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S U M M A R Y
The rifting episode that occurred in Dabbahu–Manda–Hararo (Ethiopia) between 2005 and
2010 during which 14 dyke intrusions were emitted, was a unique opportunity to study
interactions between tectonic deformation and magmatic processes. While magmatism has
been shown to control primarily the spatial and temporal distribution of dyke intrusions during
this accretion sequence, the role of faults in accommodating plate spreading in rift segments is
poorly understood. During interdyking periods, transient ground deformation due to magma
movement is generally observed. Investigating such a small-scale deformation and in particular
the movement along faults during these periods will help understanding the factors that trigger
fault movement in magmatic rifts. We analyse fault activity during three interdyking periods:
2006 December–June (d0–d1), 2007 January–July (d5–d6) and 2009 November–January (d10–
d11). The time–space evolution of surface displacements along ∼700 faults is derived from
pairs of ascending and descending SAR interferograms. Surface slip distributions are then
compared with codyking ground deformation fields. The results show that faults are mainly
activated above the areas affected by magma emplacement during interdyking periods. A
detailed analysis of brittle deformation during the six months following the 2005 September
intrusion shows asymmetric deformation on the rift shoulders, with significant opening on
faults located to the west of the dyke. We explain this feature by the activation of westward
dipping pre-existing faults, with block rotations in between. In addition, we observe that the
strip encompassing the activated faults narrows by 30 per cent from co- to interdyking period.
This suggests that magma keeps migrating to shallower depths after the dyke intrusion. During
a rifting episode, activation of faults in a pre-existing fracture network therefore seems to be
mainly controlled by deep magma processes.

Key words: Transient deformation; Radar interferometry; Creep and deformation; Conti-
nental margins: divergent; Dynamics and mechanics of faulting; Magma chamber processes.

1 I N T RO D U C T I O N

Stress accumulated along divergent boundaries particularly at
oceanic spreading centres is mainly released during rifting episodes
(Björnsson & Saemundsson 1977; Björnsson 1985; Blackman et al.
2000; Dziak et al. 2004; Buck et al. 2006; Hamling et al. 2009,
2010; Grandin et al. 2010b). When magma is available, dyke in-
trusions appear more efficient than faulting at releasing stress and
balancing the deficit of opening (Björnsson & Saemundsson 1977;
Björnsson 1985; Buck 2006). As suggested by the south–north evo-
lution of the along-axis segmentation of the East African Rift, that

is from the continental domain to the most evolved rift segments
in Afar, magma processes with dyke intrusions also characterize
late phases of the continental rifting (Hayward & Ebinger 1996).
In this region, although dyke intrusions may release 80 per cent
of the accumulated stresses, the current surface topography is
mainly dominated by normal faulting (Manighetti et al. 1998;
Ebinger & Casey 2001). Furthermore, most dykes which do not
reach the surface are associated with movement on normal faults,
as observed during the previous rifting episodes both in Iceland
and in Afar with vertical displacements ranging from 0.8 m to
5 m for the largest intrusions (Björnsson & Saemundsson 1977;
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Le Dain et al. 1979; Ruegg et al. 1979; Yirgu et al. 2006; Rowland
et al. 2007).

The shape of the current topography in Afar results from a com-
plex competition between a persistent faulting activity and inter-
mittent effusions of lava (De Chabalier & Avouac 1994; Manighetti
et al. 2001; Lahitte et al. 2003a). As a consequence, it is difficult
to decipher the respective role of faulting versus magmatism, es-
pecially as faulting is itself largely controlled by magmatism. So
far, studies that have investigated the relationship between mag-
matic intrusions and fault growth in a rift (Mastin & Pollard 1988;
Rubin 1992; Gudmundsson 2003; Lahitte et al. 2003b; Gudmunds-
son & Loetveit 2005; Singh et al. 2006; Valentine & Krogh 2006;
Calais et al. 2008; Biggs et al. 2009; Baer & Hamiel 2010; Magee
et al. 2013; Medynski et al. 2013), have focused on dyke injec-
tion mechanisms during discrete intrusion events (Björnsson &
Saemundsson 1977; Einarsson & Brandsdottir 1980; Björnsson
et al. 1979; Björnsson 1985; Abdallah et al. 1979; Ruegg et al.
1979; Lépine et al. 1980; Tarantola et al. 1979, 1980; Tryggvason
1984; Einarsson 1991; Buck et al. 2006; Wright et al. 2006; Yirgu
et al. 2006; Ayele et al. 2007; Barisin et al. 2009; Grandin et al.
2009, 2010b, 2011; Hamling et al. 2009, 2010; Keir et al. 2009;
Nooner et al. 2009; Belachew et al. 2011, 2013). The Dabbahu–
Manda–Hararo (DMH) rifting episode was monitored using an un-
precedented amount of Envisat SAR images allowing numerous
studies on the intrusive sequence and the induced stress changes
(Ayele et al. 2007; Grandin et al. 2009, 2010a, 2010b; Hamling
et al. 2009, 2010) but also on the post-rifting deformation and
the related processes of deformation, such as viscoelastic relax-
ation (Cattin et al. 2005; Nooner et al. 2009; Grandin et al. 2010a;
Hamling et al. 2014; Pagli et al. 2014). This data set represents

an excellent opportunity to monitor the displacements across and
along the faults in details throughout a major magmatic episode.
It therefore provides an approach complementary to previous stud-
ies and also crucial insights into the magmato-tectonic interactions
occurring along an opening segment.

Using the interferometric synthetic aperture radar (InSAR)
method, the aim of this paper is to study faulting and its inter-
action with crustal magma processes during a rifting episode. We
investigate three interdyking periods spanning between two and six
months after the 2005 September, 2007 January and 2008 October
intrusions (Fig. 1c). Each of these interdyking periods is imaged
by several ascending and descending interferograms, allowing us to
derive the space and time evolution of fault displacements and to
compare it with transient deformation related to magma transfers.
Finally, we investigate further the magmato-tectonic interactions
due to the 2005 September intrusion.

2 T E C T O N I C S E T T I N G

The DMH rift is located in the Afar depression where three diver-
gent plate boundaries meet: the Red Sea ridge (RSR), the Gulf of
Aden ridge and the East African Rift Systems (EARS; Fig. 1a).
For the last ∼3 Myr, faulting and volcanism have taken place along
∼60 km-long and ∼20 km-wide aligned volcano-tectonic rift seg-
ments. Their size and morphology are similar to those of the second-
order segmentation of the oceanic slow-spreading ridges (Hayward
& Ebinger 1996; Manighetti et al. 1998), while the continental
breakup has not yet been established (Makris & Ginzburg 1987;
Tiberi et al. 2005; Hammond et al. 2011).

Figure 1. (a) Location and structural scheme of the Afar triple junction, showing a system of magmato-tectonic rifts (tectonic model after Manighetti et al.
2001). Green arrows show the Arabia and Somalia plates motions with respect to Nubia (Vigny et al. 2006). The Dabbahu–Manda–Hararo rift is indicated by a
red rectangle. (b). Topography of the Dabbahu–Manda–Hararo rift with the location of the 2005 September graben (black lines) and the mid-segment magma
chamber (MSMC, red dot). The two dark grey rectangles indicate the areas activated during the interdyking periods and analysed in details in this paper. (c)
Temporal sequence of dykes injected from 2005 September to 2010 May and represented as a function of latitude (from Grandin et al. 2010b). The straight
line separates the Dabbahu area from the rift and the dashed line locates the MSMC. The thickness of the grey curves indicates dyke volume per distance unit
along the dyke. Stars represent eruptions (cyan: silicic, red: basaltic) and green arrows the direction of seismicity migration during dyke intrusions. This study
focuses on the three interdyking periods indicated by the red (d0–d1), green (d5–d6) and blue rectangles (d10–d11).
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The RSR branch in Afar counts four en-echelon magmatic rift
segments (Fig. 1a): Erta’ Ale, Tat’ Ale, Alayta and DMH, localiz-
ing most of the extensive deformation associated with the ∼N060◦-
oriented spreading rate of 15 mm yr−1 (Jestin et al. 1994; Chu
& Gordon 1998; Sella et al. 2002; McClusky et al. 2003; Vigny
et al. 2006). The DMH rift segment hosts the Dabbahu stratovol-
cano (∼10 km diameter) at its northern tip. Like other rift segments
in Afar, the DMH encompasses a central volcanic complex. The
Ado’Ale (AVC) is of silicic nature and has been intensely disman-
tled by large systems of normal faults (Fig. 1b; Lahitte et al. 2003b).
An important change in the orientation of the rift and the fault sys-
tems occurs at this part of the rift segment where the normal faults
and the main graben are orthogonal to the Arabia/Nubia plate mo-
tion along the southern part (Rowland et al. 2007), whereas they are
oblique to it along the northern area (Rowland et al. 2007; Medynski
et al. 2013).

3 T H E 2 0 0 5 – 2 0 1 0 R I F T I N G E P I S O D E

The DMH rift was struck by a rifting episode in 2005 September
initiated by a seismic sequence involving 15 earthquakes with a
magnitude greater than Mw = 5.0 (Ayele et al. 2007). The surface
deformation monitored by InSAR indicates vertical displacements
up to 5 m, with a horizontal opening reaching 5–8 m (Wright et al.
2006; Grandin et al. 2009). Combining InSAR measurements with
seismicity analysis revealed a 60-km long dyke intruded at a depth
of between 2 and 9 km below the whole segment (Wright et al. 2006;
Yirgu et al. 2006; Ayele et al. 2007; Grandin et al. 2009) involving
a total volume of intruded magma between 1.5 and 2.0 km3. These
results imply a supplementary magma supply from the reservoirs of
two volcanoes, Dabbahu and Gabbho, located at the northern tip of
the DMH segment and where clear subsidence was observed (Ayele
et al. 2007, 2009; Grandin et al. 2009).

Nine months after this first main event, a new dyke initiated a
sequence of 13 smaller dyke intrusions that ended in 2010 May
(Hamling et al. 2009; Grandin et al. 2010b; Fig. 1c). Each one of
these dykes was injected after a period of quiescence, called in-
terdyking period, characterized by slow transient ground deforma-
tion of smaller amplitude. These lasted between 1 and 11 months
(Fig. 1c; Hamling et al. 2009, 2010; Grandin et al. 2010b). All
of these dykes were likely emitted from the mid-segment magma
chamber (MSMC) below the AVC (Keir et al. 2009; Belachew et al.
2011; Grandin et al. 2010b, 2011, 2012). They have been described
in terms of geometry, opening distribution at depth, volume of in-
truded magma, stress release and, in certain cases, migration of
seismicity (Hamling et al. 2009, 2010; Keir et al. 2009; Grandin
et al. 2010b, 2011; Belachew et al. 2011, 2013). The volume of
magma intruded individually within each of the 13 dykes repre-
sents a small fraction of the volume intruded during the event of
2005 September (between 2 per cent and 10 per cent) (Hamling et al.
2009, 2010; Grandin et al. 2010b) but their cumulative volume is
similar to the volume of the first dyke injected in September 2005.
These smaller dykes emplaced respectively southward and north-
ward of the MSMC (Hamling et al. 2009; Grandin et al. 2010b,
2011; Belachew et al. 2011, 2013; Fig. 1c) as was observed dur-
ing the 1975–1984 dyking sequence in the Iceland Krafla segment
(Buck et al. 2006; Wright et al. 2012).

During the interdyking periods, transient deformation was sys-
tematically detected by InSAR above the MSMC (Grandin et al.
2010a). The monitoring of transient deformation revealed pulses of
localized rift opening after the dyke intrusions, followed by an ex-

ponentially shaped decay of the opening rate. This signal was inter-
preted as an indication of the replenishment of the central reservoir
involved in feeding the 2005–2009 dykes (Grandin et al. 2010a).
On the other hand, a sustained deflation of a deep magma reservoir
below Dabbahu was observed during the six months following the
September 2005 intrusion, with a slow deceleration. Furthermore,
a subsidence signal of deep origin was detected within the north-
ern termination of the DMH segment, following a similar temporal
evolution. Together, these observations suggest a possible outflow
of material from a pre-existing reservoir into, or near, the section of
the plate boundary that experienced the massive intrusion of 2005
September (Grandin et al. 2010a). This deformation ceased in 2006
June and activity was subsequently restricted to the MSMC area.

The models proposed for explaining the intrusive sequence in-
clude faults to explain the subsiding patterns, following the mech-
anisms proposed for the rifting episodes in Krafla (Iceland) and
Asal rifts (Afar) (Ruegg et al. 1979; Tarantola et al. 1980; Rubin &
Pollard 1988; Rubin 1992; Wright et al. 2006; Barisin et al. 2009;
Grandin et al. 2009; Hamling et al. 2009). Field work carried out
after the 2005 September intrusion in the northern part of the rift
described a significant amount of opening across numerous normal
faults and fissures up to 3 m, with vertical displacements of between
2 m and 5 m (Rowland et al. 2007). These observations confirmed
estimates of displacement across faults obtained by inversion of
geodetic data (Wright et al. 2006; Barisin et al. 2009; Grandin et al.
2009), while also suggesting that the long-term surface deformation
was magma-induced (Rowland et al. 2007). Most of the models for
the 2006–2010 dykes prevent any discussion on the distribution of
surface slip along individual faults (whether identified in the to-
pography or not) because of the difficulties involved in unwrapping
the interferograms in the main graben, due to the amount of dis-
placement across faults and fissures (Wright et al. 2006; Hamling
et al. 2009, 2010; Grandin et al. 2010b). The exceptionally large
2005 September intrusion and the combination of InSAR data and
optical images correlation to identify active faults and take them
into account in the unwrapping step allowed Grandin et al. (2009)
to overcome these difficulties partly and describe the behaviour of
a large number of the faults activated along the graben during this
main intrusion. They observed an opening more pronounced on the
north-western margin of the dyke, that they interpret as resulting
from the offset of the dyke to the east with respect to the axial
depression. The relative locations of the dyke and the pre-existing
normal faults could explain why an apparently excessive amount of
opening, that is, horizontal displacement, took place along the west-
ern dyke border, while the eastern edge behaved more classically
with predominant dip-slip motions along faults.

This analysis illustrates a way to evidence magmato-tectonic in-
teractions during a dyking episode. While such observations are
very rare, and mostly indirect, they can usually be deduced either
from geological outcrops (Mastin & Pollard 1988; Gudmundsson
2003; Gudmundsson & Loetveit 2005; Valentine & Krogh 2006)
or from geophysical surveys (Singh et al. 2006; Calais et al. 2008;
Biggs et al. 2009; Baer & Hamiel et al. 2010; Pallister et al. 2010;
Nobile et al. 2012; Magee et al. 2013).

From a long-term perspective, the combination of morphological
analysis with dating allowed the identification of the main magmato-
tectonic phases for the northernmost part of the rift over the last
100 kyr (Medynski et al. 2013). Such a reconstruction suggests
that the morphological impact of faulting is strongly controlled
by the availability of melt under the Dabbahu volcano (Medynski
et al. 2013). On a shorter timescale, faults may respond to deep
movement of magma and/or to the evolution of the main central
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volcanic reservoir (Sylvester et al. 1991; Doubre & Peltzer 2007;
Hampel & Hetzel 2008).

4 DATA A N D P RO C E S S I N G

4.1 InSAR data

Synthetic Aperture Radar Interferometry is a widely used tech-
nique to detect surface deformation over large areas. The phase
difference between two radar scenes acquired at different times al-
lows the mapping of the surface displacement field with centimetric
precision (Massonnet & Feigl 1998; Rosen et al. 2000). Such a
technique is particularly well adapted to the Afar region, where
arid climate limits the coherence loss and allows measurements of
the ground movements to an accuracy of a few centimetres per
month.

Intrusions of dykes within the upper 10 km of the crust induce
surface displacements up to several metres that prevent the retrieval
of surface displacements in near field because of an excessive defor-
mation and a large amount of normal faults dissecting the deforma-
tion field (Rubin & Pollard 1988; Jónsson et al. 1999; Wright et al.
2006; Biggs et al. 2009; Grandin et al. 2009; Lundgren et al. 2013).
Between dyke injections, the total displacement within the inner
part of the rift is smaller. The study of interdyking periods offers
a good opportunity to estimate the displacement across faults and
its space–time evolution after the intrusion. In addition, an accurate
determination of the location of active faults allows the question
of their activation to be addressed in relation to magma transfers
within the crust (previous dyke emplacement, refilling of the reser-
voir), which can be detected on the interferograms through broader
deformation patterns.

We only took interdyking periods observed by at least two inter-
ferograms along both ascending and descending passes into consid-
eration, leading to the analysis of the displacement evolution and
the decomposition of the line of sight (LOS) displacement vector
into vertical and horizontal components. The SAR data set was di-
vided into two ascending passes (10 scenes for track 28, 4 scenes
for track 300) and two descending ones (8 scenes for track 49, 6
scenes for track 464). Images of all tracks were acquired with an
incidence angle of ∼23◦ (i2), except for the images of track 464
which were acquired with an incidence angle of ∼41◦ (i4). The
images acquired along the track 464 are therefore more sensitive to
the horizontal component of the displacement. The characteristics
of each interferogram are detailed in Table 1.

These interferograms were processed at full resolution using
the JPL/Caltech ROI_PAC software (Rosen et al. 2004). The or-
bital and topographic contributions were removed using DORIS
orbits and the 90 m SRTM Digital Elevation Model (DEM), re-
spectively (Massonnet & Feigl 1998; Hanssen 2001; Zandbergen
et al. 2003). The phase unwrapping was performed using the
branch cut algorithm (Goldstein et al. 1988). For areas affected

by ground deformation, high fault scarps and displacement along
faults could induce significant unwrapping errors. To prevent the
phase from being unwrapped across the faults, barriers following
the fault tracks were introduced (Doubre & Peltzer 2007; Grandin
et al. 2010a).

4.2 Estimate of fault displacement

A set of 668 mapped faults was built using the combination of in-
formation provided by panchromatic Quickbird images (resolution
60 cm), SPOT-5 images (resolution 2.5 m), DEM generated from
SPOT-5 stereo images (resolution 20 m) and InSAR images span-
ning the post-2005 September period (resolution 20 m) (Grandin
et al. 2009; Fig. 2). In order to monitor the time and space evo-
lution of displacement across the faults, we extracted the value of
the phase difference along profiles normal to the fault direction for
all interferograms (see Appendix A for details about the method
of the extraction of displacement across faults). Each phase dif-
ference estimated across the fault was then converted into LOS
displacement. Using interferograms spanning similar time intervals
for both ascending and descending tracks, we decomposed the LOS
displacement on fault into vertical and horizontal components (see
Appendix B for further details). A sign convention is used to dis-
criminate the orientation of displacement on faults: positive for a
westward downward movement (reddish) and negative for an east-
ward downward movement (bluish) (Fig. 3).

Numerous active faults detected in the DMH rift dip westward
and exhibit scarps higher than 15 m. The ascending track geometry
generates a layover along these west-dipping structures preventing
the measurement of the phase difference and thus the determination
of the vertical and horizontal components of displacement. The lack
of displacement estimate across a few de-correlating faults could
lead to underestimating the cumulative displacement calculated for
both rift margins hampering therefore their comparison. To avoid
this problem, we consider an average angle of the displacement vec-
tor as an additional parameter to fix the Z/H ratio, with Z being the
vertical displacement and H the horizontal displacement perpendic-
ular to the rift axis. The slip vector for each displacement estimate
across the fault is therefore given by alpha = arctan(Z/H).

The distribution of the displacement angle for all active faults
is bimodal with two peaks centred on 10◦ ± 10◦ and 60◦ ± 20◦,
respectively (Appendix C, Fig. C1b). Accordingly, normal faults
showing a slip vector of ∼10◦ might have been activated more as
open fissures than dip-slip faults. The active faults showing a low
slip vector are mostly concentrated along the western margin of the
dyke (Appendix C, Fig. C1a), whereas the rest of the population
of active faults shows dip-slip movements. We therefore use the
median values of the slip vector angle to reconstruct the vertical and
horizontal displacements for the active faults with a displacement
amplitude available only along the LOS direction of the descending
track.

Table 1. Characteristics of the interferograms covering the three interdyking periods under study.

Track (Asc.) Acquisition date Bp (m) Look angle Track (Desc.) Acquisition date Bp (m) Look angle

December–February 2006 (d0–d1, 1) t28 060208-051130 180 23◦ t49 060210-051202 31 23◦
March–April 2006 (d0–d1, 2) t300 060403-060227 210 23◦ t464 060415-060311 325 41◦
April–June 2006 (d0–d1, 3) t300 060612-060403 350 23◦ t464 060520-060415 245 41◦
January–May 2007 (d5–d6, 1) t28 070509-070124 25 23◦ t464 070505-070120 82 41◦
May–July 2007 (d5–d6, 2) t28 070718-070509 82 23◦ t49 070720-070511 105 23◦
November–December 2008 (d10–d11, 1) t28 081224-081119 252 23◦ t49 081226-081121 73 23◦
December–January 2009 (d10–d11, 2) t28 090128-081224 28 23◦ t49 090130-081226 170 23◦
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Fault slip triggered by magma transfers 403

Figure 2. Fault mapping showing 668 faults distributed along the Dabbahu–Manda–Hararo rift, same area as in Fig. 1(b). These faults were mapped using
topography, optical and InSAR data (see the text for details). This map includes faults activated during the 2005–2010 rifting episode, and extends moderately
on the rift shoulders. The volcanoes and magmatic centres are also represented. The solid black lines indicate the borders of the 2005 September graben.
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Figure 3. Coloured maps on the left column show codyking displacement fields: vertical displacement field for d0 and d10 intrusions (a and h) and LOS
displacement field for d5 (e; the LOS direction being indicated by an arrow since no descending interferogram is available, preventing from retrieving the
vertical component). The vertical velocity fields during respective interdyking periods [d0–d1 (b–d), d5–d6 (f and g), d10–d11 (i and j)] are shown on maps
with a cyclic grey colour scale. Coloured lineaments superimposed to the velocity field represent activated faults, with a colour scale indicating both the
direction and the magnitude of the surface displacement across the fault (yellow-red for west-dipping displacements and blue for east-dipping displacements).
The position of the 2005 September graben is indicated by light blue curves and the location of mid-segment magma chamber by a red dot. Concentric fringes
at the centre of the rift, associated with the refilling of the main reservoir (Grandin et al. 2010b), are observed after each dyke intrusion.
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Fault slip triggered by magma transfers 405

Figure 4. Activated faults in the southern region. Topography (a), vertical velocity field from 2006 December to February (b) and associated displacement
rates along the faults printed over a SPOT image (c). The 2005 graben is indicated as reference. The western and eastern edges of the rift are defined with
respect to the graben axis (red dashed line), used for the calculations of the cumulative surface displacements across the faults on both margins (Figs 10 and
11). The west, centre and east along-strike profiles (dashed curves) located in (b) are used in Fig. 11. Black lines in (a) and (b) indicate the location of the
rift-perpendicular profiles (S1, S2 and S3) shown in Fig. 8. A subsidence is observed south of the present-day reservoir (red dot), while an uplift due to the
refilling of this reservoir is observed on the 2005 dyke borders.

5 A C T I V E FAU LT S D U R I N G
I N T E R DY K I N G P E R I O D S

During the 2005–2010 rifting episode, we consider interdyking pe-
riods that follow intrusions showing different deformation patterns:
2005 September (d0), 2007 January (d5) and 2008 October (d10)
dykes. The vertical displacement induced by these dykes and the
corresponding vertical velocity field during the subsequent inter-
dyking periods are represented in Fig. 3, except for the d5 codyking
deformation for which the LOS displacement field is shown instead
as only one ascending configuration is available. The displacement
across faults is shown for the corresponding interdyking periods.
The vertical velocity field during each of the three studied interdyk-
ing periods differs significantly from the corresponding codyking
displacement field. The remarkable circular fringes uplift pattern at
the centre of the rift segment (Fig. 3) has been interpreted as being
associated with the refilling of the MSMC after its drainage into
the dyke injections (Grandin et al. 2010a) with an additional con-
tribution of viscoelastic relaxation (Hamling et al. 2014), although
the respective importance of these two phenomena remains poorly
constrained. This deformation is detailed for the 2006 December–

February period in Fig. 4 and similarly for the northern area in Fig. 5.
Regardless of the interdyking period considered, the uplift caused
by the replenishment of the MSMC matches with an area where
faults are systematically slipping after an intrusion (Figs 3 and 4 for
details). The magnitude of displacements along faults changes over
time (Fig. 6) suggesting that surface slip may be likely triggered
by the varying amount of magma replenishing the shallow MSMC
(Doubre & Peltzer 2007; Grandin et al. 2010a).

At the northern edge of the rift, a pattern of concentric fringes
is associated with the subsidence of the deep reservoir of the Dab-
bahu volcano. This subsidence extends southward into the northern
segment of 2005 dyke path and is still detected up to 2006 February
(Figs 3 and 5). Grandin et al. (2010a) have suggested that these
observations, together with the seismological data (Ebinger et al.
2008), indicate a continued magma transfer from the Dabbahu deep
reservoir into the 2005 dyke path. The subsidence observed in the
northern part of 2005 d0 dyke path vanishes with time, concurrent
with the decay of the deflation signal at Dabbahu, which is consis-
tent with an outflow mechanism (Fig. 3). Active faults were also
observed south–east of the Dabbahu volcano but only during the
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Figure 5. Activated faults for the northern active part of the rift. Topography (a), vertical velocity field from 2006 December to February (b) and associated
surface displacement rates across the faults printed over a SPOT image (c). The 2005 September graben is indicated as reference. The western and eastern
edges of the rift are defined with respect to the graben axis (red dashed line in b and c), used for the calculations of cumulative surface displacements across
the faults on both margins (Figs 9 and 11). The west, centre and east along-strike profiles (dashed curves) located in (b) are used in Fig. 11. Black lines in (a)
and (b) locate rift perpendicular profiles (N1, N2 and N3) shown in Fig. 7.
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Fault slip triggered by magma transfers 407

Figure 6. Vertical displacement rates represented for two groups of faults, one located above the mid-segment magma chamber (left column) for which three
interdyking periods are shown and one located south-east of Dabbahu volcano (right column) which was only activated after the 2005 September intrusion.
Each colour corresponds to a time interval of a studied interdyking period.

six months following the d0 intrusion (Fig. 3). Their displacement
rate decreases with time similarly to the velocity field associated
with this subsiding area (Figs 3 and 6). Figs 5 and 7 show that this
tectonically active area matches exactly with the subsiding band
located on the eastern shoulder of the rift, where the d0 dyke was
intruded.

6 C O M PA R I S O N B E T W E E N
D I S P L A C E M E N T A L O N G FAU LT S
D U R I N G A N D A F T E R T H E 2 0 0 5
S E P T E M B E R DY K E

6.1 Analysis of ground deformation and displacement
distribution

Only the first-order shape of the codyking profiles (Figs 7 and 8)
are considered in this analysis as the low-resolution codyking de-
formation field obtained from the inversion of various data sets
(see Grandin et al. 2009 for more details) does not allow to dis-
cuss the small-scale variations. The profiles extracted across the
rift (Figs 7 and 8) show that the faults slipping between 2005 De-
cember and 2006 June are located where the 2005 September dyke
emplaced. When comparing the width of the bands where faults
are slipping during and after the emplacement of the d0 dyke, it
appears that the band is ∼30 per cent narrower for the d0–d1 inter-
dyking period, regardless of the active area along the rift considered
(Figs 7 and 8). Further examination of the vertical displacements

along the profiles (Figs 7 and 8) reveals that the faults slipping
during the d0–d1 interdyking period along the western edge of the
d0 dyke were activated during the d0 dyke intrusion whereas the
faults activated along the eastern edge are not colocated for those
same time periods (i.e. during the codyking versus the interdyk-
ing). The easternmost fault slipping after the d0 intrusion is shifted
by ∼1 km towards the rift centre (Figs 7 and 8). This difference
is more pronounced for the northern active area than at the rift
centre.

Contrary to what has been suggested by Grandin et al. (2009) for
the dyke d0, the vertical offsets during the d0–d1 interdyking period
are in fact all consistent with the dips of the activated faults. The
profiles on Figs 7 and 8 show the distribution of the deformation
across the strike of the fault system. They indicate a mechanism of
block rotation between faults (particularly clear on profiles N2 and
S3). Rotation of blocks allows the overall vertical throw across the
western margin of the rift to be consistent with its structural position
with respect to the dyke. It accommodates subsidence of the rift axis
relative to the western shoulder. However, faults may locally dip in
the opposite direction (profile S3, Fig. 8). This mechanism may also
have occurred during the codyking period (Grandin et al. 2009), but
the resolution of the displacement field was too low to capture this
feature. The deformation profiles also highlight an asymmetry in
the distribution of the opening across the rift (Figs 7 and 8). Most
of the opening is accommodated by the westernmost faults and is
not equally distributed over the whole system of active faults. This
asymmetry is stronger during the interdyking period than during
dyking itself (Figs 7 and 8).
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Figure 7. Displacement profiles across the northern part of rift (located in Fig. 5). The black curve shows codyking displacements, while coloured curves show
the evolution of the cumulative displacements during d0–d1 interdyking period (from 2005 December to 2006 February, April or June). Top row shows vertical
displacements (reddish curves for interdyking) and bottom row shows horizontal component (bluish curves for interdyking). Profile N2 shows a d0–d1 vertical
displacement pattern typical of blocks rotations. The staircase patterns in the codyking profiles are due to the lower resolution of the codyking deformation
field obtained from inversion of different data sets (see Grandin et al. 2009 for more details).

6.2 Analysis of cumulative displacement distribution

Co- and interdyking periods can also be compared by estimating the
cumulative distribution of displacement for all active faults located
in-between the graben axis and its edges (Figs 9 and 10). The limits
of these eastern and western deformation bands are indicated with
dashed lines on Figs 4 and 5. For the vertical component, we fol-
lowed two approaches to estimate the cumulative displacement: (1)
the absolute sum of displacement, irrespective of the dip direction
and (2) the relative sum that takes the sense of displacement into
account and therefore can be used to estimate the actual cumulative
vertical offset accommodated by fault displacement through each
margin. The differences point out those groups of faults for which
the sense of displacement is not consistent with their structural po-
sition with respect to the graben axis. These ‘anomalous’ areas are
highlighted in grey on Fig. 11.

Regardless of the area and the component considered, the cumu-
lative displacement is usually higher on the western margin, with
a maximum of ∼20 cm, than on the eastern side (∼15 cm). The
eastern margin also shows a more segmented pattern (Figs 9 and
10). When the sense of displacement is taken into account, the broad
pattern of the vertical cumulative displacement does not change on
the eastern side of the rift but changes significantly on its western
side (Figs 9 and 10, bottom left column). This difference suggests
that most active faults located on the western margin of the d0
graben are west-dipping. This observation is contrary to what is
usually expected and may be explained by the fact that d0 dyke
emplaced ∼3 km to the east of the rift axial valley, within the rift’s

eastern shoulder in an area where the topography indicates that the
pre-existing faults are dipping towards the west (Figs 1, 4, 5, 7 and
8; Barisin et al. 2009; Grandin et al. 2009). Finally, even if the dis-
tribution of the cumulative displacements along in both vertical and
opening components shows initially a shape similar on each margin,
the maxima in the opening component shift systematically south-
ward compared to the vertical one. This suggests that the opening
may be locally larger than the vertical displacement. This particular
behaviour strongly supports a mechanism whereby displacements
on faults and opening of fissures are controlled by the movement of
a magma body at shallow depth.

Our objective is to evaluate and understand how faults respond
to deep forcing and contribute to the deformation field. In Fig. 11,
we superimposed the curves corresponding to the surface processes
associated with fault activity (relative sum of the vertical cumulative
displacement on faults; also shown on Figs 9 and 10, bottom parts)
to the curves corresponding to the deep processes, for example,
caused by magma transfers at depth (relative deformation across
rift shoulders Fig. 11). These two curves corresponding to the deep
processes were calculated by taking the difference between profiles
extracted in the velocity field along the dyke axis and along its
external borders (Figs 4b and 5b for location, Fig. 11 for results).
Fig. 11 shows a similarity between the two curves. The peaks of
these curves correspond to active areas where transient deformation
of magma origin and tectonic deformation occur. They are located
above the MSMC and south-east of Dabbahu volcano in the dyke
path. These two active regions are separated by a band showing no
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Figure 8. Displacement profiles across the southern part of the rift (located in Fig. 4). The black curve shows codyking displacements, while coloured curves
show the evolution of the cumulative displacements during d0–d1 interdyking period (from 2005 December to 2006 February, April or June). Top row shows
vertical displacements (reddish curves for interdyking) and bottom row shows horizontal component (bluish curves for interdyking). The staircase patterns in
the codyking profiles are due to the lower resolution of the codyking deformation field obtained from inversion of different data sets (see Grandin et al. 2009
for more details).

deformation. This suggests that deep processes exert a dominant
role in controlling the displacement on faults (both in location and
magnitude). However, this similarity is mainly observed for the
eastern shoulder of the rift, whatever the active area considered.
Differences can be seen on the western edge of the rift, where west-
dipping faults accommodate the deformation on the western side
of the inflating and propagating magma body, which is in abnormal
structural position with respect to the zone of dykes emplacement.
There, pre-existing faults and fissures are activated by transfers of
magma, but in a sense that is opposite to the total deformation across
the shoulder.

7 D I S C U S S I O N

7.1 What triggers surface displacements on faults?

We investigate here the mechanisms inducing the activation of faults
during interdyking periods. We considered three time intervals fol-
lowing dyke intrusions at different locations along the rift and in-
volving different volumes of magma, width and depth ranges. Re-
gardless of the interdyking period under consideration (Fig. 3), we
observe active faults over areas showing ground deformation. These
areas remain the same, whatever the latitudinal location of the dyke
intruded previously. We also observe a similar time evolution for
both interdyking vertical velocity field and displacement rate along
faults (Figs 3 and 6).

Three processes may explain these observations during inter-
dyking periods: (1) a viscoelastic relaxation due to the preceding
magma intrusion, (2) a magma transfer within the crust or (3) the
dilatation of a magma body already emplaced. Hamling et al. (2014)
showed recently that a viscoelastic relaxation alone could not ex-
plain the interdyking deformation observed at DMH, and confirmed
that modeling of deformation requires magma sources along the rift
as shown by Grandin et al. (2010a). Mantellic viscoelastic relax-
ation causes large-scale deformation far beyond the rift shoulders
and a deformation quite linear over time after many years (Foulger
et al. 1992; Cattin et al. 2005; Hamling et al. 2014). In contrary,
we highlight here deformation at small scale, mostly located within
the axial depression and close to the sources of magma (Dabbahu
or MSMC, Figs 3–5). The transient deformation systematically de-
tected at the rift centre after each intrusion can be explained as
resulting from the refilling of the MSMC (Grandin et al. 2010a).
After the d0 intrusion, the lasting seismicity along the northern part
of DMH rift, together with a persistent subsidence both at Dabbahu
volcano and in the northernmost part of the d0 dyke, were jointly
interpreted as being caused by an outflow of magma from the deep
reservoir under Dabbahu volcano (Ebinger et al. 2008; Grandin
et al. 2010a). In addition, the high deformation rates affecting the
Dabbahu volcano (Figs 3 and 5) and associated with a subsidence
pattern reinforce the hypothesis of a magma flow rather than an in-
flating magma body for which the typical deformation rate is a few
millimetres per year (Fialko & Simons 2001). These observations
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Figure 9. Displacements across both rift margins in the northern activated region. Dashed lines: 2005 September codyking movements. Coloured curves: sum
of the displacements on faults belonging to both margins of the rift, during d0–d1 interdyking period (from 2005 December to 2006 February, April or June).
Left column depicts vertical offsets and right column horizontal offsets. Two calculations are made for the sum of the vertical movement on faults. Two top left
frames: absolute sum that does not take the sense of displacement on faults into account (gives the geodetic moment). Two bottom left frames: relative sum
that takes the sense of displacement into account (vertical offset taken on faults through each margin). Profiles of Fig. 5 are indicated by purple vertical lines.

suggest that (1) the ground deformation during the months follow-
ing each dyke intrusion is generated by magma movements along
the rift and (2) that these magma transfers within the crust trigger
surface displacements on faults as previously suggested by the mod-
eling of the 1979–1985 period following the Asal rifting episode
(Cattin et al. 2005). Moreover, the large rates of surface displace-
ment of faults detected, up to 60 cm yr−1 after d0 and ∼20 cm yr−1

on average for the other interdyking periods (Figs 3 and 6), also
support this conclusion. These displacement rates are at least two
orders of magnitude higher than the long-term displacement rates
estimated using dating methods for faults in a similar magmatic con-
text, 0.1–9 mm yr−1 (Manighetti et al. 1998; Medynski 2013). This
comparison suggests that magma accelerates displacement rates at
short timescale (Cattin et al. 2005; Doubre & Peltzer 2007).

Finally, besides these systematic observations made during the
interdyking periods, we studied the specific deformation pattern ob-
served only during the six months following the main intrusion. In
the northernmost part of the 2005 September dyke, the subsidence
reached values quite similar to those above the Dabbahu volcano,
decreasing progressively southward (Fig. 5). This deformation pat-
tern corresponds to the location of the deficit of opening in the 2005
September dyke estimated after inversions of geodetic data (Wright
et al. 2006; Grandin et al. 2009). It has been proposed that this

deficit was progressively filled by magma flowing out of the deep
Dabbahu reservoir (Grandin et al. 2010a). A temporal decay was
observed in both displacement rates along the faults and vertical
velocity fields (Figs 3 and 6). At the rift centre, the draining of the
MSMC into the 2005 September was followed by its progressive
replenishment associated with a very limited seismic activity at the
rift centre (Ebinger et al. 2008; Belachew et al. 2011), despite a
relative high magma transfer rate (Grandin et al. 2010a) which is in
agreement with a passive magma influx.

7.2 Comparison of faulting processes during and after
a dyke intrusion

We estimated the geometric moment associated with surface dis-
placement across faults for these three interdyking periods in order
to compare the energy released by fault activation with that released
by dyke intrusion. Most interdyking seismicity at DMH rift occurred
at depth shallower than 6 km (Belachew et al. 2011) and Rowland
et al. (2007) proposed that faulting was primarily achieved during
dyke events like at DMH rift. Here, we considered fault planes with
a 3 km width and a modulus of rigidity of 3 × 1010 Pa. The estimates
of geometric moments are presented in Table 2.

 by guest on N
ovem

ber 24, 2015
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


Fault slip triggered by magma transfers 411

Figure 10. Displacements across both rift margins in the southern activated region. Dashed lines: 2005 September codyking movements. Coloured curves: sum
of the displacements on faults belonging to both margins of the rift, during d0–d1 interdyking period (from 2005 December to 2006 February, April or June).
Left column depicts vertical offsets and right column horizontal offsets. Two calculations are made for the sum of the vertical movement on faults. Two top left
frames: absolute sum that does not take the sense of displacement on faults into account (gives the geodetic moment). Two bottom left frames: relative sum that
takes the sense of displacement into account (actual vertical offset taken on faults through each margin). Profiles of Fig. 4 are indicated by purple vertical lines.

They are equivalent to an amount of energy released during a
single Mw = 6.0 earthquake for the period 2006 December–June,
an Mw = 5.7 and an Mw = 5.8 for the periods 2007 January–
July and 2009 November–January, respectively. The energy released
during interdyking periods due to faulting (geometric moment) is
around one order of magnitude below the energy released during
injection and due to dyke opening (geodetic moment, Table 2).
This observation is in agreement with the lower amount of induced
seismicity during the replenishment phase than during the intrusions
(Ebinger et al. 2008; Keir et al. 2009; Belachew et al. 2011; Grandin
et al. 2011).

This suggests also that displacement along faults is aseismic,
similarly as during dyke intrusion as shown by the discrepancy
observed between the geodetic and seismic moments (Wright et al.
2006; Grandin et al. 2009; Belachew et al. 2011).

These geometric moments estimated for interdyking periods are
as a result, consistent with those for the intrusions (Table 2). More
magma is mobilized during a dyke intrusion, more energy is re-
leased during dyke emplacement and more energy is then released
during the months following the intrusion, allowing the replenish-
ment of the magma chamber. This can be interpreted as the direct
consequence of mass conservation since the replenishment of the
magma chamber involves a volume of magma quite similar to the
one drained out into the dykes.

However, the ratio between the geometric moment and the geode-
tic moment suggests that energy released by faulting during inter-
periods accounts for a higher proportion of codyking energy for
smaller intrusions (Table 2). The dynamics leading to the replen-
ishment of the magma chamber is probably not similar after each
intrusion. Indeed, the flow path, the intrusion depth, the volume of
magma mobilized but that left within the reservoir are parameters
that change after the various intrusions, especially after small and
voluminous dykes. These differences may explain the discrepancies
observed between the geodetic and geometric moments.

7.3 What can be inferred from studies of interdyking
periods in terms of deep processes and magmato-tectonic
interactions ?

The major intrusion of 2005 September and the large deformation
detected in the following six months, offer exceptional conditions
to compare the nature of the magmatic processes and to study
the relationship between faults and magmatism. The analysis of
interdyking periods brought details of the distribution of brittle
deformation what is difficult to characterize for dyking periods.

Regardless of the area considered, centre or northern part of the
rift, we observe a larger component of opening along the western
edge of the graben where faults were activated as rotating blocks.
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Figure 11. Vertical displacement for both rift margins along the strike of the 2005 September dyke. Dashed lines: codyking vertical displacements across both
margins (e.g. relative movement between the graben centre and each shoulder). Red and blue curves: 2005 December–2006 February interdyking displacements
across eastern and western margins respectively (e.g. here again difference between the east, west and centre profiles shown in Figs 4 and 5). Orange and cyan
thin curves: cumulative vertical displacement on faults belonging to eastern and western margins, respectively (e.g. relative sum shown in Figs 9 and 10).
Profiles of Figs 4 and 5 are indicated by purple vertical lines. Pink shaded area depicts the extension of the mid-segment magma chamber (after Grandin et al.
2010a). Grey shaded area underlines a zone affected by blocks rotations in the northern active area.

Table 2. Comparisons between energy released during dyke intrusions and that released by faulting during the following interdyking periods.
The intrusions of 2005 September (d0), 2007 January (d5) and 2008 October (d10) are compared with the corresponding interdyking periods
(d0–d1, d5–d6, d10–d11). Mg geodetic moment, M0 seismic moment, M geometric moment corresponding to the energy released by faulting.
No seismic data were recorded for the 2007 January dyke.

Dyke d0 d0–d1 Dyke d10 d10–d11 Dyke d5 d5–d6

Dyke volume (km3) 1.8b–2.5a 0.17d–0.198c 0.021c –0.045d

Mg (Nm) 8 × 1019 a 7.88 × 1018 d 2.07 × 1018 d

M0 (Nm) 6.7 × 1018 a 1.781 × 1017 e

M0/Mg (per cent) 8.3 a 2.3 d ,e

M (Nm) 3.5 × 1019 b 1.1 × 1018 4.5 × 1017 3.9 × 1017

M/Mg (per cent) 1.38 1.38 5.71 5.71 18.84 18.84
aWright et al. 2006.
bGrandin et al. 2009.
cGrandin et al. 2010b.
dHamling et al. 2009, 2010.
eBelachew et al. 2011.
fGrandin et al. 2011.

This rotating movement across parallel faults is observed where
faults with one single dip orientation were able to release the dyke-
induced stresses (Figs 7 and 8). Such a configuration is imposed by
the dyke path which was offset to the east with respect to the axial
depression even at the rift centre where the offset was only a few
kilometres (Figs 4, 5, 7 and 8). These observations are consistent
with those made by Grandin et al. (2009) for the 2005 Septem-
ber dyke intrusion. Therefore, we suggest that in the absence of
conjugated normal faults to release dyke-induced stress, a large
component of opening accompanied by a block rotation may be the
typical deformation pattern observed at the surface (Fig. 12a) as
first proposed by Grandin et al. (2009).

Moreover, we also observe a difference between the width of
the area affected by brittle deformation for the co- and interdyking
periods, with a narrower band of fault activity for the interdyking
period (Figs 7 and 8). With regards to the relationship established
between the depth range of the dyke and the position of maxima in
the deformation field (Pollard et al. 1983; Mastin & Pollard 1988;
Rubin & Pollard 1988; Rubin 1992), this observation leads us to
propose that during the interdyking periods, the magma flow is shal-
lower, likely infiltrating the root of faults and fissures (Fig. 12b).
The occupation of fault planes by magma has been directly ev-
idenced from field as well as from geophysical observations (De-
laney et al. 1986; Gudmundsson & Loetveit 2005; Singh et al. 2006;
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Figure 12. Comparison between the observations and corresponding interpretations for the 2005 codyking deformation (a) and the following six months (b).
The common features obtained from the analysis of the displacement distribution and the ground deformation pattern for the interdyking period allow us to
complement the model proposed by Grandin et al. (2009). The deformation band is narrower and the asymmetry in the opening component is more pronounced
during the interdyking period than during the dyke intrusion. We therefore suggest that this deformation pattern is caused by a lens of magma intruded at
shallower depths. Adapted after Grandin et al. (2009).

Valentine & Krogh 2006; Magee et al. 2013). The prevalence of
magma transfer at shallow depth might be considered as the cause
for the lack of activation of the easternmost fault in the northern seg-
ment, which borders the dyke-induced graben of 2005 September
(Figs 7 and 12b).

At the rift centre, the spatial distribution of the subsiding area
(Figs 4 and 8) shows a southward extend. This deformation pattern
may be interpreted as a magma transfer coming from the upper part
of the magma chamber and flowing to the d0 dyke path. This may
explain why we observe a subsidence pattern superimposed to the
uplift until 2006 February, which evidences for the crustal reservoir
replenishment (Fig. 4). This hypothesis is also supported by the
distribution of active faults located over the subsiding area north of
the MSMC and mostly concentrated on the d0 graben edges (Fig. 4).
The systematic activation of faults between N12.25◦ and N12.35◦

of latitude between the ancient caldera and the central reservoir
(Figs 3 and 4) suggests that the magma chamber replenishment
affects the same narrow band during the interdyking periods. This
observation might reflect the shallow and elongated shape of the
reservoir. Nevertheless, all the ground deformation and active faults
following dyke intrusions over the 2005–2010 rifting episode should
be taken into account, as well as the spatial arrangement of the dykes
to better constrain the position and the lateral extension of the central
magma chamber.

8 C O N C LU S I O N S

A rifting episode occurred at DMH rift segment in Ethiopian Afar
between 2005 September and 2010 May. It offers a unique opportu-

nity to study the role of faults associated with dyke intrusions and
to investigate the relationship between fault activation and magma-
tism. We focused our analysis on InSAR data for three interdyk-
ing periods: 2005 December–2006 June, 2007 January–July and
2008 October–2009 January which followed the intrusion emitted
in 2005 September (d0), 2007 January (d5) and 2008 October (d10),
respectively. By comparing the locations of the intrusions during the
dyking period with both the active faults and the signal of transient
deformation over the following months, we show that displace-
ment along faults during interdyking periods is likely triggered by
magma transfers within the crust, while viscoelastic relaxation pro-
cesses play a minor role in the small-scale and near-field surface
deformation.

The detailed analysis of the six months following the 2005
September intrusion has shown some common observations in the
deformation field as well as in the distribution of brittle deforma-
tion, especially an asymmetrical pattern particularly clear during
the interdyking period. The interdyking data quality allowed us to
complement the model proposed by Grandin et al. (2009). We sug-
gest that when the dip of the faults bordering the dyke does not face
the dyke centre and therefore does not allow the release of dyke-
induced stresses, a significant opening along the outward-facing
fault as well as rotating blocks in between the graben borders may
be observed. The difference in the width of the deformation band
during the co- and interdyking periods is interpreted as a magma
transfer at a shallower depth during the interdyking period. Finally,
the persistent fault activation between the ancient caldera and the
centre of the MSMC may help deciphering the boundaries of the
reservoir involved in the different intrusions.
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A P P E N D I X A : E X T R A C T I O N O F FAU LT
D I S P L A C E M E N T A M P L I T U D E

Displacement on normal faults induces a downward movement that
produces a discontinuity along the fault in the interferometric phase
field (Fig. A1a). To quantify the magnitude of the displacement
along the 668 mapped faults, we first estimated the direction of the
profiles used for the extraction of the displacement (Figs A1a and
b). This direction is defined by the extreme points of each individual
fault which determine the global fault strike, since most faults are
primarily linear. Then, the profiles are extracted every 15.5 m on
average along the fault, as the number of profiles depending on the
fault length, with an orientation perpendicular to the fault direction

(Fig. A1b). Because the location of the fault results from a mapping
based on a combination of various images having different resolu-
tions, we need to relocate precisely the phase discontinuity along
profiles. We use a bootstrap approach (Efron & Tibshirani 1986)
based on the first derivative. As the interferometric phase is af-
fected by topographic errors and layover/shadowing across the fault
scarps, especially for those with the highest cumulative throw, a
region of 3 pixels across the fault scarps was systematically masked
in order to avoid such errors in the estimates of relative displace-
ments (Fig. A1c). Once the position of the fault is determined pre-
cisely (red point, Fig. A1c), the magnitude of the displacement is
quantified subtracting the closest points to the fault belonging to the
two linear regressions fitting the displacement on each side of the
fault (Fig. A1c).

A P P E N D I X B : D E T E R M I NAT I O N O F
T H E V E RT I C A L C O M P O N E N T O F - T H E
D I S P L A C E M E N T

InSAR measurements give the ground displacement component
only along the radar LOS. The full displacement vector can there-
fore not be resolved with a unique InSAR measurement. To resolve
this, we use a combination of InSAR measurements from different
imaging geometries (ascending and descending passes). The follow-
ing equations describe the relation between the LOS measurement
dLOS and the displacement vector d, d = [dN, dE, dV ]:

dLOS = cos θincdV − sin θinc dHORIZ (1)

with dN, dE, dV being the components in north, east and vertical
direction, respectively. θ inc is the incidence angle and dHORIZ is
the projection of the horizontal displacements on the azimuth look
direction:

dHORIZ = cos α d N ± sin α d E (2)

with α, the heading azimuth of the satellite orbit.

Figure A1. (a) Zoom on an active fault located along DMH rift: a gradient across the fault evidences the dip-slip movement in an interferogram. (b) Profiles
are extracted perpendicularly to the main direction of the faults. They are presented here in radar geometry. (c) On this profile, the fault centre is located (red
point) using the bootstrap method. The two linear regressions are used to estimate the fault slip.
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In this study, deciphering the nature of the movements across the
faults (how much faults have slipped vertically or/and opened) is
crucial to investigate the interactions between faults and magma.
We aimed therefore at considering time intervals for which both
ascending and descending images were available, allowing us to
decompose the LOS measurement into vertical component and the
horizontal one perpendicular to the rift. The rift azimuth is almost
oriented north-south, which implies that expected movements along
normal faults will essentially be vertical and/or oriented east-west.
Moreover, the near-polar orbit of the ENVISAT satellite makes the

north component particularly difficult to determine (Wright et al.
2004). We therefore considered the horizontal movement in the
north-south direction as negligible. This assumption (dN∼0) en-
abled us to resolve the system of equations using observations from
only two different look directions.

A P P E N D I X C : D E TA I L S O F T H E S L I P
V E C T O R

Figure C1. (a) Zoom on the northern part of the rift where each colour point corresponds to a measuring point of the displacement along the faults. The darker
contrasts of the colour points indicate that the displacement is available for both ascending and descending tracks, while the lighter ones are only available in
a single configuration, preventing the decomposition of the displacement estimate into vertical and horizontal components. The colour of the measuring point
shows the angle of the displacement vector. (b) The histogram shows a bimodal distribution of the displacement vector angle for the active faults. Both median
angles of 10◦ and 60◦ were used to calculate the vertical and horizontal components for areas where only one the descending estimate of the displacement was
available.
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