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ABSTRACT 

Investigation of the Qadimah Fault in Western Saudi Arabia using Satellite Radar 

Interferometry and Geomorphology Analysis Techniques 

Robert James Smith 

The Qadimah Fault has been mapped as a normal fault running through the middle of a 

planned $50 billion city. For this reason, there is an urgent need to evaluate the seismic 

hazard that the fault poses to the new development. Although several geophysical studies 

have supported the existence of a fault, the driving mechanism remains unclear. While a fault 

controlled by gravity gliding of the overburden on a mobile salt layer is unlikely to be of 

concern to the city, one caused by the continued extension of a normal rotational fault due 

to Red Sea rifting could result in a major earthquake. 

A number of geomorphology and geodetic techniques were used to better understand the 

fault. An analysis of topographic data revealed a sharp discontinuity in slope aspect and 

hanging wall tilting which strongly supports the existence of a normal fault. A GPS survey of 

an emergent reef platform which revealed a tilted coral surface also indicates that 

deformation has occurred in the region. 

An interferometric synthetic aperture radar investigation has also been performed to 

establish whether active deformation is occurring on the fault. Ground movements that 

could be consistent with inter-seismic strain accumulation have been observed, although the 

analysis is restricted by the limited data available. However, a simple fault model suggests 

that the deformation is unlikely due to continued crustal stretching. This, in addition to the 

lack of footwall uplift in the topography data, suggests that the fault is more likely controlled 

by a shallow salt layer. However, more work will need to be done in the future to confirm 

these findings. 
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1 INTRODUCTION 

On 22 November 1995, a Mw 7.3 earthquake in the Gulf of Aqaba was felt throughout much 

of the north-western region of Saudi Arabia (Klinger et al. [1999]). Fortunately, the strike-slip 

event did not result in serious damage or loss of life, thanks mainly to the large distance of 

the rupture from the nearest towns and cities. However, it did highlight the poor 

understanding of the seismic hazard in the Kingdom. The construction industry in particular, 

which made no provisions for seismic loads at all, was ill prepared for a major seismic event.  

In response to the Gulf of Aqaba earthquake, the Saudi Geological Survey (SGS) initiated a 

scheme to identify and map Cenozoic (past 65 Ma) faults along the Red Sea coast [Roobol and 

Kadi, 2008]. The coastline lies on the eastern margin of the Red Sea Rift, which formed in 

response to extensional tectonic stresses (Figure 1-1). Normal rotational faults (rigid rotation 

of fault blocks about an axis parallel to the strike of the fault) formed in the brittle upper 

crust to accommodate the extension (Figure 1-1b,c). Continental rifting eventually led to the 

separation of the African and Arabian plates. Since the rifting process continues today, there 

is concern that some of the normal faults underlying the coast may still be seismically active.  

An area 150 km north of Jeddah is of particular concern, due to several major developments 

under construction on the coastal plain (Figure 1-2). These include the recently opened King 

Abdullah University of Science and Technology (KAUST) and the planned King Abdullah 

Economic City (KAEC). An investigation by Roobol and Kadi [2008] identified a possible fault 

running through the middle of the new $50 billion city, which they named the Qadimah 

Fault. Geophysical investigations by AlTawash [2011] and Mahmoud [2012] have since 

confirmed the existence of the fault.  
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This fault is oriented parallel to the coastline and has been mapped for a length of around 25 

km.  Roobol and Kadi [2008] suggest that fault movements could have occurred within the past 

several tens of thousands of years, making it a potential hazard for the new city. However, 

the mechanism that generated the fault is still uncertain. One theory is that the fault is due to 

the continued extension and rotation of a buried fault block (E.g. Figure 1-1c). Since these 

blocks are likely to extend deep into the seismogenic zone, this mechanism would represent 

a seismic hazard to the city. 

However, it is not clear whether the coast is under continued extension as continental rifting 

gives way to oceanic spreading once sufficient crustal stretching has occurred (Figure 1-1d). 

Figure 1-1: Generic diagram illustrating the stages involved in rifting. (a) Initial extension results in fracturing 
of the brittle upper lithosphere. (b) Continued stretching is accommodated by the formation of norm al 
rotational faults. (c) Eventually the basin formed by rifting may be flooded, which formed the Red Sea in this 
case. (d) If continental stretching goes on for long enough, continental rifting will eventually give way to 
oceanic spreading, where new oceanic crust is formed along the mid-ocean rift. Passive margins are then 
formed on either side of the rift which are largely aseismic.(Adapted from Access Science [2012]). 

(a) 

(b) 

(c) 

(d) 
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At this time, passive margins usually form on either side of the rift where relatively little 

seismic activity occurs [Fossen, 2010]. Cochran and Karner [2007] report that the Red Sea rift is 

in a transitional phase at the latitude of the Qadimah Fault. Although pockets of oceanic 

spreading have initiated, they are yet to form a continuous trough as found in the southern 

Red Sea where sea floor spreading has been active for ~5 Ma. Therefore, it is unclear 

whether the region can be considered as a passive margin. 

An alternative theory involves extensional fault movements controlled by gravity, which are 

common features of passive margins [Fossen, 2010]. These curved (listric) normal faults 

typically sole into a weak layer (decollement) such as salt (Figure 1-3). Due to its low shear 

strength, even a very shallow dip can result in salt flow and sliding of the overburden layers. 

Figure 1-2: Satellite image showing the location of the Qadimah Fault, which cuts through the King Abdullah 
Economic City. The fault lies between latitudes of 22.38 and 22.61 degrees N along a longitude of 
approximately 39.14 degrees E. (Adapted from GoogleEarth [2012]). 
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A personal communication with Roobol [2011] revealed that unpublished seismic reflection 

profiles show salt rollers (e.g. Figure 1-3) underlying the fault. These structures usually form 

in the shallow crust where the overburden pressure and sediment strength are relatively low. 

If the fault is controlled by salt tectonics, it is unlikely to pose a serious hazard to the region. 

1.1 The Need for Research 

Although some progess has been made since 1995 in understanding the seismic hazard of 

the Kingdom, a lot of work still needs to be done. Figure 1-4 shows the seismic hazard map 

used in the now outdated building codes, which was based on peak ground acceleration 

(PGA) maps having a 10% probability of occurrence in 50 years (Hadad et al. [1992]). This 

indicates a very low seismic hazard (yellow and green zones) for most of the Kingdom, 

including the Qadimah Fault region. These maps need to be considered with care however, 

since a low seismic hazard does not imply that there is no risk at all. As recent events in 

Christchurch (2010, 2011) have shown, devastating earthquakes can occur on previously 

unknown faults in regions that were considered to be of relatively low risk. In addition, an 

estimated two million people will move to the Qadimah Fault region in the next decade, 

dramatically increasing the risk of a seismic event. This presents an urgent need for a 

Figure 1-3: Example of faults that form on a passive rift margin. Here the overburden is underlain by a weak, 
ductile layer (known as a decollement) which could be salt or shale. Dipping of the layers, such as on a 
continental shelf, may be enough to overcome the shear strength of the salt which results in flow towards the 
basin. Extensional faults form on the upslope region where blocks (known as rafts) may glide on the salt layer. 
The image above shows the rafts being controlled by salt rollers, which are triangular shaped salt structures. 
Faulting resulting from salt movements such as this are less likely to generate seismic events as they usually 
occur at shallow depths (From Figure 19.24 in Fossen [2010]). 
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thorough investigation of the fault to be performed in order to determine the hazard it 

poses.  

Unfortunately, very little is known about the fault at present. The only investigations to date 

are by AlTawash [2011] and Mahmoud [2012], who produced seismic/resistivity tomograms 

and seismic reflection profiles respectively. The results of both these studies support the 

existence of the Qadimah Fault. However, many important questions remain unanswered; 

including the cause of the fault, the current activity and the hazard it poses to the new 

developments.  

1.2 Aims of the Research 

The overall purpose of this study was to enhance the knowledge of the Qadimah Fault. 

Three main objectives were considered:  

Figure 1-4: Seismic hazard map produced after the 1995 Gulf of Aqaba earthquake for use in the seismic design 
of buildings. This indicates that the greatest hazard is in the north-west of the peninsula along the Dead Sea 
transform fault and on the coast at the border with Yemen. Along most of the western coast the hazard is 
considered to be low (including the Qadimah Fault region), with a design PGA of 0.1 g. (Adapted from Al-
Hadad et al. [1992]). 
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· To bring together current geological and geophysical information that may help 

better understand the nature of the fault.  

· To use geophysical techniques to search for further evidence of the fault. 

· To determine whether or not active deformation is occurring on the fault.  

Since very little work had been done on the fault prior to this study, a review of the relevant 

literature has been included. It is hoped that this will aid future research done in the area.  

Although the work performed by AlTawash [2011] supports the existence of the Qadimah 

Fault, further evidence is required to determine the extent of the fault and the mechanisms 

that caused it. Ideally the location of the fault mapped by Roobol and Kadi [2008] would also 

be assessed to establish whether the fault extends further than currently predicted.  

1.3 Methodology 

A variety of techniques have been used to meet the objectives of the study. Faulting can 

result in surface deformations that may be detectable in a Digital Elevation Model (DEM) of 

the region. This was inspected for characteristic features of normal faulting such as surface 

tilting. An analysis of the local fault features using GPS measurements has also been 

conducted to assess whether deformation has taken place in the vicinity of the fault.  

Finally, an InSAR (Interferometric Synthetic Aperture Radar) analysis of the fault was 

performed to determine whether active deformation is taking place across the fault. This 

may indicate whether the fault is still active through either the accumulation of inter-seismic 

strain or salt movement. 
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1.4 Thesis Structure 

This thesis is split into seven chapters. Chapter Two provides a summary of the literature 

relevant to the Qadimah Fault, including an introduction to the geological setting and 

geophysical evidence of the fault. 

Due to the varied nature of the techniques that have been used in the analysis, the results 

section has been split into three chapters. The first of these discusses the large scale 

topographic features surrounding the fault. Next, smaller scale features close to the fault 

trace are analysed. Finally, an InSAR analysis of the area is presented to assess whether active 

deformation is taking place across the fault. Each chapter starts by outlining the procedures 

used in collecting and interpreting the data, which is followed by a discussion of the results.  

Chapter Six provides a short discussion that brings together the findings of the preceding 

chapters and is followed by a conclusions and suggestions for future work section.  
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2 BACKGROUND OF THE QADIMAH FAULT 

This chapter provides an overview of the literature that may be useful in determining the 

nature of the Qadimah Fault and its potential seismic hazard.  

2.1 Geology 

The geological history of the area needs to be understood to allow an assessment of the fault 

to be made. Observations made in the field, in addition to data from published sources, are 

included in this section. 

2.1.1 Tectonic Setting 

The evolution of the Red Sea basin is discussed at length by Bosworth et al. [2005], with only a 

summary of important events provided here. The development of the rift started around 30 

Mya, when the Africa-Arabia Plate began a period of tectonic extension. Although it is a 

matter of debate, rifting may have initiated through a combination of upwelling of the Afar 

plume and slab pull (Figure 2-1a) at the eastern plate boundary [Bosworth et al., 2005]. 

Continental rifting started in the southern Red Sea around 27 Mya (Figure 2-1b) and had 

propagated northwards through the central Red Sea by around 25 Mya. During this rift-

normal stretching phase, the major fault systems (consisting primarily of normal rotational 

faults) developed in the brittle crust. Continental collision between the Arabian and Eurasian 

plates 14 Mya initiated the Dead Sea Transform Fault, along with a change in the Red Sea 

extensional regime from rift-normal to rift-oblique (Figure 2-1c). Thick evaporite deposits 

also accumulated in the Red Sea basin during intermittent flooding by the Mediterranean 

Sea. When the Straight of Bab-al-Mandab finally opened between Yemen (Arabian Plate) 

and Djibouti (African Plate), the Indian Ocean flooded the basin forming the Red Sea. 
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Cochran and Karner [2007] divide the current state of the rift system into three zones. South of 

19o30’N, sea floor spreading has been operating for the last five million years (Figure 2-1d) 

while north of 23o30’N, the lithosphere is in the latter stages of continental rifting. The 

Qadimah Fault lies between these two regions in what has been termed a transition zone. 

Here, sea floor spreading has initiated in pockets but does not yet form a continuous axial 

trough. Error! Reference source not found. in section 2.3 highlights these zones.  

Figure 2-1: Important stages in the evolution of the Red Sea basin. (a) Extensional stresses in the Africa-
Arabia plate initiated ~31 Mya. Rifting may have been due to a combination of upwelling of the Afar Plume 
and slab pull on the eastern plate margin. (b) Continental rifting began in the southern Red Sea ~27 Mya 
which gradually moved northwards. (c) By 14 Mya, the Arabian Plate had separated from the African Plate and 
collided with the Eurasian Plate, forming the Dead Sea Transform Fault. Widespread salt deposition was 
occurring at this time in the Red Sea basin. (d) Continental rifting gave way to oceanic spreading in the 
southern Red Sea around 5 Mya, creating a mid-ocean ridge (MOR) (Adapted from Figure 11 in Bosworth et al. 
[2005]). 

(c) 

(a) (b) 

(d) 



    

2 1  

ArRajehi et al. [2010] used GPS measurements to determine the current motion of the 

Arabian plate. The results suggest that the plate movement is essentially rigid with internal 

deformations of less than one mm yr-1 (Figure 2-2b). Along the Red Sea rift axis, spreading 

rates increase from around seven mm yr-1 in the north to 15 mm yr-1 in the south. In the 

vicinity of the Qadimah Fault, the rate is about 11 mm yr-1. 

2.1.2 Overview of the Arabian Peninsula 

The Arabian Peninsula can be split into two main geological regions; the shield and platform. 

The Arabian shield extends across the western part of the peninsula and is a region of 

exposed Precambrian rocks (older than 540 Ma), with the exception of a narrow strip of 

coastal plain sediments and Cenozoic (past 65 Ma) volcanic lava flows [Vincent, 2008].  

The coastal plain sedimentary rocks and deposits cover the extended and rotated 

Precambrian basement. These sediments formed from erosion and transportation of 

Precambrian rocks in the escarpment mountains during pluvial (very wet) climatic conditions 

[Vincent, 2008]. Very thick salt deposits have been reported in the Red Sea by Folle [2006], 

Figure 2-2: The relative velocities of the Arabian plate with respect to a fixed Eurasian plate are shown by red 
vectors along the plate boundaries. The residual velocity indicated by the background colour suggests that in 
most of the peninsula, internal deformations are very small (From Figure 2 in ArRajehi et al. [2010]).  
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including the coastline north and south of Jeddah (Figure 2-3). This is due to the deposition 

of halite in the Red Sea basin during the mid-late Miocene, around 15-5 Mya [Bosworth et al., 

2005]. Subsequent burial by sedimentary deposits and continued extension resulted in salt 

diapir structures. These can take various forms and result from the vertical flow of salt 

through the overburden due to a density inversion. This buoyancy force is sometimes 

insufficient to initiate the upward migration alone however, so salt structures often form in 

relation to extensional faults. An example of this is given in Figure 2-4, where salt 

accumulations have formed above the crest of reactivated fault blocks in the Gulf of Suez. 

Plaziat et al. [1998] have made similar observations in the northern Red Sea, where a 

continental tilt has also been found which can result in salt flows towards the rift axis. 

Figure 2-4: Example of salt structures (black) forming above reactivated tilted fault blocks in the Gulf of Suez. 
(From Figure H2.8 in Orszag- Sperber et al. [1998]). 

Figure 2-3: Subsurface salt deposits of the Middle East. Note the large extent of evaporites deposited on and 
offshore in the Red Sea basin (Adapted from Figure 1 in Folle [2006]) 
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2.1.3 Quaternary Climatic Periods 

Vincent (2008) summarizes the climatic conditions in the Kingdom during the Quaternary 

period (Table 1), which govern the expected erosional and sedimentary features. Over the 

past three million years, a cycle of pluvial, wet, moist, arid and hyperarid conditions have 

prevailed. The periods of pluvial climatic conditions are particularly relevant since these 

result in the greatest erosion and transportation of material from the foothills to the coastal 

plain. 

2.1.4 Central Red Sea Coast 

Cenozoic faults were mapped by Roobol and Kadi (2008) along a 110 km stretch of the 

central Red Sea coast. Early crustal extension resulted in around 40 high dip normal faults 

forming horst-graben structures and dikes (pre-rift zone in Figure 2-5). The onset of 

continental rifting caused necking of the ductile rocks in the lower lithosphere, while the 

brittle crust accommodated extension through the formation of several normal 

Table 1: Quaternary Climatic periods in the Arabian Peninsula (Modified from Vincent [2008]) 

Geological Epoch Years before present (BP) Climatic conditions 
Holocene 0-700 

700 – 1,300 
Hyperarid 
Slightly moist 

 1,300 – 1,400 Arid 
 1,400 – 2,100 Slightly moist 
 2,100 – 5,000 Hyperarid 
 5,000 – 5,500 Slightly moist 
 5,500 – 6,000 Hyperarid 
 6,000 – 10,000 Wet (pluvial) 
Late 
Pleistocene 

10,000 – 18,000 Hyperarid 

 19,000 – 36,000 Wet (pluvial) 
 36,000 – 70,000 Arid 
 70,000 – 270,000 Moist 
 270,000 – 325,000 Arid 
Middle 
Pleistocene 

325,000 – 560,000 Wet 

 560,000 – 700,000 Arid 
Late Pliocene  700,000 – 3,000,000 Wet humid (pluvial) 
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Figure 2-5: Cross section through the central Red Sea coastal plain showing faulting caused by Red Sea rifting. Pre-rift crustal extension resulted in 
many high dip normal faults forming horst-graben structures. Along the coastal plain, normal rotational faults are believed to have resulted from 
continental rifting. The Qadimah Fault has been mapped as one of these faults, although it has not yet been confirmed that this is the mechanism 
driving the fault. (From Plate 2 in Roobol and Kadi [2008]). 
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rotational faults (syn-rift zone of Figure 2-5). Tertiary and Quaternary sediments now cover 

the extended and rotated Precambrian blocks, although it should be noted that the faults 

indicated in Figure 2-5 are not well known. This lithospheric thinning reduced the crustal 

thickness from 40 km to just 15 km along the coastal plain (Healy 1983). 

The Qadimah Fault 

The Qadimah Fault is mapped as one of the rotational faults on the coastal plain, which has 

been traced for 25 km with a north-south orientation (Figure 2-6). It has been observed that 

the seaward block, which consists mainly of limestone and sabkhah deposits, has been down 

dropped and tilted with respect to the landward block. This led Roobol and Kadi [2008] to 

conclude that it is a normal rotational fault formed in response to Red Sea rifting. However, 

this has not yet been verified. In a personal communication with Roobol [2011], it was 

revealed that salt rollers beneath the fault are visible on unpublished seismic reflection 

profiles. Therefore, it is unclear whether the fault is due to continued extension of the 

rotated basement rocks or controlled by salt tectonics.  

An eroded fault scarp (Figure 2-7) is found along the northern 10 km of the trace [Roobol and 

Kadi, 2008]. Here, uplifted reef (Qr) is covered by fluvial terrace deposits in places. They 

suggest that the fault is younger than 1.8 Ma old and may have been active within the past 

few tens of thousands of years. This is due to shells in an excavation of Sabkhat adh 

Dhinayb (Figure 2-9) which still retain traces of their original colour. This indicates that fault 

movements may have caused tilting of the seaward block which formed a lagoon 

environment where these shells were deposited. The fact that shells lose their colour with 

time indicates that they must be relatively recent in age. 

Some of the important surface geology features are now discussed.  



    

 

     

2 6  

Quaternary Limestone, Reef Facies (Qr) 

Emergent coral reefs form a narrow one to three meter high sea cliff along the coastline in 

Figure 2-6 [Roobol and Kadi, 2008]. Further inland they occur at an elevation of around five to 

six metres along the northern end of the Qadimah Fault, mostly under a cap of terrace 

deposits (Gigure 2-7a). The reef outcrops towards the northern end do not have these 

overlying terrace deposits however (Figure 2-7b). 

Figure 2-6: Surficial geology map of the region around the Qadimah Fault. Some points of interest referred to 
in this chapter have been highlighted. (Modified from Plate 1 in Roobol and Kadi [2008] ) 

Sabkhat adh 
Dhinayb 

Khawr al Qadimah 

Fault scarp 
and emergent 
reef 
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Raised marine terraces are not unique to this area as they are found discontinuously along 

the entire western coast of Saudi Arabia. These terraces are found at higher elevations in the 

northern part of the coastline than in the central and southern regions [Behairy, 1983]. North 

of Um Lajj (around 300 km north of the Qadimah Fault), reef terraces have been reported at 

elevations of 6, 19, 20 and 30 metres above the present sea level. Further south in the central 

and southern Red Sea, emergent reefs are found at 1-3, 7 and 10 – 12 metres [Behairy, 1983; 

Sestini, 1965] 

Knowledge of the reef age would be extremely useful for piecing together the geological 

history of the fault. Two samples from the study region (see Figure 2-6) were dated by 

Behairy [1983] who assessed emergent reefs between Jeddah and Yanbu. These samples were 

dated as being 18 ka and 16 ka old. However, the results do not agree with the sea level 

curve for the Red Sea shown in Figure 2-8. During the last glacial period, which lasted from 

around 120 kya until the start of the Holocene (~10 kya), sea levels dropped up to 120 m 

below current levels. Although there is large uncertainty in the sea level reconstruction (± 12 

m for one standard deviation), sea levels at the dates given by Behairy [1983] would still be 90 

(a) (b) 

Figure 2-7: Examples of Quaternary reef (Qr) outcrops along the fault scarp in Figure 2 4. The outcrops in 
the central and southern regions of the scarp are capped by terrace deposits (a) while the northern exposures 
are not (b). 
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m below the present elevation of the reefs. It is suggested that the use of the carbon-14 

dating method resulted in incorrect dating of the reefs, as contamination by detrital carbon 

of a different age is a common problem [Montaggioni and Braithwaite, 2009]. 

Conversely, the uranium/thorium radiometric method was used to report an age of around 

120 ka for terraces found at an elevation of between six and 10 m (Sayari et al. [1984] cited by 

Bantan [2006]). This result agrees well with Figure 2-8, where an interglacial high stand above 

the present sea level is shown around 120 kya.  The emergent reef found along the fault 

scarp could be from this period, but would need to be confirmed by direct dating of the 

deposits. 

However, it is possible that a higher sea-level than present occurred in the mid-Holocene, 

which is well documented in southern and tropical oceans. Although not well studied in the 

Red Sea, there is some evidence to suggest a highstand of up to four meters above the 

present position at Wadi Gawasis in Egypt around 5 kya [Fitzgerald, 2008].  

Quaternary Sabkhah (Qsb) 

Sabkhah is the Arabic word for a salt filled depression and are a common feature of the 

Arabian coastline. It was suggested by Roobol and Kadi (2008) that normal fault movements 

Figure 2-8: Reconstruction of Red Sea sea level changes over the past 130 ka. This data was based on oxygen 
isotope analysis and emergent reef dating. (Modified from Figure 4 in Siddall et al. [2003]) 
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tilted the seaward block, resulting in a shallow lagoon forming along the fault scarp. Sabkhat 

adh Dhinayb was likely formed from the infilling of this lagoon. Khawr al Qadimah remains 

flooded at the southern end of the fault although it is bordered by sabkhah deposits. 

A trench excavated at the edge of Sabkhat adh Dhinayb supports the occurrence of marine 

transgressions and regressions (Figure 2-9). The top layer contains eolian (wind driven) 

deposits, consistent with the current hyperarid environment. These overlie beach (shallow 

water) deposits containing many shells. Some of these shells still retain their colour leading 

Roobol and Kadi [2008] to suggest that fault movements were fairly recent (few tens of 

thousands of years). Beneath is a layer of finer sediments without shells, suggesting 

deposition further offshore or in a lake environment 

An alternative suggestion for the origin of Sabkhat adh Dhinayb is that it was formerly a 

sharm. These lagoons are a common feature of the Arabian coastline and often have a 

distinctive T shape [Vincent, 2008]. A narrow channel oriented perpendicular to the coastline 

runs several km inland, often branching out into arms running parallel to the coast. They are 

often joined to the local drainage systems and cut through a coral ridge at the entrance to the 

Figure 2-9: Layering of deposits in a trench dug at the southern end of Sabkhat adh Dhinayb showing 
evidence of different depositional environments. 
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sea. An example of a present day sharm in Figure 2-10 shows this type of geometry, which is 

similar to the shape of Sabkhat adh Dhinayb (Figure 2-6). Coral reefs may also develop on 

the back shoreline, which appears to be the case in the example shown. 

In order for these lagoons to develop, a pluvial climate and low sea level stand need to occur 

at the same time (Brown et al (1989) cited by Vincent [2008]). This would allow rivers to flow 

to the Red Sea with enough energy to erode lateral arms in the coastal sediments and to 

breach the coralline ridge. The current sharms found along the coast are thought to have 

formed between 8 – 12 kya, at a time when conditions were pluvial (Table 1) and sea levels 

were 20 – 60 m below the present (Figure 2-8). If Sabkhat adh Dhinayb was once a sharm, 

then it could be argued that tilting due to movements along the Qadimah Fault resulted in 

the lagoon being disconnected from the sea which subsequently silted up. 

2.2 Geophysical Data 

In addition to the work done by Roobol and Kadi [2008], several geophysical studies support 

Figure 2-10: (a) Example of a sharm found further down the coast in Saudi Arabia at 20o49’ N. Note the 
characteristic T shape, with a narrow channel cutting the coralline ridge along the coastline. This is similar to 
the shape of Sabkhat adh Dhinayb in (b). On the back shore, it appears from the satellite image that coral 
reefs are growing. (Adapted from GoogleEarth [2012]; Roobol and Kadi [2008]). 

(a) (b) 
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the existence of the Qadimah Fault. 

2.2.1 Seismic Reflection Profile 

An unpublished seismic reflection profile by Mahmoud [2012] provides clear evidence of 

faulting along the Qadimah Fault. As shown in Figure 2-11, the horizontal reflecting layers 

appear to have been offset at several locations across the profile. In addition to the main 

fault (Qadimah Fault), two antithetic faults (having opposite dip) have been identified.   

2.2.1 Seismic and Resistivity Tomograms 

AlTawash [2011] produced seismic refraction and resistivity tomograms for two profiles 

across the Qadimah Fault (locations given in Figure 2-6). A low velocity zone on the 

downthrown fault block is evident in both seismic tomograms (example given in Figure 2-

12a) and was interpreted to be due to a colluvial wedge. These are a zone of loose deposits 

that form as a result of normal faulting and subsequent scarp erosion (see the explanation 

given in Figure 2-13). The fault labelled F1 was interpreted as representing the main fault.  

The resistivity results (Figure 2-12b) show a low resistivity zone cutting through the highly 

Figure 2-11: Stacked seismic reflection profile showing evidence of faulting at the location of the Qadimah 
Fault. Here the fault is determined from the discontinuities in the horizontal reflection layers. Several antithetic 
faults, which dip in the opposite sense to the main fault, are also denoted. (From Mahmoud [2012]). 
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Figure 2-13: Example showing the formation of a colluvial wedge along a normal fault. Faulting causes a free 
face (scarp) to form in (A), with subsequent erosion resulting in loose deposits falling to the base of the scarp 
(B). This is the first colluvial wedge. A second faulting event (C) results in a tension fissure, into which the 
colluvial wedge is dropped. This is then buried by further erosion of the fault scarp (D) and the same process 
continued in (E) and (F).(Adapted from Figure 3.42 in McCalpin [1996]) 

 

(a) 

(b) 

Figure 2-12: (a) seismic tomogram and (b) resistivity tomogram across the Qadimah Fault. The locations of 
the profiles are shown in Figure 2-6. Note the low velocity and low resistivity zones that lie in front of the 
inferred fault trace on the downthrown side of the fault. (Adapted from Figure 4.7 in  AlTawash [2011]) 
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resistant limestone layer, which was also interpreted as a colluvial wedge formed by normal 

faulting. Here, the loose sediments would be ideal for the passage of highly conductive saline 

water. Again an antithetic fault was identified to the west of the Qadimah Fault. 

2.3 Seismicity 

With an expanding seismic network being put into place by the SGS, more seismic data is 

becoming available for the Arabian Peninsula. Figure 2-14 shows all the recorded historical 

and instrumental events between 627 and 2008 AD in the region. The rift activity zones 

discussed in section 2.1.1 are also displayed. In the northern Red Sea, where rifting is in the 

latter stages of continental rifting, there is a wide distribution of seismicity about the rift axis. 

Although this could be related to some continued continental rifting, it is more likely due to 

the fact that more data exists due to records from both the Kingdom and Egypt. It has also 

been observed that there has been a gradual shift in the location of the events with time, 

which indicates that the spread may be due to errors in the positioning of the events. Further 

south, where sea floor spreading has initiated, events concentrate along the axial trough as 

passive margins have formed on either side of the rift. The Arabian coast is not entirely 

aseismic though, especially when compared to the African margin. This may be partly due to 

a lack of data on the African side, but also the fact that the Arabian coast is volcanically 

active. 

2.3.1 Historical Events 

The historical record compiled by Ambraseys [2009], covering the period between 627 and 

1884 AD, indicates that large earthquakes have occurred in Saudi Arabia in the past. In total, 

22 events having a Modified Mercalli Intensity (MMI) of between IV and IX have been 

recorded. Although none of these events occurred in the vicinity of the Qadimah Fault, 
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some were recorded along the western coast of the Red Sea. Volcanism played a role in 

some of these events however. 

2.3.2  Instrumental Record 

Until recently, the seismic network along the Arabian coast was sparsely distributed, meaning 

that the events shown in Figure 2-14 may not be well located. Although no events have been 

detected in the study region, a number of small magnitude events (Mw < 4) have occurred in 

the surrounding area.  

Figure 2-14: Regional seismicity map showing historical and instrumental events between 627 and 2008 
AD. The rifting zones discussed by Cochran and Karner [2007] are also shown. The Qadimah Fault lies in the 
transition zone where continuous oceanic spreading does not yet take place. Very little seismicity has been 
recorded in this area. To the north, continental rifting is still occurring, which is apparent by the much wide r 
distribution of recorded events. (Adapted from SGS [2008]) 

Badr Earthquake 
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A more recent event occurred at Badr in 2009, around 150 km to the north. It has been 

documented as a normal faulting event along a NW oriented fault, with a moment 

magnitude of 3.8 [Aldamegh et al., 2010]. While this earthquake did not cause significant 

damage, it does show that normal faulting events still occur along the coastal plain. This 

event occurred close to the zone marked as being in the latter stages of continental rifting. 
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3 TOPOGRAPHIC ANALYSIS OF THE QADIMAH FAULT 

Topographic data can be a useful tool for identifying geologic features such as normal faults. 

For instance, normal faulting often results in vertical discontinuities and surface tilting, 

which may be apparent in a Digital Elevation Model (DEM) of an area. 

Ground subsidence is likely to result on the hanging wall of a listric fault overlying a moving 

salt layer (Figure 3-1a). The curved nature of these faults means that the overburden must 

rotate, resulting in a sloped surface. Note that they are not usually associated with seismic 

events, although if the weak layer occurs at a significant depth then it cannot be ruled out. 

The footwall is expected to remain undeformed. 

On an active normal rotational fault, vertical displacements and tilting would be expected on 

both the footwall and hanging wall. Vertical movements involve uplift of the footwall and 

subsidence on the hanging wall side, as shown in Figure 3-1b. Since the extension is 

accommodated through rotation (reduction of fault dip) in this case, tilting of the fault block 

surface is to be expected. 

The objective of this chapter was to assess the DEM information for topography features 

that could provide further evidence of the fault. It was also desirable to determine whether 

(a) (b) 

Figure 3-1: Typical surface geometries due to normal faulting. (a) An example of a normal listric fault in the 
Gulf of Mexico that overlies a weak salt layer. Here the overburden tilts with the salt movements, while the 
footwall remains fixed (Adapted from Bose and Mitra [2012]). (b) A seismically active normal rotational fault 
accommodates the extension through increasing the rotation of the fault block. This results in both subsidence 
on the hanging wall and uplift on the footwall of the fault (Adapted from Burg [2012]). 
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the location and extent of the fault drawn by Roobol and Kadi [2008] is accurate.  

3.1 Methodology 

The Shuttle Radar Topography Mission (SRTM) data used in this analysis is freely available 

from the Jet Propulsion Laboratory [JPL, 2012] website. Ideally a LiDAR (Light Detection 

And Ranging) survey of the area would be undertaken since it offers much higher resolution 

than the 90 metres provided by the SRTM-3 data. This is not available at present, but may be 

a consideration for future work.  

3.1.1 Considerations 

One of the potential issues with SRTM-3 data is its accuracy. A global performance review 

found that the average absolute accuracy was around ± 8 metres [Rodriguez et al., 2006]. 

Errors are largely due to random measurement noise related to the slope and land use of the 

pixel, with larger topographic gradients and vegetated surfaces resulting in greater 

inaccuracies. Given the remarkably flat terrain (Figure 3-2a) and lack of vegetation in the 

study area, the absolute error is expected to be less than the global average. However, as 

topography profiles and gradients were the focus of this section, the relative accuracy is of 

greater importance. The slope and surface type along the coastal plain are very similar, so 

approximately the same errors are introduced to each pixel. Therefore, the relative accuracy 

should be much better than the absolute. Unfortunately, a more quantitative analysis cannot 

be given for this region since there is no model that the SRTM-3 data can be compared with.  

3.1.2 Procedure 

Gaps in the DEM model were replaced by the arithmetic mean of the eight pixels 

surrounding the missing value. A 3x3 moving window filter was then applied to suppress 

high frequency noise in the data. 
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The slope (a measure of the surface steepness) and aspect (the direction that the slope faces) 

of the elevation model was assessed at each pixel using the center finite difference of a 3x3 

moving window. To estimate these quantities, finite differences were taken in the x and y 

directions (zx and zy respectively) and the magnitude found to calculate the maximum slope 

angle (S) at the center point (Equation 3-1).  

 

3.2 Results & Discussion 

3.2.1 DEM Slope and Aspect 

Figure 3-2 displays the DEM model analysis of the Arabian Red Sea coast between latitudes 

of 21 and 23 degrees. The elevation plot in Figure 3-2a shows that most of the coastal plain 

lies below 50 meters above sea level (masl). The most interesting feature to note is the high 

proportion of pixels at or below sea level within the study area. This is much higher than the 

coastal plain south of KAUST, where the DEM indicates largely positive elevation. These 

tend to represent regions of sabkhah, which typically lie close to mean sea level. Uncertainty 

in the absolute value of the height measurements means that it cannot be said that all the 

pixels are truely below sea level. 

The maximum slope angle (in degrees from the horizontal) plotted in Figure 3-2b shows the 

very shallow slope of the coastal plain, which is typically below 0.3 degrees. In the vicinity of 
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 the Qadimah Fault, the slope angle appears to be slightly higher at around 0.6 degrees. The 

slope aspect shown in Figure 3-2c is even more interesting. In this plot, green-yellow 

represents an eastward facing slope while blue-purple indicates a westward oriented slope. In 

Figure 3-2: DEM Analysis of the Qadimah Fault. (a) Elevation model of the coastal plain. Note the elevation 
is saturated at 300 m. (b) The slope (magnitude) of the terrain in degrees from the horizontal and (c) the aspect 
in degrees clockwise from north. A close-up of the study region is shown in plot (d). Note the discontinuity in 
aspect in the region just north of KAUST, which follows the trace of the fault mapped by Roobol and Kadi 
[2008]. 

(a) (b) 

(c) (d) 
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general, the coastal plain has a very gentle dip towards the Red Sea (i.e., a westward facing 

slope). An analysis of the entire Red Sea coast in Appendix A shows that this is true of most 

of the Red Sea coastline, not only the region shown in Figure 3-2c. This is to be expected 

because the erosion and transportation of material from the foothills requires a seaward 

slope. However, there are a few anomalies that do not appear to follow this trend. It can be 

seen in Figure 3-2c that two strips of the coastal plain, one north of Jeddah and the other 

north of KAUST, appear to have an eastward facing slope.  

A more detailed image of the region around the Qadimah Fault is shown in Figure 3-2d. 

Here it is clear that the abrupt change in the slope direction from seaward to landward 

occurs almost exactly along the trace of the inferred fault mapped by Roobol and Kadi [2008]. 

On the seaward side of the fault, the slope of the terrain appears to face east while on the 

landward side it faces west. This feature would seem to be consistent with the movements of 

a normal rotational or listric fault, with the hanging wall being rotated about a horizontal axis 

running along the trace of the fault.  

While Figure 3-2d seems to support the location of the fault mapped by Roobol and Kadi 

[2008], it could also be argued that it extends further north and south. For instance, at the 

southern end it appears as though it may curve back to the coast through KAUST.  

3.2.2 Topography Profiles 

Average topography profiles across the Qadimah Fault have also been generated in order to 

assess the general trends of the surface topography. Movements along a normal fault 

generate the largest surface features perpendicular to the strike of the fault. Therefore, 

profiles with a west-east orientation were taken using an averaging window. Note that the 

window size varied slightly with each profile in order to keep regions of similar surface 



    

 

     

4 1  

geology within the same profile. It was felt that this was the best approach since features in 

the topography might otherwise be missed. It is noted that using the same window size for 

each profile does not dramatically alter the results 

The averaging windows of the 10 W-E oriented topography profiles are shown in Figure 3-3, 

with the corresponding profiles plotted in Figure 3-4. Here, the mean and median profiles 

are displayed along with the original data points to show the scatter of the data.  

Figure 3-3: location of the averaging windows used to generate the E-W topography profiles shown in Figure 
3-4. (Adapted from Plate 1 in Roobol and Kadi [2008]) 
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Figure 3-4 – Average W-E topography profiles across the Qadimah Fault corresponding to the averaging 
windows displayed in Figure 3-3. 
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Profiles A, B and C lie north of the mapped fault in Figure 3-3. Profile A does not appear to 

show any obvious features in the topography that may have resulted from movements of a 

normal fault (the step feature is likely due to erosion from Wadi al Halq). A discontinuity in 

the gentle seaward dipping slope is evident in Profiles B and C however, where fluvial 

deposits meet the lagoonal limestone (Ql). Although the flat region in Profile B may be the 

result of tectonic movement, it is also possible that reef building has formed a horizontal 

platform. A small trough at around 11 km east is observed, but this is due to the sabkhah. 

Profile C follows the inlet to the sabkhah, which shows a very gentle eastward tilt. As was 

discussed in Chapter Two, the sabkhah was likely to have been a lagoon at some time in the 

past. The tilting of the hanging wall due to faulting on the Qadimah Fault may have resulted 

in the lagoon being cut off from the Red Sea, which subsequently led to it silting up. 

Whether or not this is true, the eastward tilt provides evidence that the fault may extend 

further north than currently projected.  

The elevation change across the northern part of the mapped fault is shown in Profile D. On 

the coast is a small sea cliff formed by emergent Quaternary reef (Qr) deposits, which meet 

Quaternary limestone (Ql) with a gentle landward dip. This tilting could be related to 

rotation of the hanging wall block. The small trough in the limestone deposits are thought to 

be due to excavations made by the cement factory. To the east of the fault scarp, the land 

dips seaward with an average gradient of around five to six metres per km.  

Rather than showing any obvious tilting towards the east, the topography in Profile E 

appears flat up until the projection of the fault. It is suggested that this may be due to the 

accumulation of more recent piedmont fan flood deposits which have cut through the older 
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terrace layers. Therefore, a dipping limestone layer may have been hidden by the deposited 

fluvial sediments.   

Profiles F and G both show an eastward tilt of the limestone formation, with this feature 

particularly evident in the latter. Beyond profile G, there does not appear to be any surface 

evidence of a fault. Profile H is almost completely flat on the hanging wall side of the fault, 

although most of this area is submerged by Khawr al Qadimah. Both profiles I and J have a 

continuous dip towards the Red Sea, as is found along most of the coastline. The sudden 

jump in gradient in Profile J is due to a lava flow that stands higher than the coastal plain. 

Since the volcanic rock is harder than the surrounding unconsolidated deposits, it erodes at a 

much slower rate which results in differential erosion.  

Normal fault movement seems to be supported by profiles C to G in Figure 3-4. Here, the 

hanging wall side of the suspected fault has a landward tilt rather than the expected seaward 

tilt (as in Profile I for example). While the tilting of the hanging wall is clear, none of the 

profiles appear to show any evidence of uplift on the footwall side of the fault. Co-seismic 

deformation of the fault would be expected to result in uplift and back tilting of the footwall. 

However, it is possible that uplift occurred but has since been eroded away or hidden by the 

deposition of new sediments.  

The topographic data provides strong evidence that normal faulting has occurred along the 

Qadimah Fault. Since there are no signs of uplift on the footwall side of the fault, it is 

suggested that this may be evidence that the fault is due to gravity movements on a salt roller 

rather than the rupturing of a deep normal rotational fault. The profiles also suggest that the 

fault may extend further north than currently shown on the map. Although the profiles don’t 
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appear to show the fault extending south (as was evident on the slope aspect results), this 

could be due to smoothing of the data which may hide features covering only part of the 

box. However, just because there are no obvious surface expressions of the fault past a 

certain point does not necessarily mean that it does not continue further. 
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4 NEAR FAULT GEOMORPHOLOGY ANALYSIS 

Analysis of the SRTM-3 data gave a large scale overview of the topographic features around 

the Qadimah Fault. While the results showed evidence of tilting on the hanging wall 

(seaward block), there was no clear deformation on the footwall (landward block). 

Therefore, the aim of this section was to assess the local features of the footwall for 

evidence of normal fault movements.  

One method of assessing local deformation relies on having some geological feature where 

the initial, undeformed geometry is known. These are referred to as geomorphic markers and 

can be surfaces or linear features such as marine terraces, alluvial fans or shorelines [Burbank 

and Anderson, 2011]. Subsequent faulting results in deformation which accumulates on the 

marker. By comparing the present geometry of the marker to the assumed, undeformed 

geometry, it is possible to estimate the magnitude of the deformation. Ideally, the age of the 

marker would also be known to allow the linear deformation rate to be calculated. 

A potential geomorphic marker near the Qadimah Fault is the Quaternary reef (Qr) deposits 

that outcrop along the fault scarp (Profile D in Figure 3.3). Under suitable conditions for 

coral growth, constructive marine terraces will form. If these develop during a period of 

stable relative sea-level, the coral can grow upwards and outwards to fill the accommodation 

space. This will create a reef platform lying almost at sea level, such as those found along the 

current coast north of Jeddah (Figure 4-1). Such platforms can potentially be used as a paleo-

horizontal indicator. For this survey, it was initially assumed that the reef outcrops along the 

fault scarp were deposited parallel to the sea surface. Care has to be taken when making 

these assumptions though, which is discussed further in the results section.  
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4.1 Methodology 

A stop and go kinematic GPS survey was used to take spot heights of the present reef 

surface. This technique was chosen as it is a relatively quick surveying technique offering cm 

level accuracy. 

For this method, one GPS receiver is set up over a fixed point with known coordinates 

(known as the reference or base station) while one or more other receivers are allowed to 

move around to take measurements at points of interest (rover stations). The error in the 

GPS reading of the base station can be determined given that the true position is known. 

The Differential GPS (DGPS) correction assumes that the systematic errors (including 

ionosphere/troposphere delays and satellite ephemeris errors) are the same for both 

reference and rover receivers at all points within the survey. As long as the baseline between 

reference and base receivers is small (<15 km), this assumption should hold since the GPS 

signal will travel through essentially the same atmosphere. 

Figure 4-1: Typical reef morphology of reef formations found north of Jeddah. Here flat reef platforms have 
formed in response to the relatively stable sea level conditions that have prevailed for the past ~4 ka. When the 
reef platforms become emergent reefs due to sea level rise or continental uplift, they may be used as paleo-
horizontal indicators.(From Figure H4.10 in Purser and Bosence [1998]) 
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4.1.1 Procedure 

Three Trimble Net R9 GNSS dual frequency receivers and Trimble Zephyr Geodetic 2 

antennas were used for the survey. One of these units was setup at the pre-surveyed base 

station (39.1413oE, 22.6109oN, height 5.806 m), with the slant height of the antenna phase 

centre 0.83 m above the marker (Figure 4-2a). The remaining receivers were used as rover 

stations, with the antennas placed on two meter high poles (Figure 4-2b). Height 

measurements of the coral outcrops were then made, with data being recorded on all 

receivers simultaneously using a sampling rate of one Hz. Although it was only necessary to 

record two epochs of data at each required point (i.e. two seconds in this case), the rover was 

held in position for around 30-45 seconds. This was to aid in the data processing step where 

the points of interest needed to be distinguished from the random data generated while 

walking between points. 

Care had to be taken when selecting measurement points. For the coral outcrops, attempts 

were made to ensure that the measured point was away from the edge of the outcrop, where 

Figure 4-2: (a) The reference receiver positioned over the marked waypoint and (b) one of the roving GPS 
receivers used to collect data from around the site. 

(a) (b) 

2 m 
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erosion and collapse of the reef may affect the results (Figure 4-3). The surface of the coral 

is also highly irregular in places, so the choice of measurement point in a small area can 

affect the height value recorded. 

In the southern part of the survey, the coral has been covered by terrace deposits and very 

few outcrops are exposed. However, it has been uncovered in places by the drainage 

channels that cut through the terrace deposits. Therefore, in order to obtain a longer north-

south profile of the coral, measurements were also taken in these channels. The 

interpretation of these points needed to be considered carefully though, since it is unclear 

how much the limestone itself has been eroded. To limit this potential problem, the highest 

point within the channel was chosen and measured.  

Following the completion of the survey, the recorded data was post-processed using the 

freely available RTKLIB-Post software [Takasu, 2011]. 

4.1.2 Accuracy 

Given good quality data, the expected accuracy of the stop and go method is in the range of 

Figure 4-3: Image demonstrating the rugged nature of the coral outcrops. Areas which appeared to have collapsed 
(such as the bottom left corner) had to be avoided. 

Collapse at the edge 
of the limestone 
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10-20 mm ± one parts-per-million (ppm) [IITM, 2012]. The accuracy is better in the 

horizontal plane than the vertical however. In this case, it is the vertical accuracy that is of 

greater importance. As shown in Figure 4-3, the surface of the reef could be quite rugged in 

places. This meant that just changing the position of the receiver could lead to differences in 

height measurement on the order of ± 10 cm. Therefore, this controls the accuracy of the 

height measurements rather than the accuracy of the GPS itself.  

4.2 Results and Discussion 

Figure 4-4 shows the results of the survey. The majority of reef outcrop measurements 

(denoted by circles) are concentrated in the northern half of the survey with the southern 

part mostly representing limestone exposed in drainage channels (denoted by squares). It is 

clear from Figure 4-4a that the limestone surface dips towards the fault. A west-east profile 

(Figure 4-4b) reveals two linear dips having gradients of approximately six and nine metres 

per km. The gradient of the footwall from the topography profiles given in Chapter 3 is 

approximately six metres per km by comparison. The higher of the westward dips appears to 

be due to points measured in the central region of the survey (Figure 4-4a). With the 

exception of a few anomalous channel data points at the southern end, data from both the 

coral outcrops and channel exposures fit these linear trends well.  

Figure 4-4c shows a north-south profile of the results. Here it appears that the coral at the 

very northern end of the profile occur at a lower elevation than further south. 

Before considering what tectonic events may have caused this apparent tilting of the coral 

surface, it is important to recognize the limitations of the survey. The whole analysis relies 

on the assumption that the reef was originally deposited parallel to the surface of the sea. 

However, there are several reasons why this may not have been the case. As illustrated in 
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Figure 4-5a, coral reef development can be split into different zones, which include the fore-

reef, back-reef and reef crest. Typically, the fore and back reef will not be flat. In addition, 

the reef crest is only expected to form a platform when sea levels remain stable for long 

enough periods to allow the coral to grow up to the surface of the sea (Figure 4-5b). While 

this may be true in modern times (e.g. Figure 4-1), where sea levels have been stable for 

approximately 4,000 years, this has not always been the case. For instance, the sea-level 

reconstruction for the Red Sea given in Section 2.1 shows that during the last interglacial 

(~125 kya), levels were not as stable as they are today (although the results are likely to be 

less accurate). 

Figure 4-4: Results of the stop and go kinematic GPS survey. (a) Map view of the height measurements of the 
coral outcrops and channel bed data. The dashed red line marks the mapped location of the Qadimah Fault.  
Inset shows the location of the survey on the geology map of the area. (b) W-E profile of GPS measurements 
showing a seaward tilt in the coral surface. (c) A N-S profile of results shows that the coral outcrops at the  
northern end of the survey appear to be a lower elevation. 

(a) (b) 

(c) 

Footwall Hanging wall 
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The apparent tilting could also be due to differential erosion, since bedding of the reef can 

result in variable resistance to erosion (Figure 4-5c). Being in a hyper-arid environment 

should help preserve the reef from the effects of erosion. However, the Arabian climate has 

not always been arid, as was highlighted in Chapter Two. Therefore, it would be useful to 

know the age of the reefs to determine how much exposure to wetter climates they are likely 

to have experienced. 

If the assumption is made that the reef in question was originally a horizontal platform and 

has not experienced significant differential erosion, the next question to consider is what 

Figure 4-5: (A) An idealized cross section of reef building due to a rising sea. Note here that there are 
different zones and species of coral, some of which do not grow to the surface of the sea. (B) This shows the 
growth of the reef in A and how the growth responds to changing sea levels. A flat platform is created when 
sea-levels remain stable for long enough to allow the coral to catch up. (C) Falling sea levels can result in wave 
cut notches. (From Figure 2.2 in Burbank and Anderson [2011]; Chappell and Polach [1976])   
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may have caused the observed tilting of the reef. The dip of the coral surface towards the 

fault is the opposite of what would be expected on the footwall in a normal-faulting 

earthquake. Co-seismic deformation would result in uplift of the footwall block, with 

displacements decaying away from the fault. The surface displacements due to the 1983 

Borah Peak earthquake (Mw 7.0) in Idaho are given as an example in Figure 4-6. Note the 

back tilting on the uplifted footwall. If the fault is very old however, it is possible that the 

uplift on the footwall has since been eroded away.   

Although the results do not agree with the expected co-seismic deformation, it could be 

argued that the tilt is a result of inter-seismic deformation along the fault. Figure 4-7 shows a 

Figure 4-6: Example of co-seismic surface displacements on the Borah Peak fault in Idaho, 1983 (top). Note 
the uplift that occurs on the footwall closest to the fault which decays with distance. The distribution of 
aftershocks along the normal fault is also shown. (Adapted from Burg [2012]; King et al. [1988]). 
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schematic example of the deformation cycle across a normal fault. During the inter-seismic 

stage, the crust is bent across the locked fault. Note the small subsidence on the footwall of 

the fault as it is dragged down by the relatively large movements on the footwall. However, 

in this instance three to four metres of relative displacement appears to have occurred across 

the reef. This is highly unlikely to be due to the inter-seismic accumulation between two 

faulting events. Due to the crust not being perfectly elastic however, then not all of the strain 

will be recovered during a seismic event (i.e., some plastic deformation will remain). 

Therefore, the dip could be due to the accumulation of inter-seismic slip due to multiple 

seismic events. 

If the fault is controlled by salt tectonics, then uplift on the footwall would not be expected. 

In this case the geomorphic marker would likely be undeformed. However, work performed 

by Mauduit and Brun [1998] shows that it is possible for a small wedge to form on the 

Figure 4-7: Earthquake cycle on a normal fault. During the inter-seismic stage, deformation is locked across 
the fault. However, some small subsidence may build up on the footwall. Eventually the frictional strength of 
the fault is exceeded and the crust elastically rebounds in a co-seismic event. (Adapted from Figure 3.5 in  
McCalpin [1996]) 
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footwall, which is subsequently pulled down by movements on the hanging wall (Figure 4-8). 

This tilting of the footwall towards the fault is consistent with the finding of the GPS survey, 

so it is another possible explanation of the results. 

The variation of coral heights in the north-south profile should also be considered. Figure 

4-4c shows that the measurements at the northern end of the profile are at a lower elevation 

than further south (with the exception of some channel locations). One explanation is that 

they could indicate two different periods of coral generation. As was discussed in Chapter 

Two, the sabkhah in front of the reef was likely filled with water at some stage (either as a 

lagoon or sharm). Coral reefs may have developed on the back shoreline of these features. 

At the Qadimah Fault, reefs may have first developed in the central and southern region, 

with a subsequent drop in sea level. If sea levels then rose again, but not as high as during 

the first reef building period, then reefs could grow at the northern end near to the inlet of 

the sabkhah (i.e. at the northern end of the profile). The corals would need to be dated to 

Hanging wall Footwall 

Salt Roller 

Wedge on footwall  

 

Figure 4-8: Example of footwall pull down along a listric normal fault. Here a wedge forms on the footwall 
which is subsequently tilted towards the fault due to subsidence on the hanging wall. This could explain the 
features observed in the GPS survey. (Adapted from Figure 9 in Mauduit and Brun  [1998]). 
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determine whether they are from two generations of reef building. 

Another possibility is that the variation in reef elevation along strike is due to variable 

activity along the fault. For instance, if a wedge formed as shown in Figure 4-8, it is likely 

that different amounts of tilting and displacement would occur along the fault. 

4.3 Summary 

It is difficult to make a firm conclusion about what the tilting of the reef surface represents. 

While certainly an interesting feature, too little is known about the reef. Numerous questions 

should be considered further, including the species and age of the reef, whether multiple reef 

building periods have occurred and how much exposure there has been to erosion.  

If it is assumed that the reef was originally a flat platform, then it provides further evidence 

that deformation has been occurring along the fault. If the reefs are dated then it would be 

possible to estimate a linear rate of deformation. The cause of the tilting is not certain 

however. It is possible that it could be the result of inter-seismic accumulation of a deep 

normal fault or due to the pull down of a footwall wedge on a listric fault. 
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5 InSAR ANALYSIS OF THE QADIMAH FAULT 

Evidence supporting the existence of the Qadimah Fault has been provided in the previous 

chapters. The aim of this section was to determine whether there are any indications of 

current fault activity. Active tectonics, whether driven by salt movements or the local stress 

field, can result in surface deformation detectable by geodetic techniques. For this study, an 

Interferometric Synthetic Aperture Radar (InSAR) analysis has been performed to determine 

whether active deformation is taking place across the Qadimah Fault.  

Ground surface deformation rates due to both inter-seismic strain accumulation and salt 

flow can be very small. Furuya et al. [2007] report a rate of around three mm yr-1 due to the 

flow of evaporites in an extensional regime in Utah, while rates of less than two mm yr-1 are 

common for intra-continental faults [Biggs et al., 2007]. Although signals as small as these can 

be challenging to detect using InSAR, both interseismic deformation (e.g., Bell et al. [2011]; 

Biggs et al. [2007]) and evaporite movements (e.g., Shimoni et al. [2002];Furuya et al. [2007]) 

have been successfully measured using SAR technology.  

5.1 InSAR Background 

The following provides an overview of the theory behind InSAR. More detailed information 

can be found in resources such as Ferretti et al. [2007] and Hanssen [2001]. 

5.1.1 Synthetic Aperture Radar (SAR) 

Side looking satellites equipped with SAR transmit pulses of microwaves that illuminate a 

swath (S) of the Earth’s surface (Figure 5-1a). Some of this energy is backscattered to the 

satellite and recorded. Although the wave travels through millions of cycles as it travels along 

the satellite line of sight (LOS), only the phase (fraction of a wavelength) and amplitude are 

logged by the receiver. This information is stored as a complex number. 
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In this study, measurements from the Envisat satellite were used. This orbited at a height of 

around 800 km with a look angle (θ) of approximately 23o when in imaging mode IS2. 

5.1.2 Differential Interferometric Synthetic Aperture Radar 

The phase observations of a single SAR acquisition are of no practical use. However, the 

phase measurement made by two satellite passes of the same point (Figure 5-1b) can be 

differenced to generate an interferogram (known as repeat pass interferometry). These 

images of phase change show fringes where the phase measurements constructively interfere 

(e.g. Figure 5-2). Each full colour cycle (one fringe) represents a relative phase delay of 2π 

radians. For the Envisat satellite, which had a wavelength of 56 mm, one fringe represents 

28 mm of relative delay in the satellite line of sight (LOS) due to the two way travel of the 

returned signal. Note that these interferograms appear to be wrapped, meaning that the delay 

Figure 5-1: SAR configurations. (a) The basic set-up of an SAR acquisition. The Envisat satellite orbited at a 
height of approximately 800 km above the Earth’s surface. The satellite emits a signal at a look angle (θ) of 23o  
which reaches the Earth over a swath (S) due to the beam width. Some of this energy is reflected back in the 
line of sight (LOS) of the satellite where phase measurements are made. (b) Repeat pass interferometry 
configuration. The satellites never cover exactly the same orbit when imaging the same point on the ground. 
The satellites are separated by a baseline (B), which can be decomposed into parallel and perpendicular 
components (B|| and B┴ respectively). (Adapted from Figure 3.2 in Garthwaite [2011]). 

(a) (b) 
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is restricted to ±π. To obtain the total phase change at a pixel, phase unwrapping needs to be 

applied to resolve the modulo 2π phase ambiguity.  

5.1.3 Interferogram Signal Components 

If the satellite was positioned in exactly the same place on both SAR acquisitions, then 

ignoring any atmospheric effects, the changes in phase would be solely due to ground 

displacement (Figure 5-3b). However, the path of the satellite is perturbed on each pass by 

forces such as solar winds, atmospheric drag and gravitational anomalies. Therefore the 

satellite never retraces exactly the same orbit, resulting in a baseline between acquisitions 

(Figure 5-1b). The baseline (B) can be broken down into parallel and perpendicular baseline 

components (B|| and B┴ respectively). The geometric configuration of the two satellites adds 

an additional path length to the propagating electromagnetic wave (Figure 5-3a), which is 

recorded as a phase shift in the interferogram. 

Figure 5-2: Example of interferometric fringes resulting from the differencing of phase measurements made 
by two SAR images of the same region. One full colour cycle represents a phase change of 2π radians. The 
ambiguous phase measurements need to be unwrapped to determine the total phase change. (From Gens  
[2006]) 
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A number of other sources can introduce phase delays. The various phase contributions to 

the interferogram (φint) are given in Equation 5-1. 

 

The signal of interest ∆φdef, is the phase change due to ground deformation occurring 

between the two SAR images forming the interferogram. Therefore, all other phase 

components need to be estimated and removed.  

∆φtopo is a topography phase contribution that arises due to the different position of the 

satellite on each pass and is a function of the perpendicular baseline (B┴), topographic height 

(h) and incidence angle. To remove this error source, an interferogram is simulated using a 

DEM model and satellite orbit data, which is then subtracted from Equation 5-1. However, 

the positions of the satellite orbits are never known precisely, meaning that a residual error 

will remain in the interferogram (∆φorb). This along with atmospheric phase delays (∆φatm) are 

the main causes of concern, since these sources of phase delay can be much greater than low 

amplitude tectonic signals such as inter-seismic deformation [Biggs et al., 2007]. These two 

Figure 5-3: Interferometric phase signals due to (a) satellite geometry and (b) ground deformation. If a satellite 
images the same point from exactly the same position in space at different times, any shift in phase would be 
due to surface deformations. However, the satellite never views the point from exactly the same observation 
position, which adds an additional path length to the returned signal (From Figure 4 in Wright [2002]). 
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components are discussed in more detail below. ∆φother includes all other error sources such as 

unwrapping errors while f is an offset phase due to the seed location of the unwrapping 

process. 

Orbital Error (∆φorb) 

An orbital contribution to the interferogram signal arises due to the imprecise satellite state 

vectors (position and velocity information). These errors introduce an almost linear phase 

ramp into the interferogram [Bähr and Hanssen, 2009]. This long wavelength feature is largely 

due to relative errors in the perpendicular baseline and the rate of change of the parallel 

baseline error (Figure 5-4). It is possible to estimate this error by empirically fitting a plane to 

the unwrapped interferogram, which can then be subtracted from the phase measurement. 

Atmospheric Error (∆φatm) 

The high temporal variability of atmospheric conditions between SAR acquisitions can be a 

Figure 5-4: Interferogram phase errors due to uncertainties in satellite orbital position. (a) Definition of the 
different components of the baseline between the satellites during the master and slave SAR image acquisitions 
which form a single interferogram. The image shown is looking in the along track direction of the satellites. B|| 
is the parallel baseline while B┴ is the perpendicular baseline. (b) Errors introduced into the phase of a 
synthetic interferogram due to errors in the different components of the baseline between the satellites. Note 
the large linear errors introduced by errors in the perpendicular baseline and rate of change of parallel baseline 
compared to the negligible effects of errors in the parallel baseline and rate of change in perpendicular baseline. 
(From Figure 3 in Bähr and Hanssen [2009]). 

(a) (b) 
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major limitation in the use of InSAR techniques [Li et al., 2009]. Changes in pressure, 

temperature and water vapour content lead to variations in the refractivity index of the 

atmosphere. This alters the signal path length to the same point on the Earth’s surface, 

causing a phase delay and atmospheric artefacts in the interferogram. However, the dry 

atmosphere (pressure and temperature) changes tend to be small in magnitude and are less 

spatially variable than those caused by water vapour [Ding et al., 2008].  

The distribution of water vapour in the troposphere can vary substantially over both short 

spatial and temporal scales, which can introduce large interferogram errors. Atmospheric 

errors are particularly an issue close to sea level in warm countries, such as the Red Sea coast. 

Smaller errors are likely in high altitude (e.g., Tibet) or colder, dryer locations. For example, 

Figure 5-5 shows two interferograms formed from SAR scenes along the Red Sea coast (the 

study region). Here it is clear that large delays (on the order of ± 10 cm) can be introduced 

due to atmospheric conditions. A local weather front is apparent in the second image, which 

Figure 5-5: Examples of atmospheric artefacts introduced to uncorrected, unwrapped interferograms. The 
left image is formed from SAR acquisitions on 15 June 2004 and 7 March 2006 while on the right is between 
15 April 2008 and 20 May 2008. It is clear that these signals are not due to ground deformation, particularly 
the right image which appears to show a frontal weather system. 
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is clearly not related to ground deformation 

5.2 Methodology 

10 SAR images between 23 December 2003 (scene 031223) and 2 September 2008 (080902) 

were available from Envisat descending track 407 (Figure 5-6). This is much less data than is 

typically available from populated and tectonically active areas around the world. 

Unfortunately, the two end scenes were unusable due to strong atmospheric artefacts that 

could not be corrected (section 5.2.2). 21 interferograms were generated from the remaining 

eight scenes (Figure 5-6) using the GAMMA software [Werner et al., 2000]. The 

interferograms were then combined to generate a deformation rate map. The adopted 

processing procedure is discussed below. 

5.2.1 GAMMA Processing 

The raw SAR data were first processed to single look complex (SLC) format. Co-registration 

of each SLC image to a master image (in this case scene 031223) ensures that the pixels in 

Figure 5-6: Baseline map of the interferograms generated for the geodetic analysis of the Qadimah Fault. 
The available SAR images (circles) were from Envisat descending track 407. The numbers correspond to 
the acquisition dates (i.e. 031223 is 23 December 2003). Note that two of the SAR scenes (031223 and 
080902) were unusable due to atmospheric artefacts that could not be removed using MERIS data. T he 
blue lines represent two SAR images that were joined to form an interferogram. 
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each image correspond to the same location on the ground surface.  

The interferograms were then formed by complex multiplication of two SAR scenes, which 

determines the phase difference at each pixel. The pixel spacing is 20 m in range 

(perpendicular to satellite flight direction) and 4 m in azimuth (along track direction), which 

approximately correspond to the full resolution of Envisat in the image mode used (IS2). 

Multi-looking (down-sampling) of the interferograms reduces the high frequency noise and 

enhances the long wavelength signals. Therefore, an averaging window with four pixels in 

range and 20 pixels in azimuth was used to produce interferograms with a pixel size of 

approximately 80 m x 80 m.  

The resulting interferograms are in a satellite based coordinate system (range-Doppler). 

Geocoding was used to convert the data into geographical coordinates (i.e. longitude and 

latitude) based on the WGS-84 ellipsoid.  

High fringe density occurs in the resulting interferograms due to relative changes of the 

along track position of the satellites and topography. Interferogram flattening removes this 

contribution, where satellite position information and a DEM model are used to simulate an 

interferogram which is subtracted from the original.  

Prior to phase unwrapping, atmospheric phase delays were estimated and removed (see next 

section for more details). Once atmospheric corrections had been applied, pixels having a 

coherency below a threshold of 0.3 were removed from the image. The interferograms were 

then unwrapped using the minimum cost flow technique which unwraps the phase from 

modulus of 2π to a continuous signal. Finally, the interferograms were inspected for any 2π 

discontinuities in the unwrapped signal and adjusted accordingly.  



    

 

     

6 5  

5.2.2 MERIS Atmospheric Correction 

Numerous techniques have been developed to reduce atmospheric noise, including methods 

based on GPS and meteorological models, neither of which are available for this study. 

Fortunately, the Envisat satellite was equipped with a Medium Resolution Imaging 

Spectrometer (MERIS), which enables the simultaneous collection of precipitable water 

vapour (PWV) and SAR data. PWV, which is the height of condensed water vapour that 

would be contained in a column of unit cross-sectional area, is measured based on the 

differential absorption between two near infrared spectral sensors [Bennartz and Fischer, 2001]. 

Channel 15, which has a 10 nm bandwidth centred at 900 nm, is sensitive to the absorption 

of solar radiation by atmospheric water vapour while channel 14 (centred at 885 nm) is 

absorption free. Equation 5-2 is used by the European Space Agency (ESA) to derive the 

integrated water vapour content (IWV) based on the radiances of these two channels. 

 

Where k0, k1 and k2 are regression constants and R is the ratio of the radiances of channels 

14 and 15. The IWV is divided by water density to convert to PWV. 

A review of MERIS derived PWV measurements by Li et al. [2006] found that the accuracy 

is better than the theoretical value of 1.6 mm, making it a good option for the correction of 

SAR interferograms. However, there are several limitations with MERIS derived 

atmospheric products. Since MERIS is a passive system (i.e., requiring sunlight to take 

measurements), it cannot be used to correct SAR data taken at night. In addition, cloud free 

conditions are required to ensure that the derived height of water vapour represents the 

whole atmosphere and not just the atmosphere located above the cloud cover. 
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Processing Procedure 

The MERIS data used in this analysis was kindly provided by Dr. Zhenhong Li of the 

University of Glasgow. MERIS Level Two Reduced Resolution data was used, which has a 

pixel size of approximately 1.2 km. Although cloud cover is less of an issue in Saudi Arabia 

than in many areas, it still resulted in two SAR images being omitted from the analysis 

(scenes 031223 and 080902).  

The MERIS PWV measurements are first converted to zenith wet delay (ZWD), which 

describes the extra path length (one way) that is travelled by the electromagnetic wave due to 

atmospheric water vapour. The PWV is multiplied by the conversion factor Π (Equation 5-

3), which is a function of the mean troposphere temperature and typically ranges between 

6.0 and 6.5 [Li, 2005]. Unfortunately, it is not clear what information was used for this 

conversion as the data was provided in ZWD format. Since high resolution meteorological 

models do not exist for this region, an average value of 6.2 was likely used. 

 

The relative atmospheric delay introduces phase errors to the interferogram. If the ZWD on 

Figure 5-7: Example of ZPDDM generation. (a) Zenith wet delay in cm for 15 June 2004. (b) Zenith wet 
delay in cm for 7 Mar 2006 (c) ZPDDM in cm generated by taking the difference between (a) and (b).  
(Source: L i [2012]) 

(a) (b) (c) 

ZWD_20040615 ZWD_20060307 ZPDDM_20040615_20060307 
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two acquisition dates are the same, then no phase delay would be introduced to the 

interferogram, although this is highly unlikely to occur. Therefore, a zenith path delay 

difference map (ZPDDM) is generated for each interferogram, which displays the difference 

in ZWD between the two SAR images. 

Where ZWD1 and ZWD2 correspond to the master (earliest) and slave SAR ZWD maps 

respectively. An example of a ZPDDM is given in Figure 5-7. Note that the dry part (zenith 

dry delay) is assumed to have the same spatial distribution on the two days and so will cancel 

out. The ZPDDM is then converted from cm to phase and linear interpolation applied to 

obtain the ZPDDM in the same pixel spacing as the interferograms. The atmospheric phase 

delay is then subtracted from the interferogram phase.  

An example of the improvement made to an unwrapped interferogram is shown in Figure 

5-8. The correction works very well for removing the long wavelength atmospheric features, 

Figure 5-8: Example showing the effect of atmospheric water vapour on the final unwrapped 
interferogram. (a) Unwrapped interferogram between 15 Jun 2004 and 7 Mar 2006 with no correction fo r 
water vapour applied. Very large artefacts are apparent in the southern region of the image. (b) ZPDDM 
map covering the same dates. Large atmospheric delays correlate well with the position of the artefacts in 
(a). In (c), the phase due to atmospheric water vapour was removed prior to unwrapping using the ZPDDM 
in (b). The large atmospheric artefacts have been removed and most of the interferogram now appears to be 
stable.  

Jeddah 

KAUST 
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but some high frequency noise remains.  

5.2.3 InSAR Time-Series Analysis (Pirate) 

For low rate tectonic signals, interferograms having a long temporal baseline are necessary in 

order to generate one fringe. However, interferogram coherency is lost with increasing 

temporal baseline. In regions where pixels are not coherent throughout the whole time span 

of the analysis, a method of extracting the information that is coherent between some time 

spans but not others is required. 

For this purpose, a set of MATLAB codes collectively known as the Pirate (Poly 

Interferogram Rate and Time-series Estimator) software was developed at the University of 

Leeds [Wang et al., 2010]. Pirate enables a linear rate map to be generated from the input 

interferograms, which shows the steady state velocity of each pixel. The main steps used by 

the program are discussed below. A more complete analysis of the software can be found in 

Garthwaite [2011]. 

Convert Phase Observations to Displacement 

The unwrapped, geocoded interferograms are first converted to displacement measurements 

(in the satellite LOS) using Equation 5-6. 

 

Where ξ is displacement in mm, λ the wavelength of the satellite signal and φ the pixel phase 

observations.  

Minimum Spanning Tree (MST) Network 

Pirate uses independent interferogram observations at each pixel to generate a linear rate 

map. Each pixel may use a different set of independent interferograms depending on which 

scenes the pixel is coherent in. As there are eight SAR images available, seven interferograms 
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are required at each pixel to form an independent network. To determine the most reliable 

set of interferograms for each pixel, a minimum spanning tree (MST) network is created. 

The trees in this instance are the epochs (SAR acquisitions), which are connected by the 

interferograms. Pirate uses the fraction of non-zero pixels (i.e. the coherency) to rank the 

interferograms, with top being the most coherent. 

The analysis will start at the first pixel and the highest ranking interferogram selected. If the 

pixel in question is coherent in the interferogram, then it forms the first branch of the 

network, joining together two epochs. The second highest ranked interferogram is then 

picked. If it joins two separate epochs it is added to the network, else it is discarded. This 

procedure is continued until all of the epochs have been connected.  

An example of an MST network is given in Figure 5-9, which shows the most reliable 

network that will be used if all the indicated interferograms are available at a given pixel. If 

Figure 5-9: Minimum Spanning Tree (MST) network for the generated interferograms. Pirate generates an 
MST for each pixel. This is the optimum MST based on interferogram coherency. If any of these 
interferograms are incoherent at a certain pixel, then the next best network will be selected. 
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one of these interferograms is not coherent, then a different MST network will be used. The 

seven unwrapped interferograms corresponding to this network are provided in Appendix B. 

Reference Point Estimation 

For the deformation observations to make physical sense, a pixel which is assumed to have 

been undeformed over the timespan of the InSAR analysis is required. This is known as the 

reference point. It is unlikely that this point will have zero deformation though due to the 

different seed points used in the phase unwrapping stage. Therefore, a reference point needs 

to be selected and the observed displacement subtracted from each interferogram.  

To determine the best reference point, Pirate searches the interferograms for the region of 

highest coherency. 1000 tie points are distributed on a regular grid and small windows used 

to determine the coherency between interferograms. Windows showing coherency below a 

threshold of 0.8 are discarded. From the remaining windows, the tie point with the smallest 

standard deviation is selected as the reference point for all interferograms. The 

displacements of all other pixels are then relative to this point. 

Correction of Orbital Error 

As shown in Figure 5-10a, orbital errors introduce a linear phase ramp to the interferograms. 

This can be removed on an interferogram by interferogram basis by fitting a plane of the 

form given in Equation 5-7 to the data. 

 

Where i and j represent the SAR acquisitions forming the interferogram, k is the pixel 

number with x and y representing the easting and northing coordinates of the interferogram. 

The coefficients of the equation (a and b) denote the gradient in the north and east 
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directions respectively, which need to be solved for. This problem can be expressed as a set 

of linear equations as shown in Equation 5-8. 

 

Here, A represents the design matrix which contains a row for each pixel in the 

interferogram and a column for each parameter. The column vector d contains the phase 

observations of each pixel while m holds the unknown coefficients (a and b) for each 

interferogram.  

This requires the solution of an over-determined linear inverse problem for which the 

method of least squares given in Equation 5-9 is appropriate. 

 

An example of a derived phase ramp is shown in Figure 5-10b, along with the correction 

made to the relevant interferogram. 

(a) (b) (c) 

 

 

-50

0

50

mm

Figure 5-10: Example of orbital error correction. (a) Interferogram 040615_060307 before orbital correction. 
The linear ramp like function dominates the interferogram signal. (b) Optimum orbital plane determined by 
Pirate using a least squares inversion. (c) Interferogram after subtraction of the orbital plane from the original 
image. 
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Interferogram Variance-Covariance Matrix (VCM) 

In the final rate map analysis, Pirate uses an interferogram variance-covariance matrix 

(VCM) to weight the least squares inversion. The lead diagonal terms in the matrix define the 

variance of the interferograms while the off diagonal elements show the co-variance between 

pairs of interferograms, a measure of interdependence between interferograms. Note that 

the spatial covariance is not considered as Pirate estimates the rate of deformation for each 

pixel independently. The VCM for this analysis is shown in Figure 5-11. 

Linear Rate Map Generation 

Each interferogram represents the surface deformation measured between two SAR 

acquisitions, meaning that each interferogram covers a different timespan. To allow all of the 

interferograms to be analyzed collectively, the deformation can be expressed as a velocity 

(mm yr-1). This assumes that the rate of deformation is constant, which should be a good 

approximation for tectonic signals such as inter-seismic deformation [Biggs et al., 2007]. The 

velocity of each pixel is determined individually using the seven independent interferograms 

Figure 5-11: Variance-covariance matrix for the interferograms used in this analysis (in mm2). The lead 
diagonal represents the variance of the individual interferograms while the off diagonal elements reflect the 
covariance between pairs of interferograms. Interferogram one represents the earliest pair of SAR images 
forming an interferogram. 
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(MST network) for the given pixel. A set of linear equations results for each pixel (Equation 

5-10) which can be solved using a weighted least squares analysis. 

Where ξ is a column vector of displacements (mm) from the independent interferograms for 

the pixel in question and TTTT is a column vector of the interferogram timespans (in years). vk is 

the deformation velocity (mm yr-1) which is found using a least squares inversion weighted 

by the VCM as shown in Equation 5-11 [Biggs et al., 2007]. 

In this equation, ∑∑∑∑ξ ξ ξ ξ is the interferogram VCM. The inverse is taken so that the noisiest 

interferograms are given the least weight. 

5.3 Results & Discussion 

The rate map created from the inversion of the MST network at each pixel is given in Figure 

5-12. The deformation rate is given in mm per year, where negative values imply ground 

movement away from the satellite. As the interferograms have only been generated from one 

satellite track, the displacement can only be determined as the projection in the line of sight 

vector of the satellite. Therefore, a negative displacement could imply either ground 

subsidence or horizontal movement in the same direction as the look vector (or a 

combination of the two).  

The full rate map shown in Figure 5-12a appears to show that the region is relatively stable. 

Some high frequency noise is still apparent but this is to be expected given the limited data 

available. A closer view of the region around the Qadimah Fault is provided in Figure 5-12b. 

Note the change in colour scale used in this figure to highlight the low amplitude signals (in 

the range of ± 2 mm yr-1). This image suggests that there may be some very small 
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deformation taking place across the fault. On the seaward block the ground surface has 

moved away from the satellite, while on the landward side of the fault the signal appears to 

be more stable. An active normal fault might be expected to have some inter-seismic 

subsidence on the hanging wall of the fault. Therefore, if this movement is assumed to be in 

the vertical direction (i.e. subsidence on the seaward block), then it would be broadly 

consistent with the inter-seismic accumulation of a normal fault. The observations could also 

be driven by gravity sliding above a weak salt layer. Given the small number of SAR images 

though, it is difficult to say for certain whether this is a real deformation signal. However, it 

is interesting that the transition in the deformation rate occurs almost exactly along the trace 

(a) (b) 

Figure 5-12: Rate map output from the Pirate analysis. Positive values indicate that the ground has moved 
towards the satellite (LOS). (a) The full steady state velocity map of the region shows that on the whole, the 
region is very stable. (b) A close up of the Qadimah Fault area appears to show a discontinuity along the 
projection of the fault. The movement away from the satellite could be consistent with inter-seismic 
deformation of a normal fault. Note that a different colour scale is used in the two images.  

Red Sea 
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of the fault mapped by Roobol and Kadi [2008]. It could also be argued from Figure 5-12b that 

the fault continues further south, curving back to the coastline through KAUST. Similarly, at 

the northern end of the fault it may follow the sabkhah (incoherent part) and curve back 

round to the coastline.  

One point that the results do highlight well is the very good potential for MERIS PWV data 

to reduce atmospheric noise in warm, low lying regions. Figure 5-13 shows a rate map that 

was generated without the use of these corrections. It is clear that without MERIS 

corrections the data is far too noisy to form a reasonable analysis, with the rate map showing 

very large atmospheric artefacts. Reduced pixel coherency is also evident as a result of the 

atmospheric delays. The rate map produced after MERIS corrections (Figure 5-12) shows 

that it is very good at removing the longer wavelength atmospheric features, although high 

frequency noise remains. Since longer wavelength deformation signals are of interest in this 

Figure 5-13: Example of rate map produced by Pirate where the input interferograms have not been corrected 
using MERIS PWV data. 
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case (on the order of 5 km), the higher frequencies (< 2 km) are not so important. 

To show the LOS rate map more clearly, W-E profiles were taken across the fault. The 

locations of the averaging windows are given in Figure 5-14, with the corresponding profiles 

shown in Figure 5-15. The profiles were generated using a moving window average of 50 

pixels to extract the long wavelength signal from the data. 

If the movement away from the satellite is assumed to be due to ground subsidence, then 

several of the profiles across the fault could be consistent with the inter-seismic 

accumulation of a normal fault. Profiles C and D in particular, which lie at the northern end 

of the mapped fault, have a mean subsidence on the hanging wall block (west of the fault) 

Figure 5-14: W-E profile locations taken over the rate map of the Qadimah fault region. These profiles are given 
in Figure 5-15. 
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 Data points; Qadimah Fault; Mean LOS displacement; ±1 standard deviation 

Profile A Profile B 

Profile C Profile D 

Profile E Profile F 

Profile G Profile H 

Figure 5-15: W-E profiles of the linear rate map taken across the Qadimah Fault (locations given in Figure 
5-14). It appears as though the ground has been moving away from the satellite on the westward side of the 
fault (hanging wall). It is not possible to say for sure if this is a real deformation signal as the background noise 
is still relatively high. 

Hanging wall Footwall 

Location of GPS survey in 
Chapter Four 
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of around 1 mm per year. However, since 0 mm yr-1 still lies within the one standard 

deviation interval, it cannot be said with any certainty that this deformation signal is real. 

More interferograms are needed to suppress the noise and resulting spread of the data. 

The assumed subsidence decays to approximately zero on the footwall block (east of the 

fault). It is interesting that there is a narrow (~500 m) zone just to the east of the fault which 

appears to be subsiding in Profile C. This corresponds to the location of the GPS 

measurements made in Chapter Four, where a seaward tilt was measured in the coral surface. 

The coral at the front edge of the footwall appears to have subsided by three metres with 

respect to the more eastward height measurements. If the mean subsidence of 0.5 mm per 

year at the location of the fault in Profile C is considered to be true, then it would take 

around 6,000 years for the amount of tilting observed in the field to accumulate. This could 

explain the observations made in the field, although as mentioned previously, nothing 

definite can be concluded. 

5.3.1 Fault Modelling 

If the signal in Figure 5-12 is considered to be real, then it is possible that it relates to either 

inter-seismic accumulation on the fault or surface movements due to a weak salt layer. 

Geodetic measurements such as these can be used to estimate a set of fault parameters to 

explain the observations made at the surface. An elastic half-space model by Okada [1985] 

was used for this purpose which allows planar normal faults to be analysed for surface 

deformation. This model assumes that the seismogenic zone (upper crust where rocks 

display brittle behaviour resulting in earthquakes) responds passively in response to 

continuous creep of the fault in the ductile zone. The inter-seismic creep on this portion of 

the fault results in a smoothly varying deformation profile at the surface. Seven input 

parameters are used in the modelling; length (km), width (km), depth of locking (km), fault  
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dip (degrees) and slip of the ductile layer (strike slip, dip slip and opening components) as 

shown in Figure 5-16a. It is not possible to determine a well constrained model given the 

large uncertainty in the rate map data. Therefore, only a simple analysis was performed to 

Figure 5-16: Inter-seismic fault modelling of the Qadimah Fault. (a) Parameters of the fault used to generate 
the expected surface deformations due to creep of a ductile portion of the fault. Note the length of the 
modelled fault was 26 km. (b) Profile of surface deformations predicted by the model (red) which was 
compared to Profile C from the InSAR rate map given in Figure 5-15. (c) The ground deformation rate 
(mm/yr) due to slip on a fault locked to 6 km is projected into the line of sight for a descending Envisat 
satellite. The buried fault (purple box) and surface expression of the fault (dashed line) are both highlighted. 
This can be compared to the real rate map derived in this report shown in (d). The long wavelength 
deformation features in the two maps are quite similar. 

(a) (b) 

(c) (d) 

Surface projection of the 
ductile region of the 
fault 
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determine a fault model that could be used to explain the observations. To do this, the fault 

parameters were adjusted to obtain a surface displacement profile that approximately 

matched the mean of Profile C in Figure 5-15.  

A possible set of fault parameters is given in Figure 5-16a, with the resulting surface profile 

shown in Figure 5-16b. The limit of fault locking depths tends to be in the range of 10 – 20 

km [Freymueller, 2011]. However, crustal stretching along the Red Sea coastline means that 

the crust has been thinned to around 15 km compared to 40 km further inland [Roobol and 

Kadi, 2008]. The thinner crust and elevated mantle material will increase the temperature 

gradient of the rocks, so the brittle-ductile transition is likely to occur at a relatively shallow 

depth. A shallow locking depth results in the inter-seismic strain being spread over a 

narrower surface area compared to deeper faults, as well as requiring smaller slip rates to 

cause the same surface deformation. 

Most of the deformation signal can be explained by the fault model given in Figure 5-16a. 

However, it was not possible to model the surface deformation so that it exactly matched 

Profile C (Figure 5-16b). This was due to the zero mean deformation observed on the 

coastline. The model predicts a relatively long wavelength surface deformation, even when 

the fault is modelled as being shallow (here a locking depth of 8 km is used). If the signal in 

Figure 5-12 is real, it could indicate that another normal fault may run just offshore. In this 

case the coastline would form the footwall of the second fault, which undergoes a small 

amount of uplift during the inter-seismic period between earthquakes.  

Figure 5-16c shows the expected InSAR rate map due to the modelled fault. Here the 

ground deformation is converted to the radar line of sight by taking the dot product of the 
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satellite look and ground displacement vectors. This compares well to the actual InSAR rate 

map in Figure 5-16d. 

Fault modelling suggests that the slip rate would need to be around 7 mm per year to 

generate the observed surface displacement. Due to the high dip of the fault, this would 

equate to approximately 3 mm per year of extension. As shown in Chapter Two, the 

spreading rate of the Red Sea at the latitude of the Qadimah Fault is currently around 11 mm 

per year. Although it is not impossible that 3 mm of this extension is accommodated by the 

Qadimah Fault, it seems unlikely. If crustal extension is still occurring in this region (which it 

may be since it lies in a transition zone between continental rifting and sea floor spreading), 

it would be more likely that extension is accommodated by normal faults that lie close to the 

rift axis. The lack of seismic activity along the coastal plain shown in Chapter Two would 

also support this.  

Clearly the 7 mm yr-1 rate is not well constrained as this is only a very simple analysis. 

However, a slip rate this high would indicate that perhaps the deformation measured on the 

fault is more likely to be due to movement of the overburden above a salt layer.  

5.4 Summary 

An InSAR analysis has been performed on the Qadimah Fault, which has shown that active 

deformation may be occurring on the hanging wall of the fault. Unfortunately, the analysis is 

limited by the small number of SAR scenes available, so this cannot be said with any 

certainty. However, the observations could be consistent with inter-seismic deformation or 

the movement of the overburden above a salt layer. A simple fault model suggests that the 

latter of the two scenarios would be the more likely cause. 
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While it has not been considered in detail, it may be worth considering that the signal 

observed in the InSAR rate map could also be due to changes in the ground water table or 

seasonal fluctuations in the soil moisture content. The gravel deposits on the footwall of the 

fault are more permeable so would be less effected by rainfall than the finer deposits found 

on the footwall of the fault.  
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6 DISCUSSION 

The work presented in the preceding chapters supports the existence of the Qadimah Fault 

and the findings of Roobol and Kadi [2008], AlTawash [2011] and Mahmoud [2012]. Analysis of 

an elevation model revealed a distinct discontinuity in the slope aspect coinciding with the 

location of the fault while the resulting landward tilting of the hanging wall is consistent with 

the expected movements of a normal fault. The InSAR analysis also shows possible active 

movement in the area that could be compatible with a normal fault. 

Both the DEM data and InSAR rate map agree well with the location of the fault mapped by 

Roobol and Kadi [2008]. In a personal communication, Roobol [2011] explained that the fault 

may extend further to the north and south than currently shown on the map. The results 

provide some evidence for this. At the southern end, the rate map and slope aspect results 

suggest that the fault may curve through KAUST and back to the coastline. The northern 

end is more difficult to define, but may follow the sabkhah and curve back to the coast. A 

possible extension of the fault is shown in Figure 6-1, but the actual extent of the fault needs 

to be determined accurately by taking more seismic profiles across the fault. 

While the evidence certainly supports the existence of a normal fault, the cause is still a 

question that needs to be answered. The fault is considered to be either a reactivated normal 

rotational fault from rifting of the Red Sea or due to gliding of the overburden above a weak 

and mobile salt layer. The lack of evidence of footwall uplift in either the emergent reef GPS 

survey or in the DEM analysis indicates that it is more likely to be a fault controlled by salt 

movements. A very simple fault modeling exercise based on the InSAR ratemap results also 

suggests that the required slip rate to cause the observed deformation is unlikely to be due to 

Red Sea rifting. However, the results are limited by a lack of data so caution needs to be 
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exercised when interpreting the results. Here only suggestion as are made based on what has 

been observed. More information is required in order to verify these statements.  

The lack of seismicity along the coastline (Chapter Two) is another argument that would 

favour a shallow listric fault. Although the rift system is still in a transition zone according to 

Cochran and Karner [2007], it is unlikely that the faults underlying the coastal plain undergo 

significant extension. Faults near to the rift axis are most likely to accommodate any 

extension, which is supported by the concentration of seismic activity along the rift axis. 

However, a fault due to a major rupture of a deep basement fault cannot be completely ruled 

out. 

Figure 5-17: Geology map of the Qadimah Fault showing possible extensions of the fault past the current 
mapped position. These positions are not certain though and need to be assessed through the use of more 
geophysical tests on the fault. (Adapted from Plate 1 in Roobol and Kadi [2008]). 
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There is certainly evidence that evaporites have been deposited in the area. Folle [2006] 

reports that salt accumulations have been found both on and offshore in the region around 

Jeddah.  In addition, Roobol [2011] revealed that salt rollers were visible on seismic reflection 

profiles of the area. The movement of a ductile salt layer could be due to lateral tectonic 

loading resulting in extensional stresses [Fossen, 2010]. However, it can also be caused by 

differential sedimentary loading and gravity. In the northern Red Sea, Plaziat et al. [1998] 

observed seaward dipping salt layers which can result in salt flow towards the rift basin. 

Even very shallow dips can generate gravity forces able to overcome the low shear strength 

of salt. In addition, Mitchell et al. [2010] have reported large salt flows offshore in the central 

Red Sea. While it is not known if this could be related to any features on the coastline, it 

does at least show that salt movements occur in the region.  

Salt flow causes thin-skinned extension of the overburden deposits, which may be 

accommodated by the formation of curved (listric) faults that sole into the decollement. 

Here, fault blocks slide on the weak salt layer, which are detached from the underlying 

basement rocks. The occurrence of this type of faulting in the central and southern Red Sea 

off Sudan is mentioned in a paper by Duval et al. [1992].  The tilting observed in profiles of 

the DEM, in addition to the InSAR rate map, could both be used to support this type of 

movement.     

A fault controlled by gravity tectonics is unlikely to pose a seismic hazard to the 

developments in the region. The decollement layer of these types of fault is typically in the 

upper few kilometers of the crust where low confining pressures and shear strength do not 

enable large stresses to build up. However, a fault controlled by gravity tectonics does not 

necessarily mean that there is no hazard at all. It is possible that the salt structures formed in 
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relation to movement of the sub-salt basement rocks. Salt rollers may have formed due to 

fracturing caused by the faulting of the rotational faults, which subsequently weakened the 

overburden, allowing salt structures to form. This is known as reactive diapirism.  

Clearly there are still many questions that need to be answered to enable proper hazard 

mitigation plans to be put into place before the majority of the KAEC is constructed. More 

information about the deep seismic profiles, such as the location of the salt rollers and 

depth, urgently needs to be obtained. If this is not possible then a new survey should be 

conducted. 
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7 CONCLUSION 

This study set out to better understand the Qadimah Fault by searching for further 

geophysical evidence of the fault and the possible mechanisms that caused it. Using a variety 

of techniques, the study has further backed up the findings of previous investigations for the 

existence of a normal fault.  Tilting of the coastline and of emergent coral reefs along an 

apparent fault scarp, in addition to possible deformation revealed by an InSAR analysis, can 

all be used as evidence for the fault.  

It has been put forward that the findings indicate a fault controlled by a ductile salt layer, 

rather than a normal rotational fault due to rifting. A lack of uplift on the footwall of the 

fault as well as possible active deformation revealed by an InSAR analysis led to this 

hypothesis. However, the limitations of the methods used mean that these are only 

suggested results based on some large assumptions. Although firm conclusions cannot be 

made from this study, it is hoped that the findings will initiate further work so a more 

reliable interpretation of the data can be made. 

A fault controlled by gravity sliding above a ductile salt layer is unlikely to pose a significant 

hazard to the developments in the region. However, the threat of an event on a buried 

rotational fault cannot be ruled out from the results of this study. 

7.1 Suggestions and Future Work 

Although the existence of the fault has been established, work still needs to be done to 

determine the seismic hazard it poses to the new developments. Many different surveys can 

be used to help better understand the fault.  

A deep seismic reflectivity survey of the area is recommended to be undertaken as soon as 

possible. This will enable the location, depth and type of fault to be determined. Aramco are 
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known to have performed seismic surveys of the area, but unfortunately they are not able to 

release the data.  

Dating of the sediments in the area is essential if the recent geological history is to be 

understood. The emergent reef deposits in particular need to be dated using the 

Uranium/Thorium method so that the GPS survey in Chapter Four can be reevaluated.  

Trenching through the fault would be very informative and would allow offsets in the 

sedimentary deposits to be studied. This would require the help of a paleoseismologist 

however as well as further geophysical tests to determine where best to locate a trench. This 

could be potentially dangerous though due to the high water table. An alternative method 

might be to take borehole samples across the fault. 

Although the InSAR analysis suggested that deformation could be active across the fault, 

this will need to be confirmed using alternative methods. One option would be to install 

continuous GPS stations around the site and monitor over a long period of time to 

determine if it was a true signal. 
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APPENDIX A 

The plots below show the slope aspect (direction of maximum gradient) for the entire Red 

Sea coastline. This is mentioned in Chapter Three of the thesis where the local topography 

around the Qadimah Fault is analysed. 
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APPENDIX B 

The figures below show the seven most common interferograms used in the rate map 

analysis in Chapter Five. These form the optimum minimum spanning tree (MST) network 

based on coherency 
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