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Abstract Detailed spatial and temporal accounts of propagating dikes from crustal
deformation data, including their interplay with faulting, are rare, leaving many questions
about how this interplay affects graben formation and the arrest of dikes unanswered. Here
we use InSAR observations, stress calculations and analog experiments to investigate the
interaction between an intruding dike and normal faulting during the 2009 Harrat Lunayyir
dike intrusion in western Saudi Arabia. We generated five displacement maps from InSAR
data to unravel the temporal evolution of deformation covering the majority of the intrusion.
We find that the observed surface displacements can be modeled by a ~2-m-thick dike with
an upper tip ~2 km below the surface on 16 May 2009, four weeks after the onset of seismic
unrest. In the following three days, the dike propagated to within ~1 km of the surface with
graben-bounding normal faulting dominating the near-field deformation. The volume of the
dike doubled between mid-May and mid-June. We carried out analog experiments that
indicate that the wedge-shaped graben grew outwards with the faulting style changing
progressively from normal faulting to oblique. Coulomb failure stress change calculations
show that the intruding dike caused two zones of shallow horizontal tension on both sides of
the dike, producing two zones of fissuring and normal faulting at the surface. In return, the
faulting provoked compression around the upper tip of the dike, holding back its vertical
propagation.
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1. Introduction
Dike intrusions induce stress changes in the surrounding rock, leading to seismicity and
deformation as well as movement on faults [Rubin and Pollard, 1988]. The interplay between
magma emplacement and fault activation is integral to volcano tectonics because it controls
the formation and evolution of topography in rift zones [Buck et al., 2006]. Furthermore, this
interplay affects volcanic and seismic hazards, as large earthquakes are sometimes triggered
or entirely induced by dikes [Passarelli et al., 2012]. Moreover, faulting can alter the
dynamics of diking toward increasing the likelihood of an eruption [Rivalta and Dahm, 2004;
Le Corvec et al., 2013] or arrest the dike [Maccaferri et al., 2016].

At least three key case studies from the East African Rift and Iceland have provided relevant
insights about the link between dike intrusions and fault activation. The Manda HararoDabbahu rifting episode commenced in September 2005 with a massive dike intrusion that
was ~4-m thick on average over its 60-70 km length [Wright et al., 2006; Rowland et al.,
2007]. The dike did not reach the surface along most of its length, but caused extensive
graben-bounding normal faulting with the flanks uplifting by up to 2 m and the graben floor
subsiding by up to 3 m [Ebinger et al., 2010]. The initial dike was followed by 13 smaller
dike injections during the five-year-long rifting episode [Wright et al., 2012], each showing
deformation due to concurrent magma intrusions and faulting [Grandin et al., 2009; Hamling
et al., 2009]. Calculations of stress changes between consecutive dike injections indicate that
the subsequent dike was preferentially emplaced where tensile stresses had been increased by
the preceding dike intrusion [Grandin et al., 2010; Hamling et al., 2010]. However, analysis
of interactions between diking and faulting was prevented by severe decorrelation of InSAR
data in the graben, where the most intense deformation occurred [Grandin et al., 2010].

©2016 American Geophysical Union. All rights reserved.

In northern Tanzania, InSAR observations of a rifting event in 2007 provided rich
measurements of the ground deformation, allowing the pattern of diking and faulting in the
upper crust to be determined [Baer et al., 2008]. Inverse modeling of the temporal series of
surface deformation data suggests that normal faulting dominated the first week of the event,
but that dike opening and dike-induced shallow graben-bounding faulting dominated the
following months [Baer et al., 2008; Biggs et al., 2009; Biggs et al., 2013; Calais et al.,
2008]. Based on calculations of stress changes, the authors suggested that a deep dike (not
detected by geodetic observations) caused sufficient static stress changes to trigger movement
on the blind normal fault [Biggs et al., 2013; Calais et al., 2008]. Activation of this fault
reduced normal stress in its vicinity, facilitating the continued upward propagation of the dike
to shallower levels within the crust, which eventually triggered normal slip on shallow
graben-bounding faults [Baer et al., 2008; Biggs et al., 2009; Biggs et al., 2013; Calais et al.,
2008].

The recent Bárðarbunga rifting event of 2014-15 was associated with a lateral dike intrusion
away from the subglacial Bárðarbunga caldera. This dike intrusion caused widespread
deformation with surface displacements exceeding 30 cm at several GPS sites [Sigmundsson
et al., 2015]. In the near field, a series of high-resolution radar amplitude image offsets show
a narrow graben structure at the surface bounded by two subparallel border faults with several
meters of fault displacement on each [Ruch et al., 2016]. The graben formed above the
propagating dike during the rifting event and the dike erupted where the two subparallel
normal faults converged toward each other [Ruch et al., 2016].

The temporal resolution of InSAR data is rarely sufficient to appreciate the rapid evolution of
dike intrusions. Geodetic observations of recent rifting events in the East African Rift and in
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Iceland have thus only offered a picture of the cumulative ground deformation of the entire
dike-intrusion process. From an imaging point of view, the dynamics of the dike-fault
interaction is largely unexplored. Instead, field studies, numerical models and analog
experiments have been used to understand the kinematics and dynamics of diking and the
causal relationship between shallow dike intrusions and extensional fracturing and faulting of
the surface [Mastin and Pollard, 1988; Abdemalak et al., 2012; Trippanera et al., 2014].
Mastin and Pollard [1988] performed analog experiments to study the surface effects of dike
inflation and found that shallow dike emplacements generate a syncline between two gentle
topographic highs on each side above the dike. These topographic highs become zones of
extensional strain. As the dike continues to inflate, fissures progressively propagate
downward from the surface toward the tip of the dike. During the final stage, a graben
develops above the dike due to dip-slip movement on some of the extensional fractures.
Using a frictional-law criterion, Rubin and Pollard [1988] further demonstrated that dike
intrusions always trigger surface faulting and not vice versa; however, their explanation
focused on inferred fault behavior as a consequence of the dike intrusion and did not consider
the impact of normal faulting on the intruding dike. Maccaferri et al. [2016] developed a
numerical model for the interaction of the 2000 intrusion at Miyakejima with a pre-existing
active strike-slip fault system hit by the dike tip during propagation. They found that the
interaction with the fault was the main cause of the dike's arrest provided the fault was
tectonically pre-loaded. They concluded that a dike will unlikely get arrested just as a result
of faulting induced by its propagation, but their model set-up did not consider interaction
with the free surface or graben faulting.

Here, we focus on analyzing spatial and temporal variability of deformation during the 2009
Harrat Lunayyir dike intrusion, enabled by favorable acquisition programming of the Envisat
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satellite. We first review the earthquake activity associated with the intrusion crisis and then
present five InSAR surface displacement maps that illustrate the growing deformation. From
these, we estimated source parameters for the faulting and the dike. Finally, we focus on the
interplay between the dike and the faults by analyzing Coulomb failure stress change
calculations and results of analog experiments, which together provide information about the
dynamics of the dike (deceleration and arrest) and the graben formation.

2. Overview of the 2009 Harrat Lunayyir Crisis

Harrat Lunayyir is one of the smallest and youngest of the extensive volcanic fields on the
western Arabian Peninsula, lying ~60 km east of the Red Sea and covering a surface area of
~3500 km2 (Fig. 1) [Roobol, 2009]. Historical records of volcanic activity indicate that over
20 eruptions have occurred on the Arabian Peninsula during the past 2000 years [Camp et al.,
1987], including one possible eruption in Harrat Lunayyir about 1000 years ago.

The first sign of new activity in Harrat Lunayyir was in October 2007, when an earthquake
swarm started with about 500-recorded events and lasted until May 2008. The maximum
earthquake magnitude (M) of the sequence was 3.2 with event locations showing a NE-SW
trend, suggested to have occurred below 10 km (Fig. 2). Later, between April and July 2009,
a much stronger seismic swarm of more than 30000 recorded earthquakes struck the area with
many events of M > 4, located about 15 km northwest of the 2007 swarm (Fig. 2). The threat
of more large earthquakes and a possible eruption prompted the authorities to evacuate about
40000 people from the region. An expeditious effort was made to collect scientific data of
this rare activity on the Arabian Peninsula [Pallister et al., 2010]. Field observations and
InSAR data show that the earthquake swarm was accompanied by surface fracturing and
faulting of up to ~14 km in length with vertical offsets of ~1 m. Results from both the data

©2016 American Geophysical Union. All rights reserved.

that was collected and from modeling and interpretation indicate that the activity was caused
by a dike intrusion that ascended to ~1 km below the surface, nearly initiating a volcanic
eruption [Pallister et al., 2010; Jónsson, 2012].

Most M > 4 earthquakes occurred before 21 May 2009 with the largest earthquake of moment
magnitude 5.7 taking place on 19 May (the main event). The mechanisms of the M > 4 events
were predominantly normal faulting with a minor strike-slip component [Hansen et al., 2013;
Pallister et al., 2010], consistent with the regional stress field and the 3D stresses induced by
a subvertical dike [Passarelli et al., 2015]. Hansen et al. [2013] relocated ~5700 earthquakes
that occurred between 30 April and 31 July 2009, although most occurred after 19 May when
the seismic network had been improved. The estimated accuracy of these relocated events is
0.36 km laterally and 0.63 km in depth [Hansen et al., 2013]. Most earthquakes cluster
between depths of 5 km and 15 km (Fig. 2a). Unlike the swarm in 2007-8, the 2009 swarm
was mainly orientated in the NNW-SSE direction on a steeply dipping plane (Fig. 2a).
Assuming that the earlier swarm was caused by the dike propagation during its first stage of
ascent, the seismicity as a whole indicates an inclined pathway of magma under Harrat
Lunayyir. However, insufficient data were collected to determine the initial location and
geometry of this pathway.

Along with the earthquake relocations, Hansen et al. [2013] also generated a P-wave velocity
model beneath Harrat Lunayyir using local double-difference tomography. They found a high
velocity anomaly at ~15 km below the surface with a similar orientation as the 2009 seismic
swarm. The group interpreted this as a zone of repeated dike intrusions and suggested that
future seismic and volcanic hazards are possible in the region. Koulakov et al. [2014]
obtained a 3D seismic attenuation model of the crust beneath Harrat Lunayyir and found low-
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attenuation zones above 5 km depth and high-attenuation zones below 6 km depth. This
group interpreted the high-attenuation zones as corresponding to the upper part of the magma
conduit and the low-attenuation zones as corresponding to rigid rocks. More recently, the
same group presented a new tomographic model of P and S velocities and suggested that a
magma reservoir is likely located at 7 km with a conduit below it [Koulakov et al., 2015].
However, these results are in contrast to the findings of Duncan and Al-Amri [2013], who
dated and analyzed six volcano-stratigraphic units in Harrat Lunayyir to find evidence of
lithospheric thinning and indicators that the erupted magmas came from the upper mantle
without significant residence time in the crust.

Multiple ascending and descending InSAR observations from the Envisat and ALOS
satellites and multiple aperture interferometric along-track measurements were used to invert
the 3D ground displacement field caused by the intrusion [Baer and Hamiel, 2010; Jónsson
2012]. These 3D maps clearly show ~1.5 m of extension in the east-west direction, over 60
cm of vertical offset on the western graben-bounding normal fault, and 10-20 cm tensional
fractures on the eastern side (Fig. 1). The surface deformation associated with the dike
intrusion is best modeled by a ~10-km-long near-vertical opening with a ~340° strike and two
NNW-SSE-oriented normal faults forming a wedge-shaped graben [Baer and Hamiel, 2010;
Pallister et al., 2010]. Based on this information and on derived 3D surface displacements
from InSAR data, Jónsson [2012] estimated the tensile strength of the granitic rock mass
(under the basalts) as 1-3 MPa.

3. InSAR Observations of Dike Propagation and Faulting
3.1. InSAR data processing
To investigate the temporal evolution of the dike intrusion and faulting, we used radar data
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from the Envisat satellite (C-band, 5.6 cm wavelength) acquired in image and wide swath
modes from both ascending and descending orbits (Table 1). Wide swath data have an
average spatial resolution of ~150 m in the range (across track) direction, while those in the
image mode have a higher resolution of ~20 m. We processed five interferograms that
spanned the height of the activity of the intrusion, separated by only a few days, and
produced a series of ground deformation maps. We processed the data with the GAMMA
software and used the Shuttle Radar Topography Mission (SRTM) 3 arc/second DEM [Farr et
al., 2007] to simulate and eliminate topographic signals. Noise in the interferograms was first
reduced by multilooking to about 80-m pixel spacing and then by filtering [Goldstein and
Werner, 1998]. The interferograms were unwrapped using the minimum cost flow method
[Chen and Zebker, 2000] and finally geocoded into the WGS84 coordinate system.

To mitigate residual orbital and long wavelength atmospheric errors, we first masked the
deforming area out and fitted a quadratic plane to the remaining data in the surrounding nondeforming areas. We then subtracted the estimated surface from the interferograms to obtain
deformation interferograms. We also reduced elevation-dependent atmospheric signals in the
interferograms, by estimating and removing a linear trend between elevation and unwrapped
InSAR phases. After these operations, residual orbital errors and atmospheric signals are
considerably reduced in the interferograms in the area of interest around the dike intrusion.

3.2. Inversion for dike opening and fault slip
To model the intrusion of the dike and movement on the faults we used rectangular
dislocations in a homogeneous, isotropic, elastic half-space [Okada, 1985] with Poisson’s
ratio and shear modulus of 0.25 and 25 GPa, respectively. We used data acquired prior to 16
May 2009 to estimate the dike geometry using a Monte-Carlo-type simulated annealing

©2016 American Geophysical Union. All rights reserved.

algorithm [Cervelli et al., 2001]. We found the dike to be dipping 87° toward the southwest
and oriented N163°E, which is similar to the dike geometry estimated by Pallister et al.
[2010], who found a dip of 89° toward the southwest and oriented N159°E. We then used the
estimated dike geometry and applied least-squares inversion to determine the amount of dike
opening and fault slip on the graben-bounding faults that fit best with the InSAR dataset. The
InSAR data were subsampled using the quadtree method and weighted using the inverse of
their variance [Jónsson et al., 2002]. To account for the spatially variable dike opening and
fault slip distribution we subdivided the dislocation planes into 1 km × 1 km patches. For data
acquired after 16 May, we included both dike opening and fault slip in the modeling. To
prevent oscillatory solutions, the inversion was regularized with positivity and smoothness
constraints [Jónsson et al., 2002] and the dike volume was made to steadily increase with
time. The uncertainty of the volume change was estimated using the so-called randomimzethen-optimize method [Bardsley et al., 2014]. In this method, we modified the original data
by adding random noise and generated multiple data realizations (here 100 realizations).
From each of these data realizations, we estimated the volume change; the distribution of the
estimated volume change values reflects the uncertainty in volume change.

3.3 Observed deformation and modeling results
The first sign of deformation associated with the Harrat Lunayyir activity was seen in the
Envisat interferogram covering the first four weeks of the swarm (up to 16 May, 2009).
Although one Envisat image was acquired earlier during the swarm (8 May, data not shown),
it did not show any obvious ground deformation. This indicates that the Harrat Lunayyir
earthquake activity began at least three weeks before any detectable deformation occurred at
the surface.

©2016 American Geophysical Union. All rights reserved.

3.3.1 Deformation up to 16 May 2009
This interferogram (21 Jul. 2007 – 16 May 2009) shows the ground deformation up to three
days prior to the main earthquake on 19 May (Fig. 3a). The observed elliptically shaped
deformation pattern is typical for what might be expected from a buried dike opening. About
~14 cm of line-of-sight (LOS) decrease is apparent on the western side as is a ~7 cm LOS
increase at the center of the interferogram. Results from the modeling show that by this stage
the dike had ascended to ~2 km below the surface with a maximum opening of ~1.9 m and a
volume of

km3.

3.3.2 Deformation up to 19 May 2009
This interferogram (14 Apr. 2007 – 19 May 2009) covers three additional days of activity
compared to the previous interferogram and includes the main event of the swarm (M=5.7)
on 19 May (Fig. 3b). The earthquake occurred at 17:35 UTC, while the radar scene was
acquired two hours later at 19:33 UTC. The interferogram shows two lobes of fringes on each
side of the graben and a broad area of deformation. The deformation pattern is consistent with
what might be expected from a dike with induced surface faulting bounding a graben [e.g.,
Nobile et al., 2012]. InSAR coherence is lost in the graben, mainly due to the large
deformation gradients in this area, which are not resolved in this medium resolution wideswath data. Around 57 cm and 13 cm of LOS uplift is seen on the western and eastern flanks
of the graben in this interferogram, respectively. The elastic model indicates that the dike had
ascended to ~1 km below the surface by this date. We estimated up to 2 m of slip on the
graben-bounding normal faults, although the slip is not well resolved due to missing
observations near the graben. The dike is estimated to have opened to a maximum of ~2 m
and increased to a volume of

km3.
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3.3.3 Deformation until 21 May 2009
This interferogram (1 Jan. 2009 – 21 May 2009) was acquired from a descending orbit and
thus shows more fringes on the eastern side, ~38 cm LOS uplift compared with ~18 cm on
the western side of the dike (Fig. 3c), than the previous interferograms. Results of the
modeling show the pattern of dike opening was similar to that of the previous interferogram
without any additional upward migration, although the estimated volume of the dike
increased to

km3 during the last two days.

3.3.4 Deformation up to 27 May 2009
This interferogram (14 Jan. 2004 – 27 May 2009) was obtained in an image mode with a
steeper incidence angle than the previous interferograms (Fig. 3d). It has better coherence in
the graben and is more sensitive to vertical deformation. Three fringes on the eastern side of
the dike (30 cm) and a high fringe gradient in the graben (with up to 53 cm LOS
displacement) are evident. The elastic model indicates that the maximum dike opening and
km3, respectively.

volume increased to ~2.3 m and

3.3.5 Deformation up to 17 June 2009
This interferogram (11 Oct. 2006 – 17 Jun. 2009) includes the majority of the deformation
associated with the crisis (Fig. 3e). Over 1 m of east-west extension in LOS is observed and
the modeled dike has opened to 3.3 m. The opening is greatest at 2-7 km below the surface
with little opening occurring below 7 km or above 1 km. Results of the modeling suggest that
a total volume of

km3 of magma intruded along the 10-km-long segment during

the one-month period. Although the seismicity continued after 17 June, only ~5% additional
deformation occurred after this date [Pallister et al., 2010].
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4. Stress Calculations
Coulomb failure stress change (∆CFS) calculations have been widely used to explore how
earthquakes are triggered due to stress changes at volcanoes [Lin and Stein, 2004; Toda et al.,
2005]. The Coulomb failure model can be simplified as:
(1)
where

is the shear stress change on the receiver fault,

friction and

is the effective coefficient of

is the normal stress change. Failure is promoted if ∆CFS is positive and

inhibited if it is negative (see e.g., Freed [2005]).

To model the static stress interactions between the dike injection and normal faulting in
Harrat Lunayyir we imported our estimated elastic dislocation models into the Coulomb 3.4
software [Lin and Stein, 2004; Toda et al., 2005] and calculated the ∆CFS using an effective
coefficient of friction of 0.4. We calculated the ∆CFS on optimally oriented normal faults for
each location at the surface to explore how much dike-induced stress change is needed to
trigger faulting. Conversely, we also investigated how the normal fault slip affects the stress
around the dike.

4.1 Stress changes due to a 2-km-deep dike
For an ascending dike that is 2 km below the surface (Fig. 3a), the calculated ∆CFS show two
regions of increased stress of up to 1 MPa on each side of the dike (Fig. 4a). In cross section,
the two positive ∆CFS zones can clearly be identified above the tip of the dike and inclining
toward it (Fig. 4d). A large compression perpendicular to the dike causes large negative
dilatational strains and negative ∆CFS (Fig. 4d, g). At this stage, no obvious normal faulting
had occurred in Harrat Lunayyir.
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4.2 Stress changes due to a 1-km-deep dike
When the growing dike reaches within 1 km below the surface, ∆CFS caused by the dike
intrusion acting on the surface increases dramatically to ~6 MPa (Fig. 4b). Two zones of
maximum horizontal tension are clearly visible at the surface on opposite sides of the dike
plane (Fig. 4e, h). These regions favor the initiation of open cracks and produce two zones of
fissuring and normal faulting [Mastin and Pollard, 1988]. As the dike approaches the surface,
the distance between the two high-strain zones decreases (Fig. 4h). Eventually, this process
leads to the formation of graben above the dike.

4.3 Stress relief by normal faulting
Slip on conjugate normal faults above a dike is expected to relieve a large proportion of the
tensional stresses at the surface and some of the compressional stresses around the dike (Fig.
4 c, f). If faulting is included in the calculation, the stress change above the tip of the dike
changes from extension to compression. In comparison to the dike-only model, the value and
area of the ∆CFS at the surface and the dilatational strain decrease significantly (Fig. 4i),
which indicates that the movement of graben-bounding faults may stop the upward
propagation of the dike.

5. Analog Experiments
The CFS modeling shows what elastic stress changes can be expected from the dike intrusion
and the normal faulting, but it does not provide direct information about the fracture initiation
or about how the fractures grow into normal faults. Analog experiments, on the other hand,
can offer a picture of the evolving surface deformation through time, including how
extensional fractures and faults form at the surface and grow with increasing dike opening.
Therefore, we designed an analog experiment to reproduce some aspects of the observed
deformation in Harrat Lunayyir and analyzed the controlling parameters.
©2016 American Geophysical Union. All rights reserved.

5.1. Analog experimental setup
Our experimental setup consisted of a 15-cm-wide and 25-cm-long box filled with crushed
silica powder, which functioned as a brittle rock analog (Fig. 5). This setup scales the
physical properties of the upper crust [Norini & Acocella, 2011; Ruch et al., 2012;
Trippanera et al., 2014], providing a length scaling factor in the range of 10-4 - 10-5
depending on the cohesion of rocks in nature [Hubbert, 1937], and in our case a length
scaling factor of 2.5x10-5: 2.5 cm in the model was equivalent to 1 km in nature. Note that the
dike opening is not scaled as the other length dimensions [Trippanera et al., 2014]. The box
featured a moving sidewall that is pushed inward by a screw jack controlled by a stepping
motor. We shaped the moving wall as an asymmetrical arc where the highest point is at 2/3 of
the dike length, resembling the final stage of the 2009 Harrat Lunayyir intrusion (Fig. 4c).

The experiment uses the dike as a plane of symmetry (i.e., the model reproduces only one
side of the host rocks and a vertical dike is assumed). The experimental dike opening is
homogeneous on the surface of the dike and increases from 0 to 0.6 cm. This means that only
the inflation of a dike having a similar shape as the Harrat Lunayyir intrusion was modeled,
but neither the distributed dike opening, as obtained from the InSAR inversion, nor the
processes of vertical magma migration were simulated. However, our setup mirrors well the
thickening of the dike after arrest. The evolution of the model was monitored with a digital
top-view camera (resolution 3456x2304 pixels), capturing one frame every 5 s, which is
equivalent to 1 frame every 0.006 cm of dike opening. Digital images were then analyzed
with MatPiv (Sveen, 2004), which is open source software for Particle Image Velocimetry
running under the MATLAB package. This software uses a cross-correlation technique that
allows calculating horizontal (in the x-y plane) displacement with about 1/10 of a pixel of
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accuracy.

5.2. Analog experiments of volumetric intrusion in sand
We investigated how the surface displacement field and the fault pattern evolved from the top
view photos of the analog model (Fig. 6). During the initial stage of the opening (0.15 cm),
no fault was visible in the rock analog (Fig. 6a). We detected a subcircular patch with
maximum displacement oriented orthogonally to the dike at about 0.01 cm (Fig. 6e).

When the dike opening reached 0.3 cm, three distinct normal fault segments were apparent
parallel to the direction of the dike (i.e., along the North axis) at the surface of the model
(Fig. 6b). The cumulative fault length was about 5 cm, and the location of the faults in the
map view coincided with the shallowest part of the dike. The surface displacement pattern
became clearer (Fig. 6f), having a maximum displacement of about 0.1 cm about 7 cm from
the dike.

When the opening of the dike increased to 0.45 cm, the fault pattern became more complex.
Faults identified in the previous stage merged, reaching a cumulative length toward the North
of about 10 cm. Two to three fault segments could be identified as moving outward from the
dike plane. The fault strike remained mostly parallel to the dike axis, except for a minor
outward deviation 2 cm toward the South (Fig. 6c). Surface displacement also identified a
subcircular patch with a maximum displacement of about 0.15 cm toward the East and a
smaller region closer to the dike moving in the opposite direction (i.e., the North-South
elongated light blue area close to the dike axis in Fig. 6g); the latter confirms the activation of
normal faults. At the final stage, when the dike opening reached 0.6 cm, fault traces clearly
showed an inward convex shape in map view, which is consistent with the geometry of the
dike. In fact, faults were more distant from the dike plane where the tip of the dike was
©2016 American Geophysical Union. All rights reserved.

deeper. The cumulative fault length was measured at about 12 cm (Fig. 6d).

We also sampled cumulative displacement at 1, 5 and 10 cm from the dike plane, aligned
along two sections (i.e., section I and section II) at 5 and 10 cm along the dike (Fig. 6i and j).
These two sections sampled two distinct portions of the dike, where it is 3.75 cm and 2.5 cm
deep, respectively. Sampled points on the footwall of the normal faults appeared to be
moving toward the East (Fig. 6i). At first, the pace of eastward motion was slow (up to 0.2
cm of dike opening), but by the end of the experiment it reached a rather constant rate. The
sampling point on the fault-hanging wall had approximately the opposite behavior. At the
start, the displacement was stable up to 0.3 cm of dike opening, but it then started to move
toward the West until the dike opening reached 0.4 cm, after which point it slowed down.

We also measured the distance of the faults to the dike plane at every cm along the dike.
Assuming that the faults join with the tip of the moving wall below [e.g., Mastin and Pollard,
1988] and because the dike depth at every point was known, we could calculate the average
fault dip. Since the fault trace was not a simple line but distributed over some thickness, we
report the average dip derived from the innermost and outermost faults. The average fault dip
varies along the dike plane (i.e., toward the North, Fig. 6k) with the central portion of the
fault steeper (about 65-70°) than at the tips (55-60°). The cumulative surface displacement
reached a maximum value of about 0.4 cm at a distance of about 7 cm from the dike plane.
The rake of the fault motion rotates progressively along the fault from oblique left lateral to
dip slip to oblique right lateral moving from north to south along the main surface fault (Fig.
6k).
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6. Discussion
Our time series of InSAR measurements allows us to roughly estimate the duration and speed
of the magma ascent. The InSAR observations show no significant ground deformation up to
8 May (not shown here) and then strong ground deformation associated with the ~2-km-deep
dike on 16 May, which is the next available Envisat image of the area. According to this
information, we can estimate the minimum depth of the dike on 8 May such that it were
undetectable by InSAR, assuming that the volume of the dike remained the same during its
upward propagation (i.e., incompressible magma and negligible additional inflow from
below). If we take the InSAR detection threshold to be 5 mm and assume the dike was
vertical and had a volume of 0.06 km3, then the dike was deeper than 20 km below the
surface on 8 May. This suggests that the source of the magma was deep and possibly below
the Moho, which has been estimated at ~35 km depth below Harrat Lunayyir [Hansen et al.,
2007]. This also indicates that the dike propagated upward at a velocity faster than ~2 km/day
between 8 May and 16 May.

From 16 May to 19 May, the dike slowed down and ascended by only about 1 km, causing
the extensive surface fissuring and faulting. The propagation velocity during the first stage is
of the same order as has been found for other dikes ascending the last few km of the crust
before erupting. Prior to the March 1998 Piton de la Fournaise eruption, the migration
velocity of the dike decreased from 2.28 km/day between 5 km and 1.5 km below sea level to
1.8 km/day between 1.5 km below sea level and the surface [Battaglia et al., 2005]. The
lateral intrusions during the Dabbahu rifting episode propagated at higher velocities of 15-65
km/day and also several intrusions of the Krafla rifting episode at 35-100 km/day [Buck et
al., 2006]. The approximate exponential deceleration of the Krafla and Afar dikes has been
attributed to loss of pressurization due to decompression at the magma reservoir [Buck et al.,
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2006; Rivalta, 2010]. The lower velocity of the Harrat Lunayyir dike suggests low buoyancy
and an efficient decoupling from a pressurized feeding reservoir, which is consistent with a
deep source of the magma and the lack of a broad subsidence signal that could be attributed
to reservoir deflation.

Our results suggest that the dike decelerated significantly during the final stages of the
emplacement at Harrat Lunayyir. In addition to pressure loss at a feeding magma chamber as
mentioned above, which is likely not relevant for the Harrat Lunayyir dike, many factors may
accelerate or decelerate a dike during its path toward the free surface [Rivalta et al., 2015]:
solidification [Taisne et al., 2011a], layering [Rivalta and Dahm, 2004; Taisne et al., 2011]
and topographic loads [Watanabe et al., 2002; Maccaferri et al., 2011]. When a dike is close
to the free surface, it is predicted to accelerate, as observations [Battaglia et al., 2005],
laboratory experiments [Rivalta and Dahm, 2006] and theoretical studies [Pollard and
Holtzhausen, 1979] have shown. Often, the increase of magma pressure and ascending
velocity lead to eruptions. However, analog experiments have shown that slip on pre-existing
fractures tends to decelerate dike velocity [Le Corvec et al., 2013]. In the case of the Harrat
Lunayyir dike, the dominant factor causing the dike to decelerate and eventually stop was
probably the interaction with the graben faulting. The Harrat Lunayyir diking event therefore
bears some similarities with the 2007 Natron intrusion in Tanzania, where strong dike-fault
interactions were also observed [Calais et al., 2008]. A loss of buoyancy due to a decreased
density difference between host rock and magma may also have contributed to decelerating
the dike, but the fact that the dike continued to inflate after its arrest demonstrates that the
magma was still buoyant at the depth of the dike arrest. It is also possible that the dike
became arrested at the depth expected from the overall density profile of the crust and
magma, and that the continuous bulging of the arrested dike due to inflow of magma from the
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dike tail was responsible for the intense stressing leading to the graben faults. Based on a
numerical model Maccaferri et al. [2016] suggested that seismic and aseismic slip on preexisting faults arrested the 2000 Miyakejima dike intrusion, and that further inflation of the
arrested dike caused additional seismic and aseismic faulting. Our observations and stress
calculations indicate that the graben-bounding faulting due to the shallow Harrat Lunayyir
dike intrusion played an important role in stalling the dike ascent and preventing an eruption.
The dike was arrested in the shallow crust, but it kept inflating as buoyant magma continued
to flow from below; the increasing opening of the dike caused further movements on the
graben-bounding normal faults, producing small-magnitude earthquakes for a period of time,
as seen in Fig. 2b. The persistent small-magnitude seismicity might suggest that pressure
continued to evolve after the intrusion or that slow slip movements of the graben-bounding
faults continued throughout the sequence [Bean et al., 2013].

The analog experiment has high resolution in both space and time, and therefore, it provides
additional insights on the fracture initiation, fault growth, and graben evolution. The arched
shape of the dike’s top edge at shallow depths leads to similarly arch-shaped graben faults at
the surface. In particular, the narrowest part of the graben is observed directly above the
shallowest part of the dike. Similar observations were reported for the recent Bárðarbunga
dike intrusion [Ruch et al., 2016], where graben-bounding normal faults converge toward the
location where the dike erupted, and at Medicine Lake Volcano, where a wider graben is
found where a dike intrusion propagated under a hill [Fink and Pollard, 1983]. The grabenbounding faults first initiate near the shallowest part of the dike and then propagate outward
in response to increasing dike opening. The propagation occurs by successive formation of
small fractures that start with variable orientation and then later merge into a well-developed
graben fault. The deeper the dike is, the more intense stresses are needed to reach the failure
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threshold and the surface stress concentrations leading to faulting are located further away
from the dike plane [Trippanera et al., 2015]. In our experiment, the rake rotates
progressively from pure dip slip at the center of the graben to increasingly more strike-slip
toward the ends of the graben-bounding faults (Fig. 2k). Such a mix of variable focal
mechanisms has commonly been observed during dike intrusions; for example, Passarelli et
al., [2015] found that most normal faulting events occurred above the intruding dike during
the 2000 intrusion at Miyakejima, while strike-slip faulting occurred near the tips of the dike,
with oblique mechanisms observed in-between.

Our results highlight differences between dike-induced faulting and tectonic faulting.
Tectonic faulting mainly occurs on major fault planes and has largely homogeneous focal
mechanisms. Strain accumulates on the main fault interseismically and is then released when
an earthquake occurs. Dike-induced faults, on the other hand, tend to form where the
dilatational strain is highest at shallow depths on either side (or both) of an intruding dike,
producing normal faulting earthquakes that gradually contain more strike-slip toward the
ends of the graben bounding faults (Fig. 6k). While dike intrusions cause earthquake swarms,
most of the energy of graben-bounding faulting is released aseismically [Ozawa et al., 2004;
Pallister et al., 2010]. Our study of the temporal evolution of the Harrat Lunayyir dike and
faults, taken together with our analog experiment suggests that the observations are consistent
with a slowly varying and spatially inhomogeneous (both in terms of intensity and orientation
of principal stresses) dike-induced stressing rate [Passarelli et al., 2015]. Such timedependent forcing makes dike-induced faulting dynamically different from tectonic faulting
but possibly similar to faulting induced by slow fluid-driven processes. In our analog
experiment we show how the slow, inhomogeneous dike-induced stressing interacts with the
weak rheology of a granular material (analog to the topmost crustal layers) in generating a
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faulting process consistent with observations of the Harrat Lunayyir activity and other dike
events around the world.

7. Conclusions
The combination of InSAR observations, stress calculations and analog experiments enabled
us to analyze the interplay between the dike intrusion and normal faulting during the 2009
Harrat Lunayyir magma-driven earthquake swarm. Although the InSAR data were acquired
in different imaging modes, in different orbits and with different incidence angles they
provide detailed spatial and temporal evolution of the ground deformation. Modeling of the
InSAR observations shows that the rifting event initiated with a dike injection propagating to
a shallow depth that subsequently induced graben-bounding normal faulting.

The ∆CFS calculations show that a shallow dike intrusion increases compression adjacent to
the dike and induces extension above it, leading to formation of graben-bounding normal
faults. Results from the analog experiment indicate that the graben-bounding faults first form
near the shallowest part of the dike and then propagate outward to form a wedge-shaped
graben. Slip on the graben-bounding normal faults acts in return against further vertical
propagation of the dike by stress clamping, causing its arrest at shallow depths.

The Harrat Lunayyir intrusion was the first intrusive event to occur on the eastern flank of the
Red Sea rift in a modern space geodetic era. This event suggests that the off-rift volcanoes
remain active and potentially hazardous. Rapid urbanization and population growth in the
western part of Saudi Arabia has led to increased volcanic risk in the area. More knowledge
of the regional volcanic activity and magma plumbing systems should thus help in assessing
the volcanic hazard in the region. As the seismic networks on the Arabian Peninsula expand,
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more volcano-tectonic earthquakes will be detected. In addition, new InSAR satellite
missions (e.g., Sentinel-1 and ALOS-2) will offer more frequent imaging of the region and
provide better data of volcanic deformation.
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Fig. 1. Map of the Red Sea showing the locations of Harrat Lunayyir (red) and other Harrat
lava fields (orange). Blue dots show two decades of seismicity from the ISC catalog, yellow
lines mark plate boundaries and black arrows show GPS velocities with 95% confidence
ellipses in a Eurasia-fixed reference frame [ArRajehi et al. 2010]. The inset shows derived 3D
surface displacements of the 2009 activity in Harrat Lunayyir (with the background colormap
showing vertical and arrows horizontal displacements) with mapped faults and fractures
shown as black lines, (from Jónsson [2012]).
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Fig. 2. Earthquakes recorded during the 2009 activity at Harrat Lunayyir (from Hansen et al.
[2013]). White lines in (a) mark mapped faults and fractures from Jónsson [2012] and green
lines mark edges of lava flows. The focal mechanism of the Mw5.7 19 May 2009 mainshock
is also shown. (b) Temporal variations in daily number of earthquakes (M>0, black; M>2,
red) recorded in Harrat Lunayyir. Vertical colored lines correspond to the dates in (a).
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Fig. 3. Observed interferograms (left column), model predictions (second column from left),
residuals (third column from left) and model sources (right column) for time periods covering
increasing portions of the 2009 Harrat Lunayyir dike intrusion. The interferograms were
unwrapped and then rewrapped with each fringe representing a 10 cm displacement in lineof-sight direction. Note the different line-of-sight directions for the ascending and descending
orbit data. Black lines mark mapped faults and fractures, and red lines the model dike
(thicker) and graben-bounding normal faults.
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Fig. 4. Calculated Coulomb failure stress changes (CFS) resolved on optimally oriented
normal faults showing the stress interactions between the dike injection and normal faulting.
(a) CFS for a dike-only model 2 km below the surface, (b) CFS for a dike-only model 1
km below the surface and (c) CFS for a dike-fault model. (d-f) Cross-sections A-A’ of (a-c).
(g-i) Cross-sections showing dilatational strain.
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Fig. 5. Schematic of the analogue experimental setup. (a) Top view with the dashed box
representing the area that was analyzed by PIV in Fig. 6. (b) Side view of the experimental
set up. (c) Piston geometry with the black line representing the shape of the moving wall and
gray squares referring to the final estimated dike geometry at Harrat Lunayyir on 17 June.
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Fig. 6. Experimental results showing the formation of faults caused by continuous dike
opening. (a-d). Top-view photos of the surface of the model for increasing dike opening with
the growing fault traced in red. (e-h). PIV analysis showing the magnitude of cumulative
East-West displacements (background color) and the directions of displacement (arrows). (i-j)
Cumulative eastward displacement of points located at 1 (circle), 5 (diamond) and 10 (cross)
cm from the dike along sections I and II. (k). Fault dip, rake and strike measured along the
graben-bounding fault from South to North, along with predicted focal mechanisms.
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