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ABSTRACT: This paper presents results from ground penetrating radar surveys using the SIR-10B 
GPR instrument (manufactured by Geophysical Survey System Inc., USA), with 400 MHz monostatic 
antenna (model 5 103). Survey was made over 3 excavation levels along the highway section at the Ras 
en Naqab escarpment area, Southwest Jordan. A total of 217 m along 4 profiles were covered in the 
winter of 2012. The objectives of the study are (i) to evaluate the resolution of the GPR technique in the 
field for detecting and locating anomalies caused by subsurface structures like cavities, fractures and 
faults, and (ii) to describe stratigraphic nomenclature of the subsurface rocks of the area. 2D interpre-
tation of the obtained data and the geological information demonstrate a strong correlation between the 
GPR anomalies and the subsurface geology. Based upon the lateral and vertical velocity changes with 
depth, the thickness and orientation of the subsurface layers are outlined. Analysis of the exposed sec-
tion shows good agreement between the estimated thicknesses of lithostratigraphic units and the quan-
titative assessment of the radar waves velocity inferred from GPR data. 
KEY WORDS: ground penetrating radar, rock stratigraphy, rock tectonics, Ras en Naqab, Jordan. 

 
1  BACKGROUND 

Jordan is located on the northwestern edge of the Arabian 
Plate and has an area of about 96 000 km2 (Fig. 1a). The land-
scape of Jordan is a fast semi-desert to desert plateau in the east. 
To the west is a mountainous region rising to a height of 800 to 
more than 1 700 m above sea level. Between two mountainous 
areas west of Jordan and east of Israel lies a north-south   
striking Dead Sea rift (DSR). The rift escarpment separates 
drainage into the Dead Sea Basin, ~430 m below sea level, 
from drainage into the plateau interior. The east bank of the 
DSR is controlled by the regional tectonics of the horizontally,      
northward-moving Arabian Plate. Therefore, the compressed 
structures are folded with a higher intensity of deformation 
close to the rift fault and decrease eastwards, thus leading to 
deformational belts which represent potential zones of weak-
ness, characterized by displacements and stress release repre-
sented by major landslides, joints, fractures, rock collapses, 
local earthquakes, rock movements and caverns. Recent studies 
focused on the regional tectonics of the DSR and surrounding 
area are of the work of Diabat (2002), Zain Eldeen et al. (2002) 
and Diabat et al. (2004). The relative motion across the DSR 
has been estimated by both regional plate motion models and 
local slip rate considerations. The regional plate motion studies 
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use the fault orientation, additional local observations, and 
constraints from the motion of neighboring plates to estimate 
5–10 mm/yr of relative motion across the DSR (Chu and 
Gordon, 1998; Joffe and Garfunkel, 1987). Local seismic stud-
ies yield a wider range of slip motion of 1 to 10 mm/yr (Klinger 
et al., 2000; Shapira and Hofstetter, 1993).  

Central Jordan surface morphology is dominantly charac-
terized by flat lying. Rugged topography associated with the 
Ras en Naqab escarpment separates the northern Jordanian 
limestone area from the southern basement complex (Fig. 1a). 
A difference in altitude between these two geologic-      
physiographic provinces is in the order of 600 m. The escarp-
ment area strikes in a northwest-southeast direction. A modern 
highway connecting north via central Jordan to the south was 
constructed 30 years ago. Because of the rugged terrain in the 
Ras en Naqab escarpment and it is considerably higher con-
struction cost, works on this highway ceased in this area. 
However, a site on the escarpment was excavated up to five 
terrace levels (I through V, Fig. 1b). Each level is about 200 m 
long, 4 m wide and about 6 m high. These terraces have an 
east-southeast to west-northwest alignment. Fresh cutting and 
excavation work at the sites revealed the presence of localized 
zones of underground shearing, strike-slip faults, erosional 
surfaces, paleochannels, slickensides and different types of 
structural deformation and near-surface fractures. Detection 
and location of these features has become one of the major 
tasks in road and building construction and maintenance 
(Batayneh and Al-Diabat, 2002; Batayneh and Al-Zoubi, 2000; 
Batayneh et al., 1999; Smith, 1986).  
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Figure 1. (a) Site map of the study area; (b) locations of the four GPR lines (P1–P4) in Ras en Naqab area. 
 

From a geological point of view, and during the Late Cre-
taceous Period, a major transgression of the Tethys Ocean re-
sulted into carbonate facies deposition of the Ajlun Group 
(Cenomanian–Turonian) throughout Jordan. The rocks of this 
group, which disconformably overlies the Kurnub sandstone 
group of Lower Cretaceous age (Barjous, 1995), consists of the 
Na’ur limestone (NL), the Fuheis/Hummer/Shueib (F/H/S), and 
the Wadi Es-Sir limestone (WSL) formations. The base of the 
Ajlun group comprises siltstones and mudstones up to 10 m 
thick. These members form a transitional zone at the base of the 
NL Formation. Generally, NL Formation contains three hori-
zons; the upper and the lower consist of massive, hard carbon-
ate units each up to 20 m thick (Batayneh and Barjous, 2003), 
while the strata interbedded between these units comprise al-
ternating thin beds of marl, dolomite and sandstone. The over-
lying marl, limestone, dolomitic sandstone, siltstone-mudstone, 
claystone and sandstone beds are equivalent, in upward se-
quence, to the F/H/S formations (Cenomanian–Lower Tu-
ronian). At the studied site, these formations are about 50 m 
thick (Batayneh and Barjous, 2003). The WSL Formation of the 
Turonian age is about 100 m thick and dominantly consists of 
massive dolomitic limestone. At the base it is composed of 
massive sandy dolomitic carbonate beds intercalated with 
marly limestone, silty mudstone and nodules of chert. The up-
per part of this formation is composed of a massive to bedded 
sandy and dolomitic limestone. Figure 2 shows a stratigraphic 
column from the studied site (after Batayneh and Barjous, 
2003).   

In the present study, we present results of ground pene-
trating radar (GPR) technique application to investigate sub-
surface geology in terms of environmental and engineering 
application. The study was performed at the Ras en Naqab es-
carpment area, southwest Jordan, in the winter of 2012. This 
site has a large existing geological data base, and thus is ideal 
for GPR technique in detecting and locating potential geologic 
features.  
 
2  GENERAL PRINCIPLES AND DATA ACQUISITION 

GPR is an electromagnetic profiling technique utilized for 

high resolution mapping of subsurface features. GPR technique 
has been used in geological (e.g., Carrozzo et al., 2003; Nobes 
et al., 2001; McMechan et al., 1998), hydrological and hydro-
geological studies (e.g., van Overmeeren, 1998; Beres and 
Haeni, 1991), in aquifers investigations (e.g., Arcone et al., 
1998), water contamination (e.g., Benson, 1995; Daniels et al., 
1995; Annan et al., 1991), geotechnical engineering (e.g., 
Batayneh et al., 2002; Barnhardt and Kayen, 2000; Birken and 
Versteeg, 2000; Saarenketo and Scullion, 2000), and in archeo-
logical investigations (e.g., Bonomo et al., 2009; Imai et al., 
1987; Vaughan, 1986). 

In the GPR technique, a short pulse of high frequency 
(10–1 000 MHz) electromagnetic energy is transmitted by the 
antennae through the ground surface and then receives its re-
flection from boundaries between layers or from internal ir-
regularities of different electrical properties. The amount of 
energy that is reflected back to a radar antenna by an interface 
is dependent upon the contrast in the relative dielectric permit-
tivity (Er) of the two layers. Abrupt boundaries that separate 
contrasting materials reflect more energy than gradual bounda-
ries that separate materials with similar Er. The Er of soil mate-
rials is principally dependent upon moisture content 
(Buynevich and Fitzgerald, 2003; Annan et al., 1991; Beres and 
Haeni, 1991) and varies with temperature (phase-dependent), 
density, and antenna frequency (Denizman et al., 2010; Daniels, 
2004). The reflection is detected on the surface, and the time 
between transmission and detection at the surface is propor-
tional to depth. The depth of penetration of a GPR system is 
highly site specific and is limited by attenuation of the outgoing 
pulse. The velocity of the GPR is dependent on a degree of 
saturation and hence recent rainfall patterns. Generally, greater 
penetration is obtained in dry, sandy, and rocky soils and little 
penetration is obtained from moist, clayey conductive soils 
(Batayneh et al., 2002; Wolf et al., 1998; Liner and Liner, 1997; 
Cai et al., 1996).  

The GPR survey layout at the Ras en Naqab site was con-
strained by GPR cable length and accessibility problems of the 
upper levels due to difficult terrain, so the lower three levels (I 
through III, Fig. 1b) were used for survey layout. A total of  
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Figure 2. Measured geologic section at the Ras en Naqab site (after Batayneh and Barjous, 2003). F/H/S indicates 
Fu-heis/Hummer/Shueib formations (undifferentiated); WSL indicates Wadi Es-Sir limestone formation. 
 
217 m along 4 profiles (P1–P4, Fig. 1b) were covered by GPR 
survey in the winter of 2012. Surveys were conducted using a 
SIR-10B GPR instrument, manufactured by Geophysical Survey 
System Inc. (GSSI), USA, with 400 MHz monostatic antenna 
(model 5 103). The antenna of this instrument combines the trans-
mitter and receiver in a single housed system. Data were recorded 
at a speed of 50 scans/s, 5 m trace interval using odometer with a 
time window of 60 ns and 512 samples/s using a 16 bits A/D con-
version and then digitally recorded on an internal hard disk drive. 
The gains, which is used to compensate for amplitude variations in 
the GPR image; early and late signals arrival times, were set rela-
tively high to maximize a chance of anomalies detection of anoma-
lies directly from the plots. The loss of signal amplitude is related 
to geometric spreading as well as intrinsic attenuation (Knight, 
2001; Endres et al., 2000).  

Velocity analysis of the subsurface units is based on the ve-
locity spectrum technique, which is obtained by the stacking veloc-
ity to each reflector. It maps the T-X data of a single common mid-
point (CMP) gather onto the velocity spectrum plane. The velocity 
analysis spectrum method was conducted using the GSSI RADAN 
version 5.0 software package. The accuracy of the velocity esti-
mated by spectrum analysis is influenced by different factors: (i) 
depth and dip of the reflectors; (ii) spread length; (iii) signal/noise 
ratio; (iv) number of traces; and (v) static corrections. Works re-
lated to this technique are that of Taner and Koehler (1969), Yil-
maz (1987), Mulder and ten Kroode (2002) and van Leeuwen and 
Mulder (2008).  

A data set from 15 m long GPR line P3 (for location, see Fig. 
1b) was chosen to illustrate the velocity spectrum technique (Fig. 
3a). Using the RADAN software, an input of all the required pa-
rameters (i.e., interval distance, offset and minimum and maximum 
velocity values expected at the site) has been made and stacked 
amplitude for analysis was chosen. The estimated velocity of the 
subsurface layers is presented in Fig. 3b. Velocity analysis of the 
studied site with the help of GPR technique has been done by 
adopting the following procedure. The radar measurements were 

made over known subsurface rock units and structures, where the 
bedding attitudes gently dip ~25° to the W-NW, and the profile 
lengths are relatively small.  

 

 

Figure 3. Velocity analysis using GPR survey. (a) Data set; 
(b) velocity analysis showing results of computation.  
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3  RESULTS AND DISCUSSION  
Analysis of the GPR datasets from the measured profiles 

resulted into two-dimensional (2D) models revealing a detailed 
lithostratigraphic section (Fig. 2). The maximum depth of rec-
ognizable reflector under the studied site is about 3 m in gen-
eral. Figure 4 shows the interpreted 2D section (400 MHz GPR) 
with geology superimposed on the velocity values for levels III 
(Fig. 4a), II (Fig. 4b), and I (Fig. 4c). Based on the interpreta-
tion of the obtained data, a geological section (Fig. 5) is con-
structed by grouping similar velocity values and using field 
based knowledge of the studied sequence exposed in the area 
(Fig. 2).  
    The base of the measured section, which consists of 
green-brown mudstone (Fig. 2, member B), shows a velocity 
value of 0.06 m/ns with a thickness of 1.5 m. The low velocity 
observed for this section is due to the presence of clay sub-
horizons. Member C (Fig. 2) is about 7 m thick. It is dominated 
by 1.5 m thick yellowish brown, grey sandstone beds at the 
base and overlain by a sequence of light violet sandstone inter-
calated with mudstone and siltstone. These two units are 
marked as C1 and C2 on Fig. 2. Unit C1 shows a velocity value 
of 0.13 m/ns, while C2 shows a velocity value of 0.07 m/ns. 
Low velocity value from C2 may be due to the presence of 
siltstone with high moisture content.  
    The overlying member D (Fig. 2) is dominated by light 
violet massive sandstone. The determined velocity for this ho-
rizon is 0.16 m/ns and the thickness is about 2.5 m. The over-
lying member E, which consists of yellowish green glauconite 
 

 

Figure 4. The interpreted 400 MHz GPR sections with geo-
logical setting for GPR lines P3 (a), P2 (b) and line P1 (c). 
Dashed lines represent rock unit boundary. Solid lines in-
dicate fault. 

sandstone with clay intercalation, shows a velocity value of 
0.11 m/ns and a thickness of 2.7 m. A moderate velocity ob-
served for this horizon is due to the presence of clay minerals. 
Member F, which is 4 m thick, consists of red, grey massive 
mudstone having a velocity value of 0.14 m/ns. The overlying 
sequence member G, comprises 10.8 m thick yellowish green 
sandstone with clay intercalations. The velocity for this se-
quence is 0.082 m/ns. The member H, a 1.5 m thick layer of 
olive-green mudstone with clay intercalations, has a velocity 
value of 0.05 m/ns. The low observed velocity for this member 
is due to the presence of mudstone and high moisture content. 

The base of the WSL formation, member I (Fig. 2), com-
prises massive limestone interbedded with thin beds of mud-
stone. The measured thickness for this member is about 10 m. 
Along the measured GPR line P3 (Fig. 4a), only 2.5 m basal 
part of this horizon is present in the NW part, having a velocity 
value of 0.12 m/ns. 

The 2D section (Fig. 4) shows rapid lateral velocity varia-
tions along the surveyed lines. Taking into consideration the 
lateral heterogeneities as evident in the GPR model section and 
field based geological observation of the exposed sections, two 
sub-parallel faults are interpreted by forming a horst-like struc-
ture (Fig. 5). These fault planes dip about 60 to 70 degrees to 
the SE and NW, respectively. Vertical offset along the faults 
varies from 12 m for the NW-dipping fault to 5 m for the 
SE-dipping faults (Fig. 5). A third minor fault, trending N16W, 
is also recognized (Fig. 5). The inferred fault has a vertical 
displacement of about 1 m. Figure 6 shows the geology and 
structure of the studied area. 

Figure 7 shows a 2D interpreted GPR section with geol-
ogy for the measured line P4 (for location, see Fig. 1b). The 
most prominent feature along the GPR line P4 (Fig. 7) is a 
series of reflections and diffractions at a profile distance be-
tween 29 and 46 m, interpreted to outline a filled paleochannel 
having a velocity value of 0.061 m/ns. This is visible to be 
discriminated from the surrounding sandstone bed (G member)  
 

 

Figure 5. A 2D model constructed using the groups of simi-
lar velocity values and the geological information from the 
exposed section in the study area. 
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Figure 6. North-northeast trending photography with geo-
logical sequence members at the studied site. 
 
that have a velocity value of 0.082 m/ns and from the underly-
ing massive mudstone (F member) that have a velocity value of 
0.14 m/ns (Fig. 7). Diffractions at the right and left sides as 
well as below this feature are also visible (Fig. 7). These dif-
fractions could have originated from cracks or fractures linking 
the surface. The geometry of the paleochannel is conical in 
shape (Fig. 8). Field evidence indicates that the sediment fill 
within the channel consists of grain supported conglomerate, 
with rock fragments up to 0.7 m in diameter (Batayneh and 
Barjous, 2003). The rock fragments are mostly derived from 
the F/H/S rocks, which consist of sandstone, mudstone, silt-
stone and marl. The matrix consists of sandstone and cal-
cearenite.  

 
4  CONCLUSIONS 

In some geologic settings, GPR is a reliable, rapid, and 
economical geophysical technique for mapping shallow sub-
surface sediments and assessing structural and tectonic features. 
The thickness of the sediments can be reliably mapped where 
subsurface geology is not too complex and changes in subsur-
face velocity are associated with lithological changes.  

Application of GPR technique to a site located in the Ras 
en Naqab area (South Jordan) proved helpful in mapping sub-
surface geology at shallow depths. Based upon the lateral and 
vertical velocity changes, thickness and slope of the subsurface 
lithological members are outlined. Thickness and lithology of 
the exposed section observed in the field are very much in 
agreement with these inferred from the GPR velocity data.  
 

 

Figure 7. GPR section (400 MHz) from line P4 showing 
filled paleochannel. 

 

Figure 8. North-northeast trending photography showing 
the geologic sequence and paleochannel at the site.  

 
The GPR data also demonstrated a reliable detection of shal-

low faults that coincide with geological features observed in the 
study area. The offset and dip of the faults also correlate well.  

Paleochannel detection is another challenging problem in 
geophysical exploration that requires good resolution and depth 
penetration. GPR can be a successful method in detecting 
near-surface channels if the host rocks have different physical 
properties. Application of GPR in the study area provided use-
ful information about the location and depth of the conglomer-
ates filled paleochannels.   
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