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ABSTRACT

The main objective of this paper is to delineate the subsurface structures, especially faults, in Al Haddar,
Wadi Al-Dawasir area which is a part of the Sulayyimah Quadrangle, South Saudi Arabia using non-linear
seismic refraction tomographic inversion. No major structures or faults are observed from the surface
geological studies, while most of the area is covered with sand dunes and recent quaternary deposits. The
purpose of the current research is to use the seismic method, which has been widely deployed in detecting
and mapping subsurface features, to delineate the subsurface structures utilizing the 2-D seismic refraction
travel-time tomographic inversion technique. The main advantages of travel time tomography are that it is
a nondestructive technique, it provides a velocity model for the subsurface and delineates the subsurface
faults with very high accuracy without involving drilling or trenching. The seismic data were acquired
employing the most advanced and up-to-date instruments for high-resolution investigation. The system
consists of the source, which is a vibrator (Vibroseis), sensors (receivers or geophones), and the acquisition
system. A 40 Hz vertical geophone Model GS-20DH was used as the receiver, Strata Visor with geodes was
put into service as the acquisition system, and end-on spread was installed by utilizing 112 geophones,
while the source is offset 10 m away from the seismic line. The length of the acquired seismic line was 4.5
km. The final velocity tomogram is graphically presented as a 2-D grid of pixels, where each pixel contains
the model parameters of interest such as the velocity value or its reciprocal value known as slowness. The
travel-time tomography was able to provide a velocity model for the subsurface and delineate the

subsurface faults with high accuracy.
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I.  INTRODUCTION

The purpose of this paper is to delineate and identify
shallow subsurface faults via seismic refraction tomography.
Several wave forms captured during a seismic survey are
recorded. The first-arrival travel-times of refractions can be
inverted to construct the subsurface velocity model. The P-
velocity tomogram is the name given to the resulting velocity
model, which is used to detect the positions of near-surface
faults with sharp velocity contrasts. The study area is located
within the Sulayyimah quadrangle, between longitudes
45°30'13.55" - 45°32'54.59" east and latitudes 21°43'54.78" -
21°46'55.29" north in the southeast of the Najd province of
Saudi Arabia (Figure 1). The western fringe of the Sulayyimah
quadrangle is an area of Proterozoic crystalline basement rocks
at an altitude of 700-800 m. The rest of the Sulayyimah
quadrangle is underlain by Phanerozoic sedimentary covers

that dip gently away from the basement to an altitude of 600 m
at its eastern edge. The basement rocks of the southern Arabian
Shield are interpreted to have been formed in a 700 — 800-Ma-
oldensimatic island arc [1-3]. These rocks contain highly
metamorphosed and deformed succession of andesitic meta-
volcanic rocks and inter-bedded volcanic clastic meta-
sedimentary rocks. The Proterozoic domain of the Sulayyimah
quadrangle consists of a peneplain covered by extensive
spreads of eolian sand. The northern part is slightly higher and
has a more marked relief than the southern part [4]. The
Phanerozoic domain comprises a vast monocline dipping
gently eastward at 1-2 degrees. The Phanerozoic rocks in the
Sulayyimah quadrangle are contained in a monoclinal structure
with a strike of N 20-30° E and an average dip of 1° to the east.
The observed faults in the Phanerozoic rocks have a vertical
throw of only about 1 m. The major fault detected in the
Sulayyimah quadrangle is the N 70° E striking Al Haddar fault.
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A second fault visible in Tuwayq escarpment at Khashm Abu
Al Jiwar is connected with the Al Haddar fault. According to
[4], Al Haddar fault probably represent the trace of a deep fault
which affects the basement and whose existence is manifested
by the thickness and facies variations in the sedimentary
deposits and by later reactivation.
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Fig. 2. Landsat image from Google Earth of the study area showing the
covering sand dunes and the recent quaternary deposits. © Airbus,
CNES/Airbus, Maxar Technologies.

TABLE L. STRATIGRAPHIC COLUMN OF THE
PHANEROZOIC ROCKS IN THE SULAYYIMAH
QUADRANGLE MODIFIED AFTER [9-12]

Fig. 1. The Arabian plate with the study area delineated by the red square.

A second regional lineament is shown up by the
morphology between Khashm al Mukassar, Wadi Al Shutbah,
and Wadi al Magran. Its orientation is N 70° W, which is
similar to the Najd fault system that affects the basement [4].
Some joints appear to have resulted from readjustments of the
sedimentary cover, without displacement, to basement
movements, which are at least post-Jurassic. According to [5],
they are related to the development of the regional monoclinal
structure. The southeastward movement along the wrench
faults brought this structural unit to a higher position than the
surrounding areas to the north and south; hence the name
Southern Najd Uplift emerged. The Southern Najd Uplift
reached its form through several tectonic phases. The main
phase involves very considerable vertical movements before
the Pre-Khuff unconformity. It has been demonstrated that
tectonic movements resulting in dislocations disappeared after
the Triassic rejuvenation [6-8].

In the study area no major faults could be recognized from
the surface geology. Most of the area is covered with sand
dunes and recent quaternary deposits, as depicted in Figure 2.
The Phanerozoic rocks underlie most of the Sulayyimah
quadrangle form part of the west edge of the Arabian
sedimentary basin and range at the age from the late Permian to
the late Cretaceous, as portrayed in Table I. The stratigraphic
column represented in Table I illustrates the Phanerozoic rocks
in the Sulayyimah quadrangle including the chronostratigraphic
and lithostratigraphic units for the study area.

Choronostratigraphic units Lithostratigraphic units
System Age (Ma) Series Formation Member
Campanian Aruma
Cenomanian Wasia
Alpian Biyadh
Creataceous 140 Aptian Buwaib
. Yamama
Neocomian -
Sulaiy
Haith
Arab
Upper Jabailah
Jurassic 204 Hanifa
Tuwatq mountain
Middle Dahruma
Lower Marat
Upper Minjur
Triassic 250 Middle Jilh
Lower Sudair
. Upper
Permian 290 Lower Khuff / Unayzah
Carboniferous 360 Upper
Unconformity

Proterozoic Basement

II. MATERIALS AND METHODS

A. Seismic Data Acquisition

A 2D seismic line of 4.5 km long was acquired across the
survey area. The recording system consisted of three units: (1)
the source unit responsible for positioning and activating the
surface-energy sources, (2) the jug hustlers who lay out the
cables, place the geophones in their proper locations, and
connect them to the cables, and subsequently pick up the
geophones and cables, and (3) the recording unit that does the
actual recording of the signal. The layout of the seismic lines
determines the positions and elevations of both the source
points and the geophone groups by using GPS Trimble
equipment. Figure 3 shows the elevation contour map with the
receiver (geophone) locations projected on it.
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Fig. 3. Elevation contour map with the receiver (geophone) locations
projected.
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Fig. 4. Seismic spread used during the survey, where the (x) symbol

represents the source and geophone-group center locations.

Fig. 5.

Vibroseis used in the survey as the seismic source.

End-on spread (the relative locations of source and the
center of geophone groups used to record the reflected energy)
was conducted by utilizing 112 geophones and the source was
offset 10 m away from the seismic line (Figure 4). Figure 5

displays the Vibroseis truck used as the energy source. The
sweep start frequency is 10 Hz, and the end frequency is 300
Hz. The total time taken to input this range of frequencies here
is 4.0 s. An amplitude taper was placed on each end of the
sweep to ease the strain on the equipment 0.05 s. After 3
sweeps at each point the data were stacked automatically to
improve signal-noise-ratio. Vertical geophone Model GS-
20DH of 40 HZ frequency was utilized as part of a 112 channel
station (Figure 6). In areas where the coupling was poor due to
sand dunes, a small hole was dug to hit sediments of greater
compaction. Table II summarizes the acquisition parameters
and the information about the source, receiver, and the
recording instrument used in the seismic experiment.

Fig. 6.
coupling.
TABLE IL ACQUISITION PARAMETERS USED IN THE
FIELD SURVEY
Spread Source Receiver Instrument
Off- . . Geo- Strata-
Type end Type | Vibroseis| Type phone Type Visor
No.of 1115 | Model | Mini IVI| Model | Gs20 | Sample | o5 0
traces interval
Qeophone I5m | Sweep Linear Freq. |40HZ | Gain 36 dB
interval up-sweep
Source Band 30-300 . Sweep
interval 15m width HZ Damping| 070 length 4s,2s
No. of . Record
Fold 56 sweeps 3 Spacing | 15m length 6s

B. Travel-Time Tomography

Travel-time tomography is a standard methodology for
reconstructing the subsurface velocity distribution from first-
arrival travel-times [13-19], where velocities are updated by an
iterative method such as the SIRT technique [20]. The
tomography method consists of a number of steps. First, an
initial velocity model is estimated from the x-t slope of the
first-arrival in the seismograms. The travel-times are then
computed from the starting model by a finite-difference
solution to the Fikonal equation [21]. In this case, the data
misfit function can be defined as:

T~ ey (1)

obs

€ =
where the summation is over the " raypath, #** is the
associated first arrival travel-time pick, and 17 is the calculated
travel-time. The /" gradient y; of the misfit function is defined
by:
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Fig. 9. Shot record with the first break picks for shot no.45.
Fig. 7. Workflow for travel-time tomographic inversion. Offset and Elevation (m)
. PICKING AND QUALITY CONTROL 0 y m w s w i

A. First-Break Picking

Picking the first arrivals in this dataset was straight forward
due to the used source. The first breaks are easily identified as
evidenced in Figures (8-11). A tracker was deployed to
manually refine the bad picks in common shot gathers.
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Fig. 10.

Shot record with the first break picks for shot no.86.

B. QC Geometry and Bad Picks Refining

After picking the first breaks, the Reciprocal Error QC plot
was deployed to check the picks and geometry for the first
time. In theory, the reciprocity principal states that the
interchanging of the shot and receiver locations does not alter
the travel-times. The reciprocal error is the difference between
the picked first arrival from the source to the receiver and the
receiver to the source.
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Fig. 11.  Shot record with the first break picks for shot no. 299.

In general, the maximum reciprocal error should be less
than 20 ms and the average of the reciprocal errors for all shots
should be around 10 ms. However, in practice, errors are often
caused by geometry or picking error. In this case, the utility
indicates the reciprocal error range for all the first breaks and
how they are distributed, as can be seen in Figure 12. The X
and Y coordinates demonstrate the geometry spread in meters.
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Fig. 12.  Travel-time display (top), shot (red) and receiver (yellow)
coordinates (middle), RMS reciprocal error for each shot (bottom) with almost
No errors.

C. Building the Initial Velocity Model

All the travel-times are displayed together in shot offsets.
The color represents data repeatability. Then, this study will
start picking a few refraction turning points on the shot offset
display curves. The 1-D analytical velocity solutions will be
derived from the picked turning points, which will be used to
create the 2-D initial velocity model for the travel-time
tomography, as observed in Figure 13. The 2-D initial velocity
model (Figure 14) is created to start the inversion for travel-
time tomography, where the model size is determined by the
geometry range and the 1-D model depth and the size of the
model square cell is set to half of the receiver spacing.
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Fig. 13.  1-D velocity solutions used to create the 2-D velocity model to be

used as the starting model for the travel-time inversion. The color bar
represents the data repeatability.

Velocity (m/s)
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Fig. 14.  The 2-D initial velocity model to be used as the starting model for
the travel-time inversion.

D. Ray-Tracing & Travel-Time Tomographic Inversion

The travel-time tomography is carried out through a
number of steps. First, an initial velocity model is estimated
from the x-t slope of the first arrival in the seismograms. The
travel-times are then computed from the starting model by a
finite-difference solution to the Eikonal equation and the data
misfit function is calculated.
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Fig. 17.  Ray-tracing for the 2-D travel-time inversion.

Then, the velocity model is updated by an iterative method,
where the output velocity model of each iteration is used as the
input to the next iteration until the solutions converge and the
RMS error reaches minimum. In this case, after six iterations
the RMS becomes almost constant (Figure 15) and the
inversion is done. The output is the final velocity tomogram
(Figure 16). The ray-path density image after ray-tracing from
the 2-D travel-time inversion can be seen in Figure 17. From
the 2-D travel-time tomogram, we can identify major normal
faults, as shown in Figure 18.

SW NE
4600 Distance (m) 0

500

Velocity (m/s)
(wr) pdaq

5500

Fig. 18.  Seismic refraction travel-time tomogram showing the interpreted
subsurface normal fault in the study area.

IV. RESULTS AND DISCUSSION

In this paper, non-linear seismic refraction travel-time
tomography was applied to construct the travel-time tomogram.
The tomography method consists of a number of steps. First, an
initial velocity model was estimated from the x-t slope of the
first-arrival in the seismograms. The travel-times were then
computed from the starting model by a finite-difference
solution to the Eikonal equation. The slowness model was
iteratively updated by a gradient optimization method (e.g.
steepest descent) to finally get the final velocity tomogram,
which was easily interpreted to identify the shallow subsurface
structures and faults. The nonlinear refraction travel-time
tomography method of [22] was used. This technique includes
three main steps: (1) the forward ray-tracing method, (2) the
inversion approach that fits travel-time curves, and (3) a
nonlinear method for uncertainty analysis. From the generated
travel-time tomographic and the velocity distribution of the
subsurface, the major normal fault in the study area was
identified (Figure 18).

The main advantage of the seismic methods and the travel
time tomography is that they provide a velocity model for the
subsurface and delineate the subsurface faults with a very
accurate and nondestructive technique without the need of
drilling or trenching after appropriate processing and
interpretation [23-25]. Without altering the natural ground
condition, seismic refraction tomography offers the necessary
velocity model and subsurface structures [26-29]. The seismic
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refraction tomography is a geophysical method that provides
the cross-sectional picture along the profile by using the soils'
response to the energy from the external source [30-32]. It
deploys the inversion technique to obtain the 2D velocity depth
profile [33-35].

V. CONCLUSION

The main objective of this paper is to delineate the
subsurface faults using seismic refraction tomographic
inversion in Al Haddar, Wadi Al-Dawasir Area which is a part
of the Sulayyimah Quadrangle, South Saudi Arabia. Non-linear
seismic refraction travel-time tomography was applied to
construct the travel-time tomogram. The challenging part of
this research was to detect the presence of the subsurface faults
and structures without any surface geological evidences, as
most of the area is covered with sand dunes and recent
quaternary deposits. On the final velocity tomogram, a major
normal fault could be easily detected which could not be
recognized from the surface geology. The travel-time
tomography proved to be a very effective method in delineating
the subsurface structures, especially faults. The non-linear
travel time tomography was able to provide a velocity model
for the subsurface and delineate the subsurface faults with very
high accuracy and without the need of drilling or trenching.

VL. RECOMMENDATIONS AND FUTURE WORK

As a recommendation, a 3D seismic survey could be
conducted as future work on the same area and a 3D refraction
travel-time tomogram could be generated to construct a better
model for the subsurface, while subsurface faults and other
structures would be easily recognized.
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