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ABSTRACT 

Volcanic and Tectonic Activity in the Red Sea Region (2004-2013): Insights from 
Satellite Radar Interferometry and Optical Imagery 

Wenbin Xu 

Studying recent volcanic and tectonic events in the Red Sea region is important for 

improving our knowledge of the Red Sea plate boundary and for regional geohazard 

assessments. However, limited information has been available about the past activity due 

to insufficient in-situ data and remoteness of some of the activity. In this dissertation, I 

have used satellite remote sensing to derive new information about several recent 

volcanic and tectonic events in the Red Sea region. I first report on three volcanic 

eruptions in the southern Red Sea, the 2007-8 Jebel at Tair eruption and the 2011-12 & 

2013 Zubair eruptions, which resulted in formation of two new islands. Series of high-

resolution optical images were used to map the extent of lava flows and to observe and 

analyze the growth and destructive processes of the new islands. I used Interferometric 

Synthetic Aperture Radar (InSAR) data to study the evolution of lava flows, to estimate 

their volumes, as well as to generate ground displacements maps, which were used to 

model the dikes that fed the eruptions. I then report on my work of the 2009 Harrat 

Lunayyir dike intrusion and the 2004 Tabuk earthquake sequence in western Saudi 

Arabia. I used InSAR observations and stress calculations to study the intruding dike at 

Harrat Lunayyir, while I combined InSAR data and Bayesian estimation to study the 

Tabuk earthquake activity.  

The key findings of the thesis are: 1) The recent volcanic eruptions in the southern 

Red Sea indicate that the area is magmatically more active than previously acknowledged 
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and that a rifting episode has been taken place in the southern Red Sea; 2) Stress 

interactions between an ascending dike intrusion and normal faulting on graben-bounding 

faults above the dike can inhibit vertical propagation of magma towards the surface; 3) 

InSAR observations can improve locations of shallow earthquakes and fault model 

uncertainties are useful to associate earthquake activity with mapped faults; 4). The 

successful application of satellite remote sensing technologies in studying the recent 

volcanic and tectonic processes in the Red Sea region implies that remote sensing data 

are an important resource for the local authorities to monitor geohazards. 
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Chapter 1 

Introduction 

Rapid urbanization and population growth in western Saudi Arabia near the shores of the 

Red Sea and in the entire Red Sea region have led to increased risk and vulnerability to 

earthquakes and volcanic activity. Good knowledge of past earthquakes and volcanic 

events in the region is vital to recognize what new activity might occur in the future and 

how it could affect populated areas. However, due to a lack of seismic and geodetic data 

collection, observations of past activity in the Red Sea have been limited, making it 

challenging to derive valuable information about past events. Therefore, to improve the 

situation, I have gathered available satellite remote sensing data of recent earthquake and 

volcanic activity in the Red Sea region and combined them with other data sets and 

geophysical modeling. The results provide new information about recent volcanic 

eruptions in the southern Red Sea and about earthquakes and magmatic activity in 

western Saudi Arabia.  

The Red Sea-Afar-Gulf of Aden rift triple junction region has been very active 

during the past decade with multiple volcanic eruptions, dike intrusions and earthquake 

swarms [Grandin et al., 2010; Hamling et al., 2010; Nobile et al., 2012; Ebinger et al., 

2013; Wright et al., 2014]. This extensive activity has provided numerous opportunities 

to study a variety of magmatic processes, such as rifting events and episodes, magma 

plumbing and propagation at divergent plate boundaries, interaction between successive 

dike intrusions, variations in stress-field orientations, and dike-fault interactions. In the 
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Afar region, ground-based measurements and satellite remote sensing data have been 

used to measure ground deformation caused by the activity there and the results have 

provided significant new insights into magmatic processes at divergent plate boundaries 

[e.g. Wright et al., 2006; Grandin et al., 2010; Hamling et al., 2010]. However, 

observations of volcanic eruptions within the Red Sea have been lacking and only limited 

information has been available.  

The first eruption to occur in the southern Red Sea in over a century started on 30 

September 2007 on Jebel at Tair Island (Xu and Jónsson, 2014). This eruption destroyed 

a small Yemeni military outpost and caused several casualties. A few years later and 50 

km to the south, two submarine eruptions occurred in the Zubair archipelago that resulted 

in two new volcanic islands (Xu et al., 2015a). Because of the remoteness and 

inaccessibility, these volcanic events were not monitored by seismometers or 

conventional geodetic instruments. Therefore, many questions remained regarding these 

eruptions, such as: What was the course of the events? What is the magma plumbing 

system like in the southern Red Sea? Where is the source of magma? Why did the 

volcanoes wake up after more than one-century of quiescence? What is the stress field in 

the Red Sea region? 

 Numerous volcanic fields (called harrats) exist on the Arabian shield to the east of 

the Red Sea, where at least 21 historical eruptions have been recorded [Camp et al., 

1987]. For instance, near the holy city Medina, which has a population of over 1.3 

million, a fissure eruption occurred in 1256 AD (possibly also in 1800 AD) with lava that 

flowed towards the city and today part of the city is on top of that lava flow. In 2009, a 
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dike intruded to shallow depths below the Harrat Lunayyir volcanic field (200 km from 

Medina) and almost reached the surface, which prompted the Saudi Arabian authorities to 

evacuate 40,000 people from the their homes [Pallister et al., 2010]. Although a few 

studies have been carried out already to study this dike intrusion [Pallister et al., 2010; 

Jónsson, 2012; Hansen et al., 2013; Koulakov et al., 2015], several questions about the 

activity remained unanswered. For example: why did the intrusion not make it to the 

surface to start an eruption? How did the magmatic intrusion trigger and interact with the 

extensive surface cracking observed in the field?  

The Arabian plate is usually considered to be seismically inactive. However, 

some damaging earthquakes have occurred historically, especially in western Arabia. 

This indicates that the extension is not entirely focused at the middle of the Red Sea and 

that some of the faults within the Arabian plate remain active. Finding these active faults 

is important to improve seismic hazard assessments. The 2004 Tabuk earthquake 

(magnitude 5.1) is an example of an intra-plate earthquake that occurred on the Red Sea 

flank in northwestern Saudi Arabia, over 200 km away from the center of the Red Sea 

rift. Data from sparsely distributed seismometers could not be used to locate the epicenter 

of the mainshock well and reported locations range up to ~20 km from each other, 

making it impossible to associate the earthquake with a mapped fault in the area. This 

leads to the question whether or not geodetic observations can be used to improve the 

location of the main event and to identify the source fault?  
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1.1 The Red Sea 

The Red Sea was formed as a result of the breakup of the Nubian-Arabian continent 

during the Oligocene-Miocene [Bosworth et al., 2005]. It is now a narrow ocean basin 

lying between the Nubian and Arabian plates extending some 2000 km in length and up 

to 350 km width in the south. The Red Sea is bordered by the Arabian Shield to the east, 

characterized by a steep escarpment as high as 3 km and by somewhat lower topographic 

step on the western side. Currently, the separation rate between the Arabian and Nubian 

plates is about 7 mm/yr in the north and it gradually increases to ~16 mm/yr in the south 

[ArRajehi et al., 2010].  

The geodynamics of the Red Sea rift has been thought to vary from passive rifting 

in the northern part to active spreading in the southern part [Bosworth et al., 2005]. More 

recently, results indicate that most of the Red Sea basin is underlain by oceanic crust and 

therefore actively spreading in the north as well [Tapponnier et al., 2013]. This is 

supported by high gravity anomalies along the Red Sea that were interpreted as being 

related to the formation of new oceanic crust [Seber et al., 2001]. In the southern Red 

Sea, active seafloor spreading has been on going for ~5 million years with basaltic 

materials being injected along the axial zone [Almalki et al., 2014]. South of 17ºN, the 

southern Red Sea rift is divided into two branches, separated by the Danakil block, with 

the Danakil depression to the West and the southernmost Red Sea ridge to the East 

[McKenzie et al., 1970; McClusky et al., 2010]. 
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The interaction of the tectonic extension with the Afar Hotspot has resulted in 

spatial and temporal variations in volcanic activity in the Red Sea region, which has been 

discussed in detail by Bosworth et al. [2005]. Four distinct phases of volcanism can be 

related to the opening of Red Sea since the early Oligocene. The first phase of volcanism 

commenced in Ethiopia, SW Yemen and NE Sudan at ~31 Ma as a plume-related basaltic 

trap volcanism [Burke et al., 1996], which spread northward to western Saudi Arabia 

[Bosworth et al., 2005]. The second volcanic phase, which began at ~24 Ma, was 

characterized by basaltic dikes intruding synchronously from Afar to northern Egypt. 

This volcanism was accompanied with the rift normal extension in the Afar [Bosworth et 

al., 2005].  

At ~14 Ma, another phase of volcanism started predominantly in western Saudi 

Arabia, Jordan, Lebanon and Syria but locally in Ethiopia [Ilani et al., 2001]. The fourth 

and last stage of volcanism lasted during the past ~1 million years. This activity has been 

focused more to the south, within western Saudi Arabia, Yemen, Afar and offshore in the 

southern Rea Sea [Camp et al., 1987]. Seismic travel times and waveform inversions 

demonstrate the existence of hot material under Afar and beneath western Arabia, rather 

than following the orientation of the Red Sea [Chang et al., 2011]. Together the volcanic 

fields from all the different stages extend from Syria in the north to southwestern 

Ethiopia in the south over a distance of 3000 km, which is probably one of the world’s 

largest volcanic provinces [Camp, 1989]. 
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Figure 1-1: Map of the Red Sea region (http://topex.ucsd.edu/WWW_html/srtm30_plus.html) 
showing the study areas in this dissertation labeled in red. Orange areas show volcanic fields. 
Blue dots indicate earthquake locations from the ISC catalog. Black arrows show GPS velocities 
and yellow lines mark the plate boundaries in the region [Bird, 2003].  
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1.2 Objectives of the Study 

The primary goal of my thesis is to improve the knowledge about recent volcanic and 

tectonic activity in the Red Sea region, i.e. by addressing the questions posed in the first 

section of this chapter. To achieve this I have sought to gather all available satellite 

remote sensing data (i.e. radar and optical sensors) and used modeling to explain the 

observations.  More specifically, my work can be separated into three main objectives:  

1. To study the course of recent volcanic events and the magma plumbing system in the 

southern Red Sea region, I first used high-resolution optical images to observe surface 

changes due to eruptions and then used InSAR to generate surface displacement maps. 

The SAR data are from several different satellites (TerraSAR-X, Tandem-X, ALOS, 

ERS-2 and Envisat). I also used geophysical modeling to constrain parameters of the 

physical processes (e.g., magma propagation, fault movements) taking place beneath the 

surface.  

2. To better understand the failed eruption at the Harrat Lunayyir volcanic field, I used 

InSAR data to make a series of interferograms showing the deformation due to the 

ascending dike and the development of normal faulting at the surface. I then used stress 

calculations to study the stress interactions between the intruding dike at shallow depth 

and the normal faults at the surface. 

3. To identify the source fault of the 2004 Tabuk mainshock, I used InSAR data to model 

and better locate the fault plane at depth. I also used uncertainty analysis to quantify the 

fault model parameter uncertainties, which provide the confidence level needed to 

associate the activity with recognized faults in the area. 
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1.3 Thesis Outline 

The dissertation consists of a series of chapters with each chapter based on an 

independent manuscript that has either already been published in a scientific journal or is 

being prepared for submission.  

Chapter 2 focuses on the 2007-8 Jebel at Tair eruption in the southern Red Sea 

and this work was published in Bulletin of Volcanology in 2014 [Xu and Jónsson, 2014]. 

I mapped the coverage, the progress, and the volume of the lava flows in the eruption, as 

well as analyzed the co- and post-eruption ground deformation using high-resolution 

Quickbird images, Worldview-2 images and InSAR observations. I also used co-eruption 

InSAR data to invert for the location and geometry of the dike that fed the eruption. I 

found that the local stresses within the volcanic edifice at shallow depth seem to be 

isolated from the regional stress field. 

In chapter 3, I present remote sensing observations of two Surtseyan eruptions 

that gave birth to two new oceanic islands in the Zubair archipelago (southern Red Sea) 

in 2011-12 and 2013. I analyzed and quantified the growth of the islands during the 

eruptions and the subsequent coastal erosion from high-resolution optical satellite 

images. Using TanDEM-X InSAR datasets, I calculated and modeled the co-eruption 

deformation that occurred on the neighboring islands. I have proposed that this 

magmatically active zone, which has been under appreciated, has probably been 

experiencing a rifting episode. This work has been published in Nature Communications 

[Xu et al., 2015a]. 
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Chapter 4 focuses on the 2009 Harrat Lunayyir dike intrusion in western Saudi 

Arabia. In this work, I combined InSAR observations and stress-change calculations to 

unravel the sequence of events during the intrusion and to analyze the interaction 

between the intruding dike and the normal faulting that occurred at Harrat Lunayyir. I 

have documented for the first time the temporal progress of the intrusion during its ascent 

up to shallow depths, followed by the initiation of graben-bounding normal faults. I then 

report on the interaction between the dike injection and the normal fault slip by 

calculating the Coulomb Failure Stress change (ΔCFS). I have found that the initiation of 

the normal faulting prevented further upward dike propagation. This work is in 

preparation for publication. 

In chapter 5, I turn my attention to an intra-plate earthquake sequence that 

occurred near the city of Tabuk in northwestern Saudi Arabia in 2004. In this study I used 

InSAR data to improve the mainshock location and implemented Bayesian estimation to 

identify the active source fault in the area. This work has been published in Bulletin of 

the Seismological Society of America [Xu et al., 2015b]. 

As chapters 2 to 5 have their own discussion and conclusions sections, I only 

summarize the main findings of the thesis research and list suggestions for future 

research in the final chapter of the thesis.  
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Chapter 2 

The 2007–8 Volcanic Eruption on Jebel at 
Tair Island (Red Sea) Observed by Satellite 
Radar and Optical Images 
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Abstract 

We use high-resolution optical images and Interferometric Synthetic Aperture Radar 

(InSAR) data to study the Sept. 2007 - Jan. 2008 Jebel at Tair eruption. Comparison of 

pre- and post-eruption optical images reveals several fresh ground fissures, a new scoria 

cone near the summit, and that 5.9±0.1 km2 of new lava covered about half of the island. 

Decorrelation in the InSAR images indicates that lava flowed both to the western and to 

the northeastern part of the island after the start of the eruption, while later lavas were 

mainly deposited near the summit and onto the north flank of the volcano. From the 

InSAR data, we also estimate that the average thickness of the lava flows is 3.8 m, 

resulting in a bulk volume of around 2.2×107 m3. We observe no volcano-wide pre- or 

post-eruption uplift, which suggests that the magma source may be deep. The co-eruption 

interferograms, on the other hand, reveal local and rather complex deformation. We use 

these observations to constrain a tensile dislocation model that represents the dike 

intrusion that fed the eruption. The model results show that the orientation of the dike is 

perpendicular to the Red Sea rift, implying that the local stresses within the volcanic 

edifice is decoupled from the regional stress field. 

2.1 Introduction 

The Red Sea is a divergent plate-boundary between the African and the Arabian plates 

with an opening rate that increases from 7 mm/yr in the north to 16 mm/yr in the south 

[ArRajehi et al. 2010]. In the southern Red Sea the rift boundary splits into two branches 

(Figure 2-1a), with one branch following the Red Sea with decaying opening rate to the 
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southeast and the other branch lying along the Danakil depression and meeting up with 

the East African rift and the Aden ridge [McClusky et al. 2010]. The Jebel at Tair island 

is an oval-shaped stratovolcano, located in the south-central Red Sea between Yemen and 

Eritrea. This small island is only ~4 km long, covering an area of about 11.4 km2, and its 

highest peak is 258 m above sea level (Figure 2-1b). The surface of Jebel at Tair is 

covered by tholeiitic basaltic lava flows and is cut by numerous open radial fissures [Gass 

et al. 1973]. The most recent volcanic eruptions on the island (before 2007) were in 1833, 

1863, and in 1883, and possibly during the 18th century [Smithsonian Institution 2007]. 

The island has been uninhabited, apart from a small Yemeni military outpost.  

In the afternoon of 30 September 2007, an energetic fissure eruption started on 

Tair island, depositing lavas to the NE and W of the summit and destroying the military 

outpost, resulting in several causalities [Smithsonian Institution 2007]. Visual inspection 

made by Yemeni scientists from a helicopter on 1 October 2007 showed lava fountaining 

from a short fissure extending from the summit area and down to the northeastern flank 

of the volcano [Jamal Sholan, personal communication, 2012]. Steam plumes were seen 

rising from fissures on the west flank but no lava fountaining in the west was observed, 

but fresh lava flows were seen in this area extending down to the shore. A new summit 

scoria cone had formed above the northeastern fissure on 21 October 2007, when a field 

trip was carried out to the island, and at that time lava mainly came from that scoria cone 

[Jamal Sholan, personal communication, 2012]. No further direct field observations were 

made of the volcanic eruption by Yemeni scientists and it has not been clear how long the 

eruption lasted.  However, a series of SEVERI (Spinning Enhanced Visible and InfraRed 

Imager) images show that a thermal anomaly observed from the onset of the eruption 
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disappears around 15 January 2008 (+/-1 day) [Talfan Barnie, personal communication, 

2012], which indicates that the total duration of 2007-8 Jebel at Tair volcanic eruption 

was 107 days.  

Clarisse et al. [2008] analyzed volcanic SO2 with an Infrared Atmospheric 

Sounding Interferometer (IASI) and tracked the plume of the Jebel at Tair eruption for 

the first 12 days. Shibata and Kouketsu [2008] studied the volcanic clouds from the Tair 

eruption using both a ground based Lidar in Nagoya, Japan and a spaceborne aerosol 

Lidar onboard the CALIPSO satellite and found the clouds to be non-depolarized and not 

composed of ice particles and that they were transported from the troposphere to the 

stratosphere. Temperature profiles also indicate that the eruption cloud penetrated the 

tropopause and reached 16 km altitude [Eckhardt et al. 2008].  

The Jebel at Tair volcanic eruption occurred in a remote and mostly uninhabited 

area where no seismometers or conventional geodetic instruments have been installed to 

monitor volcanic and earthquake activity. Earthquakes located by regional networks 

provide limited information, although they show increased seismicity near the island as 

early as on 21 September 2007 [International Seismological Centre, ISC; 

http://www.isc.ac.uk/). At least four ML>4 earthquakes occurred in the afternoon of 30 

September, which probably coincided with the dike propagating to the surface. Given the 

lack of local instrument recordings and direct observations of the Tair eruption, remotely 

sensed data from satellites provide key information to understand and explain the course 

of events during the eruption and in the subsequent months.  



26 
 

 
Figure 2-1: (a) Topography and bathymetry of south-central Red Sea 
(http://topex.ucsd.edu/WWW_html/srtm30_plus.html), where the Jebel at Tair volcano is located. 
Red symbols show locations of volcanoes [Siebert et al. 2010] and yellow lines mark the plate 
boundaries in the region [Bird 2003]. Black arrows show GPS velocities with 95% confidence 
ellipses in a Eurasia-fixed reference frame [ArRajehi et al. 2010]. (b) TanDEM-X DEM shaded 
relief topography of Jebel at Tair island with 50 m elevation contour lines. The coverage of the 
new lavas is shown in red and several new ground fissures are in gray. 
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Table 2-1: Information about the SAR datasets and the high-resolution optical images.  

Satellite Orbit Track Frame 
Acq. Date  

(yyyyymmdd) 
Perp. Baseline  

(m) 

ALOS 

4606 596 290 20061205 142.2 

7290 596 290 20070607 -597.6 

7961 596 290 20070723 -225.1 

8632 596 290 20070907 0 

9303 596 290 20071023 50 

9974 596 290 20071208 82.2 

10645 596 290 20080123 215 

11316 596 290 20080309 462.1 

12658 596 290 20080609 947.4 

14000 596 290 20080909 -1751.2 

15342 596 290 20081210 -1212.4 

18026 596 290 20090612 -1032.2 

18697 596 290 20090728 -1119 

19368 596 290 20090912 -814.8 

20039 596 290 20091028 -540.3 

20710 596 290 20091213 -475.9 

22723 596 290 20100430 56.5 

ENVISAT 
19871 278 5425 20051218 0 
29390 278 5582 20071014 -45 

ERS-2 
52236 278 6576 20050417 0 

70773 278 6579 20081102 105 

Tandem-X 
130 - - 20111115 -201.2 

130 - - 20121226 283.8 

Quickbird 

- - - 

20070706 

- WorldView-1 20081222 

WorldView-2 20111022 

Note that TanDEM-X data, co-eruption interferograms and optical images shown in bold 
are discussed in the text. 

In this study, we use high-resolution optical images and Interferometric Synthetic 

Aperture Radar (InSAR) data from satellites to study the 2007-8 eruption. Commercially 

available optical satellite images have resolution as good as 50 cm and can provide 

important details about the surface change occurring in volcanic eruptions and other 

natural disasters. InSAR has proven to be a powerful tool for mapping crustal 
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deformation with a centimeter to millimeter accuracy and at a high spatial resolution 

[Massonnet and Feigl 1998]. We start by describing the high-resolution optical images 

and then the available InSAR data and the data processing. We document how the lava 

progressed during the eruption based on radar coherence time series maps, and generate 

pre- and post-eruption DEMs to estimate the subaerial volume of the lava flows. We also 

use the InSAR data to model the dike that fed the eruption, applying constraints from the 

optical images. 

2.2 High-resolution Satellite Optical Images 

High-resolution satellite optical images acquired before and after the eruption provide 

detailed information about the surface changes on the island caused by the eruption. They 

help to understand the eruption activity, to find where ground fissures opened, where new 

lava was deposited and how the coastline changed.  

We ordered three high-resolution cloud-free satellite images, one from before and 

two from after the eruption (Table 2-1). The first image was acquired by the Quickbird 

satellite about three months before the onset of the eruption on 6 July 2007 and it has 60 

cm pixel resolution (Figure 2-2a). The post-eruption images were acquired by the 

WorldView-1 satellite on 22 December 2008 (not shown) and the WorldView-2 satellite 

on 22 October 2011 (Figure 2-2b) and these images have 50 cm pixel resolution. The co-

eruptive changes can be clearly seen in both post-eruption images, but the 2011 image is 

of better quality and we therefore focus our co-eruption surface-change analysis on that 

image.  
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Figure 2-2: High-resolution optical satellite images of Jebel at Tair volcano from before and after 
the 2007-8 eruption. (a) The pre-eruption image was taken on 6 July 2007 (60 cm spatial 
resolution), showing that the small island was covered by old lava flows and radially distributed 
ground fissures. Red rectangle marks the area covered in Figure 3-3. (b) The post-eruption image 
is from 22 October 2011 (50 cm resolution) and it shows the new lava flows (pink), a new scoria 
cone (red), several new ground fissures (light blue), possible buried new fissure (dashed light 
blue) and changes to the coastline (yellow) in the north.  
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Figure 2-3: The details in the summit area (see coverage in Figure 2-2a) before and after the 
eruption. (a) The pre-eruption image shows several old fissures and two old cones, while the post-
eruption (b) image shows clearly the new scoria cone and lava flows, as well as several new 
fissures, one located beneath the scoria cone and extending into the saddle between the two old 
cones. 

The pre-eruption Quickbird image shows that the island was covered by multiple 

old lava flows before the 2007 eruption began (Figure 2-2a). Several radially distributed 

open fissures can be distinguished in the lava flows and two summit cones are visible 

(Figure 2-3a).  These cones can also be identified in the Shuttle Radar Topography 
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Mission digital elevation model (SRTM DEM) (Figure 2-1b). Older erosional sea cliffs 

are exposed on the southeastern shore of the island (Figure 2-2), and these cliffs probably 

existed all around island, but were later mostly covered by lava flows [Gass et al. 1973]. 

In addition to these natural features, several car tracks and buildings can be seen on the 

island in the pre-eruption image. 

The post-eruption WorldView-2 image shows, when compared to the pre-eruption 

image, that about half of the island is covered by new lava flows, which appear black and 

gray-yellowish in color (Figure 2-2b). The lava seems to have flowed mainly to the NE, 

N and W from the summit of the volcano and all the way to the Red Sea coastline. Many 

of the buildings and most of the car tracks were buried by the lava flows. 

The perimeter of the new lava flow is ~26.5 km and the area 5.9 km2, as mapped 

from this high-resolution optical satellite image. We were able to detect the flow edges 

with a precision of about 5 m (10x the spatial resolution of the WorldView-2 image) so 

we estimate the uncertainty of flow area determination to be ±0.1 km2. The lava flowed 

to the sea both in the west and in the northeast, causing changes to the shoreline (Figure 

2-2b), enlarging the area of the island by 0.13 km2. The new scoria cone seen in the field 

on 21 October is clearly visible in the image near the summit and it has a base diameter 

of ~0.25 km. We are not sure when it started to form, but an Envisat SAR amplitude 

image shows that it was already there on 14 October 2007. In addition, a Terra ASTER 

image from 8 October exhibits a strong point-like thermal anomaly at this location, 

indicating that the eruption had already focused on a single summit vent by that day 

[Smithsonian Institution 2007].  
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Several new eruptive fissures are seen in the post-eruption image (Figure 2-3b). 

They were only active during the initial phase of the eruption, producing the lava that 

extends down to the shore in the west, north and the northeast. One of the fissures lies 

right beneath the new scoria cone and extents ~0.25 km to the southwest of the cone with 

a N59°E orientation. It also extended several hundred meters down the flank to the 

northeast, as was seen during the visual inspection made from air on 1 October [Jamal 

Sholan, personal communication, 2012), but most of it was subsequently covered by lava 

flows from the new cone (Figure 2-3b). Several small ground fissures can also be seen 

~0.6-1.6 km west-southwest of the scoria cone (Figure 2-2b). They are slightly offset to 

the north and have a somewhat different strike of ~N60°E-N90°E, when compared with 

the summit fissure. The total length of these fissures on the west flank is ~1.1 km. These 

eruptive fissures suggest that the eruption was fed by dikes with similar orientations at 

shallow depths. 

2.3 Evolution of the Lava Flow  

Mapping the extent and evolution of lava flows is critical to volcano monitoring and 

valuable for understanding lava flow dynamics. This type of mapping has in the past been 

primarily based on field observations, e.g. from handheld GPS measurements or on 

airborne surveys [Poland 2007], but in recent years decorrelation in InSAR images has 

increasingly been used for this task (e.g., Dietterich et al. 2012). Here, we generate 

multiple interferograms from 17 SAR images acquired between 5 December 2006 and 30 

April 2010 by the ALOS satellite (L band: 23.6 cm wavelength) and use the 
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interferometric coherence to map the evolution of the lava during the 2007-8 Tair 

eruption (Table 2-1). Radar coherence in an interferogram is a manifestation of the 

similarity of the surface scattering properties between the two radar acquisitions that were 

used to form that interferogram. In areas of no change between InSAR images, the 

coherence of the generated interferograms is generally high, even for multi-year 

interferograms. However, when new lava is deposited, the surface scattering properties 

change completely, resulting in total decorrelation of the interferometric signal in the area 

covered by the new lava. Based on the decorrelated area in the InSAR data, we map the 

extent of new lava with time during the eruption [Dietterich et al. 2012]. However, rapid 

lava cooling, resulting in thermal contraction and physical compaction, can also cause 

interferometric decorrelation, which can be difficult to discriminate from decorrelation 

caused by new lava emplacement in the coherence maps.  

Table 2-2: Information on the evolution of lava flow after the onset of the 2007-8 Jebel at 
Tair volcanic eruption.  

Days Dates Area (km2) Reached the sea 

0-23 30 Sep 2007-23 Oct 2007 4.9 Yes 

23-69 23 Oct 2007-8 Dec 2007 1.7 No 
69-115 8 Dec 2007-23 Jan 2008 1.4 Yes 

0-115 30 Sep 2007-23 Jan 2008 5.9 Yes 

Note that summing up the area values from the individual time periods exceeds the total 
area, as the subsequent lavas partly cover the earlier lavas. 

In the radar data processing, we followed a standard two-pass approach, with 

effects of the topography removed by using the SRTM DEM [Farr et al. 2007]. The raw 

radar data were processed to SAR images and interferograms using the GAMMA 

software [Werner et al. 2000]. We spatially averaged (multilooked) the interferograms 

using a 1×3 pixel window to reduce noise, then filtered them with an adaptive filtering 
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algorithm [Goldstein and Werner, 1998], and unwrapped the interferograms using a 

statistical minimum cost-flow unwrapping algorithm [Chen and Zebker, 2001]. The 

unwrapped interferograms together with their corresponding decorrelation maps were 

then finally projected to geographic coordinates.  

The coherence maps (Figure 2-4) show the evolution of the lava flows during the 

eruption and confirm that the eruptive activity was most vigorous during the first phase. 

The time-resolution of this method is limited due to the long repeat time of the ALOS 

satellite (46 days), which provides only three possible windows to study the evolution of 

the lava during the eruption. Decorrelation in an interferogram that spans the first 23 days 

of the eruption shows that lavas were deposited to the west, north and northeast, reaching 

the Red Sea (Figure 2-4a). In fact, most of this lava was likely produced in the first 2 

days, as by 1 October the lava had already reached the shoreline, according to the aerial 

inspection mentioned above. The estimated subaerial area of the lava deposited in the 

first 23 days is about 4.9 km2 (see Table 2-2), which is a majority of the eventual 5.9±0.1 

km2 total subaerial area of the 2007-8 lava. The lavas produced during the two 

subsequent time periods primarily flowed to the north of the summit, partly covering the 

earlier lava from the first period as well as covering new ground. The area of the lava 

produced during the second phase of the eruption (23-69 days after the start of the 

eruption) is smaller than during the first phase, or about 1.7 km2, and it did not reach the 

Red Sea (Figure 2-4b).  During the third period (69-115 days after the start) lava 

continued to flow to the north, reaching the coast again, with a subaerial flow area of 

about 1.4 km2 (Figure 2-4c).  
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Figure 2-4: Evolution of the lava flow during the Jebel at Tair eruption. The areas covered by new 
lava during the first 23 days, between day 23 and 69 after the start of the eruption, and between 
day 69 and 115 are shown in blue, light blue and yellow, respectively. 

A time-series of satellite thermal images from MODIS and SEVIRI instruments 

suggests that the eruption ended on 15 January 2008 (+/- 1 day), as discussed above 

[Talfan Barnie, personal communication, 2012]. However, satellite data used in the 

Hawai'i Institute of Geophysics and Planetology (HIGP) Thermal Alerts System show 

intermittent thermal anomalies after 15 January, or until mid-May 2008 [Smithsonian 

Institution 2008]. The ALOS data do not provide precise information about when the 

eruption ended, due to the long 46-day repeat time. Post-eruption decorrelation maps, 

formed using ALOS data from 23 January to 9 June 2008, show reduced coherence of a 

~0.8 km2 area near the summit. This reduction of coherence is probably due to rapid lava 

flow cooling and physical compaction, rather than new lava, as the coherence is not 

completely lost. We therefore think that the eruption did not continue until May 2008, but 

ended on 15 January 2008 (+/-1 day) and that the intermittent thermal anomalies after 15 

January may have been due to low-level, residual activity around hot open, degassing 

vent(s). 
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2.4 Lava Flow Volume 

We also used multiple ALOS interferograms and TanDEM-X data [Krieger et al. 2007] 

to derive pre- and post-eruption DEMs, respectively, to estimate the total volume of the 

2007-8 Jebel at Tair lava flows (Table 2-1). The pre-eruption and post-eruption DEMs 

were generated from interferograms with different perpendicular baselines ranging from 

142 m to 740 m, corresponding to heights of ambiguity between 18 m and 452 m. The 

height of ambiguity is defined as the height difference that generates a full 

interferometric phase cycle (i.e., 2π) after interferogram flattening and is inversely 

proportional to the perpendicular baseline [Massonnet and Feigl 1998]. The 

interferogram with a longer baseline has a smaller height of ambiguity and is therefore 

more sensitive to topography. In order to improve the accuracy of the final DEMs, we 

first derived height values from N interferograms and then calculated a weighted average 

based on the interferogram coherence and perpendicular baseline (Eq. 2.1), as proposed 

by Lu et al. [2003]:  

h = !!!!!!
!!

!
!!!!

!!
!

                                                       (2.1) 

where h! is the height value derived from interferogram i, C! is the coherence and B! is 

the perpendicular baseline of that interferogram. When the pre-eruption DEM is 

subtracted from the SRTM DEM, the resulting residual DEM shows random noise, a 

phase ramp and detailed terrain structure. We first low-pass filtered the residual DEM to 

reduce the noise level, then fit a polynomial function to remove the phase ramp which 

mainly includes the atmospheric effects and orbit errors, leaving only the detailed terrain 
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information, which we added to SRTM DEM to form the final pre-eruption DEM 

[Rowland et al. 2003; Wadge et al. 2006]. 

 
Figure 2-5: Elevation change between the pre-eruption DEM, generated from ALOS 
interferograms, and the TanDEM-X post-eruption DEM. The inset shows a histogram of the 
DEM differences (standard deviation 1.9 m) for areas not covered by the new lava flow.  

The difference between the pre- and post-eruption DEMs reveals the topographic 

height change caused by the eruption, which is primarily due to the deposition of lavas 

and the formation of the new summit scoria cone. A histogram of the refined height 

differences in areas with no new lava flows has a symmetrical distribution that peaks at 
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zero and standard deviation of 1.9 m (Figure 2-5), which indicates that the DEMs are 

well aligned. For the standard deviation calculation, we excluded the area near the 

southern cliff where radar geometrical distortions are severe. An alternative way to 

estimate lava thickness is simultaneously inverting the interferometric phase for 

topographic change and displacement [Ebmeier et al. 2012].  

Examining the derived height-change map (Figure 2-5), we find significant 

positive elevation changes in and close to the new scoria cone with a maximum value of 

~60 m, and a notable positive height difference of about 20-40 m on the northern flank. 

We estimate the average subaerial thickness of the 2007-8 volcanic products to be about 

3.8 m (Table 2-3). Visual inspections made in the field indicate that the average lava 

thickness near the coast is similar, or about 3 m [Jamal Sholan, personal communication, 

2012]. We estimate the bulk flow volume to be 2.2±1.1×107 m3 by integrating the height 

changes within the area of the new lava. This estimated volume only includes the amount 

of lava that appears above sea level. The majority of 2007-8 flows are ‘a’ā [Jamal Sholan, 

personal communication, 2012], and therefore the dense-rock equivalent (DRE) volume 

is smaller, here estimated ~1.7±0.8×107 m3, assuming 25% vesicularity.  

Table 2-3: Information on the Jebel at Tair lava flow volume, determined from pre- and 
post-eruption DEM height differences.   

Parameter Value Method 

Subaerial area  5.9±0.1 km2 
Optical image and InSAR 
decorrelation 

Average subaerial thickness    3.8 m DEM difference 
Max. subaerial thickness ~ 60 m DEM difference 

Subaerial DRE volume ~ 1.7±0.8×107 m3 
DEM difference, assuming 25% 
vesicularity 

Dike DRE volume ~ 5.0×106 m3 Dike model 
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2.5 Observed Deformation with InSAR 

Interferograms that span the start of the eruption show a significant amount of ground 

deformation that likely occurred during the propagation of the magmatic dike to the 

surface. In contrast, we found no clear volcano-wide deformation in the pre-eruption 

interferograms (ERS/Envisat data Nov. 2003 – Dec. 2005, and ALOS data Dec. 2006 – 

Sept. 2007) or in post-eruption interferograms (ERS/Envisat data July 2008 - Nov. 2009 

and ALOS data Jan. 2008 – Apr. 2010), which may indicate that the source of the magma 

is deep. Three interferograms provide the most valuable information: an ALOS 

interferogram spanning the first 23 days of the eruption (7 Sept. – 23 Oct. 2007), an 

Envisat interferogram covering the time from two years before until two weeks after the 

start of the eruption (18 Dec. 2005 - 14 Oct. 2007), and an ERS interferogram that spans 

the entire eruption (Figure 2-6a-c, Table 2-1). Both the Envisat and ERS data are C band 

(5.6 cm wavelength), have mean incidence angles of 23°, and were acquired from 

descending orbits (westward looking). They therefore show more or less the same line-

of-sight (LOS) deformation and are more sensitive to vertical ground deformation than to 

horizontal displacements. The coverage of the Envisat data is better, owing to the larger 

extent of the new lava in the ERS interferogram. The L-band (23.6 cm wavelength) 

ALOS data, on the other hand, have a mean incidence angle of 38° and were acquired 

from ascending orbits (eastward-looking). They therefore provide another perspective of 

the surface deformation and are sensitive to both horizontal and vertical deformation of 

the land surface. 
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Figure 2-6: (a) Filtered L-band co-eruption ALOS interferogram acquired from an ascending orbit 
with each color cycle corresponding to 11.8 cm of line-of-sight (LOS) displacement away from 
(blue-green-yellow-red) or toward (red-yellow-green-blue) the satellite. Arrows indicate the 
horizontal projection of radar look direction (LOS) and radar azimuth direction (AZO). New 
ground fissures are shown as black bold lines. (b, c) Filtered co-eruption Envisat and ERS 
interferograms from a descending orbit, with each color cycle corresponding to 2.8 cm (C-band) 
displacement in LOS. Panels (d-e) show the ALOS and Envisat interferograms, rewrapped (after 
unwrapping) at 5 cm per fringe. (f) Azimuth offsets of ALOS radar amplitude images (AZO). 
Panels (g-i) show the model predictions that correspond to panels (d-f). The blue lines indicate 
the surface projections of the three model dikes, with thicker lines marking dike upper edges 
(parameters listed in Table 2-4). Panels (j-l) show residuals between the observations and the 
model predictions, and (m-o) show the data (red) and model prediction (black) along profile A-A’ 
for the ALOS, Envisat and AZO data sets, respectively. 
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All three interferograms exhibit multiple fringes of deformation on the 

northwestern and southeastern part of the island (Figure 2-6a-c), but decorrelated areas 

correspond to the coverage of new lava flows. The ALOS interferogram has about one 

fringe (11.8 cm) in the northern part of the island and also south of the summit, as well as 

several fringes along some edges of the new lava flow (Figure 2-6a). The fringe patterns 

in the Envisat and ERS interferograms (Figure 2-6b-c) are quite complicated but 

consistent, suggesting that the deformation occurred during the onset of the eruption. The 

similarity of these two data sets also shows that atmospheric effects and orbital errors are 

negligible. The broad fringes in the southwest and southeast indicate that the co-eruption 

ground deformation probably extended significantly beyond the coast of the island. We 

unwrapped the ALOS and Envisat interferograms to quantify the magnitude of the LOS 

displacements in these data sets (Figure 2-6d-e). The magnitude of the LOS 

displacements in the ALOS data is about 15 cm northwest of the summit and more than -

35 cm along the edges of lava flows (Figure 2-6d). The unwrapped Envisat interferogram 

(Figure 2-6e) shows about 30 cm LOS displacement near the coast in the northeast, 

which is not seen in the ALOS data. Generally, the magnitude of displacement on the 

northern part of the island is smaller than that of the southern part.  

In addition to the InSAR data, we calculated pixel-offsets in the azimuth direction 

by cross-correlating 64 x 64 pixel sub-images within the two ALOS amplitude images. 

This azimuth offset (AZO) measurement is only sensitive to horizontal displacements 

along the satellite azimuth direction, which is approximately perpendicular to the eruptive 

fissures. The AZO results show clear surface displacements with a peak-to-peak 

amplitude of ~1.2 m across the summit of the island (Figure 2-6f). North of the summit 



42 
 

the ground moved to the north and the southern part of the island moved to the south, 

indicating that the intruding dike pushed the summit flanks of the mountain in opposite 

directions away from the dike. 

2.6 Deformation Modeling 

The orientation of the eruptive fissures on Jebel at Tair shows that a southwest-northeast 

trending dike fed the eruption. To model the dike intrusion we use rectangular 

dislocations in a homogeneous, isotropic, elastic half-space without considering the 

topography [Okada 1985] and compare the resulting model displacements with the main 

characteristics of the observed surface deformation associated with the eruption. Both the 

ALOS and the Envisat interferograms (Figure 2-6d-e), as well as the AZO results (Figure 

2-6f), were used to constrain the source model parameters of the dike intrusion.  

Estimating the size, location, dip, strike and opening of multiple dike dislocations 

without any constraints can be both computationally challenging and unstable, e.g. 

leading to dissimilar solutions in independent model optimizations. We therefore used 

information from the post-eruption optical satellite image and from field observations to 

fix several parameters of the dike model. We first let the model dike coincide with the 

mapped ground fissures by fixing its location, length and strike. We extended the length 

of this summit dike by 0.3 km to the northeast in accord with the field observations 

(Sections 1-2). The InSAR observations show that the deformation extends to the east 

and southwest of the summit fissure and we therefore added flank dike extensions to the 

summit dike, whose parameters we allowed to vary in the parameter estimation. The data 
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were uniformly subsampled [Pritchard et al. 2002] and we masked out the large local 

signals in the ALOS interferogram (Figure 2-6a), because they are not directly related to 

the diking process, but likely to loading of lava. We used a Monte Carlo type simulated 

annealing algorithm [Cervelli et al. 2001] to find the optimal dike geometry and the 

uniform opening. In addition, we allowed for constant data set shifts (ambiguities) in the 

modeling, as the entire island was deforming and therefore no obvious zero-displacement 

reference point exists. With this modeling setup, the number of degrees of freedom is 21.  

The predicted surface deformation of this combination of three dislocations 

representing one long dike can explain the most prominent deformation signals well, i.e. 

the northwest-southeast extension seen in the AZO data (Figure 2-6i) and the complex 

deformation pattern seen in the Envisat data (Figure 2-6h). This is confirmed by the low 

residual Envisat RMS value of ~2.2 cm and the rather flat AZO residual (RMS value of 

6.2 cm, Figure 2-6k-l). The RMS value to the ALOS data is 3 cm, leaving some 

unmodeled deformation in the southeastern part of the island (Figure 2-6m-o). The model 

parameter estimation yielded a near-vertical and 2 m thick summit dike with a length of 

1.5 km (Table 2-4). The attached flank dike extensions to the northeast and southwest 

bring the total length of the shallow dikes to 5.9 km. The extensions have slightly 

different orientations and are thinner than the summit dike and their bottoms are deeper 

than the central summit dike (Table 2-4). The northeastern flank dike extension was made 

to dip to the southeast (Table 2-4) to fit the strong deformation seen in the Envisat 

interferogram on the eastern part of the island. The bulk volume of the multi-dike dike 

model is ~5.0×106 m3, or around 30% of the derived lava volume. We also explored a 
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four-dike model that includes a deeper dike that is parallel to the Red Sea rift, but this 

model does not significantly improve the fit to the data. 

 
Figure 2-7: Three-dimensional representation of the model dikes based on the results of this 
study. 
 

The entire eruptive fissure was active for only the first several hours of the 

eruption, as by 1 October lava flowed only from a short summit fissure [Jamal Sholan, 

personal communication, 2012]. Assuming that the length of eruptive fissure steadily 

decreased from 1.5 km on 30 September (3 pm) to 0.3 km on 1 October (10 am), we 

estimate the effusion rate using: 

E!"#$ =
!!!(!"!"!!!)

!"#
                                                   (2.2) 

where 
!"
!"

 is the lithostatic pressure gradient, w and l the average thickness and length of 

the eruptive dike,   g  the gravitational acceleration, and ρ  and η  are the density and 

viscosity of the magma, respectively [Rowland et al. 2003). If we use w = 1.1  m, 
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ρ = 2600  kg/m! and η = 300  Pa  s, and take the value of 
!"
!"
  to be 27 kPa/m, then the 

calculated effusion rate E!"#$ decreased from ~843 m3/s at the onset of the eruption to 

~168.6 m3/s on 1 October. Integrating the lava effusion rate E!"#$ for the time span 

mentioned above we find lava volume of ~3.5×107 m3, which is larger than the estimated 

total lava volume (Section 2.4). This discrepancy suggests that an amount of lava may 

have entered the sea, some parameters in equations 2.2 are different (e.g. the pressure 

gradient), or this simple approach over-estimates the volume due to some incorrect 

assumptions.  

2.7 Post-emplacement Lava Flow Deformation 

Lava flows continue to deform after they have been emplaced (e.g. Stevens et al. 2001; 

Lu et al. 2005), but the deformation mechanism is not well understood. Phase 

decorrelation on young ‘a’ā lava flows results from movement of surface blocks 

(scatterers), rapid compaction of the lava flows and surface clast repacking [Ebmeier et 

al. 2010], often preventing interferometric analysis of the lava flow movement during the 

first weeks after emplacement. In order to minimize this type of decorrelation, we use 10 

consecutive ALOS interferograms to study the post-emplacement lava flow deformation 

after 23 January 2008 using a chain stacking approach [Biggs et al. 2007; Xu et al. 2012]. 

In this method all the interferograms are added up to retrieve the accumulated 

deformation, which eliminates atmospheric effects and orbital errors in the middle of the 

chain of images, leaving only the error contributions from the first and last image.  
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Figure 2-8: (a) The post-emplacement displacements of the lava flows in the LOS direction after  
23 January 2008 (reference image date). The cold colors represent the ground moving away from 
the satellite. (b) the surface displacement time series (dots) for sites A-D (locations shown in (a)) 
with their corresponding standard derivation (bars) and best-fitting exponential-decay curve. (c-d) 
surface displacement time series results along profiles a-a’ and b-b’. 

The main post-emplacement lava flow subsidence is found north of the summit 

cone (Figure 2-8a) with maximum LOS displacement of ~-1.1 m, corresponding to a 

mean subsidence rate of up to -0.5 m/yr. Three “branches” of subsidence extend down the 

north flank and correlate well with areas of greatest lava flow thickness (Figs. 2-5 and 2-
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8a). Significant subsidence is also seen near the coast with maximum subsidence of about 

-0.5 m.  

The post-emplacement lava flow deformation rate decays exponentially with time. 

we selected time-series at four sites located near the summit and on the north flank 

(Figure 2-8a) to estimate the exponential decay time constant of the lava flow 

deformation. We then fit the following decay function to the time series for each site: 

F t, τ = A ∗ (1− exp − !!!!
!

)                                      (2.3) 

in which t!  is the first post-eruption observation (i.e. 23 January, 2008),  

A  the  displacement  magnitude  and  τ the decay time. The best-fit decay time τ is in the 

range between 0.24 and 0.9 years, with the decay time at site D larger than at the other 

test sites. We anticipate that the deformation would stop around 2013 if it followed this 

function. We found that the eastern flank of the new cone moved by ~-0.13m between 28 

October 2009 and 30 April 2010 (Figure 2-8b).  

Since the ALOS satellite senses a combination of both horizontal and vertical 

deformation, the post-emplacement movement of lava flows shown in Figure 2-8a can 

either be due to downslope creep or thermal contraction of the cooling lavas, or a 

combination of the two (Figure 2-8c-d). Ebmeier et al. [2012] compiled lava flow 

subsidence rates observed at several basaltic and andesitic volcanoes, and the maximum 

lava subsidence rates at Jebel at Tair island are smaller than those observed after the 1997 

eruption of Okmok volcano (83 cm/yr), which produced a lava flow of 50 m maximum 

thickness.  
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2.8 Discussion 

We have shown that InSAR data together with high-resolution optical satellite images 

provide valuable information about the 2007-8 Jebel at Tair eruption. The optical images 

allow us to map the new ground fissures and the extent of the new lava flow. The InSAR 

observations provide high-resolution maps of the surface deformation that occurred at the 

onset of the eruption. These data could also be used to map the evolution, areal extent and 

volume of the new lava flows, as well as the post-emplacement lava flow deformation. 

Dike intrusions provide information about the state of stress of the medium in 

which they are emplaced, as their orientation is generally perpendicular to the minimum 

compressional stress σ3 [Jónsson 2009]. The Jebel at Tair eruptive fissures (and thus the 

eruption feeder dike) have an average strike of N65°E, meaning that the orientation of the 

minimum compressional stress at shallow depths was ~N155°E, or roughly parallel to the 

rift axis of the Red Sea. This may seem like a surprising orientation, given the ongoing 

active extension of the Red Sea [ArRajehi et al. 2010], but it shows that the stress state of 

the ~1400 m high Tair volcanic edifice (258m above and ~1200m below sea level) is 

isolated from the regional Red Sea stress field. In addition, the optical images exhibit 

older fissures with other radial trends, with the most recent pre-eruption fissures oriented 

~N150°E, or roughly perpendicular to the 2007-8 fissure. This implies that the stress state 

of the edifice varies with time and probably changes with each new intrusion. Evidence 

for time-varying edifice stress fields have been observed at other volcanoes, e.g. at 

Fernandina volcano, Galápagos, where intrusions alternate between radial flank dikes and 



49 
 

circumferential summit dikes [Chadwick et al. 2011; Bagnardi et al. 2013]. In addition, 

Biggs et al. [2013] reported that following a 7-10 km long rift-parallel dike intrusion in 

northern Tanzania in 2007, a shallower dike with roughly rift-normal trend fed an 

eruption at the near-by Oldoinyo Lengai volcano. 

Volcano-wide deformation caused by pressure changes in subsurface magma 

reservoirs has been detected (e.g. by InSAR) at many volcanoes in a variety of geological 

settings. For example at subduction-zone volcanoes in the Aleutians [Lu et al. 2010] and 

on Kamchatka peninsula [Lundgren and Lu 2006], at hotspot volcanoes in the Galápagos 

[Jónsson 2009] and Hawaii [Amelung et al. 2007], and at mid-ocean ridge volcanoes in 

Iceland [Ofeigsson et al. 2011]. The absence of pre- and post-eruption deformation at 

Jebel at Tair, as well as the lack of volcano-wide co-eruption subsidence indicates that 

the source of the magma may be deep. Assuming a spherical magma chamber [Mogi 

1958] underneath Jebel at Tair volcano and a volume change equal to the sum of the 

estimated subaerial lava flow volume (2.2×107 m3) and the dike volume (5.0×106 m3), the 

predicted relative LOS displacements, between the summit and the coast, amount to less 

than 3 cm (~1 Envisat fringe) if the magma chamber depth is larger than 7 km. In other 

words, if this volume change occurred in a reservoir shallower than 7 km, we should have 

seen evidence for it in the InSAR data. The lack of a shallow magma reservoir under 

Jebel at Tair is not unique, as deep magma chambers have been detected at other slow 

spreading centers [Singh et al. 2006].  
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2.9 Conclusions 

No conventional in-situ geophysical or geodetic observations are carried out on the 

remote islands in the Red Sea. Therefore, if not for satellite radar and high-resolution 

optical images, we might have only known that a SW-NE oriented dike fed the 2007-

2008 Jebel at Tair eruption. Here we have used remote sensing data to provide many 

more details of the Jebel at Tair volcanic activity, which we summarize as follows: 

1). Several new fissures were identified in the post-eruption optical images with 

orientations perpendicular to the Red Sea. Comparison of pre- and post-eruption images 

shows that a new summit cone formed in the eruption, that the coastline was advanced in 

places by the new lava, and that the total area of the new lava flow is 5.9±0.1 km2.  

2). The eruption was most vigorous in the beginning, with lava flowing to the 

coast both in the west and the northeast. Later during the eruption, lava flowed mostly 

from the summit to the northern flank of the volcano, according to the InSAR 

decorrelation data. We estimate the bulk lava flow volume to be 2.2±1.1×107 m3, by 

taking the height difference between pre- and post-eruption DEMs, which corresponds to 

an average lava thickness of 3.8 m.  

3). The co-eruption deformation data show ~1.2 m of extension across the 

southwest-northeast striking dike that fed the eruption, which we model with a set of 

dislocations in an elastic halfspace. The modeling results suggest that the stress field 

within the volcano edifice is decoupled from the regional Red Sea extensional stress 
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field. We interpret that the volcano-edifice stress field probably changes with each new 

intrusion, as old fissures on the island exhibit many different radial orientations.  

4). The magma source of the 2007-8 Tair eruption is likely deep (>7 km), as no 

uplift is found in pre- or post-eruption interferograms and no significant edifice-wide 

subsidence is seen in the co-eruption data.  
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Chapter 3 

Birth of Two Volcanic Islands in the 
Southern Red Sea 
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Abstract 

Submarine eruptions that lead to formation of new volcanic islands are rare and far from 

fully understood. Only a few such eruptions have been witnessed since Surtsey Island 

emerged south of Iceland in the 1960s. Here, we report on two new volcanic islands that 

formed in the Zubair archipelago of the southern Red Sea in 2011-12 and 2013. Using 

high-resolution optical satellite images, we find that the new islands grew rapidly during 

their initial eruptive phases and that coastal erosion significantly modified their shapes 

within months. Satellite radar data indicate that two north-south oriented dikes, much 

longer than the small islands might suggest, fed the eruptions. These events occurred 

contemporaneously with several local earthquake swarms of the type that typically 

accompany magma intrusions. Earthquake activity has been affecting the southern Red 

Sea for decades, suggesting a magmatically active zone that was previously escaped 

notice.  

3.1 Introduction 

The Red Sea, together with the Gulf of Aden and the African rifts, accommodate the 

divergence between the Nubian, Somalian and Arabian plates from the Afar triple 

junction [Bosworth et al., 2005]. The southern Red Sea rift is divided into two branches 

south of 17ºN, separated by the Danakil block, with the Danakil depression to the West 

and the southernmost Red Sea ridge to the East [McKenzie et al., 1970; McClusky et al., 

2010]. Regionally, the triple-junction has been subject to intense magmatic activity since 

at least the late 1970’s, underscored by three major rifting episodes (Asal-Ghoubbet, 
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1978; Dabbahu 2005-2010; Gulf of Aden 2010-2011) and at least four single-diking 

events [Abdallah et al., 1979; Wright et al., 2006; Shuler et al., 2012; Ebinger et al., 

2013]. Most of this activity has occurred on shore, where geodetic data have provided 

unambiguous evidence of magmatic intrusions, with the exception of the December 2010 

Gulf of Aden seismic sequence. In that case, the seismic activity was interpreted as 

symptomatic of a magmatic intrusion, characterized by earthquake swarms that lack 

mainshock-aftershock decays and exhibit a roughly constant seismicity rate [Dziak et al., 

2007; Traversa et al., 2010; Shuler et al., 2012]. Such seismic swarms typically span from 

a few hours to a few weeks with peak earthquake magnitudes usually ranging from M3 

up to M5. In the absence of surface evidence (i.e., eruptions or deformation), most 

intrusions along mid-ocean ridge systems likely remain overlooked.  

A significant increase in seismicity was observed in the southern Red Sea in 2007, 

prior to an eruption that took place on Jebel at Tair Island [Xu and Jónsson, 2014]. The 

Zubair archipelago, which is located roughly 50 km to southeast on the southern Red Sea 

ridge, has seen similar seismic swarm sequences during the past few decades (ISC 

catalogue, Figure 3-1a, b). Although earthquake locations are not accurate in the region, 

the timing and the seismic moment release provide valuable information about the 

activity. In the Zubair area, at least six seismic swarms have occurred in the last 20 years 

and they probably resulted from separate magma intrusions (Figure 3-1b).  
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Figure 3-1: Location of the Zubair archipelago in the southern Red Sea and information about 
seismic and volcanic activity. (a), Earthquake locations from 1994 to 2014 (ISC catalogue) with 
orange dots highlighting events related to seismic swarms. Red lines in the inset delineate the 
plate boundaries separating the Nubian, Somalian and Arabian plates [Bird, 2003]. DB, Dabbahu; 
AG, Asal Ghoubbet; GA, Gulf of Aden. (b), Cumulative seismic moment release (orange line), 
number of events per three months (grey bars) and eruptions (red bars) at Jebel at Tair (JT), 
Sholan (SH) and Jadid (JA) islands. (c), Map of the Zubair archipelago (the gray area marks 
platform depths shallower than 100 m) including the new Sholan and Jadid islands and general 
structural feature locations and orientations (stereoplot; RS for Red Sea).  

The Zubair archipelago is composed of ten volcanic islands and several rocks 

located within the central part of the southern Red Sea ridge, between Yemen and Eritrea 

(Figure 3-1a, c). It represents a limited portion of a 30 km long and 10 km wide shallow 

(< 100 m) platform oriented parallel to the Red Sea ridge. At this latitude, the spreading 

rate that separates the Arabian Plate from the Danakil block is ~6 mm/yr in the northeast 

direction [McClusky et al., 2010]. These islands are the only surface manifestations of 

active volcanism along the entire Red Sea, together with the Jebel at Tair Island and the 



56 
 

Hanish-Zukur islands (120 km to the southeast; Figure 1a) [Gass et al., 1973]. The Zubair 

archipelago is structurally dissected by faults, fracture systems and by several eruptive 

fissures (e.g. on Zubair, Center Peak and Saba islands). The mean orientations of these 

features, determined by using high-resolution optical imagery, show an overall dominant 

North-South orientation, somewhat oblique to the Red Sea trough (Figure 1c). A few 

eruptions are known to have occurred on Jebel at Tair Island and within the Zubair 

archipelago in the eighteenth and nineteenth centuries [Jónsson and Xu, 2015]. However, 

more than a century of apparent quiescence followed that activity until the eruptions 

occurred on Jebel at Tair in 2007-8 and few years later in the Zubair archipelago [Xu and 

Jónsson, 2014; Jónsson and Xu, 2015].  

Witnessing the birth and evolution of new volcanic islands is exceptionally rare, 

particularly along divergent plate boundaries. Here we use high-resolution satellite 

optical and radar imagery to study these new remote islands as well as to map the co-

eruptive deformation for deriving information about the dikes that fed the eruptions. 

Together with seismicity, we show that the Southern Red Sea ridge has been 

magmatically active for at least two decades. This supports the presence of an active 

spreading center that may have been going through a rifting episode culminating in the 

eruptive activity. 

3.2 InSAR Data Processing and Modeling 

We used two ascending TerraSAR-X images from 13 Oct. 2011 and 15 Dec. 2012 to 

generate the co-eruption deformation map of the 2011-12 Sholan eruption. The 
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perpendicular baseline of this interferogram is ~20 m. The two co-eruptive 

interferograms spanning the Jadid eruption were processed using descending TerraSAR-

X images (20 Aug. 2013 and 28. Mar. 2014) and ascending TerraSAR-X (15 Dec. 2012) 

and TanDEM-X (24 Dec. 2013) images. The perpendicular baseline is ~25 m in both 

cases. 

We processed the data with the GAMMA software and used our TanDEM-X 

DEM to simulate and eliminate the topographic signals. The interferogram noise was first 

reduced by “multilooking” and then by filtering [Goldstein and Werner, 1998]. The 

interferograms were then unwrapped using the minimum cost flow (MCF) method [Chen 

and Zebker, 2001] and finally geocoded them into the WGS84 coordinate system. We 

also calculated spatial-variable offsets between the SAR images [Michel et al., 1999], 

both for the line-of-sight (LOS) slant-range and azimuth directions. The north-south 

oriented dikes produced limited deformation in the azimuth direction, so we only used the 

range offsets (along with the InSAR data) in the modeling. The accuracy of slant-range 

offsets is typically of the order of 1/10th of a pixel [Michel et al., 1999], i.e., about 14 cm 

in slant-range for TerraSAR-X data. Unlike the InSAR phase, the offsets provide 

unambiguous estimate of the relative displacement between islands. We therefore used 

the range offsets to correct the phase unwrapping ambiguities between islands. 

To model the observed deformation, we used rectangular dislocations in 

homogeneous, isotropic and elastic half-space [Okada, 1985] to represent the feeder dike 

intrusions and normal faults. The InSAR data were sub-sampled with a quadtree method 
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[Jónsson et al., 2002] and a simulated annealing algorithm [Cervelli et al., 2001] was 

used to constrain the optimal dike geometry and opening.  

We first modeled the 2013 Jadid feeder dike using data from both ascending and 

descending orbits, primarily the InSAR data covering the southern islands and range 

offsets covering the whole archipelago. In the modeling, we fixed the orientation of the 

dike to be consistent with the fractures seen on Zubair archipelago (i.e. 170°) and 

constrained it to be vertical and pass through Jadid Island. A north-south oriented dike 

predicts similar deformation but causes larger RMS misfit than the 170° oriented dike 

model. We therefore selected the 170° oriented dike model to represent the Jadid feeder 

dike. Following a similar procedure, we modeled the dike that fed the 2011-12 Sholan 

eruption using InSAR data covering the southern islands (Saba island, Zubair island and 

Center Peak island) and range offsets covering the whole archipelago. We fixed the dike 

orientation to be North-South, according to the vent orientation seen in optical images 

(Figure 2a), and further constrained it to be vertical and pass through Sholan Island. 

3.3 Results 

3.3.1 The 2011-12 Eruption and the New Sholan Island 

The first of the two Zubair eruptions took place on the shallow platform between 

Haycock and Rugged islands in the northern part of the archipelago in December 2011 

(Figure 3-1c). Three distinct earthquake swarms in April, June and August 2011 occurred 

in the area during the eight months prior to the eruption (3<M<4.5; Figure 3-1b), 
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followed by two earthquakes (magnitude 3.7 and 3.9) detected by the mainland Yemeni 

seismological network (http://www.nsoc.org.ye) on 13 December 2011. Yemeni 

fishermen reported an eruption in the Zubair archipelago on 18 December and on the 

following day a SO2 anomaly can be seen in an Ozone Monitoring Instrument (OMI) 

satellite image (http://www.volcarno.com/). A high-resolution WorldView-2 satellite 

optical image from 23 December reveals that a new island (hereafter Sholan Island) had 

formed following a short Surtseyan eruption (Figure 3-2a). The eruption was initially fed 

by two vents aligned North-South, somewhat oblique to the Southern Red Sea ridge, but 

consistent with the mean eruptive fissure trends of the entire Zubair archipelago 

(N354±5°; Figure 3-1c). The activity later condensed to a single vent (Figure 3-2b), and 

the island grew until the eruption ended on 12 January 2012 (Figure 3-2c), making its 

duration 25 days. The eruptive activity was influenced by inflow of seawater and did not 

evolve from an explosive to an effusive eruption. In addition, steady southeasterly winds 

influenced the shape of the island during its construction, such that the main deposits fell 

oblique to the principal eruptive vent orientation (Figure 3-2a). By the end of the 

eruption, Sholan Island had grown to a maximum width and length of 0.52 km and 0.77 

km, respectively, with a subaerial area of 0.25 km2. Yemeni scientists visited the new 

island five days after the end of the eruption and found that it consisted of 

hydromagmatic deposits. They witnessed several landslides on the volcano flanks (Jamal 

Sholan, pers. comm. 2013). 

Rapid coastal erosion is observed on the island’s southern shore in post-eruption 

images, and the island lost ~0.01 km2 of its subaerial area during the first two months 

following the end of the eruption (Figure 3-2c,d). In addition to coastal erosion, a crater 
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lake formed, suggesting that highly permeable deposits were infiltrated by seawater. 

Wind erosion also contributed to the observed morphological changes; loose 

unconsolidated eruptive products are seen blowing away from Sholan and surrounding 

islands in several of the post-eruption optical images (Figure 3-2c-e). As a result of 

seasonal varying wind direction, the island grows to the north in winter and spring, while 

deposits move back from the northern shore to the southwestern part of the island in 

summer (Figure 3-2e). By 24 February 2014, the subaerial area of Sholan Island had 

decreased by ~30% to 0.18 km2. 

 

Figure 3-2: High-resolution optical satellite imagery showing the Zubair eruptions and post-
eruptive changes. (a) and (b), the 2011-12 Sholan eruption and (c-e), its post-eruptive changes. 
(g-i), the 2013 Jadid eruption and (j), its post-eruptive change. (k), Zoom-in of Jadid island from a 
WorldView-2 image. (f), (l), TanDEM-X shaded relief topography of Sholan and Jadid island 
with 20 m elevation contours. The red dashed line in (a), (e) indicates the 2011-12 eruptive 
fissure orientation; the black dashed arrows in (a), (b) indicate the direction of volcanic ash 
deposits during the construction of the island. 
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Figure 3-3: Co-eruptive InSAR data and modeling of the 2011-12 Sholan eruption. (a) InSAR 
data. (b) range offsets. (c) and (d) model prediction for (a) and (b). The red line in (c) indicates 
the surface projection of the modeled dike under Jadid island. Insets in (d) shows observed 
(black) and modeled (red) displacements along profiles A-A’ and B-B’. Positive range-offset 
values in (b) and (d) indicate ground movements up towards the satellite.  
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InSAR data were used to measure centimeter-scale ground deformation associated 

with the eruptions [Massonnet and Feigl, 1998; Amelung et al., 2000]. The only available 

interferogram (13 Oct. 2011 - 15 Dec. 2012) bracketing the 2011-12 Sholan eruption 

shows at least one fringe of deformation (1.5 cm) on Saba Island and about two fringes 

on Zubair Island (Figure 3-3). In addition, localized signals are observed on Connected 

Island (-4 cm in the line-of-sight (LOS) direction), located ~11 km SE of Sholan, and at 

least -3 cm of normal-faulting movement along a North-South-oriented fracture on 

Center Peak Island, which is ~15 km from the eruptive activity. While the interferogram 

provides limited information about the northern Zubair islands due to decorrelation 

(probably due, at least in part, to blanketing tephra deposits), several irregular InSAR 

fringes are observed on Haycock Island (Figure 3-3), just 2 km northeast of the eruption 

site. A new fracture system oriented NNW-SSE is also seen on this island in an optical 

image acquired on 23 December 2011 that is not present in images from before the 

eruption. These open fractures appear to be at least 0.5 meters wide, estimated from 

optical imagery pixel sizes. When taken together, the satellite data depict widespread 

deformation, suggesting that the entire Zubair archipelago was affected during the 

eruption. To analyze the cause of the deformation, we constrain parameters of models 

using both the InSAR observations of the southern Zubair islands (i.e., Saba, Zubair, 

Connected and Center Peak Islands) as well as range offsets of the whole archipelago. A 

NS-oriented ~10 km long feeder dike (~1.5 m thick) under Sholan Island appears to 

explain the observed deformation in the earlier eruption (Table 3-1, Figure 3-3). 
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3.3.2 The 2013 Eruption and the New Jadid Island 

A second submarine eruption began on 28 September 2013 between Saddle and Saba 

islands (http://www.volcarno.com/), about 19 months after and 8 km southeast of the 

Sholan eruption (Figure 3-1c). An earthquake swarm was recorded in December 2012, 

followed in May and September 2013 by two additional swarms (Figure 3-1b). Six 

earthquakes with magnitudes less than 4 were detected to the east of Zubair islands two 

days before the eruption was first noticed. An optical Landsat-7 image acquired on 29 

September 2013 shows discolored seawater and a thick plume rising from the sea surface 

(Figure 3-2g). A new island is seen in an image from 23 October when a prominent sub-

circular, 0.8 km in diameter cone had formed (hereafter called Jadid Island) (Figure 3-

2h). Additional imagery shows that the eruption continued until 20 November 201313. 

Similar to the earlier activity, this eruption did not evolve into an effusive eruption, even 

though its duration was significantly longer (54 days). At the end of the eruption, Jadid 

Island had grown to a near circular shape with a diameter of ~0.9 km and a subaerial size 

of ~0.68 km2 (Figure 3-2j), more than twice that of Sholan Island. Erosion at Jadid Island 

is less pronounced than at Sholan, but coastal erosion can still be observed at the southern 

shore in post-eruption images (Figure 3-2k). By 24 February 2014, the subaerial size of 

the island had slightly decreased to 0.67 km2. 

We also generated two interferograms (from ascending and descending orbits) 

that span the 2013 eruption at Jadid Island. Both interferograms show several continuous 

InSAR deformation fringes across Saba and Zubair islands (Figure 3-4a), indicating that 

the co-eruptive ground deformation extended far beyond Jadid Island. In addition, range 
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offsets between the SAR images (see Methods section for details) show that the northern 

islands moved towards NW while Saba Island was displaced to the SE (Figure 3-4b). 

This deformation pattern suggests that the dike that fed the eruption was emplaced 

between the islands.  

One of the two interferograms (ascending orbit, 15 Dec. 2012 – 24 Dec. 2013) 

spanning the Jadid eruption shows a significant amount of ground deformation near two 

North-South-oriented displacement discontinuities or faults on Center Peak Island, 

located ~8 km south of the eruption site (Figure 3-5a). The western discontinuity is the 

same as the one seen moving in the InSAR data of the 2011-12 Sholan eruption. We 

measured the fault-offset displacements as exceeding 60 cm and 20 cm for the eastern 

and western discontinuities, respectively (Figure 3-5c). The other interferogram 

(descending orbit, 20 Aug. 2013 – 28 Mar. 2014) bracketing the Jadid eruption does not 

show clear faulting movement, indicating that the bulk of this deformation occurred 

between 15 Dec. 2012 and 20 Aug. 2013. This faulting may therefore have occurred 

during the strong seismic swarm in December 2012 (Figure 3-1b), i.e., between the two 

eruptions.  

We find that the fringes observed on both Saba and Zubair islands and the range 

offsets are best modeled by a dike intrusion under Jadid Island that is ~12 km long, 

NNW-trending (350°), and with a thickness of ~1.0 m (Table 3-1, Figure 3-4). This dike 

model, however, does not explain the descending interferogram well (Supplementary 

Figure 3-6), which might be due to additional deformation in that interferogram caused 

by the seismic swarm in December 2012 or related to strong atmospheric signals. In 
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addition, we model the observed faulting on Center Peak Island with two NS-striking, 

west-dipping normal faults, oblique to the South Red Sea ridge axis (Figure 3-5).  

 

Figure 3-4: Same as Figure 3-3, but for the 2013 Jadid eruption.  
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Figure 3-5: InSAR data and modeling of the fault movements in the Center Peak Island. (a) 
TanDEM-X range offsets (from an ascending orbit, i.e. motion away from the satellite reckoned 
positive) and (b) InSAR interferogram. (c) modeled displacements. Blue lines in (b) show recent 
mapped surface fractures. Purple lines in (c) indicate surface projections of the two model faults, 
with thicker lines marking fault upper edges. (d) observed and modeled displacements along the 
A-A’ cross-section in (a).  

Table 3-1: Estimated model parameters for the dikes feeding the 2011 Sholan and 2013 Jadid 
eruptions and for the faulting observed on Centre Peak Island, likely associated with the Dec. 
2012 earthquake swarm. 

!

Name Lat deg Long 
deg 

Length 
km 

Width 
km 

Depth
km 

Strike 
deg 

Dip 
deg 

Dip-Slip 
m 

Thickness
m Mw 

Dike 2011 15.145 42.101 10 2.1 0 360 90 0 1.5 - 
Dike 2013 15.126 42.132 12 2.1 0 350 90 0 1.0 - 

Fault I 15.024 42.161 1.7 6.6 0 0 76 0.9 0 5.6 
Fault II 15.023 42.154 1.7 2.3 0 7 63 0.6 0 5.2 
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Interferometric synthetic aperture radar (InSAR) data from the TerraSAR-X and 

TanDEM-X radar satellites enable us to generate a high-resolution digital elevation 

model (DEM) of the newly formed islands [Krieger et al., 2007]. We combined data from 

both descending and ascending orbits to generate the DEM, which shows that the 

subaerial height and volume of Sholan Island was about 94 m and 0.0057 km3 (Figure 3-

2f), respectively, in August 2012. During the following two years, Sholan Island lost a 

significant part of its area and volume to erosion (Figure 3-2 and Supplementary Figure 

3-2). In comparison, the height and volume of the Jadid Island were found to be about 

186 m and 0.047 km3, respectively, in March 2014 (Figure 3-2l).  

3.4 Discussion and Conclusions 

Our satellite data and modeling suggest that the magma intrusions feeding the Zubair 

eruptions both took place along the same North-South-oriented fracture system, with the 

dikes separated laterally by about 4 km. This is supported by co-eruptive fractures and 

faulting on Haycock, Zubair and Center Peak islands, mapped using both high-resolution 

optical and InSAR images, that have a similar orientation (see Figure 3-1c). In terms of 

size, morphology and seismic activity, the Zubair archipelago is comparable with active 

inland spreading centers, such as those found in Afar or in Iceland [Wright et al., 2012]. 

Its offshore location and poor bathymetric resolution do not allow for a detailed 

morphological analysis; however, systematic surface faults on most of the islands support 

the presence of a possible fissure swarm, inherently associated with spreading centers.  
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Our results confirm that the southern Red Sea is an active plate boundary 

separating the Danakil bock from the Arabian plate (see Figure 3-1a). This has also been 

inferred by GPS data, which shows a rate of opening of ~6 mm/yr at this latitude 

[McClusky et al., 2010]. Together with the Danakil depression, located ~200 km to the 

west, the southern Red Sea ridge is therefore contributing to the total plate divergence of 

16 mm/yr between the Arabian and the Nubian plates.  

In terms of total seismic moment release, the December 2012 earthquake swarm 

corresponds to a single M5.2 event, whereas significantly larger moment release would 

be needed to explain the geodetic observations of the fault displacements on Center Peak 

Island (at least M5.2 and M5.6). It is therefore likely that another dike was emplaced 

below the island in December 2012, causing the large faulting displacements. The entire 

area has suffered from several seismic swarms during the last two decades, activity that is 

representation of several magma intrusions, with at least two dikes that intruded parallel 

to each other. The temporal and spatial pattern of intrusions within the Zubair archipelago 

is comparable to other rifting episodes, which are characterized by a series of dike 

intrusions occurring over a period of several years [Ebinger et al., 2010]. We thus suggest 

that the recent volcanic and seismic activity is due to a rifting episode in the Zubair 

archipelago.  

From a structural point of view, the main fracture zones, the eruptive fissures and 

the new dikes affecting the entire archipelago are all oriented oblique by 10-20 degrees 

clockwise to the South Red Sea ridge (see Figure 3-1c). Similar recent (<1 Ma) fault 

orientations have been detected over the oceanic crust located beneath the Farasan 
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islands, 200 km to the north [Almalki et al., 2014], and regional off-rift volcanism (e.g., 

Harrat Rahat) shares a similar intrusion orientation [Camp and Roobol, 1992; Runge et 

al., 2014]. There is no clear explanation yet for the apparent obliquity between the Zubair 

structures and the southern Red Sea ridge. A steep-sided trough marks the ridge, 

reflecting a zone of profound crustal stretching, and the Zubair islands lie near the eastern 

border of the trough (Figure 3-1c). Rift obliquities are sometimes observed between the 

main rift-border faults and the active intrusion zones, as along the Main Ethiopian Rift 

[Corti, 2008]. In such cases, the obliquity may be explained by a change in rift kinematics 

that further focuses magma upwelling [Kendall et al., 2005] or could alternatively relate 

to rift segmentation controlled by rift obliquity alone [Corti, 2008]. Thick evaporitic 

sediments (up to 2-3 km) covering the southern Red Sea ridge hide most of the structures 

in the surroundings of Zubair Islands, making further interpretations difficult. We note, 

however, that the Zubair islands are located over a large regional low-velocity anomaly, 

which has a North-South orientation and extends to the north under the entire Arabian 

shield [Chang and Van der Lee, 2011], interpreted as being an offset mantle flow from 

the opening Red Sea. In this specific case, the magmatic activity and the intrusion 

geometry in the Zubair archipelago might be the surface expression of deep mantle flow 

interacting with the southern Red Sea ridge.  

While the InSAR and seismicity data do not constrain the intrusion depth well and 

therefore do not provide accurate information about the magma plumbing related to this 

spreading center, they do show that the eruptions were fed by dike intrusions that were 

much larger than the small size of the two new islands might suggest. The challenge of 

modeling the ground deformation primarily comes from the limited emerged land 
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surface, introducing inevitably additional uncertainties. For the 2011-12 Sholan eruption, 

the northern group of islands, however, provides some constraints for the strike and 

location of the feeder dike. Furthermore, the location of Sholan Island, the fringe patterns 

observed on the southern islands, and the orientation of erupting fissure provide key 

information to constrain the location and length of the feeder dike. Similarly for the 2013 

eruption, the location of Jadid Island, the fringe patterns observed on the southern islands 

and the range offsets of the whole archipelago allow us to narrow down the searching 

bounds of the location, length and strike of the feeder dike in the modeling.  

When the Surtsey eruption ended in June 1967 after four years of activity, it had 

reached an emerged area of 2.7 km2 and a height of 175 m above sea level. Significant 

coastal erosion has been observed since then. In 1975, its size had decreased to 2 km2 and 

by 2012, Surtsey had been reduced by half, to an area of 1.3 km2 [Baldursson and 

Ingadóttir, 2007]. Loose tephra on Surtsey Island altered into palagonite tuff after the 

eruption, which has been found to be much more resistant to erosion than its fractured 

lava [Jakobsson et al., 2000]. In the southern Red Sea the wind and ocean currents are 

less severe than south of Iceland, but they have still heavily eroded the southern part of 

the Sholan Island, reducing its area by 30% in only two years. Jadid Island, however, 

seems to be more resistant to erosion than Sholan Island and has almost retained its 

surface area. Similar to the Surtsey Island, many of the older and smaller Zubair islands 

consist of erosion-resistant tuff and have not easily eroded away. This is likely also going 

to be the fate of the new Jadid and Sholan islands, i.e. they are going to last despite the 

fast erosion observed initially after the eruptions.  
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By combining high-resolution optical imagery, InSAR observations and 

seismicity, we characterize with unprecedented details the birth and development of two 

volcanic islands along a mid-ocean ridge system. Our results show that the southern Red 

Sea has been magmatically active for several decades and that intrusions affect the entire 

Zubair archipelago, far beyond localized eruption sites. These results, together with the 

overall morphology of the platform, suggest that Zubair is the surface expression of an 

active spreading segment that was previously under appreciated.  
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Chapter 4 

Dike-fault Interaction during the 2009 Harrat 
Lunayyir Intrusion in Saudi Arabia 
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Abstract 

An intense earthquake swarm of more than 30000 events took place in Harrat Lunayyir 

(western Saudi Arabia) between April and July 2009. The swarm included 19 

earthquakes larger than magnitude 4, with the largest event of size 5.7 occurring on 19 

May. The swarm was caused by an ascending dike intrusion that produced extensive 

graben faulting but stalled before it reached the surface to start a volcanic eruption. 

Detailed spatial and temporal accounts of propagating dikes from crustal deformation 

data including their interplay with faulting are rare, and many open questions remain on 

how this interplay affects the dynamics of the dikes and may promote their arrest. Here 

we use Envisat data from wide-swath mode to unravel the sequence of events within five 

short periods of time (between 3 and 22 days) spanning most of the intrusion duration 

and to analyze the interaction between the intruding dike and normal faulting at Harrat 

Lunayyir. We find that observed surface displacements can be modeled by a 2 m thick 

dike whose upper tip was at ~2 km depth on 16 May, four week after the onset of the 

seismic unrest. From 19 May, the dike propagated to within ~1 km of the surface with 

graben-bounding normal fault displacements dominating the near-field deformation. The 

volume of the dike increased gradually from ~0.07 km3 on 16 May to ~0.13 km3 on 17 

June. We calculate the Coulomb failure stress changes following the growth of the dike 

and the displacement of the faults. We find that the complex geometry of the graben is 

consistent with the dike-induced stresses. Moreover, the faulting provoked compression 

around the upper tip of the dike, holding back its vertical propagation. Our observations 

suggest that magma is transported effectively by dikes from depths below the crust to 
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shallow depths and the surface in the off-rift volcanic provinces in western Saudi Arabia, 

without significant resident time in the crust. 

4.1 Introduction 

Dike intrusions induce stress changes in the surrounding rock, leading to seismicity and 

deformation as well as movement on faults [Rubin and Pollard, 1988]. The interplay 

between magma emplacement and fault activation is a key topic in volcano-tectonics, as 

it controls the formation and evolution of the topography of rift zones [Buck et al., 2006]. 

This interplay also affects volcanic and seismic hazards, as large earthquakes are 

sometimes triggered or entirely induced by dikes. Moreover, dynamics of diking may be 

significantly altered by faulting, influencing the likelihood of an eruption.  

Several dike intrusions coeval with fault activations have been observed since the 

beginning of satellite geodesy. Significant examples include diking events in the East 

African rift and Northeast Iceland [Wright et al., 2012]. In October 2004, a dike intrusion 

occurred in the Dallol rift segment in Ethiopia. A series of interferometric synthetic 

aperture radar (InSAR) images showed no obvious deformation before and after the 

intrusion, while significant movements in a graben and in the far field were observed in 

the co-intrusive interferograms [Nobile et al., 2012]. The deformation pattern was caused 

by both a dike intrusion and faulting, leading to northeast-southwest extension and 

graben subsidence. These surface displacements were modeled with a deflating magma 

chamber source beneath Dallol volcano, a dike under the middle of the graben and 

normal faulting in the western flank of the rift [Nobile et al., 2012].  
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The Manda Hararo-Dabbahu rifting episode commenced in September 2005 with 

a massive dike intrusion of an average thickness of ~4 m over a length of 60-70 km 

[Rowland et al., 2007]. The dike did not reach surface along most of its length, but 

caused extensive graben-bounding normal faulting, with the flanks uplifting by up to 2 m 

and the graben floor subsiding by up to 3 m [Ebinger et al., 2010]. The initial dike was 

followed by 13 smaller dike injections during the 5-year long rifting episode [Wright et 

al., 2012], each showing deformation due to concurring magma intrusion and fault slip 

[Wright et al., 2006; Grandin et al., 2010; Hamling et al., 2009]. InSAR data together 

with high-resolution optical images were used to construct a three-dimensional 

displacement map for the first intrusion, from which extensive horizontal movements of 

the rift shoulders and vertical displacements in the graben were measured [Wright et al., 

2006; Grandin et al., 2009]. Stress change calculations between consecutive dike 

injections indicate that the subsequent dike was preferentially emplaced where tensile 

stresses were increased by the preceeding dike [Grandin et al., 2010; Hamling et al., 

2010]. Analysis of interactions between the diking and faulting was however hampered 

by the severe decorrelation of the InSAR data in the graben where intense deformation 

occurred [Grandin et al., 2010]. 

Another case is from northern Tanzania, where a swarm of 57 moderate-sized 

earthquakes occurred from July to September 2007 [Calais et al., 2008]. InSAR 

observations of this rifting event provide dense measurements on the ground deformation, 

allowing the pattern of diking and faulting in the upper crust to be determined [Baer et 

al., 2008]. An interferogram covering the first 3 days of the earthquake swarm shows 

three concentric fringes in an elongated pattern [Biggs et al., 2009], interpreted as being 
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associated with blind normal faulting [Calais et al., 2008; Biggs et al., 2009]. 

Interferograms that span a larger part of the swarm exhibit more complex deformation 

with a two-lobe fringe pattern, likely related to dike opening [Calais et al., 2008]. Inverse 

modeling of the temporal series of surface deformation data suggests that the normal 

faulting dominated the first week of the event, while dike opening and dike-induced 

shallow graben-bounding faulting dominated the following months [Baer et al., 2008; 

Biggs et al., 2009; Biggs et al., 2013; Calais et al., 2008]. Stress change calculations were 

used to explain the course of events during the activity. The authors argue that a deep 

dike (not detected by geodetic observations) caused sufficient static stress changes to 

trigger movement on the blind normal fault. The activation of this fault reduced normal 

stress in its vicinity, facilitating further upward propagation of the dike to shallower 

levels within the crust, which eventually triggered normal slip on shallow graben-

bounding faults [Baer et al., 2008; Biggs et al., 2009; Biggs et al., 2013; Calais et al., 

2008]. 

During the 1975-1984 Krafla rifting episode in northeast Iceland, around 20 dikes 

intruded into the crust and nine of them led to eruptions [Buck et al., 2006]. The injected 

dikes caused movement along pre-existing rift-bounding normal faults in an 80-km-long 

segment of the Krafla fissure swarm suggesting that the tectonic extension was 

accommodated by diking at depth and faulting close to surface. Throughout the crisis, 

conventional geodetic methods (e.g. leveling, tilt and Electronic Distance Measurements 

(EDM)) were used to measure the crustal deformation. Tilt and EDM measurements 

showed up to ~9 m horizontal extension across the fissure swarm [Tryggvason, 1984; 

Björnsson et al., 1985]. The spatial and temporal resolution of the conventional geodetic 
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measurements is low and limited to the central and northern part of the fissure swarm, 

which prevents a detailed investigation of the interaction between the dike injections and 

graben-bounding fault movements. Only the last fissure eruption near the Krafla volcano 

in September 1984 was modeled by inverting leveling, tilt and EDM data [Árnadóttir et 

al., 1998]. New observations from optical image correlation and digital elevation model 

(DEM) differencing, along with the EDM and leveling data spanning the 1975-1984 

Krafla rift show about 5m horizontal displacements in far field and up to 4 m vertical 

displacements in the graben along the whole rift segment [Hollingsworth et al., 2013]. An 

elastic model including a dike and rift-bounding faults was used to explain these 

displacements. Due to the different temporal and spatial coverage of the various data sets, 

Hollingsworth et al. [2013] estimated the dike geometry and fault slip by using data from 

the southern, central, and northern ends of the rift zone separately. Hollingsworth et al., 

[2013] discussed the strain partitioning of the rift extension onto dikes and faults and 

concluded that the normal faults were likely formed passively in response to the dike 

injection and propagated along the trajectory of maximum dilatational strain into the 

shallow crust. Similarly, Coulomb failure stress differences between a dike-only model 

and a dike-fault model show that a large proportion of stress at surface can be relieved if 

faulting occurs [Hollingsworth et al., 2013]. They also calculated that the seismic 

moment (sum of moment released by the largest earthquakes and by the moment 

attributable to the faulting) released during the episode was only about 9% of the total 

geodetic moment released by the rifting episode. 

The temporal resolution of InSAR data is rarely sufficient to appreciate the rapid 

evolution of dike intrusions. Geodetic observations of recent rifting events in the East 
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African rift and in Iceland have thus only offered a picture of the cumulative ground 

deformation of the entire dike intrusion processes. The dynamics of the dike-fault 

interaction has remained mostly unexplored from an imaging point of view. Therefore, 

field studies, numerical models and analog experiments have been used to understand the 

kinematics and dynamics of diking and the causal relationship between shallow dike 

intrusions and extensional fracturing and faulting of the ground surface [Mastin and 

Pollard, 1988; Abdemalak et al., 2012; Trippanera et al. 2014]. In particular, Mastin and 

Pollard [1988] carried out analogue experiments on the surface effects of dike inflation, 

revealing that shallow dike emplacements generate a syncline between two gentle 

topographic highs on each side above the dike. These topographic highs become zones of 

extensional strain. In fact, fissures form at the model surface, while right above the dike 

tip contractional strain develops. Upon additional dike inflation, fissures progressively 

propagate downward from the surface toward the dike tip. In the final stage, a graben 

develops above the dike, due to dip-slip movement on some of the extensional fractures. 

Dip-slip displacement of graben-bounding faults causes unbend of the previously formed 

syncline. 

By using numerical modeling, Rubin and Pollard, [1988] found that the 

combination of a dike intrusion and normal faulting can account for both far-field 

displacements and near-field graben subsidence seen in the leveling data, while diking 

alone is not able to explain the graben subsidence, and fault movements alone cannot 

explain the deformation in the far field. Using a frictional-law criterion, Rubin and 

Pollard, [1988] further demonstrated that dike intrusions always trigger the surface 

faulting and not vice versa. They, however, only focused on the explanation of the 
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inferred fault behavior as a consequence of the dike intrusion. The impact of the normal 

faults on the intruding dike was not reported.  

Rivalta and Dahm [2004] studied the effect of diffuse fracturing on dike 

propagation. They found that the increased compliance due to rock weakening induced 

by the dike-induced earthquakes increases the curvature at the dike tip and favors 

propagation. However, Rivalta and Dahm [2004] did not explore the effect of large-scale 

faulting occurring due to the increased strain in the host rock. The creation of large faults 

at the tip of the dike would release elastic energy and eventually favor dike arrest. This 

complex coupling between dikes and faults is still unexplored in numerical models and 

observations are needed to constrain the models. 

Passarelli et al. [2015] analyzed the focal mechanisms of the earthquakes induced 

by the 2000 intrusion at Miyakejima (Japan). They related the geometry of the 

earthquakes (normal faulting, strike-slip and oblique mechanisms) to the Coulomb 

stresses induced by the dike and analyzed how the dike modified the local and regional 

stresses. The information from crustal deformation was however not optimal in for that 

offshore dike intrusion, preventing a detailed analysis of the fine-scale geometry of the 

faults and of dike-fault interaction. 

All these previous studies have revealed how dikes modify the stress field in the 

surrounding rocks, causing seismicity, ground deformation and normal faulting. 

However, the detailed dynamics of the dike-faulting interplay from when the dike 

approaches the free surface, induces the faulting and finally responds to the stress 

induced by the faults have not been imaged yet with resolution high enough to understand 
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the details of the interplay. This is due to the fact that most studies based on crustal 

deformation have provided just a snapshot of this complex process. Owing to a favorable 

acquisition programming of the Envisat satellite, we here focus on analyzing 

measurements of spatial and temporal variability in deformation from the early to late 

phases of the 2009 Harrat Lunayyir dike intrusion (i.e., between 3 days before and 22 

days after the main faulting event). We start by introducing the earthquake activity 

associated with the 2009 Harrat Lunayyir crisis. We then use InSAR data to generate five 

consecutive surface displacement maps, from which we invert for the source parameters. 

We finally investigate the interplay between the dike and the faults by calculating the 

Coulomb stress changes and examining their effect on the dynamics of the dike 

(deceleration and arrest). 

4.2 Overview of the 2009 Harrat Lunayyir Crisis 

Harrat Lunayyir is one of the smallest and youngest volcanic field in the western Arabian 

Peninsula, lying ~60 km east of the Red Sea, covering a surface area of  ~3500 km2 

(Figure 1-1) [Roobol, 2009]. Historical records of seismic and volcanic activity suggest 

that at least 21 eruptions have occurred in the Arabian Peninsula during the past 1500 

years, including one possible eruption in Harrat Lunayyir about 1000 years ago [Camp et 

al., 1987]. 

The first sign of reawakened activity in Harrat Lunayyir was in October 2007, 

when an earthquake swarm started, with about 500 events recorded, lasting until May 

2008. The events show a NE-SW trend, with maximum magnitude of 3.2 (Figure 4-1), 
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and mostly located below 10 km.  Later, during April-July 2009, a much stronger seismic 

swarm of more than 30000 earthquakes with magnitude ranging from -0.7 - 5.4 struck the 

region, about 15 km northwest of the 2007 swarm (Figure 4-1). The threat of further large 

earthquakes and a possible eruption prompted the authorities to evacuate about 40000 

people from the region. Significant and rapid efforts were also made to collect scientific 

data of this rare activity on the Arabian peninsula [Pallister et al., 2010]. Field 

observations and InSAR data show that the earthquake swarm was accompanied by 

surface fracturing and faulting, up to ~14 km in length, with vertical offsets of ~1 m. 

Together the collected data, modeling and interpretation indicate that the activity was 

caused by a magmatic dike intrusion that almost made it to the surface to start a volcanic 

eruption [Pallister et al., 2010; Jónsson, 2012].  

Most M > 4 earthquakes occurred before 21 May 2009 with the largest event of 

moment magnitude 5.7 on 19 May (the main event). The predominant mechanism of the 

M > 4 events was normal faulting with some minor strike-slip component [Hansen et al., 

2013; Pallister et al., 2010]. The earthquake depths could not be reliably determined from 

the seismic data, but estimated depths of most of the earthquakes cluster between 5 km 

and 15 km (Figure 4-1a). Some of the earlier earthquakes in the sequence were located 

deeper indicating that the seismicity migrated upwards. Unlike the swarm in 2007-8, the 

main orientation of the 2009 earthquake swarm was along the NW-SE direction on a 

steeply dipping plane (Figure 4-1a). Assuming that the earlier swarm marks the location 

of the magma during the first stage of ascent, the seismicity as a whole indicates an 

inclined magma pathway under Harrat Lunayyir. However, event locations in the 2007-8 



82 
 

swarm are not good enough to draw strong conclusions about this point, due to limited 

number of seismometers in the area during the earlier activity. 

 

Figure 4-1: Image showing the seismicity from the 2009 activity at Harrat Lunayyir. White lines 
in (a) mark mapped faults and fractures from Jónsson (2012). Yellow line marks the coverage of 
lava flows. (b) temporal variations of daily number of earthquakes (M>0, black; M>2, red). 
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Most of the accumulated energy was released in the form of small magnitude 

events after the largest event on 19 May 2009 (Figure 4-1b). This intense and persistent 

small-magnitude seismicity may suggest that pressure remained high after the intrusion 

or that slow slip movements of the graben-bounding faults continued throughout the 

sequence [Bean et al., 2013]. 

Hansen et al. [2013] relocated ~5700 earthquakes occurring between 30 April and 

31 July 2009 and generated a P-wave velocity model beneath Harrat Lunayyir using local 

double-difference tomography. They found a high velocity anomaly centered at ~15 km 

depth with a similar orientation as the 2009 seismic swarm. Hansen et al. [2013] 

interpreted it as a zone of repeated dike intrusions and suggested that future seismic and 

volcanic hazards are possible in the region. Koulakov et al. [2014] obtained a 3-D seismic 

attenuation model of the crust beneath Harrat Lunayyir and found low-attenuation zones 

down to 5 km depth and high-attenuation zones below 6 km. Koulakov et al. [2014] 

interpreted the high-attenuation zones as corresponding to the upper part of the magma 

conduit and the low-attenuation zones corresponding to rigid rocks. Based on the dating 

and analysis of six volcano-stratigraphic units, Duncan and Al-Amri [2013] suggested 

that there is some thinning of the lithosphere under Harrat Lunayyir and that erupted 

magmas mainly came directly from the upper mantle. 

Multiple ascending and descending InSAR observations from the Envisat and 

ALOS satellites and multiple aperture interferometric (MAI) along-track measurements 

have been used to invert for the 3D ground displacement field caused by the intrusion 

[Baer and Hamiel, 2010, Jónsson 2012]. The 3D displacement maps clearly show ~1.5 m 
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of East-West extension, over 60 cm vertical offset on the western boundary normal fault, 

as well as 10-20 cm tensional fractures on the eastern side (Figure 4-1). The surface 

deformation associated with the dike intrusion is best modeled by a ~10 km long near-

vertical opening crack with a ~340° strike and two NW-SE oriented normal faults 

forming a wedge-shaped graben [Baer and Hamiel, 2010; Pallister et al., 2010]. Based on 

this information, Jónsson [2012] further estimated the tensile strength of the granitic rock 

mass as 1-3 MPa. 

4.3 InSAR Data Processing and Inversion 

Methodology  

4.3.1 InSAR Data Processing 

To investigate the temporal evolution of the dike intrusion and faulting, we used C-band 

(5.6 cm wavelength) European Space Agency’s Envisat data in image and wide swath 

modes from both ascending and descending orbits (Table 1). We processed five 

interferograms spanning the height of the shallow intrusion activity, separated by only a 

few days, and produced a detailed series of ground deformation maps. We processed the 

data with the GAMMA software and used the Shuttle Radar Topography Mission 

(SRTM) digital elevation model (DEM) to simulate and eliminate the topographic 

signals. The interferogram noise was first reduced by “multilooking” to about 80 meter 

pixel spacing and then by filtering [Goldstein and Werner, 1998]. After that we 
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unwrapped the interferograms using the minimum cost flow (MCF) method [Chen and 

Zebker, 2000] and finally geocoded them into the WGS84 coordinate system.  

To mitigate residual orbital and long wavelength atmospheric errors, we first 

masked the deformation region out and fitted a quadratic plane to the remaining data in 

the non-deforming surrounding areas. We then subtracted the estimated plane from the 

interferograms to obtain deformation interferograms free of long wavelength errors. We 

also reduced elevation-dependent atmospheric signals in the interferogram, by estimating 

and removing a linear trend between elevation and unwrapped InSAR phase. After these 

operations, residual orbital errors and atmospheric signal are much reduced within the 

interferograms in the area of interest around the dike intrusion. 

4.3.2 Inversion Methodology 

To model the dike intrusion and faulting movements, we used rectangular dislocations, in 

a homogeneous, isotropic and elastic half-space [Okada, 1985], with Poisson’s ratio and 

shear modulus as 0.25, and 25 GPa, respectively. We used the dike and fault geometry 

from Pallister et al. [2010] and applied least-squares inversion to determine the amount of 

dike opening and fault slip that best fit each of the InSAR dataset. The InSAR data were 

subsampled using the quadtree method and weighted using the inverse of their variance 

[Jónsson et al., 2002]. To account for the spatially variable dike opening and fault slip 

distribution, we subdivided the dislocation planes into 1 km × 1 km patches. We allowed 

both dike opening and fault slip for the interferograms spanning time periods after 16 

May, while we only inverted for dike opening for the interferogram covering the time 
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before 16 May. To prevent oscillatory solutions, the inversion was regularized with 

positivity and smoothness constraints [Jónsson et al., 2002].  

4.3.3 Stress-change Calculations 

Coulomb Failure Stress Change (∆CFS) calculations have been widely used to explore 

triggering of earthquakes and volcanoes [Lin and Stein, 2004; Toda et al., 2005]. The 

Coulomb failure model can be simplified as: 

∆CFS = ∆τ + µμ!∆σ                                                     (4.1) 

where ∆τ is the shear stress change on the receiver fault, µμ! is effective coefficient of 

friction and ∆σ   is the normal stress change. Failure  is promoted if ∆CFS is positive, and 

inhibited if negative (see e.g. Freed [2005]). 

To model the static stress interactions between the dike injection and normal 

faulting in Harrat Lunayyir, we used the Coulomb 3.4 software [Lin and Stein, 2004; 

Toda et al., 2005]. We imported our estimated elastic dislocation models into the 

software and calculated the ∆CFS change, using an effective coefficient of friction of 0.4. 

We calculated the ∆CFS on optimally oriented normal faults for each location at the 

surface to explore how much dike-induced stress change is needed to trigger fault 

movements on surface. In turn, we also explore how the normal fault slip changes the 

stress around the dike. 
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4.4 Results  

4.4.1 Detailed InSAR Observations and Modeling 

4.4.1.1 Stage 1: 21 July 2007 – 16 May 2009 

This interferogram shows the ground deformation three days prior to the 19 May main 

earthquake event. The ellipse-shaped deformation pattern is typically coincided with dike 

opening (Figure 4-2a). It shows ~14 cm uplift in the line of sight (LOS) in the western 

side and ~7 cm subsidence in the center of the interferogram. The model results show that 

the dike has reached ~2 km below the surface with a maximum value of opening of 2 m 

and a volume of magma emplaced of 0.07 km3. 

4.4.1.2 Stage 2: 14 April 2007 – 19 May 2009 

This interferogram covers three additional days of activity compared to stage 1 and 

contains also the main M5.4 event of the earthquake swarm. It shows two lobes of fringes 

on either side of the graben and a broad area of deformation (Figure 4-2b). The 

deformation pattern is consistent with that expected from a dike with induced surface 

faulting at its upper tip [Nobile et al., 2012]. The coherence is lost in the graben mainly 

due to the spatial resolution of Envisat wide swath mode is not able to resolve the large 

deformation gradient. Around 57 cm and 13 cm uplift are observed on the western 

hanging wall and on the eastern hanging wall, respectively. The elastic model shows the 

dike has ascended to ~1 km below surface with additional opening of 1.6 m between 16 
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May and 19 May comparing to previous stage, therefore the cumulative opening values 

was 3.6 m. Up to 1.4 m slip occurred on the graben-bounding normal faults. However, 

the slip is not well resolved due to missing near field observations in the graben. 

 

Figure 4-2: Images showing interferograms (first column from left), model predictions (second 
column from left), residuals (third column from left) and model sources (last column from left) 
for various time periods of the 2009 Harrat Lunayyir dike intrusion. Each fringes represents 10 
cm displacement in line-of-sight direction. Black lines mark mapped faults and fractures. Red 
lines mark the model dike (thicker) and model graben-bounding normal faults from Pallister et 
al., (2010).  
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4.4.1.3 Stage 3: 1 January 2009 – 21 May 2009 

This interferogram was acquired from a descending orbit, thus shows more fringes on the 

eastern side of the dike (Figure 4-2c) with ~38 cm uplift in LOS and ~18 cm on the 

western side of the dike. The elastic model result shows the maximum value of opening is 

~2.2 m which is smaller than the previous value of stage 2. The main reason is that 

InSAR is only sensitive to surface displacements in the LOS direction. The LOS direction 

in descending orbit has an angle of ~30° to the opening direction of the dike, while the 

LOS direction is almost parallel to the opening direction of the dike as observed from 

ascending orbit. Therefore, interferograms acquired from descending orbit are only able 

to detect part of the deformation associated with dike opening, which subsequently lower 

the modeled dike opening value.  

4.4.1.4 Stage 4: 14 January 2004 – 27 May 2009 

This interferogram was obtained in image mode and has a steep incidence angle 

comparing to the previous one. It has a better coherence in the graben and is more 

sensitive to vertical deformation. It shows three lobes (30 cm) on eastern side of the dike 

and a high fringe gradient (53 cm) in the graben (Figure 4-2d). The elastic model shows 

the maximum value of dike opening is ~2.9 m.  

4.4.1.5 Stage 5: 11 October 2006 – 17 June 2009 

This interferogram includes the majority of observed deformation spanning the whole 

crisis. Over 1 m of east-west extension in LOS is observed. The modeled dike opened by 
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as much as 4.5 m. The opening is greatest at 1-8 km depth, with little opening occurring 

below 8 km or above 1 km. The modeled normal faults slipped by an average of 1 m. The 

modeling result suggests that a total of ~0.13 km3 of magma was intruded along a 10 km 

long segment during one-month period.  

Table 4-1 Information about the SAR data used in this study. 

!

Mode Flight direction Look angle 
(°) 

Start date End date Perp. B 
(m) 

Wide swath Ascending 29 July 21, 2007 May 16 3 
Wide swath Ascending 38 April 14 May 19 192 
Wide swath Descending 38 January 1 May 21 -100 
Image mode Descending 23 January 14, 2004 May 27 -91 
Image mode Ascending 23 July 28,2004 June 17 32 

Note: All dates are from 2009 unless otherwise stated. 
   

4.4.2 Dike-fault Interactions 

4.4.2.1 Stress Changes during the Initial Phase (Dike at 2 km 

Depth) 

When the ascending dike reached 2 km below surface on 16 May (stage 1), the ∆CFS 

calculation at surface shows two regions of increased stress up to 1 MPa on either side of 

the dike (Figure 4-3a). In the cross section, it becomes even clearer that the stress 

unclamping zones are located above the tip of the dike and on two localized sites on both 

side of the dike all the way to the surface (Figure 4-3d). The regions around the dike 

opening are under stress clamping. The dilatational strain shows similar pattern as the 

∆CFS (Figure 4-3g). At this stage, no obvious normal faults formed.  
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4.4.2.2 Stress Changes during the Later Phase (Dike at 1 km 

Depth) 

When the growing dike has reached 1 km below the surface (stage 2), the computation of 

∆CFS changes associated with the dike intrusion acting on the surface has increased 

dramatically to ~6 MPa (Figure 4-3b). Two zones of maximum horizontal tension are 

created at surface on opposite sides of the dike plane (Figure 4-3e, h). These regions 

favor the initiation of open cracks and often produce two parallel zones of fissuring and 

normal faulting (Mastin and Pollard, 1988). Eventually, this process leads to the graben 

formation above the dike. As the dike is getting closer to the surface, the distance 

between the two high strain zones decreases (Figure 4-3h). The internal pressure of the 

dike compresses the surrounding rock below 1 km.  

 

Figure 4-3: Coulomb failure stress changes (ΔCFS) resolved on optimally oriented normal faults 
showing the stress interactions between dike injection and normal faulting. (a) the ΔCFS for a 
dike-only model, 2 km below surface; (b) same as (a), but the dike is one km below surface; (c) 
the ΔCFS for a dike-fault model; (d-f) Cross sections of (a-c). (g-i) Cross sections showing the 
dilatational strain. 
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4.4.2.3 Stress Relief by Normal Faulting 

Integration of fault slips on conjugate normal faults above the dike relieves a large 

proportion of tensional stresses at the surface and relieves the compressional stresses 

around the dike but increase compressional stresses above the tip of the dike (Figure 4-

3c, f). Comparing to the dike-only model, the value and area of the ∆CFS at the surface 

and the dilatational strain decreased significantly to almost zero (Figure 4-3i), which may 

indicate that the movement of graben-bounding faults could stop the upward propagation 

of the dike and fault formation.  

4.5 Discussion 

Our time series from InSAR measurements allow us to estimate the rough duration and 

speed of magma migration. The InSAR observations show no ground deformation on 

May 8 (not shown) and obvious ground deformation associated with a 2 km deep dike on 

May 16. According to this information, we can estimate the possible dike location on 

May 8 such that it is undetectable by InSAR by assuming the dike parameters and 

openings remain unchanged as the dike propagated upward. We take the InSAR detection 

threshold to be 5 mm and assume the dike was vertical and had a volume of 0.07 km3. 

We find that the dike tip should have been located deeper than 20 km below the surface 

on 8 May. Therefore, the source of the magma was likely very deep, in the Moho 

[Hansen et al., 2007]. The dike propagated at least at an average velocity of 2.25 km/day 

at depth between 8 May and 16 May. From 16 May to 19 May, the dike propagated 1 km 

further upward suggesting that its average speed decreased to 0.33 km/day. The velocity 
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of the first propagation stage is in the same order to that found for other dikes ascending 

the last few km of the crust before erupting. Prior to the March 1998 Piton de la 

Fournaise eruption, the migration velocity of the dike decreased from 2.28 km/day 

between 5 km and 1.5 km below sea level to 1.8 km/day between 1.5 km below sea level 

and surface [Battaglia et al., 2005]. The lateral intrusions for the Dabbahu rifting episode 

propagated at higher velocities of 15-65 km/day and the speed of several events of the 

Krafla rifting episode was in the range 35-100 km/day. The higher velocities for those 

dikes may be related to a strong coupling with the feeding magma reservoir, which 

pressurized the dikes. The observed approximately exponential deceleration of the Krafla 

and Afar dikes was attributed to loss of pressurization due to decompression at the 

magma reservoir [Buck et al., 2006, Rivalta, 2010]. The lower velocity of the Harrat 

Lunayyir dike suggests an efficient decoupling from the feeding reservoir, which is 

consistent with the lack of crustal deformation signals that could be attributed to deflation 

at a reservoir, and with the source of the magma being very deep. 

We infer that the dike decelerated by a factor of seven during the final stages of 

the emplacement at Harrat Lunayyir. Beside pressure loss at the magma chamber, 

mentioned above, which is likely not relevant for the Harrat Lunayyir dike, many factors 

may accelerate or decelerate a dike during its path towards the free surface [Rivalta et al., 

2015]: solidification [Taisne and Tait, 2011], layering [Rivalta et al., 2004, Taisne et al., 

2011], topographic loads [Watanabe et al., 2002; Maccaferri et al., 2011]. When the dike 

is close to the free surface, the dike is predicted to accelerate, as observations [Battaglia 

et al., 2005], laboratory experiments [Rivalta and Dahm, 2004] and theoretical studies 

[Pollard and Holtzhausen, 1979] show. However, analogue experiments have shown that 
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slip on pre-existing fractures tends to decelerate the dike velocity [Le Corvec et al., 

2013]. In the case of the Harrat Lunayyir dike, the dominant factor on dike deceleration 

and arrest was probably the interaction of the dike with the graben faulting. A loss of 

buoyancy due to a decreased density difference between host rock and magma may have 

also contributed decelerating the dike, but the fact that the dike continued to inflate after 

arrest demonstrates that the magma was still buoyant at the depth of dike arrest, as 

discussed below. 

Our observations and stress calculations show that the formation of graben-

bounding faulting due to shallow dike intrusion plays an important role in helping the 

dike to stall and preventing the 2009 Harrat Lunayyir eruption. The dike got arrested in 

the shallow crust, but it was still inflating as buoyant magma continued flowing from 

below; this continued opening of the dike walls causes continuous slow movements on 

the graben-bounding normal faults producing small-magnitude earthquakes for a period 

of time, as seen from Fig. 2.  

There are several limitations using InSAR to study rifting events where dike and 

fault interact. 1). InSAR is only sensitive to the deformation in the LOS direction. If the 

satellite is not favorably imaging the deforming source, significant information will be 

lost. Due to this problem, we can only use measurements from the same orbit to observe a 

continuous dike opening during the Harrat Lunayyir intrusion. 2). InSAR has minimum 

and maximum detectable deformation gradients [Jiang et al, 2011].  When maximum 

detectable deformation gradients of Envisat image mode data (20 m spatial resolution) is 

a factor of 7.5 higher than that of the Envisat data from wide swath mode (150 m spatial 
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resolution) [Guccione, 2006]. Therefore, we encountered severe decorrelation in the 

graben from Envisat wide swath mode. 3). InSAR observations of the Harrat Lunayyir 

intrusion do not provide information about the depth of the source of the magma. We 

have to make assumptions to infer the possible depth of the source. Recent study suggests 

that the source could originate from the Red Sea rift, if the crustal unloading pressure 

dominates over tectonic extension forces in northern Red Sea allowing the dike to ascend 

toward the rift sides [Maccaferri et al., 2014]. 4). The magnitude of the initial stress status 

is generally difficult to determine, while the rough orientation of the initial stress can be 

inferred from the deformation map. By taking this information into account, we could 

make reasonable assumptions of the direction of maximum stress and minimum stress, 

but the values of the initial stresses may be case dependent. Therefore, the value of our 

stress calculations between dike and fault can be varied but the key features will be 

similar.  

4.6 Conclusions 

The combination of InSAR observations and stress calculations enable analysis of the 

interplay between dike intrusion and normal faulting during the 2009 Harrat Lunayyir 

magma-driven earthquake swarm. Although the InSAR data are from different imaging 

mode, different orbits and have different incidence angles, they have provided detailed 

spatial and temporal evolution of ground deformation. Despite strong increase in seismic 

activity from the start of the earthquake swarm in April, pure dike induced surface 

displacements can be found on 16 May three days prior to the main event. With 

significant part of the intruded magma was added to the dike, interferograms exhibit 
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strong deformation that extend across a large 40 km × 40 km area, with broad uplift and 

over a meter of WSW-ENE extension. In addition, the data show clear signs of surface 

faulting and graben-like subsidence in the middle of the deformed area with the graben 

subsidence exceeding 50 cm. Modeling of individual InSAR observations strongly 

suggest that the shallowest part of the dike have reached within only 1 km of the surface, 

right below where the graben is the narrowest and below an area containing a number of 

cinder cones from previous volcanic events. Therefore, the rifting event was initiated 

with dike injection propagating to shallow depth and subsequently induced graben-

bounding normal faulting. 

∆CFS calculations provide information about the triggering mechanism and stress 

interactions between dike intrusion and normal faulting. The shallow dike intrusion 

increases the compression adjacent to the dike and decreases the compression above the 

dike favoring the formation of graben-bounding normal faults, while the slip on graben-

bounding normal faults inhibits subsequent dike growth by stress clamping.  

The Harrat Lunayyir intrusion was the first observed intrusive episode example 

occurring on the eastern flank of the Red Sea rift in modern space geodetic era. This 

episode suggests that the off-rift volcanoes remain active and potentially hazardous, the 

magma may find its way in the form of dike propagating from deep to shallow depth to 

start an eruption. Rapid urbanization and population growth in the western part of Saudi 

Arabia has lead to increased risk and vulnerability to these volcanoes. Knowledge on the 

volcanic activity and the magma plumbing systems will thus help to improve volcanic 

hazards. As the seismic networks on the Arabian Peninsula are expanding, more volcano-
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tectonic earthquakes will be detected. In addition, new InSAR satellite missions (e.g., 

Sentinel-1 and ALOS-2) will offer more frequent imaging of the region and provide 

better data of volcanic deformation. 
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Chapter 5 

Identifying Active Faults by Improving 
Earthquake Locations with InSAR Data and 
Bayesian Estimation: The 2004 Tabuk (Saudi 
Arabia) Earthquake Sequence 
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Abstract 

A sequence of shallow earthquakes of magnitudes ≤ 5.1 took place in 2004 on the eastern 

flank of the Red Sea rift, near the city of Tabuk in northwestern Saudi Arabia. The 

earthquakes could not be well located due to the sparse distribution of seismic stations in 

the region, making it difficult to associate the activity with one of the many mapped 

faults in the area and thus to improve the assessment of seismic hazard in the region. We 

used interferometric synthetic aperture radar (InSAR) data from the Envisat and ERS-2 

satellites to improve the location and source parameters of the largest event of the 

sequence, Mw 5.1, which occurred on 22 June, 2004. The mainshock caused a small, but 

distinct ~2.7 cm displacement signal in the InSAR data, which reveals where the 

earthquake took place and shows that seismic reports mislocated it by 3-16 km. With 

Bayesian estimation we modeled the InSAR data using a finite fault model in a 

homogeneous elastic halfspace and found that the mainshock activated a normal fault, 

roughly 70 km southeast of the city of Tabuk. The southwest-dipping fault has a strike 

that is roughly parallel to the Red Sea rift, and we estimate the centroid depth of the 

earthquake to be ~3.2 km. Projection of the fault model uncertainties to the surface 

indicates that one of west-dipping normal faults located in the area and oriented parallel 

to the Red Sea is a likely source for the mainshock. The results demonstrate how InSAR 

can be used to improve locations of moderately sized earthquakes and thus to identify 

currently active faults.  
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5.1 Introduction 

Flanks of active rifts are usually considered to be seismically inactive after the 

continental extension phase has ended and seafloor spreading has begun [Ebinger, 2005]. 

With its relatively rare intraplate earthquakes, the Arabian shield, which flanks the Red 

Sea rift, is an example of a seismically inactive flank when compared to the active Red 

Sea plate boundary. The region is classified as being of relatively low seismic hazard 

[Giardini et al., 2003] and the Arabian plate is also found to be a geodetically stable 

region, with no detectable internal strain [ArRajehi et al., 2010]. However, several 

significant earthquakes have occurred on the rift flank in the past two to three decades, 

including the 1982 Mw 6.2 earthquake in Yemen [Choy and Kind, 1987], the Mw 5.1 

Tabuk and Mw 3.7 Badr earthquakes in northwestern Saudi Arabia on 22 June 2004 and 

27 August 2009, respectively [Aldamegh et al., 2009; 2012], and the Ml 5.1 event on 23 

January 2014 near Jizan in southern Saudi Arabia [Saudi Geological Survey, 2014].  

Historically, there have also been many damaging earthquakes in the region, both in 

Saudi Arabia and in Yemen [Ambraseys and Melville, 1983; Ambraseys et al., 1994]. For 

example, the 1941 earthquakes near Jabal Razih in northern Yemen caused 1200 

casualties and was felt widely, from Jizan (in southern Saudi Arabia) to the north to Al-

Mukalla in southern Yemen [Ambraseys and Melville, 1983]. This recent and past 

activity indicates that some of the numerous mapped faults within the rift flank remain 

active. However, it is not clear where exactly the historical earthquakes took place and 

the source locations of the recent events are not exact enough to associate them with 

particular mapped faults, due to the sparse regional seismic network. Better locations of 
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these instrumentally recorded earthquakes are crucial for identifying which faults of the 

rift flank remain active.  

 

Figure 5-1: Location of the 2004 Tabuk earthquake sequence in northwestern Saudi Arabia. (a) 
Black dots show earthquake locations from the ISC catalog in 2004 and stars indicate mainshock 
locations from the different seismic catalogues in comparison to our study. The coverage of the 
Harrat ar Raha and Harrat Uwayrid lava fields is shown in dark gray. Black boxes outline 
ascending and descending orbit SAR frames, respectively. The inset map shows the location of 
the study area. (b) Zoom-in of the epicentral area (white rectangle in (a)) with mapped faults 
[Grainger and Hanif, 1989]. A2009: Aldamegh et al., [2009]. 

Interferometric Synthetic Aperture Radar (InSAR) has proven to be a useful tool 

to constrain the location, fault geometry and slip of many strong (Mw > 6) crustal 

earthquakes (e.g., Weston et al., 2011]. InSAR can also be useful to locate smaller 

earthquakes if they are shallow enough to produce measurable deformation. Lohman et 

al. [2005] showed that teleseismic locations of several earthquakes in Iran were off by 

10-20 km and that large differences were reported in estimated focal depths. The location 

of the 1992 Little Skull Mountain earthquake (Ms 5.4) in Nevada, USA, reported by the 

Global Centroid Moment Tensor Project (GCMT), was off by ~42 km from that obtained 

by InSAR [Lohman et al., 2002]. Mellors et al. [2004] reported that it is difficult to 
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accurately determine the source parameters of moderate-size earthquakes (4 < M < 6) in 

seismology, especially their epicentral location and focal depth. By systematically 

comparing earthquake source models derived from InSAR and those from seismic data, 

Weston et al. [2012] found that InSAR provides more accurate location information for 

shallow events than do seismic catalogues. 

The ability of InSAR to locate moderately sized shallow earthquakes to large 

earthquakes can be exploited to identify active faults. By modeling InSAR data covering 

the 2008 Reno-Mogul small-magnitude (Mw 5.0) earthquake swarm, Bell et al. [2012] 

suggested the earthquakes were due to strike-slip motion on a previously unknown fault 

in the Reno basin in Nevada, USA. Similarly, Wicks et al. [2013] investigated a series of 

small earthquakes with InSAR and associated them with a shallow, previously unknown 

thrust fault beneath the city of Spokane, Washington, USA. 

In this study, we use InSAR data to constrain the source location and fault 

geometry of the 2004 Tabuk earthquake and then use the results to associate the activity 

to mapped faults on the Red Sea rift flank in northwestern Saudi Arabia. We use 

Bayesian estimation to generate confidence levels for the estimated model parameters 

and to propagate the errors to the surface and compare the results to locations of mapped 

faults.  
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5.2 Geological Setting and the 2004 Tabuk 

Earthquake 

The tectonics of western Arabia is mainly controlled by the geodynamic processes in the 

Red Sea region [McClusky et al., 2010]. The 2004 Tabuk earthquake sequence appears to 

have occurred on one of the normal faults on the rift flank, ~40 km east of the Red Sea 

escarpment and within the so-called Hisma plateau of the Arabian shield [Grainger and 

Hanif, 1989]. The Hisma plateau consists of three lithological layers: Precambrian rocks 

(extending to at least 1 km below sea level) are overlain by Paleozoic sedimentary rocks 

(sandstone up to 1 km thick) and Cenozoic volcanic rocks of the Harrat ar Raha and 

Harrat Uwayrid lava fields.  

Numerous faults oriented parallel to the axis of the Red Sea rift have been 

mapped in the Paleozoic sedimentary rocks south and east of Tabuk and north of Harrat 

Uwayrid [Janjou et al., 1997]. Most of these faults are either single normal faults or pairs 

of faults forming a graben, the majority of which strike between west-northwest and 

northwest. Many of these faults have a sharp surface expression, without much erosion, 

and they also appear to have caused offsets to an older regional drainage system with a 

northeasterly trend [Grainger and Hanif, 1989]. In addition, several of the faults on the 

Hisma Plateau are arcuate with the strike changing from a northwesterly to a northerly 

trend.  

The Tabuk earthquake sequence occurred about 70 km southeast of the city of 

Tabuk (pop. >500,000) in June-August 2004 (Figure 5-1a). The sequence started with a 



104 
 

Mw 4.4 foreshock on 9 June 2004, followed by several smaller magnitude events (ML < 

2.5), before the Mw 5.1 mainshock occurred on 22 June 2004, see Figure 5-2 (the 

magnitudes are from the International Seismological Centre (ISC), see Data and 

Resources Section). Significant aftershock activity continued until 29 August 2004 with a 

total of 380 earthquakes recorded [Aldamegh et al., 2009]. Although the earthquake 

sequence caused only minor damage, the mainshock was widely felt in northwestern 

Saudi Arabia [Aldamegh et al., 2009].  

 

Figure 5-2: Number of events per day and cumulative number of events versus time of 2004 
Tabuk earthquake sequence (Data from the ISC catalog). 

Different moment magnitudes and locations are reported for the Mw 5.1 

mainshock, now referred to as the Tabuk earthquake in various seismic studies and 

catalogues (Figure 5-1b). Using regional waveform inversion, Aldamegh et al., [2009] 

reported a normal faulting mechanism with a Mw 5.1, a focal depth of 4 km, and location 

that is ~4 km further west than in the National Earthquake Information Center (NEIC) 

and the International Seismological Centre (ISC) catalogues. The strike is more southerly 

and the dip is shallower for the mainshock in the Zurich Moment Tensors (ZUR_RMT) 
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catalogue than those given in the other reports, while the Mediterranean Network 

Regional Centroid - Moment Tensors (MED_RCMT) catalogue has the main event 

located about 17 km further to the north. In summary, the distances between the 

epicentral locations in the above reports is 2 to 19 km and the depths vary from 4 to 15 

km, making it impossible to associate the earthquake with one of the many mapped faults 

in the area (Figure 5-1b). 

5.3 InSAR Observations 

To determine the exact location of the Tabuk earthquake, we studied the ground 

deformation associated with the earthquake sequence using ascending and descending C-

band (5.6 cm wavelength) InSAR data from the European Space Agency’s ERS-2 and 

Envisat satellites (Table 5-1). We processed the data with the GAMMA software and 

used the Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) 

[Farr et al., 2007] to simulate and eliminate the topographic signals. The interferogram 

noise was first reduced by “multilooking” to about 40-meter pixel spacing and then by 

filtering [Goldstein and Werner, 1998]. The interferograms were then unwrapped using 

the minimum cost flow (MCF) method [Chen and Zebker, 2000] and finally geocoded 

them into the WGS84 coordinate system.  

Unwanted atmospheric signals are one of the most limiting factors in applications 

of repeat pass InSAR [Zebker et al., 1997; Li et al., 2012].  To reduce these effects, we 

estimated and removed linearly elevation-dependent atmospheric signals in the region 

near the epicenter [Xu et al., 2011]. We then stacked all available interferograms from 
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within the same frame to improve the signal-to-noise ratio (SNR). The resulting 

deformation pattern is very similar in both the ascending and descending interferograms, 

indicating that the dominant coseismic displacement is vertical (Figure 5-3a-d). The 

maximum line-of-sight (LOS) displacement is ~2.7 cm at the center of a ~40 km2 

elliptical deforming area.  

Table 5-1: Information about the InSAR data used in this study. 
Satellite Flight direction Track Acq. Date (yyyymmdd) Orbit Perp. Baseline (m)

20040117 9837 0
20040605 11841 795
20060225 20859 -119
20061202 24867 123
20071117 29877 451
20080510 32382 223
20030728 43240 0
20050627 53260 -163

264 20040117 45709 0
20040814 48715 171
20050101 50719 -165
20050205 51220 145

493 20030915 43934 0
20050221 51449 56

ERS

264

300Ascending

Descending

Envisat Descending

 

The measured LOS displacement, 𝑑!"#, is a projection of the three-dimensional 

(3D) surface displacement field onto the unit look vector from the ground to the satellite 

[Fialko et al., 2001]:  

𝑑!"# = 𝑈!𝑠𝑖𝑛𝜑 − 𝑈!𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜆 + 𝑈!𝑐𝑜𝑠𝜆 + 𝜖!"# ,                        (5.1) 

where 𝑈!, 𝑈! and 𝑈! are the north, east and up ground displacement, 𝜑 is the satellite 

flight direction (clockwise from north), 𝜆 is the radar incidence angle, and 𝜖!"# is the 

measurement error. 
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Figure 5-3: Coseismic InSAR data of the Tabuk earthquake in comparison to the optimal model 
prediction. (a-d) The four unwrapped interferograms used in this study, with negative LOS 
displacement values indicating movement away from the satellites (primarily subsidence). The 
scale is the same for all panels. (e-h) Quadtree subsampled InSAR data. (i-l) Predicted InSAR 
data from the optimal model (Table 5-2) with the surface projection of the estimated fault plane 
indicated by a white rectangle (upper edge in bold) and extrapolation of the fault plane to the 
surface shown by a white dashed line. (m-p) The residuals between the observed (a-d) and 
predicted (i-l) interferograms. 
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Figure 5-4: (a) East and (b) vertical ground displacement components derived from the 
interferograms shown in Figure 5-3a-d. Positive values indicate movement to the east and up. 
Seismicity is shown as in Figure 5-1b. 

With three similar descending LOS observations and one ascending observation, 

we decomposed the four interferograms into two orthogonal displacement directions 

(east-west and vertical), assuming that the deformation in the north direction is negligible 

[Wright et al., 2004]. Wicks et al., [2013] showed that ignoring the northward 

deformation usually brings only small errors to the vertical and east-west component of 

the deformation field of small magnitude earthquakes.  

To solve for the two-dimensional (2D) displacement field, we used a weighted 

least-squares method with the weight inversely proportional to the variance of each 

dataset. The derived east and vertical ground displacement maps show that the main 

component of coseismic displacement is subsidence of up to ~2.9 cm (Figure 5-4), 

consistent with what would be expected from a normal faulting earthquake. The derived 
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east displacements are smaller and do not exhibit as clear a pattern as the vertical 

displacements, probably due to residual atmospheric effects.  

5.4 Modeling of the Observed Deformation 

In the modeling, we used a single rectangular dislocation [Okada, 1985] with uniform 

slip to model the interferograms, assuming a homogeneous and isotropic elastic half-

space (Poisson’s ratio ν = 0.25, shear modulus µ = 25 GPa). We subsampled our data 

points using the quadtree method [Jónsson et al., 2002], (Figure 5-3e-h), treated the 

observations as independent in the optimization and weighted them according to their 

variances. 

The observed ground deformation, 𝐝, can be expressed as a function, 𝑔, of the 

model parameters, 𝐦: 

𝐝 = 𝑔 𝐦 + 𝜀,                                                    (5.2) 

where 𝑔 is a function that relates the ground displacements to the model parameters, 𝐦 

defines the location, strike, dip, depth, dimensions (length and width) and slip of the fault 

plane, and 𝜀 are observational errors. We fix the strike-slip to be 0 as suggested by the 

focal mechanism [Aldamegh et al., 2009], and then allow the non-linear optimization to 

search for any fault dip (0° - 90°) and for any possible fault strike. 

We seek the model parameters that minimize the weighted root mean square 

(WRMS) misfit function between 𝐝 and   𝑔(𝐦): 

 𝚽 = 𝐖(𝐝− 𝑔(𝐦)) !  ,                                       (5.3) 
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where 𝐖 is the weight matrix based on the estimated observation errors. We find the 

optimal fault model parameters by minimizing Eq. 5.3 using nonlinear optimization, first 

by using a Monte Carlo-type simulated annealing algorithm [Cervelli et al., 2001], 

followed by a gradient-based method. Our optimal model fault is southwesterly-dipping 

with a N326.5°W strike, i.e., parallel to the Red Sea, is 3.5 km long, extending from 2.7 

km to 3.7 km depth, and has 29 cm of normal slip (Table 5-2). The predicted ground 

displacements fit the observations well (Figure 5-3). The optimal model parameters 

together with several solutions derived from seismic data (i.e., NEIC, ISC, ZUR_RMT 

and MED_RCMT) can be found in Table 5-2. 

5.5 Bayesian Uncertainty Estimation 

The optimal fault parameter solution presented in the section above does not provide 

information about how well the model parameters are constrained by the observations. To 

quantify the model parameter uncertainties, we use Bayesian estimation to determine the 

posterior probability distribution of the model parameters given the available data.   

 Considering a M-dimensional model-parameter space and D-dimensional data 

space, we define the posterior probability density function (PDF) 𝜎𝑴 𝐦|𝐝  as given by 

Tarantola [2005]:  

𝜎𝑴 𝐦|𝐝 = 𝑘𝜌𝑴 𝐦 𝕃 𝐝 𝐦 ,                                       (5.4) 

where 𝑘 is a normalizing constant and 𝜌𝑴 𝐦  is the prior probability distribution of  the 

model parameters. We used the size of the Tabuk earthquake of Mw 5.1 [Aldamegh et al., 

2009] as a priori knowledge. 
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𝜌𝑴 𝐦 = !
(!!!!)

𝑒𝑥𝑝  {− !
!!!

𝑀 𝐦 − 5.1 !} ,                         (5.5) 

where 𝑀 𝐦  is the moment magnitude and 𝛼 is chosen to be 0.01. We assume the prior 

distribution to be a Gaussian distribution centered at 5.1 with a small standard deviation. 

𝕃(𝐝|𝐦) is the likelihood function expressing how the data explain the model parameters: 

𝕃 𝐝|𝐦 = ρ𝐃 𝐝 ⋅𝐃 Θ(𝐝|𝐦)d𝐝 ,                                     (5.6) 

where Θ(𝐝|𝐦) is the conditional probability distribution representing the correlation 

between 𝐝 and 𝐦 and is defined as a Dirac-delta function, δ 𝐝− g 𝐦 , assuming that 

the data match perfectly to the model parameters, and ρ𝐃 𝐝  is the prior PDF over the 

data, expressed here with a Gaussian PDF:  

ρ𝐃 𝐝 = !
(!")!|!|

exp  {− !
!
[𝐝− g(𝐦)]!Σ!![𝐝− g(𝐦)]} ,                (5.7) 

where Σ is the data covariance matrix. Using the equations above, we thus define the 

posterior density as given by Tarantola [2005):  

                  σ𝐌 𝐦|𝐝 = k exp − !
!
𝐝− g 𝐦 !Σ!! 𝐝− g 𝐦 − !

!!!
M 𝐦 − 5.1 ! .      (5.8) 

 We implemented one of the Markov chain Monte Carlo (MCMC) methods, 

called the Metropolis-Hastings (M-H) algorithm [Hastings, 1970], to evaluate this high-

dimensional posterior probability distribution. The algorithm draws samples from a 

simple proposed distribution centered at the present search location, rather than from the 

posterior distribution directly. It rejects/accepts the following set of model parameters 

based on a condition that “more likely” models are always accepted and models that are 

“less likely” only accepted according to a certain acceptance ratio. We use a multivariate 

Gaussian distribution as the proposed distribution with a standard deviation that is a tenth 

of the difference between the lower and the upper search limits of the respective model 



112 
 

parameters. The obtained population of models was treated for autocorrelation by 

thinning using the Geyer IMSE heuristic [Geyer, 1992]. The remaining thinned model 

population was thus considered representative of the posterior PDF.     

The resulting marginal distributions of the model parameters from the Bayesian 

estimation show that the location and strike of the fault are better constrained than the 

fault geometry and slip (Figure 5-5). The optimal location of the fault correlates well with 

the peak of the Bayesian estimation. For the fault length, width, depth and dip, we find 

relatively broad marginal distribution peaks and some degree of asymmetry. The 

marginal distribution for the fault strike indicates that the source fault most likely dips to 

the southwest, although we cannot exclude the possibility of a northeasterly dipping fault 

(Figure 5-5g).  

Table 5-2: Estimated fault parameters for the June 2004 Tabuk earthquake. 

*. Zurich Moment Tensors (ZUR_RMT) 
†. MedNet Regional Centroid - Moment Tensors (MED_RCMT) 
‡. Longitude and latitude are for the center of the fault plane at the upper edge, the depth is the 
centroid location. The uncertainties are 95% confidence intervals of the model parameters 
§ Fixed parameter 
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Figure 5-5. Posterior marginal probability distributions for the parameters of the Tabuk 
earthquake fault model. The black lines show median-filtered probability distribution values. The 
thick lines indicate the best-fit model parameters and dashed lines correspond to 95% confidence 
intervals, the other set of dashed lines in (g) bracket a second set of possible, yet less likely, strike 
values. 
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Figure 5-6. The fault-model results on a geological map of the study area (from Grainger and 
Hanif, 1989). (a) The rectangle shows the coverage of Figure 5-1b, 5-3 and 5-4, while the black 
dashed line indicates the surface extrapolation of the optimum Tabuk fault model. The transparent 
areas show the probability density of surface extrapolations of southwest-dipping (more likely) 
and northeast-dipping (less likely) faults. Solid and dashed black lines indicate mapped and 
inferred faults, respectively, with the arrows pointing out the possible source-faults. 
Abbreviations: Ot: Tabuk formation, Qal: Alluvium, Qf: Alluvial fan deposits, QTb: Basalt. (b) 
Zoom-in of the study area (rectangle in (a)). The less-likely northeast-dipping faults is shown in 
white. 
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The 95% confidence intervals for all the parameters are listed in Table 5-2.  None 

of the epicentral locations reported in the seismic catalogues fall within the 95% 

confidence intervals as estimated by InSAR (Table 5-2). However, the strike and dip of 

the fault estimated from seismic catalogues are within well within the InSAR 95% 

confidence intervals, as these parameters are probably better determined from seismic 

data in this case. 

5.6 Discussion and Conclusions 

The InSAR analysis and inverse modeling presented here show that the 2.7 cm LOS 

displacement observed due to the Mw 5.1, 22 June 2004 Tabuk earthquake was caused by 

~29 cm of fault slip on a normal fault oriented parallel to the Red Sea. While the fault 

strike and dip are not particularly well constrained by the InSAR data, the results indicate 

that the minimum regional compressional stress, σ!, has a direction that is roughly 

perpendicular to the Red Sea. This is similar to what other significant normal faulting 

earthquakes on the northwestern Saudi Arabian rift flank suggest [Aldamegh et al., 2012; 

Pallister et al., 2009]. The 2009 Badr earthquake occurred 450 km southeast of the Tabuk 

earthquake and about 50 km away from the Red Sea escarpment and it was also a normal 

faulting event with a similar strike parallel to the Red Sea [Aldamegh et al., 2012]. Also 

in 2009, a rifting event took place in Harrat Lunayyir, about 300 km south-southeast of 

the Tabuk earthquake and well within the rift flank. Modeling of the observed 

deformation indicated that a magmatic dike intruded with an orientation that was roughly 

parallel to the Red Sea [Pallister et al., 2009]. The activity was also associated with a 
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major seismic sequence of which the largest earthquake (Mw 5.7) exhibited a normal slip 

on a northeasterly-dipping fault. All these events show that the Red Sea tensional stress 

field currently extends at least several tens of km into the rift flank.  

By extrapolating the estimated buried fault plane of the Tabuk earthquake to the 

surface, we are able to determine whether or not the earthquake was associated with a 

mapped fault (Figure 5-6). The extension of the best-fitting fault plane intersects the 

surface just west of a mapped graben, which has a similar orientation as the estimated 

fault (Figure 5-6). However, the width of the graben is only 1-2 km, indicating that the 

graben-bounding faults do not extend far into the crust. The source fault could be a 

southeast extension of one of the mapped lineations in the area or related to a lineation 

that runs to the west of and is parallel to where the best-fitting fault plane hits the surface 

(solid and dashed lines in Figure 5-6). In addition, the possibility that the source-fault is 

northeasterly dipping cannot be excluded (Figure 5-5g) and extensions of this class of 

solutions to the surface appears to match with two northeasterly dipping faults to the 

southwest of the epicenter, although both appear to bound narrow grabens (Figure 6b). 

To better assess the hazard posed by the faults in this area and the associated risks to 

human populations, additional geological and geophysical studies should be carried out to 

determine which of the mapped faults may still be active. In particular, an installation of 

a local seismic network would provide micro-earthquake locations in the area and should 

help associating them with certain faults. Also, as seismic data can constrain well the 

mechanism of moderately sized earthquakes and as InSAR data can efficiently locate 

shallow events [Lohman et al., 2002], the model parameters of the Tabuk earthquake 

should be better constrained when the data are used together. Future work should 
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therefore consider a joint inversion of seismic and geodetic data to better resolve the 

ambiguity of strike and dip of the earthquake-generating fault.  

Despite the ambiguity in associating the Tabuk earthquake with a particular 

mapped fault, the results still demonstrate that InSAR is able to determine more exactly 

the location and depth of shallow, moderately sized earthquakes. All seismic solutions 

mislocated the earthquake by 3-16 km and overestimated its depth. The seismic solutions 

also do not agree with each other on the mainshock’s location and none of them falls 

within the area of observed deformation (Figure 5-4a-d). Similar to our study, Wang et al. 

[2014] found that InSAR has an advantage over body-wave seismology in determining 

earthquake locations and depths by looking at four normal earthquakes outside the center 

of the Pumqu-Xainza rift in Tibet. Furthermore, Elliot et al. [2010] and Wang et al. [2014] 

reported, despite the strength of InSAR in locating earthquakes, that it can still be 

difficult to associate located events with known tectonic structures in geologically 

complex regions. 

Shallow earthquakes of moderate size can be devastating [Barnhart et al., 2011]. 

The Mw6.2 Christchurch, New Zealand earthquake, for example, which took place in an 

area that was not considered particularly active, damaged more than 100,000 buildings 

and caused over 180 casualties [Kalkan, 2011]. Rapid urbanization and population 

growth in and around Tabuk has lead to increased risk and vulnerability to earthquakes. 

More data are becoming available with expansions of seismic networks on the Arabian 

Peninsula and with new InSAR satellite missions (e.g., Sentinel-1 and ALOS-2), all of 

which will improve our knowledge of seismically active faults in the region and thus lead 

to better seismic hazard estimates.   
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Chapter 6 

Summary and Perspectives 

During the course of my thesis work, I have focused on three recent volcanic eruptions in 

the southern Red Sea (Chapters 2 and 3), one magma intrusion that almost reached the 

surface to start an eruption in the Harrat Lunayyir volcanic field (Chapter 4) and one 

intra-plate earthquake swarm near Tabuk city (Chapter 5) in western Saudi Arabia using 

high-resolution optical and radar satellite remote sensing. In this chapter the research 

questions posed in Chapter 1 will be addressed using the results reported on in Chapters 

2-5. 

The main research questions worked on during this thesis research were: 

What was the course of the events during the activity studied?  

In the Red Sea, the activity leading up to the three eruptions started with swarms of 

earthquakes and magma dike intrusions ascending towards the surface. In the 2007-8 

Jebel at Tair eruption, the feeder dike likely followed the regional stress field at depth, 

but then rotated ~90° when it approached the surface because the stress state at shallow 

depths within the volcanic edifice appears to be isolated from the regional stress field. 

The submarine eruptions in 2011-12 and 2013 in the Zubair archipelago started as fissure 

eruptions and then the activity quickly consolidated and formed the new islands. The first 

sign of the Harrat Lunayyir dike intrusion was a swarm of earthquakes that grew in 

intensity. More than three weeks passed before any deformation on the surface due to the 



119 
 

ascending dike could be detected. The dike intrusion then slowly made its way towards 

the surface before it stalled at a depth of less than 2 km, after triggering extensive graben 

faulting at the surface. The 2004 Tabuk earthquake sequence was a rather typical 

mainshock-aftershock sequence and magma was almost certainly not involved in the 

activity. The sequence was, however, preceded by foreshocks about two weeks before the 

mainshock struck.  

What is the magma plumbing system like in the southern Red Sea?  

Geodetic observations in the southern Red Sea are limited to a few islands, which makes 

imaging of the magma plumbing system challenging. However, our observations and 

modeling suggest that the feeder dikes that fed the Zubair eruptions are much longer than 

the small size of the new volcanic islands might suggest. We also do not see any sign of 

shallow magma chambers in the southern Red Sea or at Harrat Lunayyir. No pre-event 

uplift, large-scale co-event subsidence, or post-event uplift was detected. This indicates 

that magma in the Red Sea region is likely transported directly from below the Moho to 

the surface without significant residence time in the crust. 

What is the state of stress in the Red Sea region? 

The Red Sea is a divergent plate boundary between the Arabian and Nubian plates and 

under roughly southwest-northeast tension. The recent volcanic and tectonic activity 

occurred not only in the rift center but also on the rift flank suggesting that the regional 

stress field is dominant far beyond the border of the Red Sea basin into the rift flanks. In 

addition, the activity also provides further information about the orientation of the 

minimum compressional stress in the region. We estimated that the strikes of the dike 
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intrusions in the Zubair eruptions were N350°E-N360°E and about N340°E at Harrat 

Lunayyir. This implies that the current orientation of the minimum compressional stress 

in the region is closer to being east-west than perpendicular to the Red Sea basin.  

Why did the volcanoes in the southern Red Sea wake up after more than one-
century quiescence? 

At least six seismic swarms have occurred in the past 20 years in the southern Red Sea, 

with three of them (in 2007, 2011 and 2013) followed by eruptions within a year. These 

seismic swarms probably resulted from separate magma intrusions suggesting that a 

rifting episode has been taking place in the southern Red Sea rift. Multiple dike intrusions 

occurred during the Krafla (Iceland) and Dabbahu (Afar) rifting episodes, with eruptions 

more frequently accompanying intrusions during the second half of the episode. This 

seems to echo with the activity in the southern Red Sea, as the three eruptions occurred 

towards the end of the observed activity. 

Why did the 2009 Harrat Lunayyir dike intrusion not make it to the surface to start 
an eruption? 

Geodetic observations and stress calculations point to strong interactions between the 

intruding dike at Harrat Lunayyir and the normal faults that formed on the surface during 

the activity. When the dike approached the surface, it caused two zones of horizontal 

tension, producing two parallel zones of fissuring and normal faulting at the surface. In 

turn, fault displacements on the graben-bounding faults increased the compressive 

stresses around the upper tip of the dike, likely holding back its vertical propagation.  

Can the combination of geodetic data and uncertainty analysis be used to improve 
earthquake locations and to identify active faults? 
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InSAR data provide surface displacement maps that can unambiguously provide locations 

of shallow earthquakes. These locations are often far better than those obtained from 

regional seismic data. Fault model uncertainties are also useful as they reveal to what 

confidence the fault location and geometry has been determined. The derived fault 

parameters and the associated uncertainties are important to use together when attempts 

are made to associate earthquake activity with certain mapped faults.  

In this thesis I have sought to answer several key questions regarding the recent 

volcanic and earthquake activity in the Red Sea region and also about the regional 

tectonics in general. Many questions, however, remain unanswered and will be left for 

future research projects. Some potential avenues for future work are outlined as follows: 

1. While the Saudi national seismic network is now well developed for 

monitoring the current seismicity both in Saudi Arabia and for parts of the 

Red Sea, much is yet to learn about past activity. Therefore, historical 

seismicity in the Red Sea region should be carefully re-examined.  

2. Complete examination of two decades of InSAR data from the ERS-1/2, 

Envisat and ALOS satellites covering the Zubair islands in the southern Red 

Sea might provide useful information about the seismic swarms that occurred 

before the recent eruptions, i.e. during the period 1994-2007.  

3. High-resolution bathymetry of the southern Red Sea is needed to better 

understand its tectonic and volcanic activity. 

4.  To improve our understanding of the Jebel at Tair volcanic system, a more in-
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depth modeling of past eruptions is needed, a model that that takes topography 

into account and could allow for temporal variations in the local stress field.  

5. More geodetic measuring devices and seismic stations should be installed in 

the Red Sea region to improve monitoring of volcanic and earthquake activity. 

For instance, setting up a single seismometer on one of the islands in the 

southern Red Sea would greatly improve event locations.  

6. The 2009 Harrat Lunayyir dike intrusion crisis showed that better awareness 

of geohazards in Saudi Arabia is needed. I also suggest that an early warning 

system for earthquakes and volcanic eruptions will be designed and 

implemented for western Saudi Arabia. 
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