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AssTracT. The Helma-Madrakah area lies in the northern part of the
Makkah quadrangle located in the southern part of the Hijaz region,
western Saudi Arabia. The area is bounded by longitudes 39°30'N and
39°54'E and latitudes 21°45'N and 22°00'N; i.e., north of Makkah Al-
Mukarramah and north-east of Jeddah.

The present study deals with the interpretation of aeromagnetic
data, which conducted by Aero-Service Corporation in the period
1965-1966 to depict subsurface regional and residual subsurface struc-
tural features. The Filon Fourier spectral analysis technique is used to
determine average depths to the causative bodies (6.0, 1.2 and 0.7 km)
of regional and residual anomalies. Special windows are designed and
used to calculate the regional and residual components at each point
along several profiles. Accordingly, the regional and residual magnet-
ic maps of the area under study were produced.

The regional magnetic contour map indicates the rocks in the east-
ern part of the area to be more acidic than these in the western part.

The residual magnetic contour maps, on the other hand, show a
number of higher frequency dipole magnetic anomalies. This reveals
that the near surface rocks contain a certain amount of magnetic min-
erals. Therefore, the locations of these anomalies are considered very
important for mineral exploration.

A basement structural map constructed using regional and residual
magnetic maps as well as the geological map of the area, shows the
area to be dissected by a set of N-S, NNW and NNE strctural trends.
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Introduction

Helma-Madrakah area is located in the southern part of the Hijaz region, west-
ern Saudi Arabia. The present study area is bounded by latitudes 21°45'N and
22°00'N, and longitudes 39°30'E and 39°54'E (Fig. 1). It lies to the north of
Makkah Al-Mukarramah and to the north-east of Jeddah and is located on the
rifted western margin of the Arabian Shield.

Fig. 1. Location of the study area.

Precambrian igneous and metamorphic rocks cover the main part of the area
under study, as a part of the Arabian Shield basement complex. Some parts of
the area are covered by sedimentary rock formation (Brown et al., 1963, Al-
Shanti, 1966 and Hashem, 1971).

Large batholiths and discrete plutons of Precambrian age mainly occupy the
area under study. All batholiths contain synclinal keels, rafts, roof pendants, and
screens of late Precambrian layered rocks that are predominantly meta-
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morphosed lavas and volcaniclastic rocks ranging from basalt to rhyolites. Tilt-
ed and faulted Tertiary clastic sedimentary rocks are contained in the parallel
depositional troughs. Flat-laying Tertiary basalts of Harrat Rahat and its ero-
sional remnants cap the Tertiary deposits and Precambrian rocks (Moore and
El-Rehaili, 1989).

In addition, the Makkah quadrangle is dominated by two main structural
trends, north-northeast to northeast and north-northwest, that shows up well on
satellite images. The trends east of north related to several Precambrian phases
of deformation, and those west of north reflect faulting, fracturing and shearing
associated with Tertiary rifting of the Red Sea. Structures with easterly and
north westerly trends are less common and are probably of Precambrian age
(Moore and El-Rehaili, 1989).

Figure 2 shows the geologic map of the area under study. This map reveals
that the eastern part of the area is mainly characterized by acidic basement rocks
represented by the Hishash complex and Shiwan complex. The western part of
the area is mainly covered by Cenozoic sedimentary formations, as well as by
basaltic flows of Harrat Al Jabiyrah, Harrat Al-Musllimiya and Harrat Al-
Ubaysia.

The present geophysical study is based on the acromagnetic data obtained by
digitization of the total intensity aeromagnetic contour map of the area under
study. This map is included in a sheet coded 23 DD, which is one of a group of
sheets produced in the period 1965-1966 by Aero-Service Corporation. The air-
borne survey was conducted with 300 m of terrain clearance and flight line
spacing of 800 m. The main magnetic inclination in the area is 28° and the dec-
lination is 00°58' (Aero-Service, 1965-1966). The aecromagnetic map is digitized
along each flight line, and the data obtained are presented as a new aero-
magnetic contour map (Fig. 3).

The present study deals with the use of and correlation between the resulted
data and the geology of the area to infer the relation between the surface struc-
tural geology of the area and the subsurface structures.

Filon Fourier spectral analysis is used to determine the average depths to the
deep-seated and of the shallow structures.

Analysis of Aeromagnetic Data

Frequency Analysis

There are many techniques to separate regional and residual magnetic com-
ponent maps from a total intensity map. Spectral analysis is one of these tech-
niques, which is based theoretically on a Fast Fourier transform. Sadek (1978)



H.IE. Hassanein

108

(6861 ‘NTeYY [d pue 2I00JA WoIJ payyIpow) S “eale yeyelpey-ew[oH Jo dew o130[090) "7 o1

e Mgy AT LT e

Apngyy wpFrEn
Jo sprun paulssg

[FCEOUIE 30K AAISTER)
xapdwod yseysig =]
R CHIERD) AlEa
uorLIO | i ]
1 ]
“onwiiog vepited [N

[SRAR] NUEIPUR P 05EE )
UOLEULIO,] (ENEAPERY
S il ajlnip Famh I [Ea]
2P MSJILIC ] TLIEHN LT T

o s T 1T ]
Rl s WEsAIS

(e Ao

e e
LN AL B
syoa Kimpuampas | _




109

Using Filon Fourier Spectral...

g EEEEEIERBERT

"BIqeIV Ipnes jo wop3ury

' 0E

3

LU Ul Inojuod A)suajul onougeut [ejo ], 058s

oJe BYRIPRIA-BW[OH Jo dew Aysusjur onouSeworde [ejo] ‘¢ o1

o " —



110 H.LE. Hassanein

made a comparison between Fast Fourier transform and Filon Fourier transform
and concluded that the Filon transform yields better identification of the energy
in high frequency band and enables better resolution of the slopes in this band.

In the present study, the magnetic data were extracted along flight lines as
profiles from the aeromagnetic map. The spacing between the flight lines was
wider than the interval between the digitized data points along each profile.
Therefore, frequency analysis along the profiles is most appropriate since it pro-
vides better resolution of shallow sources (Spector and Paker, 1979; Sadek et
al., 1978 and Sadek, 1988).

The method was applied to digitized magnetic data, in profile form, to obtain
the average depth to the subsurface geological sources and to obtain the dif-
ferential magnetic response of each source ensemble that lying at a certain
depth.

The aeromagnetic data along each profile, regarded as a set of equally spaced
potential intensity data, were transformed into the frequency domain using the
Fourier transformation. The Fourier transform integral of the function is ex-
pressed as

[ee]
Ag) = [ ar )

where
F(x) = the value of the function at a point x, and
F(q) = is the transform at a wave number ¢

Parker (1979) suggested the multiplication of the field intensity by a Hanning
weighting function (G(X)) that gradually smoothes the intensity to zero at the
end points.

The Fourier Transform of equally spaced data along each profile can be ap-
proximated by the formula

VA
7(g) = J' 7(x) e g, (2)
-7
where
T(q) = The Fourier transform
Ti(q) = Tx) . G(x) 3)

where

T(x) = the field value at a point (x), and G(x) = Hanning Window
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G(x) = 0.5[1 +cos (ZHG/LI)] )
Using Euler’s theorem,
e 9% = cos (gx) —i sin (gx) (5)
Then Equation (2) can be rewritten in the form
Tq) = K, - iK; (6)
where
L L

Ko = J' 7 (x) [Gos(gx) dr, and K¢ = J’ Zi(x) @Bin(qn) ax
iy —L

The transform can be calculated by computing the numerical value of the two
trigonometric cosine and sine integrals (K, and K). Filon modified Simpson’s
Rule and developed a more precise solution for the trigonometric functions. The
solution involves fitting of 7 in successive intervals of XX 4 with para-
bolic arcs (Tranter, 1962) . Using Filon’s solutions, if the quantities a, Sand y
are defined as

Pla = P> + (P 3in (P) [cos (P))—2 [sin? (P) (7)
P> B =2 0P +cos® (P))2 Bin (P) [kos (P) (8)
P>y = 4 [sin(P) Ocos (P)) 9)
where
P =q [OAx
Then the numerical solutions of cosine and sine integrals are given as
Kdq) =0 ([(Ty (N) - Ty(D)] a sin(gL) + BRy +yRy) (10)
and
Ky(q) =Ax (*[(Tl (N — T1(1)] a cos(ql) + BI; +yl,) (11)
letting

Ny = (N, -3)/2 and Ny = (N, -1) /2,
Then, the quantities Ry, R,, /] and /, are given by
M

R =Y 7@+ B g2 v D] +0.7(V,) (D] coslg)  (12)
J=1
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My
& =% 7(2,/)Gos g QAX(2 /- 1) - /] (13)
J=1
My
N =% i2/+)BnlgQ2 -l +057(V,) £ (N]SIN(72)  (14)
J=1

s
5= 12 Eng a2/~ 1)~ 1) (15)
J=1

Filon showed that at zero frequency, ¢ =p =0, a= 0, 3 = 2/3 and y= 3/4.
Then, the value of Ks(¢) =0 and

M M
K(9)=Dx1320) 7(2/+1) +4% 7(2/) +H7I(V,) +7 (1)) (16)
/=1 /=1

Substitution of the quantities R}, R,, I and /, into Equation (10) and (11) en-
ables the calculation of the real and imaginary parts of the transform in Equa-
tion (6). The value of the transform is then computed at the corresponding fre-
quency (f) ranging from zero to f,; using a frequency interval of Af. To study
the behavior of the transform, it is preferable to calculate either the amplitude or
the energy spectrum (4 (f) or E (f), respectively). The amplitude and energy
spectra are given as

A=\ KE+ K (a”

From transform and plot any of them against the frequency the amplitude and
energy are given as:

E(f) = T (f) OT" ()=Ké + K, (18)
where T (f) is the complex conjugate of the transform.

Spector and Grant (1970) demonstrate that the contributions from the depths
(H), widths (S) and thicknesses (C) of a source ensemble can affect the shape of
the energy spectrum decay curve. In the case of a profile form it can be written as

In(E(q)) =1n (H(h,q) +1n (S(a,q)) + In (C(¢, ¢, g)) + constant ¢, (19)

where (%), (@) and (¢) are the average depth, half width and thickness of the
source ensemble, respectively. The effect of each factor has been discussed in
many previous studies; however, a comprehensive study of these factors was
given for the 3 and 2-d models by Sadek et al. (1984).
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The depth to the source ensemble H(%, g) is the main factor, which controls
the shape of the energy spectrum decay curve. It is expressed as

H(h, q) = e¢2ha (20)

The decay slopes of the curve at lower and higher frequencies describe
depths to deeper and shallower sources, respectively. The slope of a line fitted
to any linear segment of the curve can be used to compute either the depth to
the causative source or the mean depth to a corresponding group of sources
having comparable depths it is clear from Equation (19) that if S=C =1 2a >
h and t > h), then the equation will be reduced to

In (Eq) = In (H(h, q)) + constant ¢ (21)

But from Equation (20) is clear from Equation (19) that if S=C =1 (2a > h
and ¢ > h), then the equation will be reduced to

In H(h, q) = —2hgq (22)

hence the depth to the top of the source (%) can be computed from the slope as
follows

h=—slope/2 if(F) isplotted against (gq) (23)
or
h = —slope  if (E) is plotted against (f) (24)
where
slope =In (E(q)/q) and q =2 [Ttlf]

In order to achieve the purpose of this study, the aeromagnetic data are
analyzed by using the Filon Fourier spectral analysis to determine the filtering pa-
rameters. These parameters are the average depth of deep-seated geological struc-
tures along all profiles of the area under study, and the average depth of near sur-
face geological structures, the range of frequency of the regional and near surface
components gained from aeromagnetic data. The frequency analysis curve (Fig. 4)
shows that there are two distinctive linear segments along the curve. One segment
at low-frequency (long wavelength) end to a spectrum with steep slope in power,
which is termed regional, this is due to deep and/or broad sources. At high fre-
quencies (short wave length), the residual part has a flatter slope and is due to rel-
atively shallow sources. Spector and Grant (1970) showed that a single straight
line fitted to a part of the spectrum corresponds to a single depth. The depth es-
timation of the magnetic anomalies of both regional and residual yields values of
5.97 and 1.18 km, respectively. Besides, the frequency analysis curve shows an-
other linear segment corresponding to higher frequencies. This segment indicates
more shallow seated magnetic anomalies 0.7 km (Fig. 4)
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Fic. 4. Frequency analysis curve of total aeromagnetic intensity data, Helma-Madrakah, King-
dom of Saudi Arabia.

Filtering (Regional and Residual Separation)

An important technique in geophysical exploration is residual mapping in
which local anomalies are separated from the regional trends. According to Bur-
ger (1992), the definition of a residual depends on the exploration target.

Generally, in the aeromagnetic maps of a limited area, the regional trend may
appear in uniform variation represented by parallel, evenly spaced, contours. A
local anomaly, which ordinary would be indicated by closed contours, appears
as “nose” on the regional anomaly field (Sharma, 1976). These local or residual
anomalies, caused by local geologic structures, can be separated from the meas-
ured field by using either the graphical or analytical methods.

Spector and Parker (1979) discussed the different operators for the filtering
of 3-D aeromagnetic data using the Fourier Transform. The filters are used to
carry out matched filtering, continuation, magnetic pole reduction and pseudo-
gravity inversion. Some of these operators can be used for the profile (2-D) fil-
tering. The

Te(q) = T(q) W (q) (25)
where
Tf(q) = The filtered transform
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steps of the filtering operation are
W(q) = 1+ (b/B)pH-Ma-1 (26)
W(q) = the window filter

where b and B are the amplitude of deep and shallow sources (Fig. 4).

To perform the filtrating, the step by step procedure was employed as fol-
lows:

1 — The energy decay curve was carefully examined to recognize the fol-
lowing parameters:

a — The noise level, at high frequency end, which results from the round off
errors in the magnetic values and from the spacing interval. This level is con-
sidered as the base of the curve when the matched filtering parameters are in-
vestigated.

b — A line fitted to each segment was drawn and the slope of this lines was
determined to be utilized in depth determination according to Equation (22).

¢ — The fitted lines were extended to intersect the energy axis at the points
from which the values kx and b/B were computed and utilized in matched fil-
tering.

d — The frequency intervals of each segment were determined from the fre-
quency axis, where the low frequency interval lies between frequency 0 and f{,
while the intermediate and high frequency intervals are bounded by f, f, and
fo, [ respectively (Fig. 4).

2 — The parameters kxq, kx,, Ay, hz, hs, f1 and f, (Fig. 4) were used to com-
pute the window filters, which separate the magnetic response of each source
ensemble.

The filtering process was executed by a computer program, designed by
Sadek et al .(1984), which was employed as follows:

1 — The regional part is considered to be the combined effect of deep and in-
termediate sources. Therefore, the first filter is applied to compute their re-
sponse.

2 — This component is subtracted from the total intensity values to obtain the
response of shallower sources.

3 — The second filter is used to the computed part in step (1), hence the re-
sponse of the intermediate sources can be obtained by subtracting the filtered
component from the computed part in step (1).

Figure 5 explains the whole procedure applied to one of total acromagnetic
intensity profiles (profile no. 10), as example.
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As a result of applying this technique, the total intensity aeromagnetic map
data were separated into three maps. The first map (Fig. 6) is the regional field
at an average depth of 5.97 km. The other two maps are considered as two re-
sidual maps, at depths 1.18 and 0.7 (Fig. 7&8, respectively). These maps are
more amenable to interpretation.

Interpretation of Aeromagnetic Survey Data

The total-intensity aeromagnetic map (Fig. 3) shows that there are a number
of different magnetic anomalies with different amplitudes and frequencies. The
amplitudes range from 5600 and 6200nt after subtracting the base value. The
spectral analysis using the Filon Fourier transform and filtering procedures re-
sulted in one regional map and two residual maps. Each of these three maps has
a different magnetic character, which can be used to detect the boundaries of the
intra-structural features of the basement at corresponding average depths.

Consequently, the regional (Fig. 6) and the two residual magnetic maps (Fig.
7 and 8) classify and separate the anomalies of the total magnetic intensity map
(Fig. 3) into low frequency anomalies which are related to deep-seated bodies
and high frequency anomalies related to near-surface bodies. The residual mag-
netic component maps (Fig. 7 and 8) show a successive system of magnetic di-
poles extending in the ENE-WSW direction. The calculated average depths of
these anomalies are 1.17 and 0.7 km, respectively. These may be due to a sys-
tem of near surface structures aligned in this direction. The correlation between
the locations of these anomalies and geologic map of the area (Fig. 2) show that
the northern line of dipoles is related with a major fault extending in an WSW-
ENE direction corresponding also with basaltic outcrops. Accordingly, there is
a relation between the structural system and the basaltic flows in this part of the
study area. Other magnetic dipoles are related with other geologic features. The
regional magnetic component map (Fig. 6) shows that the area under study is di-
vided into two parts with regard to the depth of the magnetic causative bodies.
The eastern part with low frequency magnetic anomalies low amplitude, which
refer to deep seated acidic rocks. In the other hand, the magnetic anomalies of
the western part are characterized by high frequency and high magnetic am-
plitude, which related to near surface basic rocks. Between these two parts,
there is a contact zone. Generally, these two divisions are correlated with the
geological map (Fig. 2), where the eastern side is composed mainly of acidic
rocks (Gabal Al Marzah), while the western part is composed of basaltic lava,
which are mostly connected with the deep-seated basic materials.

The interpretation of the residual magnetic map (Fig. 8) shows a number of
higher frequency magnetic anomalies. The anomalies are positive followed by
negative values towards the north with the positive pole to the south. Further,
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the positive amplitude pole of each anomaly is higher than the negative am-
plitude pole. The variations of the amplitude of anomalies indicate that these
anomalies are due to occurrences of near surface rocks containing large
amounts of magnetic minerals. Therefore, the locations of these anomalies are
considered to be very important for mineral exploration.

Finally, the results of the interpretation are presented as a basement tectonic
map (Fig. 9). This map shows the relation between the interpreted regional and
residual structures. The correlation between the geological map of the area (Fig.
2) and the basement tectonic map (Fig. 9) indicates that NNW and NNE as re-
gional trends and E-W residual structures control the geological units and their
contacts in the area under study.

FiG. 9. Interpreted basement structures map of Helma-Madrakah area, Kingdom of Saudi Arabia.

— Interpreted structural lineaments.

Conclusion

The present study indicates that the application of the Filon Fourier Trans-
form approach is an easy method for the interpretation of magnetic data and
leads to a separation of the total magnetic data into regional and residual com-
ponent maps. These maps are more easier to interpret than the original total
magnetic intensity map. The following results were obtained for the study area:

1 — The frequency analysis showed that the sources of magnetic anomalies
are located at three depth levels. These levels are 5.97, 1.18 and 0.7 km.
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2 — The interpretation of the regional magnetic component map shows that
the area under study is divided into two parts. The low magnetism, which char-
acterized the eastern part of the area corresponds to the acidic rocks of Gabal Al
Marza. In contrast, the western part is characterized by relatively higher mag-
netic intensity, which corresponds to near surface and more basic rocks.

3 — The interpretation of the residual magnetic maps shows a number of
higher frequency magnetic dipole anomalies extending in an ENE-WSW trend.
These anomalies may be due to occurrences near surface rocks containing larger
amounts of magnetic minerals. Therefore, the locations of these anomalies are
considered to be very important from the point of view of mineral exploration.

4 — The basement structural map of the area, constructed from the inter-
pretation of the different magnetic maps, as well as from the geological map, is
dissected by sets of N-S, NNW, and NNW structural trends.
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