
1

ANNALS OF GEOPHYSICS, 62, 5, GM569, 2019; doi: 10.4401/ag-8022

“AEROMAGNETIC CONSTRAINTS ON THE STRUCTURAL FRAMEWORK OF UMM 
FARWAH FAULT SYSTEM AND ASSOCIATED NEOPROTEROZOIC ACCRETION 
DOMAINS OF THE ASIR TERRANE; THE BILJURSHI AREA, ARABIAN SHIELD„ 
Taher Zouaghi*,1,2, Essam Aboud3,4, El-Sawy Kamal El-Sawy1,5 
 
(1) Geoexploration Department, Faculty of Earth Sciences, King Abdulaziz University, Jeddah 21589, Saudi Arabia 
(2) Laboratoire de Géoressources, CERTE, Pôle Technologique de Borj Cédria, Soliman 8020, Tunisia 
(3) Geohazards Research Center, King Abdulaziz University, Jeddah 21589, Saudi Arabia 
(4) National Research Institute of Astronomy and Geophysics (NRIAG), Helwan, Cairo, Egypt 
(5) Geology Department, Faculty of Science, Al−Azhar University, Assiut, Egypt

1. INTRODUCTION 
 
The Arabian-Nubian Shield (ANS, Figure 1) is a com-

plex interplay between juvenile oceanic and continen-
tal arc fragments accreted during the final stages of the 
Gondwana super continental assemblage [e.g., Collins 
and Pisarevsky, 2005; Johnson et al., 2011]. It is a con-
spicuous belt of Precambrian crystalline basement rocks 
exposed in Northeast Africa and West Arabia as a result 
of uplift and erosion along the flanks of the Red Sea 

[e.g., Genna et al., 2002; Stern, 2002]. The ANS may be 
the largest tract of juvenile continental crust on Earth 
[Patchett and Chase, 2002] and is regarded to represent 
the northern extension of the East African Orogen 
[EAO; Stern, 1994; Fritz et al., 2013], or the East 
African–Antarctic Orogen [EAAO; Jacobs and Thomas, 
2004] that is now widely considered as a major suture 
zone separating East and West Gondwana [e.g., Shack-
leton, 1986, 1994, 1996; Muhongo et al., 2003; Johnson 
and Woldehaimanot, 2003; Stern and Johnson, 2010].  
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ABSTRACT 
 
The Arabian Shield and the Pan-African shear zones/terrane boundaries are marked by widespread occurrence of juvenile Neoprotero-
zoic assembly arc terranes. Deep sealed architecture and tectonic framework are still poorly understood because the lack of geophysical 
studies. N-S oriented lineaments and associated structures that characterize the Asir terrane have crucial interests because they repre-
sent the primary constraints to understand structuring and kinematics of the Arabian Shield. The integration of aeromagnetic and geo-
logical data of the Biljurshi area highlights the structural setting and its relationship with the Precambrian volcano-sedimentary, 
metamorphic and plutonic rocks. Results contribute to understand the deep structure of the syn-accretion sedimentary and volcanic sys-
tem. The geophysical data validate and improve the current geological settings and determine the geometry and tectonic deformation of 
the Biljurshi subsurface structures. The obtained geometry and structural models will be used to highlight the deep architecture of the 
Biljurshi area within the Arabian Shield. 



Previous authors have defined terranes in the Ara-
bian Shield based on lithological observations and geo-
chemical analyses [e.g., Fleck et al., 1973; Stoeser and 
Camp, 1985; Johnson et al., 1987]. Most geological 
works highlight that late Cryogenian–Ediacaran north-
oriented shear faults of the Asir terrane correspond to 
late Neoproterozoic reactivation of earlier shear zones 
[e.g., Genna et al., 2002; Johnson, 2006]. Johnson 
[1998], Johnson and Kattan [2001] and Johnson et al. 
[2001] have demonstrated the importance of intra-ter-
rane deformations in the Arabian Shield, by describ-
ing the structural features of thrusts and strike slip 
zones (Figure 1). Among the master intra-terrane fea-
tures, the N- trending Umm Farwah deep-seated fault 
system reveals strike-slip reactivations during the Edi-
acaran period (about -610 Ma age or later) [Moufti, 
2001]. 

In order to improve knowledge on the deep geolog-
ical structure of the Biljurshi region, we will integrate 
the the aeromagnetic and geological data. The aim of 
this work is to provide the results of the processing and 
interpretation of the aeromagnetic data acquired over 
the Biljurshi area. Qualitative and quantitative inter-
pretation allows us to define and characterize lithol-
ogy and tectonic deformations of the identified 
structures. 

 

2. GEOLOGICAL SETTING 
 
The Asir composite terrane is the largest and most 

deformed in the Arabian Shield. It is composed of four 
arc assemblages, An Nimas, Bidah, and Jiddah terranes 
(older than about 800 Ma) and the Al Qarah terrane 
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FIGURE 1. Geological setting of the study area. [A] Regional structural map of the Arabian−Nubian Shields [Johnson et al., 2011], 
showing main sutures and shear zones. The Umm Farwah N−S trending shear zone has a significant implication on the 
Asir terrane. [B] Position of the Umm Farwah shear zone on younger Ediacaran Ablah group, between the Al Lith−Bidah 
(L−B) and Shwas−Tayyah structural belts (S−T) in the Asir composite terrane [Johnson et al., 2013]. [C] Tectonic map high−
lighting dextral and sinistral shear and fault zones in the Asir terrane [Johnson et al., 2001, in Bamousa, 2013]; UFS: 
Umm Farwah shear zone.
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(less than 740 Ma) [Stoeser and Camp, 1985]. Johnson 
and Kattan [2001] were separated the Jeddah terrane 
from the Asir terrane (Figure 1).  

The southern part of the Arabian Shield is composed 
mainly of older (800-1000 Ma) volcanic-arc complex and 
younger (700-800 Ma) continental marginal (Andean-
type) volcanic-arc complex [Prinz, 1983]. These volcanic-
arc complexes are located between the more ancient 
middle Proterozoic continental masses of the west and 
east Gondwana [Prinz, 1983; Stoeser and Camp, 1985; 
Meert and Lieberman, 2008; Stern and Johnson, 2010]. 
North-striking structures of the southern part of the Ara-
bian Shield are related to the accretion phenomenon of 
late Proterozoic or older arc to the African craton and 
the subsequent collision of the continental-marginal arc 
[Prinz, 1983; Stoeser and Camp, 1985; Johnson et al., 
1987]. These structures cut across major deposits and ap-
pear to have been controlled by the orientation and shape 
of adjacent continental margins during amalgamation 
periods [Prinz, 1983]. Amalgamation structures appear 
to be subduction-related, most of which dipped south-
west [Greenwood et al., 1982].  

The Ablah marine sedimentary and volcanic molas-
sic syncline (640–615 Ma) [Nehlig et al., 2002; Johnson 
et al., 2011] is located in the central part of the Neopro-
terozoic Asir terrane. This post-amalgamation basin con-
tains, around our study area, imprints of terrane 
accretion composed of volcanic and sedimentary rocks 
of the Baish, Bahah and Jiddah groups [Greenwood, 
1975a; Prinz, 1983] (Figure 2). These groups correspond 
mainly to the Bidah Belt (~855-815 Ma) to the West, the 
Shawas Belt (>815 Ma) to the East and the Hali metased-
imentary and metavolcanic narrow group/belt (795-780 
Ma) to the South [Prinz, 1983; Johnson, 2006]. These 
belts are marked by Cryogenian intrusive rocks repre-
sented by the An Nimas and Buwwah suites and unas-
signed granite [Greenwood, 1975a; Johnson, 2006].  

The Biljurshi area (Figure 2) displays Neoproterozoic 
typical rocks, namely different types of igneous rocks 
like diorite/gabbro complexes, and granodiorites [An-
derson, 1977; Greenwood et al., 1986]. The Baish, 
Bahah, and Jiddah Groups were folded, metamorphosed 
to greenschist facies, and intruded by gabbroic to quartz 
dioritic plutons about 960 Ma ago during the Aqiq 
orogeny [Greenwood, 1975a; Prinz, 1983]. Since 800 
Ma ago (early phases of the Ranyah orogeny), dioritic to 
quartz dioritic plutonism recurred [Greenwood, 1975a; 
Prinz, 1983]. These rock-types are believed to reflect in-
trusive suites related to intra-oceanic and continental 
subduction [Anderson, 1977; Greenwood et al., 1986]. 

The Arabian Shield reveals intra-terrane features that 
are thought to be a result of major strike-slip and thrust 

faulting within the crust. The Umm Farwah dextral slip 
shear zone [Stoeser and Stacey, 1988; Stern and John-
son, 2010] is one of the main intra-terrane structures of 
the Asir terrane and is located in the central part of this 
terrane (Figures 1 and 2). In the Biljurshi study area, the 
Umm Farwah major fault separates the Baish and Bahah 
group rocks to the west from Jiddah and Bahah group 
rocks to the east [Greenwood, 1975a; Prinz, 1983] (Fig-
ure 2). Moreover, contrasting metamorphic grades be-
tween the two Precambrian rock assemblages were 
shown along Umm Farwah fault zone [Greenwood, 
1975a; Prinz, 1983].  

Geochronology data of the Al Qunfudhah quadran-
gle highlight rocks of Jiddah and Bahah groups, east of 
the Umm Farwah fault zone, younger than rocks of the 
Baish and Bahah groups west of the fault zone, al-
though, broadly in the southern part of the Arabian 
shield, all three groups are essentially contemporary 
[Greenwood et al., 1982]. At the Asir terrane, Protero-
zoic rocks west of Umm Farwah fault zone are referred 
to the Bidah belt, and rocks east of the fault zone are re-
ferred to the Tayyah belt [e.g., Prinz, 1983; Genna et al., 
2002; Johnson, 2006; Johnson et al., 2013]. The Bidah 
and Tayyah belts are bounded by similar N- to NE-
trending fault zones that represent deep structural 
breaks in the crust [e.g., Prinz, 1983; Johnson, 2006; 
Johnson et al., 2013]. 

The orogenic deposition, deformation, plutonism, 
and metamorphism observed in the Biljurshi quadran-
gle are considered to be aspects of the Precambrian 
Hijaz tectonic cycle that contains three main episodes 
[e.g., Greenwood, 1975a; Greenwood et al., 1980; John-
son et al., 2003; Al-Shanti, 2009]. The orogenic effects 
appear to record the formation of continental crust in 
this area of the Arabian Shield [Greenwood, 1975a; 
Greenwood et al., 1980; Al-Shanti, 2009]. There is no 
evidence of an underlying continental basement and 
the basal units probably were deposited on oceanic crust 
[Greenwood, 1975a].  

The Aqiq orogeny period, belonging to the first 
episode of the Hijaz cycle, is represented by rocks of the 
Baish, Bahah, and Jiddah groups that were folded into 
open to tight north-trending folds with axial plane 
schistosity, were metamorphosed to greenschist facies, 
and were intruded by gabbroic to quartz dioritic plutons 
[e.g., Greenwood, 1975a; Prinz, 1983; Johnson, 2006; 
Al-Shanti, 2009]. The Ranyah orogeny period, belonging 
to the second episode of the Hijaz cycle, is represented 
by Ablah group rocks that are associated with renewed 
volcanism of andesitic to rhyolitic composition and sed-
imentation [e.g., Greenwood, 1975a; Greenwood et al., 
1980, 1982; Johnson, 2006; Al-Shanti, 2009]. 
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FIGURE 2. Extract of the Biljurshi geological map (1:100 000, resized), showing relation between the Umm Farwah master fault and 
the associated volcanic, sedimentary and metamorphic rocks and intrusive bodies.
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3. DATA AND METHODS  
 
3.1 DATA 
The Arabian Shield is covered by regional aeromag-

netic surveys. Areas with economic interest were cov-
ered by high-resolution aeromagnetic survey. Due to its 
mining potential, the Biljurshi region was subject of ge-
ological and geophysical studies. Aeromagnetic data 
was acquired during 1966 and 1967. The survey was 
made by different companies; Lockwood Survey Corp., 
Ltd.; Aero Service Corp.; Hunting Geology and Geo-
physics, Ltd.; and the Arabian Geophysical and Sur-
veying Company.  

All necessary corrections related to the survey, in-
cluding diurnal variations, were made by the corre-
sponding companies. The aeromagnetic maps have been 
interpreted for subsurface features that are often diffi-
cult to identify in the field because they are obscured by 
sedimentary cover and/or by highly weathered rocks. 
International Geomagnetic Reference Field (IGRF) was 
removed from the data [Andreasen in Greenwood, 
1975a]. 

The data were acquired along northeast-southwest 
flight lines spaced 800m, with uniform altitude of 91.5 
m above land surface. Because of the high topographic 
relief in the southwest part of the quadrangle, the aero-
magnetic survey was done in two parts delineated ap-
proximately by a northwest-southeast diagonal line 
[Andreasen in Greenwood, 1975a]. 

3.2 METHODS 
The observed magnetic zones reveal a variation of 

the magnetic field and reflect the distribution of mag-
netic minerals in the Earth's crust, and thus allow us to 
detect the deep geological structures [e.g., Jaques et al., 
1997; Porwal et al., 2006; Schetselaar and Ryan, 2009]. 
In this work, various filters, such as reduction to pole 
(RTP), and horizontal gradient magnitude (HGM), were 
applied to the magnetic grid to obtain more geophysi-
cal information, and thus deduced more geological 
structures. 

The quantitative interpretation of aeromagnetic data 
aims to infer the parameters in subsurface, such as: the 
depth, shape, size and magnetic susceptibility of rocks. 
In this regard, Euler deconvolution and Werner decon-
volution are used for depth estimations [Ku and Sharp, 
1983; Hinze et al., 2013]. To validate the subsurface 
sources 2D forward modeling and 3D inversion were 
applied. The average values used in the modeling were 
obtained from some confidential report in the Arabian 
shield, and from the standard charts compiled by vari-
ous authors [e.g., Clark and Emerson, 1991; Goodwin, 

1991; Hunt et al., 1995]. The magnetization vector in-
version of the field magnetic data, from induced 
sources, results in susceptibility contrast in depth.  

Remanent magnetization adds more values to meas-
ured magnetic field. In the present work, remanent 
magnetization is assumed negligible, then, all the mag-
netic responses are related to the induced magnetiza-
tion of the source. This assumption is taken into 
consideration to avoid problems of interpretation and 
especially of the inversion [e.g., Williams, 2008; 
Cheyney, 2012]. 
 

4. RESULTS 

4.1 REDUCE TO POLE (RTP)  
The Total Magnetic Intensity (TMI) map of the Biljurshi 

study area ranges from -130 nT to +300 nT (Figure 3A). 
It shows the difference of high and low magnetic in-
tensity signatures and many crustal magnetization pat-
terns. The magnetic features are differentiated by its 
intensity, direction, and shape (Figure 3A).  

Location of the observed magnetic zones directly 
above the magnetic causative source bodies requires ap-
plication of reduced to magnetic pole (RTP) filter to the 
TMI grid. The TMI grid was transformed into reduction 
to pole (RTP) by computation of inclination and decli-
nation. Inclination of 25.03o and declination of 0.89o 
were used to generate RTP map. These parameters rep-
resent the average value for the Biljurshi area. Both TMI 
and RTP maps display the major magnetic features. 
However, RTP shows several significant changes com-
pared to the TMI map (Figure 3B). 

The RTP map shows a clear correlation between the 
high amplitude magnetic zones and the intrusive mafic 
rocks. It shows that the geological structures are more 
clearly expressed, for example, the distribution of the 
meta-volcano-sedimentary structures, the distribution 
of intrusive igneous rocks and the uplifts of the base-
ment rock. RTP values range from -450 nT to more than 
+580 nT (Figure 3A). The anomaly pattern can be sub-
divided into several domains that are superimposed on 
the different Precambrian rocks. Lithological boundaries 
are observed from the sharp contrast in the magnetic 
signature on magnetic sources. Roughly the RTP map 
shows areas of relatively distinct features that could be 
classified into five zones of high (H) magnetic intensity 
values, and four zones of low (L) magnetic intensity val-
ues (Figure 3B).  

The H1 is the most singular anomaly zone of high 
magnetic values (Figure 3B). It coincides with geologi-
cal outcrops of diorite, granite, and associated metagab-
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FIGURE 3. Interpretation of reduce to pole anomaly zone map. [A] Total Magnetic Intensity (TMI) map of the Biljurshi study area. 
[B] Interpreted reduce to pole (RTP) map with location of the studied sections AA’.



bro of the Al Farah-Jabal Balas-Wadi Shuwas region. 
This zone shows south-north features with a slight de-
viation towards the northeast in its middle part. The H2 
zone covers the area of Jabal al-Arin-Wadi Bisarah 
Rayan-Al Kumah. It reveals a polygonal-rectangular 
shape with magnetic features oriented N-S and E-W 
(Figures 2 and 3B). H2 shows secondary zones of low 
signatures testifying intense local minima. These sec-
ondary shapes coincide with metamorphic and dioritic 
rocks. The lowest amplitude is recorded at the location 
of an orthogneiss represented by gray medium-grained 
granodiorite to quartz monzonitic gneiss [Greenwood, 
1975a]. The H3 anomaly zone is located along the west-
ern border of the Ablah group belt. RTP map shows lin-
ear features of N-S direction to the North, which 
changed to the south-west in the Wadi Malhah and 
Jabal Jibnah areas southward. These features of low and 
high magnetic signatures reflect the deep structure. The 
intrusive rocks of high magnetic signatures, which con-
stitute the western limit of the Ablah group belt, are in-
terpreted to be intercalated with some other 
metamorphic and volcano-sedimentary deposits (Fig-
ures 2 and 3B). The H4 anomaly zone corresponds to 
the Busaytah-Ajibah structures that are marked by a 
portion of N-trending positive feature with a change in 
orientation of its northern end towards the NNE. This 
magnetic signature could be correlated with mapped 
medium-grained hornblende diorite of “Younger Dior-
ite" rocks [Greenwood, 1975a] (Figures 2 and 3B). Off-
set of the anomaly zones (H1) and (H4) by a zone of 
NNE- oriented is observed (Figure 3B). The two zones 
H1 and H4 are linked via a master fault corridor that 
made a key role in the kinematic evolution of the east-
ern part of the Biljurshi region and consequently creates 
a geometric shift (Figure 3B). The fault corridor is asso-
ciated with exposed bed soles and points of serpentine 
and talc schist bodies of NNE-SSW direction to the 
South, and of N-S direction to the North. The H5 zone 
is superimposed from east to west on the metagabbro of 
the western part of Jibal Jarfa and granite to granodi-
orite of the Wadi Rihadah az Zandi region (Figures 2 
and 3B). The lack of a perfect correlation of the position 
of this zone with the exposed metagabbro suggests het-
erogeneity of the sources with depth. The causative 
sources should be related to the emplacement of intru-
sive rocks at depth.  

The L1 negative zone is a lozenge-shaped area 
marked by a set of NE-SW oriented features (Figure 3B). 
Curves are superimposed with the eastern part of 
metagabbro of Jibal Jarfa, diorite-quartz diorite and 
older diorite in Wadi Daymaran and northward (Figures 
2 and 3B). The zone L1 extends north-west up to UTM 

y-coordinate 2190000N exhibiting a larger size of about 
16 km in the Jibal as Saruf area. In the north-western 
part, the features overlie the metamorphic and volcano-
sedimentary deposits of the Lif formation, and the in-
trusive rocks of Qirshah andesite, of older diorite and 
muscovite-quartz monzonite in the region of Jibal 
Ghuwayrah-Jabal Athrub-Jibal As Saruf (Figures 2 and 
3B). The anomaly zone L1 is intersected by a relatively 
positive NE-SW feature and superimposed with the mid-
dle part of diorite in quartz diorite agmatite rocks of 
Jabal Zalma, and Qirshah Andesite and Muscovite 
Quartz Monzonite of the Jabal Bisharah region (Figures 
2 and 3B). The L2 anomaly zone trends N-S and is com-
posed of two NNE-trending main features of low inten-
sity, associated with N- oriented other smaller 
anomalies (Figure 3B). This L2 zone overlies in large 
part intrusive rocks represented by older quartz diorite 
and older diorite, which covers the Al Mad-Suq Ithnayn 
domain (Figures 2 and 3B). The shape of the anomaly 
zone indicates a magnetization induced on rocks of low 
magnetic susceptibility compared to the adjacent rocks. 
Interestingly, the low magnetic signatures located at the 
western part of the area can be accounted for by unex-
posed structures at depth. Therefore, these zones appear 
to contain rocks of low magnetic susceptibility. The L3 
anomaly zone in the central domain of the study area 
is represented by linear N- trending features to the 
North and changed towards the south-west to the South 
(Figure 3B). This zone located in the area where vol-
canosedimentary and metamorphic layers of the Ablah 
group belt (ar, ajb, at) are exposed (Figures 2 and 3B). 
A strong gradient corresponds to main lithological con-
trast between volcano-sedimentary layers and intrusive 
rocks and between the different groups of volcano-sed-
imentary and metamorphic rocks, which are affected by 
the Umm Farwah master fault zone (Figures 2 and 3B). 
The anomaly zone L4 is located at the northeastern end 
of the map (Figure 3B). This zone corresponds to a do-
main of Adimah ash Shamran-Al Wakabah that is 
marked mainly by outcropping of volcanosedimentary 
and metamorphic layers (jdq, jdk) of the Jiddah group 
(Figures 2 and 3B). The high gradient reflects the main 
lithological contrast between intrusive rocks to the west 
and volcano-sedimentary layers to the east (Figures 2 
and 3B). These contacts are associated with major field 
faults, some of which are recognized within the same 
meta-sedimentary unit, the Jiddah group. 

4.2 HORIZONTAL GRADIENT 
The horizontal gradient magnitude (HGM) filter is an 

edge detection technique that was applied to the RTP 
data to allow determination of geological boundaries in 

7

AEROMAGNETIC CONSTRAINTS ON THE UMM FARWAH FAULT SYSTEM



ZOUAGHI ET AL.

8

FIGURE 4. [A] Horizontal Gradient Magnitude (HGM) map of the Biljurshi study area and extracted lineaments. [B] Maxima of hori−
zontal gradient magnitude (HGM) combined with the extracted lineaments, showing dip of the geologic contacts.



the Biljurshi region (Figure 4A). HGM gives an overview 
of the location of the magnetic contacts/faults.  

The automatic identification of HGM maxima by 
scanning the data grid using movable window help 
identify the maxima at which faults occurred. Calculat-
ing the amplitude of the horizontal gradient for differ-
ent elevations reveal horizontal offsets in the maxima 
(Figure 4B). The offsets may be interesting for geomet-
rical characterization of the contact. If they are coher-
ent along the same structure, these shifts can be 
interpreted as a dip (Figure 4B). The maximum of the 
amplitude of the horizontal gradient can be moved in 
the horizontal plane if the detected object has a dip. The 
solutions of maxima of the amplitudes of the horizon-
tal gradient are aligned in different directions reflecting 
the location of the contacts. 

Analysis of the direction of the interpreted sources 
shows that most contacts are aligned along an N-S ori-
entation (Figure 4B). This study highlights structures 
with eastward and westward most dominant dips re-
lated to the N-S predominant structures. Other struc-

tures are not appeared to be affected by sufficient dips. 
This can be explained by vertical contacts which have 
contributed in rising of intrusive rocks. 

4.3 3D EULER DECONVOLUTION 
Depth estimation using Euler deconvolution method 

was applied for delineate geologic contacts. It provides 
automatic calculation of source location and depths. A 
depths map of contacts was calculated for the Biljurshi 
are using Euler deconvolution method (Figure 5). The 
parameters assigned for the obtained solutions, help us 
to define an optimal detection window of 4km * 4km 
according to the extent of the main anomaly zones. A 
structural index corresponding to magnetic contact 
 (SI = 0) was chosen. The positions of the sources have 
been represented by colored circles whose sizes are pro-
portional to the depth.  

The 3D Euler deconvolution map illustrates aspects 
of the interpretation solutions of depth to magnetic 
sources (Figure 5). It shows that the area has a depths 
ranging from 100 m to 2800 m. The depth results help 
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FIGURE 5. Euler solutions (SI =0) of RTP magnetic anomaly zone, showing estimated depth for highlighted geological contacts.



in interpretation of geological contacts of the buried 
magnetic structures. Numerous series of near surface 
contacts showed that the depth range, of near surface 
basement structures and contacts, is 500 to 1000 m 
(Figure 5). Meanwhile, the deep-seated basement struc-
tures and contacts are varying in depth between 1000 m 
and 2500 m. These near surface and deep-seated zones 
cut across and displace each other with different dislo-
cations and directions. The depth solutions testify the 
geometrical and structural heterogeneity in depth. 

Euler map is in agreement with the geological and 
structural framework as well as magnetic anomaly 
zones and lineaments. The characteristics of the Euler 
map reveal solutions with allures in concordance with 
the reduced to pole magnetic intensity, and the HGM 
maps (Figure 5).  

4.4 FORWARD MODELING  
To perform magnetic modeling, the AA' profile was 

extracted from the RTP magnetic intensity data (Figure 
6A, B). It was chosen due to its crossing the strike of 
regional geological and geophysical trends (Figures 2 
and 6B). The Biljurshi quadrangle is marked by the N-
trending Ablah group belt associated with volcano-sed-
imentary and metamorphic layers, which are crossed by 
the Umm Farah master fault, and the intrusive plutonic 
and hypabyssal intrusive rocks that occupied the west 
and east parts. Therefore, transects were selected along 
the E-W direction to cross key lithologic contrasts and 
tectonic features. 

The crustal model across the Ablah group belt and 
adjacent volcano-sedimentary and intrusive complex 
structures was constructed taking into account the local 
and regional tectonic framework. The cross-section ex-
tends more than 7 km below the surface (Figure 6B). 
The geometrical bodies in the cross section are esti-
mated based on the exposed geological structures 
[Greenwood, 1975a]. To estimate the location and depth 
of the various magnetic anomalies along the selected 
profile, we used “Werner solutions” function that uses 
the horizontal and vertical derivatives. To facilitate im-
aging of shallow, intermediate and long sources, mini-
mum and maximum window lengths used for Werner 
deconvolution are 400 and 7500. Two depth source 
models (Dike and contacts model) were assumed and 
their depths were estimated. Werner solutions generated 
by the dike model and the contact model reach maxi-
mum depths between 3000 m and 5000 m (Figure 6A); 
the RTP values varied from about -360 nT to +250 nT. 
These values are showed at the western part of the map 
and mainly coincide with the diorite intrusive rocks 
(Figure 6A, B). The magnetic model established along 

profile AA' shows three different tectonic domains, the 
western accreted structures, the Ablah volcano-sedi-
mentary dominated layers, and the eastern accreted 
structures (Figure 6B).  

(i) The western domain, which shows a mixture of 
volcano sedimentary and metamorphic layers with in-
trusive rocks, occupies just under half of the line from 
the western border to the east of Marran-As Sufay area 
near UTM x-coordinate 786500E (Figures 2 and 6A, B). 
The deepest ( ≥ 3 km) and most abundant solution clus-
ters are highlighted at the level of UTM x-coordinate 
about 768000E and 775000E at the borders of metagab-
bro intrusive structure of Jibal Jarfa, and at the level of 
UTM x-coordinate about 786250E at the western border 
of the Ablah group (Figures 2 and 6A, B). These levels, 
marked by peaks in the horizontal gradient magnitude 
(HGM) curve (Figure 6A) correspond to main lithologi-
cal contrast between volcano-sedimentary layers and in-
trusive rocks and between two intrusive rocks as these 
observed at the Wadi Hazam (Figures 2 and 6A, B). Con-
tacts are associated with major faults. The volcano-sed-
imentary and metamorphic layers are marked by low 
susceptibility (k=0.002) and thus, responsible for the 
negative magnetic anomaly (Figure 6B). Since intrusive 
rocks contain mafic minerals, high magnetic suscepti-
bility was expected. Conversely, in our case, the 
metagabbro shows a negative anomaly of the reduced 
to pole total magnetic intensity curve (Figure 6B). The 
low variation in the anomaly is related to the magnetic 
susceptibility that could be variable based on the per-
centage of mafic minerals. However, the remarkable de-
crease of the magnetic value could be interpreted to be 
related to the limited vertical expansion of the matagab-
bro, which should corresponds to thin body located 
above the volcano-sedimentary layers of low magnetic 
susceptibility (Figure 6B). Nevertheless, some works [e.g., 
Ferraccioli et al., 2002] highlight to have ilmenite-rich 
gabbros too but are not highly magnetic at all.  

(ii) The central domain corresponds to the Ablah 
group belt that extends, on the study section, from the 
east of Marran-As Sufay area near UTM x-coordinate 
close to 786500E to the west of Busaytah area near UTM 
x-coordinate close to 801750E (Figures 2 and 6A, B). This 
domain is marked by outcropping of the volcano-sedi-
mentary and metamorphic layers of the Jiddah and Ablah 
groups, intruded by intrusive rocks of dioritic, serpentine 
and talc schist bodies (Figures 2 and 6A, B). The most 
abundant and deepest (more than 3500 m) solution clus-
ters are highlighted at the level of UTM x-coordinate 
close to 790000E within Rafa Formation (ar), 794500E 
near the contact between the two Khutnah Formation 
(jdk) and Qirshah andesite (jdq) of the Jiddah group, 
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798000E that coincides with the serpentine of Jibal Umm 
farwah, exposed between the two Khutnah Formation 
(jdk) and Qirshah andesite (jdq) of the Jiddah group, and 
801750E near the contact between Qirshah andesite (jdq) 
of the Jiddah group and younger diorite (di2) (Figures 2 
and 6A, B). The levels are marked by peaks in the HGM 
curve corresponding mainly to main lithological contrast 
between volcano-sedimentary layers and intrusive rocks 
and between the different groups of volcano-sedimen-
tary and metamorphic rocks (Figures 2 and 6A, B). The 
contacts are associated with major faults forming the 
Umm Farwah shear zone (Figure 6B). This central domain 
is marked by low magnetic susceptibility, k=0.0014 for 
serpentine, and 0.002 for volcanic and metasedimentary 
rocks (Figure 6B). Low susceptibilities for the different 
bodies are required for the magnetic low anomalies. A 
series of magnetic highs and lows is interpreted to be 
formed by the magnetic susceptibility difference between 
volcano-sedimentary and intrusive rocks. 

(iii) The eastern domain, extending from west of 
Busaytah area to the border, is marked by outcropping 
of intrusive rocks represented by younger diorite and 
younger quartz diorite (Figures 2 and 6A, B). In Werner 
solutions, the contact model, as compared to the dike 
model, shows most abundant and deepest solution clus-
ters at the level of the UTM x-coordinate about 801750E 
near the contact between Qirshah andesite (jdq) of the 
Jiddah group and younger diorite (di2) of the Busaytah 
area, 806250E near the contact between younger dior-
ite (di2) and younger quartz diorite (qd2) of Wadi Shay-
banah, and 810750E at the level of Wadi Tabalah within 
the younger quartz diorite (qd2) of Al ’Ulya area (Fig-
ures 2 and 6A, B). These levels, marked by peaks in the 
horizontal gradient magnitude (HGM) curve, correspond 
to main lithological contrast between the two diorite 
and younger quartz diorite intrusive rocks. The contact 
is associated with a N- trending major exposed fault 
(Figures 2 and 6A, B). This eastern domain contains 
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FIGURE 6. Interpreted geologic cross−section along the modeled profile AA’. [A] Werner deconvolution solutions from a RTP mag−
netic intensity profile across the study area. From top to bottom, the sections correspond respectively to (i) the topogra−
phy, (ii) the RTP profile (nT) with its HGM, and (iii) the contact and dike models in depth (m). [B] Modeled geological 
section, showing crossed basement bodies, and location of main faults based on the previous enhancements (HGM, Euler, 
and Werner). [C] Profile location on the deduced lineaments map; it is also given in figures 2 and 3.



dominant high magnetic anomalies with relatively low 
zones (Figure 6B). These responses indicate the preva-
lence of various intrusive rock units within the 
metasedimentary layers of the Jiddah group (Figure 6B). 

4.5 INVERSION 
In inversion, we consider that the remanent magne-

tization is negligible compared to the induced magne-
tization of the source. It will be limited only to solving 
of the inverse problem for the field magnetic data to 
obtain contrast of susceptibility. Otherwise, the inver-
sion becomes more complicated because it must pro-
duce additional solutions to the inclination, declination 
and magnetization of the remanence. Without suffi-
cient information about paleomagnetic data, we are not 
able to estimate the NRM contribution. So we inverted 
the data considering just the induced magnetic field 
[e.g., Williams, 2008, Cheyney et al., 2015]. 

A 3D inversion model of the study area was ob-
tained using 3D VOXI tool of Oasis Montaj software. It 
shows spatial susceptibility contrast with depth (Fig-
ure 7). The obtained model reproduces the data with an 
average squared error between data and synthetic re-
sponse of the model of about 10 nT (9.018 nT). The ex-
tracted inversion profile AA', which extends about 
9000 m below ground, gives distribution of suscepti-
bility contrast (Figure 7). The observed effect is proba-
bly also due to the high values of contrast related to 
surface units which, for unconstrained inversion, 
should mask by their intensities and effects of deeper 
sources. The output result model shows subvertical dips 
and seems to correspond to the exposed geological 
structures and main magnetic prints such as the intru-
sive bodies. Because of the extended scale of study 
area, some narrow geological structures and bodies, 
such as dykes, are not identified. 

The intrusive structures in the eastern domain of the 
study area extend deeply and seem to have low dip ei-
ther to the west or to the east related to the structural 
framework (Figure 7). The intrusions of the western do-
main are discontinuous with less width. The correla-
tion with interfaces defined on the geological map 
should allow us to better restrict lateral and vertical 
extensions. Units interpreted as intrusive are fairly well 
identified with various continuities. However, it should 
be noted that field observations have shown that the 
gabbros could have different susceptibilities. The sus-
ceptibility may even vary greatly in the same body 
with several orders of magnitude, which could explain 
these discontinuities [Astic 2011]. The inversion has a 
tendency to group together certain magnetic units at 
depth despite considered as independent such as small 

tight intrusions and synvolcanic dykes. Thus, the VOXI 
performs inversions that lead to individual source bod-
ies of relatively low resolution. 

 

5. DISCUSSION: TECTONIC FRAMEWORK 
 
5.1 TECTONIC SIGNIFICANCE 
Many geological structures (e.g., faults, folds, intru-

sions) can be highlighted using quantitative interpreta-
tion. All magnetic models and inversions combined 
together to provide information about the subsurface 
nature of the Biljurshi study area. The modeling and 
subsequent inversion shows that the deep structuring 
and geometry of the crust in Biljurshi is very compli-
cated. Despite this structural complication, we have 
identified three different domains forming the study 
area with similar mostly N-S oriented structural fabric 
(Figure 8). The arrangements of the volcano-sedimen-
tary and intrusive units demonstrate heterogeneity of 
deformation that seems to be linked to the inherited 
structural architecture, and then to the subsequent 
major constraints during accretion of the terranes. 

The N-S direction, the most widespread in the entire 
region; is the main focus fault network in the Biljurshi 
area. Thus, these major faults represent the direction of 
tectonic boundaries, which have affected the region 
(Figure 8). A major part of the lineaments of N-S trend 
appears to be related to inherited faults affecting the 
basement of the Asir terrane. In the Ablah group do-
main, the N-S direction consists of volcano-sedimen-
tary and metamorphic assemblages.  

We realize the influence of near N-S regional struc-
tural trending of Asir terrane that composes the major 
part of the Arabian Shield. This terrane has been the 
subject of several tectonic and orogenic episodes fol-
lowed by erosion that has shaped its morphology dur-
ing the Precambrian times. In addition to these faults, 
associated with dykes and other intrusions of Precam-
brian age intersect the study area in all directions 
(N-S, NE-SW, NW-SE, and E-W). The structural frame-
work testifies Precambrian tectonic deformations dom-
inated by compressional stresses with joined local 
extensions that have controlled successive evolution of 
volcano-sedimentary and intrusive units in this part of 
the Arabian Shield. Kinematics and style of deforma-
tion were related to inherited tectonic deformations. 
Metasedimentary and volcanic series, and accreted ig-
neous intrusions, were placed related to the pre-exist-
ing Neoproterozoic [Collins and Pisarevsky, 2005; Stern 
and Johnson, 2010; Johnson et al., 2011] prominent N-
S cross-cutting faulting and structures.  
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FIGURE 7. Inversion model of the study area, obtained from RTP magnetic data, showing the susceptibility contrast in depth. The in−
version section AA', extracted from 3D inversion model obtained by 3D VOXI, is superimposed by the 2D forward model.



Faulting and subsurface change of crustal structuring 
in the Asir terrane are interpreted as characteristics of a 
syn-tectonic deformation within the same basement ter-

rane. Abrupt changes in crustal rocks testify high local 
fracturing and regional deformation. Geological struc-
tural and lithlogical patterns record major reverses struc-
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FIGURE 8. Interpreted structural setting of the Biljurshi area, showing the main deduced lineaments superimposed on the exposed 
geological map.



tures indicating prominent contractional stresses that re-
sult in accretion phenomenon in the Asir terrane. 

5.2 DEEP GEOMETRY AND STRUCTURING 
Modeling locates the different sources in the crust 

and correlates with results suggested by the qualitative 
analysis of the magnetic anomalies. The susceptibility 
and shape parameters are not constrained. We can as-
sume infinity of possibilities and the produced models 
are far from being unique; but they are the closest to the 
exposed geological structures.  

Modeling and inversion along a transect in Biljurshi 
area suggest that the magnetic method can be useful 
tool in geological studies, such as estimate the location 
and deep geometries of dominant volcano-sedimentary 
and intrusive different domains forming the basement 
in the Arabian Shield. Location and deep geometry of 
faults, associated with the accretion deformation, are 
also quantified and highlighted. Some small structure 
of varied magnetic susceptibility should be also em-
phasized.  

Although the detailed kinematic and origin of de-
posits of the Asir terrane is unclear, the boundary be-
tween the Ablah group domain and the adjacent 
accreted rocks to the west and east is clearly delineated 
in the models. A medium magnetic low, in the middle 
parts of the profile is interpreted to be caused by rocks 
of the Ablah group belt. This change in lithology of ex-
posed rocks is related to tectonic inheritance that con-
trolled sedimentary layout and kinematic belonging to 
the Asir terrane.  

Results of magnetic modeling and inversion indicate 
that the crust of the Asir terrane is highly deformed (Fig-
ure 9) indicating that it has undergone successive major 
tectonics phases. This study reveals three domains that 
characterized the study area: dominated volcano-sedi-
mentary and intrusive mixing to the west; dominated 
volcano-sedimentary domain at the center that is su-
perimposed with the Ablah group belt; and dominated 
intrusive with volcano-sedimentary series to the east. 
Tectonic contact is the most identified feature; the highly 
fracturing is showed by the Umm Farwah shear zone.  
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FIGURE 9. Block diagram 3D showing the structural framework and deep geometry of the volcano−sedimentary layers and intrusive 
bodies in the Biljurshi area.



The Umm Farwah shear zone, therefore, can be de-
scribed as a distinct tectonic element in the magnetic 
model. Late Cryogenian–Ediacaran Assembly of the 
Gondwana supercontinent [Collins and Pisarevsky, 
2005; Johnson, 2006; Johnson et al., 2011] has included 
convergence and compression of distant cratons. Move-
ments along the Umm Farwah fault have induced sub-
siding domains between the separating intrusive 
dominated blocks, as syncline and/or graben system 
that were intruded by intrusive rocks, which extend 
along the major faults. 

The magnetic anomalies correspond to signals that 
reflect the traces of ancient orogenic deformations and 
structures. These deformations would have induced a 
variation of the magnetic properties and thus differen-
tiated fragments of crust from one another. Conse-
quently, study of magnetic anomalies of the Biljurshi 
region seems to confirm the relationship between mag-
netic anomalies and the crustal zones already suggested 
previously in Asir terrane. 

 

6. CONCLUSIONS 
 
Analyses aeromagnetic data allowed us to charac-

terize the tectonic framework and structural setting in 
the Biljurshi area. The geological structures were cre-
ated during the Proterozoic major successive tectonic 
deformation phases and associated with regional meta-
morphism phenomena. The magnetic anomaly feature 
trends follow systematic orientations in response to re-
gional stresses during the latest stages of ductile defor-
mations.  

The present study delineated new faults in the study 
area. Processing of aeromagnetic data was used for de-
lineating geologic contacts and depth estimation, and 
consequently generated the structural map of the Biljur-
shi area. The various sets of structure locations were 
compiled to facilitate interpretation of the geological 
structures and associated deformations. Three major 
trends oriented nearly N-S (N-S, NNE-SSW and NNW-
SSE) dominating the study area, the NE-SW direction 
is revealed in the central eastern part of the study area. 

The present study highlights an excellent correlation 
between aeromagnetic features and lineaments, and ex-
posed geological structures. The Biljurshi area was con-
trolled by deep and regional tectonic stresses. The 
observed major faults crossing-out the study area seem 
to be superimposed on contact zones both between vol-
cano-sedimentary and metamorphic layers and intru-
sive rocks, and between rocks of the same type 
(volcano-sedimentary or intrusive). This aspect shows 

old features and of kinematics linked to the emplace-
ment of the plutonic rocks and their contact with the 
volcano-sedimentary series. The N-oriented Umm Far-
wah deep major fault system, located at the location of 
the Ablah volcano-sedimentary group belt, could be an-
cient and has undergone later reactivations.  

The integration of geophysical data with all avail-
able geological data, within a same 3D model, made it 
possible to constrain the geophysical models and in-
versions based on one or several geological scenarios. 
The comparison of the results with the other previous 
works, made it possible to make a geological link be-
tween the different elements. It is then possible to ap-
proved or modify some interpretations. 

The current modeling and inversion highlighted a 
complex geological structure with varied extensions 
and depth. Considering the geological data, the whole 
Biljurshi area is interpreted as a part of Asir terrane, re-
sulting from a complex and ancient evolution of the 
Arabian Shield. The 2D quantitative model shows that 
the study area is crossed by a N-S major deep faults, 
clearly visible on the surface. Sub-vertical dips indicate 
an E-W compressional stress. This fault corridor corre-
sponds to the Umm Farwah famous fault, an ancient 
crustal fracture which has undergone phases of major 
successive deformations. 

We established a refined map of lineaments and pro-
vide information on its origin as well as its geological 
and structural significance based on the spatial and 
deep behavior of the anomalies and lineaments (e.g., 
length, structure, orientation, density). 
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