a thickness between 0.3 to 3.7 m, extending 5 km in
length, and 1.8 km in width*%. The Holocene sabkha deposits overlie a thick Pleistocene sequence composed
of alternating layers of sand, limestone, and shale”*. The underlying bedrock beneath is the Early Miocene
Hadrukh Formation, which outcrops at the northern margin of the sabkha and is characterized by calcareous
sandstone in its uppermost section!.

Materials and methods

Dataset

This study utilized two seismic profiles with evenly spaced geophones to acquire high-lateral-resolution near-
surface geophysical profiles. The CSAD receiver array was rolled along in successive deployments to extend the
coverage length while preserving geometry (Figs. 3a and 3b). Acquisition parameters for the CSAD and SJUW
surveys are summarized in Table 1, and the acquired gathers geometry is illustrated in Supplementary Fig. 1.

Seismic refraction processing and compressional wave velocity inversion

The acquired seismic refraction data were initially subjected to filtering and muting to eliminate noisy traces
and enhance the identification of first-arrival headwaves (Fig. 4). First-arrival travel times were manually picked
from the shot gathers and used as input for seismic tomography inversion. This inversion technique utilizes
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Fig. 3. Surface geology along with seismic acquisition layout at the CSAD and SJUW sites. (a) Map of the
CSAD site showing the fixed MASW spread and the moved geophone locations. (b) Map of the SJUW site
showing the fixed MASW spread deployed.
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Parameter CSAD SJuUw

Number of geophones 96 (4.5 Hz) fixed + 24 moved | 72 (14 Hz) fixed
Geophone spacing 2m 2m

Total covered length 238 m 142m

Seismic source 12 kg sledgehammer 90 kg weight-drop
Shot spacing 6m 2m

Number of stacked shots | 3 per location 5 per location
Number of acquired shots | 43 shots + 4 offset shots 64 shots

Plate size 20 x 20 cm metallic plate

Recording length 1s

Sampling rate 0.5 ms

Table 1. Seismic surveys acquisition parameters for CSAD and SJUW.
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Fig. 4. Raw shot gathers waveform from seismic acquisition at CSAD and SJUW. (a) CSAD, showing offset
shot at -10 m with identifiable groundroll, reflection, and refraction phases. (b) SJUW, showing a forward shot
at 0 m with additional near-source effects. Noisy geophones have been muted to enhance signal clarity.

arrival times without requiring predefined subsurface layering or directional assumptions for the subsurface Vp
gradients?>%3,

To ensure data quality and reduce noise, a reciprocal test was applied to the travel-time dataset. A squared
mesh with a cell thickness of 0.5 m was built, and a synthetic initial model was generated using a linear velocity
gradient ranging from 250 m/s to 2600 m/s, consistent with dry to saturated sabkha sediments reported
regionally>**%%”. Reciprocal shots were used to constrain timing errors. Ray paths were computed based on this
initial model, and predicted travel times were compared with observed values. The residuals between predicted
and observed travel times were iteratively minimized using a least-squares inversion approach over 10 iterations
(Supplementary Fig. 2), resulting in a final Vp tomogram for each sabkha site.

To address areas not covered by ray paths, an extrapolation technique based on nearest-neighbor interpolation
was applied. While this extrapolated section aids in matching the dimensions of the Vp tomograms for
subsequent analysis should be interpreted with caution due to the lack of direct ray coverage. Additionally, the
vertical gradient of Vp was computed for each cell using a finite difference approach, expressed as Vp /dz, where
dz is the cell thickness. These gradient profiles provide enhanced insight into lateral and vertical variations in
Vp, facilitating the identification of layer boundaries and zones of significant velocity change**.

Seismic anisotropy
To assess seismic anisotropy in the subsurface, the P-wave anisotropy coeflicient was calculated as the ratio of
horizontal to vertical Vp, expressed as V,,/V,,, where V,;, and V,, represent the horizontal and vertical components
of Vp, respectively45, using first-arrival travel-time data acquired along the refraction profile. In this framework,
each model cell is defined by both the vertical Vp (V) and the anisotropy coefficient’®. We assume a transversely
isotropic (TI) model as an initial assumption for typical sabkhas with horizontally layered evaporite-sand
sequences and shallow facies. In such a setting, seismic wave velocities are considered isotropic within horizontal
planes but vary with depth, with the symmetric axis oriented vertically due to the horizontal layering.
Horizontal velocities (V;) were derived directly from the seismic refraction tomography, while vertical
velocities (V) were constrained during the inversion using geological priors and regularization. The inversion
initially assumed isotropy for the first one to two iterations to stabilize the velocity model. From the third iteration
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onward, anisotropy was introduced by allowing simultaneous adjustment of both velocity components and
the anisotropy coefficient (V3 /V,)), with optimization guided by minimization of residuals between observed
and modeled travel times. Each tomographic cell was characterized by a vertical Vp value and its associated
anisotropy coeflicient, enabling the capture of localized directional velocity contrasts.

Given the lack of intersecting fractures or multi-azimuthal features in sabkha settings, higher-order anisotropy
(e.g., orthorhombic) was not considered, and the assumption of transverse isotropy was maintained throughout
the analysis. Departures from TI symmetry are recognized as a potential source of modeling uncertainty,
particularly in the absence of well log constraints. Nonetheless, this joint inversion strategy enhances sensitivity
to directional wave propagation and enables a more robust delineation of near-surface anisotropic structures,
which are critical for interpreting the lithological and hydrological heterogeneity of sabkhas.

Seismic attenuation (QP_l)

To determine the spatial distribution of compressional attenuation, often quantified by the inverse quality factor
Qp . Weapplied an attenuation tomography approach based on the procedure proposed by Aki and Richards®.
Prior to attenuation analysis, geometrical spreading compensation was applied to the amplitudes to isolate the
effects of attenuation (scattering and intrinsic attenuation). This analysis was conducted after generating the 2D
Vp tomograms and computing the associated ray coverage. Amplitude data were extracted using the first-arrival
picks and a time window centered at the arrival time, with a window length approximately equal to one average
wavelength. The amplitude decay due to attenuation can be expressed using the following relationship:

A(t) = Ag-e ™t/ Qr (1)

where A (t) is the geometrically corrected amplitude at travel time ¢, Ao is the amplitude of the source, f is the
frequency, A log-linear regression of In A(t) versus ¢ was performed at each receiver to determine the attenuation
coefficient « = 7 f /QpVp, and hence:

aVp

-1 _ aVp
Qp =

)

Qp ! represents the combined intrinsic plus scattering attenuation as we correct for the geometrical spreading;
the time window is approximately one wavelength, centered on the first arrival. The resulting Qp ' values
were then mapped along the ray paths using the previously derived Vp tomogram, yielding a depth-resolved
attenuation model. This approach enables the identification of zones with elevated seismic energy loss, which are
often associated with fluid saturation, lithological heterogeneity, or structural complexity.

MASW data processing and V g inversion
To enhance lateral resolution and achieve greater investigation depths, a non-conventional acquisition setup was
employed using fixed geophones along extended survey lines. This configuration enabled the recording of low-
frequency surface waves, which are essential for deep shear-wave penetration. The Common Midpoint Cross-
Correlation (CMPCC) technique was applied to extract dispersion information and construct a 1-D Vs profiles
at each geophone location. The recorded data underwent several key processing steps to ensure high-quality
inversion results (Fig. 2). Initially, noisy and near-source traces were removed to eliminate high-frequency
artifacts that degrade the quality of the dispersion spectra. A representative dispersion spectrum was computed
from a forward-shot gather using a linear frequency-wavenumber (F-K) transform (slowness vs. frequency; Fig.
5). This spectrum served as the input for MASW inversion, leading to the generation of a 2-D Vs tomogram.
Active MASW techniques were used to analyze Rayleigh surface waves and produce both 1-D and 2-D Vs
profiles. Since shear-wave velocity is directly linked to the elastic properties (stiffness) of the ground, it serves as a
critical parameter for geotechnical characterizations. A 1-D phase velocity curve was manually picked from the
dispersion spectrum, and iterative inversion was performed to minimize the root mean square (RMS) error of
Vs. A seven-layer model was applied for both CSAD and SJUW, with ten inversion iterations guided by existing
geological knowledge and seismic refraction results?” (Figs. 6a and 6b). The initial velocity model was based
on a theoretical phase velocity curve, assuming increasing Vs with depth. The inverted curves showed good
agreement with the observed data and yielded an average Vs values for each layer (Figs. 6¢c and 6d). The depth of
penetration achieved in the inverted models reflects the low-frequency content captured due to the long-offset
acquisition geometry. To construct the 2D Vs tomogram, the CMP cross-correlation technique was applied to
the MASW dataset*’. CMP gathers were generated by cross-correlating waveform data and were collected every
2 m, matching the geophone spacing (Supplementary Fig. 3). These gathers (Supplementary Figs. 4 and 5) were
transformed into dispersion spectra (Supplementary Figs. 6 and 7), from which 1-D dispersion curves were
picked at each CMP location. CSAD exhibited greater variability due to its more complex subsurface conditions
(Supplementary Figs. 8). The picked phase velocity curves were inverted using a least-squares approach, with ten
iterations applied to each dataset, after which improvements were marginal®’. The RMS error decreased rapidly
within the first five iterations and stabilized between 20-30 m/s, which is considered acceptable in the absence
of borehole calibration (Supplementary Fig. 9).

Results

Velocity tomograms and V p /V g ratio

The 2-D Vs tomograms produced from the MASW technique represent an interpolation of Vs along each point
across the profile (Fig. 7), extending to depths of >100 m at CSAD (Fig. 7a) and ~65 m at SJUW (Fig. 7b). In the
shallowest section of the CSAD tomogram, Vs begin at approximately 286 m/s, thinning toward the coastline.
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Fig. 5. Dispersion spectra from MASW analysis of CSAD and SJUW shot gathers. (a) CSAD and (b) SJUW.
Dispersion spectra retrieved after transforming the shot gathers in Figure 4, overlain with picked curves of the
fundamental modes (red points). The color palette represents the relative amplitude intensity of the dispersion
spectra. The black lines indicate the theoretical phase-velocity window bounds for picking the fundamental
mode.

High Vs values are observed in the northwestern portion of the profile, reaching a maximum of 374 m/s. A
distinct ridge feature is evident between 45 and 105 m along the profile, characterized by increased Vs values.
The maximum Vg in the CSAD profile is 1831 m/s at an approximate depth of 100 m. In contrast, the SJUW Vs
tomogram exhibits smoother contours in the upper layers, with significantly lower Vs values in the shallowest
section (157 m/s) compared to CSAD. The upper portion of the SJUW profile appears nearly horizontal, with
minimal lateral variation. However, the deeper sections reveal vertical zones of reduced Vs, resembling pillar-
like structures. Overall, the SJUW tomogram demonstrates a gradual increase in Vs with depth.

The Vs tomograms obtained from MASW (Fig. 7) were depth-limited to match the depth of penetration of
the seismic refraction Vp tomograms, enabling the computation of the Vp / Vs ratio (Figs. 8 and 9). In the CSAD
profile, a near-surface zone of low Vp is observed, thinning toward the coastline (Fig. 8a). This is followed by a
second zone exhibiting a similar spatial trend but characterized by a higher Vp gradient (Fig. 8b). The deeper
section reveals a third zone where Vp exceeds 1500 m/s, with a smaller gradient contrast compared to the
shallower layers. The corresponding Vs tomogram (Fig. 8¢) displays a similar low-velocity zone near the surface,
also thinning toward the coastline. This is succeeded by a second zone where Vs begins to vary in thickness, and
a third zone at approximately 15 m depth, where Vs exceeds 760 m/s. The Vp / Vs ratio section (Fig. 8d) reveals
a near-surface zone with values not exceeding 1.5, following the same pinching-out trend observed in the Vp
and Vs tomograms. This is followed by a zone where the ratio ranges between 1.5 and 2.5, extending a depth of
up to 8 m. A third zone exhibiting the highest Vp /Vs ratio with maximum values of 3.4 in the northwestern,
seaside portion of the profile. At greater depths, the ratio decreases again, stabilizing at a value of approximately
2.5 at a depth of around 27 m.

In contrast, the Vp tomogram for the SJUW profile (Fig. 9a) reveals a shallow uppermost zone of nearly
uniform thickness, extending to approximately 5 m depth, where Vp values remain below 1000 m/s. This
zone is associated with a high-velocity gradient near the surface, particularly within the upper 1.5 m (Fig. 9b).
Beneath this, a second zone is characterized by Vp values ranging from 1000 to 1800 m/s, exhibiting an almost
horizontal geometry and a pronounced velocity gradient along its upper boundary. A third, deeper layer displays
Vp values between 1800 and 2500 m/s, with both lateral and vertical velocity contrasts evident within this zone.
The corresponding Vs tomogram (Fig. 9¢c) shows a horizontally layered structure with a steady increase in Vs
with depth. The shallowest zone contains low Vs values (<380 m/s) within the upper few meters, followed by a
second zone where Vs ranges from 380 to 760 m/s. A third zone, located at approximately 12.5 m depth, exhibits
Vs values exceeding 750 m/s. The Vp /Vs ratio section (Fig. 9d) reveals a thin, near-surface zone, extending
to about 0.8 m depth, where the ratio does not exceed 2.5. This is followed by a vertically oriented zone with
Vp /Vs ratios ranging from 3 to 4.5, concentrated in the middle-right portion of the section and extending from
approximately 5 m depth into the deeper parts of the tomogram. In the lowest parts of the section, the ratio
gradually decreases again, stabilizing at approximately 2.5 at a depth of around 17 m.

Seismic anisotropy and attenuation (Q ")

Seismic anisotropy and attenuation results, derived from the inversion of the Vp tomograms for both sabkha
sites are presented in Figure 10. Anisotropy is expressed as the V, ratio V,/V , which approximates directional
velocity contrast under the assumption of transverse isotropy. The anisotropy section for CSAD (Fig. 10a) reveals
significant directional variations in Vp within the upper 5 m, indicating strong near-surface heterogeneity. A
second zone, between 5 and 10 m depth, exhibits reduced anisotropy, while depths beyond 15 m display a more
uniform and homogenous anisotropic pattern, suggesting consistent subsurface properties at greater depths. In
contrast, the SJUW anisotropy section (Fig. 10b) shows pronounced directional Vp variations near the surface,
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Fig. 6. Comparison of the initial 1-D shear wave velocity (Vs) and inversion results at CSAD and SJUW.

(a, b) Observed versus inverted dispersion curves at the CSAD and SJUW, respectively. Red lines represent
theoretical curves, and black dashed lines indicate the inverted fits, along with their associated RMSE values.
(c, d) Step plots of initial (black) and inverted (pink) 1-D Vg profiles for CSAD and SJUW, respectively,
highlighting layer-specific velocity adjustments through inversion.

followed by more vertically oriented anisotropic changes in the middle section. The deeper layers exhibit
complex anisotropic behavior, reflecting a more heterogeneous subsurface structure.

The Q5" profile of the CSAD (Fig. 10c) shows the highest @ " values (up to 0.05) near the surface,
particularly in the northwestern portion, are characterized by high attenuation magnitudes (0.013-0.05) to a
depth of approximately 15 m. Below this depth, Q@ p ~* decreases markedly, with more uniform and lower Q p ~*
values (indicated by blue regions), suggesting reduced seismic energy loss in the deeper subsurface. Conversely,
the SJUW attenuation profile (Fig. 10d) displays a thin (<1 m), localized zone of high attenuation near the
surface. Between 5 and 15 m depth, a distinct band of elevated Q» ! indicates significant energy dissipation.
Below 15 m, attenuation decreases, with more uniform low Qp " values, indicating reduced energy absorption
at greater depths. Within the upper ~10-15 m at both sites Qp " ranges between 0.013-0.05, highlighting the
highest attenuation regions.

Discussion

Vp Are commonly used to map the groundwater levels due to their ability to propagate through both solid and
fluid media®>2. Vp is highly sensitive to the presence of fluids in the subsurface, as fluid saturation reduces
the compressibility of the rock matrix, thereby increasing Vp**. Even a minimal gas content can significantly
reduce Vp, making Vp highly sensitive to fluid saturation levels®’. In contrast, Vs propagate only through
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denote the locations of the initial 1-D Vs models derived from forward shots; blue triangles mark the inferred
water table. The high Vs values at CSAD are attributed to lithified rock, while SJUW reveals karstic features
and a sand/limestone bedrock.

solid materials and are therefore less affected by fluid content>. Fluid saturation primarily influences the bulk
modulus of the rock matrix, while Vs remains relatively stable unless the fluids significantly alter the rock’s shear
strength. As a result, variations in Vs are more indicative of changes in the mechanical properties of the rock
matrix rather than fluid saturation.

The Vp /Vs ratio serves as a critical parameter for distinguishing between lithologies and fluid types in the
subsurface. In saturated sediments, this ratio typically increases due to the rise in Vp while Vg remains relatively
unchanged. In shallow, unconsolidated sediments, a high Vp / Vs ratio often indicates full saturation, whereas a
low ratio suggests dry or partially saturated conditions. Laboratory investigations by Conte, et al.>® demonstrated
that in dry unconsolidated sediments (e.g., sands and silts), the Vp/Vs ratio can be as low as 1.45, reflecting
dependence on the shear modulus. As saturation increases to approximately 90%, the ratio rises sharply,
reaching values of up to 4.5, depending on the sediment type and saturation level, driven by increases in the
bulk modulus. Furthermore, Pasquet, et al.>” demonstrated the use of Vp/Vs derived from seismic tomography
and surface wave analysis for characterizing the near-surface and estimating the water table depth. Their study
showed that combining surface-wave dispersion inversion with Vp tomography enables effective estimation of
the Vp / Vs ratio, providing detailed insights into lateral variations in shallow subsurface layers.

The low-frequency components (<10 Hz) observed in the dispersion velocity spectra (Fig. 5) are primarily
attributed to the extended profile lengths, which facilitate the propagation of surface waves over greater
distances. This propagation leads to the progressive attenuation of higher-frequency energy due to both intrinsic
and scattering losses®>*. As a result, these low-frequency signals provide valuable insights into Vs at greater
depths, albeit with reduced vertical resolution, thereby highlighting only large-scale subsurface structures®.
While this approach is effective for identifying major anomalies, it lacks the resolution necessary to detect finer-
scale features . In this study, the geotechnical bedrock, defined by Vs values exceeding 760 m/s®! was identified
at depths of approximately 15 m in the CSAD profile and 12.5 m in the SJUW profile (Fig. 7). Additionally, in the
CSAD profile, a deeper bedrock horizon was delineated at depths between 60 and 70 m, where Vs exceeds 1500
m/s** (Fig. 7a). The low topographic elevation of the area suggests it functions as a regional discharge zone for
deeper aquifers, making it particularly susceptible to dissolution processes driven by continental hydrological
cycles?. In contrast, the bedrock in the SJUW was not detected within the 65 m depth range of the current survey.
Previous work by Al-Shuhail and Al-Shaibani®* identified the bedrock at depths ranging from 100 to 120 m.
Furthermore, vertical low-Vs anomalies observed at approximately 50 m depth in the CSAD profile (Fig. 7b) are
interpreted as localized subsurface cavities or karstic features. This interpretation is based on the anomalously
reduced shear-wave velocity signature, its confined lateral extent, and its position within carbonate-evaporite
lithologies that are prone to dissolution. Karst development is common across the Arabian Gulf coastal zones
due to the solubility of Eocene formations and fluctuating groundwater conditions, and has been extensively
reported in nearby regions®?-%.
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Fig. 8. 2D subsurface sections from CSAD. a) Vp tomogram obtained from seismic refraction data. The
zones in the SE and NW corners, marked by black oblique lines, indicate areas where data points have been
extrapolated to the nearest neighbor and should be regarded as unreliable. (b) velocity gradient (dV p). (¢) Vs
tomogram cropped to match Vp penetration depths. (d) Computed Vp/Vs section from obtained tomograms
in a and ¢, the red triangles refer to high-resolution locations in Eleslambouly, et al. #’. The blue triangle
represents the water table level based on shallow borehole observations.

Additionally, a near-surface low-velocity zone in CSAD is evident in both Vp (Fig. 8a) and Vs (Fig. 8c)
tomograms, characterized by Vp values below 428 m/s and Vs values below 261 m/s. This zone is interpreted
as dry, unconsolidated sediments associated with the sabkha’s evaporitic facies and shallow hardground, which
progressively thins toward the coastline. The CSAD profile exhibits higher Vs compared to SJUW, primarily due
to the presence of a consolidated hardground layer. The thickness and degree of cementation of the hardground
increase seaward', indicating a stiffer soil structure relative to the uppermost sediments of SJUW. Beneath the
sabkha deposits at CSAD, the Vs values in the underlying aeolian sands reach approximately 568 m/s, suggesting
a dense, homogeneous sand lithology that is not lithified rock®. A pronounced Vp gradient is observed in
the shallowest part of this zone (Fig. 8b), within a 1 - 3 m thick layer, and is attributed to lithological and
hydrological variations influenced by sea water flux changes. Furthermore, seismic anisotropy in this upper zone
exhibits high variability, likely due to significant contrasts in the thickness of the evaporitic facies®’. In contrast,
deeper sections of the profile exhibit reduced anisotropy, indicating more homogeneous subsurface layers with
less structural complexity beneath the sabkha sediment.

In contrast to the CSAD profile, the SJUW profile is characterized by more homogeneous subsurface layers,
with sub-horizontal bedding and minimal velocity contrasts (Figs. 9a and 9b). The 2D anisotropy section (Fig.
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Fig. 9. 2D subsurface sections from SJUW.a) Vp tomogram obtained from seismic refraction data. The

zones in the SE and NW corners, marked by black oblique lines, indicate areas where data points have been
extrapolated to the nearest neighbor and should be regarded as unreliable. (b) velocity gradient (dV p). (c) Vs
tomogram cropped to match Vp penetration depths. (d) Computed Vp/Vs section from obtained tomograms
in a and c, the red triangles refer to high-resolution locations in Eleslambouly, et al. 2. The blue triangle
represents the water table level based on shallow borehole observations. Blue curved arrows refer to the rise of
the water as a result of an artesian effect.

10b) reveals an uppermost zone extending to ~1.5 m depth, with moderate lateral variations, followed by a
zone up to 10 m where vertical velocity gradients dominate. This transition corresponds to a second lithological
layer with distinct properties. At greater depths (>10 m), increased anisotropy and elevated Vp /Vs ratios (Fig.
9d) suggest a more complex subsurface structure, potentially influenced by lithological heterogeneity and
fluid content. Vs is directly linked to the stiffness of geological materials and is widely used in geotechnical
assessments of the near-surface®®®. The tomograms in Figures 8c and 9c delineate three distinct zones based on
Vs values. The first zone, with a Vs range of 180 to 520 m/s, represents soft to stiff sediments, typically associated
with unconsolidated materials such as sands, silts, and clays, and is indicative of sabkha deposits. These relatively
low velocities suggest limited load-bearing capacity and increased susceptibility to deformation under stress,
which has implications for infrastructure development in such areas’’. Near the surface, sabkha layers are thin,
with thicknesses ranging from 0.5 to 1.2 m (Fig. 3). These layers are interpreted as evaporitic facies, commonly
composed of minerals such as gypsum and halite. Their presence further contributes to the mechanical weakness
and variability of the uppermost sediments.
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Fig. 10. 2D subsurface sections of derived seismic anisotropy (dX/dY") and attenuation (Q p 1. The

ratio dX /dY was derived from the inversion of the Vp tomograms for the (a) CSAD and (b) SJUW sites,
respectively. (c, d) Inverted p ! profiles for CSAD (c) and SJUW (d). Significant attenuation and anisotropy
magnitudes are concentrated in shallower zones, reflecting lithological variability and fluid-related effects.

The second zone, beginning at the boundary where Vs reaches approximately 460 m/s, marks a transition
into denser sediments. This shift suggests increased compaction, potentially indicating a higher degree of
consolidation or a distinct lithological formation. While this layer may offer improved stability compared
to the overlying unconsolidated sediments, it does not possess the mec’hanical strength typically associated
with geotechnical bedrock. The third zone, characterized by Vs values exceeding 760 m/s are interpreted as
geotechnical bedrock. This layer exhibits significantly higher shear-wave velocities, indicating increased rigidity
and reduced porosity, which suggests the presence of highly compacted sedimentary rock or lithified materials.
These properties make it well-suited for geotechnical applications requiring stable, load-bearing substrates, such
as heavy infrastructure development or seismic-resistant foundation design. Overall, the developing sabkha at
SJUW exhibits relatively homogeneous subsurface conditions, likely due to minimal influence from sea-level
fluctuations and slower continental processes. In contrast, the mature CSAD sabkha has been significantly
shaped by the late Quaternary sea level changes”?, which involved multiple episodes of rapid transgression and
regression. These dynamic processes have contributed to a more complex near-surface stratigraphy, reflected in
its seismic properties and increased subsurface heterogeneity.

Sabkhas exhibit a distinctive hydrological regime, wherein groundwater recharge primarily occurs through
the upward leakage of brines. This process is driven by the region’s hot, arid climate and high evaporation rates.
In the case of SJUW, recharge is sourced from continental brines and trapped paleo-seawater, whereas the CSAD
sabkha is recharged predominantly by seawater flux. Dissolved solids in the sands underlying CSAD can exceed
300 g/L, while those in SJUW reach up to 180 g/L*”.

Previous studies by Eleslambouly, et al.”! and Van Dam, et al.”? using Electrical Resistivity Tomography (ERT)
at CSAD revealed significant variations in the conductivity of subsurface sands. These variations are attributed to
the dissolution of evaporites near the surface and the gravitational settling of heavy solutes into deeper aquifers.
The Vp / Vs ratios derived from tomographic models (Figs. 8d and 9d) were used to delineate zones of varying
fluid saturation. These results were further validated by comparing them with Vp/Vs ratios calculated from
1-D inverted Vs models and previously reported average Vp values per zone (Table 2). The consistency between
these datasets supports the reliability of the interpretations. In CSAD, the shallowest layer, thinning toward
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First layer Second layer Third layer Fourth Layer
Parameter CSAD | SJUW | CSAD | SJUW | CSAD | SJUW | CSAD
Thickness (m) 0.95 1.1 2.8 4.4 10.3 7.5 16
Vp(m/s) 428 294 953 832 1917 2250 2534
Vs (m/s) 261 179 313 252 568 476 1032
Density (g/cc) 1.42 1.39 1.64 1.44 1.91 1.88 2.06
Vp/Vs 2.02 1.64 3.04 33 3.38 4.72 2.45
Poisson’s modulus | 0.2040 | 0.2055 | 0.4395 | 0.4495 | 0.4519 | 0.4766 | 0.4006
Description pgf;?:giﬁ:;‘: f;ifr-af;rtially gfﬁ::téguny Hard - fully saturated layer

Table 2. Average computed parameters for each layer. The Vp obtained from Eleslambouly, et al.24, While Vg
obtained from the 1D MASW model in the present study.

the coastline is characterized by low Vp /Vs ratios, indicative of dry or poorly saturated sediments with fluid
content below seismic sensitivity thresholds. Seasonal flooding in the northern parts may temporarily increase
saturation, raising Vp; however, the unconsolidated nature of the sediments results in low stiffness and thus low
Vp /Vs ratios (<1.5). The second zone, located at 1-5 m depth and extending to 6- 8 m, exhibits slightly higher
ratios (not exceeding 2.4), suggesting partial saturation with residual gas trapped due to overburden pressure and
capillary rise. The southeastern portion of this zone was not clearly resolved due to limited resolution at depth,
although a Vp of 853 m/s was detected in this area””. A third zone beneath this sequence displays Vp /Vs ratios
reaching up to 3.4, with lateral contrasts attributed to heterogeneous fluid properties. This interpretation aligns
with findings by Eleslambouly, et al.”! and Van Dam, et al.”?, who reported complex fluid mixing in these layers.
The end of significant anisotropy contrast at approximately 13 m depth (Figs. 10a, Figs. 10b) further supports the
transition to more homogeneous conditions at greater depths. Elevated Vp /Vy ratios near the coastline are likely
due to high solid content in aquifer fluids, resulting from seasonal flooding and evaporite dissolution. At the base
of the model, a dome-shaped boundary with Vp /Vs ratios near 2 are interpreted as a lithified, fully saturated
rock layer. This zone exhibits reduced contrast, suggesting a more uniform seismic response beneath the sabkha
sediments. The overall decrease in Vp/Vg ratio with depth is attributed to sediment strengthening through
lithification and early diagenesis processes’>’%. Attenuation data further support these interpretations. High
Qp " values are observed in partially saturated zones, extending to an average depth of 14 m (Fig. 10c). These
elevated attenuation magnitudes are likely due to fluid content and scattering effects caused by heterogeneities,
particularly toward the seaside.

The SJUW profile exhibits stratigraphic zones similar to those observed in CSAD. A very thin, near-surface
dry zone is characterized by a Vp / Vs ratio of approximately 2.3, followed by a partially saturated second zone at a
depth of 1 m and extends to 5.5 m, with a higher Vp / Vs ratio. This second zone is vertically discontinuous in the
eastern-middle portion of the section and transitions into a third, fully saturated zone with even higher Vp /Vs
values (Fig. 9d). The partially saturated zone corresponds well with the borehole data reported by Eleslambouly,
et al.?’, which indicates the water table at approximately 1 m depth. These findings are consistent with previously
proposed hydrological conceptual models that describe artesian upwelling from deep aquifers®1%113775-78 Tt js
assumed that overburden pressure drives upward leakage from these deep aquifers into shallower sediments, a
process supported by the observed seismic data and models.

A general trend of decreasing Vp/Vy ratio with depth is evident, attributed to progressive sediment
lithification and compaction. The partially saturated transition zone in SJUW is thicker than in CSAD, allowing
it to be resolved by both conventional and high-resolution seismic methods, as demonstrated by Eleslambouly,
et al.”’. In contrast, the thinner transition zone in the mature CSAD sabkha was not resolved by conventional
seismic techniques.

Two zones of high Vp gradients in Figure 9b correspond to the interfaces between partially and fully
saturated layers. These transitions reflect the influence of pore fluid content, which stabilizes at greater depths.
The attenuation coefficient section (Fig. 10d) shows elevated attenuation beginning in the partially saturated
zone and extending to an average depth of 15 m, aligning with the Vp /Vs trend observed in the fully saturated
zone. This correlation underscores the relationship between fluid saturation and seismic attenuation, particularly
in the more homogeneous SJUW profile.

Anisotropy analysis reveals subsurface complexity, with each stratigraphic zone exhibiting distinct directional
variations in Vp. Anomalies in the Vp/Vy ratio within the third zone corresponds to anisotropy contrasts,
potentially linked to diagenetic processes or fluid heterogeneity. Overall, SJUW displays higher Vp /Vy ratios,
reflecting the weaker mechanical properties of its sediments.

The identification of the partially saturated layer is consistent with borehole measurements and both
conventional and high-resolution seismic data. In both sabkhas, this zone is attributed to weak overburden
pressure and the presence of trapped air in pore spaces, with water rising due to capillary forces. Saturation
increases gradually with depth, lacking a sharp interface; thus, head waves are not generated in the absence of a
distinct boundary?*7°.
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Conclusions

This study involved the acquisition of seismic profiles at the mature CSAD and the immature SJUW, using
geophones spaced at 2-m intervals. The data were processed for seismic refraction and MASW to independently
derive Vp and Vs tomograms. From these, the Vp/Vs ratio was computed, offering enhanced subsurface
imaging capabilities in complex hydrological settings. Additionally, seismic anisotropy (dX/dY) and Qp "
profiles were analyzed to interpret their relationship with sabkha features. The key findings of the study are:

« High-resolution Vs tomograms revealed the geotechnical bedrock at depths of approximately 15 m in CSAD
and 12.5 m in SJUW. The seismic bedrock in CSAD was further mapped at an average depth of 65 m, whereas
the bedrock in SJUW was not detected within the surveyed depth range, consistent with previous studies in-
dicating deeper bedrock. CSAD exhibited a higher Vs (up to 380 m/s) in the upper meter due to the presence
of a lithified hardground layer, whereas SJUW showed lower velocities (180-240 m/s), reflecting its unconsol-
idated sedimentary nature.

« Vp and Vs tomograms enabled distinguishing three hydrological zones in both sabkhas. The Vp/Vs ratio
distinguished a very thin near-surface dry layer (1-5 m), an underlying partially saturated zone extending
to ~6-8 m (thicker in SJUW), and a deeper fully saturated interval, validating existing geological concep-
tual models. In CSAD, seismic properties were strongly influenced by proximity to the sea, whereas SJUW
showed a direct connection to deeper continental aquifers, with artesian flow pathways extending to shallow
sediments.

o Variations in Vp in the deepest (fully statured) zone are consistent with mixed brine effects and correlate with
higher attenuation. These are attributed to the mixing of continental and sabkha brines, which are hypersa-
line and not in equilibrium. This fluid mixing zone is responsible for significant seismic attenuation in both
sabkhas. The fully saturated zone, characterized by high Vp/Vs ratios correspond to elevated attenuation
magnitudes, particularly in CSAD, where seasonal flooding and evaporite dissolution likely contribute to the
observed seismic responses.

Data availability

The CSAD and SJUW seismic datasets®® were collected by Khalifa University and King Fahd University of Pe-
troleum and Minerals (KFUPM), respectively, and are available at [https://doi.org/10.5281/zenodo.13937907].
Requests for access should be directed to the corresponding author, Ahmed Eleslambouly.
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