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ABSTRACT OF THE THESIS

Surface Deformation Associated With a Historical Diking Event in Afar From 

Correlation of Space and Air-Borne Optical Images

by

Jonathan Avery Harrington

Master of Science in Geology

University of California, Los Angeles, 2012 

Professor Gilles Peltzer, Chair 

We present  new measurements  of  the surface deformation  associated  with the  rifting 

event of 1978 in the Asal-Ghoubbet Rift, Republic of Djibouti using an optical image 

correlation  technique.  Deformation  in  the  rift  associated  with  the  event  included  the 

reactivation of the main bordering faults and the development of numerous open fissures 

on the rift floor. We combine these  new measurements with ground-based observations 

from previous work to constrain a kinematic model of the rift consisting of two bordering 

faults  reaching a  depth of  3  km and a vertical  dike below this  depth. Our  modeling 

indicates  that  the  horizontal  extension  collectively  accommodated  by  the  faults  and 

fissures amounts to 2.4-2.8 m, significantly higher than the amount of ~1.2 m estimated 

by trilateration alone over a ~10 km baseline.  The model suggests that during the 1978 

event,  magmatic  fluids  were  transferred  from a  mid-crustal  reservoir  to  the  shallow 

structures,  injecting  dykes  and filling  faults  and fissures,  reaching the  surface  in  the 

Ardokoba fissural eruption. 
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1. Introduction

1.1 Geologic Setting

The Asal-Ghoubbet Rift, Djibouti is an excellent location for studying the crustal accretion 

process at mid-ocean ridges, or in other words the interaction between tectonic and magmatic 

processes in rifting environments. It is one of two locations in the world, the other being Iceland, 

where mid-ocean ridges are exposed on land. This rift is located at the eastern margin of the Afar 

Depression, where the Aden Ridge is propagating onto land. Understanding the nature and 

distribution of the deformation at this unique plate boundary will provide fundamental insights 

into tectonic and volcanic processes occurring at a divergent plate boundary, as it propagates into 

a continent. Before discussing the details of the rifting event which comprises the topic for this 

thesis, I will first give a brief overview of the relevant geology at the regional, intermediate and 

local scales.

The Afar Depression is a complex extensional region which lies at the junction of the Arabian, 

Nubian and Somalian Plates (Figure 1). It contains numerous active rifts, of which the Asal-

Ghoubbet rift is only one, basaltic shield volcanoes, and silicic stratovolcanoes. The evolution of 

this extensional province is thought to have begun at ~ 40 Ma when the African plate motion 

slowed, and/or a mantle plume arrived at the crust, increasing its temperature, which lead to 

doming of the crust (Beyene and Abdelsalam, 2005). The doming was followed by a series of 

flood basalts beginning in the Late-Eocene and continuing through the Mid-Miocene. These units 

can be found on the Ethiopian and Somalian plateaus, along the rift margin and in Yemen. The 
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timing of these eruptive episodes is spatially variable, and there are varying estimates of the ages 

for these units as well as how many episodes took place in the literature (Beyene and 

Abdelsalam, 2005). 

2

Figure 1: Landsat 7-4-2 mosiac of the Afar Depression. Colored dotted lines indicate the three 
major rifting trends (MER = Main Ethiopian Rift; RSR = Red Sea Rifting Segment. Black dotted 
lines mark the edges of the Afar region.



On the Red Sea segment, which is thought to have begun rifting first, the volcanism initially 

preceded the extension whereas the Gulf of Aden segment experienced syn-rift volcanism 

(Beyene and Abdelsalam, 2005). The eastern Afar margins are composed of large tilted blocks 

separated by normal faults which penetrate though the pre-Miocene formations (Varet, 1978). At 

some locations on the rift margins there are exposures of the Dalha and Mabla series. The Mabla 

series was deposited from ~15 to 10 Ma and is composed of mostly rhyolites and ignimbrites 

with a few inter-bedded basalts (Varet, 1978). It is comformably overlain by the Dalha series 

which was deposited from ~9 to 4 Ma and composed of basalts with rare inter-beds of 

ignimbrites and sediments (Varet, 1978). An erosional unconformity separates these basalts from 

the Pliocene and Pleistocene basaltic Afar Stratoid series which covers a large portion of the 

floor of the Afar depression. Coupled with these effusive basaltic eruptions are silicic volcanic 

complexes, which tend to form at the intersections of rifting trends and may represent the 

residual magmas from fractionation of the Stratoid basalts (Varet, 1978).

The tectonics of the Afar Depression is principally driven by the propagation of the three 

extensional trends of the Red Sea, the Gulf of Aden and the East African Rift (Figure 1). 1) The 

Red Sea trend begins at the northwestern tip of the triangle and continues to the SSE. This trend 

is the most evolved and its main features are its three large shield-volcanic complexes in the 

north and the NW trending Manda-Harraro and Tendaho grabens .  2) The East African trend 

propagates to the NNE along the Main-Ethiopian Rift and abruptly terminates at the Dama Ali 

volcano which is located at the south-easternmost extent of the Tendaho graben. 3) The Aden 
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Ridge trend coming from the East through the Gulf of Tadjoura terminating as it becomes sub-

aerial in the Asal-Ghoubbet Rift.

1.1.1 Central and Eastern Afar

Central to Eastern Afar is tectonically complex due to the fact that the Red Sea and Gulf of Aden 

extensional trends are both propagating into the region but fail to meet (Figure 1). This manifests 

as a broad, NNE right-lateral shear zone, involving clockwise rotating blocks separated by 

normal faults (Manighetti, 1998). These structures form a series of grabens, sub-parallel to the 

Asal Rift, roughly perpendicular to the plate motion vector between Arabia and Somalia. To the 

northwest of the Asal Rift lies the Manda Inakir Rift which is connected to the Asal-Ghoubbet 

Rift by the Mak'arrassou transfer zone (Figure 1).

The Aden ridge to the northeast is an oblique spreading ridge which has a complicated geometry 

as it propagates into Afar with large-scale discontinuities in the trend of the spreading ridge. The 

central part of the ridge follows the trend of the continental margins and it is segmented into 

~30km long grabens trending WNW (Manighetti, et al., 1997). As the ridge approaches the 

junction with the Red Sea, at the Shukra-El Sheik discontinuity, it takes a sharp turn 

concentrating into a narrow arcuate trough, which terminates in the Gulf of Tadjourah 

(Manighetti, et al., 1997). The ridge system connects to the Asal-Ghoubbet rift, but the exact 

nature of the connection is not clear.

1.1.2 Asal-Ghoubbet Rift

The tectonically active part of the Asal-Ghoubbet rift is about 40km in length and 5-8km wide. 
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The axial trend of the rift is N52W which is roughly perpendicular with the plate-motion vector 

between the Arabian and Somalian plates (Figure 2). It has an estimated age of ~0.9 Ma (Varet, 

1978). The rift floor and shoulders are composed predominantly of basaltic flows and lake 

sediment deposits. A series of sub-aquatic (hyaloclastic) cones are concentrated just south of and 

parallel to the rift axis. The older basalts in the rift are sub-aquatic and are exposed mostly on the 

rift shoulders.

1.1.3 Field Observations

In January 2012 I had the opportunity to visit the Asal-Ghoubbet rift during a week, following a 

one-month GPS campaign in the Ethiopian part of Afar. In our short time there, we were able to 

survey sections of the major faults and visit the Ardokoba volcano. The major fault scarps in the 

sub-aerial portion of the rift range from 50-200 m in height (Figure 3). Most of the normal faults 

show clear evidence of Holocene frictional fault activity due to the exposure of a brecciated 

gouge along the trace of the fault (Figure 4). However, other faults tend to open as fissures 

(Figure 5)  The main  fissural system forms an axial ridge, which is aligned with the Fieale 

caldera and extends to the northwest along the trend of the rift.
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Figure 3: Field photo of fault gouge on Fault β in  
the Disa le Mallo sub-rift.



This fissural system has produced a series 

of basaltic flows, which cover much of the 

central rift valley.  Other smaller rifts, or 

sub-rifts, also contain open fissures, such 

as the Disa le Mallo sub-rift in the 

northeast of the Asal segment and the 

Dankalelo in the southwest of the 

Ghoubbet segment. These subrifts are 

located adjacent to the main border faults 

of the rift. The main faults bordering the 

rift have an hourglass shape in map view, 

with the narrower middle section located 

adjacent to the Fieale caldera (Manighetti,  

et al. 1998).  The rift is asymmetric, with a 

denser concentration of faults and fissures on the northeastern side (Abdallah, et al., 1979).

The morphology of the submarine rift segment in the Ghoubbet Al Karab is very different from 

the Asal segment because it is covered by shallow water sediments. Audin, et al. (2001) divide 

the Ghoubbet basin into three parts. The central graben has faults which are better expressed than 

those on the flanks, which could indicate more activity, as well as a volcanic edifice on its 

northern flank. This central section is aligned with the section of the central section of the sub-

aerial rift between faults A and E, an indication of continuity between the two segments. The 
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Figure 4: Field photo of Fault E taken facing east. 
Offsets are ~10 m in vertical and in horizontal.
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Figure 5: Overview map of the Asal Rift made with a contrast enhanced SPOT 5 image. Grey 
boxes indicate the location of new displacement measurements. Faults which are included in our  
model are in yellow. The darker shades are lava flows (darkest are the youngest). Bright tones 
are lacustrine sediments and salt deposits around Lake Asal. Inset: Location map; the black 
rectangle shows the location of this image.



southwestern flank is somewhat larger and deeper, while the northeastern flank is broader, flatter 

and less faulted. 

1.2 The 1978-1979 Seismo-magmatic Episode

The most recent seismo-magmatic episode 

in the Asal-Ghoubbet rift occurred in 1978-

1979 and was well instrumented and 

documented (cf. Abdallah et al., 1979, Le 

Dain et al., 1979, Figure 6) It began with 

two m ≥ 5 earthquakes on November 7 and 

8, accompanied by a swarm of over 800 

smaller earthquakes. A week-long effusive 

fissural eruption began the next day, starting 

with the creation of the Ardokoba vent and 

lava flow (Figure 2). The extruded magma 

was tholeiitic, similar to what is seen at mid-

oceanic ridges (Allard, et al., 1979). The two 

mainshocks were located at either end of the main axial graben in the Ghoubbet segment of the 

rift and focal mechanisms indicate sinistral strike-slip. The seismicity continued for two months, 

migrating eastward over time (Lepine, et al., 1980) with most aftershocks located along the axial 

trace of the Ghoubbet segment (Ruegg, et al. 1979). A geodetic network was established in 1973 

by the Institut Géographique National (IGN) of France (Chabbert, 1975), which when 

remeasured right after the crisis indicated a minimum opening of 2.5 m across the Ghoubbet in 
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Figure 6: Trilateration network with strain 
calculations shown for the 1978 event. From 
Tarantola et al. (1979).



the rift perpendicular direction and zones of contraction on the rift shoulders (Kasser, et al., 

1979, Figure 6). 

A leveling line surveyed before 

and after the episode showed a 

relative subsidence of up to 80 cm 

on the rift floor (Figure 7). The 

original geodetic network of 22 

points across the rift provided a 

basis for modeling of the rifting 

event as elastic dislocations on two 

vertical dikes in a half-space 

(Tarantola, et al., 1979). However, 

the benchmarks were located  outside of the rift, and there isn't any geodetic data to analyze the 

near-field strain pattern within the rift itself nor the movement of individual faults. The geodetic 

network was remeasured annually until 1984 using the original laser geodimeter technique. 

Geodetic campaigns were performed using GPS starting in 1991 and resurveyed many times, 

over increasing areas (Vigny, et al., 2007) with the most recent survey, of which I took part, 

conducted earlier this year covering nearly the entire Afar Depression.

Field observations after the event revealed a multitude of open fissures in the rift floor and 
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Figure 7: Leveling displacements shown below the rift 
topography. From Abdallah et al. (1979).



evidence of recent movement and the activation of normal faults (Le Dain, et al., 1979). They 

found evidence for fault throw of up to 80 cm on individual faults, and present profiles, which 

show a lot of lateral variation in slip on individual faults as well as varying amounts of 

cumulative slip. Their largest slip estimate across a profile is ~1 m of mainly vertical fault throw 

and they report few estimates of horizontal opening.

1.3 Previous and Related Studies

1.3.1 Krafla Rifting Event, Iceland

The 1975 rifting episode at Krafla, Iceland was the first of the modern plate-tectonic era of 

geology. It provided evidence of the episodic nature of spreading at diverging plate boundaries as 

well as evidence of dike intrusion as a mechanism for plate accretion. The Krafla rift is about 

100 km long and 10 km wide, somewhat larger in extent when compared to the Asal-Ghoubbet 

rift. On 20 December 1975, an hour of unusual seismic activity was recorded before an eruption 

began in the Krafla caldera. The seismic activity propagated northward along the rift segment, 

into the Axarfjordur depression. The eruption was joined by a swarm of earthquakes, which 

continued for several weeks (Bjornsson, et al. 1977). Hypocenters were concentrated between 0 

and 4 km depth although a few were at depths of 10 km. After this first event, around 20 more 

seismo-volcanic events were recorded, with a cumulative horizontal opening of ~4-5 m 

(Bjornsson, et al. 1977).

1.3.2 Dabbahu Rifting Event (Ethiopia)

The Dabbahu diking event began in September of 2005, on a segment of the Red Sea spreading 

trend in the Manda-Harraro Rift in between the Dabbahu and Ado A'le volcanic centers (Wright, 
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et al., 2012, Figure 1). The seismicity began on September 20th and propagated SSE from the 

Dabbahu center towards Ado A'le, over a distance of 60-70 km. Five days later a silicic eruption 

began 5 km ENE from the summit of Dabbahu on a 500m long oblate volcanic vent called 

Da'Ure (Ayele, et al., 2007). This vent is located at the northern termination of the rift segment, 

which was activated in the crisis. The seismicity continued for a period of two weeks, until 

October 5th. In a similar fashion to the seismo-magmatic events at Krafla, 14 intrusions were 

documented to have taken place after the main event, with the last event in May 2010 (Wright, et  

al., 2012, Grandin, et al., 2009). Hypocenter locations indicate that the majority of the activity 

from these smaller events was concentrated in areas of the rift which did not open much in the 

initial event (Wright, et al., 2012).

Observations made by InSAR and optical image correlations of satellite data show ~6 m of 

extension on the surface across the rift and a mean relative vertical displacement of ~3 m  

(Barisin, et al., 2009). Inversion of the data indicates ~8 m of extension at depth on a dike ~23 

km long and at least 5 km in vertical extent (Barisin, et al., 2009). Modeling results indicate that 

the volume change in the shallow inflating structures is 3-4 times larger that the volume loss at 

the volcanoes at the end of the segments which could indicate a deeper source for the intruded 

magma (Grandin et al 2009).

It is important to note here the major difference between the Krafla and Dabbahu events and that 

in the Asal-Ghoubbet rift. These events were in fact a series of a dozen separate events, where in 

the Asal-Ghoubbet 1978 episode there was most likely only one event, and there is no evidence 
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in the seismology for any secondary episodes beyond 1979 (Lepine and Hirn, 1992).

1.3.3 GPS Studies

GPS surveys give an estimate of 13 ± 1 mm/yr for the current plate-spreading rate between the 

Somalian and Arabian plates (Vigny, et al., 2007). The extension is shown to be taking place in 

the Afar depression between the Ali Sabeh and Danakil blocks (Figure 1). At a smaller scale, 

GPS measurements across the Asal-Ghoubbet rift indicate a larger amount of extension of up to 

16 ± 1 mm/yr (Vigny, et al., 2007) which is greater than the far-field plate motion so it seems that 

the Asal-Ghoubbet rift is accommodating all of the plate-motion, at least since the 1979 events.

These geodetic campaigns captured post-rifting extension of about 60 mm over 7 years, (Ruegg 

and Kasser., 1987), or about 8.6 mm/yr (Vigny, et al., 2007). Newer benchmarks inside the rift 

show a pattern of increasing velocities along strike towards the Ghoubbet side of the rift. The 

largest velocity across strike is observed at the Disa le Mallo sub-rift. Cattin et al. (2005) 

modeled the deformation during the time period after the crisis and suggested that the data is 

explained well by a dike inflation of 12 cm/yr for the seven year period, rather than a viscous 

relaxation process.
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Figure 8: A. Frames of aerial photographs acquired for this work. Blue 
frames are from the 1984 survey, red frames are from the 1962 survey. 
Filled frames are those used in the correlations in section 3. B. KH-9 
and SPOT frames.



2. Data and Methods

2.1 Overview of this work

The goal of this work is to estimate the horizontal displacements associated with the 1978-9 

seismo-magmatic episode in the Asal-Ghoubbet rift using optical image correlation. These new 

measurements can then be used in conjunction with previous geodetic data to construct a more 

complex kinematic model of the event than was previously done. I will first introduce the data 

and techniques used for this study, then present a series of image correlation results and a volume 

estimate of the lava extruded at the Ardokoba using DEM differencing. In the last section, I will 

incorporate all available observations into a kinematic model and discuss the results.

2.2 Data Set Integration

2.2.1 Optical Imagery

The footprints of the imagery we have made use of are shown in Figure 8. Our data include 

historical aerial photographs from 1962 and 1984 with a resolution of about  0.4 and 0.8 m/pixel 

respectively. The 1962 survey covers the entire Asal rift segment, while the available 

photographs from the 1984 survey covers only the northern rift. Three KH-9 Hexagon (~8 

m/pixel) satellite images from 1973 were acquired, as well as a SPOT5 (2.5 m/pixel) image. For 

the 1962 survey the IGN was unable to locate the camera calibration report, and the camera 

characteristics for the KH-9 Hexagon mapping instrument remain classified. However, previous 

work (Surazakov and Aizen, 2010) has shown that the characteristics of the camera used in the 

KH-9 mission was based on the same design as the NASA Large Format Camera, which was 

used on the space shuttle in 1984. Orthorectification of the 1962 images was performed without 

the camera report and lens distortions may add some noise to my results.
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2.2.2 Digital Elevation Models

For larger scale correlations with the KH-9 and SPOT images, a DEM was created which 

combined Shuttle Radar Topography Mission (SRTM) data (Farr, et al., 2007), Global Digital 

Elevation Model (GDEM) data (Tachikawa, et al., 2011) and 10 m data in the rift from an IGN 

authored DEM which was made using the 1984 aerial survey photographs. The SRTM data made 

up most of the mosaic, and the GDEM data was used where a small portion where the SRTM 

data was missing. For smaller scale correlations with the airphotos a number of DEMs were used 

in different trials. Preliminary trials were done using the 10m DEM. Later trials used my own 

custom made DEMs created from the 1962 and 1984 aerial photographs using the Leica 

Photogrammetry Suite (LPS) in the ERDAS software package. LPS utilizes a normalized cross-

correlator between stereo pairs or triplets of images. A bundle-block adjustment is performed by 

the software to minimize residuals between non-overlapping areas of the scene. This works by 

simultaneously solving the geometry of all of the photographs so that corresponding light rays in 

different images intersect at the ground control points consistently throughout the bundle of 

photographs (Wolf and Dewitt, 2000). 

2.3 Optical Image Correlations

Image correlations were performed using the software Co-registration of Optically Sensed 

Images and Correlation  (COSI-Corr), which has been developed at Caltech (Leprince, et al., 

2007; Ayoub, et al., 2009). The software performs correlations of pixels between images in the 
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Fourier domain and is capable of measuring relative sub-pixel shifts. When good coherence is 

achieved between the images, the correlation accuracy can reach 1/50th of the pixel size, allowing 

displacements measurements of ~1/20th of the pixel size (Leprince, et al., 2007). This technique 

is unbiased as opposed to cross-correlation methods and is also free of aliasing (Leprince, et al., 

2007).

The image correlation process is as follows (Figure 9). One image is chosen to be the reference 

image. This image is orthorectified and resampled using all available camera and acquisition 

information and the most accurate topographic data available. The reference image can be 

geographically referenced by either using the acquisition data alone, which orients the camera in 

space, or combined with a method of determining ground control points (GCPs). The secondary 

image is then orthorectified in a similar way but by choosing GCPs from the reference image. It 

is important that the GCPs be located on stable areas which did not experience deformation, or 

else at locations where the displacement vector can be determined by other means. Once both 

images are orthorectified and resampled, they can be correlated. The output from the correlator is 

a two-band image containing the East-West and North-South components of the geometric 

mismatch between the two images. These two components include the ground deformation 

(which has occurred between the times of acquisition of the two images) and any other apparent 

shift due to film distortion, scanning artifacts, or errors in the orthorectification of the images.
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Figure 9: COSI-Corr work flow for epipolar KH9 - SPOT 5 correlation. A: 
SPOT-5 and KH-9 images are orthorectified on a common grid at 8m and 
correlated. B: Raw Correlation Pair. C: Two sets of scan lines are removed 
by stacking and subtracting the average of the image. D: The image is 
reprojected into an epipolar geometry, isolating any parallax and DEM 
errors into the epipolar perpendicular component.



2.3.1 Displacement Measurements

Our historical data set suffers from multiple sources of noise. Film distortions on the 1984 aerial 

photographs range in amplitude four time the displacements to the same magnitude as the 

displacements. Scanning artifacts are present in the KH-9 Hexagon images, as well as the 1962 

aerial photos. A further source of error is residuals in the topographic model due to DEM 

imprecision. In the results presented in Section 3 I will explain ways in which we attempted to 

work around these problems. Typical results from the COSI-Corr software would provide a 2D 

map of the surface displacements across the whole image. However, after many trials varying 

different parameters and methods of correlation, it became apparent that this project is pushing 

the limits of the technique. This is mainly due to the historical nature of our data set, it's inherent 

noise, the quality of the scanning of the films, i.e. the pixel size and grey-tone sampling of the 

images and less than ideal acquisition geometry. The scans of the aerial photographs were not 

done with a photogrammetric scanner which could have improved the resolution and introduced 

less distortion. After all our post-processing and efforts to increase the signal-to-noise ratio, the 

deformation signal across the faults could be retrieved by projecting sections of the image on 

profiles perpendicular to the rift axis. We carefully placed our profiles in areas of the 2D fields 

where the SNR was the highest. Pixels within a box along the strike of the profile are collected 

over a given width which allowing us to estimate a mean displacement and standard deviation 

for each point along the profiles (e.g. Figures, 11, 13, 15). In most cases, the profiles were also 

deramped. 

2.4 Epipolar Geometry

Stereoscopic parallax is the phenomenon where the apparent position of an object changes due to 
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a change in the observation position (Wolf and Dewit, 

2000). For aerial surveys, the images are taken along the 

line of flight of the aircraft and contain large amounts of 

overlap. In the overlapping areas the parallax effect is 

observed along the direction of the flight of the aircraft 

only; the other component will be unaffected. 

Stereoscopic DEM generation takes advantage of this to 

determine the elevation of the points in the images. 

Similarly, for images acquired at different times with different acquisition systems, like those 

used for this project, the parallax effect is observed only in the epipolar direction which varies 

across the scene.

Epipolar geometry can be exploited to isolate the  topographic noise from image correlation data. 

The component of the retrieved displacement field, perpendicular to the epipolar direction is not 

affected by topographic errors. If the locations of the cameras are known, then an epipolar 

projection can be created (Figure 10). A plane can be formed between any point contained on 

both images and the camera locations. This plane is projected onto the images as epipolar lines 

(Wolf and Dewitt, 2000). The epipolar perpendicular displacement field can then be interpreted 

simply as one component, or combined with that of an overlapping correlation image acquired 

with a different geometry to provide both components of displacement.
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Figure 10: Epipolar geometry drawn 
by Arne Nordmann. The blue squares 
represent the image planes and the 
green triangle the epipolar plane.



3. Image Correlation Results

Correlation results from the satellite images (KH-9, SPOT) indicate ~2.3 meters of opening 

across the rift, much of it concentrated on the bordering faults, on Fault E and Fault γ (Figure 2, 

11). Results obtained from correlation of the 1962-1984 aerial photographs also indicate 

extension, which varies along strike across the faults on the northern side of the rift and also on 

Fault E. Our results are affected by multiple types of noise which become difficult to separate 

from the tectonic signal. We have developed correlation methods, which I will discuss below to 

try and work around the problem.

3.1 KH-9 and SPOT 5 Correlations

Correlation was performed with a 128-32 adaptive window for three KH-9 Hexagon images. A 

projection of the East and North offset fields on the epipolar and epipolar perpendicular axes was 
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Figure 11: Left: Epipolar Perpendicular displacement field, which is approximately in the rift 
perpendicular direction as shown by the epipolar arrows. Right: Displacement profile with data 
points, running mean of 5 pixels (solid red line), standard deviation (dashed red lines) and 
interpreted offsets (dashed black line). See location in Figure 8b.



used to separate the signal from topographic noise, and two sets of orthogonal scan-line artifacts 

have also been removed in post-processing. Of the three KH-9-SPOT pairs of images, only one 

had its acquisition geometry favorable for epipolar projection with the epipolar direction in the 

rift area nearly perpendicular to the direction of opening across the rift (~N40E) (Figure 11).  

Projecting the epipolar perpendicular displacement data on a 2D profile perpendicular to the rift 

reveals two areas of concentrated extension on the rift flanks. On the southern flank, 1.25±1 m of 

opening is observed and on the northern flank 1±1 m. The large pixel size (~8 m) of the KH-9 

images was the limiting factor in these correlations. Note that the epipolar direction varies 

somewhat across the profile, so a more precise profile should be scaled by 1/cosθ, where θ is the 

angle between the profile and the epipolar-perpindicular direction.
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3.2 1962 – 1984 Aerial Photograph Correlations

Original correlations of the aerial photographs were done on a pairwise basis. Our best results 

were obtained by using a simple forward model of the dike model of Tarantola, et al. (1979) 

(discussed in Section 4),  to predict the displacement of the GCP's in the deforming zone (Figure 

12). This result shows 1.5±0.3 m of distributed extension in the Disa le Mallo subrift, between 

faults β and γ, in both the North-South and East-West components of the displacement field, 

corresponding to an opening of ~2.1 m in the NE direction. This deformation is located in the 
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Figure 12: Pairwise correlations of air photos where a forward model was used to predict GCP 
displacement. Profiles are as described in Figure 11. See location in Figure 8a.



footwall of Fault γ where numerous open fissures were observed in the field after the crisis (Le 

Dain, et al., 1979). Other pairwise trials were attempted where GCP's were chosen only in 

undeformed areas, In these trials the spatial distribution of the GCP's was not ideal and the 

results were unreliable with large topographic errors. So we worked to develop another 

technique.

3.3 1962 Aerial Photograph-
2012 SPOT Correlation

The next method we tried was to 

orthorectify both sets of aerial photos 

using a bundle-block adjustment with 

the ERDAS software, rather than 

pairwise, described in section two. 

This in effect allows correlation of an 

entire set of photos so that GCP's can 

be chosen over a much larger area, 

with the added risk of introducing 

some aliasing artifacts due to the lack 

of a sinc resampling kernel in the 

ERDAS software package. Even with 

the bundle block adjustment, for the 

1984 dataset it still proved necessary 
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Figure 13: 1962 airphotos (bundle-blocked) and 2010 
SPOT correlation results. Profiles are as described in 
Figure 11. See location in Figure 8a.



to chose some GCP's within the deforming zone since we did not have available the entire 

dataset. The effect of this is to force some of the long-wavelength deformation into the near-

field. In Figure 13 we show correlations performed with a 128-window at 2.5 m resolution. The 

result indicates extension of 1.2 ± 0.2 m in the North-South direction and 0.6 ± 0.2 m in the East-

West direction on Fault E, on the southern flank. When projected in the fault-perpendicular 

direction, this represents ~1.3 m of opening. On the northern rift flank, the East-West field is 

corrupted possibly due to a flattening problem and the North-South shows 2 ± 0.2 m of opening 

distributed on multiple faults. Decorrelation is common on the fault scarps due to large 

topographic uncertainties and sun illumination differences between the images producing 

different cast shadows. However it is worth noting that despite these errors there seems to be no 

correlation between the interpreted offsets and the topography.
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3.4 1962 – 1984 Correlation with Film 
Distortion Correction

A third technique was developed to remove 

possible film distortions in the 1984 aerial 

photographs. Here we first correlate the 1984 

airphotos with the SPOT image (Figure 14). 

Since we expect little deformation of the 

surface during the time period from 1984-

2011, the output from the correlation should 

essentially represent the distortion of the 

1984 films. This includes distortion from the 

film, scanner artifacts, and any errors 

introduced in the orthorectification process. 

A second-order polynomial was fit to this 

correlation, which was removed from the 

1962-1984 correlation. Correlations were 

performed with a 128-window at 2.5 m 

resolution.
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Figure 14: Workflow of distortion correction 
using the SPOT-1984 correlation.



In Figure 15, displacements of 1 ± 0.3 m and 1.5 ± 0.3 m are apparent across Fault γ in the East 

and North components, respectively. Distortions, likely from scanning artifacts in the 1962 

photos, are still apparent in map view, but are of lower magnitude than those which were 

corrected from the 1984 photos.
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Figure 15: Left: Deformation maps across the Disa Le Mallo subrift with 2nd order polynomial 
removed. Right: Displacement profile as described in Figure 11. See location in Figure 8a.



Finally, attempts were made to use epipolar geometry to obtain a cleaner displacement field. 

Unfortunately, for most of the pairs we analyzed, the epipolar directions were not favorably 

oriented with respect to the NE opening direction across the rift. In many cases the focal points 

in the image planes were very close together, resulting in highly variable epipolar directions 

throughout the imaged area. One image pair, on the northwestern side of the rift, next to the 

Ardokoba volcano, has a field of epipolar directions relatively stable near the fault area and 

perpendicular to the NE opening direction (Figure 16). The profile is closer to the vent that 

erupted in 1978 than profiles shown in Figures 11-15. Interestingly, the total opening across the 

imaged area is 3.4±0.6 m, about 50% more than on previous profiles for the northern side of the 
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Figure 16: Top-left: Epipolar perpendicular displacement field, arrows indicate the epipolar 
direction. Bottom-left: same as above but with a 2-D polynomial removed. Right displacement 
profile as described in Figure 11. See location in Figure 8a.



rift. The total opening is distributed in ~1.5 m on 3 unnamed fissures in the rift floor and ~1.1 m 

each on Faults α and γ (Figure 16).

3.5 DEM Differencing: Volume of the Ardokoba eruption

Two DEM's were generated from the 1962 and 1984 aerial surveys using the normalized cross-

correlation technique (Wolf and Dewitt, 2000). A DEM difference was calculated over the area of 

the Ardokoba lava flow (Figure 17). The area of the Ardokoba was measured to be ~1.62 km2. A 

plane was fit to the DEM difference over the pixels surrounding the lava flow. The fit indicated a 

shift of -4.25 m in height and a negligible tilt. The plane was removed from the area beneath the 

lava. This misfit between the DEM's of 4.25 m is likely due to inexact estimations of the flying 

height of the aircrafts. The values of the pixels on the DEM difference map contained in the lava 

were then summed up to estimate the volume of the extruded lava. The estimate of the volume of 

the Ardokoba flows is 0.013 km3, ~20% less than the previous estimate of  ~0.016  km3 by 

Allard, et al. (1979). This previous estimate was likely done by measuring the height of the flow 

at its edge in the field and measuring the area of the lava using aerial photography. A variable 

thickness of the flow may explain the discrepancy between the two estimates.
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Figure 17: DEM Differencing results. A: SPOT-5 image showing the Ardokoba lava flows. B: 
Outline of the lava used to mask the DEM difference. C: DEM difference at the Ardokoba with 
profile lines indicated. D&E: Two DEM difference profiles across the lava. F: DEM difference 
for the entire area of the northern rift.



4. Analysis and Modeling

4.1 Summary of Correlation Results

This correlation technique is powerful and is shown to be capable of retrieving the displacement 

field from a historical data set which is far from ideal and suffers from many sources of errors. 

Our results using two independent data sets give evidence for ~1.5-1.75 m of opening across 

fault E on the southern rift flank and ~1-2.5 m of opening throughout the small rift on the 

northern flank. Combined, this makes ~2.5-4.3 m of opening across the Asal rift. This maximum 

estimate is somewhat larger than that recorded by the trilateration network, which is not 

surprising since those data points were from a 10 km baseline. From such a distance, the 

extensional strain reduces significantly (cf. Rubin & Pollard, 1998). In the following section we 

propose a simple kinematic model of the event that took place in the Asal-Ghoubbet rift in 1978.

4.2 Previous Models 

The first inversions of the geodetic data from the 1978 seismo-volcanic crisis are published in 

Tarantola, et al. (1979), using only the trilateration data, and Tarantola (1980) incorporating the 

leveling data. These were mechanical models, which imposed the conditions of plane strain in a 

homogeneous half-space and uniaxial stretching from tectonic drift between the Arabian and 

Somalian plates. With the first model, a least-squares solution was obtained for the opening of 

two dikes with one located below the subaerial fissural eruption with an azimuth of 124°, 4.5 km 

in length and an opening of 2.2 m. The second dike was located in the Ghoubbet, with an 

azimuth of 120°, 8.1 km in length and an opening of 3.8 km. The second model was 3-D, making 

the additional assumptions of plane stress and ignoring contributions from viscous forces in the 

asthenosphere, a reasonable assumption for the short time-span of the event. This second model 
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provided a least-squares solution with dikes of similar size and opening to the previous model, 

but the location and orientation changed somewhat. The new result from the second model was a 

predicted thickness of the lithosphere of 4.5 km.

Stein, et al. (1991) did not focus on the 1978 events but, as part of their study, sought to quantify 

the geometry and co-diking displacement of the faults in the rift. Their model made use of the 

dike geometry from Tarantola et al. (1980) and calculated slip on five fault planes by inversion of 

the leveling data. They performed a series of forward models to determine possible dip angles 

and vertical extent for the faults. Their method was to first calculate the vertical deformation 

from the dikes, subtract the modeled displacement from the leveling data and then match the 

remaining leveling signal with elastic dislocations on the fault planes. The best fit model was 

with 0.1-0.45 m on their five faults, with throws of 0.45 m for Fault E, 0.45 m on Fault α and 0.3 

m on Fault γ.

4.3 Kinematic Model: Joint Inversion of Trilateration, Leveling and Image 
Correlation Data

4.3.1 Model Overview

We present here a 3D geometric model, following the method of Okada (1985), making use of 

elastic dislocations on rectangular faults and dikes. We write a system of equations, which relates 

the model parameters to surface displacement where we have measurements. We then estimate 

the model parameters by least-squares inversion of the observed surface displacements. Unlike 

Stein, et al. (1991) we allow our faults to open like fissures in addition to dip-slip motion and we 

re-estimate the geometry of the dikes. We input three sets of data to our model, the trilateration 
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data (Figure 6) which provides for estimation of the deformation at some distance from the rift, 

the leveling data (Figure 7) which constrains the vertical component of the fault motions, and the 

image correlation data which constrains the horizontal opening across the bordering faults and 

fissures within the rift. The trilateration data provides displacements relative to station B and the 

direction BT which is sub-parallel to the rift axis (Figure 6). We include three parameters to 

estimate both a translation and a rotation around station B in order to take into account this 

assumption. 
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4.3.2 Model Geometry: Dike Location

The basic geometry of the model dikes was determined with the use of a Markov chain approach, 

running many forward models and searching for the best fit geometry (Figure 18). First, tests 

were done using a single dike for both rift segments. The variable slip solution in this first test 

placed most of the opening in the Ghoubbet part of the structure (Figure 18). Then tests were 

done with two model segments. The best fit tended to separate the two segments, creating a 

smaller segment with much less opening in the Asal Rift and a longer and deeper segment in the 

Ghoubbet Rift, with most of the opening. These model geometries were then checked against the  

morphology of the surface structure to ensure that the Asal segment was aligned well with the 

axial chain of volcanoes and that the Ghoubbet segment was well centered with respect to the 

border faults observed in the bathymetry data (Audin, et al., 2001). 
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Figure 19: Model input geometry is shown in 3D with black traces of the Asal Lake and 
Ghoubbet al Karab on the surface (z=0) for reference.



4.3.3 Model Geometry: Fault Geometry

Fault modeling is heavily simplified (Figure 19). We include four faults, Fault E, which lies on 

the southern shoulder and marks the extent of deformation to the southwest, Fault α and Fault γ, 

which mark the shoulders of the Disa le Mallo sub-rift, and Fault α' which lies to the NW of the 

sub-rift where these two faults merge together. Fault C-D is not included because we did not 

have the appropriate data to perform image correlation over this fault. No faults were placed 

within the Ghoubbet segment since we have no constraints on fault motion in the submerged 

region of the rift. However, we allow a strike-slip component on the Ghoubbet dike segment. It 

should be understood that the actual number of faults and fissures which were activated in the 

crisis was much greater, so in our model we are essentially merging this complex deformation 

pattern into a smaller number of structures, which however should still reflect the basic motion 

of the crust in the rift. The chosen model geometry is shown in Figure 19 and defined in Table 1. 

Fault dips were chosen at 65° after some forward modeling indicated that angles between 60-70° 

best fit the data. The width was set so that the faults would not intersect the dike and would root 

somewhere close to the top of the dike.

Once the dike and fault geometry is decided upon, we calculate displacements for a unit opening 
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Table 1: Input Geometry for modeling using the convention of Okada (1985).

Structure Fault E Fault A' Fault A 
Strike 310° 132° 132° 131°

Dip 65° 65° 65° 65°
Length (km) 6.2 10 6 3 3 3
Width (km) 2.7 4.5 3.2 3 3 3

11.6177 11.5608 11.5695 11.6344 11.6077 11.6153

42.4673 42.5411 42.5050 42.4770 42.4979 42.5000

Asal Dike Ghoubbet Dike Fault γ
130° 127°
90° 90°

Upper-left 
Corner (Lat)

Upper-left 
Corner (Lon)



or slip on each source at each observation point. These displacements are normalized 

displacements, in a local orthographic reference, for each point where we have a measurement 

and are referred to as Green's Functions. We then combine these Green's Functions with the 

translation and rotation parameters to create the matrix G relating model parameters to surface 

displacements. We assume that all our observations are independent of each other. The 

parameters estimation comes down to inverting the system of equations in a least-square sense. 

We seek to estimate n model parameters described by a vector X =u1, …,un  corresponding to 

the amounts of displacement in one or two directions on each of the modeled structures, which 

best fit m observations of surface displacement described by a vector B.

GX =B (1)

We describe below how we construct the three parts of the G matrix corresponding to the three 

data sets.

4.3.4 G-Matrix: Trilateration data

The trilateration data provide information about the displacement at each station in the network 

to within a small translation and rotation about one of the stations, taken as a reference station. 

The translation t x , t y and rotation angle θ are unknown parameters and have to be estimated 

along with the model parameters (u1, …un) . If station i location coordinates are denoted x i , y i  

and its observed displacement dx i , dy i , the actual displacement of this station is: 

Dxi=dx it xcos θ −1 xi−xb−sin θ y i− yb (2)

Dy i=dy it ysin θ x i−xb−cosθ −1 y i− yb (3)
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where xb , yb are the coordinates of the reference station.

For a small rotation angle θ one can neglect the second or greater order terms and assume 

sinθ =θ and cos θ =1 . The system of equation becomes linear and can be rearranged as 

follows: 

dx i=Dxi−t x y i− ybθ  (4)

dy i=Dyi−t y− x i−xbθ  (5)

The Green's functions g xki , g yki  relating the model parameters uk   to the station 

displacements (Dx i , Dyi)  can be calculated using the Okada (1985) equations and verify that:

Dxi=g x1i u1…..g xni un (6)

Dy i=g y1i u1… ..g yni un (7)

Combining equations (3, 4), and (5, 6) allows us to write the part of matrix G that corresponds to 

the trilateration data. In a matrix form the system of equations becomes:

[g x1i ⋯ g xni −1 0  y i− yb

g y1i ⋯ g yni 0 −1 −x i−xb]×[
u1

⋮
un

t x

t y

θ
]=[

⋮
dx i

dy i

⋮
]  (8)
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4.3.5 G-matrix: Leveling data

The leveling data provide information about the vertical displacement of each leveling station 

with respect to the first station (i=0). The corresponding lines of matrix G can be constructed by 

difference of the Green's functions vertical components g zki  with those of the first station g z0i , 

where i denotes the index of the leveling stations and k that of the model parameters. The part of 

matrix G corresponding to the leveling lines are given by:

[g z1i−g z0i ⋯ g zni−g z0i 0 0 0]×[
u1

⋮
un

t x

t y

θ
]=[

⋮
dzi

⋮ ] (9)

where i spans the subscript range of the leveling line data points. 

4.3.6 G-Matrix: Image Correlation data

The optical image correlation allows us to estimate the amount of horizontal opening across the 

main faults bounding the Asal Rift along selected profiles perpendicular to the faults (see section 

3). In theory, the data provides both the East and North components of the opening vector. 

However, given the noise in the data and the relatively stable direction of opening across the rift 

during the 1978 event, we chose to project both components on the rift perpendicular direction, 

N40E and use a single observation value for each profile. The lines of matrix G corresponding to 

these data are constructed by differencing the Green's functions of two near-by points, A and B, 

on either sides of the fault. This part of the system is given by:
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[g 40B1i−g40A1i ⋯ g40Bni−g 40Ani 0 0 0 ]×[
u1

⋮
un

t x

t y

θ
]=[

⋮
d40i

⋮ ] (10)

where i spans the subscript range of the fault opening data points. 

4.3.7 Least Squares and Error Determination

The final matrix which must be inverted is the vertical concatenation of the three sub-matrices 

described in previous sections. The system of equations is solved using a weighted least squares 

scheme. The prediction of our model has a functional relationship between X and G namely: 

X G =X G ;u1,… , un . If W represents the weighing matrix, we obtain a weighted least-

squares solution by minimizing:

The weighting term is constructed as the product of the inverse of the covariance matrix and a 

diagonal matrix, which sets the relative weights of the three data sets. Our covariance matrix is 

constructed by setting each element equal to σ2. In the case of the leveling data a most probable 

error of 0.73 mm was used (Chabbert, 1975). For the trilateration data an RMS of 21 mm is used. 

For the image correlation measurements, σ is determined from the displacement profiles shown 

previously in Section 3.
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S=∑
i=1

m

W i×[ X i−X (G i ;u1, …, un)]
2



4.4 Modeling Results

The inversion results are given in Table 2 and Figures 20, 21 and 22. In Table 2, I follow the 

convention of Okada (1985) where positive u3 represents opening, positive u2 represents reverse 

motion and positive u1 represents sinistral slip.
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Figure 20: Trilateration modeling results. Red vectors indicate observed trilateration 
displacements and blue vectors are the modeled displacements. The model structures are shown 
in 3D, and the position of the leveling line is shown with  open blue circles.



Firstly we should note that the estimation of the 

translation of the trilateration network made a 

significant difference in the result and we are able to 

match the trilateration very well, the RMS for the 

synthetic data is 10 cm. A few of the vectors are not 

precisely aligned, but the overall pattern is a very 

good match. The inversion underpredicts the image 

correlation data but it is within the error margins.

The most striking result from the model is that 

although the surface faults accommodate 2.4-2.8 m of extension across the rift, our model 

requires that the subsurface structure in the Asal Rift segment undergo contraction. This could be 

interpreted as evidence for a shallow to mid-crustal magma reservoir in this location of the rift, 

which experienced significant volume loss during the rifting event.
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Table 3: Horizontal and Vertical components predicted by the model compared with image  
correlation data.

Table 2: Best-fit model parameter outputs 
and associated errors.

Parameter in Meters Error
Translation X -0.07 0.10
Translation Y -0.08 0.10

Rotation 0.00 3.00

-3.56 0.01

4.67 0.01

1.36 0.00
Fault E u2 -1.68 0.19
Fault E u3 0.49 0.47
Fault A' u2 -1.68 0.20
Fault A' u3 0.70 0.48
Fault A u2 -1.12 0.17
Fault A u3 0.56 0.42

-1.04 0.20

Asal “Dike” 
u3

Ghoubbet 
Dike u3

Ghoub u1

Fault γ u2

Structure Horizontal Component (Observed)

Fault E
Fault A' 1.1  ± 0.2 m , 1.5 ± 0.3 m
Fault A 0.8 ± 0.4 m , 1.0 ± 1.0 m

Horizontal 
Component 

(Model)

Vertical 
Component 

(Model)
1.1 ± 0.3 m 1.3 ± 0.3 m , 1.3 ± 1.0 m -1.3 ± 0.4 m
1.3 ± 0.3 m -1.2 ± 0.4 m
1.0 ± 0.3 m -0.8 ± 0.3 m

Fault γ 0.7 ± 0.4 m
1.3 ± 0.3 m , 1.5 ± 0.3 m,        

1.1  ± 0.2 m 
-0.8 ± 0.4 m



I compute the horizontal and vertical components of fault motion by projecting the u3 and u1 

components of fault motion on a vertical axis and a horizontal, fault-perpendicular axis. These 

two components are given in Table 3. The horizontal components are across Fault γ and Fault E 

are somewhat smaller when compared against the image correlation observations, but are within 

error bars. The modeling of the leveling displacements is 

a pretty close fit except on the rift shoulder next to Fault 

E where the positive displacement is overpredicted 

(Figure 21).
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Table 4: Geometric moment of the  
Model Structures.

Asal Dike
Fault E

Ghoubbet Dike
Ardokoba Lava

--------------

-5.9 x 107 m3

0.93 x 107 m3

Fault α 1.12 x 107 m3

Fault γ 0.27 x 107 m3

21 x 107 m3

1.3 x 107 m3

Ardo + Asal Faults 4 x 107 m3

Figure 21: Rift-perpendicular leveling displacement profile. Red dots are 
the data, blue are the modeled displacements. 



4.4.1 Volume change of modeled structures

The volume change induced by the opening or closing of a planar structure is the product of the 

estimated u3 component of movement and the area of the structure. Table 4 lists the volume 

change values for all the structures in the rift model presented above. Our best-fit solution 

produces extension (volume increase) on all modeled structures, expect the Asal Dike (Table 4). 

Note that what we modeled here as a “dike” more likely corresponds to a magma chamber at 

intermediate depth in the crust. The structures in extension include the modeled faults of the Asal 

Rift which collectively account for a volume increase of 2.32 x 107 m3, less than 50% of the 

predicted volume loss of the deeper structure under Asal. The Ghoubbet segment of the dike 

accounts for most of the geometric moment in the model, it is 21 x 107 m3 (Table 4). These 

values may indicate the migration of magmatic fluids from below 3 km under the Fieale volcano 

towards shallower structures laterally to the southeast into the Ghoubbet segment.
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4.4.2 Recurrence interval between diking events

If we assume that the Asal-Ghoubbet Rift is 

accommodating all of the plate-diverging movement 

between Arabia and Somalia, then taking the opening 

of the dike in the Ghoubbet as an upper bound and the 

horizontal component of the fault motions as a lower 

bound for the amount of extension, we can make an 

estimate of the recurrence time for the dike intrusion. 

Using the plate-diverging rate of 13 mm/yr we get a 

recurrence interval of ~220-350 years. 

4.5 Discussion of magmatic plumbing systems

4.5.1 Below the axial volcanic chain

The Ardoukoba eruption of 1978 occurred at the 

northwestern termination of the axial chain. This chain 

is about 10 km in length and terminates onto the rim of 

the Fieale caldera (Figure 2). As mentioned above, the 

best fit of our model requires some volume loss at 

depth below this axial chain, which could indicate the 

location of the source of the erupted magma. Allard, et 

al. (1979) presents evidence that the magma erupted in 

the diking event was from a narrow and shallow 

source due to the lack or marine contamination and the 
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Figure 22: Misfit of modeled 
displacements with RMS errors.



highly-crystallized state of the magma. Geochemical analysis of the Ardoukoba lavas performed 

by Vigier, et al., (1999) suggest that although all erupted magma has a unique mantle signature 

and parent magma, free of crustal contamination, the magma extruded during the week long 

eruption exhibits variable amounts of differentiation from the source, with the most evolved 

magma erupting first. Residence times in a shallow reservoir were found to range from ~2 ka to 

0.8 ka. One explanation for this is that there were a series of magma injections from greater 

depth into the shallow reservoir creating a laterally-zoned reservoir (Vigier, et al., 1999).  The 

lava with the longest residence time would be the farthest from the Fieale volcano and the 

younger the closest.

4.5.2 Below the Fieale Caldera

Studies suggests that the main crustal magma reservoir in the Asal Rift is located below the 

Fieale caldera. De Chabalier and Avouac (1994) demonstrated that the topography of the Asal rift 

is a result of the extensional thinning of a volcanic pile centered on the Fieale caldera over the 

last ~0.1 Ma. They found that the vertical subsidence was much greater near the caldera, 

suggesting that the magma chamber below has collapsed during this period.  Doubre, et al. 

(2007a, b) performed a seismic experiment which imaged a ~2 km wide cylindrical low-velocity 

zone beneath the Fieale caldera, with the roof located at ~3-4 km depth and continuing to a depth 

of 5-6 km. Finally, a magneto-telluric study found evidence for some partial-melt below much of 

the rift at a depth of  2-3 km (Van Ngoc, et al., 1981). All these observations suggest the presence 

of an active magmatic system at shallow (2-6 km) depth under the axial part of the Rift. The rift 

model presented above suggest that this shallow magmatic reservoir provided a large part of the 

47



magma mobilized during the 1978 event.

4.5.3 Inter-rifting Studies

In addition to the GPS studies discussed in section two, the InSAR studies of Doubre and Peltzer 

(2007) found evidence of creep and sudden slip events on faults E,  β and  γ during the period 

from 1997-2005. Tomic (2011) analyzed a broader radar data set continuing up to 2008 and in 

addition to fault motion found evidence for an inflating body below the rift. The relative gravity 

study of Ballu, et al., (2003) shows an increase of gravity in the rift of ~30 μGal during the 1985-

1999 time period. So combining the results of these studies it would seem that there is further 

evidence for magma recharge under the Fieale caldera.

48



5. Conclusions

Our image correlation work has helped to constrain the surface deformation pattern within the rift. We 

have found that in the 1978 events the majority of the surface deformation concentrated on 3 or 4 

structures reaching the surface in the Asal Rift: Faults α and  γ on the northern flank and Fault E (and 

probably Fault C+D) on the southern flank. The modeled horizontal extension collectively accommodated 

by these faults amounts to 2.4-2.8 m , significantly higher than the amount of ~1.2 m estimated by 

trilateration over a ~10 km baseline. Our modeling confirms that the horizontal extension across the Asal 

Rift takes place in the upper 3 km of the crust and that a structure below this depth must accommodate a 

volume decrease to fit the data (Figure 23).

This deeper structure may in fact be a magmatic reservoir for the 1978 event which injected magma into 

the shallow fissures and faults in the Asal Rift as well as injecting some magma into the Ghoubbet 

diverging segment to the southeast (Figure 19). This interpretation is in agreement with the InSAR 

49

Figure 23: Schematic interpretation of the 1978-9 seismo-magmatic episode. Overpressure in the  
magmatic system below the Fieale volcano below 3 km depth transfers magmatic fluid laterally 
into the Ghoubbet dike and upwards to create the Ardokoba eruption as well as injection into the  
fissures and faults driving extension in the upper-crust.



observations covering the 1997-2008 time period, which indicate the presence of an inflating body below 

the Fieale caldera at intermediate depth, likely a sign of magma recharge into the shallow reservoir we 

identified here. Volume change calculations on all modeled structures indicate that the volume injected in 

a dike in the Ghoubbet Gulf exceeds the volume loss of the shallow reservoir under the Asal Rift. The 

effect of gas decompression when lava migrates upward in the crust may account for part of the 

imbalance (e.g. Rivalta & Segall, 2008), but a deeper reservoir contributing to the supply of magma may 

have been involved in 1978. However, we lack the spatial resolution in this area due to the presence of 

water to describe the deformation in any greater detail. In particular, we are not able to determine the 

motion on the faults associated with the dike in the Ghoubbet. It is likely that these faults moved during 

the 1978 event as sedimentation patterns indicate that the floor of the Gulf is tectonically active (Audin, et  

al., 2001).

There remain many questions to be answered in regards to the Asal-Ghoubbet rift and the tectonic-

magmatic processes associated with rifting in general. In the future, an improved scanning of the high 

quality IGN aerial photo negatives using a scanner of photogrammetric quality should easily improve the 

signal-to-noise ratio on the correlation results and greatly reduce the errors on fault opening estimates. 

Secondly, dynamic rather than kinematic modeling of the 1978 event combining together the 1978 data 

with the subsequent relaxation sequence and the current sustained inflation should provide a better 

understanding of the dynamics of this magmatic rift system and the way it interacts with the Gulf of Aden 

ridge over the course of a rifting cycle.
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