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Abstract

In this study, different interpretation techniques have been applied to the airborne magnetic data to detect the subsurface basaltic
edges in Qaret Had El Bahr area, Northeastern Bahariya Oasis, Egypt. These techniques are as follows: the power spectrum,
Source Parameter Imaging (SPI), tilt derivative or tilt angle, Euler deconvolution, and forward modeling. The depth to the
basement calculated from the different techniques is mostly matched. Also, the lineaments have been analyzed by extracting
these lineaments from the geological map, Reduction to the Pole (RTP) magnetic map, and regional and residual magnetic map.
The rose diagrams of these lineaments have been established to define the main trends in the study area as well as the trend of the

basalt, which is the main target in this study.

Keywords RTP - SPI - Tiltangle - Depth estimation

Introduction

Our area of interest (study area) (Fig. 1) lies in the Western
Desert, to the Northeastern Bahariya Oasis, Egypt. It is bound-
ed by latitudes 28°00" and 29°15’ N and longitudes 29°00" and
30°00" E. The aeromagnetic survey is very useful in delineat-
ing or mapping subsurface magnetic sources (Elkhodary and
Youssef 2013). Aeromagnetic measurements are routinely
presented in form of maps constituting magnetic anomaly of
interest that are produced from sources with different geomet-
ric, located at various depths (Salawu et al. 2019a; Salawu
et al. 2019b).

Aeromagnetic maps can be applied in many earth sci-
ence studies such as geothermal, hydrological
archeological, hydrocarbon, and mineral investigations
(Reford and Sumner 1964; Mehanee and Zhdanov 2002;
Zhdanov et al. 2004; Paoletti et al. 2013; Mehanee 2014;
Pei et al. 2014; Eppelbaum 2015; Essa and Elhussein
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2016; Maineult 2016). Central to the analyses and inter-
pretation of aeromagnetic maps is the estimation of mag-
netic basement depths (Deng et al. 2016; Salawu et al.
2019Db), outlining the lateral changes in the magnetic sus-
ceptibilities (Oru¢ and Selim 2011), delineating the struc-
tural features (Al-Garni 2010; Gabtni et al. 2016), and
recording the Curie depths (Aboud et al. 2011).

This research is mainly committed to find and outline
subsurface sources (basaltic sheet) and their extensions,
considering the fact that the study area is along the
TransAfrican basalt lineament and also situated between
two of six exposed Egyptian Oligocene volcanic basalts.
Analytical signal (total gradient), tilt angle, Source
Parameter Imaging (SPI), and the 3D Euler deconvolution
are standard tools used to map structural features and to
estimate the depths of magnetized bodies within the study
area (Al-Garni 2010). Additionally, two geomagnetic
models were constructed to display the subsurface base-
ment reliefs and their structural control.

Geologic setting
The study area which lies in the Western Desert, to the
Northeastern Bahariya Oasis, Egypt, is covered with a va-

riety of sedimentary rocks ranging in age from Late
Cretaceous to Quaternary (Fig. 2a). Upper cretaceous
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Fig. 1 Location map of Qaret Had El Bahr area, Northeastern Bahariya Oasis, Egypt, and sketch layout of Oligocene volcanic activities in Egypt

rocks cover the southwestern part of the area and represent
the Bahariya Formation (Kub) and El Heiz Formation
(Kuz). Bahariya Formation (Kub) consists of intercalations
of ferruginous sandstone and siltstone. Meanwhile, El Heiz
Formation (Kuz) is shallow marine limestone and dolomite
in the upper and lower members, enclosing between them a
clastic carbonate section. The northern Tertiary sequence
in the Faiyum area is shown in Fig. 2b. The Eocene sedi-
mentary rocks cover more than 50% of the exposed surface
geology. The Upper Eocene section consists of Qasr El
Sagha Formation (Tes), Abu Maharek Formation (Tea),
and Homra Formation (Temh). Qasr El Sagha appears
northeast and southwest of the study area; Abu Maharek
Formation (Tea) is composed of claystone and silty marl
with limestone intercalation; it is shown at the south central
part of the study area (Fig. 2a). Homra Formation (Temh)
is composed of silty limestone with shale intercalation and
appears at the central part of the study area and extends
from the northeastern to the southwestern parts. Middle
Eocene consists of Rayan Formation (Temr) and Qazzun
Formation (Temq). Rayan Formation is composed of marl
intercalated with burrowed sandstone and appears at the
northeastern part of the study area. Qazzun Formation
(Temq) is composed of white platform limestone and is
shown at the west central part of the study area.
Meanwhile, the Lower Eocene is located at the southwest-
ern part of the study area and is represented by Minia
Formation (Tel) and Naqb Formation (Teln). Minia
Formation (Tel) is composed of well-bedded lagoonal
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limestone; Nagb Formation (Teln) is composed of fossilif-
erous limestone with minor shale intercalations.

The Oligocene Gabal Qatrani Formation (Toq) is situat-
ed at the western part of the study area and structures a
sequence of continental to marine altering clastics (brown-
ish siltstone and ruddy claystone), as well as topped with
the Egyptian Tertiary basalts (Widan el-Faras Formation)
which lies above the Qatrani Formation. It was first
portrayed by Beadnell (1905) in the El-Faiyum depression.
These Tertiary basalt sheets which uncovered at Widan el-
Faras and Gabal Qatrani are subdivided from top to base as
pursues: Cavities rich altered basalt layer filled by auxilia-
ry calcite and halite pockets; vesicular basalt appearing
dull green somewhat blue shading, and vesicles filled by
calcite and sulfur; olivine basalt, having a pale to dim
green shading, hard to extremely hard with sulfur filling
cracks. Qatrani Formation is underlain by unconformably
basalt flows (Kusky et al. 2011).

The Miocene sedimentary rock is represented by the
Moghra Formation (Tmg) at the northern part of the study
area. It is composed of continental to shallow marine clas-
tic sequence, including shale and white sandy carbonate.
As well as Quaternary wadi deposits (sand dunes (Qd) and
gravels (Qg)) are spread as narrow widths and long lengths
trending NNW-SSE (Conoco 1986), structurally, the line-
aments have been extracted from the geological map, in-
cluding the NE-SW, NW-SE, N-S, and E-W directions.
These trends almost define a number of tectonic parts of
different dip regimes.
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Fig.2 a Geological map of Qaret Had El Bahr area, Northeastern Bahariya Oasis, Egypt. b Tertiary sequence in the Faiyum area (from Beadnell (1905),

as modified by said (1962) and Vondra (1974))

Data sources and processing

The aeromagnetic anomaly data of the study area are available
through the MPGAP project (cooperation between the
Egyptian General Petroleum Corporation (EGPC), the
Egyptian Geological Survey and Mining Authority
(EGSMA), and Aero-Service Division, Western Geophysical
Company of America). In 1982, this cooperation performed
an airborne magnetic over a huge part of the Eastern Desert
with some parts of the central Western Desert of Egypt, in
order to provide data which assist in identifying and evaluat-
ing minerals, petroleum, and groundwater resources of the
region (Aero-Service 1984). The traverse lines took N45° E
direction, with spacing of 1.5 km approximately. The tie lines
were perpendicular to the traverse lines (took N135° E

direction) and spaced with about 10 km. The station separa-
tion was 92.65 m; the average ground speed of the aircraft
ranged from 222 to 314 km/h with a mean terrain clearance
of 120 m.

The total magnetic intensity data (TMI) were gridded using
Geosoft Oasis Montaj software; the x-point separation and y-
point separation are 423.2 m (Fig. 3).

We applied different standard transformation tech-
niques to the aeromagnetic anomaly data in order to
map structural features, to estimate depths to sources,
and to provide 2D subsurface pictorial view of the re-
gion under study. These techniques are discussed in the
next section (“Methodology”). The software used to
process and enhance the data was the Geosoft Oasis
Montaj (Oasis Montaj 2009).
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Fig. 2 (continued)

Methodology
Reduction to magnetic pole

Reduction to the north magnetic pole (RTP) filter has been
applied to the total magnetic intensity data of the study area
(the used inclination (I) was 41.2° and the used declination (D)
was 2°), in order to expel the inclination and declination im-
pacts of the earth’s magnetic field. The RTP makes magnetic
interpretation easy since it repositions the magnetic anomalies
over their sources (Li 2008), provided that the direction of the
magnetization vector is known. The resulting RTP aeromag-
netic anomaly map is shown in Fig. 4.

Regional-residual separation using matched filtering

Power spectrum analysis is one of the useful tools for de-
termining the average depths of magnetic sources, which
can help in finding the magnetic horizons within the crust
(Spector and Grant 1970; Reddi et al. 1988; Rama Rao
et al. 2011; Selim and Aboud 2012). It is a plot of the
source amplitude logarithm versus wavenumber (Spector
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and Grant 1970). Firstly, the data must be applied to the
Fast Fourier transform, before calculating the average
power spectrum.

A typical power spectrum composed of three sources: a
deep-seated regional component, which has a low fre-
quency; a shallow residual component, which has a higher
frequency; and the noise component (Fig. 5a); each of
these components can be shown as a straight line
(Ogunmola et al. 2016) that represent different subsurface
geologic layers (Salawu et al. 2019b). These components
can be separated by bandpass filters according to wave-
length (Sheriff 2010). Figure 5b shows the depth estimate
of the different components in Fig. 5a. The depths of the
regional and residual components can be calculated using
the following formula:

h = -s/47 (1)

where h is the depth and s is the slope of the straight line,
which represents the source.

By applying the power spectrum (Fig. 5a), the re-
gional (Fig. 6) and residual (Fig. 7) components were
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Fig. 3 Total magnetic intensity (TMI) map of Qaret Had El Bahr area, Northeastern Bahariya Oasis, Egypt

separated, using a bandpass filter, at which the low
wavenumber cutoff and the high wavenumber cutoff
for the regional component are 0.0021 and 0.04, respec-
tively, while the low wavenumber cutoff and the high
wavenumber cutoff for the residual component are 0.04
and 0.15, respectively. Depth calculated from this tech-
nique using Eq. | for the regional component is

4720 m, and the depth of the residual component is
1830 m.

Source Parameter Imaging

Thurston and Smith (1997) developed a technique called
Source Parameter Imaging (SPI); this technique is based upon
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Fig.4 RTP magnetic map of Qaret Had El Bahr area, Northeastern Bahariya Oasis, Egypt, with the extracted lineaments and the rose diagram showing

main trends

the extension of complex analytical signal, in order to deter- 0T oT

mine the depths of magnetic sources. In this method, the depth

&*T 0T &*T oT

k(x,y)

of magnetic source is related to the local wavenumber (k) of
the magnetic field (Ogunmola et al. 2016; Fairhead et al.
2004), which can be computed from the horizontal and verti-
cal gradients of the RTP (Reduction to the Pole) grid. The
local wavenumber function is given by the following formula
(Al-Badani and Al-Wathaf 2017):
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where k is local wavenumber and

(2)

or or or

ooy oo are the first

horizontal derivative of field T in x direction, the first
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horizontal derivative of field T in y direction, and the first
vertical derivative of Field T in z direction, respectively. The
depth of magnetic source can be calculated from the following
formula (Al-Badani and Al-Wathaf 2017):

(3)

where z,_ g is the estimated depth at the source edge and k.
is the peak value of the local wavenumber over the step
source.

Tilt angle

The tilt angle technique, proposed by Miller and Singh
(1994), is calculated through the SPI method, using
Geosoft Oasis Montaj. This method is based upon the
total horizontal derivative and vertical derivative of the

and noise component. b Depth estimated from Fig. 5a using the power

field, to calculate the depth of magnetic sources. The fol-
lowing formula represents the tilt angle applied to grid
data (Verduzco et al. 2004):

oT
0z

or\2  (or)’
(@7 +(2)
Ox oy

TDR = 0 = tan™" (4)

oT oT oT

Ox ' oy 0z

field T in x direction, the first horizontal derivative of the
field T in y direction, and the first vertical derivative of
the field T in z direction.

The values of tilt angle ranges from —71/2 to 7v/2 rad. The tilt
angle reaches 0 at or close to the edge of a vertical-sided
source and is negative away from the source (Miller and
Singh 1994). The depth to the edge of the magnetized source
can be calculated, using the tilt angle technique, by measuring
the distance between 0 and + 7t/4 contours (or half the distance
between the + 71/4 and — 7t/4 contours) (Salem et al. 2007).

where are the first horizontal derivative of the
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Total gradient (TG) technique

N AN AN CIAN 5
Total gradient method is a successful technique to detect the —V \ax + oy + 0z ) (5)
edges of magnetic sources (Roset et al. 1992; Roest and

Pilkington 1993; Salawu et al. 2019b). The total gradient where 7G is the total gradient, 7 is the magnetic field, and %
can be calculated from the following formula (Roset et al. or or
1992; Salawu et al. 2019b): Ty

. are the first horizontal derivative of field T in x
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direction, the first horizontal derivative of field 7 in y direc-
tion, and the first vertical derivative of Field T in z direction,
respectively.

The maximum values of amplitude of the total gradi-
ent are located directly over the edges of the source
bodies (Roset et al. 1992; Macleod et al. 1993; Selim
2016).

3D Euler deconvolution technique

The Euler deconvolution method was proposed by
Thompson (1982), which is used to estimate the location
of the different magnetic sources. The 3D Euler formula is
given in the following formula (Thompson 1982; Reid
et al. 1990):
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oT oT oT
(x—x0) ™ + (o) En + (z720) =— = N (B-T),

07 (6)

where x, y, and z are the observation point coordinates; x,
Vo, and zq are the source location coordinates; and N is the
attenuation rate or structural index (SI) which depends on
the geometry of the source.

2.5D forward modeling

In order to determine the depth to the basement surface
in the study area and the causes of sharp variation in the
magnetic intensity, two magnetic models were construct-
ed. In this study, the magnetic modeling involves four
information, (1) top surface (basement depth), (2) bottom
surface, (3) magnetic susceptibility (hidden objects), and
(4) an anomaly (shift in magnetic amplitude). If three of
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this information are known or assumed, the fourth pa-
rameter may be compensated (El Sirafie 1986). Two
magnetic anomaly profiles were taken from the RTP
map in NW-SE direction (A1-Al1’ and A2-A2’); then
the GM-SYS, Geosoft Oasis Montaj, was used to con-
struct the two magnetic models. The models made by
GM-SYS are based upon Talwani and Heirtzler (1964)
algorithm, which relies on matching the magnetic effects
of the n-sided polygonal body with that of the 2D arbi-
trary shaped body; the accuracy increases with increasing
the number of polygonal sides (Selim 2016).

Results and discussion

First, the RTP magnetic map (Fig. 4) demonstrates a num-
ber of magnetic zones of varying intensities and different
trends. The RTP map shows a wide range of magnetic
values (from —260 to 190 nT) and rapid changes in the

Fig. 9 Tilt angle map of Qaret
Had El Bahr area, Northeastern
Bahariya Oasis, Egypt, showing
the location of basalt edges by
white line

density of contouring. The variation in the magnitude,
direction, extent, and frequencies of the magnetic anoma-
lies in the RTP map reflect different sources, depths, com-
positions, as well as tectonic settings (Saad et al. 2010).
These high and low magnetic amplitudes are mostly
caused by the integrated effect of both lithological
(intra-basement) variations within the basement rocks
and structural (supra-basement) variations out of the base-
ment surface (Saad et al. 2010).

Then, the low negative anomalies of the RTP map that
trend N-S, NE-SW, and WNW-ESE at the southwestern part
of'the study area may be related to low magnetic susceptibility
of the intrusive materials, such as the acidic materials or large
sedimentary section. Meanwhile, the two high positive anom-
alies of the RTP map that trend NE-SW and E-W at the north-
western, northeastern, and southeastern parts of the study area
may be attributed to high magnetic susceptibility materials of
the intrusive bodies, such as basic and ultrabasic dikes or
uplifted basalts (Saad et al. 2010).
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The follow-up basic dikes are observed clearly in deep
roots through the regional map (Fig. 6), while the signa-
tures of these dikes disappear and disintegrate to small
fragments, gradually upward through the residual map
(Fig. 7).

The lineaments have been extracted from the RTP, regional
and residual magnetic, and geological maps (Figs. 4, 6, 7, and
8 respectively), in order to define the main trends in the study
area. These maps can exhibit that there are four main trends:
E-W, NW-SE, NE-SW, and N-S.

The second target is the edge detection of the basaltic
igneous rock in the subsurface; this was achieved by ap-
plying the tilt angle and total gradient techniques to the
RTP magnetic data. Figures 9 and 10 show the tilt angle
and total gradient maps, respectively, which were used to

29°00 29°10 29°20" 29°30"
450|00'0

define the edges and the position of the basalt sources.
The basalt edges and positions are shown in Figs. 9 and
10, respectively, by white line.

Thirdly, the depth estimations of the basaltic igneous
rocks were done by two different techniques; first, by apply-
ing the SPImethod to RTP magnetic data, from the calculated
SPI values, the depths of the magnetic sources in the study
area range from 1857 m to 4000 m with mean depth about
2900 m (Fig. 11). Figure 11 shows the location of two bore-
holes: DIYUR-1 borehole, where the basement depth is
1625 m from drilling, and BAHARYTA-1 borehole, where
the basement depth is about 1842 m. From the careful exam-
ination, it can be shown that, the depths of basaltic igneous
intrusions in the subsurface range of more than 2000 m. The
basalt extended in the NE-SW direction in the northwestern
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Fig. 10 Total gradient map of Qaret Had El Bahr area, Northeastern Bahariya Oasis, Egypt, showing the position of basalt sources by white line
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part of the map area. Secondly, by using the Euler
deconvolution which has been applied to the RTP magnetic
data, using SI =1 for a dike model (Fig. 12), the depths cal-
culated using the Euler deconvolution range from 1000 to
5000 m with mean depth of about 3150 m.

Finally, the diligence to determine the different depth
ranges in the whole study area, two geomagnetic models
were done for two profiles; as the forward modeling, the
locations of these two profiles (A1-Al’ and A2-A2’) are
shown in the RTP map (Fig. 13). The depths to the base-
ment surface and the basement relief of the models are
ranging from 1200 to 5080 m in the first model (Fig. 14)

and from 2210 to 5220 m in the second model (Fig. 15).
Figures 14 and 15 show that, there are variation in the
magnetic susceptibility of the basement which may be
caused by fracturing, weathering, or faulting. The different
geological lineaments which can explain these variations
have been extracted from the regional map (Fig. 6).

Conclusions

In this study, we demonstrated the extension of basalt in
the Bahariya area, using different interpretation methods
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Fig. 12 Euler deconvolution depths posted on the RTP magnetic map

applied to the aeromagnetic data. The two high positive
anomalies of the RTP map that trend NE-SW and E-W at
the northwestern, northeastern, and southeastern parts of
the study area may be attributed to high magnetic suscep-
tibility materials of intrusive bodies, such as basic and
ultrabasic dikes or uplifted basalt. The follow-up of basic
dikes are observed clearly in deep roots at the regional
map, while signatures of these dikes disappear and disin-
tegrate into small bodies gradually upward at the residual
map.

@ Springer

There are four main linear trends, i.e., E-W, NW-SE,
NE-SW, and N-S, deduced from the geologic, RTP, re-
gional, and residual maps. The magnetic anomalies relat-
ed to basalt, which were detected from the tilt angle map,
have a high magnetic intensity reach of about 190 nT.
These anomalies are taking the NE-SW and E-W trends.
Tilt angle and total gradient maps help to edge the hori-
zontal and vertical contacts of the basic magma in the
subsurface; these two maps show the basalt edges and
positions by white lines. The depth of the regional
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Fig. 15 2.5D model of the second profile A2-A2'

component calculated from the power spectrum is about
4730 m, while the depth of residual component is about
1830 m; the depths of magnetic sources calculated by SPI
range from 1857 to 4000 m; in Euler deconvolution, the
calculated depths range from 1000 to 5000 m. Finally, the
forward modeling shows that the depth to the basement
surface ranging from 1200 to 5080 m in the first model
and 2210 to 5220 m in the second model. The depths
calculated from the previous techniques are in a good
agreement with the depth to the basement reached from
boreholes (DIYUR-1 borehole, the basement was reached
at 1625 m; and BAHARYIA-1 borehole, the basement
depth was about 1842 m).
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